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PREFACE

Writing and rewriting a text such as Medical Imaging Physics over
several editions presents two challenges. The first is to keep the
information fresh and relevant. This is a particular challenge in
medical imaging, because the field is evolving so rapidly. The
third edition of this text was published in 1992, just 10 short
years ago. Yet in that text no mention was made of topics such
as photodiode or direct conversion digital x-ray imagers; digital
mammography; digital fluoroscopy; power Doppler ultrasound;
functional magnetic resonance imaging; elastography; or helical
CT scanning. This is just a partial list of imaging approaches that
must be covered today in any text of imaging physics. Being in-
volved in a dynamic and rapidly changing field is one of the more
enjoyable aspects of medical imaging. But it places heavy demands
on authors trying to provide a text that keeps up with the field.
The second challenge isno less demanding than the first. That
challenge is to keep the text current with the changing culture
of how people learn, as well as with the educational experience
and pedagogical expectations of students. These have changed
remarkably over the 30 years since this book first appeared. For
maximum effect, information today must be packaged in various
ways, including self-contained segments, illustrations, highlights,
sidebars, and examples and problems. In addition, it must be pre-
sented in a manner that facilitates learning and helps students

evaluate their progress. Making the information correct and com-
plete is only half the battle; the other half is using a format that
helps the student assimilate and apply it. The latter challenge re-
flects not only today’s learning environment, but also the tremen-
dous amount of information that must be assimilated by any stu-
dent of medical imaging.

In recognition of these challenges, the authors decided two
years ago to restructure Medical Imaging Physics into a fourth edi-
tion with a fresh approach and an entirely new format. This de-
cision led to a total rewriting of the text. We hope that this new
edition will make studying imaging physics more efficient, effec-
tive, and pleasurable. It certainly has made writing it more fun.

Medical imaging today is a collaborative effort involving
physicians, physicists, engineers, and technologists. Together they
are able to provide a level of patient care that would be unachiev-
able by any single group working alone. But to work together,
they must all have a solid foundation in the physics of medical
imaging. It is the intent of this text to provide this foundation.
We hope that we have done so in a manner that makes learning
enriching and enjoyable.

‘WILLIAM R. HENDEE, Ph.D.
E. RUSSELL RITENOUR, Ph.D.
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PREFACE TO THE FIRST EDITION

This text was compiled and edited from tape recordings of lectures
in medical radiation physics at the University of Colorado School
of Medicine. The lectures are attended by resident physicians in
radiology, by radiologic technologists and by students beginning
graduate study in medical physics and in radiation biology. The
text is intended for a similar audience.

Many of the more recent developments in medical radiation
physics are discussed in the text. However, innovations are frequ-
ent in radiology, and the reader should supplement the book
with perusal of the current literature. References at the end of
each chapter may be used as a guide to additional sources of
information.

Mathematical prerequisites for understanding the text are
minimal. In the few sections where calculus is introduced in the
derivation of an equation, a description of symbols and proce-
dures is provided with the hope that the use of the equation is
intelligible even if the derivation is obscure.

Problem solving is the most effective way to understand
physics in general and medical radiation physics in particular.
Problems are included at the end of each chapter, with answers at
the end of the book. Students are encouraged to explore, discuss
and solve these problems. Example problems with solutions are
scattered throughout the text.

Acknowledgments

Few textbooks would be written without the inspiration provided
by colleagues, students and friends. T am grateful to all of my
associates who have contributed in so many ways toward the
completion of this text. The original lectures were recorded by
Carlos Garciga, M.D., and typed by Mrs. Marilyn Seckler and
Mrs. Carolyn McCain. Parts of the book have been reviewed
in unfinished form by: Martin Bischoff, M.D., Winston Boone,
B.S., Donald Brown, M.D., Frank Brunstetter, M.D., Duncan

Burdick, M.D., Lawrence Coleman, Ph.D., Walter Croft, Ph.D.,
Marvin Daves, M.D., Neal Goodman, M.D., Albert Hazle, B.S.,
Donald Herbert, Ph.D., E Bing Johnson, M.D., Gordon Kenney,
M.S., Jack Krohmer, Ph.D., John Pettigrew, M.D., Robert Siek,
M.PH., John Taubman, M.D., Richard Trow, B.S., and Marvin
Williams, Ph.D. I appreciate the comments offered by these re-
viewers. Edward Chaney, Ph.D., reviewed the entire manuscript
and furnished many helpful suggestions. Robert Cadigan, B.S.,
assisted with the proofreading and worked many of the problems.
Geoffrey Ibbott, Kenneth Crusha, Lyle Lindsey, R.T., and Charles
Ahrens, R.T., obtained much of the experimental data included in
the book.

Mrs. Josephine Ibbott prepared most of the line drawings for
the book, and I am grateful for her diligence and cooperation.
Mrs. Suzan Ibbott and Mr. Billie Wheeler helped with some of
the illustrations, and Miss Lynn Wisehart typed the appendixes.
Mr. David Kuhner of the John Crerar Library in Chicago lo-
cated many of the references to early work. Representatives
of various instrument companies have helped in many ways.
I thank Year Book Medical Publishers for encouragement and
patience and Marvin Daves, M.D., for his understanding and
support.

[ am indebted deeply to Miss Carolyn Yandle for typing each
chapter many times, and for contributing in many other ways
toward the completion of the book.

Finally, I wish to recognize my former teachers for all they
have contributed so unselfishly. In particular, I wish to thank Fred
Bonte, M.D., and Jack Krohmer, Ph.D., for their guidance during
my years as a graduate student. I wish also to recognize my in-
debtedness to Elda E. Anderson, Ph.D., and to William Zebrun,
Ph.D. I shall not forget their encouragement during my early years
of graduate study.

‘WILLIAM R. HENDEE
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2 I IMAGING IN MEDICINE

Whether the external (natural) world
can really be known, and even whether
there is a world external to ourselves,
has been the subject of philosophical
speculation for centuries. It is for this
reason that “truth” in the first sentence
is offset in quotes.

It is not possible to characterize all
properties of an object with exactness.
For example, if the location of a particle
is exactly known, its velocity is highly
uncertain, and vice versa. Similarly, if
the energy of a particle is exactly
known, the time at which the particle
has this energy is highly uncertain, and
vice versa. This fundamental tenet of
physics is known as the Heisenberg
Uncertainty Principle.

c The National Human
. Génagme Research Institute

MARGIN FIGURE 1-1
The Human Genome project is a massive

undertaking to determine the exact sequence of
nucleotides (i.e., the DNA code) on all 24 human

chromosomes.

The number of deaths per 100,000
residents in the United States has
declined from more than 400 in 1950
to less than 200 in 1990.

OBJECTIVES

After completing this chapter, the reader should be able to:

e Identify the energy sources, tissue properties, and image properties employed in
medical imaging.

e Name several factors influencing the increasing role of imaging in healthcare
today.

¢ Define the expression “molecular medicine” and give examples.

* Provide a summary of the history of medical imaging.

¢ Explain the pivotal role of x-ray computed tomography in the evolution of
modern medical imaging.

INTRODUCTION

Natural science is the search for “truth” about the natural world. In this definition,
truth is defined by principles and laws that have evolved from observations and mea-
surements about the natural world. The observations and measurements are repro-
ducible through procedures that follow universal rules of scientific experimentation.
They reveal properties of objects and processes in the natural world that are assumed
to exist independently of the measurement technique and of our sensory perceptions
of the natural world. The mission of science is to use observations and measurements
to characterize the static and dynamic properties of objects, preferably in quantita-
tive terms, and to integrate these properties into principles and, ultimately, laws and
theories that provide a logical framework for understanding the world and our place
in it.

As a part of natural science, human medicine is the quest for understanding one
particular object, the human body, and its structure and function under all conditions
of health, illness, and injury. This quest has yielded models of human health and
illness that are immensely useful in preventing disease and disability, detecting and
diagnosing illness and injury, and designing therapies to alleviate pain and suffering
and to restore the body to a state of wellness or, at least, structural and functional
capacity. The success of these efforts depends on (a) our depth of understanding
of the human body and (b) the delineation of ways to intervene successfully in the
progression of disease and the effects of injuries.

Progress toward these objectives has been so remarkable that the average life
span of humans in developed countries is almost twice its expected value a cen-
tury ago. Greater understanding has occurred at all levels, from the atomic through
molecular, cellular, and tissue to the whole body, and includes social and lifestyle
influences on disease patterns. At present a massive research effort is focused on ac-
quiring knowledge about genetic coding (the Human Genome Project) and about the
role of genetic coding in human health and disease. This effort is progressing at an
astounding rate, and it causes many medical scientists to believe that genetics, com-
putational biology (mathematical modeling of biological systems), and bioinformatics
(mathematical modeling of biological information, including genetic information) are
the major research frontiers of medical science for the next decade or longer.

The human body is an incredibly complex system. Acquiring data about its static
and dynamic properties results in massive amounts of information. One of the major
challenges to researchers and clinicians is the question of how to acquire, process,
and display vast quantities of information about the body so that the information can
be assimilated, interpreted, and utilized to yield more useful diagnostic methods and
therapeutic procedures. In many cases, the presentation of information as images is
the most efficient approach to addressing this challenge. As humans we understand
this efficiency; from our earliest years we rely more heavily on sight than on any
other perceptual skill in relating to the world around us. Physicians increasingly rely



TABLE 1-1 Energy Sources and Tissue Properties Employed in Medical Imaging

Energy Sources Tissue Properties Image Properties
X rays Mass density Transmissivity
y rays Electron density Opacity
Visible light Proton density Emissivity
Ultraviolet light Atomic number Reflectivity
Annihilation Velocity Conductivity

Radiation Pharmaceutical Magnetizability
Electric fields Location Resonance
Magnetic fields Current flow Absorption
Infrared Relaxation
Ultrasound Blood volume/flow
Applied voltage Oxygenation level of blood

Temperature

Chemical state

as well on images to understand the human body and intervene in the processes of
human illness and injury. The use of images to manage and interpret information
about biological and medical processes is certain to continue its expansion, not only
in clinical medicine but also in the biomedical research enterprise that supports it.

Images of a complex object such as the human body reveal characteristics of
the object such as its transmissivity, opacity, emissivity, reflectivity, conductivity, and
magnetizability, and changes in these characteristics with time. Images that reveal one
or more of these characteristics can be analyzed to yield information about underlying
properties of the object, as depicted in Table 1-1. For example, images (shadowgraphs)
created by x rays transmitted through a region of the body reveal intrinsic proper-
ties of the region such as effective atomic number Z, physical density (grams/cm?),
and electron density (electrons/cm?). Nuclear medicine images, including emission
computed tomography (ECT) with pharmaceuticals releasing positrons [positron
emission tomography (PET)] and single photons [single-photon emission computed
tomography (SPECT)], reveal the spatial and temporal distribution of target-specific
pharmaceuticals in the human body. Depending on the application, these data can
be interpreted to yield information about physiological processes such as glucose
metabolism, blood volume, flow and perfusion, tissue and organ uptake, receptor
binding, and oxygen utilization. In ultrasonography, images are produced by captur-
ing energy reflected from interfaces in the body that separate tissues with different
acoustic impedances, where the acoustic impedance is the product of the physical
density and the velocity of ultrasound in the tissue. Magnetic resonance imaging
(MRI) of relaxation characteristics following magnetization of tissues is influenced by
the concentration, mobility, and chemical bonding of hydrogen and, less frequently,
other elements present in biological tissues. Maps of the electrical field (electroen-
cephalography) and the magnetic field (magnetoencephalography) at the surface of
the skull can be analyzed to identify areas of intense neuroelectrical activity in the
brain. These and other techniques that use the energy sources listed in Table 1-1 pro-
vide an array of imaging methods that are immensely useful for displaying structural
and functional information about the body. This information is essential to improving
human health through detection and diagnosis of illness and injury.

The intrinsic properties of biological tissues that are accessible through acquisi-
tion and interpretation of images vary spatially and temporally in response to struc-
tural and functional changes in the body. Analysis of these variations yields informa-
tion about static and dynamic processes in the human body. These processes may be
changed by disease and disability, and identification of the changes through imaging
often permits detection and delineation of the disease or disability. Medical images
are pictures of tissue characteristics that influence the way energy is emitted, trans-
mitted, reflected, and so on, by the human body. These characteristics are related
to, but not the same as, the actual structure (anatomy), composition (biology and
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MARGIN FIGURE 1-2
Drawing of the human figure.

The effective atomic number Z.g
actually should be used in place of the
atomic number Z in this paragraph. Zg
is defined later in the text.

Promising imaging techniques that have
not yet found applications in clinical
medicine are discussed in the last
chapter of the text.

MARGIN FIGURE 1-3
8F_FDG PET scan of breast cancer patient with
lymph node involvement in the left axilla.
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MARGIN FIGURE 1-4
MRI of the human cervical spine.

MARGIN FIGURE 1-5
A normal chest radiograph. (Courtesy of Lacey
Washington, M.D., Medical College of Wisconsin.)

Technology “push” means that
technologies developed for specific
applications, or perhaps for their own
sake, are driven by financial incentives
to find applications in other areas,
including healthcare.

Sonar is an acronym for SOund
Navigation And Ranging.

The Manhattan Project was the code
name for the U.S. project to develop a
nuclear weapon during World War II.

chemistry), and function (physiology and metabolism) of the body. Part of the art of
interpreting medical images is to bridge among image characteristics, tissue proper-
ties, human anatomy, biology and chemistry, and physiology and metabolism, as well
as to determine how all of these parameters are affected by disease and disability.

Advances in Medical Imaging

Advances in medical imaging have been driven historically by the “technology push”
principle. Especially influential have been imaging developments in other areas, no-
tably in the defense and military sectors, that have been imported into medicine
because of their potential applications to detection and diagnosis of human illness
and injury. Examples include ultrasound developed initially for submarine detec-
tion (Sonar), scintillation detectors, and reactor-produced isotopes (including '>'1,
©Co, and *™Tc) that emerged from the Manhattan Project, rare-earth fluorescent
compounds synthesized initially in defense and space research laboratories, electri-
cal devices for detection of rapid blood loss on the battlefield, and the evolution of
microelectronics and computer industries from research funded initially for security,
surveillance, defense, and military purposes. Basic research laboratories have also
produced several imaging technologies that have migrated successfully into clinical
medicine. Examples include (a) reconstruction mathematics for computed tomo-
graphic imaging and (b) laboratory techniques in nuclear magnetic resonance that
evolved into magnetic resonance imaging, spectroscopy, and other methods useful in
clinical medicine. The migration of technologies from other arenas into medicine has
not always been successful. For example, infrared detection devices developed for
night vision in military operations have so far not proven to be useful in medicine in
spite of initial enthusiasm for infrared thermography as an imaging method for early
detection of breast cancer.

Today the emphasis in medical imaging is shifting from a “technology push”
approach toward a “biological/clinical pull” emphasis. This shift reflects both
(a) a deeper understanding of the biology underlying human health and disease and
(b) a growing demand for accountability (proven usefulness) of technologies before
they are introduced into clinical medicine. Increasingly, unresolved biological ques-
tions important to the diagnosis and treatment of human disease and disability are
used to encourage development of new imaging methods, often in association with
nonimaging probes. For example, the functions of the human brain, along with the
causes and mechanisms of various mental disorders such as dementia, depression, and
schizophrenia, are among the greatest biological enigmas confronting biomedical sci-
entists and clinicians. A particularly fruitful method for penetrating this conundrum
is the technique of functional imaging employing tools such as ECT and MRI. Func-
tional magnetic resonance imaging (fMRI) is especially promising as an approach to
unraveling some of the mysteries related to how the human brain functions in health,
disease, and disability. Another example is the use of x-ray computed tomography
and MRI as feedback mechanisms to shape, guide, and monitor the surgical and
radiation treatment of cancer.

The growing use of imaging techniques in radiation oncology reveals an inter-
esting and rather recent development. Until about three decades ago, the diagnostic
and therapeutic applications of ionizing radiation were practiced by a single medical
specialty. In the late 1960s these applications began to separate into distinct medical
specialties, diagnostic radiology and radiation oncology, with separate training pro-
grams and clinical practices. Today, imaging is used extensively in radiation oncology
to characterize the cancers to be treated, design the plans of treatment, guide the de-
livery of radiation, monitor the response of patients to treatment, and follow patients
over the long term to assess the success of therapy, occurrence of complications,
and frequency of recurrence. The process of accommodating to this development
in the training and practice of radiation oncology is encouraging a closer working
relationship between radiation oncologists and diagnostic radiologists.



Evolutionary Developments in Imaging

Six major developments are converging today to raise imaging to a more prominent
role in biological and medical research and in the clinical practice of medicine. These
developments are!:

* Ever-increasing sophistication of the biological questions that can be addressed
as knowledge expands and understanding grows about the complexity of the
human body and its static and dynamic properties.

* Ongoingevolution of imaging technologies and the increasing breadth and depth
of the questions that these technologies can address at ever more fundamental
levels.

e Accelerating advances in computer technology and information networking that
support imaging advances such as three- and four-dimensional representations,
superposition of images from different devices, creation of virtual reality envi-
ronments, and transportation of images to remote sites in real time.

¢ Growth of massive amounts of information about patients that can best be com-
pressed and expressed through the use of images.

e Entry into research and clinical medicine of young persons who are highly
facile with computer technologies and comfortable with images as the principal
pathway to information acquisition and display.

e Growing importance of images as effective means to convey information in
visually-oriented developed cultures.

A major challenge confronting medical imaging today is the need to efficiently
exploit this convergence of evolutionary developments to accelerate biological and
medical imaging toward the realization of its true potential.

Images are our principal sensory pathway to knowledge about the natural world.
To convey this knowledge to others, we rely on verbal communication following
accepted rules of human language, of which there are thousands of varieties and
dialects. In the distant past, the acts of knowing through images and communicating
through languages were separate and distinct processes. Every technological advance
that brought images and words closer, even to the point of convergence in a single
medium, has had a major cultural and educational impact. Examples of such advances
include the printing press, photography, motion pictures, television, video games,
computers, and information networking. Each of these technologies has enhanced the
shift from using words to communicate information toward a more efficient synthesis
of images to provide insights and words to explain and enrich insights.? Today this
synthesis is evolving at a faster rate than ever before, as evidenced, for example, by
the popularity of television news programs and documentaries and the growing use
of multimedia approaches to education and training.

For purposes of informing and educating individuals, multiple pathways are
required for interchanging information. In addition, flexible means are needed for
mixing images and words, and their rate and sequence of presentation, in order to
capture and retain the attention, interest, and motivation of persons engaged in the
educational process. Computers and information networks provide this capability.
In medicine, their use in association with imaging technologies greatly enhances the
potential contribution of medical imaging to resolution of patient problems in the
clinical setting. At the beginning of the twenty-first century, the six evolutionary
developments discussed above provide the framework for major advances in medical
imaging and its contributions to improvements in the health and well-being of people
worldwide.

Molecular Medicine

Medical imaging has traditionally focused on the acquisition of structural (anatomic)
and functional (physiologic) information about patients at the organ and tissue levels.
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Medical Imaging Trends

From To
Anatomic Physiobiochemical
Static Dynamic
Qualitative Quantitative
Analog Digital
Nonspecific Tissue-Targeted
agents agents
Diagnosis Diagnosis/Therapy

Biological/clinical “pull” means that
technologies are developed in response
to recognized clinical or research needs.

Anatomical Image Rendered Translucent

MARGIN FIGURE 1-6
fMRI image of brain tumor in relation to the
MOLOr COrtex.

MARGIN FIGURE 1-7

Multifield treatment plan superimposed on a 3-D
reconstructed CT image. (From G. Ibbott, Ph.D.,
MD Anderson Hospital. Used with permission.)
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If a scientist reads two articles each day
from the worlds scientific literature
published that day, at the end of one
year the scientist will be 60 centuries
behind in keeping up with the current
scientific literature. To keep current
with the literature, the scientist would
have to read 6000 articles each day.

Each new generation adapts with ease
to technologies that were a challenge to
the previous generation. Examples of
this “generation gap” in today’s world
include computers, software
engineering, and video games.

Imaging technologies useful or
potentially useful at the cellular and
molecular levels:

* Multiphoton microscopy

Scanning probe microscopy

* Electron energy-loss spectroscopic
imaging

* Transmission electron microscopes
with field-emission electron guns

* 3-D reconstruction from electron

micrographs

Fluorescent labels

Physiologic indicators

* Magnetic resonance imaging

microscopy

Single-copy studies of proteins and

oligonucleotides

* Video microscopy

¢ Laser-scanning confocal microscopy

 Two-photon laser scanning
microscopy

Antisense agents (molecules, viruses,
etc.) are agents that contain DNA with a
nucleotide configuration opposite that
of the biological structures for which
the agents are targeted.

A major challenge to the use of
molecular mechanisms to enhance
contrast are limitations on the number
of cells that can be altered by various
approaches.

This focus has nurtured the correlation of imaging findings with pathological con-
ditions and has led to substantial advances in detection and diagnosis of human
disease and injury. All too often, however, detection and diagnosis occur at a stage
in the disease or injury where radical intervention is required and the effectiveness
of treatment is compromised. In many of these cases, detection and diagnosis at an
earlier stage in the progression of disease and injury would improve the effectiveness
of treatment and enhance the well-being of patients. This objective demands that
medical imaging expand its focus from the organ and tissue levels to the cellular and
molecular levels of human disease and injury. Many scientists believe that medical
imaging is well-positioned today to experience this expanded focus as a benefit of
knowledge gained at the research frontiers of molecular biology and genetics. This
benefit is often characterized as the entry of medical imaging into the era of molecular
medicine.

Contrast agents are widely employed with x-ray, ultrasound, and magnetic reso-
nance imaging techniques to enhance the visualization of properties correlated with
patient anatomy and physiology. Agents in wide use today localize in tissues either
by administration into specific anatomic compartments (such as the gastrointestinal
or vascular systems) or by reliance on nonspecific changes in tissues (such as in-
creased capillary permeability or alterations in the extracellular fluid space). These
localization mechanisms frequently do not provide a sufficient concentration of the
agent to reveal subtle tissue differences associated with an abnormal condition. New
contrast agents are needed that exploit growing knowledge about biochemical re-
ceptor systems, metabolic pathways, and “antisense” molecular technologies to yield
concentration differentials sufficient to reveal the presence of pathological conditions.

Another important imaging application of molecular medicine is the use of imag-
ing methods to study molecular and genetic processes. For example, cells may be
genetically altered to attract ions that (1) alter the magnetic susceptibility, thereby
permitting their identification by magnetic resonance imaging techniques; or (2) are
radioactive and therefore can be visualized by nuclear imaging methods. Another pos-
sibility is to transect cells with genetic material that causes expression of cell surface
receptors that can bind radioactive compounds.? Conceivably, this technique could
be used to monitor the progress of gene therapy.

Advances in molecular biology and genetics are yielding new knowledge at an as-
tonishing rate about the molecular and genetic infrastructure underlying the static and
dynamic processes that comprise human anatomy and physiology. This new know-
ledge is likely to yield increasingly specific approaches to the use of imaging methods
to visualize normal and abnormal tissue structure and function at increasingly funda-
mental levels. These methods will in all likelihood contribute to continuing advances
in molecular medicine.

Historical Approaches to Diagnosis

In the 1800s and before, physicians were extremely limited in their ability to obtain
information about the illnesses and injuries of patients. They relied essentially on the
five human senses, and what they could not see, hear, feel, smell, or taste usually
went undetected. Even these senses could not be exploited fully, because patient
modesty and the need to control infectious diseases often prevented full examination
of the patient. Frequently, physicians served more to reassure the patient and comfort
the family rather than to intercede in the progression of illness or facilitate recovery
from injury. More often than not, fate was more instrumental than the physician in
determining the course of a disease or injury.

The twentieth century witnessed remarkable changes in the physicians ability
to intervene actively on behalf of the patient. These changes dramatically improved
the health of humankind around the world. In developed countries, infant mortality
decreased substantially, and the average life span increased from 40 years at the
beginning of the century to 70+ years at the centurys end. Many major diseases,



such as smallpox, tuberculosis, poliomyelitis, and pertussis, had been brought under
control, and some had been virtually eliminated. Diagnostic medicine has improved
dramatically, and therapies have evolved for cure or maintenance of persons with a
variety of maladies.

Diagnostic probes to identify and characterize problems in the internal anatomy
and physiology of patients have been a major contribution to these improvements. By
far, x rays are the most significant of these diagnostic probes. Diagnostic x-ray studies
have been instrumental in moving the physician into the role of an active intervener
in disease and injury and a major influence on the prognosis for recovery.

Capsule History of Medical Imaging

In November 1895 Wilhelm Rontgen, a physicist at the University of Wiirzburg, was
experimenting with cathode rays. These rays were obtained by applying a potential
difference across a partially evacuated glass “discharge” tube. Rontgen observed the
emission of light from crystals of barium platinocyanide some distance away, and
he recognized that the fluorescence had to be caused by radiation produced by his
experiments. He called the radiation “x rays” and quickly discovered that the new
radiation could penetrate various materials and could be recorded on photographic
plates. Among the more dramatic illustrations of these properties was a radiograph
of a hand (Figure 1-1) that Rontgen included in early presentations of his findings.*
This radiograph captured the imagination of both scientists and the public around the
world.” Within a month of their discovery, x rays were being explored as medical tools
in several countries, including Germany, England, France, and the United States.°
Two months after Rontgen’s discovery, Poincaré demonstrated to the French
Academy of Sciences that x rays were released when cathode rays struck the wall of
a gas discharge tube. Shortly thereafter, Becquerel discovered that potassium uranyl
sulfate spontaneously emitted a type of radiation that he termed Becquerel rays, now

FIGURE 1-1

A radiograph of the hand taken by Rontgen in December 1895. His wife may have been the
subject. (From the Deutsches Rontgen Museum, Remscheid-Lennap, Germany. Used with
permission.)
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Closed-bore (top) and open-bore (bottom) MRI
units. (Courtesy of General Electric Medical
Systems.)

In 1901, Rontgen was awarded the first
Nobel Prize in Physics.
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In the early years of CT, an often-heard
remark was “why would anyone want a
new x-ray technique that when
compared with traditional x-ray
imaging:

* yields 10 times more coarse spatial
resolution

* is 1/100 as fast in collecting image
data

e costs 10 times more

EMI Ltd., the commercial developer of
CT, was the first company to enter CT
into the market. They did so as a last
resort, only after offering the rights to
sell, distribute, and service CT to the
major vendors of imaging equipment.
The vendors rejected EMI’s offer
because they believed the market for
CT was too small.

popularly known as B-particles.” Marie Curie explored Becquerel rays for her doctoral
thesis and chemically separated a number of elements. She discovered the radioactive
properties of naturally occurring thorium, radium, and polonium, all of which emit
a-particles, a new type of radiation.® Tn 1900, y rays were identified by Villard as
a third form of radiation.” In the meantime, J. J. Thomson reported in 1897 that
the cathode rays used to produce x rays were negatively charged particles (electrons)
with about 1/2000 the mass of the hydrogen atom.!? In a period of 5 years from the
discovery of x rays, electrons and natural radioactivity had also been identified, and
several sources and properties of the latter had been characterized.

Over the first half of the twentieth century, x-ray imaging advanced with the
help of improvements such as intensifying screens, hot-cathode x-ray tubes, rotating
anodes, image intensifiers, and contrast agents. These improvements are discussed
in subsequent chapters. In addition, x-ray imaging was joined by other imaging
techniques that employed radioactive nuclides and ultrasound beams as radiation
sources for imaging.

Through the 1950s and 1960s, diagnostic imaging progressed as a coalescence
of x-ray imaging with the emerging specialties of nuclear medicine and ultrasonog-
raphy. This coalescence reflected the intellectual creativity nurtured by the synthesis
of basic science, principally physics, with clinical medicine. In a few institutions, the
interpretation of clinical images continued to be taught without close attention to its
foundation in basic science. In the more progressive teaching departments, however,
the dependence of radiology on basic science, especially physics, was never far from
the consciousness of teachers and students.

Introduction of Computed Tomography

In the early 1970s a major innovation was introduced into diagnostic imaging. This
innovation, x-ray computed tomography (CT), is recognized today as the most sig-
nificant single event in medical imaging since the discovery of x rays.

The importance of CT is related to several of its features, including the following:

1. Provision of cross-sectional images of anatomy

2. Availability of contrast resolution superior to traditional radiology

3. Construction of images from x-ray transmission data by a “black box” mathe-
matical process requiring a computer

4. Creation of clinical images that are no longer direct proof of a satisfactory imag-
ing process so that intermediate control measures from physics and engineering
are essential

5. Production of images from digital data that are processed by computer and can
be manipulated to yield widely varying appearances.

Adoption of CT by the medical community was rapid and enthusiastic in the
United States and worldwide. A few years after introduction of this technology, more
than 350 units had been purchased in the United States alone. Today, CT is an essential
feature of most radiology departments of moderate size and larger.

The introduction of CT marked the beginning of a transition in radiology from
an analog to a digitally based specialty. The digital revolution in radiology has opened
opportunities for image manipulation, storage, transmission, and display in all fields
of medicine. The usefulness of CT for brain imaging almost immediately reduced the
need for nuclear brain scans and stimulated the development of other applications of
nuclear medicine, including qualitative and quantitative studies of the cardiovascular
system. Extension of reconstruction mathematics to nuclear medicine yielded the
techniques of single-photon emission computed tomography (SPECT) and positron
emission tomography (PET), technologies that have considerable potential for re-
vealing new information about tissue physiology and metabolism. Reconstruction
mathematics also are utilized in magnetic resonance image (MRI), a technology in-
troduced into clinical medicine in the early 1980s. Today, MRI provides insights into



fundamental properties of biologic tissues that were beyond the imagination a few
years ago. Digital methods have been incorporated into ultrasonography to provide
“real time” gray scale images important to the care of patients in cardiology, obstet-
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Many believe that the next major
frontier of imaging science is at the
molecular and genetic levels.

rics, and several other specialties. In x-ray imaging, digital methods are slowly but
inexorably replacing analog methods for data acquisition and display.
Radiology is a much different field today than it was three decades ago. With
the introduction of new imaging methods and digital processing techniques, radio-
logy has become a technologically complex discipline that presents a paradox for
physicians. Although images today are much more complicated to produce, they
are simultaneously simpler to interpret—and misinterpret—once they are produced.
The simplicity of image interpretation is seductive, however. The key to retrieval of
essential information in radiology today resides at least as much in the production

and presentation of images as in their interpretation.

A physician who can interpret only what is presented as an image suffers a severe
handicap. He or she is captive to the talents and labors of others and wholly dependent
on their ability to ensure that an image reveals abnormalities in the patient and not in
the imaging process. On the other hand, the physician who understands the science
and technology of imaging can be integrally involved in the entire imaging process,
including the acquisition of patient data and their display as clinical images. Most
important, the knowledgeable physician has direct input into the quality of the image

on which the diagnosis depends.

A thorough understanding of diagnostic images requires knowledge of the sci-
ence, principally physics, that underlies the production of images. Radiology and
physics have been closely intertwined since x rays were discovered. With the changes
that have occurred in imaging over the past few years, the linkage between radio-
logy and physics has grown even stronger. Today a reasonable knowledge of physics,
instrumentation, and imaging technology is essential for any physician wishing to

perfect the science and art of radiology.

CONCLUSIONS

It is wrong to think that the task of
physics is to find out what nature is.
Physics concerns what we can say about
nature.” Niels Bohr (as quoted in
Pagels, H., The Cosmic Code, Simons
and Schuster, 1982.)

¢ Medical imaging is both a science and a tool to explore human anatomy and to

study physiology and biochemistry.

* Medical imaging employs a variety of energy sources and tissue properties to

produce useful images.

* Increasingly, clinical pull is the driving force in the development of imaging

methods.

* Molecular biology and genetics are new frontiers for imaging technologies.
e Introduction of x-ray computed tomography was a signal event in the evolution

of medical imaging.
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MARGIN FIGURE 2-1

Electron configuration showing electron shells in
the Bohr model of the atom for potassium, with
19 electrons (Z = 19).

A Brief History of the
Development of Evidence for the
Existence of Atoms

400-300 B.C.: Demokritos and the
Epicurean School in Greece argued
for the existence of atoms on
philosophical grounds. Aristotle and
the Stoics espoused the continuum
philosophy of matter.!

300 B.c.—1800s: Aristotelian view of
matter predominated.

1802: Dalton described the
principle of multiple proportions.
This principle states that chemical
constituents react in specific
proportions, suggesting the
discreteness of material
components.?

1809: Gay-Lussac discovered laws
that predicted changes in volume of
gases.’

1811: Avogadro hypothesized the
existence of a constant number of
atoms in a characteristic mass of an
element or compound.*

1833: Faraday’s law of electrolysis
explained specific rates or
proportions of elements that would
be electroplated onto electrodes
from electrolytic solutions.”

1858: Cannizaro published data
concerning the atomic weights of
the elements.®

1869-1870: Meyer and Mendeleev
constructed the Periodic Table.” 8
1908: Perrin demonstrated that the
transfer of energy from atoms to
small particles in solution, the cause
of a phenomenon known as
Brownian motion, leads to a precise
derivation of Avogadros number.”

OBJECTIVES

After completing this chapter, the reader should be able to:

¢ Define the terms: element, atom, molecule, and compound.
e Describe the electron shell structure of an atom.
e Explain the significance of electron and nuclear binding energy.
e List the events that result in characteristic and auger emission.
e Compare electron energy levels in solids that are:
¢ Conductors
e Insulators
* Semiconductors
e Describe the phenomenon of superconductivity.
e List the four fundamental forces.
¢ Explain why fission and fusion result in release of energy.
* State the source of the nuclear magnetic moment.
¢ Define:
¢ Isotopes
¢ Isotones
e Isobars
* Isomers

THE ATOM

All matter is composed of atoms. A sample of a pure element is composed of a single
type of atom. Chemical compounds are composed of more than one type of atom.
Atoms themselves are complicated entities with a great deal of internal structure. An
atom is the smallest unit of matter that retains the chemical properties of a material. In
that sense, it is a “fundamental building block” of matter. In the case of a compound,
the “fundamental building block” is a molecule consisting of one or more atoms
bound together by electrostatic attraction and/or the sharing of electrons by more
than one nucleus.

The basic structure of an atom is a positively charged nucleus, containing elec-
trically neutral neutrons and positively charged protons, surrounded by one or more
negatively charged electrons. The number and distribution of electrons in the atom
determines the chemical properties of the atom. The number and configuration of
neutrons and protons in the nucleus determines the stability of the atom and its
electron configuration.

Structure of the Atom

One unit of charge is 1.6 x 1077 coulombs. Each proton and each electron carries
one unit of charge, with protons positive and electrons negative. The number of units
of positive charge (i.e., the number of protons) in the nucleus is termed the atomic
number Z. The atomic number uniquely determines the classification of an atom as
one of the elements. Atomic number 1 is hydrogen, 2 is helium, and so on.

Atoms in their normal state are neutral because the number of electrons outside
the nucleus (i.e., the negative charge in the atom) equals the number of protons (i.e.,
the positive charge) of the nucleus. Electrons are positioned in energy levels (i.e.,
shells) that surround the nucleus. The first (n = 1) or K shell contains no more than
2 electrons, the second (n = 2) or L shell contains no more than 8 electrons, and the
third (n = 3) or M shell contains no more than 18 electrons (Margin Figure 2-1). The
outermost electron shell of an atom, no matter which shell it is, never contains more
than 8 electrons. Electrons in the outermost shell are termed valence electrons and
determine to a large degree the chemical properties of the atom. Atoms with an outer
shell entirely filled with electrons seldom react chemically. These atoms constitute
elements known as the inert gases (helium, neon, argon, krypton, xenon, and radon).



TABLE 2-1 Quantum Numbers for Electrons in Helium, Carbon, and Sodium
Element n 1 m m; Orbital Shell
Helium(Z = 2) 1 0 0 —1 1s? K

1 0 0 +1
Carbon(Z = 6) 1 0 0 —1 1s2
1 0 0 +1
2 0 0 -1, 252 L
2 0 0 +1
2 1 -1 =y 2p?
2 1 -1 +1
Sodium(Z = 11) 1 0 0 -1, 1s2 K
1 0 0 +Y
2 0 0 1 2s? L
2 0 0 +1
2 1 1 -1 2p"
2 1 -1 +,
2 1 0 v
2 1 0 +
2 1 1 -1,
2 1 1 +1
3 0 0 —1, 3s M

Energy levels for electrons are divided into sublevels slightly separated from each
other. To describe the position of an electron in the extranuclear structure of an atom,
the electron is assigned four quantum numbers.

The principal quantum number n defines the main energy level or shell within
which the electron resides (n = 1 for the K shell, n = 2 for the L shell, etc.). The
orbital angular-momentum (azimuthal) quantum number | describes the electron’s
angularmomentum (I = 0,1,2,...,n — 1). The orientation of the electron’s magnetic
moment in a magnetic field is defined by the magnetic quantum number m; (m; = —I,
—l+1,...,1 = 1,1). The direction of the electron’s spin upon its own axis is specified
by the spin quantum number m; (m; = 415 or —1/). The Pauli exclusion principle
states that no two electrons in the same atomic system may be assigned identical
values for all four quantum numbers. Illustrated in Table 2-1 are quantum numbers
for electrons in a few atoms with low atomic numbers.

The values of the orbital angular-momentum quantum number, | =0, 1, 2, 3,
4, 5 and 6, are also identified with the symbols, s, p, d, f, g h, and i, respectively.
This notation is known as “spectroscopic” notation because it is used to describe
the separate emission lines observed when light emitted from a heated metallic vapor
lamp is passed through a prism. From the 1890s onward, observation of these spectra
provided major clues about the binding energies of electrons in atoms of the metals
under study. By the 1920s, it was known that the spectral lines above s could be
split into multiple lines in the presence of a magnetic field. The lines were thought to
correspond to “orbitals” or groupings of similar electrons within orbits. The modern
view of this phenomenon is that, while the s “orbital” is spherically symmetric (Margin
Figure 2-2), the other orbitals are not. In the presence of a magnetic field, the p
“orbital” can be in alignment along any one of three axis of space, x, y, and z. Each
of these three orientations has a slightly different energy corresponding to the three
possible values of m; (—1, 0, and 1). According to the Pauli exclusion principle, each
orbital may contain two electrons (one with m; = 414, the other with m; = —1).

The K shell of an atom consists of one orbital, the 1s, containing two electrons.
The L shell consists of the 2s subshell, which contains one orbital (two electrons),
and the 2 p subshell, which contains a maximum of three orbitals (six electrons). If an
L shell of an atom is filled, its electrons will be noted in spectroscopic notation as 252,
2p®. This notation is summarized for three atoms—helium, carbon, and sodium—in
Table 2-1.
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MARGIN FIGURE 2-2

Probability of location of the electron in the
hydrogen atom for three different energy states

or combinations of principal and angular
momentum quantum numbersl. A:n = 1,1 =0;
Bn=21=1,C:n=4,1 =3.

Models of the Atom

1907:J. J. Thompson advanced a
“plum pudding” model of the atom
in which electrons were distributed
randomly within a matrix of positive
charge, somewhat like raisins in a
plum pudding.*®

1911: Experiments by Rutherford
showed the existence of a small,
relatively dense core of positive
charge in the atom, surrounded by
mostly empty space with a relatively
small population of electrons.!!
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Why are electron shells identified
as K, L, M, and so on, instead of
A,B,C, and so on?

Between 1905 and 1911, English
physicist Charles Barkla measured
the characteristic emission of x rays
from metals in an attempt to
categorize them according to their
penetrating power (energy). Early in
his work, he found two and named
them B and A. In later years, he
renamed them K and L, expecting
that he would find more energetic
emissions to name B, A, and R. It is
thought that he was attempting to
use letters from his name. Instead,
he discovered lower energy (less
penetrating) emissions and decided
to continue the alphabet after L with
M and N. The naming convention
was quickly adopted by other
researchers. Thus electron shells
(from which characteristic x rays are
emitted) are identified as K, L, M, N,
and so on. Elements with shell
designations up to the letter Q have
been identified.?

The electron volt may be used to
express any level of energy. For

example, a typical burner on “high” on

an electric stove emits heat at an
approximate rate of 3 x 10% eV/sec.

Quantum Mechanical Description of Electrons

Since the late 1920s it has been understood that electrons in an atom do not behave
exactly like tiny moons orbiting a planet-like nucleus. Their behavior is described
more accurately if, instead of defining them as point particles in orbits with specific
velocities and positions, they are defined as entities whose behavior is described by
“wave functions.” While a wave function itself is not directly observable, calcula-
tions may be performed with this function to predict the location of the electron.
In contrast to the calculations of “classical mechanics” in which properties such as
force, mass, acceleration, and so on, are entered into equations to yield a definite
answer for a quantity such as position in space, quantum mechanical calculations
yield probabilities. At a particular location in space, for example, the square of the
amplitude of a particle’s wave function yields the probability that the particle will
appear at that location. In Margin Figure 2-2, this probability is predicted for sev-
eral possible energy levels of a single electron surrounding a hydrogen nucleus (a
single proton). In this illustration, a darker shading implies a higher probability of
finding the electron at that location. Locations at which the probability is maximum
correspond roughly to the “electron shell” model discussed previously. However, it
is important to emphasize that the probability of finding the electron at other loca-
tions, even in the middle of the nucleus, is not zero. This particular result explains
a certain form of radioactive decay in which a nucleus “captures” an electron. This
event is not explainable by classical mechanics, but can be explained with quantum
mechanics.

Electron Binding Energy and Energy Levels

The extent to which electrons are bound to the nucleus determines several energy
absorption and emission phenomena. The binding energy of an electron (E}) is de-
fined as the energy required to completely separate the electron from the atom. When
energy is measured in the macroscopic world of everyday experience, units such as
joules and kilowatt-hours are used. In the microscopic world, the electron volt is a
more convenient unit of energy. In Margin Figure 2-3 an electron is accelerated be-
tween two electrodes. That is, the electron is repelled from the negative electrode and
attracted to the positive electrode. The kinetic energy (the “energy of motion”) of the
electron depends on the potential difference between the electrodes. One electron volt
is the kinetic energy imparted to an electron accelerated across a potential difference
(i.e., voltage) of 1 V. In Margin Figure 2-3B, each electron achieves a kinetic energy
of 10 eV.
The electron volt can be converted to other units of energy:

leV=16x10""]
=1.6x10"erg
= 4.4 x 107%° kW-hr
Note: 10° eV = 1 keV
10°eV = 1 MeV

The electron volt describes potential as well as kinetic energy. The binding energy of
an electron in an atom is a form of potential energy.

An electron in an inner shell of an atom is attracted to the nucleus by a force
greater than that exerted by the nucleus on an electron farther away. An electron
may be moved from one shell to another shell that is farther from the nucleus only
if energy is supplied by an external source. Binding energy is negative (i.e., written
with a minus sign) because it represents an amount of energy that must be supplied
to remove an electron from an atom. The energy that must be imparted to an atom
to move an electron from an inner shell to an outer shell is equal to the arithmetic
difference in binding energy between the two shells. For example, the binding energy



is —13.5 eV for an electron in the K shell of hydrogen and is —3.4 eV for an electron
in the L shell. The energy required to move an electron from the K to the L shell in
hydrogen is (—3.4 eV) — (—13.5eV) = 10.1 eV.

Electrons in inner shells of high-Z atoms are near a nucleus with high positive
charge. These electrons are bound to the nucleus with a force much greater than that
exerted upon the solitary electron in hydrogen. Binding energies of electrons in high-
and low-Z atoms are compared in Margin Figure 2-4.

All of the electrons within a particular electron shell do not have exactly the
same binding energy. Differences in binding energy among the electrons in a par-
ticular shell are described by the orbital, magnetic, and spin quantum numbers,
I, my, and m,. The combinations of these quantum numbers allowed by quantum
mechanics provide three subshells (L; to L) for the L shell (Table 2-1) and five
subshells (M; to My) for the M shell (the M subshells occur only if a magnetic
field is present). Energy differences between the subshells are small when compared
with differences between shells. These differences are important in radiology, how-
ever, because they explain certain properties of the emission spectra of x-ray tubes.
Table 2-2 gives values for the binding energies of K, and L shell electrons for selected
elements.

Electron Transitions, Characteristic and Auger Emission

Various processes can cause an electron to be ejected from an electron shell. When
an electron is removed from a shell, a vacancy or “hole” is left in the shell (i.e.,
a quantum “address” is left vacant). An electron may move from one shell to an-
other to fill the vacancy. This movement, termed an electron transition, involves a

TABLE 2-2 Binding Energies of Electron Shells of Selected Elements?

Binding Energies of Shells (keV)

Atomic
Number Element K L; Ly L

1 Hydrogen 0.0136

6 Carbon 0.283

8 Oxygen 0.531
11 Sodium 1.08 0.055 0.034 0.034
13 Aluminum 1.559 0.087 0.073 0.072
14 Silicon 1.838 0.118 0.099 0.098
19 Potassium 3.607 0.341 0.297 0.294
20 Calcium 4.038 0.399 0.352 0.349
26 Iron 7.111 0.849 0.721 0.708
29 Copper 8.980 1.100 0.953 0.933
31 Gallium 10.368 1.30 1.134 1.117
32 Germanium 11.103 1.42 1.248 1.217
39 Yttrium 17.037 2.369 2.154 2.079
42 Molybdenum 20.002 2.884 2.627 2.523
47 Silver 25.517 3.810 3.528 3.352
53 lodine 33.164 5.190 4.856 4.559
54 Xenon 34.570 5.452 5.104 4.782
56 Barium 37.410 5.995 5.623 5.247
57 Lanthanum 38.931 6.283 5.894 5.489
58 Cerium 40.449 6.561 6.165 5.729
74 Tungsten 69.508 12.090 11.535 10.198
79 Gold 80.713 14.353 13.733 11.919
82 Lead 88.001 15.870 15.207 13.044
92 Uranium 115.591 21.753 20.943 17.163

4Data from Fine, J., and Hendee, W. Nucleonics 1955; 13:56.
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MARGIN FIGURE 2-3
Kinetic energy of electrons specified in electron
volts. A: The electron has a kinetic energy of 1 eV.
B: Each electron has a kinetic energy of 10 eV.

+

“No rest is granted to the atoms
throughout the profound void, but
rather driven by incessant and varied
motions, some after being pressed
together then leap back with wide
intervals, some again after the blow are
tossed about within a narrow compass.
And those being held in combination
more closely condensed collide with
and leap back through tiny intervals.”
Lucretius (94-55 B.C.), On the Nature
of Things
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MARGIN FIGURE 2-4
Average binding energies for electrons in
hydrogen (Z = 1) and tungsten (Z = 74). Note
the change of scale required to show both energy
diagrams on the same page.

“As the statistical character of quantum
theory is so closely linked to the
inexactness of all perceptions, one
might be led to the presumption that
behind the perceived statistical world
there still hides a ‘real’ world in which
causality holds. But such speculations
seem to us, to say it explicitly, fruitless
and senseless.”

W. Heisenberg, The Physical Content of
Quantum Kinematics and Mechanics,
1927.

(c)

MARGIN FIGURE 2-5

A: Electron transition from an outer shell to an
inner shell. B: Electron transition accompanied by
the release of a characteristic photon. C: Electron
transition accompanied by the emission of an
Auger electron.

change in the binding energy of the electron. To move an inner-shell electron to
an outer shell, some external source of energy is required. On the other hand, an
outer-shell electron may drop spontaneously to fill a vacancy in an inner shell. This
spontaneous transition results in the release of energy. Spontaneous transitions of
outer-shell electrons falling to inner shells are depicted in Margin Figure 2-5.

The energy released when an outer electron falls to an inner shell equals the
difference in binding energy between the two shells involved in the transition. For ex-
ample, an electron moving from the M to the K shell of tungsten releases (—69,500) —
(—2810) eV = —66,690 eV or —66.69 keV. The energy is released in one of two
forms. In Margin Figure 2-5B, the transition energy is released as a photon. Because
the binding energy of electron shells is a unique characteristic of each element, the
emitted photon is called a characteristic photon. The emitted photon may be described
as a K, L, or M characteristic photon, denoting the destination of the transition
electron. An electron transition creates a vacancy in an outer shell that may be filled
by an electron transition from another shell, leaving yet another vacancy, and so on.
Thus a vacancy in an inner electron shell produces a cascade of electron transitions
that yield a range of characteristic photon energies. Electron shells farther from the
nucleus are more closely spaced in terms of binding energy. Therefore, characteristic
photons produced by transitions among outer shells have less energy than do those
produced by transitions involving inner shells. For transitions to shells beyond the
M shell, characteristic photons are no longer energetic enough to be considered
X Tays.

Margin Figure 2-5C shows an alternative process to photon emission. In this
process, the energy released during an electron transition is transferred to another
electron. This energy is sufficient to eject the electron from its shell. The ejected
electron is referred to as an Auger (pronounced “aw-jay”) electron. The kinetic energy
of the ejected electron will not equal the total energy released during the transition,
because some of the transition energy is used to free the electron from its shell. The
Auger electron is usually ejected from the same shell that held the electron that made
the transition to an inner shell, as shown in Margin Figure 2-5C. In this case, the
kinetic energy of the Auger electron is calculated by twice subtracting the binding
energy of the outer-shell electron from the binding energy of the inner-shell electron.
The first subtraction yields the transition energy, and the second subtraction accounts
for the liberation of the ejected electron.

Eka = Ebi - 2Ebo

where E\, is the kinetic energy of the Auger electron, Ey, is the binding energy of the
inner electron shell (the shell with the vacancy), and Ey, is the binding energy of the
outer electron shell.

Example 2-1

A vacancy in the K shell of molybdenum results in an L to K electron transition
accompanied by emission of an Auger electron from the L shell. The binding energies
are

Epk = —20,000 eV
Ey = —2521eV
What is the kinetic energy of the Auger electron?
Epa = Epi — 2Epo
(—20,000 eV) — 2(—2521 eV)

—14,958 eV
—14.958 keV



Fluorescence Yield

Characteristic photon emission and Auger electron emission are alternative processes
that release excess energy from an atom during an electron transition. Either process
may occur. While it is impossible to predict which process will occur for a specific
atom, the probability of characteristic emission can be stated. This probability is
termed the fluorescence yield, w, where

Number of characteristic photons emitted
w =

Number of electron shell vacancies

The fluorescence yield for K shell vacancies is plotted in Margin Figure 2-6 as a
function of atomic number. These data reveal that the fluorescence yield increases
with increasing atomic number. For a transition to the K shell of calcium, for example,
the probability is 0.19 that a K characteristic photon will be emitted and 0.81 that an
Auger electron will be emitted. For every 100 K shell vacancies in calcium, an average
0f0.19 x 100 = 19 characteristic photonsand 0.81 x 100 = 81 Auger electrons will
be released. The fluorescence yield is one factor to be considered in the selection of
radioactive sources for nuclear imaging, because Auger electrons increase the radiation
dose to the patient without contributing to the diagnostic quality of the study.

SOLIDS

Electrons in individual atoms have specific binding energies described by quantum
mechanics. When atoms bind together into solids, the energy levels change as the
electrons influence each other. Just as each atom has a unique set of quantum energy
levels, a solid also has a unique set of energy levels. The energy levels of solids are
referred to as energy bands. And just as quantum “vacancies,” or “holes,” may exist
when an allowable energy state in a single atom is not filled, energy bands in a
solid may or may not be fully populated with electrons. The energy bands in a solid
are determined by the combination of atoms composing the solid and also by bulk
properties of the material such as temperature, pressure, and so on.

Two electron energy bands of a solid are depicted in Margin Figure 2-7. The
lower energy band, called the valence band, consists of electrons that are tightly
bound in the chemical structure of the material. The upper energy band, called the
conduction band, consists of electrons that are relatively loosely bound. Conduction
band electrons are able to move in the material and may constitute an electrical current
under the proper conditions. If no electrons populate the conduction band, then the
material cannot support an electrical current under normal circumstances. However,
if enough energy is imparted to an electron in the valence band to raise it to the
conduction band, then the material can support an electrical current.

Solids can be separated into three categories on the basis of the difference in
energy between electrons in the valence and conduction bands. In conductors there
is little energy difference between the bands. Electrons are continuously promoted
from the valence to the conduction band by routine collisions between electrons. In
insulators the conduction and valence bands are separated by a band gap (also known
as the “forbidden zone”) of 3 eV or more. Under this condition, application of voltage
to the material usually will not provide enough energy to promote electrons from the
valence to the conduction band. Therefore, insulators do not support an electrical
current under normal circumstances. Of course, there is always a “breakdown voltage”
above which an insulator will support a current, although probably not without
structural damage.

If the band gap of the material is between 0 and 3 eV, then the material exhibits
electrical properties between those of an insulator and a conductor. Such a material,
termed a semiconductor, will conduct electricity under certain conditions and act as an
insulator under others. The conditions may be altered by the addition to the material
of trace amounts of impurities that have allowable energy levels that fall within the

SOLIDS

A Brief History of Quantum
Mechanics

1913: Bohr advanced a model of the
atom in which electrons move in
circular orbits at radii that allow
their momenta to take on only
certain specific values.*
1916-1925: Bohrs model was
modified by Sommerfeld, Stoner,
Pauli, and Uhlenbeck to better
explain the emission and absorption
spectra of multielectron atoms.'*~18
1925: de Broglie hypothesized that
all matter has wavelike properties.
The wavelike nature of electrons
allows only integral numbers of
“wavelengths” in an electron orbit,
thereby explaining the discrete
spacing of electron “orbits” in the
atom.'®

1927: Davisson and Germer
demonstrated that electrons undergo
diffraction, thereby proving that they
may behave like “matter waves.”*
1925-1929: Born, Heisenberg, and
Schrodinger describe a new field of
physics in which predictions about
the behavior of particles may be
made from equations governing the
behavior of the particle’s “wave
function.”=23

“You believe in the God who plays dice,
and I in complete law and order in a
world which objectively exists, and
which I, in a wildly speculative way, am
trying to capture. ... Even the great
initial success of the quantum theory
does not make me believe in the
fundamental dice game, although I am
well aware that our younger colleagues
interpret this as a consequence of
senility.”

Albert Einstein
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Fluorescence yield for the K shell versus atomic
number.
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Energy level diagram for solids. An electron
promoted from the valence band to the
conduction band may move freely in the material
to constitute an electric current.

Superconductivity was first discovered
in mercury, by Onnes in 1911 2
However, a satisfactory theoretical
explanation of superconductivity, using
the formalism of quantum mechanics,
did not evolve until 1957 when BCS
theory was proposed by Bardeen,
Cooper, and Schrieffer.2> 2°

The 1987 Nobel Prize in Physics was
awarded jointly to J. George Bednorz
and K. Alexander Muller “for their
important breakthrough in the
discovery of superconductivity in
ceramic materials.”

band gap of the solid. Semiconductors have many applications in radiation detection
and are discussed further in Chapter 8.

SUPERCONDUCTIVITY

In a conductor, very little energy is required to promote electrons to the conduction
band. However, free movement of electrons in the conduction band is not guaranteed.
As electrons attempt to move through a solid, they interact with other electrons
and with imperfections such as impurities in the solid. At each “encounter” some
energy is transferred to atoms and molecules and ultimately appears as heat. This
transfer of energy (the basis of electrical “resistance”) is usually viewed as energy
“loss.” Sometimes, however, this “loss” is the primary goal of electrical transmission
as, for example, in an electric iron or the filament of an x-ray tube.

There are materials in which, under certain conditions, there is no resistance to
the flow of electrons. These materials are called superconductors. In a superconductor
the passage of an electron disturbs the structure of the material in such a way as to
encourage the passage of another electron arriving after exactly the right interval of
time. The passage of the first electron establishes an oscillation in the positive charge
of the material that “pulls” the second electron through. This behavior has been
compared to “electronic water skiing” where one electron is swept along in another
electron’s “wake.” Thus electrons tend to travel in what are known as “Cooper pairs.”?°
Cooper pairs do not (in a probabilistic sense) travel close to each other. In fact, many
other electrons can separate a Cooper pair. Cooper pair electrons are also paired with
other electrons. It has been shown mathematically that the only possible motion of
a set of interleaved pairs of electrons is movement as a unit. In this fashion, the
electrons do not collide randomly with each other and “waste” energy. Instead, they
travel as a unit with essentially no resistance to flow. Currents have been started in
superconducting loops of wire that have continued for several years with no additional
input of energy.

Many types of materials exhibit superconductive behavior when cooled to tem-
peratures in the range of a few degrees Kelvin (room temperature is approximately
295°K). Lowering the temperature of some solids promotes superconductivity by
decreasing molecular motion, thereby decreasing the kinetic energy of the material.
Twenty-six elements and thousands of alloys and compounds exhibit this behavior.
Maintenance of materials at very low temperatures requires liquid helium as a cooling
agent. Helium liquefies at 23°K, is relatively expensive, and is usually insulated from
ambient conditions with another refrigerant such as liquid nitrogen.

On theoretical grounds it had been suspected for many years that superconduc-
tivity can exist in some materials at substantially higher temperatures, perhaps even
room temperature. In January 1986, Bednorz and Miller discovered a ceramic, an ox-
ide of barium, lanthanum, and copper, that is superconducting at temperatures up to
35°K.2” With this discovery, superconductivity was achieved for the first time at tem-
peratures above liquid helium. This finding opened new possibilities for cheaper and
more convenient refrigeration methods. Subsequently, several other ceramics have
exhibited superconductivity at temperatures of up to 135°K. There is, at present, no
satisfactory theoretical explanation for superconductivity in ceramics. Some believe
that there is a magnetic phenomenon that is analogous to the electronic phenomenon
cited in BCS theory. The current record for highest superconducting temperature in
a metal is in magnesium diboride at 39°K.?® While this temperature is not as high as
has been achieved in some ceramics, this material would be easier to fashion into a
wire for use as a winding in a superconducting magnet. These materials have great
potential for yielding “perfect” conductors (i.e., with no electrical resistance) that are
suitable for everyday use. Realization of this potential would have a profound impact
upon the design of devices such as electrical circuits and motors. It would revolu-
tionize fields as diverse as computer science, transportation, and medicine, including
radiology.



THE NUCLEUS

Nuclear Energy Levels

A nucleus consists of two types of particles, referred to collectively as nucleons.
The positive charge and roughly half the mass of the nucleus are contributed by
protons. Each proton possesses a positive charge of +1.6 x 107'° coulombs, equal in
magnitude but opposite in sign to the charge of an electron. The number of protons (or
positive charges) in the nucleus is the atomic number of the atom. The mass of a proton
is 1.6734 x 10727 kg. Neutrons, the second type of nucleon, are uncharged particles
with a mass of 1.6747 x 1077 kg. Outside the nucleus, neutrons are unstable and
divide into protons, electrons, and antineutrinos (see Chapter 3). The half-life of this
transition is 12.8 minutes. Neutrons are usually stable inside nuclei. The number of
neutrons in a nucleus is the neutron number N for the nucleus. The mass number A
of the nucleus is the number of nucleons (neutrons and protons) in the nucleus. The
mass number A = Z 4+ N.

The standard form used to denote the composition of a specific nucleus is

oX
where X is the chemical symbol (e.g., H, He, Li) and A and Z are as defined above.
There is some redundancy in this symbolism. The atomic number, Z, is uniquely
associated with the chemical symbol, X. For example, when Z = 6, the chemical
symbol is always C, for the element carbon.

Expressing the mass of atomic particles in kilograms is unwieldy because it would
be a very small number requiring scientific notation. The atomic mass unit (amu) is
amore convenient unit for the mass of atomic particles. 1 amu is defined as 1/12 the
mass of the carbon atom, which has six protons, six neutrons, and six electrons. Also,

1 amu = 1.6605 x 1077 kg

The shell model of the nucleus was introduced to explain the existence of discrete
nuclear energy states. In this model, nucleons are arranged in shells similar to those
available to electrons in the extranuclear structure of an atom. Nuclei are extra-
ordinarily stable if they contain 2, 8, 14, 20, 28, 50, 82, or 126 protons or similar
numbers of neutrons. These numbers are termed magic numbers and may reflect full
occupancy of nuclear shells. Nuclei with odd numbers of neutrons or protons tend to
be less stable than nuclei with even numbers of neutrons and protons. The pairing of
similar nucleons increases the stability of the nucleus. Data tabulated below support
this hypothesis.

Number of Number of Number of Stable
Protons Neutrons Nuclei

Even Even 165

Even Odd 57

Odd Even 53

Odd Odd 6

Nuclear Forces and Stability

Protons have “like” charges (each has the same positive charge) and repel each other by
the electrostatic force of repulsion. One may then ask the question, How does a nucleus
stay together? The answer is that when protons are very close together, an attractive
force comes into play. This force, called the “strong nuclear force,” is 100 times greater
than the electrostatic force of repulsion. However, it acts only over distances of the
order of magnitude of the diameter of the nucleus. Therefore, protons can stay together
in the nucleus once they are there. Assembling a nucleus by forcing protons together
requires the expenditure of energy to overcome the electrostatic repulsion. Neutrons,
having no electrostatic charge, do not experience the electrostatic force. Therefore,
adding neutrons to a nucleus requires much less energy. Neutrons are, however,
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Superconductors have zero resistance to
the flow of electricity. They also exhibit
another interesting property called the
Meisner Effect: If a superconductor is
placed in a magnetic field, the magnetic
field lines flow around it. That is, the
superconductor excludes the magnetic
field. This can be used to create a form
of magnetic levitation.

As of this writing, magnetic resonance
imagers are the only devices using the
principles of superconductivity that a
typical layperson might encounter.
Other applications of superconductivity
are found chiefly in research
laboratories.

The word “atom” comes from the Greek
“atomos” which means “uncuttable.”

The half-life for decay of the neutron is
12.8 minutes. This means that in a
collection of a large number of
neutrons, half would be expected to
undergo the transition in 12.8 minutes.
Every 12.8 minutes, half the remaining
number would be expected to decay.
After 7 half-lives (3.7 days), fewer than
1% would be expected to remain as
neutrons.

Masses of atomic patrticles are as
follows:

Electron = 0.00055 amu

Proton = 1.00727 amu
Neutron = 1.00866 amu

Note that the proton and neutron have
amass of approximately 1 amu and that
the neutron is slightly heavier than the
proton.
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Quantum Electrodynamics (QED)
Modern quantum mechanics explains a
force in terms of the exchange of
“messenger particles.” These particles
pass between (are emitted and then
absorbed by) the particles that are
affected by the force.

The messenger particles are as follows:

Force Messenger
Strong nuclear Gluon
Electromagnetic ~ Photon
Weak nuclear “W” and “Z”
Gravity Graviton

affected by a different “weak nuclear force.” The weak nuclear force causes neutrons
to change spontaneously into protons plus almost massless virtually noninteracting
particles called neutrinos. The opposite transition, protons turning into neutrons plus
neutrinos, also occurs. These processes, called beta decay, are described in greater
detail in Chapter 3. The fourth of the traditional four “fundamental forces” of nature,
gravity, is extremely overshadowed by the other forces within an atom, and thus it
plays essentially no role in nuclear stability or instability. The relative strengths of the
“four forces” are as follows:

Type of Force  Relative Strength

Nuclear 1
Electrostatic 1072
Weak 10713

Gravitational ~ 107%°

Of these forces, the first three have been shown to be manifestations of the same
underlying force in a series of “Unification Theories” over recent decades. The addition
of the fourth, gravity, would yield what physicists term a “Grand Unified Theory,” or
GUT.

Nuclear Binding Energy

The mass of an atom is less than the sum of the masses of its neutrons, protons, and
electrons. This seeming paradox exists because the binding energy of the nucleus is
so significant compared with the masses of the constituent particles of an atom, as
expressed through the equivalence of mass and energy described by Einstein’s famous
equation.?’

E = mc?

The mass difference between the sum of the masses of the atomic constituents and the
mass of the assembled atom is termed the mass defect. When the nucleons are separate,
they have their own individual masses. When they are combined in a nucleus, some of
their mass is converted into energy. In Einstein’s equation, an energy E is equivalent to
mass m multiplied by the speed of light in a vacuum, ¢ (2.998 x 10® m/sec) squared.
Because of the large “proportionality constant” ¢? in this equation, one kilogram of
mass is equal to a large amount of energy, 9 x 10'© joules, roughly equivalent to the
energy released during detonation of 30 megatons of TNT. The energy equivalent of
1 amu is

(1 amu)(1.660 x 107%7 kg/amuw)(2.998 x 10° m/sec)”
(1.602 x 1013 J/Mev)

The binding energy (mass defect) of the carbon atom with six protons and six neutrons
(denoted as 1%C) is calculated in Example 2-2.

= 931 MeV

Example 2-2
Mass of 6 protons = 6(1.00727 amu) = 6.04362 amu
Mass of 6 neutrons = 6(1.00866 amu) = 6.05196 amu
Mass of 6 electrons = 6(0.00055 amu) = 0.00330 amu
Mass of components of '3C = 12.09888 amu
Mass of '¢C atom = 12.00000 amu
Mass defect = 0.09888 amu
Binding energy of '2C atom = (0.09888 amu)(931 MeV/amu)
= 92.0 MeV



Almost all of this binding energy is associated with the '¢C nucleus. The average
binding energy per nucleon of '2C is 92.0 MeV per 12 nucleons, or 7.67 MeV per
nucleon.

In Margin Figure 2-8 the average binding energy per nucleon is plotted as a function
of the mass number A.

NUCLEAR FISSION AND FUSION

Energy is released if a nucleus with a high mass number separates or fissions into two
parts, each with an average binding energy per nucleon greater than that of the original
nucleus. The energy release occurs because such a split produces low-Z products
with a higher average binding energy per nucleon than the original high-Z nucleus
(Margin Figure 2-8). A transition from a state of lower “binding energy per nucleon”
to a state of higher “binding energy per nucleon” results in the release of energy. This
is reminiscent of the previous discussion of energy release that accompanies an L to
Kelectron transition. However, the energy available from a transition between nuclear
energy levels is orders of magnitude greater than the energy released during electron
transitions.

Certain high-A nuclei (e.g., 2*°U, 2Py, 2*°U,) fission spontaneously after ab-
sorbing a slowly moving neutron. For 2>°U, a typical fission reaction is

92 141

235U 4 neutron — 235U — 22Kr 4-131Ba + 3 neutrons 4 Q

The energy released is designated as Q and averages more than 200 MeV per fission.
The energy is liberated primarily as y radiation, kinetic energy of fission products
and neutrons, and heat and light. Products such as 3.Kr and '}!Ba are termed fission
by-products and are radioactive. Many different by-products are produced during
fission. Neutrons released during fission may interact with other 2**U nuclei and
create the possibility of a chain reaction, provided that sufficient mass of fissionable
material (a critical mass) is contained within a small volume. The rate at which a
material fissions may be regulated by controlling the number of neutrons available
each instant to interact with fissionable nuclei. Fission reactions within a nuclear
reactor are controlled in this way. Uncontrolled nuclear fission results in an “atomic
explosion.”

Nuclear fission was observed first in 1934 during an experiment conducted by
Enrico Fermi.! 2 However, the process was not described correctly until publication
in 1939 of analyses by Hahn and Strassmann”® and Meitner and Frisch.>* The first
controlled chain reaction was achieved in 1942 at the University of Chicago. The first
atomic bomb was exploded in 1945 at Alamogordo, New Mexico.>’

Certain low-mass nuclei may be combined to produce a nucleus with an average
binding energy per nucleon greater than that for either of the original nuclei. This
process is termed nuclear fusion (Margin Figure 2-8) and is accompanied by the
release of large amounts of energy. A typical reaction is

24 1+ 3H — 2He + neutron + Q

In this particular reaction, Q = 18 MeV.

To form products with higher average binding energy per nucleon, nuclei must
be brought sufficiently near one another that the nuclear force can initiate fusion. In
the process, the strong electrostatic force of repulsion must be overcome as the two
nuclei approach each other. Nuclei moving at very high velocities possess enough
momentum to overcome this repulsive force. Adequate velocities may be attained by
heating a sample containing low-Z nuclei to a temperature greater than 12 x 10° °K,
roughly equivalent to the temperature in the inner region of the sun. Temperatures
this high may be attained in the center of a fission explosion. Consequently, a fusion
(hydrogen) bomb is “triggered” with a fission bomb. Controlled nuclear fusion has not
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Average binding energy per nucleon versus mass
number.

“The energy produced by the breaking
down of the atom is a very poor kind of
thing. Anyone who expects a source of
power from the transformation of these
atoms is talking moonshine.”

E. Rutherford, 1933.

The critical mass of U is as little as
820 g if in aqueous solution or as much
as 48.6 kg if a bare metallic sphere.>®

The only nuclear weapons used in
warfare were dropped on Japan in
1945. The Hiroshima bomb used
fissionable uranium, and the Nagasaki
bomb used plutonium. Both destroyed
most of the city on which they fell,
killing more than 100,000 people. They
each released energy equivalent to
about 20,000 tons of TNT. Large fusion
weapons (H-bombs) release up to
1000-fold more energy.



22 | STRUCTURE OF MATTER

—
F

. %
mechanical "moment" = F/

(a)

=

m
magnetic "moment” = IA

ik—)

(b)

—
u

"spinning" charge produces
a magnetic moment

ic)
MARGIN FIGURE 2-9
The concept of a “moment” in physics. A: A
mechanical moment is defined by force F and
length I. B: A magnetic moment is defined by
current i and the area A enclosed by the current.
C: The magnetic moment produced by a spinning
charged object.

The magnetic moment of the proton
was first observed by Stern and
colleagues in 1933.%%37 The magnetic
moment of the neutron was measured
by Alvarez and Bloch in 1940.%® Bloch
went on to write the fundamental
equations for the “relaxation” of nuclear
spins in a material in a static magnetic
field that has been perturbed by
radiofrequency energy. These equations
are the basis of magnetic resonance
imaging.

yet been achieved on a macroscopic scale, although much effort has been expended
in the attempt.

NUCLEAR SPIN AND NUCLEAR MAGNETIC MOMENTS

Protons and neutrons behave like tiny magnets and are said to have an associated
magnetic moment. The term moment has a strict meaning in physics. When a force is
applied on a wrench to turn a bolt (Margin Figure 2-9A), for example, the mechanical
moment is the product of force and length. The mechanical moment can be increased
by increasing the length of the wrench, applying more force to the wrench, or a
combination of the two. A magnetic moment (Margin Figure 2-9B) is the product of the
current in a circuit (a path followed by electrical charges) and the area encompassed
by the circuit. The magnetic moment is increased by increasing the current, the area,
or a combination of the two. The magnetic moment is a vector, a quantity having
both magnitude and direction.

Like electrons, protons have a characteristic called “spin,” which can be explained
by treating the proton as a small object spinning on its axis. In this model, the spinning
charge of the proton produces a magnetic moment (Margin Figure 2-9C).

The “spinning charge” model of the proton has some limitations. First, the math-
ematical prediction for the value of the magnetic moment is not equal to what has
been measured experimentally. From the model, a proton would have a fundamental
magnetic moment known as the nuclear magneton, u,:

eh -12
U, = — = 3.1525 x 107 °* eV/gauss
m,
where e is the charge of the proton in coulombs, 71 is Planck’s constant divided by
27, and m, is the mass of the proton. The magnetic moment magneton, u, of the
proton, however, is

u, = magnetic moment of the proton = 2.79u,

The unit of the nuclear magneton, energy (electron volt) per unit magnetic field
strength (gauss), expresses the fact that a magnetic moment has a certain (poten-
tial) energy in a magnetic field. This observation will be used later to describe the
fundamental concepts of magnetic resonance imaging (MRI).

The second difficulty of the spinning proton model is that the neutron, an un-
charged particle, also has a magnetic moment. The magnetic moment of the neutron
equals 1.91u,. The explanation for the “anomalous” magnetic moment of the neutron,
as well as the unexplained value of the proton’s magnetic moment, is that neutrons
and protons are not “fundamental” particles. Instead, they are each composed of three
particles called quarks® that have fractional charges that add up to a unit charge.
Quarks do not exist on their own but are always bound into neutrons, protons, or other
particles. The presence of a nonuniform distribution of spinning charges attributable
to quarks within the neutron and proton explains the observed magnetic moments.

When magnetic moments exist near each other, as in the nucleus, they tend to
form pairs with the vectors of the moments pointed in opposite directions. In nuclei
with even numbers of neutrons and protons (i.e., even Z, even N), this pairing cancels
out the magnetic properties of the nucleus as a whole. Thus an atom such as '2C with
6 protons and 6 neutrons has no net magnetic moment because the neutrons and
protons are “paired up.”

An atom with an odd number of either neutrons or protons will have a net
magnetic moment. For example, ' C with 6 protons and 7 neutrons has a net magnetic
moment because it contains an unpaired neutron. Also, '¥N with 7 protons and
7 neutrons has a small net magnetic moment because both proton and neutron
numbers are odd and the “leftover” neutron and proton do not exactly cancel each
others moments. Table 2-3 lists a number of nuclides with net magnetic moments. The



TABLE 2-3 Nuclides with a Net Magnetic Moment?
Number of Number of Magnetic Moment
Nuclide Protons Neutrons (Multiple of u,)
'H 1 0 2.79
’H 1 1 0.86
e 6 7 0.70
N 7 7 0.40
170 8 9 —1.89
1 9 10 2.63
Na 11 12 2.22
3p 15 16 1.13
¥K 19 20 0.39

“Data from Heath, R. L. Table of the Isotopes, in Weast, R. C., et al.(eds.),
Handbook of Chemistry and Physics, 52nd edition. Cleveland, Chemical Rubber
Co., 1972, pp. 245-256.

presence of a net magnetic moment for the nucleus is essential to magnetic resonance
imaging (MRD). Only nuclides with net magnetic moments are able to interact with the
intense magnetic field of a MRI unit to provide a signal to form an image of the body.

NUCLEAR NOMENCLATURE

Isotopes of a particular element are atoms that possess the same number of protons
but a varying number of neutrons. For example, 'H (protium), 2H (deuterium), and
’H (tritium) are isotopes of the element hydrogen, and ¢C, '2C, '1C, 12C, 12C, iC,
12C, and '2C are isotopes of carbon. An isotope is specified by its chemical symbol
together with its mass number as a left superscript. The atomic number is sometimes
added as a left subscript.

Isotones are atoms that possess the same number of neutrons but a different
number of protons. For example, 5He, §Li, ;Be, B, and {C are isotones because each
isotope contains three neutrons. Isobars are atoms with the same number of nucleons
but a different number of protons and a different number of neutrons. For example,
SHe, SLi, and $Be are isobars (A = 6). Isomers represent different energy states for
nuclei with the same number of neutrons and protons. Differences between isotopes,
isotones, isobars, and isomers are illustrated below:

Atomic No. Z Neutron No. N  Mass No. A
Isotopes ~ Same Different Different
Isotones  Different Same Different
Isobars Different Different Same
Isomers  Same Same Same (different
nuclear energy states)
PROBLEMS
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“Virtual particles” such as
quark—antiquark pairs, or “messenger
particles” that carry forces between
particles, can appear and disappear
during a time interval At so long as

At < h/AE. AE is the change in
mass/energy of the system that accounts
for the appearance of the particles, and
h is Planck’ constant. This formula is
one version of Heisenberg’s Uncertainty
Principle. In the nucleus, the time
interval is the order of magnitude of the
time required for a beam of light to
cross the diameter of a single proton.

The general term for any atomic
nucleus, regardless of A, Z, or N, is
“nuclide.”

The full explanation of nuclear spin
requires a description of the three main
types of quark (up, down, and strange)
along with the messenger particles that
carry the strong nuclear force between
them (gluons) together with the
short-lived “virtual” quarks and
antiquarks that pop in and out of
existence over very short time periods
within the nucleus.*

*2-1. What are the atomic and mass numbers of the oxygen isotope with
16 nucleons? Calculate the mass defect, binding energy, and bind-
ing energy per nucleon for this nuclide, with the assumption that
the entire mass defect is associated with the nucleus. The mass of
the atom is 15.9949 amu.

*For problems marked with an asterisk, answers are provided on page 491.

*2-2. Natural oxygen contains three isotopes with atomic masses of
15.9949, 16.9991, and 17.9992 and relative abundances of
2500:1:5, respectively. Determine to three decimal places the av-
erage atomic mass of oxygen.
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2-3. Using Table 2-1 as an example, write the quantum numbers for
electrons in boron (Z = 5), oxygen (Z = 8), and phosphorus
(Z =15).

#2-4. Calculate the energy required for the transition of an electron from
the K shell to the L shell in tungsten (see Margin Figure 2-4). Com-
pare the result with the energy necessary for a similar transition in ~ *2-7.
hydrogen. Explain the difference.

*2-5. What is the energy equivalent to the mass of an electron? Because
the mass of a particle increases with velocity, assume that the elec-
tron is at rest.
2-8.
*2-6. The energy released during the atomic explosion at Hiroshima
was estimated to be equal to that released by 20,000 tons of TNT.

SUMMARY

Assume that a total energy of 200 MeV is released during fission
of a 2°U nucleus and that a total energy of 3.8 x 10° J is released
during detonation of 1 ton of TNT. Find the number of fissions
that occurred in the Hiroshima explosion, and determine the total
decrease in mass.

A “4-megaton thermonuclear explosion” means that a nuclear ex-
plosion releases as much energy as that liberated during detona-
tion of 4 million tons of TNT. Using 3.8 x 10° J/ton as the heat of
detonation for TNT, calculate the total energy in joules and in kilo-
calories released during the nuclear explosion (1 kcal = 4186 J).

Group the following atoms as isotopes, isotones,and iso-
. 131 132 130 133 131 129 132 130
bars: "2, Xe, ‘23Xe, ‘JI, 2Xe, 31, 5Te, S5l STe,

BlTe.

e Atoms are composed of protons and neutrons in the nucleus, which is sur-
rounded by electrons in shell configurations.

¢ Electron shells:

Shell Maximum number of Electrons Binding energy
K(N=1) 2 Highest
L(N=2) 8 Lower than K
M (N = 3) 18 Lower than L

¢ Transitions of electrons from outer shells to inner shells result in the release of
characteristic photons and/or auger electrons

e Insulators

¢ Semiconductors
¢ Conductors

e Superconductors

where

Materials may be classified in terms of their electrical conductivity as

The standard form to denote a nuclide is

A
72X

A is the mass number, the sum of the number of neutrons and protons
Z is the number of protons
X is the chemical symbol (which is uniquely determined by Z)

¢ Nuclear

e Electrostatic
* Weak

o Gravitational

per nucleon

The four fundamental fources, in order of strength from strongest to weakest are

Nuclear fission and fusion both result in product(s) with higher binding energy

¢ Nuclear nomenclature:
¢ Isotopes—same number of protons
¢ [sotones—same number of neutrons
¢ Isobars—same mass number, A
e Isomers—same everything except energy
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Radioactivity was discovered in 1896
by Henri Becquerel,! who observed the
emission of radiation (later shown to be
beta particles) from uranium salts. A
sentence from his 1896 publication
reads “We may then conclude from
these experiments that the
phosphorescent substance in question
emits radiations which penetrate paper
opaque to light and reduces the salts of
silver.” Becquerel experienced a skin
burn from carrying a radioactive sample
in his vest pocket. This is the first
known bioeffect of radiation exposure.

The transition energy released during
radioactive decay is also referred to as
the “energy of decay.”

Additional models of the nucleus have
been proposed to explain other nuclear
properties. For example, the “liquid
drop” (also known as the “collective”)
model was proposed by the Danish
physicist Niels Bohr? to explain nuclear
fission. The model uses the analogy of
the nucleus as a drop of liquid.

“Bohr’s work on the atom was the
highest form of musicality in the sphere
of thought”. A. Einstein as quoted in
Moore, R. Niels Bohr. The Man, His
Science and the World They Changed.
New York, Alfred Knopf, 1966.

Neutrons can be transformed to
protons, and vice versa, by
rearrangement of their constituent
quarks.

MARGIN FIGURE 3-1

Shell model for the °N nucleus. A more stable
energy state is achieved by an n — p transition to

form 0.

OBJECTIVES

By studying this chapter, the reader should be able to:

e Understand the relationship between nuclear instability and radioactive decay.

e Describe the different modes of radioactive decay and the conditions in which
they occur.

e Draw and interpret decay schemes.

¢ Write balanced reactions for radioactive decay.

e State and use the fundamental equations of radioactive decay.

¢ Perform elementary computations for sample activities.

e Comprehend the principles of transient and secular equilibrium.

e Discuss the principles of the artificial production of radionuclides.

e Find information about particular radioactive species.

This chapter describes radioactive decay, a process whereby unstable nuclei become
more stable. All nuclei with atomic numbers greater than 82 are unstable (a soli-
tary exception is 233Bi). Many lighter nuclei (i.e., with Z < 82) are also unstable.
These nuclei undergo radioactive decay (they are said to be “radioactive”). Energy is
released during the decay of radioactive nuclei. This energy is termed the transition

energy.

NUCLEAR STABILITY AND DECAY

The nucleus of an atom consists of neutrons and protons, referred to collectively
as nucleons. In a popular model of the nucleus (the “shell model”), the neutrons
and protons reside in specific levels with different binding energies. If a vacancy
exists at a lower energy level, a neutron or proton in a higher level may fall to fill
the vacancy. This transition releases energy and yields a more stable nucleus. The
amount of energy released is related to the difference in binding energy between the
higher and lower levels. The binding energy is much greater for neutrons and pro-
tons inside the nucleus than for electrons outside the nucleus. Hence, energy re-
leased during nuclear transitions is much greater than that released during electron
transitions.

If a nucleus gains stability by transition of a neutron between neutron energy
levels, or a proton between proton energy levels, the process is termed an isomeric
transition. In an isomeric transition, the nucleus releases energy without a change in
its number of protons (Z) or neutrons (N). The initial and final energy states of the
nucleus are said to be isomers. A common form of isomeric transition is gamma decay,
in which the energy is released as a packet of energy (a quantum or photon) termed
a gamma (y) ray. An isomeric transition that competes with gamma decay is internal
conversion, in which an electron from an extranuclear shell carries the energy out of the
atom.

It is also possible for a neutron to fall to a lower energy level reserved for pro-
tons, in which case the neutron becomes a proton. It is also possible for a proton
to fall to a lower energy level reserved for neutrons, in which case the proton be-
comes a neutron. In these situations, referred to collectively as beta (8) decay, the
Z and N of the nucleus change, and the nucleus transmutes from one element to
another.

In all of the transitions described above, the nucleus loses energy and gains
stability. Hence, they are all forms of radioactive decay. In any radioactive process the
mass number of the decaying (parent) nucleus equals the sum of the mass numbers
of the product (progeny) nucleus and the ejected particle. That is, mass number A is
conserved in radioactive decay.



ALPHA DECAY

Some heavy nuclei gain stability by a different form of radioactive decay, termed alpha
(o) decay. In this mode of decay, an alpha particle (two protons and two neutrons
tightly bound as a nucleus of helium He) is ejected from the unstable nucleus. The
alpha particle is a relatively massive, poorly penetrating type of radiation that can be
stopped by a sheet of paper. An example of alpha decay is

226 222 4
sgha — “ggRn +;He

This example depicts the decay of naturally occurring radium into the inert gas radon
by emission of an alpha particle. A decay scheme (see below) for alpha decay is
depicted in the right margin.

DECAY SCHEMES

A decay scheme depicts the decay processes specific for a nuclide (nuclide is a generic
term for any nuclear form). A decay scheme is essentially a depiction of nuclear mass
energy on the y axis, plotted against the atomic number of the nuclide on the x axis.
A decay scheme is depicted in Figure 3-1, where the generic nuclide 4X has four
possible routes of radioactive decay:

1. & decay to the progeny nuclide 4 ~*P by emission of a {He nucleus;
2. (a) BT (positron) decay to the progeny nuclide , 4 Q by emission of a positive
electron from the nucleus;
(b) electron capture (ec) decay to the progeny nuclide , 4 Q by absorption of
an extranuclear electron into the nucleus;
3. B~ (negatron) decay to the progeny nuclide , 4R by emission of a negative
electron from the nucleus.

The processes denoted as 2(a) and 2(b) are competing pathways to the same progeny
nuclide. Any of the pathways can yield a nuclide that undergoes an internal shuffling
of nucleons to release additional energy. This process, termed an isomeric transition,
is shown as pathway 4. No change in Z (or N or A) occurs during an isomeric
transition.

ENERGY

z-2 z-1 z z+1

ATOMIC NUMBER

FIGURE 3-1
Radioactive decay scheme.
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Parent and progeny nuclei were referred
to in the past as “mother” and
“daughter.” The newer and preferred
terminology of parent and progeny are
used in this text.

Alpha decay was discovered by Marie
and Pierre Curie® in 1898 in their
efforts to isolate radium, and it was first
described by Ernest Rutherford* in
1899. Alpha particles were identified as
helium nuclei by Boltwood and
Rutherford in 1911.° The Curies shared
the 1902 Nobel Prize in Physics with
Henri Becquerel.

226Ra (1600y)

4.78 MeV
94%
0.19 MeV
222Rn
| | |
86 88

MARGIN FIGURE 3-2

Radioactive decay scheme for a-decay of *°Ra.

Sometimes the symbol Q is added to
the right side of the decay reaction to
symbolize energy released during the
decay process.

After a lifetime of scientific productivity
and two Nobel prizes, Marie Curie died
in Paris at the age of 67 from aplastic
anemia, probably the result of years of
exposure to ionizing radiation.

A radionuclide is a radioactive form of
a nuclide.

Rutherford, revered as a teacher and
research mentor, was known as “Papa”
to his many students.

A decay scheme is a useful way to
depict and assimilate the decay
characteristics of a radioactive nuclide.

Negative and positive electrons emitted
during beta decay are created at the
moment of decay. They do not exist in
the nucleus before decay.
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Ernest Rutherford first characterized
beta decay in 1899.%

The shell model of the nucleus was
introduced by Maria Goeppert in 1942
to explain the magic numbers.

Negatron
Decay
N Nuclides .
Positron
Decay/Electron
Capture
Nuclides

z

MARGIN FIGURE 3-3
Neutron number N and atomic number Z in
stable nuclei.

TABLE 3-1 Nuclear Stability Is Reduced When an Odd Number of
Neutrons or Protons Is Present

Number of Number of Number of Stable
Protons Neutrons Nuclei
Even Even 165
Even Odd 57
Odd Even 53
Odd Odd 6
BETA DECAY

Nuclear Stability

Nuclei tend to be most stable if they contain even numbers of protons and neutrons,
and least stable if they contain an odd number of both. This feature is depicted in
Table 3-1.

Nuclei are extraordinarily stable if they contain 2, 8, 14, 20, 28, 50, 82, or 126
protons or similar numbers of neutrons. These numbers are termed nuclear magic
numbers and reflect full occupancy of nuclear shells.

The number of neutrons is about equal to the number of protons in low-Z stable
nuclei. As Z increases, the number of neutrons increases more rapidly than the number
of protons in stable nuclei, as depicted in Figure 3-2. The shell model of the nucleus
accounts for this finding by suggesting that at higher Z, the energy difference is slightly
less between neutron levels than between proton levels.

Many nuclei exist that have too many or too few neutrons to reside on or close
to the line of stability depicted in Figure 3-2. These nuclei are unstable and undergo
radioactive decay. Nuclei above the line of stability (i.e., the n/p ratio is too high for
stability) tend to emit negatrons by the process of 8~ decay. Nuclei below the line
of stability (i.e., the n/p ratio is too low for stability) tend to undergo the competing
processes of positron (1) decay and electron capture.

160
140
120
100

80

60

NEUTRON NUMBER N

40

20

20 40 &0 80 100
ATOMIC NUMBER £

FIGURE 3-2
Number of neutrons (N) for stable (or least unstable) nuclei plotted as a function of the
number of protons (Z).



Negatron Decay

In nuclei with an n/p ratio too high for stability, a neutron jn may be transformed
into a proton (1) p:

NP+ GB+D

where _{ B is a negative electron ejected from the nucleus, and ¥ is a massless neutral
particle termed an antineutrino (see below). The progeny nucleus has an additional
proton and one less neutron than the parent. Therefore, the negatron form of beta
decay results in an increase in Z of one, a decrease in N of one, and a constant A. A
representative negatron transition is

187Cs — '3Ba + 98 + v + isomeric transition

A decay scheme for this transition is shown to the right. A negatron with a maximum
energy (Emay) of 1.17 MeV is released during 5% of all decays; in the remaining 95%,
anegatron with an Epax 0f 0.51 MeV is accompanied by an isomeric transition of 0.66
MeV, where either a y ray is emitted or an electron is ejected by internal conversion.
The transition energy is 1.17 MeV for the decay of *’Cs.

Negatron decay pathways are characterized by specific maximum energies; how-
ever, most negatrons are ejected with energies lower than these maxima. The average
energy of negatrons is about % Emax along a specific pathway. The energy distribution
of negatrons emitted during beta decay of >2P is shown to the right. Spectra of similar
shape, but with different values of Eay and Epean, exist for the decay pathways of
every negatron-emitting radioactive nuclide. In each particular decay, the difference
in energy between E ,,x and the specific energy of the negatron is carried away by the
antineutrino. That is,

Ey = Enax — Ex

where Ep,y is the energy released during the negatron decay process, Ey, is the kinetic
energy of the negatron, and Ej is the energy of the antineutrino.

Positron Decay and Electron Capture
Positron decay results from the nuclear transition

1P = N+ 3B +v

where +(f B represents a positron ejected from the nucleus during decay, and v is a
neutrino that accompanies the positron. The neutrino and antineutrino are similar,
except that they have opposite spin and are said to be antiparticles of each other.

In positron decay, the n/p ratio increases; hence, positron-emitting nuclides tend
to be positioned below the n/p stability curve shown in Figure 3-2. Positron decay
results in a decrease of one in Z, an increase of one in N, and no change in A. The
decay of ?2}3 is representative of positron decay:

2P - Bsi+ 98+ v
The n/p ratio of a nuclide may also be increased by electron capture (ec), in which
an electron is captured by the nucleus to yield the transition

Ip+ %e—intw

Most electrons are captured from the K electron shell, although occasionally an elec-
tron may be captured from the L shell or a shell even farther from the nucleus. During
electron capture, a hole is created in an electron shell deep within the atom. This va-
cancy is filled by an electron cascading from a higher shell, resulting in the release of
characteristic radiation or one or more Auger electrons.
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137Cs (30y)

Emax = 0.51 MeV
95%

Ema
1.17M
5%

v = 0.66 MeV

137Ba
| J

55 56
ATOMIC NUMBER
MARGIN FIGURE 3-4

Radioactive decay scheme for negatron decay of
7Cs.

The probability that a nuclide will decay
along a particular pathway is known as
the branching ratio for the pathway.

Emean=0.70 MeV
Emax=1.71 MeV
| | |
0.5 1.0 15 2.0
ENERGY (MeV)

RELATIVE NUMBER OF NEGATRONS
PER UNIT ENERGY INTERVAL
o

MARGIN FIGURE 3-5
Energy spectrum for negatrons from 2P

The difference in the energy released
during decay, and that possessed by the
negatron, threatened the concept of
energy conservation for several years. In
1933 Wolfgang Pauli® suggested that a
second particle was emitted during
each decay that accounted for the
energy not carried out by the negatron.
This particle was named the neutrino
(Italian for “little neutral particle”) by
Enrico Fermi.

Enrico Fermi was a physicist of
astounding insight and clarity who
directed the first sustained man-made
nuclear chain reaction on December 2,
1942 in the squash court of the
University of Chicago stadium. He was
awarded the 1938 Nobel Prize in
Physics.
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The antineutrino was detected
experimentally by Reines and Cowan’
in 1953. They used a 10-ton
water-filled detector to detect
antineutrinos from a nuclear reactor at
Savannah River, SC. Reines shared the
1995 Nobel Prize in Physics.

The emission of positrons from
radioactive nuclei was discovered in
1934 by Irene Curie® (daughter of
Marie Curie) and her husband Frederic
Joliet. In bombardments of aluminum
by « particles, they documented the
following transmutation:

4 27 30 1
oHe + 73AI — 5P +5n

PP - Bsit+ 9+

Electron capture of K-shell electrons is
known as K-capture; electron capture of
L-shell electrons is known as L-capture,
and so on.

22Na (2.60y)

Emnax = 0.54 MeV

22Ne
| |

10 11
ATOMIC NUMBER
MARGIN FIGURE 3-6

Radioactive decay scheme for positron decay and

electron capture of **Na.

Many nuclei decay by both electron capture and positron emission, as illustrated
in Margin Figure 3-6 for #3Na.

ﬁNa< + fioe - izgzNe +v
— B +gNe+v

The electron capture branching ratio is the probability of electron capture per
decay for a particular nuclide. For *Na, the branching ratio is 10% for electron
capture, and 90% of the nuclei decay by the process of positron emission. Generally,
positron decay prevails over electron capture when both decay modes occur.

A decay scheme for *Na is shown in Figure 3-3. The 2mqc? listed alongside
the vertical portion of the positron decay pathway represents the energy equivalent
(1.02 MeV or 2mc?) of the additional mass of the products of positron decay. This
additional mass includes the greater mass of the neutron as compared with the proton,
together with the mass of the ejected positron. This amount of energy must be supplied
by the transition energy during positron decay. Nuclei that cannot furnish at least 1.02
MeV for the transition do not decay by positron emission. These nuclei increase their
n/p ratios solely by electron capture.

A few nuclides may decay by negatron emission, positron emission, or electron
capture, as shown in Figure 3-3 for "*As. This nuclide decays

32% of the time by negatron emission
30% of the time by positron emission
38% of the time by electron capture

All modes of decay result in transformation of the highly unstable “odd—odd” "*As
nucleus (Z = 33, N = 41) into a progeny nucleus with even Z and even N.

74As (18d)
Emax = 0.72 MeV
14%
2myc?
2myc?
EC
35%
Epnax = EC v =0.64 Mev
0.91 MeV, 3%
Emax = 1.51 MeV 74se
4%
v =0.60 Mev
74Ge
| | |
32 33 34
ATOMIC NUMBER
FIGURE 3-3

The decay scheme for 7*As illustrates competing processes of negatron emission, positron
emission, and electron capture.



ISOMERIC TRANSITIONS

As mentioned earlier, radioactive decay often forms a progeny nucleus in an energetic
(“excited”) state. The nucleus descends from its excited to its most stable (“ground”)
energy state by one or more isomeric transitions. Often these transitions occur by
emission of electromagnetic radiation termed y rays. y rays and x rays occupy the
same region of the electromagnetic energy spectrum, and they are differentiated only
by their origin: x rays result from electron interactions outside the nucleus, whereas
y rays result from nuclear transitions.

No radioactive nuclide decays solely by an isomeric transition. Isomeric transi-
tions are always preceded by either electron capture or emission of an @ or S(+ or —)
particle.

Sometimes one or more of the excited states of a progeny nuclide may exist for
a finite lifetime. An excited state is termed a metastable state if its half-life exceeds
107° seconds. For example, the decay scheme for ®*Mo shown to the right exhibits
a metastable energy state, **™Tc, that has a half-life of 6 hours.

Nuclides emit y rays with characteristic energies. For example, photons of 142
and 140 keV are emitted by *™Tc, and photons of 1.17 and 1.33 MeV are released
during negatron decay of ®Co. In the latter case, the photons are released during
cascade isomeric transitions of progeny ®Ni nuclei from excited states to the ground
energy state.

An isomeric transition can also occur by interaction of the nucleus with an
electron in one of the electron shells. This process is known as internal conversion
(IC). When IC happens, the electron is ejected with kinetic energy E, equal to the
energy E, released by the nucleus, reduced by the binding energy Ej, of the electron.

B, =E, — B

The ejected electron is accompanied by x rays and Auger electrons as the extranuclear
structure of the atom resumes a stable configuration.

The internal conversion coefficient for an electron shell is the ratio of the number
of conversion electrons from the shell compared with the number of y rays emitted by
the nucleus. The probability of internal conversion increases rapidly with increasing
Z and with the lifetime of the excited state of the nucleus.

The types of radioactive decay are summarized in Table 3-2.

MATHEMATICS OF RADIOACTIVE DECAY
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Gamma rays were discovered by the
French physicist Paul Villard in 1900.°
Rutherford and Andrade confirmed in
1912 that y rays and x rays are similar
types of radiation.

%Mo (66h)

99MT¢ (6.0h)
v1 = 0.002 MeV

v (98.6%)

Vs (L.4%) v, = 0.140 MeV

2 (98.6%)  ,=0.142 MeV
42 23 99 T¢ (2.1 x 10%y)

ATOMIC NUMBER

MARGIN FIGURE 3-7
Simplified radioactive decay scheme for *Mo.

60Co (5.3y)

>99%; Eax = 0.31 MeV

Emax = 1.48 MeV
0.1%

v=1.17 MeV

v =1.33 MeV

60N|

Radioactivity can be described mathematically without regard to specific mechanisms
of decay. The rate of decay (number of decays per unit time) of a radioactive sample
depends on the number N of radioactive atoms in the sample. This concept can be

TABLE 3-2 Summary of Radioactive Decay, 2 (Parent) — 2 (Progeny)

Type of Decay A z N Comments

Negatron (87) A Z41 N=1 [Eglnem= Etm

Positron (8+) A Z=1 N+41 [Eplpem= Etm=

Electron capture A Z—1 N+1 Characteristic + auger electrons

Isomeric transition
Gamma () emission A Z N Metastable if T/, > 107 sec
Internal conversion (IC) A Z N IC electrons: characteristic +

auger electrons
Alpha () A—4 Z—-2 N-=-2

27 28
ATOMIC NUMBER

MARGIN FIGURE 3-8
Radioactive decay scheme for °Co.
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Equation (3-1) describes the expected
decay rate of a radioactive sample. At
any moment the actual decay rate may
differ somewhat from the expected rate
because of statistical fluctuations in the
decay rate.

Equation (3-1) depicts a reaction
known as a first-order reaction.

The decay constant A is also called the
disintegration constant.

The decay constant of a nuclide is truly
a constant; it is not affected by external
influences such as temperature and
pressure or by magnetic, electrical, or
gravitational fields.

The rutherford (Rf) was once proposed
as a unit of activity, where 1 Rf =

10 dps. The Rf did not gain acceptance
in the scientific community and
eventually was abandoned. In so doing,
science lost an opportunity to honor
one of its pioneers.

The curie was defined in 1910 as the
activity of 1 g of radium. Although
subsequent measures revealed that 1 g
of radium has a decay rate of 3.61 x
10'° dps, the definition of the curie was
left as 3.7 x 10! dps.

20171 is an accelerator-produced
radioactive nuclide that is used in
nuclear medicine to study myocardial
perfusion.

stated as
AN/At = —AN G-1)

where AN /At is the rate of decay, and the constant A is called the decay constant. The
minus sign indicates that the number of parent atoms in the sample, and therefore
the number decaying per unit time, is decreasing.
By rearranging Eq. (3-1) to
—AN/At
— =
N

the decay constant can be seen to be the fractional rate of decay of the atoms. The
decay constant has units of (time)™!, such as sec™! or hr™!. It has a characteristic
value for each nuclide. It also reflects the nuclide’s degree of instability; a larger decay

constant connotes a more unstable nuclide (i.e., one that decays more rapidly). The
rate of decay is a measure of a sample’s activity, defined as

Activity = A = —AN/At = AN

The activity of a sample depends on the number of radioactive atoms in the
sample and the decay constant of the atoms. A sample may have a high activity
because it contains a few highly unstable (large decay constant) atoms, or because it
contains many atoms that are only moderately unstable (small decay constant).

The SI unit of activity is the becquerel (Bq), defined as

1 Bq = ldisintegration per second (dps)

Multiples of the becquerel such as the kilobecquerel (kBq = 10° Bq), megabecquerel
(MBq = 10° Bq), and gigabecquerel (GBq = 10° Bq) are frequently encountered.
An older, less-preferred unit of activity is the curie (Ci), defined as

1 Ci=3.7x10"dps

Useful multiples of the curie are the megacurie (MCi = 10° Ci), kilocurie (kCi =
102 Ci), millicurie (mCi = 1072 Ci), microcurie (u Ci = 107° Ci), nanocurie (nCi =
1072 Ci), and femtocurie (fCi = 10712 Ci).

Example 3-1
a. 31T 1has a decay constant of 9.49 x 107> hr™!. Find the activity in becquerels
of a sample containing 10*° atoms. From Eq. (3-1),
A =AN
~(9.49 x 10~ hr")(10'° atoms)
B 3600 sec /hr
atoms

=2.64 x 10*
sec

=2.64 x 10" Bq

b. How many atoms of '} C with a decay constant of 2.08 hr~! would be required
to obtain the same activity as the sample in Part a?

A
N=—
A
2.64 x 10% 22 (3600 )
(2.08/hr)

= 4.57 x 10" atoms

More atoms of 3] T1 than of 't C are required to obtain the same activity because of
the difference in decay constants.



DECAY EQUATIONS AND HALF-LIFE

Equation (3-1) is a differential equation. It can be solved (see Appendix I) to yield an
expression for the number N of parent atoms present in the sample at any time ¢:

N = Noe ™ (3-2)
where Ny is the number of atoms present at time ¢t = 0, and e is the exponential

quantity 2.7183. By multiplying both sides of this equation by A, the expression can
be rewritten as

A= Age™ (3-3)
where A is the activity remaining after time ¢, and Ay is the original activity.
The number of atoms N* decaying in time ¢t is No — N (see Figure 3-4), or
N* = No(1 —e ™) (G4

The probability that any particular atom will not decay during time t is N/No, or
P (no decay) = ¢ ™ (3-5)
and the probability that a particular atom will decay during time ¢t is
P(decay) =1 —e¢ ™™
For small values of At, the probability of decay can be approximated as

P (decay) =~ At

(3-6)

or expressed per unit time, P (decay per unit time) & A. That is, when At is very
small, the decay constant approximates the probability of decay per unit time. In
most circumstances, however, the approximation is too inexact, and the probability
of decay must be computed as 1 — ¢~*'. The decay constant should almost always be
thought of as a fractional rate of decay rather than as a probability of decay.

The physical half-life T, of a radioactive nuclide is the time required for decay of
half of the atoms in a sample of the nuclide. In Eq. (3-2), N = %No whent =Ty,
with the assumption that N = N when t = 0. By substitution in Eq. (3-2),

1 N

= = e_)‘Tl/z
2 N
! 1
n (5) = _)\Tl/2
T = 0.693
A

where 0.693 is the In 2 (natural logarithm of 2).

Parent Progeny
o — [ )

— 06 O

Decay

Ng atoms of parent
time 0 o O 0 P
O 0 atoms of progeny
OO0
N atoms _ atoms that have
——C ® O ofparent  not decayed
([
_ @)
time t o Atoms of _ atoms that
00O progeny ~ have decayed
(No—N)
N=Nge™

FIGURE 3-4
Mathematics of radioactive decay with the parent decaying to a stable progeny.
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Equation (3-2) reveals that the number
N of parent atoms decreases
exponentially with time.

The specific activity of a radioactive
sample is the activity per unit mass of
sample.

Radioactive decay must always be
described in terms of the probability of
decay; whether any particular
radioactive nucleus will decay within a
specific time period is never certain.

100 —

PERCENT ORIGINAL ACTIVITY

0 | | | |

o 1 2 3 4
TIME (T, UNITS)

MARGIN FIGURE 3-9

The percent of original activity of a radioactive
sample is expressed as a function of time in units

of half-life.
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100

10

PERCENT ORIGINAL ACTIVITY

TIME (T, UNITS)

MARGIN FIGURE 3-10
Semilogarithmic graph of the data in Margin
Figure 3-9.

131n was used at one time, but no
longer, as a blood pool imaging agent.

The mean (average) life is the average expected lifetime for atoms of a radioactive
sample. The mean life 7 is related to the decay constant A by

T==
A

@ the mean life may be calculated from the expression

Because T, =
T = 1.44T1/2

The percent of original activity of a radioactive sample is pictured in Margin
Figure 3-9 as a function of time expressed in units of physical half-life. By replotting
these data semilogarithmically (activity on a logarithmic axis, time on a linear axis),
a straight line can be obtained, as shown in Margin Figure 3-10.

Example 3-2
The physical half-life is 1.7 hours for 1*™In.
a. A sample of '3™In has a mass of 2 ug. How many ''>™n atoms are present in
the sample?

(No. of grams)(No of atoms/gram — atomic mass)

Number of atoms N = -
No. of grams/gram — atomic mass

_@x 107°g)(6.02 x 10%° atoms/gram — atomic mass)

113 grams/gram — atomic mass
= 1.07 x 10'® atoms

b. How many '!>™In atoms remain after 4 hours have elapsed?

Number of atoms remaining = N = Npe ™

Since A = 0.693/T, ),
N — NOC_(O'693/TL/Z>[
— (107 X 1016 atoms) e—(0693/1.7hr) 4.0 hr
= (1.07 x 10'® atoms)(0.196)
=2.10 x 10" atoms remaining

c. What is the activity of the sample when t = 4.0 hours?

0.693
T

0.693(2.1 x 10> atoms)
1.7 hr (3600 sec/hr)

2.4 x 10" dps

A=AN = N

In units of activity
A=24x10"Bq

Because of the short physical half-life (large decay constant) of 3™In, a very
small mass of this nuclide possesses high activity.

d. Specific activity is defined as the activity per unit mass of a radioactive sample.
What is the specific activity of the 13™In sample after 4 hours?

2.4x 10" Bq
2x10°g

Bq

Specific activity = 1.2 x 107 =
g



e. Enough '®™In must be obtained at 4 p.m. Thursday to provide 300 kBq at
1 p.m. Friday. How much "*™In should be obtained?

A= Aoe_)"[
Ag = AeM = Ae%09/ T
= (300 kBq)e<0-693)(21hr)/1.7 hr
A = 1.57 x 10° Bq = 1.57 GBq = activity that should be obtained
at 4 p.m. Thursday

Example 3-3
The half-life of “™Tc is 6.0 hours. How much time t must elapse before a 100-GBq

sample of 13™In and a 20-GBq sample of **™Tc possess equal activities?
AP = ATPM a¢ time ¢t

—(0.693)1/(T1 )" Te _ Ao( o —(0.693)t/(T12)113my,

AO(QQ'“Tc)e 113m1n)

(ZOGBq)€*(0.693)t/6.0 hr _ (100 GBq)e—(o.ﬁgs)r/u hr

100 GBq _ £ (0:408-0.115
20 GBq

5 — ((0.408-0.115)

t = 5.5 hr before activities are equal

TRANSIENT EQUILIBRIUM

Progeny atoms produced during radioactive decay are sometimes also radioactive. For
example, **°Ra decays to **Rn (T}, = 3.83 days); and ***Rn decays by a-emission
to 18P0, an unstable nuclide that in turn decays with a half-life of about 3 minutes. If
the half-life of the parent is significantly longer than the half-life of the progeny (i.e., by
a factor of 10 or more), then a condition of transient equilibrium may be established.
After the time required to attain transient equilibrium has elapsed, the activity of
the progeny decreases with an apparent half-life equal to the physical half-life of the
parent. The apparent half-life reflects the simultaneous production and decay of the
progeny atoms. If no progeny atoms are present initially when ¢t = 0, the number N,
of progeny atoms present at any later time is

A

_ —t
= — —e
A — A )

Nz No(é‘_klt (3-7)

In Equation (3-7), No is the number of parent atoms present when t = 0, A, is
the decay constant of the parent, and A, is the decay constant of the progeny. If (N,)o
progeny atoms are present when t = 0, then Eq. (3-7) may be rewritten as

)Ll No(e_ML _e—kzt)

Ny = (No)oe ™' +
2= (2o P—

Transient equilibrium for the transition
P2 Te(Ty, = 78 hr) - **1(Ty, = 2.3 hr)

is illustrated in the Margin Figure 3-11. The activity of '**I is greatest at the mo-
ment of transient equilibrium when parent (}*2Te) and progeny (}*?1) activities are
equal. At all later times, the progeny activity exceeds the activity of the parent (A)).

TRANSIENT EQUILIBRIUM

Example 3-3 may be solved graphically
by plotting the activity of each sample
as a function of time. The time when
activities are equal is indicated by the
intersection of the curves for the
nuclides.

Equation (3-7) is a Bateman equation.
More complex Bateman equations
describe progeny activities for
sequential phases of multiple
radioactive nuclides in transient
equilibrium.

In the 13?1-1%?Te example, transient
equilibrium occurs

* at only one instant in time

* when !3?Te reaches its maximum
activity

* when the activity of **Te in the
sample is neither increasing nor
decreasing

« when the activities of *?I and **Te
are equal.

99MTe is the most widely used
radioactive nuclide in nuclear medicine.
It is produced in a “*Mo—"""Tc
radioactive generator, often called a
molybdenum “cow.” Eluting **™Tc from
the generator is referred to as “milking
the cow.” The *Mo—"""Tc generator
was developed by Powell Richards in
1957.
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Activities of parent 1*2Te and progeny **1 as a

function of time illustrate the condition of

transient equilibrium that may be achieved when
the half-life of the parent is not much greater than

the half-life of the progeny.
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Activities of parent (*?Mo) and progeny (*™Tc) in

anuclide generator. About 14% of the parent
nuclei decay without the formation of *™Tc.
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MARGIN FIGURE 3-13
Growth of activity and secular equilibrium of
222Rn produced by decay of 22°Ra.

8

At these times the progeny (A,) can be shown to equal

A1 _ Ay — A

A L
Transient equilibrium is the principle underlying production of short-lived isotopes
(e.g., ™Tc, "3™n, and %®Ga) in generators for radioactive nuclides used in nuclear
medicine. For example, the activities of ™ Tc (T 2 = 6.0 hours and Mo (T, n=
66 hours) are plotted in Margin Figure 3-12 as a function of time. The *™Tc activity
remains less than that for °*Mo because about 14% of the *Mo nuclei decay promptly

to Tc without passing through the isomeric *™Tc state. The abrupt decrease in
activity at 48 hours reflects the removal of *™Tc from the generator.

Secular Equilibrium

Secular equilibrium may occur when the half-life of the parent is much greater than the
half-life of the progeny (e.g., by a factor of 10% or more). Since A; < A, if T) /2 parent >
T1/2 progeny, EQ. (3-7) may be simplified by assuming that A, — A; = A, and that
eTMlb =1,

Al

Al _ 67)\2[) ~ —No(l _ e—xzt)

N, = e Mt
2T = of PR

After several half-lives of the daughter have elapsed, e 7*2! = 0 and

Ny = 2 ()
2_)\42 0

XNy = A Np (3-8)
0.693 ~ 0.693
No _ No (3.9)

(Tip),  (Tun),

The terms ANy and A, N, in Eq. (3-8) describe the activities of parent and progeny,
respectively. These activities are equal after secular equilibrium has been achieved.
lustrated in Margin Figure 3-13 are the growth of activity and the activity at equili-
brium for 222Rn produced in a closed environment by decay of ?*°Ra. Units for the
x axis are multiples of the physical half-life of ?2’Rn. The growth curve for 22’Rn
approaches the decay curve for 22°Ra asymptotically. Several half-lives of 222Rn must
elapse before the activity of the progeny equals 99% of the parent activity.

If the parent half-life is less than that for the progeny (T;, parent < Ty, progeny,
or A1 > Ay), then a constant relationship is not achieved between the activities of the
parent and progeny. Instead, the activity of the progeny increases initially, reaches a
maximum, and then decreases with a half-life intermediate between the parent and
progeny half-lives.

Radioactive nuclides in secular equilibrium are often used in radiation oncology.
For example, energetic B-particles from *°Y in secular equilibrium with “°Sr are used
to treat intraocular lesions. The activity of the “°Sr—"°Y ophthalmic irradiator decays
with the physical half-life of °Sr (28 years), whereas a source of *°Y alone decays
with the 64-hour half-life of °°Y. Radium needles and capsules used widely in the past
for superficial and intracavitary radiation treatments contain many decay products in
secular equilibrium with long-lived 22°Ra.

Natural Radioactivity and Decay Series

Almost every radioactive nuclide found in nature is a member of one of three radioac-
tive decay series. Each series consists of sequential transformations that begin with a
long-lived parent and end with a stable nuclide. In a closed environment, products
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Uranium (4n + 2) radioactive decay series.

of intermediate transformations within each series are in secular equilibrium with
the long-lived parent. These products decay with an apparent half-life equal to the
half-life of the parent. All radioactive nuclides found in nature decay by emitting
either o-particles or negatrons. Consequently, each transformation in a radioactive
decay series changes the mass number of the nucleus either by 4 («-decay) or by 0
(negatron decay).

The uranium series begins with 2*%U (T, p=45x 10° years) and ends with
stable 2°°Pb. The mass number 238 of the parent nuclide is divisible by 4 with a
remainder of 2. All members of the uranium series, including stable 206ph - also
possess mass numbers divisible by 4 with remainder of 2. Consequently, the uranium
decay series sometimes is referred to as the “4n + 2 series,” where n represents an
integer between 51 and 59 (Figure 3-5). The nuclide 22°Ra and its decay products
are members of the uranium decay series. A sample of 2*°Ra decays with a half-life
of 1600 years. However, 4.5 x 10 years are required for the earth’s supply of
220Ra to decrease to half because 2?°Ra in nature is in secular equilibrium with its
parent 28U,

Other radioactive series are the actinium or “4n + 3 series” (2°U —— 207Ph)
and the thorium or “4n series” (***Th —— 2%Pb). Members of the hypothetical
neptunium or “4n + 1 series” "' Am —— 2%°Bi) are not found in nature because
there is no long-lived parent for this series.

Fourteen naturally occurring radioactive nuclides are not members of a decay
series. The 14 nuclides, all with relatively long half-lives, are *H, *C,*K, 5V, 8"Rb,
15[y 130T, 1381 5 142Ce 144Nd. 147Sm 1761y and '87Re, and 192Pt.

ARTIFICIAL PRODUCTION OF RADIONUCLIDES

Nuclides may be produced artificially that have properties desirable for medicine,
research, or other purposes. Nuclides with excess neutrons (which will therefore emit
negatrons) are created by bombarding nuclei with neutrons from a nuclear reactor,

The inert gas **’Rn produced by decay
of naturally occurring 2*°Ra is also
radioactive, decaying with a half-life of
3.83 days. This radioactive gas first
called “radium emanation” was
characterized initially by Rutherford.
Seepage of 222 Rn into homes built in
areas with significant 2?°Ra
concentrations in the soil is an ongoing
concern to homeowners and the
Environmental Protection Agency.
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The first high-energy particle
accelerator was the cyclotron developed
by Ernest Lawrence in 1931. In 1938,
Ernest and his physician brother John
used artificially produced **P to treat
their mother, who was afflicted with
leukemia.

Nuclear transmutation by particle
bombardment was first observed by
Rutherford'® in 1919 in his studies of
a-particles traversing an air-filled
chamber. The observed transmutation
was

$He + N — O +1H
where He represents a-particles and H
depicts protons detected during the
experiment. This reaction can be
written more concisely as
14 17
7N(a, p)7gO

where "N represents the bombarded
nucleus, ;0 the product nucleus, and
(o, p) the incident and ejected particles,
respectively.

Through their discovery of artificial
radioactivity, Irene Curie (the daughter
of Marie Curie) and Federic Joliot
paved the way to use of radioactive
tracers in biomedical research and
clinical medicine.

The cross-sectional area presented to a
neutron by a target nucleus is usually
described in units of barns, with 1 barn
equaling 107%* cm?.
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MARGIN FIGURE 3-14
Growth in activity for a sample of *°Co

bombarded by slow neutrons in a nuclear reactor.

for example,
13 1 14
§C+on — 5C
31p , 1 32
15P +on — 1P
Other isotopes produced by this method include
3 35 51 60 99 133 198
1H. 165, 24Cr. 57C0, ;,Mo, j53Xe, 79AuU

Nuclides with excess protons may be produced by bombarding nuclei with protons,
a-particles, deuterons, or other charged particles from high-energy particle accel-
erators. These nuclides then decay by positron decay or electron capture with the
emission of positrons, photons, and so on. Representative transitrons include:

8zn+1p - SGa+2n
¥B+ip— §C+n
Useful radioisotopes produced by patrticle accelerators include
13 15 18
3N, 150, 18F
Other nuclides are obtained as by-products of fission in nuclear reactors; for example,
A

>y + neutrons

235 1 A1
»U+gh— 2%+ 7z

where a range of isotopes X and Y are produced, including
90g, 99y, 131 137
3gST. 12M0. 531, 55 Cs

Finally, some radionuclides are produced as decay products of isotopes produced by
the above methods. For example, *3JPb is produced by bombardment of *3;T1 by
protons.

257+ p— 2Pb +3n

20Pb(Ty /2 = 9.4 hr) decays by electron capture to the useful radionuclide %3] T1.

MATHEMATICS OF NUCLIDE PRODUCTION
BY NEUTRON BOMBARDMENT

The production of artificially radioactive nuclides by neutron bombardment in the
core of a nuclear reactor may be described mathematically. The activity A of a sample
bombarded for a time t, assuming no radioactivity when t = 0, may be written as

A=@gNo(l — )"0/ (3-10)

where

* ¢ is the neutron flux in neutrons per square centimeter-second

¢ N is the number of target nuclei in the sample

e ¢ is the absorption cross section of target nuclei in square centimeters
e Ty, is the half-life of the product nuclide, and

e A is the activity of the sample in becquerels

When the bombardment time t is much greater than T, Eq. (3-10) reduces to
Amax = ¢No (3-11)

where Ap,x represents the maximum activity in bequerels. Margin Figure 3-14 illus-
trates the growth of radioactivity in a sample of **Co bombarded by slow neutrons.
This transmutation is written 57Co (n, y) $9Co. The half-life of ®*Co is 5.3 years.



Example 3-4

A 20-g sample of >?Co is positioned in the core of a reactor with an average neutron
flux of 10'* neutrons/cm? sec. The absorption cross section of *°Co is 36 barns.

a. What is the activity of the sample after 6.0 years?

20g(6.02 x 10%% atoms/gram — atomic mass 3 _ 1.5x10% |6.0h|2.1x10%  17s
= - = 2.04 x 10~ atoms B3 T B.29 B 3.37,2.24,
59 grams/gram — atomic mass Y.75, .56 .002, [E.29 .54, 59,7+
o (347?) 142, |0.22
A = @pNo (1 — ¢ 09/ Ty EL7 y.14 y =X
5/+
_ (104 2 23 24 2 Mo 97 Mo 98 Mo 99
A = (10" "neutrons/cm”-sec)(2.04 x 10°” atoms)(36 x 107" cm”) 0.45 578 67h
X [1 _ e—(0.693)6.0yrs/5.3yr] o2 o .51 g123, 45+
¥(14,++), .74, 041
= 4.00 x 10'*Bq 9690602 4  97.90541 g o7 4

b. What is the maximum activity for the sample?

Amax = ¢No
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Ru 995+ | Ru 100 | Ru 101>+
12.72 12.62 17.07
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98.90594 99.90422 100.90558

Tc 98 Tc 999+ | Tc 1001+

MARGIN FIGURE 3-15
Section from a chart on the nuclides.

A = (10" neutrons/cm?-sec)(2.04 x 102> atoms)(36 x 10~%* cm?)

=7.33x 10" Bq

c. When does the sample activity reach 90% of its maximum activity?

(7.33 x 10" B@)(0.9) = 6.60 x 10'*Bq

6.60 x 104 Bq = 7.33 x 1014 Bq[l _ 67(0.693)t/5.3yr]

6.60 x 10 Ci = 7.33 x 10 — 7.33 x 10M ¢—0-13Lt

733 x 10 0Bl = 0.73 x 10"
e—O.l3lL — 010

0.131t = 2.30

t = 17.6 years to reach 90% Amax

INFORMATION ABOUT RADIOACTIVE NUCLIDES

Decay schemes for many radioactive nuclei are listed in the Radiological Health
Handbook,! Table of Isotopes,'? and Medical Internal Radiation Dose Committee pam-

phlets published by the Society of Nuclear Medicine.

Charts of the nuclides (available from General Electric Company, Schenectady,
New York, and from Mallinckrodt Chemical Works, St. Louis) contain useful data  The term “isotope” was suggested to the
concerning the decay of radioactive nuclides. A section of a chart is shown to the physical chemist Frederick Soddy by

right. In this chart, isobars are positioned along 45-degree diagonals, isotones along
vertical lines, and isotopes along horizonal lines. The energy of radiations emitted by

various nuclei is expressed in units of MeV.

PROBLEMS

the physician and novelist Margaret
Todd over dinner in the Glasgow home
of Soddy’s father-in-law.

#*3-1. The half-life of *?1is 2.3 hours. What interval of time is required
for 3.7x 107 Bq of '**1 to decay to 9.25x 108 Bq? What interval of
time is required for decay of 7/8 of the 1°*1 atoms? What interval
of time is required for 3.7 x 10° Bq of 3?1 to decay t0 9.25x 108 Bq
if the 1?21 is in transient equilibrium with '**Te(T,, = 78 hours)?

*3-2. What is the mass in grams of 3.7x10°Bq of pure *P (T}, =

*For problems marked with an asterisk, answers are provided on page 491.

3-3.

14.3 days)? How many >*P atoms constitute 3.7 x 10° Bq? What
is the mass in grams of 3.7x 107 Bq of Nas 32POj if all the phos-
phorus in the compound is radioactive?

Some *1°Bi nuclei decay by a-emission, whereas others decay by
negatron emission. Write the equation for each mode of decay,
and identify the daughter nuclide.
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#3-4. 1f a radioactive nuclide decays for an interval of time equal to its ~ *3-11. How many becquerels of **Na should be ordered so that the sam-
average life, what fraction of the original activity remains? ple activity will be 3.7 x 10® Bq when it arrives 24 hours later?

3-5. From the decay scheme for ', determine the branching ratio
for the mode of negatron emission that results in the release of y
rays of 364 keV. From the decay scheme for 1°°I, determine the
branching ratios for the emission of negatrons and positrons with
different maximum energies. Determine the branching ratios of
1261 for positron emission and electron capture.

#3-12. Fifty grams of gold (**”Au) are subjected to a neutron flux of
10" neutrons/cm?-sec in the core of a nuclear reactor. How much
time is required for the activity to reach 3.7 x10* GBq? What is
the maximum activity for the sample? What is the sample activity
after 20 minutes? The cross section of ’Au is 99 barns.

¥3-6. What are the frequency and wavelength of a 100-keV photon? #3-13. The only stable isotope of arsenic is > As. What modes of radioac-

tive decay would be expected for "*As and "9As?
3-7. 12°T nuclei decay may be negatron emission, positron emission,

or electron capture. Write the equation for each mode of decay,
and identify the daughter nuclide. *3-14. For a nuclide X with the decay scheme

#3.8. How much time is required before a 3.7x10% Bq sample of
MTe (Ty, = 6.0 hours) and a 9.25x 108 Bq sample of !*™In
(Th/, = 1.7 hours) possess equal activities.

[><

3-9. From a chart of the nuclides determine the following:

. Whether 2*?Hg is stable or unstable

. Whether '*Hg decays by negatron or positron emission

. The nuclide that decays to **H by positron emission

. The nuclide that decays to '*®*Hg by negatron emission

. The half-life of **Hg

. The percent abundance of '?®Hg in naturally occurring mer-
cury

g. The atomic mass of ***Hg

-0 0 O oo

Y

#3-10. How many atoms and grams of *°Y are in secular equilibrium how many y rays are emitted per 100 disintegrations of X if the
with 1.85x10° Bq of ?°Sr? coefficient for internal conversion is 0.25?

SUMMARY

¢ Radioactive decay is the consequence of nuclear instability:
* Negatron decay occurs in nuclei with a high n/p ratio.
e Positron decay and electron capture occur in nuclei with a low n/p ratio.
* Alpha decay occurs with heavy unstable nuclei.
e Isomeric transitions occur between different energy states of nuclei and
result in the emission of y rays and conversion electrons.
¢ The activity A of a sample is

A= Age ™

where A is the decay constant (fractional rate of decay).
e The half-life Ty, is

Ty, = 0.693/A

¢ The common unit of activity is the becquerel (Bq), with 1 Bq = 1 disintegra-
tion/second.

e Transient equilibrium may exist when the progeny nuclide decays witha T, <
Ty /2 parent.

e Secular equilibrium may exist when the progeny nuclide decays with a T, <
T /2 parent

¢ Most radioactive nuclides found in Nature are members of naturally occurring
decay series.
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Directly and Indirectly Ionizing Radiation

Directly lonizing
Particles
(Charged Particles)

Indirectly lonizing
Particles
(Uncharged Particles)

Alpha (helium nuclei)
Any nuclei

Beta (electrons)
Protons

Photons
Neutrons

OBJECTIVES

After completing this chapter, the reader should be able to:

e Compare directly ionizing and indirectly ionizing radiation and give examples
of each.

Define and state the relationships among linear energy transfer, specific ioniza-
tion, the W-quantity, range, and energy.

e List the interactions that occur for electrons.

Give examples of elastic and inelastic scattering by nuclei.

Describe the interactions of neutrons.

Write an equation for attenuation of photons in a given thickness of a material.
e List the interactions that occur for photons.

¢ Define atomic, electronic, mass, and linear attenuation coefficients.

Discuss and compare energy absorption and energy transfer.

List at least five types of electromagnetic radiation.

The term interaction may be used to describe the crash of two automobiles (an example
in the macroscopic world) or the collision of an x ray with an atom (an example
in the submicroscopic world). This chapter describes radiation interactions on a
submicroscopic scale. Interactions in both macroscopic and microscopic scales follow
fundamental principles of physics such as (a) the conservation of energy and (b) the
conservation of momentum.

CHARACTERISTICS OF INTERACTIONS

In a radiation interaction, the radiation and the material with which it interacts may
be considered as a single system. When the system is compared before and after
the interaction, certain quantities will be found to be invariant. Invariant quantities
are exactly the same before and after the interaction. Invariant quantities are said to
be conserved in the interaction. One quantity that is always conserved in an inter-
action is the total energy of the system, with the understanding that mass is a form
of energy. Other quantities that are conserved include momentum and electric charge.

Some quantities are not always conserved during an interaction. For example,
the number of particles may not be conserved because particles may be fragmented,
fused, “created” (energy converted to mass), or “destroyed” (mass converted to energy)
during an interaction. Interactions may be classified as either elastic or inelastic. An
interaction is elastic if the sum of the kinetic energies of the interacting entities is
conserved during the interaction. If some energy is used to free an electron or nucleon
from a bound state, kinetic energy is not conserved and the interaction is inelastic.
Total energy is conserved in all interactions, but kinetic energy is conserved only in
interactions designated as elastic.

DIRECTLY IONIZING RADIATION

When an electron is ejected from an atom, the atom is left in an ionized state. Hydrogen
is the element with the smallest atomic number and requires the least energy (binding
energy of 13.6 eV) to eject its K-shell electron. Radiation of energy less than 13.6 eV is
termed nonionizing radiation because it cannot eject this most easily removed electron.
Radiation with energy above 13.6 eV is referred to as ionizing radiation. If electrons are
not ejected from atoms but merely raised to higher energy levels (outer shells), the
process is termed excitation, and the atom is said to be “excited.” Charged particles
such as electrons, protons, and atomic nuclei are directly ionizing radiations because



they can eject electrons from atoms through charged-particle interactions. Neutrons
and photons (x and y rays) can set charged particles into motion, but they do not
produce significant ionization directly because they are uncharged. These radiations
are said to be indirectly ionizing.

Energy transferred to an electron in excess of its binding energy appears as
kinetic energy of the ejected electron. An ejected electron and the residual positive
ion constitute an ion pair, abbreviated IP. An average energy of 33.85 eV, termed the
W-quantity or W, is expended by charged particles per ion pair produced in air.!
The average energy required to remove an electron from nitrogen or oxygen (the most
common atoms in air) is much less than 33.85 eV. The W-quantity includes not only
the electron’s binding energy but also the average kinetic energy of the ejected electron
and the average energy lost as incident particles excite atoms, interact with nuclei,
and increase the rate of vibration of nearby molecules. On the average, 2.2 atoms are
excited per ion pair produced in air.

The specific ionization (SI) is the number of primary and secondary ion pairs
produced per unit length of path of the incident radiation. The specific ionization of
a-particles in air varies from about 3—7 x 10° ion pairs per meter, and the specific
ionization of protons and deuterons is slightly less. The linear energy transfer (LET)
is the average loss in energy per unit length of path of the incident radiation. The LET
is the product of the specific ionization and the W-quantity:

LET = (SD(W) 4-1)

Example 4-1
Assuming that the average specific ionization is 4 x 10° ion pairs per meter (IP/m),
calculate the average LET of «-particles in air.

LET = (SD(W)

¢ IP eV
=4 x10°— x 33.85 —
m 1P

keV
=135%x 10" —
m

The range of ionizing particles in a particular medium is the straight-line distance
traversed by the particles before they are completely stopped. For heavy particles with
energy E that tend to follow straight-line paths, the range in a particular medium
may be estimated from the average LET:

Range = — (4-2)

LET

Example 4-2

Calculate the range in air for 4-MeV a-particles with an average LET equal to that
computed in Example 4-1.

E
LET

4MeV(10°keV/ MeV)
1.35 x 10°keV/m

Range

approximately 0.03 m = 3 cm in air

DIRECTLY IONIZING RADIATION | 47

MARGIN FIGURE 4-1

One electron is incident upon a target electron. As
the incident electron nears the target electron, the
electrostatic fields of the two negatively charged
electrons interact, with the result that the
stationary electron is set in motion by the
repulsive force of the incident electron, and the
direction of the incident electron is changed. This
classical picture assumes the existence of
electrostatic fields for the two electrons that exist
simultaneously everywhere in space.

Classical Electrodynamics versus
Quantum Electrodynamics (QED)
The classical diagram of particle
interactions shows a picture of the
interaction in space. The Feynman
diagram of quantum
electrodynamics (QED) shows the
development of the interaction in
time. The classical diagram of the
interaction between two electrons
assumes electrostatic fields for the
electrons that exist everywhere in
space simultaneously. The Feynman
QED diagram of the interaction
shows the brief exchange of a virtual
photon between the two electrons.

In radiologic physics, we are
primarily interested in determining
which particles survive an
interaction, where they go, and
where they deposit their energy. For
these purposes, the classical
diagrams are adequate.

electron 1
virtual photon

electron 2

MARGIN FIGURE 4-2
The Feynman diagram of quantum
electrodynamics (QED) showing the exchange of
a virtual photon between two electrons. When
electron 1 emits a virtual photon in a downward
direction, conservation of momentum requires
the electron to recoil upward. When electron 2
absorbs the virtual photon, it gains momentum
and, therefore, must recoil downward. In the
QED picture, the electrostatic force between two
electrons is explained in terms of exchange of a
virtual photon that can travel a specific distance
in a specific time.
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Of the many interesting individuals
who helped shape our modern view of
quantum mechanics, Richard Feynman
is remembered as one of the most
colorful. Recognized as a math and
physics prodigy in college, he came to
the attention of the physics community
for his work on the Manhattan Project
in Los Alamos, New Mexico. In addition
to his many contributions to atomic
physics and computer science during
the project, he was known for playing
pranks on military security guards by
picking locks on file cabinets, opening
safes, and leaving suspicious notes. His
late-night bongo sessions in the desert
of New Mexico outside the lab were also
upsetting to security personnel. After
the war, he spent most of his career at
Cal Tech, where his lectures were
legendary, standing-room-only sessions
attended by faculty as well as students.

INTERACTIONS OF ELECTRONS

Interactions of negative and positive electrons may be divided into three categories:

1. Interactions with electrons
2. Elastic interactions with nuclei
3. Inelastic interactions with nuclei

Scattering by Electrons

Negative and positive electrons traversing an absorbing medium transfer energy to
electrons of the medium. Impinging electrons lose energy and are deflected at some
angle with respect to their original direction. An electron receiving energy may be
raised to a shell farther from the nucleus or may be ejected from the atom. The kinetic
energy Ej, of an ejected electron equals the energy E received minus the binding energy
Eg of the electron:

Er =E —Es (4-3)

If the binding energy is negligible compared with the energy received, then the inter-
action may be considered an elastic collision between “free” particles. If the binding
energy must be considered, then the interaction is inelastic.

Incident negatrons and positrons are scattered by electrons with a probability
that increases with the atomic number of the absorber and decreases rapidly with in-
creasing kinetic energy of the incident particles. Low-energy negatrons and positrons
interact frequently with electrons of an absorber; the frequency of interaction dimin-
ishes rapidly as the kinetic energy of the incident particles increases.

Ion pairs are produced by negatrons and positrons during both elastic and in-
elastic interactions. The specific ionization (ion pairs per meter [IP/m]) in air at STP
(standard temperature = 0°C, standard pressure = 760 mm Hg) may be estimated
with Eq. (4-4) for negatrons and positrons with kinetic energies between 0 and
10 MeV.

4500
T (/e)?

In Eq. (4-4), v represents the velocity of an incident negatron or positron and ¢
represents the speed of light in vacuo (3 x 108 m/sec).

SI (4-4)

Example 4-3

Calculate the specific ionization (SI) and linear energy transfer (LET) of 0.1 MeV
electrons in air (v/c = 0.548). The LET may be computed from the SI or Eq. (4-1)
by using an average W-quantity for electrons of 33.85 eV/IP:

4500
~ Gl
4500
= (0.548)?
= 15,000 IP/m

SI

LET = (SI) (W)
= (15,000 TP/m) (33.85 eV/IP) (107> keV/eV)
= 508 keV/m

After expending its kinetic energy, a positron combines with an electron in the
absorbing medium. The particles annihilate each other, and their mass appears as



electromagnetic radiation, usually two 0.51-MeV photons moving in opposite direc-
tions. These photons are termed annihilation radiation, and the interaction is referred
to as pair annihilation.

Elastic Scattering by Nuclei

Electrons are deflected with reduced energy during elastic interactions with nuclei of
an absorbing medium. The probability of elastic interactions with nuclei varies with
Z? of the absorber and approximately with 1/E?, where Ej, represents the kinetic en-
ergy of the incident electrons. The probability for elastic scattering by nuclei is slightly
less for positrons than for negatrons with the same kinetic energy. Backscattering of
negatrons and positrons in radioactive samples is primarily due to elastic scattering
by nuclei.

Probabilities for elastic scattering of electrons by electrons and nuclei of an
absorbing medium are about equal if the medium is hydrogen (Z =1). In ab-
sorbers with higher atomic number, elastic scattering by nuclei occurs more fre-
quently than electron scattering by electrons because the nuclear scattering cross
section varies with Z2, whereas the cross section for scattering by electrons varies
with Z.

Inelastic Scattering by Nuclei

A negative or positive electron passing near a nucleus may be deflected with reduced
velocity. The interaction is inelastic if energy is released as electromagnetic radiation
during the encounter. The radiated energy is known as bremsstrahlung (braking
radiation). A bremsstrahlung photon may possess any energy up to the entire kinetic
energy of the incident particle. For low-energy electrons, bremsstrahlung photons
are radiated predominantly at right angles to the motion of the particles. The angle
narrows as the kinetic energy of the electrons increases (see Margin Figure 4-6).

The probability of bremsstrahlung production varies with Z? of the absorb-
ing medium. A typical bremsstrahlung spectrum is illustrated in Margin Figure 4-4.
The relative shape of the spectrum is independent of the atomic number of the
absorber.

The ratio of radiation energy loss (the result of inelastic interactions with nuclei)
to the energy lost by excitation and ionization (the result of interactions with electrons)
is approximately

Radiation energy loss _ EnZ (4-5)
820

lonization energy loss

where Ej represents the kinetic energy of the incident electrons in MeV and Z is
the atomic number of the absorbing medium. For example, excitation-ionization
and bremsstrahlung contribute about equally to the energy lost by 10-MeV electrons
traversinglead (Z = 82). The ratio of energy lost by the production of bremsstrahlung
to that lost by ionization and excitation of atoms is important to the design of x-ray
tubes in the diagnostic energy range (below 0.1 MeV) where the ratio is much smaller
and therefore x ray production is less efficient.

The speed of light ina vacuum (3 x 10® m/sec) is the greatest velocity known to be
possible. Particles cannot exceed a velocity of 3 x 10® m/sec under any circumstances.
However, light travels through many materials at speeds slower than its speed in
a vacuum. In a material, it is possible for the velocity of a particle to exceed the
speed of light in the material. When this occurs, visible light known as Cerenkov
radiation is emitted. Cerenkov radiation is the cause of the blue glow that emanates
from the core of a “swimming pool”-type nuclear reactor. Only a small fraction of
the kinetic energy of high-energy electrons is lost through production of Cerenkov
radiation.
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MARGIN FIGURE 4-3

An electron having energy E = 350 keV interacts
in a tissue-like material. Its actual path is
torturous, changing direction a number of times,
as the electron interacts with atoms of the material
via excitations and ionizations. As interactions
reduce the energy of the electron through
excitation and ionization, the elctron’s energy is
transferred to the material. The interactions that
take place along the path of the particle may be
summarized as specific ionization (SI, ion
pairs/cm) or as linear energy transfer (LET,
keV/cm) along the straight line continuation of
the particle’s trajectory beyond its point of entry.

A cross section is an expression of
probability that an interaction will
occur between particles. The bigger the
cross section, the higher the probability
an interaction will occur. This is the
same principle as the observation that
“the bigger the target, the easier it is to
hit.” The unit in which atomic cross
sections are expressed is the barn,
where one barn equals 1072 m?. Its
origin is in the American colloquialism,
“as big as a barn” or “such a bad shot,
he couldn’t hit the broad side of a
barn.” The unit name was first used by
American scientists during the
Manhattan Project, the project in which
the atomic bomb was developed during
World War II. In 1950, the Joint
Commission on Standards, Units, and
Constants of Radioactivity
recommended international acceptance
because of its common usage in the
United States (Evans, R. D. The Atomic
Nucleus. Malabar, FL, Krieger
Publishing, 1955, p. 9.)



50 | INTERACTIONS OF RADIATION

RELATIVE NUMBER OF X RAYS PER UNIT
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MARGIN FIGURE 4-4
Bremsstrahlung spectrum for a molybdenum
target bombarded by electrons accelerated
through 20 kV plotted as a function of
wavelength in angstroms (4) = 10~'° m. (From
Wehr, M., and Richards, ]J. Physics of the Atom.
Reading, MA, Addison-Wesley, 1960, p. 159.
Used with permission.)
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MARGIN FIGURE 4-5
The relative specific ionization of 7.7-MeV
a-particles from the decay of 2'*Po is plotted as a
function of the distance traversed in air.

DIRECTION
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MARGIN FIGURE 4-6

Relative intensity of bremsstrahlung radiated at
various angles for electrons with kinetic energies
of 100 keV and 1 MeV. (Data from Scherzer, O.
Ann Phys 1932; 13:137; and Andrews, H.
Radiation Physics. Englewood Cliffs, NJ,
Prentice-Hall International, 1961.)

INTERACTIONS OF HEAVY, CHARGED PARTICLES

Protons, deuterons, a-particles, and other heavy, charged particles lose kinetic energy
rapidly as they penetrate matter. Most of the energy is lost as the particles interact
inelastically with electrons of the absorbing medium. The transfer of energy is accom-
plished by interacting electrical fields, and physical contact is not required between
the incident particles and absorber electrons. From Examples 4-1 and 4-2, it is ap-
parent that a-particles produce dense patterns of interaction but have limited range.
Deuterons, protons, and other heavy, charged particles also exhibit high specific ion-
ization and a relatively short range. The density of soft tissue (1 g/cm?) is much
greater than the density of air (1.29 x 107> g/cm?). Hence, a-particles of a few MeV
or less from radioactive nuclei penetrate soft tissue to depths of only a few microns
(1 um = 107°m). For example, a-particles from a radioactive source near or on the
body penetrate only the most superficial layers of the skin.

The specific ionization (SI) and LET are not constant along the entire path
of monoenergetic charged particles traversing a homogeneous medium. The SI of
7.7-MeV a-particles from >*Po is plotted in Margin Figure 4-5 as a function of the
distance traversed in air. The increase of SI near the end of the path of the particles
reflects the decreased velocity of the a-particles. As the particles slow down, the SI
increases because nearby atoms are influenced for a longer period of time. The region
of increased SI is termed the Bragg peak. The rapid decrease in SI beyond the peak
is due primarily to the capture of electrons by slowly moving «-particles. Captured
electrons reduce the charge of the a-particles and decrease their ability to produce
lonization.

INDIRECTLY IONIZING RADIATION

Uncharged particles such as neutrons and photons are said to be indirectly ionizing.
Neutrons have no widespread application at the present time in medical imaging. They
are discussed here briefly to complete the coverage of the “fundamental” particles that
make up the atom.

INTERACTIONS OF NEUTRONS

Neutrons may be produced by a number of sources. The distribution of energies
available depends on the method by which the “free” neutrons are produced. Slow,
intermediate, and fast neutrons (Table 4-1) are present within the core of a nuclear
reactor. Neutrons with various kinetic energies are emitted by2>2Cf, a nuclide that
fissions spontaneously. This nuclide has been encapsulated into needles and used
experimentally for implant therapy. Neutron beams are available from cyclotrons
and other accelerators in which low-Z nuclei (e.g., >H or “Be) are bombarded by
positively charged particles (e.g., nuclei of 'H, *H, *H) moving at high velocities.
Neutrons are released as a product of this bombardment. The energy distribution
of neutrons from these devices depends on the target material and on the type and
energy of the bombarding particle.

Neutrons are uncharged particles that interact primarily by “billiard ball” or
“knock-on” collisions with absorber nuclei. A knock-on collision is elastic if the
kinetic energy of the particles is conserved. The collision is inelastic if part of the
kinetic energy is used to excite the nucleus. During an elastic knock-on collision,
the energy transferred from a neutron to the nucleus is maximum if the mass of the
nucleus equals the neutron mass. If the absorbing medium is tissue, then the energy
transferred per collision is greatest for collisions of neutrons with nuclei of hydrogen,
because the mass of the hydrogen nucleus (i.e., a proton) is close to the mass of a
neutron. Most nuclei in tissue are hydrogen, and the cross section for elastic collision



is greater for hydrogen than for other constituents of tissue. For these reasons, elastic
collisions with hydrogen nuclei account for most of the energy deposited in tissue by
neutrons with kinetic energies less than 10 MeV.

For neutrons with kinetic energy greater than 10 MeV, inelastic scattering also
contributes to the energy lost in tissue. Most inelastic interactions occur with nuclei
other than hydrogen. Energetic charged particles (e.g., protons or a-particles) are
often ejected from nuclei excited by inelastic interactions with neutrons.

ATTENUATION OF X AND y RADIATION

When an x or y ray impinges upon a material, there are three possible outcomes. The
photon may (1) be absorbed (i.e., transfer its energy to atoms of the target material)
during one or more interactions; (2) be scattered during one or more interactions; or
(3) traverse the material without interaction. If the photon is absorbed or scattered,
it is said to have been attenuated. If 1000 photons impinge on a slab of material,
for example, and 200 are scattered and 100 are absorbed, then 300 photons have
been attenuated from the beam, and 700 photons have been transmitted without
interaction.

Attenuation processes can be complicated. Partial absorption may occur in which
only part of the photon’s energy is retained in the absorber. Scattering through small

angles may not remove photons from the beam, especially if the beam is rather
broad.

Attenuation of a Beam of X or y Rays

The number of photons attenuated in a medium depends on the number transversing
the medium. If all the photons posses the same energy (i.e., the beam is monoener-
getic) and if the photons are attenuated under conditions of good geometry (i.e., the
beam is narrow and the transmitted beam contains no scattered photons), then the
number I of photons penetrating a thin slab of matter of thickness x is

I = Ige ™ (4-6)

where p is the attenuation coefficient of the medium for the photons and I, represents
the number of photons in the beam before the thin slab of matter is placed into
position. The number I, of photons attenuated (absorbed or scattered) from the
beam is

Iy=1Ip—1
= IO - Ioeiux (4-7)
= Io(1 —e™)

The exponent of ¢ must possess no units. Therefore, the units for u are 1/cm if
the thickness x is expressed in centimeters, 1/in. if x is expressed in inches, and so
on. An attenuation coefficient with units of 1/length is called a linear attenuation
coefficient. Derivation of Egs. (4-6), (4-7), and other exponential expressions is given
in Appendix I.

The mean path length is the average distance traveled by x or y rays before inter-
action in a particular medium. The mean path length is sometimes termed the mean
free path or relaxation length and equals 1/u, where u is the total linear attenuation
coefficient. Occasionally the thickness of an attenuating medium may be expressed
in multiples of the mean free path of photons of a particular energy in the medium.

The probability is e ™** that a photon traverses a slab of thickness x without
interacting. This probability is the product of probabilities that the photon does not
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TABLE 4-1 Classification of Neutrons
According to Kinetic Energy

Type Energy Range
Slow 0-0.1 keV
Intermediate 0.1-20 keV
Fast 20 keV=10 Mev
High-energy >10 MeV

Source-Detector
distance
“10x"

Detector
Linear Dimension

MARGIN FIGURE 4-7

Mlustration of “small-angle” scatter. Scatter of
greater than 3 degrees generally is accepted as
attenuation (removal) from a narrow beam. A
generally accepted definition of a broad beam is a
beam that is broader than one-tenth the distance
to a point source of radiation.
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MARGIN FIGURE 4-8
Mass attenuation coefficients for selected
materials as a function of photon energy.

interact by any of five interaction processes:

e MY = (e7) (67T (e7%) (e 7F) (e 7T) = e*(w+r+a + Kk +7)x

The coefficients w, 7, 0, k, and 7 represent attenuation by the processes of coherent
scattering (w), photoelectric absorption (), Compton scattering (o), pair produc-
tion (x), and photodisintegration (;r), as described later. The total linear attenuation
coefficient may be written
U=w+t+o+k+m (4-8)
In diagnostic radiography, coherent scattering, photodisintegration, and pair produc-
tion are usually negligible, and p is written
W=t+o0o (4-9)
In general, attenuation coefficients vary with the energy of the x or y rays and with
the atomic number of the absorber. Linear attenuation coefficients also depend on
the density of the absorber. Mass attenuation coefficients, obtained by dividing linear

attenuation coefficients by the density p of the attenuating medium, do not vary with
the density of the medium:

s wy = —, Tm = —, Om = —, Km = —, T =

m T
Mm = — -
o o o P P o

Mass attenuation coefficients usually have units of square meters per kilogram, al-
though sometimes square centimeters per gram and square centimeters per mil-
ligram are used. Total mass attenuation coefficients for air, water, sodium iodide,
and lead are plotted in Margin Figure 4-8 as a function of the energy of incident
photons.

When mass attenuation coefficients are used, thicknesses x,, are expressed in
units such as kilograms per square meter, grams per square centimeter, or milligrams
per square centimeter. A unit of thickness such as kilograms per square meter may
seem unusual but can be understood by recognizing that this unit describes the mass
of a 1-m? cross section of an absorber. That is, the amount of material traversed by a
beam is indirectly measured by the mass per unit area of the slab. The thickness of
attenuating medium may also be expressed as the number of atoms or electrons per
unit area. Symbols x, and x, denote thicknesses in units of atoms per square meter
and electrons per square meter. These thicknesses may be computed from the linear
thickness x by

atoms _ x(m)p(kg/m’)N, (atoms/gram-atomic mass)
a 2 - _ .

m M (kg/gram-atomic mass) (4-10)
_ xpNg
M

electrons atoms electrons

Xe =5 = | Xa Z

m? m? atom (4-11)

=x,Z

In these equations, M is the gram-atomic mass of the attenuating medium, Z is
the atomic number of the medium, and N, is Avogadros number (6.02 x 10%%),
the number of atoms per gram-atomic mass. Total atomic and electronic attenuation
coefficients p, and i, to be used with thicknesses x, and x,, may be computed from



the linear attenuation coefficient u by

(o)
Ma =
atom

wm~HM (kg/gram-atomic mass)

p(kg/m3)N, (atoms/gram-atomic mass)

(4-12)
PNg
m? _ pe(m*/atom)
He electron ]~ Z(electrons/atom) (4-13)
_ Ha
Z

The number I of photons penetrating a thin slab of matter may be computed with
any of the following expressions:
I = Ioe_ﬂx I = IQK_M“X“

I = Ioe*ll«mxm I = Ioe*McXc

Example 4-4

A narrow beam containing 2000 monoenergetic photons is reduced to 1000 photons
by a slab of copper 1072 m thick. What is the total linear attenuation coefficient of
the copper slab for these photons?

I = Ipe ™
I[/Ip=e™
IQ/I =M
Inly/I = pux
2000 phot
photons _ £(10-2 m)

7000 photons
In2 = ;/4(1072 m)

In2
= 90m
~0.693
= 10?2m
pw=69.3m"!

The thickness of a slab of matter required to reduce the intensity (or exposure
rate—see Chapter 6) of an x- or y -ray beam to halfis the half-value layer (HVL) or half-
value thickness (HVT) for the beam. The HVL describes the “quality” or penetrating
ability of the beam. The HVL in Example 4-4 is 107> m of copper. The HVL of a
monoenergetic beam of x or y rays in any medium is

In2
HVL = —
m

(4-14)

where In 2 = 0.693 and u is the total linear attenuation coefficient of the medium for
photons in the beam. The measurement of HVLs for monoenergetic and polyenergetic
beams is discussed in Chapter 6.
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MARGIN FIGURE 4-9
Percent transmission of a narrow beam of
monoenergetic photons as a function of the
thickness of an attenuating slab in units of
half-value layer (HVL). Absorption conditions
satisfy requirements for “good geometry.”

Example 4-5

a. What are the total mass (i), atomic (u,), and electronic (u.) attenuation
coefficients of the copper slab described in Example 4-4? Copper has a density
of 8.9 x 10° kg/m>, a gram-atomic mass of 63.6, and an atomic number of 29.

Pm = R/ p
69.3m™!
T 8.9 10° kg/m®
= 0.0078 m*/kg
_ M
MHa = p—N
(69.3 m™1)(63.6 g/gram-atomic mass)(107> kg/g) (4-15)

T (89x10° kg/m3)(6.02 x 10?3 atoms/gram-atomic mass)
= 8.2 x 107**m?/atom
Ka

4
82X 10~%%m?/atom (4-16)

e =

29 electrons/atom
= 2.8 x 10~ m?*/electron

b. To the 0.01-m copper slab, 0.02 m of copper is added. How many photons
remain in the beam emerging from the slab?

I = Ige™™
= (2000 photons)e ~(093 ™ (003 m)
= (2000 photons)e*" (4-17)
= (2000 photons)(0.125)
= 250 photons

A thickness of 0.01 m of copper reduces the number of photons to half. Because
the beam is narrow and monoenergetic, adding two more of the same thicknesses
of copper reduces the number to one eighth. Only one eighth of the original
number of photons remains after the beam has traversed three thicknesses of
copper.

c. What is the thickness x, in electrons per square meter for the 0.03-m slab?

Xe = XqZ
XxNgpZ
T M
(0.03m)(8.9 x 10° kg/m3)(602 x 10%3 atoms/gram-atomic mass)(29 electrons/atom)
- (63.3 g/gram-atomic mass)(10~> kg/g)

= 7.3 x 10%® electrons/m*
d. Repeat the calculation in Part b, but use the electronic attenuation
coefficient.
I = [pe He*

— (2000 phO[ODS)e_QBX 10-% mz/electron)(7.3>< 1028 electrons/mz)

= (2000 photons)e 97



= (2000 photons)(0.125)
= 250 photons

A narrow beam of monoenergetic photons is attenuated exponentially. Exponen-
tial attenuation is described by Eq. (4-6). From Example 4-4 we have the equivalent
relationship:

In— = —ux
Io "

The logarithm of the number I of photons decreases linearly with increasing thick-
ness of the attenuating slab. Hence a straight line is obtained when the logarithm
of the number of x or y rays is plotted as a function of thickness. When the
log of the dependent (y-axis) variable is plotted as a function of the linear inde-
pendent (x-axis) variable, the graph is termed a semilog plot. It should be em-
phasized that a semilogarithmic plot of the number of photons versus the thick-
ness of the attenuating slab yields a straight line only if all photons possess the
same energy and the conditions for attenuation fulfill requirements for narrow-beam
geometry.

If broad-beam geometry were used, the falloff of the number of photons as a
function of slab thickness would be less rapid. In broad-beam geometry, some scat-
tered photons continue to strike the detector and are therefore not considered to
have been “attenuated.” A broad-beam measurement is relevant when considering
the design of wall shielding for radiation safety near x-ray equipment. Humans on
the opposite side of barriers would encounter a broad beam. Narrow-beam geom-
etry is more relevant to situations such as experimental studies of the properties of
materials.

When an x-ray beam is polyenergetic (as is the beam emitted from an x-ray
tube), a plot of the number of photons remaining in the beam as a function of the
thickness of the attenuating material it has traversed does not yield a straight line on a
semilogarithmic plot. This is because the attenuation of a polyenergetic beam cannot
be represented by a single simple exponential equation with a single attenuation
coefficient. It is represented by a weighted average of exponential equations for each
of the different photon energies in the beam.

Filtration

In a polyenergetic beam, lower-energy photons are more likely to be attenuated and
higher energy photons are more likely to pass through without interaction. Therefore,
after passing through some attenuating material, the distribution of photon energies
contained within the emergent beam is different than that of the beam that entered.
The emergent beam, although containing fewer total photons, actually has a higher
average photon energy. This effect is known as “filtration.” A beam that has undergone
filtration is said to be “harder” because it has a higher average energy and therefore
more penetrating power.

To remove low-energy photons and increase the penetrating ability of an x-ray
beam from a diagnostic or therapy x-ray unit, filters of aluminum, copper, tin, or
lead may be placed in the beam. For most diagnostic x-ray units, the added filters
are usually 1 to 3 mm of aluminum. Because the energy distribution changes as a
polyenergetic x-ray beam penetrates an attenuating medium, no single value for the
attenuation coefficient may be used in Eq. (4-6) to compute the attenuation of the x-
ray beam. However, from the measured half-value layer (HVL) an effective attenuation
coefficient may be computed (see Example 4-6):

In2

Meft = m
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Semilogarithmic plot of data in Margin Figure 4-9.
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MARGIN FIGURE 4-11
Semilogarithmic plot of the number of x rays in a
polyenergetic beam as a function of thickness of
an attenuating medium. The penetrating ability
(HVL) of the beam increases continuously with
thickness because lower-energy photons are
selectively removed from the beam. The
straight-line relationship illustrated in Margin
Figure 4-10 for a narrow beam of monoenergetic
photons is not achieved for a polyenergetic x-ray
beam.

The effective energy of an x-ray beam is the energy of monoenergetic photons that have
an attenuation coefficient in a particular medium equal to the effective attenuation
coefficient for the x-ray beam in the same medium.

Example 4-6

An x-ray beam produced at 200 kVp has an HVL of 1.5 mm Cu. The density of copper
is 8900 kg/m°.

a. What are the effective linear and mass attenuation coefficients?

_ In2
Hett = 1.5 mm Cu
= 0.46 (mm Cu)
Meft
(Hm)er =
P

_0.46 (mm Cu)~'(10° mm/m)
8.9 x 103 kg/m’
= 0.052 m’/kg

b. What is the average effective energy of the beam?

Monoenergetic photons of 96 keV possess a total mass attenuation coefficient of
0.052 m?/kg in copper. Consequently, the average effective energy of the x-ray beam
is 96 keV.

Energy Absorption and Energy Transfer

The attenuation coefficient w (or pq, tte, m) refers to total attenuation (i.e., absorp-
tion plus scatter). Sometimes it is necessary to determine the energy truly absorbed
in a material and not simply scattered from it. To express the energy absorbed, the
energy absorption coefficient ., is used, where pi., is given by the expression

Eq
~ M
In this expression, u is the attenuation coefficient, E, is the average energy absorbed
in the material per photon interaction, and hv is the photon energy. Thus, the energy
absorption coefficient is equal to the attenuation coefficient times the fraction of
energy truly absorbed. Energy absorption coefficients may also be expressed as mass
energy absorption coefficients (ften)m, atomic energy absorption coefficients (tten)q,
or electronic energy absorption coefficients (ien), by dividing the energy absorption
coefficient pte, by the physical density, the number of atoms per cubic meter, or the
number of electrons per cubic meter, respectively.

Men (4'18)

Example 4-7

The attenuation coefficient for 1-MeV photons in water is 7.1 m~'. If the energy
absorption coefficient for 1-MeV photons in water is 3.1 m™!, find the average energy
absorbed in water per photon interaction.

By rearranging Eq. (4-15), we obtain

Ea _ Men (hv)

uw

3.1m™! (1 MeV)
7.1m! ¢




= 0.44 MeV
= 440 keV

Example 4-8

An x-ray tube emits 10'? photons per second in a highly collimated beam that strikes a
0.1-mm-thick radiographic screen. For purposes of this example, the beam is assumed
to consist entirely of 40-keV photons. The attenuation coefficient of the screen is
23 m™!, and the mass energy absorption coefficient of the screen is 5 m~! for
40-keV photons. Find the total energy in keV absorbed by the screen during a 0.5-sec
exposure.

The number of photons incident upon the screen is

(10" photons/sec)(0.5 sec) = 5 x 10" photons
The number of interactions that take place in the screen is [from Eq. (4-7)]

Ly = Io(1 —e™%)
=5x 10“[1 _—@3m™Hao™ m/mm)]

= 1.2 x 10 interactions

The average energy absorbed per interaction is [from Eq. (4-15)]

/"LBH
7

5 —1
2 40keV)

23 m™!
= 8.7 keV

E, =

(hv)

The total energy absorbed during the 0.5-sec exposure is then

(1.2 x 109)(8.7 keV) = 1.3 x 10'° keV

Energy absorption coefficients and attenuation coefficients for air are plotted in
Margin Figure 4-12 as a function of photon energy.

Coherent Scattering: lonizing Radiation

Photons are deflected or scattered with negligible loss of energy by the process of co-
herent or Rayleigh scattering. Coherent scattering is sometimes referred to as classical
scattering because the interaction may be completely described by methods of classi-
cal physics. The classical description assumes that a photon interacts with electrons
of an atom as a group rather than with a single electron within the atom. Usually the
photon is scattered in approximately the same direction as the incident photon. Al-
though photons with energies up to 150 to 200 keV may scatter coherently in media
with high atomic number, this interaction is important in tissue only for low-energy
photons. The importance of coherent scattering is further reduced because little en-
ergy is deposited in the attenuating medium. However, coherent scatter sometimes
reduces the resolution of scans obtained with low-energy, y -emitting nuclides (e.g.,
1257) used in nuclear medicine.

Photoelectric Absorption

During a photoelectric interaction, the total energy of an x or y ray is transferred to an
inner electron of an atom. The electron is ejected from the atom with kinetic energy
E., where E, equals the photon energy hv minus the binding energy Ep required
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MARGIN FIGURE 4-12
Mass attenuation coefficients for photons in air.
The curve marked “total absorption” is

(u/p) = (a/p)+ (t/p) + (k/p), where o, T, and
« are the corresponding linear coefficients for
Compton absorption, photoelectric absorption,
and pair production. When the Compton mass
scattering coefficient o; and the Compton
absorption coefficient 7, /p are added, the total
Compton mass attenuation coefficient o'/ p is
obtained.

PHOTON

PHOTOELECTRON

MARGIN FIGURE 4-13

Photoelectric absorption of a photon with energy
hv. The photon disappears and is replaced by an
electron ejected from the atom with kinetic energy
Ep = hv — E;, where Ej, is the binding energy of
the electron. Characteristic radiation and Auger
electrons are emitted as electrons cascade to
replace the ejected photoelectron.
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Albert Einstein (1879-1955) was best
known to the general public for his
theories of relativity. However, he also
developed a theoretical explanation of
the photoelectric effect—that the
energy of photons in a light beam do
not add together. It is the energy of each
photon that determines whether the
beam is capable of removing inner shell
electrons from an atom. His Nobel Prize
of 1921 mentioned only his explanation
of the photoelectric effect and did not
cite relativity because that theory was
somewhat controversial at that time.

o0 §0°

Electrons are ejected approximately at a right
angle as low-energy photons interact
photoelectrically. As the energy of the photons
increases, the angle decreases between incident
photons and ejected electrons.
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MARGIN FIGURE 4-15
Photoelectric mass attenuation coefficients of lead
and soft tissue as a function of photon energy. K-
and L-absorption edges are depicted for lead.

to remove the electron from the atom:

E, =hv —Eg (4-19)

The ejected electron is called a photoelectron.

Example 4-9

What is the kinetic energy of a photoelectron ejected from the K shell of lead (Ep =
88 keV) by photoelectric absorption of a photon of 100 keV?

EK =hy — EB
= 100 keV — 88 keV
=12 keV

The average binding energy is only 0.5 keV for K electrons in soft tissue. Consequently,
a photoelectron ejected from the K shell of an atom in tissue possesses a kinetic energy
about 0.5 keV less than the energy of the incident photon.

Photoelectrons resulting from the interaction of low-energy photons are released
approximately at a right angle to the motion of the incident photons. As the energy
of the photons increases, the average angle decreases between incident photons and
released photoelectrons.

An electron ejected from an inner shell leaves a vacancy or hole that is filled im-
mediately by an electron from an energy level farther from the nucleus. Only rarely is
a hole filled by an electron from outside the atom. Instead, electrons usually cascade
from higher to lower energy levels and produce a number of characteristic pho-
tons and Auger electrons with energies that, when added together, equal the binding
energy of the ejected photoelectron. Characteristic photons and Auger electrons re-
leased during photoelectric interactions in tissue possess an energy less than 0.5 keV.
These lower-energy photons and electrons are absorbed rapidly in surrounding
tissue.

The probability of photoelectric interaction decreases rapidly as the photon en-
ergy increases. In general, the mass attenuation coefficient t,, for photoelectric absorp-
tion varies roughly as 1/(hv)?, where hv is the photon energy. In Margin Figure 4-15,
the photoelectric mass attenuation coefficients 7, of muscle and lead are plotted as a
function of the energy of incident photons. Discontinuities in the curve for lead are
termed absorption edges and occur at photon energies equal to the binding energies
of electrons in inner electron shells. Photons with energy less than the binding en-
ergy of K-shell electrons interact photoelectrically only with electrons in the L shell
or shells farther from the nucleus. Photons with energy equal to or greater than the
binding energy of K-shell electrons interact predominantly with K-shell electrons.
Similarly, photons with energy less than the binding energy of L-shell electrons inter-
act only with electrons in M and more distant shells. That is, most photons interact
photoelectrically with electrons that have a binding energy nearest to but less than
the energy of the photons. Hence, the photoelectric attenuation coefficient increases
abruptly at photon energies equal to the binding energies of electrons in different
shells. Absorption edges for photoelectric attenuation in soft tissue occur at photon
energies that are too low to be shown in Margin Figure 4-15. lodine and barium ex-
hibit K-absorption edges at energies of 33 and 37 keV. Compounds containing these
elements are routinely used as contrast agents in diagnostic radiology.

At all photon energies depicted in Margin Figure 4-15, the photoelectric atten-
uation coefficient for lead (Z = 82) is greater than that for soft tissue (Z.4 = 7.4)
( Zeir represents the effective atomic number of a mixture of elements.) In general, the
photoelectric mass attenuation coefficient varies with Z>. For example, the number of
15-keV photons absorbed primarily by photoelectric interaction in bone (Z. = 11.6)
is approximately four times greater than the number of 15-keV photons absorbed
in an equal mass of soft tissue because (11.6/7.4)° = 3.8. Selective attenuation of



photons in media with different atomic numbers and different physical densities is
the principal reason for the usefulness of low-energy x rays for producing images in
diagnostic radiology.

Compton (Incoherent) Scattering

X and y rays with energy between 30 keV and 30 MeV interact in soft tissue pre-
dominantly by Compton scattering. During a Compton interaction, part of the energy
of an incident photon is transferred to a loosely bound or “free” electron within the
attenuating medium. The kinetic energy of the recoil (Compton) electron equals the
energy lost by the photon, with the assumption that the binding energy of the elec-
tron is negligible. Although the photon may be scattered at any angle ¢ with respect
to its original direction, the Compton electron is confined to an angle 8, which is
90 degrees or less with respect to the motion of the incident photon. Both 6 and ¢
decrease with increasing energy of the incident photon (Margin Figure 4-17).

During a Compton interaction, the change in wavelength [AA in nanometers
(nm), 10~ meters] of the x or y ray is

AX = 0.00243 (1 — cos¢) (4-20)

where ¢ is the scattering angle of the photon. The wavelength of the scattered photon
is

A=A+ AA (4-21)

where A is the wavelength of the incident photon. The energies hv and hv’ of the
incident and scattered photons are

hc
hv (keV) = —
v (keV) -

_ (6.62 x 107* J-sec)(3 x 108 m/sec)
T (V07 m/nm)(1.6 x 10719 J/eV)(103 eV/keV)
1.24

A

(4-22)

with A expressed in nanometers.

Example 4-10

A 210-keV photon is scattered at an angle of 80 degrees during a Compton interac-
tion. What are the energies of the scattered photon and the Compton electron? The
wavelength A of the incident photon is

1.24

hv
1.24

210 keV
= 0.0059 nm

(4-23)

The change in wavelength A is

AX = 0.00243 (1 — cos ¢)
= 0.00243 (1 — cos (80 degrees))
(4-24)
=0.00243 (1 — 0.174)

= 0.0020 nm
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Effective atomic number (Z): A pure
element, a material composed of only
one type of atom, is characterized by its
atomic number (the number of protons
in its nucleus). In a composite material,
the effective atomic number is a
weighted average of the atomic
numbers of the different elements of
which it is composed. The average is
weighted according to the relative
number of each type of atom.

COMPTON
ELECTRON

MARGIN FIGURE 4-16

Compton scattering of an incident photon, with
the photon scattered at an angle ¢; the Compton
electron is ejected at an angle 6 with respect to the
direction of the incident photon.
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MARGIN FIGURE 4-17

Electron scattering angle € and photon scattering
angle ¢ as a function of the energy of incident
photons. Both 6 and ¢ decrease as the energy of
incident photons increases.
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The wavelength of the scattered photon is

N =A4+AA
= (0.0059 + 0.0020) nm (4-25)
= 0.0079 nm

The energy of the scattered photon is

h = —

_ L2 (4-26)
0.0079 nm

= 160 keV
The energy of the Compton electron is
E, = hv — hy’
= (210 — 160) keV
= 50 keV

Example 4-11

A 20-keV photon is scattered by a Compton interaction. What is the maximum energy
transferred to the recoil electron?

The energy transferred to the electron is greatest when the change in wavelength
of the photon is maximum; AX is maximum when ¢ = 180 degrees.

Admax = 0.00243 [1 — cos (180)]
= 0.00243 [1 — (=1)]
= 0.00486 nm
= 0.005 nm

The wavelength A of a 20-keV photon is

124
=
_ 1.24 (4-27)
20 keV
= 0.062 nm

The wavelength A’ of the photon scattered at 180 degrees is

AN =A+AA
= (0.062 + 0.005) nm (4-28)
= 0.067 nm

The energy hv' of the scattered photon is

1.24
= 7

1.24 (4-29)
0.067 nm
18.6 keV

hv'




The energy E}, of the Compton electron is
Ep =hv—hv
= (20.0 — 18.6) keV
= 1.4 keV
When a low-energy photon undergoes a Compton interaction, most of the energy of

the incident photon is retained by the scattered photon. Only a small fraction of the
energy is transferred to the electron.

Example 4-12

A 2-MeV photon is scattered by a Compton interaction. What is the maximum energy
transferred to the recoil electron? The wavelength A of a 2-MeV photon is
1.24
hy

1.24 (4-30)
2000 keV
= 0.00062 nm

The change in wavelength of a photon scattered at 180 degrees is 0.00486 nm (see
Example 4-11). Hence, the wavelength A" of the photon scattered at 180 degrees is
A=A+ A
= (0.00062 + 0.00486) nm (4-31)
= 0.00548 nm

The energy hv' of the scattered photon is

1.24
)\’/

hy' =

1.24 (4-32)
0.00548 nm
=226 keV

The energy E}, of the Compton electron is
E, =hv —hV
= (2000 — 226) keV
= 1774 keV

When a high-energy photon is scattered by the Compton process, most of the energy
is transferred to the Compton electron. Only a small fraction of the energy of the
incident photon is retained by the scattered photon.

Example 4-13

Show that, irrespective of the energy of the incident photon, the maximum energy is
255 keV for a photon scattered at 180 degrees and 511 keV for a photon scattered at
90 degrees.

The wavelength A’ of a scattered photon is

A =1+ AL (4-33)
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COMPTON ELECTRONIC ATTENUATION
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MARGIN FIGURE 4-18
Compton electronic attenuation coefficient as a
function of photon energy.

MARGIN FIGURE 4-19

Radiographs taken at 70 kVp, 250 kVp, and
1.25 MeV (°°Co). These films illustrate the loss
of radiographic contrast as the energy of the
incident photons increases.

For photons of very high energy, A is very small and may be neglected relative to AX.
For a photon scattered at 180 degrees

A= AL = 0.00243 [1 — cos (180)]
= 0.00243 [1 — (=1)]
= 0.00486 nm

1.24
I
1.24
0.00486 nm
= 255 keV

(4-34)

For photons scattered at 90 degrees
A= Ak =0.00243 [1 — cos (90)]
= 0.00243 [1 — 0]
= 0.00243 nm

1.24
)\'/
1.24
0.00243 nm
511 keV

hy' =

(4-35)

The Compton electronic attenuation coefficient o, is plotted in Margin Fig-
ure 4-18 as a function of the energy of incident photons. The coefficient decreases
gradually with increasing photon energy. The Compton mass attenuation coefficient
varies directly with the electron density (electrons per kilogram) of the absorbing
medium because Compton interactions occur primarily with loosely bound electrons.
A medium with more unbound electrons will attenuate more photons by Compton
scattering than will a medium with fewer electrons.

The Compton mass attenuation coefficient is nearly independent of the atomic
number of the attenuating medium. For this reason, radiographs exhibit very poor
contrast when exposed to high-energy photons. When most of the photons in a
beam of x or y rays interact by Compton scattering, little selective attenuation occurs
in materials with different atomic number. The image in a radiograph obtained by
exposing a patient to high-energy photons is not the result of differences in atomic
number between different regions of the patient. Instead, the image reflects differences
in physical density (kilograms per cubic meter) between the different regions (e.g.,
bone and soft tissue). The loss of radiographic contrast with increasing energy of
incident photons is depicted and discussed more completely in Chapter 7.

Pair Production

An x or y ray may interact by pair production while near a nucleus in an attenuating
medium. A pair of electrons, one negative and one positive, appears in place of the
photon. Because the energy equivalent to the mass of an electron is 0.51 MeV, the
creation of two electrons requires 1.02 MeV. Consequently, photons with energy less
than 1.02 MeV donot interact by pair production. This energy requirement makes pair
production irrelevant to conventional radiographic imaging. During pair production,
energy in excess of 1.02 MeV is released as kinetic energy of the two electrons:

hv (MeV) = 1.02 + (Ep)e— + (Bt

Although the nucleus recoils slightly during pair production, the small amount of



energy transferred to the recoiling nucleus may usually be neglected. Pair production
is depicted in Margin Figure 4-20.

Occasionally, pair production occurs near an electron rather than near a nucleus.
For 10-MeV photons in soft tissue, for example, about 10% of all pair production
interactions occur in the vicinity of an electron. An interaction near an electron is
termed triplet production because the interacting electron receives energy from the
photon and is ejected from the atom. Three ionizing particles, two negative electrons
and one positive electron, are released during triplet production. To conserve mo-
mentum, the threshold energy for triplet production must be 2.04 MeV. The ratio of
triplet to pair production increases with the energy of incident photons and decreases
as the atomic number of the medium is increased.

The mass attenuation coefficient k,, for pair production varies almost linearly
with the atomic number of the attenuating medium. The coefficient increases slowly
with energy of the incident photons. In soft tissue, pair production accounts for
only a small fraction of the interactions of x and y rays with energy between 1.02
and 10 MeV. Positive electrons released during pair production produce annihilation
radiation identical to that produced by positrons released from radioactive nuclei.

Example 4-14

A5-MeV photon near a nucleus interacts by pair production. Residual energy is shared
equally between the negative and positive electron. What are the kinetic energies of
these particles?

hv MeV) = 1.02 4+ (Epe— + (Ep)es
(hv — 1.02)MeV
(Ek)ef = (Ek)eJr = )
(5.00 — 1.02) MeV
2
= (Ep)es = 1.99 MeV

Described in Margin Figure 4-21 are the relative importances of photoelectric,
Compton, and pair production interactions in different media. In muscle or water
(Zeff = 7.4), the probabilities of photoelectric interaction and Compton scattering
are equal at a photon energy of 35 keV. However, equal energies are not deposited in
tissue at 35 keV by each of these modes of interaction, since all of the photon energy is
deposited during a photoelectric interaction, whereas only part of the photon energy
is deposited during a Compton interaction. Equal deposition of energy in tissue
by photoelectric and Compton interactions occurs for 60-keV photons rather than
35-keV photons.

A summary of the variables that influence the linear attenuation coefficients for
photoelectric, Compton, and pair production interactions is given in Table 4-2.

TABLE 4-2 Variables that Influence the Principal Modes of Interaction of X and ~ Rays

Dependence of Linear Attenuation Coefficient on

Mode of Photon Atomic Electron Physical
Interaction Energy hv Number Z Density p, Density p
Photoelectric ﬁ z3 — 0

1
Compton = — Pe o
Pair production hv z — P

(>1.02 MeV)
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Pair production interaction of a high-energy
photon near a nucleus. Annihilation photons are
produced when the positron and an electron
annihilate each other.
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Relative importance of the three principal
interactions of x and y rays. The lines represent
energy/atomic number combinations for which
the two interactions on either side of the line are
equally probable.
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NONIONIZING RADIATION

As mentioned previously, radiation with an energy less than 13.6 eV is classified
as nonionizing radiation. Two types of nonionizing radiation, electromagnetic waves
and mechanical vibrations, are of interest. Electromagnetic waves are introduced here,
and mechanical vibrations, or sound waves, are discussed in Chapter 19. Because no
ionization is produced by the radiation, quantities such as specific ionization, linear
energy transfer, and W-quantity do not apply. However, the concepts of attenuation
and absorption are applicable.

Electromagnetic Radiation

Electromagnetic radiation consists of oscillating electric and magnetic fields. An
electromagnetic wave requires no medium for propagation; that is, it can travel
in a vacuum as well as through matter. In the simplified diagram in Margin
Figure 4-22, the wavelength of an electromagnetic wave is depicted as the distance
between adjacent crests of the oscillating fields. The wave is moving from left to right
in the diagram. The constant speed ¢ of electromagnetic radiation in a vacuum is the
product of the frequency v and the wavelength A of the electromagnetic wave.

c=Av

MARGIN FIGURE 4-22 . . . . . .
Simplified diagram of an electromagnetic wave. Often it is convenient to assign wavelike properties to electromagnetic rays. At other

times it is useful to regard these radiations as discrete bundles of energy termed
photons or quanta. The two interpretations of electromagnetic radiation are united
by the equation

E =hv (4-36)

where E represents the energy of a photon and v represents the frequency of the
electromagnetic wave. The symbol h represents Planck’s constant, 6.62 x 1073 J-sec.
The frequency v is

v=c/A
and the photon energy may be written as
E = hc/A (4-37)

The energy in keV possessed by a photon of wavelength A in nanometers may be
computed with Eq. (4-38):

E =124/ (4-38)

Electromagnetic waves ranging in energy from a few nanoelectron volts up to giga-
electron volts make up the electromagnetic spectrum (Table 4-3).

TABLE 4-3 The Electromagnetic Spectrum

Designation Frequency [hertz] Wavelength [m] Energy [eV]
Gamma Rays 1.0 x 10'8-1.0 x 10%” 3.0x10719-3.0x 107" 4.1 x10°-4.1 x 10"?
X-rays 1.0 x 101°-1.0 x 105 3.0x%107-3.0x 107 4.1-4.1 x 10
Ultraviolet light 7.0 x 10*-2.4 x 10% 43x1077-1.2x 1078 2.9-99
Visible light 4.0 x 101-7.0 x 10'* 7.5x1077=4.3 x 1077 1.6-2.9
Infra red light 1.0 x 1011-4.0 x 10 3.0 x 1073-7.5 x 1077 4.1 x107*-1.6
Microwave Radar and

Communications 1.0 x 10°-1.0 x 10*2 3.0x107'-3.0x 10~* 41x%x107%4.1x10°
Television broadcast 5.4 x107-8.0 x 108 5.6-0.38 22x1077-3.3x107°
FM radio broadcast 8.8x107-1.1 x 108 34-2.8 3.6x1077-4.5%x 1077
AM radio broadcast 54 x 10°=1.7 x 10° 5.6 x 102-1.8 x 10? 2.2x107°-6.6 x 107°
Electric power 10-1 x 103 3.0 x 107-3.0 x 10° 4.1x 107141 x 10712

Source: Federal Communications Commission: Title 47, Code of Federal Regulations 2.106


Administrator
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Example 4-15
Calculate the energy of a y ray with a wavelength of 0.001 nm.
he
E=—
A
E (keV) = (6.62 x 107* J-sec)(3 x 108 m/sec)
(Anm)(10~° m/nm)(1.6 x 10716 J/keV)
124
~ Anm
1.24
FE=——
0.001 nm
= 1240 keV

Example 4-16

Calculate the energy of a radio wave with a frequency of 100 MHz (FM broadcast
band), where 100 MHz equals 100 x 10° sec™!
The wavelength may be determined from

c=AV

A=c/v

B (3 x 108 m/sec)(10° nm/m)
N 100 x 106 sec—!

A =3x10°nm

The energy is then

1.24

nm
1.24
3 x 10% nm

=4 x 1070 kev

The wavelength of a typical radio wave is many orders of magnitude greater than
the wavelength of the y ray from the previous example. The energy of the radio wave
is correspondingly smaller than that of the y ray.

The interactions of electromagnetic waves vary greatly from one end of the elec-
tromagnetic spectrum to the other. Some of the medical uses of parts of the electro-
magnetic spectrum are outlined below.

Ultraviolet Light

Ultraviolet light is usually characterized as nonionizing, although it can ionize some
lighter elements such as hydrogen. Ultraviolet light is used to sterilize medical in-
struments, destroy cells, produce cosmetic tannings, and treat certain dermatologic
conditions.

Visible Light

Because it is the part of the electromagnetic spectrum to which the retina is most
sensitive, visible light is used constantly by observers in medical imaging.
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MARGIN FIGURE 4-23
Variation of dielectric constant K, and
conductivity o of high water content biological
materials as a function of the frequency of
nonionizing electromagnetic radiation. (From
Electromagnetic Fields in Biological Media. HEW
Publication No. FDA-78-8068.)
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Infrared

Infrared is the energy released as heat by materials near room temperature. Infrared-
sensitive devices can record the “heat signature” of the surface of the body,® and
they have been explored for thermographic examinations to detect breast cancer and
to identify a variety of neuromuscular conditions. This exploration has not yielded
clinically-reliable data to date.

Radar

Electromagnetic waves in this energy range are seldom detected as a pattern of “pho-
tons.” Rather, they are detected by receiver antennas in which electrons are set into
motion by the passage of an electromagnetic field. These electrons constitute an elec-
trical current that can be processed to obtain information about the source of the
electromagnetic wave.

AM and FM Broadcast and Television

These electromagnetic waves have resonance absorption properties with nuclei. They
may be used as probes for certain nuclei that have magnetic properties in the imaging
technique known as magnetic resonance imaging (see Chapter 23).

INTERACTIONS OF NONIONIZING ELECTROMAGNETIC
RADIATION

For those parts of the electromagnetic spectrum with energy less than x and y rays,
mechanisms of interaction involve a direct interplay between the electromagnetic field
of the wave and molecules of the target material. The energy of the electromagnetic
field, and hence the energy of the wave, is diminished when electrons or other charge
carriers are set into motion in the target. Energy that electrons absorb directly from the
wave is referred to as conduction loss, while energy that produces molecular rotation
is referred to as dielectric loss. These properties of a material are described by its
conductivity o and dielectric constant k.. The degree to which a material is “lossy” to
electromagnetic waves (that is, the material absorbs energy and is therefore heated)
is a complex function of the frequency of the waves.*

Some generalizations about low-energy electromagnetic radiation are possible.
For a given material, for example, the increase in conductivity with frequency tends
to limit penetration of the radiation. Compared with lower-frequency electromagnetic
waves, waves of higher frequency tend to be attenuated more severely in biological
materials. Conductivity and dielectric constants are shown in Margin Figure 4-23 for
typical “high-water content” biologic tissues as a function of frequency.

The rate at which energy is deposited in a material by nonionizing radiation is
described by the specific absorption rate (SAR) of the material, usually stated in units
of watts per kilogram. Calculation of the SAR involves consideration of the geometry
of the target material as well as energy absorption parameters including conductivity,
dielectric constant, and energy loss mechanisms. Specific absorption rates for typical
magnetic resonance imaging pulse sequences are given in Chapter 25.

Scattering of Visible Light

Visible light, a nonionizing radiation, may interact with electrons of the atoms and
molecules of a target as a group. Coherent scattering results in a change of direction
of the incident photons, but essentially no change in energy. The size of the target
molecules determines the characteristics of the interaction.

When light from the sun interacts with water molecules in a cloud, a type of
coherent scattering called Thomson scattering occurs. Thomson scattering is equally
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probable for all wavelengths of visible light, and all parts of the visible spectrum are
scattered in all directions. The scattered light emanating from a cloud consists of many
wavelengths and is perceived as white light.”

When visible light from the sun encounters gas molecules of a size commonly
present in air, another type of scattering called Rayleigh scattering occurs. Rayleigh
scattering is an example of incoherent scattering in which the wavelength (and there-
fore the energy) of the radiation is changed by the interaction. Rayleigh scattering
is much more likely for the shorter-wavelength components of visible light (i.e.,
the blue end of the spectrum).® Therefore, blue components of light are scattered
at large angles from molecules in the sky to observers on the ground, and the sky
appears blue. At sunset, when light rays reach the earth through relatively straight
paths, unscattered rays excluding blue are seen. Sunsets appear red because of the
absence of Rayleigh scattering of the longer-wavelength end of the electromagnetic
spectrum.

PROBLEMS

4.1,

4.2

4-3.

4.4,

4.5,

4-6.

Electrons with kinetic energy of 1.0 MeV have a specific ioniza-
tion in air of about 6000 IP/m. What is the LET of these electrons
in air?

Alpha particles with 2.0 MeV have an LET in air of 0.175 keV/um.
What is the specific ionization of these particles in air?

The tenth-value layer is the thickness of a slab of matter necessary
to attenuate a beam of x or y rays to one-tenth the intensity with
no attenuator present. Assuming good geometry and monoen-
ergetic photons, show that the tenth-value layer equals 2.30/u,
where p is the total linear attenuation coefficient.

The mass attenuation coefficient of copper is 0.0589 cm?/g for
1.0-MeV photons. The number of 1.0-MeV photons in a narrow
beam is reduced to what fraction by a slab of copper 1 cm thick?
The density of copper is 8.9 g/cm’.

Copper has a density of 8.9 g/cm’® and a gram-atomic mass
of 63.56. The total atomic attenuation coefficient of copper is
8.8 x 107** cm?/atom for 500-keV photons. What thickness (in
centimeters) of copper is required to attenuate 500-keV photons
to half of the original number?

Assume that the exponent ux in the equation I = Ipe ™~ isequal
to or less than 0.1. Show that, with an error less than 1%, the

4.7,

4-8.

4.9,

*4-10.

*4-11.

*For problems marked with an asterisk, answers are provided on p. 491.

SUMMARY

number of photons transmitted is I (1 — px) and the number
attenuated is Iou. (Hint: Expand the term e ™** into a series.)

K- and L-shell binding energies for cesium are 28 keV and 5
keV, respectively. What are the kinetic energies of photoelectrons
released from the K and L shells as 40-keV photons interact in
cesium?

The binding energies of electrons in different shells of an element
may be determined by measuring the transmission of a monoen-
ergetic beam of photons through a thin foil of the element as the
energy of the beam is varied. Explain why this method works.

Compute the energy of a photon scattered at 45 degrees during
a Compton interaction, if the energy of the incident photon is
150 keV. What is the kinetic energy of the Compton electron? Is
the energy of the scattered photon increased or decreased if the
photon scattering angle is increased to more than 45 degrees?

A y ray of 2.75 MeV from ?*Na undergoes pair production in
a lead shield. The negative and positive electrons possess equal
kinetic energy. What is this kinetic energy?

Prove that, regardless of the energy of the incident photon, a
photon scattered at an angle greater than 60 degrees during a
Compton interaction cannot undergo pair production.

* Charged particles, such as electrons and alpha particles, are said to be directly
ionizing.

* Uncharged particles, such as photons and neutrons, are said to be indirectly
lonizing.

* LET = (SI) (W).

* Range =

£
LET"

e Electrons may interact with other electrons or with nuclei of atoms.
e Inelastic scattering of electrons with a nucleus, bremsstrahlung, is used to pro-
duce x rays.
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¢ Neutrons interact primarily by “billiard ball” or “knock on” collisions with nuclei.

e Attenuation of monoenergetic x or y rays from a narrow beam is exponential.

e Interactions of x rays include coherent, photoelectric, Compton, and pair pro-
duction.

e Liner attenuation coefficient is the fractional rate of removal of photons from a
beam per unit path length.

e Examples of electromagnetic radiation in order of increasing wavelength (de-
creasing frequency and energy) are x and y rays, ultraviolet, visible, infrared,
and radio waves.
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FIGURE 5-1

Simplified x-ray tube with a rotating anode and a heated filament.

The focal spot is the volume of target within which electrons are absorbed and
x rays are produced. For radiographs of highest clarity, electrons should be absorbed
within a small focal spot. To achieve a small focal spot, the electrons should be emitted
from a small or “fine” filament. Radiographic clarity is often reduced by voluntary or
involuntary motion of the patient. This effect can be decreased by using x-ray expo-
sures of high intensity and short duration. However, these high-intensity exposures
may require an electron emission rate that exceeds the capacity of a small filament.
Consequently many x-ray tubes have two filaments. The smaller, fine filament is used
when radiographs with high detail are desired and short, high-intensity exposures
are not necessary. If high-intensity exposures are needed to limit the blurring effects
of motion, the larger, coarse filament is used. The cathode assembly of a dual-focus
x-ray tube is illustrated in Margin Figure 5-4.

TUBE VOLTAGE AND VOLTAGE WAVEFORMS

The intensity and energy distribution of x rays emerging from an x-ray tube are
influenced by the potential difference (voltage) between the filament and target of the
tube. The source of electrical power for radiographic equipment is usually alternating
current (ac). This type of electricity is by far the most common form available for
general use, because it can be transmitted with little energy loss through power lines
that span large distances. Figure 5-2 shows a graph of voltage and current in an ac
power line. X-ray tubes are designed to operate at a single polarity, with a positive

Current
/ Voltage
g, g
g? 3
FIGURE 5-2

Voltage and current in an ac power line. Both voltage and current change from positive to
negative over time. The relationship between voltage and current (i.e., the relative strength
and the times at which they reach their peaks) depends upon a complex quantity called
reactance. The positive and negative on the voltage scale refer to polarity, while the positive
and negative on the current scale refer to the direction of flow of electrons that constitute an
electric current.
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Vaporized tungsten from both the
filament and anode deposits on the
glass envelope of the x-ray tube, giving
older tubes a mirrored appearance.

An x-ray tube with two filaments is
called a dual-focus tube.

MARGIN FIGURE 5-3
A dual-focus x-ray tube with a rotating anode.

MARGIN FIGURE 5-4

Cathode assembly of a dual-focus x-ray tube. The
small filament provides a smaller focal spot and a
radiograph with greater detail, provided that the
patient does not move. The larger filament is used
for high-intensity exposures of short duration.
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A positive electrode is termed an anode
because negative ions (anions) are
attracted to it. A negative electrode is
referred to as a cathode because positive
ions (cations) are attracted to it.

The term alternating means that the
voltage reverses polarity at some
frequency (in the United States, 120
reversals per second (60 Hz) alternating
current is standard).
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MARGIN FIGURE 5-5

A circuit for half-wave rectification (top), with
resulting tube voltage, tube current, and efficiency
for production of x rays. Rectifiers indicate the
direction of conventional current flow, which is

opposite to the actual flow of electrons.

Constant Potential

Varying Potential

Time —>

Voltage
o

FIGURE 5-3

Voltage in a dc power line. The term direct current means that the voltage (and current not
shown here) never reverse (change from positive to negative), although they may vary in
intensity. X-ray tubes are most efficient when operated at constant potential.

target (anode) and a negative filament (cathode). X-ray production is most efficient
(more x rays are produced per unit time) if the potential of the target is always positive
and if the voltage between the filament and target is kept at its maximum value. In
most x-ray equipment, ac is converted to direct current (dc), and the voltage between
filament and target is kept at or near its maximum value (Figure 5-3). The conversion
of ac to dc is called rectification.

One of the simplest ways to operate an x-ray tube is to use ac power and rely upon
the x-ray tube to permit electrons to flow only from the cathode to the anode. The
configuration of the filament (a thin wire) is ideal for producing the heat necessary
to release electrons when current flows through it. Under normal circumstances the
target (a flat disk) is not an efficient source of electrons. When the polarity is reversed
(i.e., the filament is positive and the target is negative), current cannot flow in the
x-ray tube, because there is no source of electrons. In this condition, the x-ray tube
“self-rectifies” the ac power, and the process is referred to as self-rectification. At high
tube currents, however, the heat generated in the target can be great enough to release
electrons from the target surface. In this case, electrons flow across the x-ray tube when
the target is negative and the filament is positive. This reverse flow of electrons can
destroy the x-ray tube.

A rectified voltage waveform can also be attained by use of circuit components
called diodes. Diodes are devices that, like x-ray tubes, allow current to flow in only
one direction. A simple circuit containing diodes that produces the same waveform as
self-rectification is shown in the margin. Rectification in which polarity reversal across
the x-ray tube is eliminated is called half-wave rectification.

A half-wave rectifier converts ac to a dc waveform with 1 pulse per cycle. X-ray
production could be made more efficient if the negative half-cycle of the voltage
waveform could be used. A more complex circuit called a full-wave rectifier uti-
lizes both half-cycles. In both the positive and negative phases of the voltage wave-
form, the voltage is impressed across the x-ray tube with the filament (or cath-
ode) at a negative potential and the target (or anode) at a positive potential. This
method of rectifying the ac waveform is referred to as full-wave rectification. In full-
wave rectification the negative pulses in the voltage waveform are in effect “flipped
over” so that they can be used by the x-ray tube to produce x rays. Thus a full-
wave rectifier converts an ac waveform into a dc waveform having 2 pulses per
cycle.

The efficiency of x-ray production could be increased further if the voltage wave-
form were at high potential most of the time, rather than decreasing to zero at least
twice per cycle as it does in full-wave rectification. This goal can be achieved by use
of three-phase (3¢) power. Three-phase power is provided through three separate
voltage lines connected to the x-ray tube.



The term phase refers to the fact that all three voltage lines carry the same voltage
waveform, but the voltage peaks at different times in each line. Each phase (line) is
rectified separately so that three distinct (but overlapping) full-wave-rectified wave-
forms are presented to the x-ray tube. The effect of this composite waveform is to
supply voltage to the x-ray tube that is always at or near maximum. In a three-phase
full-wave-rectified x-ray circuit the voltage across the x-ray tube never drops to zero.
With three separate phases of ac, six rectified pulses are provided during each voltage
cycle.

A refinement of 3¢ circuitry provides a slight phase shift for the waveform pre-
sented to the anode compared with that presented to the cathode. This refinement
yields 12 pulses per cycle and provides a slight increase in the fraction of time that
the x-ray tube operates near peak potential.

Modern solid-state voltage-switching devices are capable of producing “high-
frequency” waveforms yielding thousands of x-ray pulses per second. These voltage
waveforms are essentially constant potential and provide further improvements in the
efficiency of x-ray production.

RELATIONSHIP BETWEEN FILAMENT CURRENT
AND TUBE CURRENT

Two electrical currents flow in an x-ray tube. The filament current is the flow of
electrons through the filament to raise its temperature and release electrons. The
second electrical current is the flow of released electrons from the filament to the
anode across the x-ray tube. This current, referred to as the tube current, varies from
a few to several hundred milliamperes.

The two currents are separate but interrelated. One of the factors that relates
them is the concept of “space charge.” At low tube voltages, electrons are released
from the filament more rapidly than they are accelerated toward the target. A cloud
of electrons, termed the space charge, accumulates around the filament. This cloud
opposes the release of additional electrons from the filament.

The curves in Figure 5-4 illustrate the influence of tube voltage and filament
current upon tube current. At low filament currents, a saturation voltage is reached
above which the current through the x-ray tube does not vary with increasing voltage.
At the saturation voltage, tube current is limited by the rate at which electrons are
released from the filament. Above the saturation voltage, tube current can be increased
only by raising the filament’s temperature in order to increase the rate of electron
emission. In this situation, the tube current is said to be temperature or filament-
emission limited. To obtain high tube currents and x-ray energies useful for diagnosis,
high filament currents and voltages between 40 and 140 kV must be used. With high
filament currents and lower tube voltages, the space charge limits the tube current,
and hence the x-ray tube is said to be space-charge limited.

EMISSION SPECTRA

The useful beam of an x-ray tube is composed of photons with an energy distribution
that depends on four factors:

* Bremsstrahlung x rays are produced with a range of energies even if electrons of
a single energy bombard the target.

¢ X rays released as characteristic radiation have energies independent of that of
the bombarding electrons so long as the energy of the bombarding electrons
exceeds the threshold energy for characteristic x ray emission.

¢ The energy of the bombarding electrons varies with tube voltage, which fluctu-
ates rapidly in some x-ray tubes.

EMISSION SPECTRA | 73

POLARITY OF
POINT A
|
o
<
m

TIME

TUBE
VOLTAGE

)
-
=,
-

CURRENT

TIME
----- X-RAY PRODUCTION
MARGIN FIGURE 5-6
A circuit for full-wave rectification (top), with
resulting tube voltage, tube current, and efficiency
for production of x rays. Electrons follow the path
ABFEDCGH when end A of the secondary of the
high-voltage transformer is negative. When the
voltage across the secondary reverses polarity, the
electron path is HGFEDCBA.
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Single-phase (top) and three-phase (bottom)
voltages across an x-ray tube. Both voltages are
full-wave rectified. The three-phase voltage is

furnished by a six-pulse circuit.
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Poster for a public demonstration of x rays, 1896,

Crystal Place Exhibition, London.

X-ray generators that yield several
thousand voltage (and hence x ray)
pulses per second are known as constant
potential generators.

X-ray tubes can operate in one of two
modes:

* filament-emission limited
* space-charge limited

As a rough approximation, the rate of
production of x rays is proportional to
Ziage ¥ (KVD)’ x mA.

Inherent filtration is also referred to as
intrinsic filtration.

Mammography x-ray tubes often
employ exit windows made of
beryllium to allow low-energy x rays to
escape from the tube.

O/
240 - 46 A
o
200 |- o/
44 A

160 o/
< o/
£ /
- O’
= /
L
hd O
L 100k
O
L
S
2 42 A

80
40|
| | | |
0 40 80 120 160
TUBE VOLTAGE (kVp)
FIGURE 5-4

Influence of tube voltage and filament current upon electron flow in a Machlett Dynamax
x-ray tube with a rotating anode, 1-mm apparent focal spot, and full-wave-rectified voltage.

e X rays are produced at a range of depths in the target of the x-ray tube. These x
rays travel through different thicknesses of target and may lose energy through
one or more interactions.

Changes in other variables such as filtration, target material, peak tube voltage,
current, and exposure time all may affect the range and intensity of x-ray energies
in the useful beam. The distribution of photon energies produced by a typical x-ray
tube, referred to as an emission spectrum, is shown in Figure 5-5.

FILTRATION

An x-ray beam traverses several attenuating materials before it reaches the patient,
including the glass envelope of the x-ray tube, the oil surrounding the tube, and the
exit window in the tube housing. These attenuators are referred to collectively as the
inherent filtration of the x-ray tube (Table 5-1). The aluminum equivalent for each
component of inherent filtration is the thickness of aluminum that would reduce the
exposure rate by an amount equal to that provided by the component. The inherent
filtration is approximately 0.9 mm Al equivalent for the tube described in Table 5-1,
with most of the inherent filtration contributed by the glass envelope. The inherent
filtration of most x-rays tubes is about 1 mm Al.
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FIGURE 5-5
Emission spectrum for a tungsten target x-ray tube operated at 100 kVp. K-characteristic
x-ray emission occurs for tungsten whenever the tube voltage exceeds 69 keV, the K-shell
binding energy for tungsten. The dotted line represents the theoretical bremsstrahlung
emission from a tungsten target. The solid line represents the spectrum after self-, inherent,
and added filtration. The area under the spectrum represents the total number of x rays.

In any medium, the probability that incident x rays interact photoelectrically
varies roughly as 1/E >, where E is the energy of the incident photons (see Chapter 4).
That is, low-energy x rays are attenuated to a greater extent than those of high en-
ergy. After passing through a material, an x-ray beam has a higher average energy
per photon (that is, it is “harder”) even though the total number of photons in the
beam has been reduced, because more low-energy photons than high-energy photons
have been removed from the beam.

The inherent filtration of an x-ray tube “hardens” the x-ray beam. Additional
hardening may be achieved by purposefully adding filters of various composition to
the beam. The total filtration in the x-ray beam is the sum of the inherent and added
filtration as shown in Table 5-1. Usually, additional hardening is desirable because the
filter removes low-energy x rays that, if left in the beam, would increase the radiation
dose to the patient without contributing substantially to image formation.

Emission spectra for a tungsten-target x-ray tube are shown in Figure 5-6 for
various thicknesses of added aluminum filtration. The effect of the added aluminum
is to decrease the total number of photons but increase the average energy of photons
in the beam. These changes are reflected in a decrease in the overall height of the
emission spectrum and a shift of the peak of the spectrum toward higher energy.

Tube Voltage

As the energy of the electrons bombarding the target increases, the high-energy limit
of the x-ray spectrum increases correspondingly. The height of the spectrum also

TABLE 5-1 Contributions to Inherent Filtration in Typical Diagnostic

X-Ray Tube
Thickness Aluminum-Equivalent
Component (mm) Thickness (mm)
Glass envelope 1.4 0.78
Insulating oil 2.36 0.07
Bakelite window 1.02 0.05

4Data from Trout, E. Radiol. Technol. 1963; 35:161.
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An x-ray beam of higher average energy
is said to be “harder” because it is able
to penetrate more dense (i.e., harder)
substances such as bone. An x-ray beam
of lower average energy is said to be
“softer” because it can penetrate only
less dense (i.e., softer) substances such
as fat and muscle.

Equalization filters are sometimes used
in chest and spine imaging to
compensate for the large differences in
x-ray transmission between the
mediastinum and lungs.
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FIGURE 5-6
X-ray emission spectra for a 100-kVp tungsten target x-ray tube with total filtration values of
1.0, 2.0, and 3.0 mm aluminum. kVp and mAs are the same for the three spectra. (Computer
simulation courtesy of Todd Steinberg, Colorado Springs.)

increases with increasing tube voltage because the efficiency of bremsstrahlung pro-
duction increases with electron energy (see margin).

Tube Current and Time

The product of tube current in milliamperes and exposure time in seconds (mA - sec)
describes the total number of electrons bombarding the target.

Example 5-1

Calculate the total number of electrons bombarding the target of an x-ray tube oper-
ated at 200 mA for 0.1 sec.

The ampere, the unit of electrical current, equals 1 coulomb/sec. The product of
current and time equals the total charge in coulombs. X-ray tube current is measured
in milliamperes, where 1 mA = 107> amp. The charge of the electronis 1.6 x 107'°
coulombs, so

10~3coulomb/
ImA.-s= ( coulomb/sec)(sec) = 6.25 x 10"electrons
1.6 x 10~ 19coulomb/electron

For 200 mA and 0.1 sec,

No. of electrons = (200 mA)(0.1 sec)(6.25 x 10 electrons/mA - sec)
= 1.25 x 10" electrons

Other factors being equal, more x rays are produced if more electrons bombard the
target of an x-ray tube. Hence the number of x rays produced is directly proportional to
the product (mA - sec) of tube current in milliamperes and exposure time in seconds.
Spectra from the same x-ray tube operated at different values of mA - sec are shown in
Figure 5-7. The overall shape of the spectrum (specifically the upper and lower limits
of energy and the position of characteristic peaks) remains unchanged. However, the
height of the spectrum and the area under it increase with increasing mA - sec. These
increases reflect the greater number of x rays produced at higher values of mA - sec.

Target Material

The choice of target material in an x-ray tube affects the efficiency of x-ray produc-
tion and the energy at which characteristic x rays appear. If technique factors (tube
voltage, milliamperage, and time) are fixed, a target material with a higher atomic
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X-ray emission spectra for a 100-kVp tungsten target x-ray tube operated at 50, 100, and
150 mA. kVp and exposure time are the same for the three spectra.

number (Z ) will produce more x rays per unit time by the process of bremsstrah-
lung.

The efficiency of x-ray production is the ratio of energy emerging as x radiation
from the x-ray target divided by the energy deposited by electrons impinging on the
target. The rate at which electrons deposit energy in a target is termed the power
deposition P4 (in watts) and is given by

Py =VI

where V is the tube voltage in volts and I is the tube current in amperes. The rate at
which energy is released as x radiation,> termed the radiated power P,, is

P, =09 x 107°ZV?I (5-1)

where P, is the radiated power in watts (W) and Z is the atomic number of the target.
Hence, the efficiency of x-ray production is
P, 0.9x107°ZV?]

Effici == " 5-2
ciency 2 VI (5-2)

=09x10°zv

Equation (5-2) shows that the efficiency of x-ray production increases with the atomic
number of the target and the voltage across the x-ray tube.

Example 5-2

In 1 sec, 6.25 x 107 electrons (100 mA) are accelerated through a constant potential
difference of 100 kV. At what rate is energy deposited in the target?

P = (10°V)(0.1A)
= 10"W

X-ray production is a very inefficient process, even in targets with high atomic
number. For x-ray tubes operated at conventional voltages, less than 1% of the energy
deposited in the target appears as x radiation. Almost all of the energy delivered by
impinging electrons is degraded to heat within the target.

The characteristic radiation produced by a target is governed by the binding
energies of the K, L, and M shells of the target atoms. Theoretically, any shell could
contribute to characteristic radiation. In practice, however, transitions of electrons
among shells beyond the M shell produce only low-energy x rays, ultraviolet light,
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In the equation P; = VI, the voltage
may also be expressed in kilovolts if the
current is described in milliamperes.

Efficiency of converting electron energy
into x rays as a function of tube
voltage.*

kv Heat (%) X Rays (%)

60 995 0.5
200 99 1.0
4000 60 40
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A characteristic x ray released during
transition of an electron between
adjacent shells is known as an « x ray.
For example, a K, x ray is one produced
during transition of an electron from
the L to the K shell. A B x ray is an x ray
produced by an electron transition
among nonadjacent shells. For
example, a Kg x ray reflects a transition
of an electron from the M to the K shell.

In the past, x-ray wavelengths were
described in units of angstroms A,
where A=10"1° m. The minimum
wavelength in angstroms would be
Amin (A) = 12.4/kVp. The angstrom is
no longer used as a measure of
wavelength.

Compared with visible light, x rays
have much shorter wavelengths.
Wavelengths of visible light range from
400 nm (blue) to 700 nm (red).

TABLE 5-2 Electron Shell Binding Energies (keV)

Shell Molybdenum (Z =42) Tungsten (Z =74)

K 20 69
L 2.9,2.6,2.5¢ 12,11, 10
M 0.50, 0.41, 0.39, 0.23, 0.22 2.8,26,23,19,18

“Multiple binding energies exist within the L and M shells because of the range
of discrete values of the quantum number [, discussed in Chapter 2.

and visible light. Low-energy x rays are removed by inherent filtration and do not
become part of the useful beam. The characteristic peak for a particular shell occurs
only when the tube voltage exceeds the binding energy of that shell. Binding energies
in tungsten and molybdenum are shown in Table 5-2.

The characteristic radiation produced by an x-ray target is usually dominated by
one or two peaks with specific energies slightly less than the binding energy of the
K-shell electrons. The most likely transition involves an L-shell electron dropping to
the K shell to fill a vacancy in that shell. This transition yields a photon of energy equal
to the difference in electron binding energies of the K and L shells. A characteristic
photon with an energy equal to the binding energy of the K shell alone is produced
only when a free electron from outside the atom fills the vacancy. The probability of
such an occurrence is vanishingly small.

During interaction of an electron with a target nucleus, a bremsstrahlung photon
may emerge with energy equal to the total kinetic energy of the bombarding electron.
Such a bremsstrahlung photon would have the maximum energy of all photons
produced at a given tube voltage. The maximum energy of the photons depicted in
Figure 5-5 therefore reflects the peak voltage applied across the x-ray tube, described
in units of kilovolts peak (kVp). Photons of maximum energy E,y in an x-ray beam
possess the maximum frequency and the minimum wavelength.

he
Emax = hvmax = Ao
The minimum wavelength in nanometers for an x-ray beam may be computed as
hc hc
)‘-min = = = T
Emax  kVp

where E x is expressed in keV.

(6.62 x 107* J-sec)(3 x 10°% m/sec)(10° nm/m)
V(1.6 x 10-16 J/keV)

min —

1.24

Vo (5-3)

min —

with Amin expressed in units of nanometers (nm).

Example 5-3

Calculate the maximum energy and minimum wavelength for an x-ray beam generated
at 100 kvp.

The maximum energy (keV) numerically equals the maximum tube voltage (kVp).
Because the maximum tube voltage is 100 kVp, the maximum energy of the photons
is 100 keV:

1.24
100 kvp
=0.0124 nm

min —



TUBE VACUUM

To prevent collisions between air molecules as electrons accelerate between the fila-
ment and target, x-ray tubes are evacuated to pressures less than 107> Hg. Removal
of air also reduces deterioration of the hot filament by oxidation. During the man-
ufacture of x-ray tubes, evacuation is accomplished by “outgassing” procedures that
employ repeated heating cycles to remove gas occluded in components of the x-ray
tube. Tubes still occasionally become “gassy,” either after prolonged use or because
the vacuum seal is not perfect. Filaments are destroyed rapidly in gassy tubes.

ENVELOPE AND HOUSING

A vacuum-tight glass envelope (the “x-ray tube”) surrounds other components re-
quired for the efficient production of x rays. The tube is mounted inside a metal
housing that is grounded electrically. Oil surrounds the x-ray tube to (a) insulate the
housing from the high voltage applied to the tube and (b) absorb heat radiated from
the anode. Shockproof cables that deliver high voltage to the x-ray tube enter the
housing through insulated openings. A bellows in the housing permits heated oil
to expand when the tube is used. Often the bellows is connected to a switch that
interrupts the operation of the x-ray tube if the oil reaches a temperature exceeding
the heat storage capacity of the tube housing. A lead sheath inside the metal housing
attenuates radiation emerging from the x-ray tube in undesired directions. A cross
section of an x-ray tube and its housing is shown in Figure 5-8.

Secondary electrons can be ejected from a target bombarded by high-speed elec-
trons. As these electrons strike the glass envelope or metallic components of the x-ray
tube, they interact to produce x rays. These x rays are referred to as off-focus x rays
because they are produced away from the target.

The quality of an x-ray image is reduced by off-focus x rays. For example, off-focus
radiation contributes as much as 25% of the total amount of radiation emerging from
some x-ray tubes with rotating anodes.’ The effects of off-focus radiation on images
may be reduced by placing the beam collimators as close as possible to the x-ray target.

For x-ray images of highest quality, the volume of the target from which x rays
emerge should be as small as possible. To reduce the “apparent size” of the focal spot,

FIGURE 5-8
Cutaway of a rotating-anode x-ray tube positioned in its housing. (Courtesy of Machlett
Laboratories, Inc.)
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Many x-ray tubes include a “getter
circuit” (active ion trap) to remove gas
molecules that otherwise might
accumulate in the x-ray tube over time.

Off-focus radiation can also be reduced
by using small auxiliary collimators
placed near the output window of the
x-ray tube.
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Electrons accelerated from the filament
to the target are absorbed in the first
0.5-mm thickness of target. In this
distance, a typical electron will
experience 1000 or more interactions
with target atoms.

-—
ELECTRONS
—

S

MARGIN FIGURE 5-10
Mlustration of the line-focus principle, which
reduces the apparent size of the focal spot.

apparent e, J—
focal spot

pinhole

MARGIN FIGURE 5-11
Pinhole method for determining the size ab of the
apparent focal spot.

the target of an x-ray tube is mounted at a steep angle with respect to the direction
of impinging electrons (see Margin Figure 5-10). With the target at this angle, x rays
appear to originate within a focal spot much smaller than the volume of the target
absorbing energy from the impinging electrons. This apparent reduction in size of the
focal spot is termed the line-focus principle. Most diagnostic x-ray tubes use a target
angle between 6 and 17 degrees. In the illustration, side a of the projected or apparent
focal spot may be calculated by

a = Asin6 (5-4)

where A is the corresponding dimension of the true focal spot and 6 is the target
angle.

Example 5-4

By using the illustration in the margin and Eq. (5-4), calculate a if A = 7 mm and
0 = 17 degrees.

a =siné
= (7 mm)(sin 17 degrees)
= (7 mm)(0.29)

=2 mm

Side b of the apparent focal spot equals side B of the true focal spot because side B is
perpendicular to the electron beam. However, side B is shorter than side A of the true
focal spot because the width of a filament is always less than its length. When viewed
in the center of the field of view, the apparent focal spot usually is approximately
square.

As mentioned earlier, dual-focus diagnostic x-ray tubes furnish two apparent
focal spots, one for fine-focus radiography (e.g., 0.6 mm? or less) produced with a
smaller filament, and another for course-focus radiography (e.g., 1.5 mm?) produced
with a larger filament. The apparent focal spot to be used is determined by the tube
current desired. The small filament is used when a low tube current (e.g., 100 mA) is
satisfactory. The coarse filament is used when a larger tube current (e.g., 200 mA or
greater) is required to reduce exposure time. Apparent focal spots of very small dimen-
sions (e.g., <0.1 mm) are available with certain x-ray tubes used for magnification
radiography.

The apparent size of the focal spot of an x-ray tube may be measured with a
pinhole x-ray camera.”’*°A hole with a diameter of a few hundredths of a millimeter
is drilled in a plate that is opaque to x rays. The plate is positioned between the x-ray
tube and film. The size of the image of the hole is measured on the exposed film. From
the dimensions of the image and the position of the pinhole, the size of the apparent
focal spot may be computed. For example, the dimension (a) of the apparent focal
spot shown in the margin may be computed from the corresponding dimension (a’)

in the image by
d
a= d(d—i) (5-5)

where d; is the distance from the target to the pinhole and d, is the distance from the
pinhole in the film.

Focal spot size also can be measured with a resolution test object such as the star
pattern shown in Figure 5-9. The x-ray image of the pattern on the right reveals a
blur zone where the spokes of the test pattern are indistinct. From the diameter of the
blur zone, the effective size of the focal spot can be computed in any dimension. This
effective focal spot size may differ from pinhole camera measurements of the focal
spot along the same dimension because the diameter of the blur zone is influenced
not only by the actual focal spot dimensions, but also by the distribution of x-ray



FIGURE 5-9
Contact radiograph (left) and x-ray image (right) of a star test pattern. The effective size of
the focal spot may be computed from the diameter of the blur zone in the x-ray image.

intensity across the focal spot. In most diagnostic x-ray tubes, this distribution is not
uniform. Instead, the intensity tends to be concentrated at the edges of the focal spot
in a direction perpendicular to the electron beam.

For most x ray tubes, the size of the focal spot is not constant. Instead, it varies
with both the tube current and the voltage applied to the x-ray tube.”:® This influence
is shown in the margin for the dimension of the focal spot parallel to the motion of
impinging electrons. On the top, the growth or “blooming” of the focal spot with tube
current is illustrated. The gradual reduction of the same focal spot dimension with
increasing levels of peak voltage is shown on the bottom.

Low-energy x rays generated in a tungsten target are attenuated severely during
their escape from the target. For targets mounted at a small angle, the attenuation
is greater for x rays emerging along the anode side of the x-ray beam than for those
emerging along the side of the beam nearest the cathode. Consequently, the x-ray
intensity decreases from the cathode to the anode side of the beam. This variation in
intensity across an x-ray beam is termed the heel effect. The heel effect is noticeable
for x-ray beams used in diagnostic radiology, particularly for x-ray beams generated
at low kVp, because the x-ray energy is relatively low and the target angles are steep.
To compensate for the heel effect, a filter may be installed in the tube housing near
the exit portal of the x-ray beam. The thickness of such a filter increases from the
anode to the cathode side of the x-ray beam. Positioning thicker portions of a patient
near the cathode side of the x-ray beam also helps to compensate for the heel effect.

The heel effect increases with the steepness of the target angle. This increase limits
the maximum useful field size obtainable with a particular target angle. For example,
a target angle no steeper than 12 degrees is recommended for x-ray examinations
using 14- x17-in. film at a 40-in. distance from the x-ray tube, whereas targets as
steep as 7 degrees may be used if field sizes no larger than 10 x 10 in. are required at
the same distance.

SPECIAL-PURPOSE X-RAY TUBES

Many x-ray tubes have been designed for special applications. A few of these special-
purpose tubes are discussed in this chapter.
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The heel effect is produced by increased
attenuation of x rays in the sloping target near the
anode side of the x-ray beam.
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Grid-controlled x-ray tubes are also
referred to as grid-pulsed or grid-biased
x-ray tubes.

Grid-controlled x-ray tubes cost
significantly more than non biased
tubes.

-——~-TUNGSTEN
MOLYBDENUM

RELATIVE INTENSITY

ENERGY (keV)

FIGURE 5-10
X-ray spectrum from molybdenum (solid line) and tungsten (dashed line) target x-ray tubes.

Grid-Controlled X-Ray Tubes

In a grid-controlled x-ray tube, the focusing cup in the cathode assembly is main-
tained a few hundred volts negative with respect to the filament. In this condition,
the negative potential of the focusing cap prevents the flow of electrons from filament
to target. Only when the negative potential is removed can electrons flow across the
x-ray tube. That is, applying and then momentarily removing the potential difference
between the focusing cup and the filament provides an off-on switch for the produc-
tion of x rays. Grid-controlled x-ray tubes are used for very short (“pulsed”) exposures
such as those required during digital radiography and angiography.

Field-Emission X-Ray Tubes

In the field-emission x-ray tube, the cathode is a metal needle with a tip about 1 um
in diameter. Electrons are extracted from the cathode by an intense electrical field
rather than by thermionic emission. At diagnostic tube voltages, the rate of electron
extraction is too low to provide tube currents adequate for most examinations, and
efforts to market field-emission x-ray tubes in clinical radiology have been limited
primarily to two applications: (1) pediatric radiography where lower tube currents can
be tolerated and (2) high-voltage chest radiography where higher tube voltages can be
used (as much as 300 kVp) to enhance the extraction of electrons from the cathode.
Neither application has received much acceptance in clinical radiology.

Molybdenum-Target X-Ray Tubes

For low-voltage studies of soft-tissue structures (e.g., mammography), x-ray tubes
with molybdenum and rhodium targets are preferred over tubes with tungsten targets.
In the voltage range of 25 to 45 kVp, K-characteristic x rays can be produced in
molybdenum but not in tungsten. These characteristic molybdenum photons yield a
concentration of x rays on the low-energy side of the x-ray spectrum (Figure 5-10),
which enhances the visualization of soft-tissue structures. Properties of molybdenum-
target x-ray tubes are discussed in greater detail in Chapter 7.

RATINGS FOR X-RAY TUBES

The high rate of energy deposition in the small volume of an x-ray target heats the target
to a very high temperature. Hence a target should have high thermal conductivity to
transfer heat rapidly to its surroundings. Because of the high energy deposition in the
target, rotating anodes are used in almost all diagnostic x-ray tubes. A rotating anode
increases the volume of target material that absorbs energy from impinging electrons,
thereby reducing the temperature attained by any portion of the anode. The anode is



attached to the rotor of a small induction motor by a stem that usually is molybde-
num. Anodes are 3 to 5 inches in diameter and rotate at speeds up to 10,000 rpm.
The induction motor is energized for about 1 second before high voltage is applied
to the x-ray tube. This delay ensures that electrons do not strike the target before
the anode reaches its maximum speed of rotation. Energy deposited in the rotating
anode is radiated to the oil bath surrounding the glass envelope of the x-ray tube.

Maximum Tube Voltage, Filament Current, and Filament Voltage

The maximum voltage to be applied between filament and target is specified for every
x-ray tube. This “voltage rating” depends on the characteristics of the applied voltage
(e.g., single phase, three phase, or constant potential) and on the properties of the
x-ray tube (e.g., distance between filament and target, shape of the cathode assembly
and target, and shape of the glass envelope). Occasional transient surges in voltage
may be tolerated by an x-ray tube, provided that they exceed the voltage rating by no
more than a few percent.

Limits are placed on the current and voltage delivered to coarse and fine filaments
of an x-ray tube. The current rating for the filament is significantly lower for contin-
uous compared with pulsed operation of the x-ray tube, because the temperature of
the filament rises steadily as current flows through it.

Maximum Energy

Maximum-energy ratings are provided for the target, anode, and housing of an x-ray
tube. %! These ratings are expressed in heat units, where for single-phase electrical
power

Number of heat units (HU) = (Tube voltage) (Tube current) (Time)

= (kVp) (mA) (sec) (5-6)

If the tube voltage and current are constant, then 1 HU = 1] of energy. For three-phase
power, the number of heat units is computed as

Number of heat units (HU) = (Tube voltage) (Tube current) (Time) (1.35)
= (kVp) (mA) (sec) (1.35) (5-7)

For x-ray tubes supplied with single-phase (1¢), full-wave rectified voltage, the
peak current through the x-ray tube is about 1.4 times the average current. The average
current nearly equals the peak current in x-ray generators supplied with three-phase
(3¢) voltage. For this reason, the number of heat units for an exposure from a 3¢
generator is computed with the factor 1.35 in Eq. (5-7). For long exposures or a series
of exposures with an x-ray tube supplied with 3¢ voltage, more energy is delivered to
the target, and the number of exposures in a given interval of time must be reduced.
Separate rating charts are usually provided for 1¢ and 3¢ operation of an x-ray tube.

Energy ratings for the anode and the tube housing are expressed in terms of heat
storage capacities. The heat storage capacity of a tube component is the total number
of heat units that may be absorbed without damage to the component. Anode heat
storage capacities for diagnostic x-ray tubes range from several hundred thousand to
over a million heat units.

The heat storage capacity of the x-ray tube housing is also important because heat
is transferred from the anode to the tube housing. The housing heat storage capacity
exceeds the anode capacity and is usually on the order of 1.5 million HU.

To determine whether the target of an x-ray tube might be damaged by a particular
combination of tube voltage, tube current, and exposure time, energy rating charts
furnished with the x-ray tube should be consulted. To use the sample chart shown
in Figure 5-11, a horizontal line is drawn from the desired tube current on the
y axis to the curve for the desired tube voltage. From the intersection of the line and
the curve, a vertical line dropped to the x axis reveals the maximum exposure time
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Larger diameters and higher rotational
speeds are required for applications
such as angiography and helical-scan
computed tomography that deliver
greater amounts of energy to the x-ray
target.

The rotating anode, together within the
stator and rotor of the induction motor,
are known collectively as the anode
assembly.

X-ray tubes are also rated in terms of
their maximum power loading in
kilowatts. Representative maximum
power loadings are shown below”:

Focal Spot (mm)  Power Rating (kW)

1.2-1.5 80-125
0.8-1.0 50-80
0.5-0.8 40-60
0.3-0.5 10-30
<0.3 1-10
<0.1 <1



84 | PRODUCTION OF X RAYS

200

175 -
150 -

< -

£ 125
100 -

75 -

50

|
1

[ |
i1 1
10 54 2

w
o
SN

SECONDS
FIGURE 5-11

Energy rating chart for a Machlett Dynamax “25” x-ray tube with a 1-mm focal spot and
single-phase, fully rectified voltage.(Courtesy of Machlett Laboratories, Inc.)

that can be used for a single exposure without possible damage to the x-ray target.
The area under each voltage curve encompasses combinations of tube current and
exposure time that do not exceed the target-loading capacity when the x-ray tube
is operated at that voltage. The area above each curve reflects combinations of tube
current and exposure time that overload the x-ray tube and might damage the target.
Often switches are incorporated into an x-ray circuit to prevent the operator from
exceeding the energy rating for the x-ray tube. Shown in Figure 5-12 are a few targets
damaged by excess load or improper rotation of the target.

An anode thermal-characteristics chart describes the rate at which energy may be
delivered to an anode without exceeding its capacity for storing heat (Figure 5-13).
Also shown in the chart is the rate at which heat is radiated from the anode to the
insulating oil and housing. For example, the delivery of 425 HU per second to the
anode of the tube exceeds the anode heat storage capacity after 5.5 minutes. The
delivery of 340 HU per second could be continued indefinitely. The cooling curve in
Figure 5-13 shows the rate at which the anode cools after storing a certain amount
of heat.

The housing-cooling chart in Figure 5-14 depicts the rate at which the tube
housing cools after storing a certain amount of heat. The rate of cooling with and
without forced circulation of air is shown. Charts similar to those in Figures 5-13 and
5-14 are used to ensure that multiple exposures in rapid succession do not damage
an x-ray tube or its housing.

When several exposures are made in rapid succession, a target-heating problem
is created that is not directly addressed in any of the charts described above. This
target-heating problem is caused by heat deposition that exceeds the rate of heat
dissipation in the focal track of the rotating anode. To prevent this buildup of heat
from damaging the target, an additional tube-rating chart should be consulted. This
chart, termed an angiographic rating chart because the problem of rapid successive
exposures occurs frequently in angiography, is illustrated in Figure 5-15. Use of this
chart is depicted in Example 5-9.

Example 5-5

From the energy-rating chart in Figure 5-11, is a radiographic technique of 150 mA,
1 second at 100 kVp permissible?

The maximum exposure time is slightly longer than 0.25 seconds for 150 mA at
100 kVp. Therefore, the proposed technique is unacceptable.



(@) (b)

(c)

FIGURE 5-12

Rotating targets damaged by excessive loading or improper rotation of the target. A: Target
cracked by lack of rotation. B: Target damaged by slow rotation and excessive loading. C:
Target damaged by slow rotation.

Is 100 mA at 100 kVp for 1.5 seconds permissible?
The maximum exposure time is 3 seconds for 100 mA at 100 kVp. Therefore the
proposed technique is acceptable.

Example 5-6

Five minutes of fluoroscopy at 4 mA and 100 kVp are to be combined with eight
0.5-second spot films at 100 kVp and 100 mA. Is the technique permissible according
to Figures 5-11 and 5-13?

The technique is acceptable according to the energy-rating chart in Figure 5-11.
By rearranging Eq. (5-6) we calculate that the rate of delivery of energy to the anode
during fluoroscopy is (100 kVp) (4 mA) = 400 HU per second. From Figure 5-13,
after 5 minutes approximately 60,000 HU have been accumulated by the anode. The
eight spot films contribute an additional 40,000 HU [(100 kVp) (100 mA) (0.5 sec)
8 = 40,000 HUJ. After all exposures have been made, the total heat stored in the
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Anode thermal characteristics chart for a Machlett Dynamax “25” rotating anode x-ray tube.
The anode heat-storage capacity is 72,000 HU. (Courtesy of Machlett Laboratories, Inc.)

anode is 40,000 + 60,000 = 100,000 HU. This amount of heat exceeds the anode heat
storage capacity of 72,000 HU. Consequently the proposed technique is unaccep-
table.

Example 5-7

Three minutes of fluoroscopy at 3 mA and 85 kVp are combined with four
0.25-second spot films at 85 kVp and 150 mA. From Figure 5-13, what time must
elapse before the procedure may be repeated?

I,OB0,000\
800,000 \‘
" \
=
5':' 600,000 \
[
- N\
T 400000 <
N
~
200,000
Y
l-.___-.-
™
With 0 [
air circulator O 20 40 60 80 100 120
Without
gir circulator O 40 80 120 160 200 240
COOLING TIME (MINUTES)
FIGURE 5-14

Housing-cooling chart for a Machlett Dynamax “25” x-ray tube. (Courtesy of Machlett
Laboratories, Inc.)



5000

w

< A .

= \ \ ,

> 4000 N N N

>

X \

Q

£ \\‘\ d' \\

;5, 3000 \\\~\‘\ . N

o

¢ \\\‘2\ \\ -

w [ ——

> ~N N P i

£ 2000 R

'E 10 EXPOSURES/SEC.

w

T 10005 T 20 30 20 50 80
TOTAL NUMBER OF EXPOSURES

FIGURE 5-15

Angiographic rating chart for a Machlett Super Dynamax x-ray tube, 1.0-mm focal spot,
full-wave rectification, single phase.

The rate of delivery of energy to the anode is (85 kVp) (3 mA) = 255 HU per
second, resulting in a heat load of 31,000 HU after 3 minutes. To this heat load is
added (85 kVp) (150 mA) (0.25 sec) (4) = 12,750 HU for the four spot films to yield
a total heat load of 43,750 HU. From the position of the vertical axis corresponding
to this heat load, a horizontal line is extended to intersect the anode-cooling curve at
1.4 minutes. From this intersection, the anode must cool until its residual heat load is
72,000 -43,750 = 28,250 HU, so that when the 43,750 HU from the next procedure
is added to the residual heat load, the total heat load does not exceed the 72,000 HU
anode heat storage capacity. The time corresponding to a residual heat load of 28,250
HU is 2.6 minutes. Hence the cooling time required between proceduresis2.6 —1.4 =
1.2 minutes.

Example 5-8

From Figures 5-11 and 5-13, it is apparent that three exposures per minute are
acceptable if each 1¢ exposure is taken at 0.5 second, 125 mA, and 100 kVp. Could
this procedure be repeated each minute for 1 hour? The rate of energy transfer to the
housing is

= (100 kVp) (125 mA) (0.5 sec) (3 exposures/min)
= 18, 750 HU/min

At the end of 1 hour, (18,750 HU/min) (60 min/hr) = 1,125,000 HU will have been
delivered to the housing. The heat storage capacity of the housing is only 1 million
HU. Without forced circulation of air, the maximum rate of energy dissipation from
the housing is estimated to be approximately 12,500 HU per minute (Figure 5-14).
With air circulation, the rate of energy dissipation is 25,000 HU per minute. Therefore
the procedure is unacceptable if the housing is not air-cooled, but is acceptable if the
housing is cooled by forced circulation of air.

Example 5-9

From Figure 5-15, how many consecutive exposures can be made at a rate of six
exposures per second if each exposure is taken at 85 kVp, 500 mA, and 0.05 seconds?

Each exposure produced (85 kVp) (500 mA) ().05 sec) = 2125 HU. A horizontal
line from this position on the y axis intersects the 6 exposures per second curve at a
position corresponding to 20 exposures. Hence, no more than 20 exposures should
be made at a rate of 6 exposures per second.
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| PROBLEMS

5-1. Explain why tube current is more likely to be limited by space
charge in an x-ray tube operated at low voltage and high tube cur-
rent than in a tube operated at high voltage and low current. Would
you expect the tube current to be space-charge limited or filament-
emission limited in an x-ray tube used for mammography? What
would you expect for an x-ray tube used for chest radiography at
120 kVp and 100 mA?

*5-2. How many electrons flow from the cathode to the anode each
second in an x-ray tube with a tube current of 50 mA? (1A =
1 coulomb/sec.) If the tube voltage is constant and equals 100 kV,
at what rate (joules per second) is energy delivered to the anode?

5-3. Explain why off-focus radiation is greatly reduced by shutters
placed near the target of the x-ray tube.

*5-4. An apparent focal spot of 1 mm is projected from an x-ray tube.
The true focal spot is 5 mm. What is the target angle? Why is the
heel effect greater in an x-ray beam from a target with a small target

angle?

*5-5. From Figure 5-11, is a radiographic technique of 125 mA for
3 seconds at 90 kVp permissible? Is a 4-second exposure at 90 kVp

*For problems marked with an asterisk, answers are provided on p. 491.

SUMMARY

*5-7.

*5-8.

*5-0.

*5-10.

and 100 mA permissible? Why does the number of milliampere-
seconds permitted for a particular voltage increase as the exposure
time is increased?

From Figure 5-14, how many exposures are permitted each minute
over a period of 1 hour if each exposure is made for 1 second at
100 mA and 90 kVp? s the answer different if the tube is operated
with forced circulation of air?

What kinetic energy do electrons possess when they reach the
target of an x-ray tube operated at 250 kVp? What is the approxi-
mate ratio of bremsstrahlung to characteristic radiation produced
by these electrons? Calculate the minimum wavelength of x-ray
photons generated at 250 kVp.

A lead plate is positioned 20 in. from the target of a diagnostic
x-ray tube. The plate is 50 in. from a film cassette. The plate has a
hole 0.1 mm in diameter. The image of the hole is 5 mm. What is
the size of the apparent focal spot?

The target slopes at an angle of 12 degrees in a diagnostic x-ray
tube. Electrons are focused along a strip of the target 2 mm wide.
How long is the strip if the apparent focal spot is 2 x 2 mm?

¢ Conventional x-ray tubes contain the following components:
¢ Heated filament

e X-ray target

Cathode assembly

High voltage supply

e Rectification circuitry

e Filtration

¢ Glass envelope
¢ The apparent size of the x-ray focal spot depends on
e Filament size
e Tube current and voltage
e Target angle
e Position along the anode-cathode axis
e X-ray production efficiency is increased by
e Voltage rectification
e Use of three-phase and constant-potential tube voltage
e Increased tube voltage
* Higher-Z target
¢ Special-purpose x-ray tubes include
e Grid-controlled
* Field emission
e Mammography
* X-ray tube rating charts include
e Energy rating charts
* Anode thermal characteristic charts
¢ Housing cooling charts
¢ Angiographic rating charts
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92 I RADIATION QUANTITY AND QUALITY

5
S

MARGIN FIGURE 6-1

The particle fluence of a beam of radiation is
defined as the number of particles (N) passing
through a unit area (A) that is perpendicular to
the direction of the beam. If the beam is uniform,
the location and size of the area A are arbitrary.

Radiation flux is sometimes termed the
radiation flux density.

OBJECTIVES

After completing this chapter, the reader should be able to:

Define the following terms: intensity, fluence, flux.

Define and give the SI and traditional units for exposure, dose, RBE dose, dose
equivalent, equivalent dose, and effective dose.

Calculate the photon fluence required to obtain a unit exposure from the photon
and energy fluence.

Name seven methods that are used to measure radiation dose and describe how
each method works.

Explain the concept of electron equilibrium as it applies to ionization chambers.
Calculate the effective atomic number of a composite material.

Define the term “half value layer.”

Explain what is meant by the energy spectrum of an x-ray beam.

The specification and measurement of radiation demands assessment of the spatial
and temporal distribution of the radiation. For some types of radiation the distribution
of energies must also be considered. A complete description of the effects of radiation
on a material requires analysis of how the various components of the radiation field
interact with atoms and molecules of the material.

To avoid the burden of maintaining a large multidimensional database of detailed
information, techniques have been developed that allow multiple interaction para-
meters to be summarized into singular values. These singular values—the rem, the
sievert, the gray, and so on—are the radiation units described in this chapter. While
they may be susceptible to the pitfalls of oversimplification, they are all attempts to
provide a succinct answer to the question, What will happen when radiation strikes
a material?

INTENSITY

The term radiation is defined as energy in transit from one location to another. The
term radiation intensity is used colloquially to refer to a number of attributes of the
output of a radiation source. In physics and engineering, the term “intensity” is defined
more specifically in terms of energy per unit area, per unit time. In this text, the term
rdiation intensity is given a specific definition.

A beam of radiation is depicted in Margin Figure 6-1. The radiation fluence of
the beam @ is defined as the number N of particles or photons per area A:

N

If the beam is uniform, then the location or size of the area A is irrelevant so long
as it is in the beam and perpendicular to the direction of the beam. If the beam is
not uniform over its entire area, then the fluence must be averaged over a number of
small areas, or specified separately for each area. The time rate of change of fluence,
known as the radiation flux ¢, is
) N
¢==7 (6-2)

If the fluence varies with time, then the flux must be averaged over time or specified
at some instant.

If all particles or photons in the radiation beam possess the same energy, the
energy fluence W is simply the product of the radiation fluence ® and the energy E
per particle or photon:

V=0QF = — (6-3)



TABLE 6-1 Fluence and Flux (Intensity) of a Beam of Radiation?

Quantity Symbol Definition” Units
Particle (photon) fluence d % Particlesrr(llzjhotons)
Particle (photon) flux é % Pamcﬁi .(I;ECOKOHS)
Energy fluence v % I\fgz\/
Energy flux (intensity) W % mlyl-—cé/ec

9Note: These expressions assume that the number of particles or photons does not vary over time or
over the area A, and that all particles or photons have the same energy.

PN = number of particles or photons; E = energy per particle or photon; A = area; t = time.

Similarly, the particle or photon flux ¢ may be converted to the energy flux v,
also known as the intensity I, by multiplying by the energy E per particle or
photon:

_ NE

[ =y =¢F = — 6-4
V=20 A (6-4)
If the radiation beam consists of particles or photons having different energies
(E1, Ea, ..., Ep), then the intensity (or energy flux) is determined by
I=y =Y figF (6-5)
i=1

where f; represents the fraction of particles having energy E;, and the symbol
m
2
indicates that the intensity is determined by adding the components of the beam at
each of m energies. The concepts of radiation fluence and flux are summarized in
Table 6-1.

Expressions similar to Egs. (6-1) to (6-5) may be derived for any type of particle
beam such as &, B, neutron, or high-energy nuclei. In the case of electromagnetic
radiation such as x or y rays, the photons have an energy E =hv. In the case of
radiation that is described in terms of waves (such as ultrasound or radio waves), the
definition of intensity (Equation 6-4) is modified as

E

I =
At

(6-6)

where E, is the total energy delivered by the wave during the time ¢.

Example 6-1

An abdominal radiograph uses 10> photons to expose a film with an area of 0.15 m*
(1.5 x 107! m? or 1500 cm?) during an exposure time of 0.1 second. All photons
have an energy of 40 keV. Find the photon fluence &, the photon flux ¢, the energy
fluence W, and the intensity 1.

N 1x 10" phot hot
Photon fluence & = — = w =6.7 X 1013 pnotons
A 15x10'm? m2
hotons
N & 6.7 x 103 PROOmS hot
Photon flux ¢ = — = — = M _ 7 5 1ol Photons
At t 0.1 sec m2 - sec
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Total area = 4n (1)°m? area =1 cm’

MARGIN FIGURE 6-2
Photons emitted in any direction from an isotopic
source eventually cross the surface of a sphere.

NE 13 photons keV
Energy fluence W = — = ®E = | 6.7 x 10 40
A m? photon

keV
—2.68 x 1015 ¥
mZ

MeV
— 2,68 x 107 —-
me

‘ NE @ 2.68x102 MY 5 Mev
Intensity =¥ = — = — = =268x107 ————

At t 0.1sec m? - sec
Note: A beam produced by an x-ray tube actually contains a spectrum of energies
(Chapter 5), and a more accurate estimate of intensity would involve a weighted sum
of the contributions of the various photon energies to the total intensity. The next
example shows a source of radiation that produces two different photon energies and
also demonstrates the concept of detector geometry—that is, the effect of area.

Example 6-2

A radionuclide releases 270-keV photons in 90% of its decays and 360-keV photons
in approximately 10% of its decays. When 10° photons have been released by decay
of the radionuclide, what is the photon fluence and energy fluence over a 1-cm? area
at a distance of 1 m from the source?

Because photons are emitted isotropically (i.e., with equal probability in any
direction) from the source, 10° photons cross the surface of a sphere with a radius of
1 m (Margin Figure 6-2). The number of photons that cross an area of 1 cm? (10~* m?)
on the sphere surface is the fraction of the 10° photons that are intercepted by the
1-cm? area. The surface area of a sphere is 4712, where r is the sphere’ radius.

10~* m?

Fraction of total emissions = ——— = 7.96 x 107°
47 (1 m)?

Photons crossing the 1-cm?* area = (7.96 x 107°)10° = 7.96 photons

That is, the photon fluence is approximately 8 photons/cm?.
The energy fluence must be weighted according to the fraction of photons having
each of the two possible energies.

2
lIJ == Z fiq>Ei
i=1

hot hot
= 0.9)(8 222 ) 270 kev) + (0.1 (8 222222 ) (360 kev)
cm? m?2
keV
= (1944 +288) ——
cm
MeV
=223
cm?

Although photon and energy flux densities and fluences are important in many
computations in radiologic physics, these quantities cannot be measured easily. Hence,
units have been defined that are related more closely to common methods for mea-
suring radiation quantity.

TRADITIONAL VERSUS SYSTEME INTERNATIONAL UNITS

The measurement of x and y radiation has presented technical challenges from the
time of their discovery. In his initial studies, Rontgen used the blackening of a
photographic emulsion (i.e., film), as a “dosimeter.”" Nonlinearity and energy de-
pendence of the film’s response caused difficulties. The “erythema dose” (the amount



TABLE 6-2 Traditional (T) and Systeme International (SI) Quantities

Unit
To Convert from
Quantity T SI T to SI, Multiply by
Exposure Roentgen (R) Coulomb/kg (C/kg) 2.58 x 107*
Absorbed dose rad Gray (Gy) 0.01
Absorbed dose rem Sievert (Sv) 0.01

equivalent

of radiation required to produce reddening of the skin) was for many years the major
dosimetric method for evaluating the effects of radiation treatment. Biologic variabil-
ity and the lack of an objective measure of “reddening” were major problems with
this technique.

In 1928, the roentgen (R) was defined as the principal unit of radiation quantity
for x rays of medium energy. The definition of the roentgen has been revised many
times, with each revision reflecting an increased understanding of the interactions
of radiation as well as improvements in the equipment used to detect these inter-
actions. Over this same period, several other units of radiation quantity have been
proposed. In 1958, the International Commission on Radiation Units and Measure-
ments (ICRU) organized a continuing study of the units of radiation quantity. Results
of this continuing study are described in various ICRU reports.?

The units described in earlier ICRU reports are considered the “traditional” sys-
tem (T) of units. Just as the United States is converting to the “metric” system of units,
radiology is converting to the system of radiation units known as the Systéme Inter-
national (SI).? Both the traditional and SI systems are used in this text with preference
given to SI units. Table 6-2 gives a summary of units and conversion factors between
them.

RADIATION EXPOSURE

Primary ion pairs (electrons and positive ions) are produced as ionizing radiation
interacts with atoms of an attenuating medium. Secondary ion pairs are produced
as the primary ion pairs dissipate their energy by ionizing nearby atoms. The total
number of ion pairs produced is proportional to the energy that the radiation deposits
in the medium. The concept of radiation exposure is based on the assumption that the
absorbing medium is air. If Q is the total charge (negative or positive) liberated as x
or y rays interact in a small volume of air of mass m, then the radiation exposure X
at the location of the small volume is

X== (6-7)
m

The total charge reflects the production of both primary and secondary ion pairs,
with the secondary ion pairs produced both inside and outside of the small volume
of air. The traditional unit of radiation exposure is the roentgen (R):

IR = 2.58 x 10~* coulomb/kg air

This definition of the roentgen is numerically equivalent to an older definition:

1R = 1 electrostatic unit (ESU)/0.001293 g air
= 1 ESU/cm? air at STP*

*STP = standard temperature (0°C) and pressure (1 atm or 760 mm Hg).
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The roentgen is applicable only to x and y radiation and to photon energies
less than about 3 MeV. That is, the roentgen cannot be used for particle beams or
for beams of high-energy photons. For photon energies above 3 MeV, it becomes
increasingly difficult to determine how many secondary ion pairs are produced outside
of the measurement volume as a result of interactions occurring in the volume, and
vice versa. There is no specially named unit for radiation exposure in SI. Instead,
the fundamental units of coulomb and kilogram are used (see Table 6-2). The unit
roentgen and the concept of radiation exposure in general are disappearing from use
as more fundamental expressions of radiation quantity gain acceptance.

Example 6-3

Find the energy absorbed in air from an exposure of 1 coulomb/kg. The W-quantity,
the average energy required to produce ion pairs in a material (Chapter 4), is 33.85
eV per ion pair (IP) for air. The energy absorbed during an exposure X of 1 coulomb
per kilogram is

(1 coulomb/kg)(33.85 eV/IP)(1.6 x 10719 J/eV)
o (1.6 x 101° coulomb/IP)

= 33.85 J/kg

Ex (6-8)

Thus, for every coulomb per kilogram of exposure, air absorbs 33.85]/kg of
energy.

Energy and Photon Fluence per Unit Exposure

From the definitions of energy and photon fluence and some fundamental quantities
that have been determined for air, we may calculate the energy or photon fluence
required to produce a given amount of exposure. From Eq. (6-8), the energy absorbed
in air is 33.85X (J/kg) during an exposure to X coulomb/kg. The absorbed energy
can also be stated as

Energy absorbed in air = (Energy fluence) (Total mass energy absorption coefficient)

_w(d m*

- (mz ) (e ( " ) (69)
_ J

= W(len)n <kg>

where (fen),, is the total mass energy absorption coefficient for x- or y-ray pho-
tons that contribute to the energy fluence. The coefficient (fen)n is defined as

(Chapter 4)
E,
(Hen)m = MUm <E> s

where w,, is the total mass attenuation coefficient of air for photons of energy hv
and E, represents the average energy transformed into kinetic energy of electrons
and positive ions per photon absorbed or scattered from the x- or y-ray beam.* The
average energy E, is corrected for characteristic x rays radiated from the attenuating
medium, as well as for bremsstrahlung produced as electrons interact with nuclei
within the attenuating medium. Mass energy absorption coefficients for a few media,
including air, are listed in Table 6-3.
By combining Egs. (6-8) and (6-9), we obtain

U () = 33.85 X



TABLE 6-3 Mass Energy Absorption Coefficients for Selected Materials
and Photon Energies

Mass Energy Absorption Coefficient (ften)m (m?/ kg)

Photon Energy Compact

(MeV) Air Water Bone Muscle
0.01 0.466 0.489 1.90 0.496
0.02 0.0516 0.0523 0.251 0.0544
0.03 0.0147 0.0147 0.0743 0.0154
0.04 0.00640 0.00647 0.0305 0.00677
0.05 0.00384 0.00394 0.0158 0.00409
0.06 0.00292 0.00304 0.00979 0.00312
0.08 0.00236 0.00253 0.00520 0.00255
0.10 0.00231 0.00252 0.00386 0.00252
0.20 0.00268 0.00300 0.00302 0.00297
0.30 0.00288 0.00320 0.00311 0.00317
0.40 0.00296 0.00329 0.00316 0.00325
0.50 0.00297 0.00330 0.00316 0.00327
0.60 0.00296 0.00329 0.00315 0.00326
0.80 0.00289 0.00321 0.00306 0.00318
1.0 0.00280 0.00311 0.00297 0.00308
2.0 0.00234 0.00260 0.00248 0.00257
3.0 0.00205 0.00227 0.00219 0.00225
4.0 0.00186 0.00205 0.00199 0.00203
5.0 0.00173 0.00190 0.00186 0.00188
6.0 0.00163 0.00180 0.00178 0.00178
8.0 0.00150 0.00165 0.00165 0.00163
10.0 0.00144 0.00155 0.00159 0.00154

Source: National Bureau of Standards Handbook 85. Washington, D.C., U.S. Government Printing Office,
1964.

The energy fluence per unit exposure (¥/X) is
v 33.85

X ()

where (ften)n is expressed in units of m?/kg, ¥ in J/m?, and X in coulombs/kg.
For monoenergetic photons, the photon fluence per unit exposure, ®/ X, is the
quotient of the energy fluence per roentgen divided by the energy per photon:

Ny v

X hv (1.6 x 1012 J/MeV)

(6-10)

From Eq. (6-10), we obtain
® 211 x 10"

X hv (e

with hv expressed in MeV and @ in units of photons/m?.

The photon and energy fluence per unit exposure are plotted in Margin Figure 6-3
as a function of photon energy. At lower photon energies, the large influence of photon
energy upon the energy absorption coefficient of air is reflected in the rapid change
in the energy and photon fluence per unit exposure. Above 100 keV, the energy
absorption coefficient is relatively constant, and the energy fluence per unit exposure
does not vary greatly.” However, the photon fluence per unit exposure decreases
steadily as the energy per photon increases.

(6-11)

Example 6-4

Compute the energy and photon fluence per unit exposure for ®°Co y rays. The
average energy of the photons is 1.25 MeV, and the total energy absorption coefficient
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MARGIN FIGURE 6-3

Photon and energy fluence per exposure, plotted

as a function of the photon energy in MeV.

Exposure is expressed in coulomb/kg. To convert
to the traditional unit, roentgen, multiply the

vertical scales by 2.58 x 107*.
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The traditional unit of radiation dose,
the rad, is an acronym for “radiation
absorbed dose.”

The traditional unit of radiation dose,
the rad, represents an absorption of
100 ergs of energy per gram of
absorbing material.

The name of the quantity “kerma” is an
acronym for the phrase “kinetic energy
released in a material” with an “a”
added for convenience.

is 2.67 x 107> m?/kg (Table 6-3).
v 33.85
X (ten)
33.85

2.67 x 1073 m?/kg

12,600 2 (6-10)
m

®  2.11x 10"
X hv (/’LEH)m

_ 2.11 x 10"
T (.25 MeV/photon)(2.67 x 1073 m?/kg)

photons

=6.32 x 10'¢ (6-11)

m?2

UNITS OF RADIATION DOSE

The Gray

Chemical and biological changes in tissue exposed to ionizing radiation depend upon
the energy absorbed in the tissue from the radiation, rather than upon the amount
of ionization that the radiation produces in air. To describe the energy absorbed in
a medium from any type of ionizing radiation, the quantity of radiation should be
described in SI units of gray (or traditional units of rads). The gray (Gy) is a unit of
absorbed dose* and represents the absorption of one joule of energy per kilogram of
absorbing material:

1 Gy = 1]/kg

The absorbed dose D in gray delivered to a small mass m in kilograms is

E/m
D(Gy) = T (6-12)
where E, the absorbed energy in joules, is “the difference between the sum of the
energies of all the directly and indirectly ionizing particles which have entered the
volume, and the sum of the energies of all those which have left it, minus the energy
equivalent of any increase in rest mass that took place in nuclear or elementary particle
reactions within the volume.” ©
This definition means that E is the total energy deposited in a small volume of
irradiated medium, corrected for energy removed from the volume in any way.

Example 6-5

Ifadose 0f 0.05 Gy (5 centigray [cGy]) is delivered uniformly to the uterus during a di-
agnostic x-ray examination, how much energy is absorbed by each gram of the uterus?

D= E/m
"~ 1])/kg-Gy

*The Gy is also a unit of kerma, defined as the sum of the initial kinetic energies of all charged
particles liberated by ionizing radiation in a volume element, divided by the mass of matter in
the volume element. Under conditions of charged-particle equilibrium with negligible energy
loss by bremsstrahlung, kerma and absorbed dose are identical. The output of x-ray tubes is
sometimes described in terms of “air kerma” expressed in terms of energy deposited per unit
mass of air.



E = (1]J/kg-Gy)D)(m)
5 kg
= (1J/kg-Gy)(0.05 Gy)[ 107 = )1 g)
g
=5x%x107]
During an exposure of 1 C/kg, the energy absorbed per kilogram of air is
1 C/kg = 33.85 J/kg in air

or, in traditional units,

1R=12.58x10""*C/kg

_ J/kg
= (2.58 x 107* C/ko)( 33.85 —=
( x g)( Clkg

=86.9 x 107* J/kg in air

Because 1 rad = 1072 J/kg, we have

1 C/kg = 3385 rad in air
1R = (2.58 x 10~* C/kg)(3385 rad-kg/C)
= 0.869 rad in air

The Sievert

At the present time, there are five different quantities that use the SI unit of sievert
and the traditional unit of rem. In many situations, they are approximately equal in
magnitude. The differences lie in the ways that one or more of the four variables that
influence the extent of biological damage are managed. These four variables reflect
the:

» Damage at the cellular level per unit dose by different types of radiation (alpha,
beta, x rays, neutrons, etc.)

e Sensitivity of different body tissues

* Effects that damage to different tissues have upon the overall health of the
organism

* Impact upon future generations

RBE Dose

Chemical and biological effects of irradiation depend not only upon the amount
of energy absorbed in an irradiated medium, but also upon the distribution of
the absorbed energy within the medium. For equal absorbed doses, various types
of ionizing radiation often differ in the efficiency with which they elicit a par-
ticular chemical or biological response. The relative biologic effectiveness (RBE) de-
scribes the effectiveness or efficiency with which a particular type of radiation
evokes a certain chemical or biological effect. The relative biological effectiveness
is computed by comparing results obtained with the radiation in question with
those obtained with a reference radiation (e.g., medium-energy x rays or °°Co
radiation):

RBE Dose of reference radiation required to produce a particular response

Dose of radiation in question required to produce the same response
(6-13)
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TABLE 6-4 RBE? of ®*Co Gammas, with Different Biologic Effects Used as a Criterion
for Measurement?

RBE of

Effect %0Co Gammas Source
30-day lethality and

testicular atrophy in mice 0.77 Storer et al. (7)
Splenic and thymic

atrophy in mice 1 Storer et al. (7)
Inhibition of

growth in Vicia faba 0.84 Hall (8)
LDs5p® in mice,

rat, chick embryo, and yeast 0.82-093 Sinclair (9)
Hatchability of chicken eggs 0.81 Loken et al. (10)
Hela cell survival 0.90 Krohmer (11)
Lens opacity in mice 0.8 Upton et al. (12)
Cataract induction in rats 1 Focht et al. (13)
L-cell survival 0.76 Till and Cunningham (14)

9RBE, relative biological effectiveness; LDso, median lethal dose.
b The RBE of 200-kV x rays is taken as 1.

For a particular type of radiation, the RBE may vary from one chemical or biological
response to another. Listed in Table 6-4 are the results of investigations of the relative
biological effectiveness of ®°Co radiation. For these data, the reference radiation is
medium-energy x rays. It is apparent that the RBE for ®Co y rays varies from one
biological response to the next.

The RBE dose in sievert (Sv) is the product of the RBE and the dose in gray:

RBE dose (Sv) = Absorbed dose (Gy) x RBE (6-14)

The ICRU has suggested that the concept of RBE dose should be limited to descriptions
of radiation dose in radiation biology.® That is, RBE dose pertains only to an exact set
of experimental conditions, and it is not applicable to general radiation protection
situations.

DOSE EQUIVALENT

Often the effectiveness with which different types of radiation produce a particular
chemical or biological effect varies with the linear energy transfer (LET) of the radia-
tion. The dose-equivalent (DE) in sievert is the product of the dose in Gy and a quality
factor (QF), which varies with the LET of the radiation.

DE (Sv) = D(Gy) x QF (6-15)

The dose equivalent reflects a recognition of differences in the effectiveness of differ-
ent radiations to inflict overall biological damage and is used during computations
associated with radiation protection.’ Quality factors are listed in Table 6-5 as a
function of LET, and in Table 6-6 for different types of radiation.

These quality factors should be used to determine shielding requirements and
to compute radiation doses to personnel working with or near sources of ionizing
radiation.

Example 6-6

A person receives an average whole-body dose of 1 mGy from ®Co y rays and 0.5
mGy from neutrons with an energy of 10 MeV. What is the dose equivalent to the



TABLE 6-5 Relation Between Specific lonization, Linear Energy
Transfer, and Quality Factor

Average Specific Average LET
Ionization (IP/pm) (keV/pm)

in Water in Water QF

100 or less 3.5 or less 1
100-200 3.5-7.0 1-2
200-650 7.0-23 2-5
650-1500 23-53 5-10

1500-5000 53-175 10-20

Source: Recommendations of the International Commission on Radiological
Protection. Br J Radiol 1955; Suppl. 6.

person in millisieverts?
DE (mSV) = [D(mGy) x QFlgammas + [D(MGy) X QFlneutrons
= (1 mGy)(1) + (0.5 mGy)(20)
= 11mSv

Example 6-7

A person accidentally ingests a small amount of tritium (B-particle Epa =
0.018 MeV). The average dose to the gastrointestinal tract is estimated to be 5 mGy.
What is the dose equivalent in millisieverts?

From Table 6-6, the quality factor is 1.0 from tritium B-particles.

DE (mSv) = D(mGy) x QF
= (5 mGy)(1.0)

= 5mSv

Effective Dose Equivalent

A further refinement of the prediction of bioeffects can be obtained by multiplying
the dose equivalent by a factor to convert the dose to a point within a specific patient
tissue to a measure of overall detriment to the patient. In the late 1970s, the available
epidemiological data'® were used to compile weighting factors for many tissues and
organs that, when multiplied by the dose equivalent, would yield the effective dose
equivalent. The effective dose equivalent, an estimate of overall detriment to the in-
dividual, was designed to account for cancer mortality in individuals between the
ages of 20 and 60, as well as hereditary effects in the next two generations.!” These
weighting factors have been superseded by factors reformulated in the 1990s.

Equivalent Dose

In the early 1990s, up-to-date dosimetry and epidemiological results from studies
of the survivors of the atomic bombs dropped on Hiroshima and Nagasaki in 1945
began to yield statistically robust analyses of the relative radiation sensitivities of
different tissues, and the consequences of irradiation of these tissues to the organism
as a whole.'®1 This work also affected the assignment of factors to account for the
energy and type of radiation. When the average dose to an organ is known, the risk
can be assigned in terms of more recent estimates of fatality from cancer. In addition,
the new factors consider the detriment from non fatal cancer and hereditary effects
for future generations. In view of these changes, and to differentiate from the older
system of dosimetry, the term equivalent dose was adopted to refer to the product
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TABLE 6-6 Quality Factors for Different

Radiations?
Type of Radiation QF
X rays, y rays, and § particles 1
Thermal neutrons 5
Neutrons and protons 20
o Particles from natural radionuclides 20
Heavy recoil nuclei 20

4These data should be used only for purposes of

radiation protection. Data from National Council on
Radiation Protection and Measurements. NCRP Report,

no. 91, 1987.

Five quantities are expressed in units of
sievert at the present time. It is
expected that some of them will
become obsolete at some time in the
future. Listed below are the five
quantities and the factors that are taken
into account in specifying the value of
those quantities in units of sievert.

1. RBE dose (relative biological
effectiveness) - Relative effectiveness of
different types of radiation in eliciting a
specific biologic effect, such as
reddening of the skin in specific parts
of the body of animals or humane
exposed in experimental conditions.
Used in journal articles and textbooks.
2. Dose Equivalent - Relative
effectiveness of different types of
radiation in producing overall bioeffects
using data from the 1970%. Still used in
federal regulations.

3. Effective Dose Equivalent - Differing
biological harm caused by different
types of radiation and also the region
of the body irradiated using data from
the 19705. Dose is defined at a point in
the patient within each organ or organ
system. Still used in federal regulations.
4. Equivalent Dose - Differing biological
harm caused by different types of
radiation using data from the 1990%.
Used in current ICRP and NCRP
recommendations.

5. Effective Dose - Differing biological
harm caused by different types of
radiation and also the region of the
body irradiated using data from the
19905. Used in current ICRP and NCRP
recommendations.

Note: There is consistency in that each
time that the term “equivalent” is used,
the type of radiation is taken into
account. Each time the word “effective”
is used, both the type of radiation and
the region of the body that is irradiated
are taken into account.
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TABLE 6-7 Radiation Weighting Factors

Source Wr
X rays, gamma rays, electrons,
positrons, muons at all energies 1
Neutrons
<10 keV 5
10 keV to 100 keV 10
>100 keV to 2 MeV 20
>2 MeV to 20 MeV 10
>20 MeV 5
Protons, >2 MeV 2
Alpha particles, fission fragments,
nonrelativistic heavy nuclei 20

Source: National Council on Radiation Protection and
Measurements. Limitation of Exposure to Ionizing

Radiation, Report No. 116. Bethesda, MD, NCRP, 1993.

TABLE 6-8 Tissue Weighting Factors

Tissue Wr

Gonads 0.20
Active bone marrow 0.12
Colon 0.12
Lungs 0.12
Stomach 0.12
Bladder 0.05
Breasts 0.05
Esophagus 0.05
Liver 0.05
Thyroid 0.05
Bone surfaces 0.01
Skin 0.01
Remainder 0.05

Source: Recommendations of the International

Commission on Radiological Protection, ICRP
Publication 60, Pergamon Press, Elmsford, NY, 1991.

of the average organ dose and the newly defined radiation weighting factors, Wg
(Table 6-7).

Effective Dose

The newly defined tissue weighting factors, Wr, are given in Table 6-8. They are
formulated to yield the effective dose by multiplying by an equivalent dose that
represents an average organ dose that has been calculated using the newer radiation
weighting factors Wx given in Table 6-7.

Example 6-8

As in Example 6-7, a person ingests a small amount of tritium. The average dose to the
gastrointestinal tract is estimated to be 5 mGy. For the purposes of this example, we
will assume that a negligible amount appears in the bladder. What is the equivalent
dose in millisieverts? And what is the effective dose in millisieverts?

From Table 6-7, the radiation weighting factor is 1 for beta particles.

The equivalent dose is then

ED (mSv) = D(mGy) x Wg
= (5 mGy)(1.0)
= 5mSv

Note that in this situation, 5 mSv is the same numerical value that was calculated for
the dose equivalent in Example 6-7. This is because the radiation weighting factor
(Wp) for beta particles equals the quality factor (QF) for beta particles. Also, a uniform
dose deposition is assumed in this problem so that all point doses are assumed to equal
the average organ doses. If the detailed dosimetry were known with greater precision,
the values of point doses within organs might have led to a different calculation of
dose equivalent.

From Table 6-7, the tissue weighting factor is 0.05 for the esophagus, 0.12 for
the stomach, and 0.12 for the colon.

The effective dose is then

ED (mSv) = D(mGy) x Wg x Wy
= (5 mGy)(0.05) + (5 mGy)(0.12) + (5 mGy)( 0.12)
= 0.25 mSv 4 0.60 mSv 4 0.60 mSv
= 1.45 mSv

Note that the effective dose is a smaller number than the equivalent dose, because
only partial body irradiation has taken place. The value of 1.45 mSv is the dose that,
if received uniformly over the whole body, would lead to the same detrimental results
(probability of fatal cancers, nonfatal cancers, and hereditary disorders) as the dose
actually received by the gastrointestinal tract.

MEASUREMENT OF RADIATION DOSE

The absorbed dose to a medium describes the energy absorbed during exposure of the
medium to ionizing radiation. A radiation dosimeter provides a measurable response
to the energy absorbed from incident radiation. To be most useful, the dosimeter
should absorb an amount of energy equal to what would be absorbed in the medium
that the dosimeter displaces. For example, a dosimeter used to measure radiation
dose in soft tissue should absorb an amount of energy equal to that absorbed by the
same mass of soft tissue. When this requirement is satisfied, the dosimeter is said



to be tissue equivalent. Few dosimeters are exactly tissue equivalent, and corrections
must be applied to most direct measurements of absorbed dose in tissue.

Calorimetric Dosimetry

Almost all the energy absorbed from radiation is eventually degraded to heat. If an
absorbing medium is insulated from its environment, then the rise in temperature of
the medium is proportional to the energy absorbed. The temperature rise T may be
measured with a thermocouple or thermistor.

A radiation calorimeter is an instrument used to measure radiation absorbed
dose by detecting the increase in temperature of a mass of absorbing material.?® The
absorbed dose in the material is

E _ 4.186 (J/calorie)s AT
m(1 J/kg-Gy) (1 J/kg-Gy)

where E is the energy absorbed in joules, m is the mass of the absorber in kilograms,
s is the specific heat of the absorber in cal/kg °C, and AT is the temperature rise
in Celsius (centigrade) degrees. For Eq. (6-16) to be correct, the absorbing medium
must be insulated from its environment. To measure the absorbed dose in a particular
medium, the absorber of the calorimeter must possess properties similar to those of
the medium. Graphite is often used as the absorbing medium in calorimeters designed
to measure the absorbed dose in soft tissue. A calorimeter used to measure radiation
absorbed dose is illustrated in Margin Figure 6-4.

If the absorbing medium is thick and dense enough to absorb nearly all of the
incident radiation, then the increase in temperature reflects the total energy delivered
to the absorber by the radiation beam. Calorimeters that measure the total energy in
a beam of radiation usually contain a massive lead absorber.

D(Gy) = (6-16)

Photographic Dosimetry

The emulsion of a photographic film contains crystals of a silver halide embedded
in a gelatin matrix. When the emulsion is developed, metallic silver is deposited in
regions that were exposed to radiation. Unaffected crystals of silver halide are removed
during fixation. The amount of silver deposited at any location depends upon many
factors, including the amount of energy absorbed by the emulsion at that location.
The transmission of light through a small region of film varies inversely with the
amount of deposited silver. The transmission T is

T = —
Io
where [ represents the intensity of light transmitted through a small region of film
and I, represents the light intensity with the film removed. The transmission may
be measured with an optical densitometer. Curves relating transmission to radiation
exposure, dose, or energy fluence are obtained by measuring the transmission through
films receiving known exposures, doses, or fluences. If the problems described below
are not insurmountable, the radiation exposure to a region of blackened film may be
determined by measuring the transmission of light though the region and referring
to a calibration curve.
Accurate dosimetry is difficult with photographic emulsions for reasons including
those listed below.*!

1. The optical density of a film depends not only on the radiation exposure to the
emulsion but also on variables such as the energy of the radiation and
the conditions under which the film is processed. For example, the opti-
cal density of a photographic film exposed to 40-keV photons may be as
great as the density of a second film receiving an exposure 30 times greater
from photons of several MeV. Photographic emulsions are said to be “energy
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A thermocouple is a junction of
dissimilar metals that yields a voltage
that varies with temperature. A
thermistor is a solid-state device with
an electric resistance that changes
rapidly with temperature.
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Radiation calorimeters: A: For the measurement
of absorbed dose in soft tissue. B: For the
measurement of the total energy in a beam of
radiation.
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The use of solutions of ferrous sulfate to
measure radiation dose was described
by Fricke and Morse in 1929.22 A
solution of ferrous sulfate used for
radiation dosimetry is sometimes
referred to as a Fricke dosimeter.>®
Although this dosimeter is reliable and
accurate (£3%), it is relatively
insensitive and absorbed doses of 50 to
500 Gy are required before the
oxidation of Fe?* to Fe’* is
measurable. The Fricke dosimeter was
recommended in earlier years for
calibration of high-energy electron
beams used in radiation therapy.>*

dependent” because their response to x and y rays of various energies differs
significantly from the response of air and soft tissue. In most cases, calibration
films used to relate optical density to radiation exposure must be exposed to
radiation identical to that for which dosimetric measurements are needed. This
requirement often is difficult to satisfy, particularly when films are exposed in
phantoms or in other situations where a large amount of scattered radiation is
present.

2. When compared with air or soft tissue, the high-Z emulsion of a photographic
film attenuates radiation rapidly. Errors caused by differences in attenuation
may be particularly severe when radiation is directed parallel to the plane of a
single film or perpendicular to a stack of films.

3. Differences in the thickness and composition of the photographic emulsion
may cause the radiation sensitivity to vary from one film to another.

Chemical Dosimetry

Oxidation or reduction reactions are initiated when certain chemical solutions are
exposed to ionizing radiation. The number of molecules affected depends on the
energy absorbed by the solution. Consequently, the extent of oxidation or reduction
is a reflection of the radiation dose to the solution. These changes are the basis of
chemical dosimetry.

The chemical dosimeter used most widely is ferrous sulfate. For photons that
interact primarily by Compton scattering, the ratio of the energy absorbed in ferrous
sulfate to that absorbed in soft tissue equals 1.024, the ratio of the electron densities
(electrons per gram) of the two media. For photons of higher and lower energy, the
ratio of energy absorption increases above 1.024 because more energy is absorbed in
the higher-Z ferrous sulfate.

The yield of a chemical dosimeter such as ferrous sulfate is expressed by the G
value:

G = Number of molecules affected per 100 eV absorbed

The G value for the oxidation of Fe?* to Fe>* in the Fricke dosimeter varies with the
LET of the radiation. Many investigators have assumed that G is about 15.4 molecules
per 100 eV for a solution of ferrous sulfate exposed to high-energy electrons or x and
y rays of medium energy. After exposure to radiation, the amount of Fe>* ion in a
ferrous sulfate solution is determined by measuring the transmission of ultraviolet
light (305 nm) through the solution. Once the number of affected molecules is known,
the energy absorbed by the ferrous sulfate solution may be computed by dividing the
number of molecules by the G value.

Example 6-9

A solution of ferrous sulfate is exposed to ®°Co y radiation. Measurement of the
transmission of ultraviolet light (305 nm) through the irradiated solution indicates
the presence of Fe>* ion at a concentration of 0.0001 mol/L. What was the radiation
dose absorbed by the solution?

For a concentration of 0.0001 gram-molecular weight/L and with a density
of 1072 kg/mL for the ferrous sulfate solution, the number of Fe** ions per kilo-
gram is

Number of Fe’t ions/kg

_ (0.0001 gram-mol wt/1000 mL) (6.02 x 1033 molecules/gram-mol wt)
B 103 kg/mL

—6.02 x 10 molecules
= 6. I



For a G value of 15.4 molecules per 100 eV for ferrous sulfate, the absorbed dose in
the solution is

D(rad) — (6.02 x 10! molecules/kg)(1.6 x 10719 J/eV)

(15.4 molecules/100 eV)(1 J/kg-Gy)
63 Gy

Scintillation Dosimetry

Certain materials fluoresce or “scintillate” when exposed to ionizing radiation. The
rate at which scintillations occur depends upon the rate of absorption of radiation
in the scintillator. With a solid scintillation detector (e.g., thallium-activated sodium
iodide), a light guide couples the scintillator optically to a photomultiplier tube. In
the photomultiplier tube, light pulses from the detector are converted into electronic
signals.

Scintillation detectors furnish a measurable response at very low dose rates and
respond linearly over a wide range of dose rates. However, most scintillation detectors
contain high-Z atoms, and low-energy photons are absorbed more rapidly in the
detectors than in soft tissue or air. This energy dependence is a major disadvantage of
using scintillation detectors to measure radiation exposure or dose to soft tissue. A
few organic scintillation detectors have been constructed that are air equivalent or
tissue equivalent over a wide range of photon energies.

Thermoluminescence Dosimetry

Diagramed in Margin Figure 6-5 are energy levels for electrons within crystals of a
thermoluminescent material such as LiF Electrons “jump” from the valence band to
the conduction band by absorbing energy from ionizing radiation impinging upon
the crystals. Some of the electrons return immediately to the valence band; other
are “trapped” in intermediate energy levels supplied by impurities in the crystals.
The number of electrons trapped in intermediate levels is proportional to the energy
absorbed by the LiF phosphor during irradiation. Only rarely do electrons escape from
the traps and return directly to the ground state. Unless energy is supplied for their
release, almost all of the trapped electrons remain in the intermediate energy levels
for months or years after irradiation. If the crystals are heated, energy is supplied to
release the trapped electrons. Released electrons return to the conduction band where
they fall to the valance band. Light is released as the electrons return to the valence
band. This light is directed onto the photocathode of a photomultiplier tube. Because
the amount of light striking the photocathode is proportional to the energy absorbed
in the LiF during irradiation, the signal from the photomultiplier tube increases with
the radiation dose absorbed in the phosphor.

The effective atomic number* of dosimetric LiF (8.18) is close to that for soft
tissue (7.4) and for air (7.65).%°> Hence, for identical exposures to radiation, the
amount of energy absorbed by LiF is reasonably close to that absorbed by an equal
mass of soft tissue or air. Small differences between the energy absorption in LiF and
air are reflected in the “energy dependence” curve for LiF shown in Margin Figure 6-6.

Lithium fluoride is used widely for the measurement of radiation dose within
patients and phantoms, for personnel dosimetry, and for many other dosimetric mea-
surements. Dosimetric LiF may be purchased as loose crystals, a solid extruded rod,
solid chips, pressed pellets, or crystals embedded in a Teflon matrix.

Thermoluminescent dosimeters composed of CaF,:Mn are frequently used for
personnel monitoring and, occasionally, for other measurements of radiation dose.
When compared with LiF and Li,B4O;, CaF,:Mn phosphor is more sensitive to
ionizing radiation; however, the response of this phosphor varies rapidly with photon
energy (Margin Figure 6-6).2°

*The atomic number of a hypothetical element that attenuates photons at the same rate as the
material in question.
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To predict the interactions of the vast
number of particles produced during
nuclear fission, Stanislaw Ulam and
John Von Neumann developed a
mathematical formalism in 1946 in
which the outcomes of individual
interactions were determined at
random according to the probabilities
involved. Large numbers of these
“events” were computed, and the results
were summed by what was then a
relatively new device, the electronic
computer. The results were used to
predict the overall behavior of the
radiations involved in nuclear fission
and, later, nuclear fusion. Because of
the association of this technique with
random outcomes, the developers
named it the “Monte Carlo” method,
after the famous gaming casino in
Monaco.

Other Solid-State Dosimeters

Photoluminescent dosimeters are similar to thermoluminescent dosimeters except
that ultraviolet light rather than heat causes the dosimeters to emit light. Most pho-
toluminescent dosimeters are composed of silver-activated metaphosphate glass of
either high-Z or low-Z composition. The response from both types of glass increases
rapidly as the energy of incident x or y rays is reduced. Shields have been designed to
reduce the energy dependence of these materials.?” For exposure rates up to at least
108 R/sec, the photoluminescent response of silver-activated metaphosphate glass is
independent of exposure rate. Photoluminescent dosimeters are occasionally used for
personnel monitoring and other dosimetric measurements.

Radiation-induced changes in the optical density of glasses and plastics have
been used occasionally to measure radiation quantity. Changes in the optical density
are determined by measuring the transmission of visible or ultraviolet light through
the material before and after exposure to radiation. Silver-activated phosphate glass,
cobalt-activated borosilicate glass, and transparent plastics have been used as radiation
dosimeters.?® Glass and plastic dosimeters are very insensitive to radiation, and high
exposures are required to obtain a measurable response.

lonization Measurements

With designation of the energy absorbed per kilogram of air as E,, Eq. (6-9) may be
rewritten as

—_— Ea
(Heen)m

In a unit volume of air, the energy absorbed per kilogram is

where E is the energy deposited in the unit volume by impinging x or y radiation
and p is the density of air (1.29 kg/m> at STP). If ] is the number of primary and
secondary ion pairs (IPs) produced as a result of this energy deposition, then

E=]W

where W = 33.85 eV/IP. The energy fluence W is
W
V= A (6-17)
10 (/“(’el’l)m

Example 6-10

A 1-m? volume of air at STP is exposed to a photon fluence of 10'° photons per square
meter. Each photon possesses 0.1 MeV. The total energy absorption coefficient of air
is 2.31 x 107> m?/kg for 0.1-MeV photons. How many ion pairs (IPs) are produced
inside and outside of the 1-cm? volume? How much charge is measured if all the ion
pairs are collected?

U = OF (6-3)

h MeV
= (100 P20 <0.1 © ) 1.6 x 10713 I
m photon MeV

=1.6x 101i
1’1’12

v
Y (Men)m



Yo (Ken)n
W

(1.6 x 10" J/m*)(1.29 kg/m*)(2.31 x 10> m?/kg)(10~° m?/cm’)(1 cm?)
- (33.8 eV/IP)(1.6 x 10~1° J/eV)

J (6-18)

=88 x 10% ion pairs
The charge Q collected is

lomb
Q = (88 x 10° IP)<1.6 x 1071 M)

IP
= 1.41 x 10~ coulomb

It is not possible to measure all of the ion pairs resulting from the deposition of
energy in a small volume of air exposed to x or y radiation. In particular, secondary ion
pairs may escape measurement if they are produced outside the “collecting volume” of
air. However, a small volume may be chosen so that energy lost outside the collecting
volume by ion pairs created within equals energy deposited inside the collecting
volume by ion pairs that originate outside. When this condition of electron equilibrium
is satisfied, the number of ion pairs collected inside the small volume of air equals
the total ionization J . The principle of electron equilibrium is used in the free-air
ionization chamber.

Free-Air lonization Chamber

Free-air ionization chambers are used by standards laboratories to provide a funda-
mental measurement of ionization in air. These chambers are often used as a reference
in the calibration of simpler dosimeters such as thimble chambers described later in
this chapter.

X or y rays incident upon a free-air ionization chamber are collimated by
a tungsten or gold diaphragm into a beam with cross-sectional area A (Margin
Figure 6-7). Inside the chamber, the beam traverses an electric field between par-
allel electrodes A and B, with the potential of electrode B highly negative. Electrode
A is grounded electrically and is divided into two guard electrodes and a central col-
lecting electrode. The guard electrodes ensure that the electric field is uniform over
the collecting volume of air between the electrodes. To measure the total ionization
accurately, the range of electrons liberated by the incident radiation must be less than
the distance between each electrode and the air volume exposed directly to the x- or
y-ray beam. Furthermore, for electron equilibrium to exist, the photon flux density
must remain constant across the chamber, and the distance from the diaphragm to
the border of the collecting volume must exceed the electron range. If all of these
requirements are satisfied, then the number of ion pairs liberated by the incident
photons per unit volume of air is

P N

Unit volume AL
where N is the number of ion pairs collected, A is the cross-sectional area of the beam
at the center of the collecting volume, and Lis the length of the collecting volume.
The charge Q (positive or negative) collected by the chamber is

019 coulomb)

=N(16x1
2 ( % 1P

Because 1 R equals 2.58 x 10~* coulomb/kg air, the number of roentgens X corre-
sponding to a charge Q in a free-air ionization chamber is

1 Q
X = 6-19
<2.58 x 10~% coulomb/kg-R) ALp (6-19)

where p is the density of air.
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A free-air ionization chamber. The collecting
volume of length L is enclosed within the region
WXYZ. The air volume exposed directly to the x-
or y-ray beam is depicted by the hatched area.
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MARGIN FIGURE 6-8
Current in a free-air ionization chamber as a
function of the potential difference across the
electrodes of the chamber. Saturation currents are
shown for different exposure rates. Data were
obtained from a chamber with electrodes 1 cm
apart. (From Johns, H., and Cunningham, J. The
Physics of Radiology, 3rd edition. Springfield, IL,
Charles C Thomas, 1969. Used with permission.)

TABLE 6-9 Range and Percentage of Total lonization Produced by Photoelectrons and
Compton Electrons for X Rays Generated at 100, 200, and 1000 kVp

Electrode
X-Ray Photoelectrons Compton Electrons Separation
Tube in Free Air
Voltage Range in Percentage of Total — Range in Percentage of Total Ionization
(kVp)  Air (cm) Ionization Air (cm) Ionization Chamber
100 12 10 0.5 90 12 cm
200 37 0.4 4.6 99.6 12 cm
1000 290 0 220 100 4 m

Source: Meredith, W,, and Massey, J. Fundamental Physics of Radiology. Baltimore, Williams & Wilkins,
1968. Used with permission.

To prevent ion pairs from recombining, the potential difference between the
electrodes of a free-air ionization chamber must be great enough to attract all ion pairs
to the electrodes. A voltage this great is referred to as a saturation voltage. lonization
currents in a free-air chamber subjected to different exposure rates are plotted in
Margin Figure 6-8 as a function of the potential difference across the electrodes. For
any particular voltage, there is an exposure rate above which significant recombination
occurs. Unless the potential difference is increased, an exposure rate higher than this
limiting value is measured incorrectly because some of the ion pairs recombine and
are not collected. Errors due to the recombination of ion pairs may be especially
severe during the measurement of exposure rates from a pulsed beam of x rays.?

The range of electrons liberated in air increases rapidly with the energy of incident
xor y rays (see Table 6-9). Electrodes would have to be separated by 4 m in a chamber
used to measure x rays generated at 1000 kVp. Above 1000 kVp free-air ionization
chambers would become very large, and uniform electric fields would be difficult to
achieve. Other problems such as a reduction in the efficiency of ion-pair collection
are also encountered with chambers designed for high-energy x and y rays. With
some success, chambers containing air at a pressure of several atmospheres have
been designed for high-energy photons. Problems associated with the design of free-
air ionization chambers for high-energy x and y rays contribute to the decision to
confine the definition of the roentgen to x and y rays with energy less than about
3 MeV.

A few corrections are usually applied to measurements with a free-air ionization
chamber,*® including the following:

1. Correction for attenuation of the x or y rays by air between the diaphragm and
the collecting volume

. Correction for the recombination of ion pairs within the chamber

. Correction for air density and humidity

. Correction for ionization produced by photons scattered from the primary beam

. Correction for loss of ionization caused by inadequate separation of the chamber
electrodes

U bW N

With corrections applied, measurements of radiation exposure with a free-air ioniza-
tion chamber can achieve accuracies to within & 0.5%. As mentioned earlier, free-air
ionization chambers are used as reference standards for the calibration of x- and y-
ray beams in standards laboratories. Free-air ionization chambers are too fragile and
bulky for routine use.

Thimble Chambers

The amount of ionization collected in a small volume of air is independent of the
medium surrounding the collecting volume, provided that the medium has an atomic



number equal to the effective atomic number of air. Consequently the large dis-
tances required for electron equilibrium in a free-air chamber may be replaced by
lesser thicknesses of a more dense material, provided that the atomic number is not
changed.

The effective atomic number Z of amaterial is the atomic number of a hypothetical
element that attenuates photons at the same rate as the material. For photoelectric
interactions, the effective atomic number of a mixture of elements is

_ B

7 — (alz%.94 + a Z§'94 44 anzrll.94) 2.9% (6-20)
where, Z1, Z5, ..., Z, are the atomic numbers of elements in the mixture and
di, da, ...d, are the fractional contributions of each element to the total number

of electrons in the mixture. A reasonable approximation for effective atomic number
may be obtained by rounding the 2.94 to 3 in Eq. (6-20).

Example 6-11

Calculate Z for air. Air contains 75.5% nitrogen, 23.2% oxygen, and 1.3% argon.
Gram-atomic masses are as follows: nitrogen, 14.007; oxygen, 15.999; and argon,
39.948.

Number of electrons contributed by nitrogen to 1 g air

~ (19)(0.755)(6.02 x 10 atoms/gram-atomic mass)(7 electrons/atom)
N 14.007 g/gram-atomic mass

= 2.27 x 10%> electrons

Number of electrons contributed by oxygen to 1 g air

. (1 9(0.232)(6.02 x 1033 atoms/gram-atomic mass)(8 electrons/atoms )

15.999 g/gram-atomic mass

= 0.70 x 10%? electrons

Number of electrons contributed by argon to 1 g air

. (1 2)(0.013)(6.02 x 10?* atoms/gram-atomic mass)(18 electrons/atom)

(39.948 g/gram-atomic mass)

= 0.04 x 10%? electrons

Total electrons in 1 g air = (2.27 4 0.70 + 0.04) x 10*

= 3.01 x 10?? electrons

2.27 x 1023 electrons

@y for nitrogen = 3.01 x 102 electrons 0-753
0.70 x 10%3 electrons

2 for oxygen = 3.01 x 102 electrons 0.233

a5 for argon = 0.04 x 10% electrons 0,013

" 3.01 x 1023 electrons

Zar = [(0.753)7%%% 4+ (0.233)82%% + (0.013)18%%%] 7%
= 7.64

The large distances in air required for electron equilibrium and collection of
total ionization in a free-air chamber may be replaced by smaller thicknesses of
“air-equivalent material” with an effective atomic number of 7.64. Chambers with
air-equivalent walls are known as thimble chambers. Most of the ion pairs collected
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Tonization in an air-filled cavity exposed to %°Co
radiation is expressed as a function of the
thickness of the air-equivalent wall surrounding
the cavity.

MARGIN FIGURE 6-10
Diagram of a thimble chamber with an
air-equivalent wall.

A Keithley model 35020 digital dosimetry system.
(Courtesy of Keithley Instruments, Inc.)

within the air volume are produced by electrons released as photons interact with the
air-equivalent walls of the chamber. Shown in Margin Figure 6-9 is the ionization in an
air-filled cavity exposed to high-energy x rays, expressed as a function of the thickness
of the wall surrounding the cavity. Initially, the number of electrons entering the cavity
increases with the thickness of the cavity wall. When the wall thickness equals the
range of electrons liberated by incident photons, electrons from outer portions of
the wall just reach the cavity, and the ionization inside the cavity is maximum. The
thickness of the wall should not be much greater than this equilibrium thickness
because the attenuation of incident x and y rays increases with the wall thickness.
The equilibrium thickness for the wall increases with the energy of the incident
photons. In Margin Figure 6-9, the slow decrease in ionization as the wall thickness
is increased beyond the electron range reflects the attenuation of photons in the wall
of the chamber. Extrapolation of this portion of the curve to a wall thickness of
zero indicates the ionization that would occur within the cavity if photons were not
attenuated by the surrounding wall.

A thimble chamber is illustrated schematically in Margin Figure 6-10. Usually the
inside of the chamber wall is coated with carbon, and the central positive electrode
is aluminum. The response of the chamber may be varied by changing the size of
the collecting volume of air, the thickness of the carbon coating, or the length of the
aluminum electrode. It is difficult to construct a thimble chamber with a response at
all photon energies identical with that for a free-air chamber. Usually the response
of a thimble chamber is compared at several photon energies with the response
of a free-air ionization chamber. By using the response of the free-air chamber as a
standard, calibration factors may be computed for the thimble chamber at different
photon energies.

Condenser Chambers

As ion pairs produced by impinging radiation are collected, the potential difference is
reduced between the central electrode and the wa