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Preface

Imagine a radiographer evaluating body habitus and dis-
ease process and selecting technical factors on the x-ray
tube control panel. Imagine a radiographer examining a
patient using ionizing radiation. Imagine a radiographer
evaluating the finished radiograph for diagnostic quality.
Imagine if this radiographer had never studied physics.
Physics is the basic science for understanding how ioniz-
ing radiation fits into the electromagnetic spectrum, how
x-rays are formed from the interaction of electrons and
the tungsten target of and x-ray tube, and for explaining
the effect of ionizing radiation on matter. A radiographer
without a background in the fundamentals of physics is
not able to make the decisions required in the diagnostic
imaging workplace. Radiologists, radiology managers,
and patients depend on radiographers to make informed
decisions and educated assessments of technical factors
and diagnostic image quality. Much is learned from ex-
perience but even more is gained from accredited radi-
ography programs with clinical assignments and class-
work including extensive study of radiologic physics.
The principle purpose of this textbook is to convey a
working knowledge of radiologic physics while prepar-
ing radiography students as painlessly as possible for the
certification examination by the American Registry of
Radiologic Technologists (AART). This book will also
be a valuable resource for the practicing technologist.

This textbook resulted from lectures from radiologic
science courses for students and radiographers in the
programs of the University of Houston, the Houston
Community College, and for radiology residents at Bay-
lor College of Medicine. These students receive their
clinical training in one of the several hospitals and as-
semble together for much of the instruction. This text-
book, therefore, is designed to meet the needs of stu-
dents who may be receiving clinical training in a wide
spectrum of environments and whose classwork may be
presented on several levels of difficulty.

HISTORICAL PERSPECTIVE

The practice and the equipment of diagnostic radiology
remained relatively stable during the first seven decades

following the discovery of x-rays. Truly great changes
during that time can be counted on the fingers of one
hand: the Crookes tube, the Potter-Bucky diaphragm,
and image intensification.

However, since the publication of the first edition
of this book in 197§, several great and innovative
types of examinations have come into routine use in
medical imaging: computed tomography, computed
radiography, digital fluoroscopy, and most recently
spiral computed tomography. These examinations
have been made possible by our truly spectacular
technology—computer advances, new x-ray tube de-
signs, and improved image receptors. These develop-
ments have transformed radiology into an imaging sci-
ence.

NOMENCLATURE

Although the United States has not formally adopted
the International Systems of Units (SI units), this text-
book presents SI units. With this system come the cor-
responding units of radiation and radioactivity. The
roentgen, the rad, and the rem are being replaced by the
coulomb/kilogram (C/kg), the gray (Gy), and the sievert
(Sv), respectively. Radioactivity is to be expressed in be-
querels (Bq). Consequently, throughout this sixth edi-
tion, where there has been reference to units other than
SI, the SI equivalent will follow in parentheses. A sum-
mary of SI and the factors necessary to convert from
conventional to SI units is given in the inside front cover
of the text.

Additional nomenclatures are continually being in-
troduced into diagnostic radiology, and where appro-
priate, newer forms are used in this text. SID (source-to-
image receptor distance), PBL (positive beam limita-
tion), linearity, reproducibility, and HU (Hounsfield
unit) are examples of some of the new vocabulary. In
many instances, when conversion from English to met-
ric is made, the result is rounded off. For example, 40
inches target-to-film distance (TFD) is actually 101.6
cm, but it is identified throughout as being equivalent to
100 cm SID.
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NEW TO THIS EDITION
Learning Aids

Those readers who have used previous editions of Ra-
diologic Science for Technologists will find some signif-
icant improvements in this new edition. The most im-
portant goal in preparing the sixth edition has been to
make the text even more accessible to radiography stu-
dents. The language used to present information is di-
rect, concise, and easy to understand. To encourage and
to make the text reader-friendly, each chapter opens
with a list of learning objectives, an outline, and an in-
troduction that overviews the chapter. Each chapter
ends with a chapter summary that recaps the major
points presented in the chapter. Answering the review
questions provided at the end of each chapter can help
the reader assess his or her comprehension of the chap-
ter’s contents. Because radiologic science cannot be to-
tally separated from mathematics, there are many for-
mulas to learn. In this book formulas and easy-to-un-
derstand mathematic equations are clearly highlighted
in the text and are followed by problems with clinical
significance using these equations. The answers to the
problems are calculated line by line to lead the student
through to the answer. The review questions at the end
of the chapter also include math problems. Key con-
cepts are highlighted in colored boxes throughout the
book.

The sixth edition also contains an important new
chapter on spiral CT, an innovation of computed to-
mography that is now routinely used. Other recent in-
novations in medical imaging described in the text-
book are digital fluoroscopy, computed radiography,
and advances in film and intensifying screen tech-
nology.

Improved Organization

The overall organization of the book is intended to lead
the student from less complex subject matter in the be-

ginning to more complex subject matter at the end. The
learning is progressive. Chapter introductions and out-
lines allow the student to survey the material before
reading the chapter. Chapter outlines refer to specific
headings throughout the chapter so information can be
found quickly. Important information in the chapter is
boxed and highlighted to allow for quick reference and
increased retention of information. Each chapter is con-
cisely reviewed in the chapter summary and is followed
by lists entitled “Additional Reading,” to encourage the
reader to research topics of interest.

New lllustrations

One of the most exciting new features of this new book
is the addition of full-color art, which provides better
graphic demonstration of the difficult concepts of radi-
ologic science while making the text more attractive and
interesting.

ANCILLARIES
Student Workbook

A completely revised edition of Radiologic Science
Workbook and Laboratory Manual is available. It
contains worksheets, fill-in-the blank questions, multi-
ple choice questions, matching items, word problems,
and crossword puzzles. All the questions in the accom-
panying workbook are correlated directly with the text.
Use of the workbook will enhance learning and enjoy-
ment of radiologic science.

Related Multimedia

Instructional materials to support teaching and learning
radiologic physics have been developed by Mosby and
may be obtained by contacting the publisher directly.
Multimedia presentations of basic physics, imaging, ra-
diobiology, and radiation protection are available in
both slide/audiotape and CD-ROM formats.

Stewart C. Bushong
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Basic Concepts
of Radiation
Science

OBJECTIVES

At the completion of this chapter the student will be able to:

1. Identify the difference between matter and energy

2. Define electromagnetic radiation and, specifically, ionizing radiation

3. Explain how x-rays were discovered accidently

4. Discuss human injury caused by radiation

5. List basic radiation protection equipment

6. Describe a brief history of modern radiography and discuss what behaviors
are required of a radiographer

OUTLINE

Matter and Energy Ionizing Radiation
Matter and mass Natural sources of ionizing
Energy radiation

Medical x-ray
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basic concepts underlying the science of radiography. These
basic concepts include the study of matter, energy, and the
electromagnetic spectrum, of which ionizing radiation is a
part. The production of ionizing radiation and its use as a
diagnostic tool is the basis of radiography. Radiographers
have a great responsibility in performing x-ray examinations
using established radiation protection standards with
consideration for the safety of patients and medical per-
sonnel.

Radiography is a career choice with diverse opportuni-
ties. Welcome to the field of diagnostic imaging.

MATTER AND ENERGY
Matter and Mass

Matter is anything that occupies space. It is the mater-
ial substance with form and shape composing physical
objects. The fundamental, complex building blocks of
matter are atoms and molecules. The primary charac-
teristic of matter is mass, which is defined as the quan-
tity of matter contained in a physical object.

¢ Mass or the quantity of matter within a physical object is constant
* within the universe.

®
94 % o9

The term weight is used to describe the mass of an
object in a gravitational field. In other words, weight is
the force exerted by a physical object under the influ-
ence of gravity. On earth a person weighs 200 pounds
because of the mutual attraction or gravity between the
earth’s mass and the mass of the person; however, on
the moon, which has a mass one sixteenth that of the
earth, the person would weigh 34 pounds (¥, = 0.17;
0.17 X 200 pounds = 34 pounds). The mass of the per-
son remains the same. It is only the weight of the person
that is less on the moon. Mass remains unchanged in
another instance. Mass remains unchanged when mat-
ter changes from one form to another. Consider a block
of ice. The shape of the ice changes as it melts into a
puddle of water. If the puddle dries, the water disap-
pears. The ice is transformed from a solid to a liquid to
water vapor. If all the particles making up the ice, wa-
ter, and water vapor were measured separately, the
quantity of particles in each form would be the same.
Each form has the same mass, although the shape may
be different. Mass is constant. It does not change under
the influence of gravity or when matter changes state.

Energy

>
’/'/,0-.\\‘
¢(«* )9 Energy
\\o/

3 The ability to do work.

Like matter, energy can exist in many forms. The fol-
lowing is a list of the forms of energy:

= Potential energy is the capacity to do work because
of the position of an object. In Figure 1-1 the heavy
guillotine blade held in the air by a rope and pulley
is an example of an object possessing potential en-
ergy. If the rope is cut, the blade will descend and
do its ghastly task. Work was required to get the
blade to its high position. Because of this position,
the blade has potential energy. Other examples of
potential energy include a roller coaster on the top
of the incline and the stretched spring of an open
screen door.

= Kinetic energy is the energy of motion. An auto-
mobile in motion, a turning windmill wheel, or the
falling guillotine blade are all examples of kinetic
energy. These systems all do work because of their
motion.

= Chemical energy is the energy released in a chemi-
cal reaction. One way to illustrate the release of
chemical energy is to consider the violent burst re-
sulting from the lighting of dynamite. Nitroglycer-
ine and ammonium nitrate combine in the presence
of heat or a flame. The violent chemical reaction in-
creases the internal pressure in the dynamite tubes,
causing the explosion or energy release.

= Electrical energy is the work done when an electron
(negative particle) moves through a wire. This is
discussed further in Chapter 5. All electric appli-

FIGURE I-1 The blade of a guillotine offers a dramatic example of
both potential and kinetic energy. When the blade is pulled to its
maximum height and locked in place, it has potential energy. When
the blade is allowed to fall, kinetic energy is released.
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ances like heaters, dryers, stoves, and refrigerators
use electrical energy.

* Thermal energy is the energy of motion at the
molecular level. It is the kinetic energy of mole-
cules. Thermal energy or heat is measured by tem-
perature. The faster the molecules of matter are
moving, the more thermal energy the matter con-
tains and the higher the temperature of the sub-
stance.

= Nuclear energy is the energy contained in the nu-
cleus of atom. The atomic bomb is an example of
the power of nuclear energy.

= Electromagnetic energy is the most important form
of energy in radiography because it is the type of
energy in the x-ray beam and used in magnetic res-
onance imaging.

In addition to x-rays used in radiography and radio
waves used in magnetic resonance imaging, electro-
magnetic energy spectrum includes microwaves and
visible light. Just as matter can be transformed from
one form or shape to another, so can energy. For ex-
ample, the electrical energy in the x-ray unit produces
electromagnetic energy in the form of an x-ray beam,
which is then converted into light and chemical energy,
resulting in an image on the x-ray film. Electromagnetic
energy emitted by a source and transferred through
space is called electromagnetic radiation. Examples of
radiation emitted by a source are ultraviolet rays from
the sun, heat from a stove, and radio waves from a ra-
dio tower.

Albert Einstein combined the concepts of mass and
energy in his famous theory of relativity. He won the
Nobel Prize in physics in 1921 by describing the mass-
energy equivalence. The cornerstone of that theory is
the equation E = mc¢* where E is energy, m is mass, and
c is the speed of light.

IONIZING RADIATION

There are special types of electromagnetic radiation like
x-rays, which can ionize matter.

. 0 lonization
<3~ A reaction in which radiation interacts with matter.

As radiation passes through matter, it is capable of
removing an orbital electron from an atom within the
substance (Figure 1-2). As radiation passes close enough
to an orbital electron of an atom, it may transfer energy
to that electron, causing the atom to escape from its or-
bit. This free electron may further destabilize surround-
ing atoms by transferring energy to them. The free elec-
tron is a negative ion. The destabilized atom is a posi-
tive ion. The orbital electron and the atom from which
it was separated are called an ion pair. X-rays and
gamma rays are the only forms of electromagnetic radi-
ation with enough energy to ionize matter, although

Basic Concepts of Radiation Science 5

ionizing radiation

negbﬁve ion
e [free electron)

ion pair

positive ion
(remaining atom)

FIGURE -2 lonization is the removal of an electron from an atom.
The ejected electron and the resulting positively charged atom are
called an jon pair.

some fast-moving particles like alpha and beta are also
capable of ionization.

Many types of radiation are harmless, like radio
waves and light waves, although ultraviolet light can
cause harmful sunburn. Ionizing radiation, however,
can seriously injure humans; thus radiographers study
radiation protection and radiation biology to learn
ways to protect themselves and to limit patient expo-
sure. There are two main sources of radiation harmful
to humans—natural sources and man-made sources.

Natural Sources of lonizing Radiation

Natural environmental radiation comes from three
sources—cosmic rays, terrestrial radiation, and nartu-
rally occurring radionuclides (radioactive nucleus) in
the human body. Cosmic rays are particles that are
emitted by the sun and stars. The intensity of cosmic
rays increases with the increase in altitude from the
earth and the increase in latitude on the earth, that is,
toward the poles. Terrestrial radiation is emitted from
deposits of uranium, thorium, and other radioactive
substances in the earth. The intensity of the terrestrial
radiation depends on the geology of the area where de-
posits are located. The largest component of terrestrial
radiation is radon. Radon, a radioactive gas that emits
alpha particles, is produced by the natural decay of ura-
nium and is present in trace quantities in the ground. All
ground-based materials such as concrete, bricks, and
gypsum wallboard contain radon. Radon gas can be
harmful if inhaled in sufficient quantities. Radionu-
clides, mainly potassium-40, are part of the human me-
tabolism and have been part of the environmental radi-
ation source as long as man has been on earth—
100,000 years. Human evolution has undoubtedly been
influenced by this natural environmental radiation.



6 PART ONE Radiologic Physics

Some genetic scientists contend that evolution, or
changes in the genetic substance of organisms, was in-
fluenced by ionization of DNA (deoxyribonucleic acid.)
If this is true, radiation workers and medical personnel
must be highly concerned with unnecessary medical ra-
diation exposure.

Medical X-ray

Medical x-rays constitute the largest source of man-
made ionizing radiation. The medical benefits of x-rays
are indisputable; however, the controlled use of radia-
tion is equally as important. Radiographers, radiolo-
gists, and biomedical engineers have equal responsibil-
ity in reducing the radiation dosage to personnel and to
patients. Other sources of man-made radiation include
nuclear power plants and industrial sources, which con-
tribute only insignificantly to the human population’s
annual radiation dose. Consumer items like watch dials,
smoke detectors, televisions, and airport surveillance
systems actually contribute more significantly to the an-
nual radiation dose (Figure 1-3).

The ionizing radiation dose to humans is measured in
rads or mrads (V.0 rad). The rad is the unit of radiation
absorbed dose or the quantity of radiation absorbed by
the human body. Most recently the unit rad has been
changed to an international unit called a gray (Gy).

Natural radiation sources contribute approximately
360 mrad to the average absorbed dose to each human.
Medical x-rays on average contribute 40 mrad.

What percentage of the average radiation exposure
to a human is due to medical x-rays?

40 mrad

e e o,
360 mrad 0.128 or 13%

Even though only 13% of all radiation exposure is due
to medical x-ray and medical procedures, radiation
workers still need to be concerned about limiting the ra-
diation to personnel and to patients.

Discovery of x-rays. X-rays were not developed. They
were discovered by accident. During the 1870s and
1880s, university physics professors were investigating
the conduction of cathode rays (electrons) through a
glass tube that was only partially filled with gasses. The
glass tube was called a Crookes’ tube after an English-
man, Sir William Crookes, who led one of the many
experiments. The Crookes’ tube is the forerunner of
the modern fluorescent light. Experimenting with a
Crookes’ tube, Wilhelm Roentgen accidently discovered
X-rays.

On November 8, 1895, Roentgen was working in his
laboratory at Wiirzburg University in Germany. So that
he could better see the effects of the cathode rays in the
Crookes’ tube, he darkened his laboratory. Several feet
away on a bench was a photographic plate coated
with barium platinocyanide, a fluorescent material.
Roentgen covered the Crookes’ tube with paper so no
visible light escaped from it. Then he activated the

internal
39 mrem

terrestrial
29 mrem 7

medical x-rays
39 mrem

cosmic
29 mrem nuclear
medicine
14 mrem

consumer

roducts
O mrem
Radon
198 mrem occupational
nuclear power
industrial
2 mrem
OOEE natural 295 mrem
OOEE mon made 65 mrem

FIGURE 1-3 The contribution of various radiation sources to the
total average U.S. population dose equivalent (mrem).

Crookes’ tube and noticed that the plate on the nearby
bench glowed. The intensity of the glow or fluorescence
increased as the plate was brought closer to the tube.
There was little doubt about the origin of the fluores-
cence, but the kind of light was unclear. Roentgen called
the rays x-light because it was an unknown ray. He
feverishly continued his investigation for several weeks.
His initial investigation was extremely thorough, and he
was able to report his experimental results to the scien-
tific community before the end of 1895. In 1901, he re-
ceived the Nobel Prize in physics. He also published the
first medical x-ray—an image of his wife Bertha’s hand
(Figure 1-4).

Figure 1-5 is a photograph of what is reported to be
the first x-ray examination in the United States. It was
conducted in early February 1896 in the physics labo-
ratory at Dartmouth College, Hanover, New Hamp-
shire.

The discovery of x-rays ranks high among the amaz-
ing events of human history. First of all, x-rays were
discovered by accident. Secondly, at least twelve of
Roentgen’s contemporaries had observed x-rays but
none had recognized their significance. Thirdly, Roent-
gen studied his discovery with such scientific vigor that
within little more than a month he had described all the
properties of x-rays that are recognized today.

Reports of radiation injury to humans. Unfortunately,
in the early years radiation injuries from overexposure
occurred fairly frequently. Most injuries were skin dam-
age (erythema), loss of hair (alopecia), and low red-cell
blood count (anemia). Physicians and, more commonly,
patients were injured because of the low-energy radia-
tion produced by the early tubes and the long exposure
times required to get an acceptable radiograph. By



