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Review of Basic Physics

ELECTROSTATICS

1. The addition or removal of electrons is called
electrif cation.

2. Like charges repel; unlike charges attract.

3. Coulomb’s law of electrostatic force:

Q4Qs

d2

F=c

4. Only negative charges can move in solids.

5. Electrostatic charge is distributed on the outer surface
of conductors.

6. The concentration of charge is greater when the
radius of curvature is smaller.

ELECTRODYNAMICS

Ohm’ Law: V = IR
A series circuit:

R R,
VAN VAVAVA
. .
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1. VtZVl +V2+V3+V4
2. I 1s the same through all elements.
3. Rt:RI +R2+R3+R4

A parallel circuit:

n . Ry R Rs Ry

1. V 1s the same across each circuit element.
2. Itzll +IQ+I3+I4

3. Vo= VT S T s S

Electric power: P=1IV =12 R [(A) (V) = W]
Work: Work = OV [(C) (V) =]

Potential: V' = W/Q [J/C = V]

Capacitance: C = Q/V [C/V = F]

MAGNETISM

1. Every magnet has a north pole and a south pole.
2. Like poles repel; unlike poles attract.
3. Gauss’s law:

ELECROMAGNETISM

1. A magnetic feld 1s always present around a conduc-
tor in which a current is flowing.
2. Changing magnetic felds can produce an electric

feld.
3. Transformer law:

Vo _Ne
Vs Ng
CLASSICAL PHYSICS

Linear force: F = ma [(kg)(m/s * ) = N]
Momentum: p = mv [(kg)(m/s)]

Mechanical work (or energy):

Work (or E) = Fs [(N)(m) = J]

Kinetic energy: E = 14 mv* [(kg)(m?*/s*) = J]
Mechanical power: P = Fs/t [(N)(m)/s = J/s = W]
Conservation of momentum between A and Bfnl*:

myvytmpv, =myv, ' =mpvy'

Conservation of kinetic energy between A and Bfnl*:

%mA(vA)Z +%mB(VB)2 =Ym,(v, ’)2 = Yimp(vg ')2

*v, Initial velocity; v', Final velocity.
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Useful Units m Radwology

- SI Prefixes - ST Base Units

Factor Pref x Symbol Quantity Name Symbol
10'® Exa E Length Meter m
10" Peta P Mass Kilogram kg
10" Tera T Time Second S
10° Giga G Electric current Ampere A
10° Mega M
10° Kilo k
10° Hecto h
10 Deca da
107" Deci d
107 Centi C
107 Milli m
10°° Micro m
107 Nano n
107" Pico P
1071 Femto f
107" Atto a

- ST Derived Units Expressed in Terms of Base Units

ST UNIT

Quantity Name Symbol
Area Square meter m?
Volume Cubic meter m’
Speed, velocity Meter per second m/s
Acceleration Meter per second squared m/s?
Density, mass density Kilogram per cubic meter kg/m’
Current density Ampere per square meter A/m?
Concentration (of amount of substance) Mole per cubic meter Mole/m’
Specfific volume Cubic meter per kilogram m°/kg

- Special Quantities of Radiologic Science and Their Associated Special Units

CUSTOMARY UNIT ST UNIT

Quantity Name Symbol Name Symbol
Exposure roentgen R air kerma Gy,
Absorbed dose rad rad gray Gy,
Effective dose rem rem sievert Sv
Radioactivity curie Ci becquerel Bq
Multiply R by 0.01 to obtain Gy,
Multiply rad Gy by 0.01 to obtain Gy,
Multiply rem by 0.01 to obtain Sv
Multiply Ci by 3.73 x 10" to obtain Bq
Multiply R by 2.583 x 107* to obtain C/kg
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Baylor College of Medicine

I wrote the first edition of this textbook in 1974 not expecting anyone to read it much less buy it! I wrote it to get
promoted. My academic chairman explained to me that in order to be promoted to full professor at Baylor College
of Medicine one had to write a textbook (Bushong, SC. A Book Report. Radiologic Technology pg. 405-409, March/

April 2013).

The greatest reward I have received in writing this 11™ edition and the previous ten is the many new friends I now
have because of this textbook. So I dedicate this edition to you, my friends in radiologic education. Many have
contributed to this textbook and many have shared with me the speaking platform at educational meetings. Thank
you very much for your friendship and I apologize to those I have left out because I'm late in the fourth quarter and

I can’t remember!!!
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Dedication — Samtly Stitchers

This eleventh edition of Radiologic Science for Technologists 1s dedicated to my new friends at St. Martin’s Episcopal
Church, Houston, which is not even my church. I discovered that their project to knit kneelers for their new sanctu-
ary needed additional stitchers. They taught me to stitch and that one can stitch while in conversation, while in
church, while watching TV, and during many other activities. It 1s easy to do and easy to multi-task when stitching
1s one of the activities.

A recent article in the Houston Chronicle included an interview with me, one of two Saintly Stitching males. “It’s
a total chick magnet.” When I break out my stitching at the airport or wherever, the chicks, mostly in the fourth
quarter, do come flocking with lots of questions and compliments.

More importantly I’ve been promised that when I finish my kneeler I will be a slam-dunk to get into Heaven. I’ve

been at it for a year now and plot my progress - that’s my kneeler hanging on the railing below. At the present pace
I will finish in March, 2031.

From left:

Row 1: Ada Grundy, Barbara Bush, Betty Workman, Ann Thurmond, Lee Hunnell, Marthann Weaber, Susan Rovello, Karen Fast, Nancy
Marymee. Row 2: Joyce Jackson, Gerri Utterson, Bette Fryar, Pam Bentley, Clem Mclver, Joan Hilley, Shirley Hopkins, Gerry Eversol, Ann
Cochran, Fran Smith. Row 3: Shirley Allen Anne McFaddmn, Sue Rea, Barbara Svetlk. Row 4: Michele Roberts, Stewart Bushong, Bobbie
Adams, Martha Ann Linden, Dorothy Browne, Mary Epps, Kay Handley, Carroll Selander, Betty Ann Graves.
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Preface

PURPOSE AND CONTENT

The purpose of Radiologic Science for Technologists:
Physics, Biology, and Protection is threefold: to convey
a working knowledge of radiologic physics; to prepare
radiography students for the certif cation examination
by the ARRT; and to provide a base of knowledge from
which practicing radiographers can make informed
decisions about technical factors, diagnostic image
quality, and radiation management for both patients
and personnel.

This textbook provides a solid presentation of radio-
logic science, including the fundamentals of radiologic
physics, diagnostic imaging, radiobiology, and radiation
management. Special topics include mammography,
fluoroscopy, interventional radiology, helical computed
tomography, and the various modes of digital imaging.

The fundamentals of radiologic science cannot be
removed from mathematics, but this textbook does not
assume a mathematics background for the readers. The
few mathematical equations presented are always fol-
lowed by sample problems with direct clinical applica-
tion. As a further aid to learning, all mathematical
formulas are highlighted with their own icon.

B

Likewise, the most important ideas under discussion
are presented with their own colorful penguin icon and
box. A PENGUIN is a very important fact that you
should place on your iceberg.

The eleventh edition improves this popular feature of
information bullets by including even more key con-
cepts and def nitions in each chapter. This textbook also
presents learning objectives, chapter overviews, and
chapter summaries that encourage students and make
the text user-friendly for all. Challenge Questions at the
end of each chapter include defnition exercises, short-
answer questions, and a few calculations. These ques-
tions can be used for homework assignments, review
sessions, or self-directed testing and practice. Answers

to all questions are provided on the Evolve site at http://
evolve.elsevier.com.

HISTORICAL PERSPECTIVE

For seven decades after Roentgen’s discovery of x-rays
in 1895, diagnostic radiology remained a relatively
stable feld of study and practice. Truly great changes
during that time can be counted on one hand: the
Crookes tube, the radiographic grid, radiographic inten-
sifying screens, and image intensif cation.

Since the publication of the frst edition of this text-
book in 1975, however, newer systems for diagnostic
imaging have come into routine use: multislice helical
computed tomography, computed radiography, digital
radiography, digital radiographic tomosynthesis, and
digital fluoroscopy. Truly spectacular advances in com-
puter technology and x-ray tube and image receptor
design have made these innovations possible, and they
continue to transform diagnostic imaging.

NEW TO THIS EDITION

The eleventh edition has been reorganized, consoli-
dated, and updated to reflect the current imaging envi-
ronment. Currently we are essentially engaged in digital
imaging. Digital radiography has replaced screen-flm
radiography rapidly and this requires that radiologic
technologists acquire a new and different fund of knowl-
edge in addition to what has been required previously—
and in the same length of training time! Two new
chapters were added on digital imaging, primarily focus-
ing on patient dose safety with these newer techniques.
Though the trend 1s to replace flm/screen radiography
with digital radiography, chapters concerning flm/
screen radiography were left in this 11™ edition for
reference purposes and those schools still teaching f1m/
screen radiography.

In addition, the targeted focus on this necessary new
content and closer alignment with ASRT core curricu-
lum ensures student technologists are prepared to take
the ARRT exam and have the background they need to
perform well in the clinical environment.

ANCILLARIES
Student Workbook

This resource has been updated to reflect the changes in
the text and the rapid advancements in the feld of
radiologic science. Part I offers a complete selection of

X11l
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worksheets organized by textbook chapter. Part II, the
Math Tutor, provides an outstanding refresher for any
student. The Laboratory Experiments collect experi-
ments designed to demonstrate important concepts in
radiologic science. These are now available on the
Evolve site at http://evolve.elsevier.com for ease of use.

Evolve Resources

Instructor ancillaries, including an ExamView Test Bank
of over 900 questions, an image collection of all of the
images in the text, and a PowerPoint lecture presenta-
tion are all available to instructors at http://evolve.else-
vier.com.

Students and instructors have access to the textbook
challenge questions answer keys, laboratory experi-
ments, the workbook math tutor answer key, and the
workbook worksheet answer keys.

A NOTE ON THE TEXT

Although the ARRT has not formally adopted the Inter-
national System of Units (SI units), they are presented
in this eleventh edition. With this system come the cor-
responding units of radiation and radioactivity.

The roentgen and the rad are being replaced by the
gray (Gy, and Gy, respectively) and the rem by the
sievert (Sv). In this edition, the SI units are presented
frst, followed by the earlier units in parentheses. A
summary of special quantities and units in radiologic
science can be found on the inside front cover of the
text.

Radiation exposure is measured in SI units of C/kg,
measured in mGy. Because mGy is also a unit of dose,
a measurement of radiation exposure is distinguished
from tissue dose by applying a subscript a or t to mGy,
according to the recommendations of Archer and
Wagner (Minimizing Risk From Fluoroscopic X-rays,
PRM, 2007). Therefore radiation exposure is measured
in mQGy, and tissue dose in mQGy:..
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CHAPTER

Essential Concepts
of Radologic
Science

OBJECTIVES

At the completion of this chapter, the student should be able to do the
following:

1. Describe the characteristics of matter and energy.

2. Identify the various forms of energy.

3. Defne electromagnetic radiation and ionizing radiation.

4. State the relative intensity of ionizing radiation from various
sources.

5. List the concepts of basic radiation protection.

6. Discuss the derivation of scientif ¢ systems of measurement.

7. List and defne units of radiation and radioactivity:.

OUTLINE
Nature of Our Surroundings Mechanics
Matter and Energy Velocity
Sources of Ionizing Radiation Acceleration
Discovery of X-Rays Newton’s Laws of Motion
Development of Medical Imaging Weight
Reports of Radiation Injury Momentum
Basic Radiation Protection Work
Filtration Power
Collimation Energy
Protective Apparel Heat
Gonadal Shielding Terminology for Radiologic
Protective Barriers Science
Standard Units of Measurement Numeric Pref xes
Length Radiologic Units
Mass The Medical Imaging Team
Time
Units

https://CafePezeshki.lR



CHAPTER 1 Essential Concepts of Radiologic Science 3

IS CHAPTER explores the basic concepts of
the science and technology of x-ray imagimng.
These include the study of matter, energy, the

electromagnetic spectrum, and ionizing radiation. The
production and use of ionizing radiation as a diagnos-
tic tool serve as the basis for radiography. Radiologic
technologists who deal specifically with x-ray imaging
are radiographers. Radiographers have a greatrespon-
sibility in performing x-ray examinations in accordance
with established radiation protection standards for the
safety of patients and medical personnel.

The mstant an x-ray tube produces x-rays, allof the
laws of physics are evident. The projectile electron
from the cathode hits the target of the anode produc-
Ing x-rays. Some x-rays interact with tissue, and other
x-rays interact with the mimage receptor, forming an
image. The physics of radiography deals with the pro-
duction and interaction of x-rays.

Radiography is a career choice with great opportu-
nities in a number of diverse fields. Welcome to the

field of medical imaging!

NATURE OF OUR SURROUNDINGS

In a physical analysis all things can be classifed as
matter or energy. Matter 1s anything that occupies space
and has mass. It is the material substance of which
physical objects are composed. All matter 1s composed
of fundamental building blocks called atoms, which
are arranged in various complex ways. These atomic
arrangements are considered at great length 1n
Chapter 2.

A primary, distinguishing characteristic of matter is
mass, the quantity of matter contained in any physical
object. We generally use the term weight when describ-
ing the mass of an object, and for our purposes we may
consider mass and weight to be the same. Remember,
however, that in the strictest sense they are not the same.
Whereas mass is actually described by its energy equiva-
lence, weight is the force exerted on a body under the
influence of gravity.

Mass 1s measured in kilograms (kg). For example, on
Earth, a 200-1b (91-kg) man weighs more than a 120-Ib
(55-kg) woman. This occurs because of the mutual
attraction, called gravity, between the Earth’s mass and
the mass of the man or woman. On the moon, the man
and the woman would weigh only about one-sixth what
they weigh on Earth because the mass of the moon is
much less than that of the Earth. However, the mass of
the man and the woman remains unchanged at 91 kg
and 55 kg, respectively.

Mass is the quantity of matter as described by its
energy equivalence.

MATTER AND ENERGY

Matter is anything that occupies space. It i1s the material
substance having mass of which physical objects are
composed. The fundamental, complex building blocks
of matter are atoms and molecules. The kilogram, the

A PENGUIN TALE BY BENJAMIN RIPLEY
ARCHER, PHD

In the vast and beautiful expanse of the Antarctic
region, there was once a great, isolated iceberg
floating in the serene sea. Because of its location
and accessibility, the great iceberg became a
Mecca for penguins from the entire area. As more
and more penguins flocked to their new home and
began to cover the slopes of the ice field, the
iceberg began to sink farther and farther mto the
sea. Penguins kept climbing on, forcing others off
the iceberg and back into the ocean. Soon the
iceberg became nearly submerged owing to the
sheer number of penguins that attempted to take
up residence there.

Moral: The PENGUIN represents an important
fact or bit of information that we must learn to
understand a subject. The brain, similar to the
iceberg, can retain only so much information
before it becomes overloaded. When this
happens, concepts begin to become dislodged,
like penguins from the sinking iceberg. So, the key
to learning is to reserve space for true “penguins”
to fill the valuable and limited confines of our
brains. Thus key points in this book are
highlighted and referred to as “PENGUINS.”
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4 PART I Radiologic Physics

scientif ¢ unit of mass, is unrelated to gravitational
effects. The prefx kilo stands for 1000; a kilogram (kg)
1s equal to 1000 grams (g).

Although mass, the quantity of matter, remains
unchanged regardless of its state, it can be transformed
from one size, shape, and form to another. Consider a
1-kg block of ice, in which shape changes as the block
of ice melts into a puddle of water. If the puddle is
allowed to dry, the water apparently disappears entirely.
We know, however, that the ice is transformed from a
solid state to a liquid state and that liquid water becomes
water vapor suspended in air. If we could gather all the
molecules that make up the ice, the water, and the water
vapor and measure their masses, we would fnd that
each form has the same mass.

Similar to matter, energy can exist in several forms.
In the International System (SI) energy is measured in
joules (J). In radiology the unit electron volt (eV) is often
used.

Potential energy is the ability to do work by virtue
of position. A guillotine blade held aloft by a rope and
pulley is an example of an object that possesses poten-
tial energy (Figure 1-1). If the rope is cut, the blade will
descend and do its ghastly task. Work 1s required to get
the blade to its high position, and because of this posi-
tion, the blade 1s said to possess potential energy. Other
examples of objects that possess potential energy

FIGURE 1-1 The blade ofa guillotine offers a dramatic example
of both potential and kmetic energy. When the blade is pulled to
its maximum height and s locked mto place, it has potential
energy. When the blade is allowed to fall, the potential energy is
released as kinetic energy.

include a rollercoaster on top of the incline and the
stretched spring of an open screen door.

Q‘ Energy is the ability to do work.

S~

Kinetic energy is the energy of motion. It is possessed
by all matter in motion: a moving automobile, a turning
windmill wheel, a falling guillotine blade. These systems
can all do work because of their motion.

Chemical energy is the energy released by a chemical
reaction. An important example of this type of energy
1s that which is provided to our bodies through chemical
reactions involving the foods we eat. At the molecular
level, this area of science is called biochemistry. The
energy released when dynamite explodes 1s a more dra-
matic example of chemical energy.

Electrical energy represents the work that can be
done when an electron moves through an electric poten-
tial difference (voltage). The most familiar form of elec-
trical energy 1s normal household electricity, which
involves the movement of electrons through a copper
wire by an electric potential difference of 110 volts (V).
All electric apparatus, such as motors, heaters, and
blowers, function through the use of electrical energy.

Thermal energy (heat) is the energy of motion at the
molecular level. It is the kinetic energy of molecules and
is closely related to temperature. The faster the mol-
ecules of a substance are vibrating, the more thermal
energy the substance has and the higher 1s its
temperature.

Nuclear energy is the energy that is contained within
the nucleus of an atom. We control the release and use
of this type of energy in electric nuclear power plants.
An example of the uncontrolled release of nuclear
energy 1s the atomic bomb.

Electromagnetic energy is perhaps the least familiar
form of energy. It is the most important for our pur-
poses, however, because it is the type of energy that is
used 1n x-ray imaging. In addition to x-rays and gamma
rays, electromagnetic energy includes radio waves;
microwaves; and ultraviolet, infrared, and visible light.
Electromagnetic energy does not include sound or diag-
nostic ultrasound.

Just as matter can be transformed from one size,
shape, and form to another, so too can energy be trans-
formed from one type to another. In radiology, for
example, electrical energy in the x-ray imaging system
1s used to produce electromagnetic energy (the x-ray),
which then is converted to chemical energy in the radio-
graphic flm or an electrical signal in a digital image
receptor.

Reconsider now the statement that all things can be
classifed as matter or energy. Look around you and
think of absolutely anything, and you should be
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CHAPTER 1 Essential Concepts of Radiologic Science 5

convinced of this statement. You should be able to clas-
sify anything as matter, energy, or both. Frequently,
matter and energy exist side by side—a moving auto-
mobile has mass and kinetic energy; boiling water has
mass and thermal energy; the Leaning Tower of Pisa has
mass and potential energy.

Perhaps the strangest property associated with matter
and energy is that they are interchangeable, a character-
istic frst described by Albert Einstein in his famous
theory of relativity. Einstein’s mass-energy equivalence
equation is a cornerstone of that theory.

This mass-energy equivalence serves as the basis for
the atomic bomb, nuclear power plants, and certain
nuclear medicine imaging modalities.

MASS-ENERGY

E = mc?
% where E 1s energy, m s mass, and c is the

velocity (speed) of electromagnetic radiation (light)
n a vacuum.

Energy emitted and transferred through space is
called radiation. When a piano string vibrates, it is said
to radiate sound; the sound is a form of radiation.
Ripples or waves radiate from the point where a pebble
is dropped into a still pond. Visible light, a form of
electromagnetic energy, is radiated by the sun and 1is
electromagnetic radiation. Electromagnetic energy is
usually referred to as electromagnetic radiation or,
simply, radiation.

Matter that intercepts radiation and absorbs part or
all of it is said to be exposed or irradiated. Spending a
day at the beach exposes you to ultraviolet light. Ultra-
violet light is the type of radiation that causes sunburn.
During a radiographic examination, the patient 1is
exposed to x-rays. The patient 1s said to be irradiated.

@‘ Radiation is the transfer of energy.

Ionizing radiation is a special type of radiation that
includes x-rays. Ionizing radiation is any type of radia-
tion that is capable of removing an orbital electron from
the atom with which it interacts (Figure 1-2). This type
of interaction between radiation and matter is called
ionization. Ionization occurs when an x-ray passes close
to an orbital electron of an atom and transfers suff cient
energy to the electron to remove it from the atom. The
lonizing radiation may interact with and ionize addi-
tional atoms. The orbital electron and the atom from
which 1t was separated are called an ion pair. The elec-
tron 1s a negative 1on, and the remaining atom 1s a posi-
tive 1on.

Ionizing radiation

Negative ion

€ ~ (fiee electron)
Target

> lon pair

Positive ion
(remaining atom)

FIGURE 1-2 Ionization is the removal of an electron from an
atom. The ejected electron and the resulting positively charged
atom together are called an ion parr.

Ionization is the removal of an electron from an
atom.

Thus any type of energy that is capable of ionizing
matter is known as ionizing radiation. X-rays, gamma
rays, and ultraviolet light are the only forms of electro-
magnetic radiation with suff cient energy to ionize. Some
fast-moving particles (particles with high kinetic energy)
are also capable of ionization. Examples of particle-type
lonizing radiation are alpha and beta particles (see
Chapter 2). Although alpha and beta particles are some-
times called rays, this designation is incorrect.

SOURCES OF IONIZING RADIATION

Many types of radiation are harmless, but ionizing radi-
ation can injure humans. We are exposed to many
sources of ionizing radiation (Figure 1-3). These sources
can be divided into two main categories: natural envi-
ronmental radiation and man-made radiation.

Natural environmental radiation results in an annual
dose of approximately 3 millisieverts (mSv). Man-made
radiation results in 3.2 mSv annually. An mSyv i1s the
unit of effective dose. It is used to express radiation
exposure of populations and radiation risk in those
populations.

Natural environmental radiation consists of four
components: cosmic rays, terrestrial radiation, inter-
nally deposited radionuclides, and radon. Cosmic rays
are particulate and electromagnetic radiation emitted by
the sun and stars. On Earth, the intensity of cosmic
radiation increases with altitude and latitude. Terrestrial
radiation results from deposits of uranium, thorium,
and other radionuclides in the Earth. The intensity is
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1990
(3.6 mSv)

3.2mSv
0.ImSv 0.lmSv
Cosmic Internal Medical
Radon Terrestial Consumer N
,,CQ’?’!QM% |
FIGURE 1-3 The contribution of various sources to the average US population radiation dose, %NA'R*V

1990. We will return to this very important pie chart in Chapter 39.

highly dependent on the geology of the local area. Inter-
nally deposited radionuclides, mainly potassium-40
(*°K), are natural metabolites. They have always been
with us and contribute an equal dose to each of us.

The largest source of natural environmental radiation
1s radon. Radon is a radioactive gas that 1s produced by
the natural radioactive decay of uranium, which is
present in trace quantities in the Earth. All Earth-based
materials, such as concrete, bricks, and gypsum wall-
board, contain radon. Radon emits alpha particles,
which are not penetrating, and therefore contributes a
radiation dose only to the lung.

Collectively, these sources of natural environmental
radiation result in approximately 0.02 to 0.1 microgray
(uGy)/hr at waist level in the United States (Figure 1-4).
This equals an annual exposure of approximately 0.2
milligray (mGy)/yr along the Gulf Coast and Florida to
1 mGy/yr or higher in the Rocky Mountains region.

Remember, however, that humans have existed for
several hundred thousand years in the presence of this
natural environmental radiation level. Human evolution
undoubtedly has been influenced by natural environ-
mental radiation. Some geneticists contend that evolu-
tion is influenced primarily by ionizing radiation. If this
1S so, then we must indeed be concerned with control
of unnecessary radiation exposure because over the past
century, with increasing medical applications of radia-
tion, the average annual exposure of our population to
radiation has increased signif cantly.

Diagnostic x-rays constitute the largest man-made
source of ionizing radiation (3.2 mSv/yr). This estimate

Terrestrial Gamma-Ray Exposure at 1 m Above Ground

9.700

(uSv)

FIGURE 1-4 Radiation exposure at waist level throughout the
United States. (Courtesy U.S. Geological Survey.)

was made in 2006 by the National Council on Radia-
tion Protection and Measurements (N CRP). Earlier esti-
mates by the NCRP in 1990 put this source at nearly
0.5 mSv/yr. The increase during this 16-year period is
principally attributable to the increasing use of com-
puted tomography (CT) and high-level fluoroscopy.
The benef'ts derived from the application of x-rays
in medicine are indisputable; however, such applications
must be made with prudence and with care taken to
reduce unnecessary exposure of patients and personnel.
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This responsibility falls primarily on radiologic tech-
nologists because they usually control the operation of
x-ray imaging systems during radiologic examinations.

The currently accepted approximate annual dose
resulting from medical applications of ionizing radia-
tion 1s 3.2 mSv. In contrast to the natural environmental
radiation dose, this level takes into account people who
are not receiving a radiologic examination and those
undergoing several within a year.

The medical radiation exposure for some in our pop-
ulation will be zero, but for others it may be quite high.
This average level 1s comparable with natural environ-
mental radiation levels and one could question, there-
fore, why it is necessary to be concerned about radiation
control and radiation safety in medical imaging.

Question: What percentage of our annual average
radiation dose 1s attributable to medical
imaging?
3.2 mSv
6.3 mSv

=0.508=51%

Answer:

Other sources of man-made radiation include nuclear
power generation, research applications, industrial
sources, and consumer items. Nuclear power stations
and other industrial applications contribute very little
to our radiation dose. Consumer products such as watch
dials, exit signs, smoke detectors, camping lantern
mantles, and airport surveillance systems contribute
only 0.1 mSv to our annual radiation dose.

DISCOVERY OF X-RAYS

X-rays were not developed; they were discovered, and
quite by accident. During the 1870s and 1880s, many
university physics laboratories were investigating the
conduction of cathode rays through a large, partially
evacuated glass tube known as a Crookes tube. Sir
William Crookes was an Englishman from a rather
humble background who was a self-taught genius.

The tube that bears his name was the forerunner of
modern fluorescent lamps and x-ray tubes. There were
many different types of Crookes tubes; most of them
were capable of producing x-rays. Wilhelm Roentgen
was experimenting with a type of Crookes tube when
he discovered x-rays (Figure 1-5).

On November 8, 1895, Roentgen was working in his
physics laboratory at Wiirzburg University in Germany.
He had darkened his laboratory and completely enclosed
his Crookes tube with black photographic paper so he
could better visualize the effects of the cathode rays in
the tube. A plate coated with barium platinocyanide, a
fluorescent material, happened to be lying on a bench
top several meters from the Crookes tube.

No visible light escaped from the Crookes tube
because of the black paper that enclosed it, but Roent-
gen noted that the barium platinocyanide glowed. The

FIGURE 1-5 The type of Crookes tube Roentgen used when he
discovered x-rays. Cathode rays (electrons) leaving the cathode
are attracted by high voltage to the anode, where they produce
x-rays and fluorescent light. (Courtesy Gary Leach, Memorial
Hermann Hospital)

intensity of the glow increased as the plate was brought
closer to the tube; consequently, there was little doubt
about the origin of the stimulus of the glow. This glow
is called fluorescence.

Roentgen’s immediate approach to investigating this
“X-light,” as he called it, was to interpose various
materials—wood, aluminum, his hand!—between the
Crookes tube and the fluorescing plate. The “X” was
for unknown! He feverishly continued these investiga-
tions for several weeks.

Roentgen’s initial investigations were extremely thor-
ough, and he was able to report his experimental results
to the scientif ¢ community before the end of 1895. For
this work, in 1901, he received the frst Nobel Prize in
physics. Roentgen recognized the value of his discovery
to medicine. He produced and published the f rst medical
x-ray image in early 1896. It was an image of his wife’s
hand (Figure 1-6). Figure 1-7 is a photograph of what
1s reported to be the frst x-ray examination in the
United States, conducted in early February 1896, in the
physics laboratory at Dartmouth College.

The discovery of x-rays is characterized by many
amazing features, and this causes it to rank high among
the events in human history. First, the discovery was
accidental. Second, probably no fewer than a dozen
contemporaries of Roentgen had previously observed
x-radiation, but none of these other physicists had rec-
ognized 1ts signifcance or investigated 1t. Third,
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8 PART I Radiologic Physics

FIGURE 1-6 The hand shown in this radiograph belongs to Mrs.
Roentgen. This first indication ofthe possible medical applications
of x-rays was made within a few days ofthe discovery. (Courtesy
Deutsches Roentgen Museum.)

Roentgen followed his discovery with such scientifc
vigor that within little more than 1 month, he had
described x-radiation with nearly all of the properties
we recognize today.

DEVELOPMENT OF MEDICAL IMAGING

There are three general types of x-ray examinations:
radiography, fluoroscopy, and computed tomography.
Radiography uses flm or a solid-state image receptor
and usually an x-ray tube mounted from the ceiling on
a track that allows the tube to be moved in any direc-
tion. Such examinations provide the radiologist with
fxed 1mages.

Fluoroscopy is usually conducted with an x-ray tube
located under the examination table. The radiologist 1s
provided with moving images on a television monitor
or flat panel display.

Computed tomography uses a rotating x-ray source
and detector array. A volume of data is acquired so that
fxed images can be reconstructed in any anatomical
plane—coronal, sagittal, transverse, or oblique.

There are many variations of these three basic types
of examinations, but in general, x-ray imaging equip-
ment 1s similar.

To provide an x-ray beam that is satisfactory for
imaging, you must supply the x-ray tube with a
high voltage and an electric current.

X-ray voltages are measured in kilovolt peak (kVp).
One kilovolt (kV) is equal to 1000 V of electric poten-
tial. X-ray currents are measured in milliampere (mA),

where the ampere (A) is a measure of electric current.
The prefx milli stands for 1/1000 or 0.001.

Question: The usual x-ray source-to-image receptor
distance (SID) during radiography 1s 1 m.
How many millimeters is that?

1 mm = 1/1000 m or 107°; therefore,
1000 mm =1 m.

Today, voltage and current are supplied to an x-ray
tube through rather complicated electric circuits, but in
Roentgen’s time, only simple static generators were
available. These units could provide currents of only a
few milliamperes and voltages to 50 kVp. Today,
1000 mA and 150 kVp are commonly used.

Early radiographic procedures often required expo-
sure times of 30 minutes or longer. Long exposure time
results in image blur. One development that helped
reduce this exposure time was the use of a fluorescent
intensifying screen in conjunction with the glass photo-
graphic plates.

Michael Pupin i1s said to have demonstrated the use
of a radiographic intensifying screen in 1896, but only
many years later did it receive adequate recognition and
use. Radiographs during Roentgen’s time were made by
exposing a glass plate with a layer of photographic
emulsion coated on one side.

Charles L. Leonard found that by exposing two glass
x-ray plates with the emulsion surfaces together, expo-
sure time was halved, and the image was considerably
enhanced. This demonstration of double-emulsion radi-
ography was conducted in 1904, but double-emulsion
film did not become commercially available until 1918.

Much of the high-quality glass used in radiography
came from Belgium and other European countries. This
supply was interrupted during World War I; therefore,
radiologists began to make use of flm rather than glass
plates.

The demands of the army for increased radiologic
services made necessary a substitute for the glass plate.
The substitute was cellulose nitrate, and it quickly
became apparent that the substitute was better than the
original glass plate.

The fluoroscope was developed in 1898 by the Amer-
ican inventor Thomas A. Edison (Figure 1-8). Edison’s
original fluorescent material was barium platinocya-
nide, a widely used laboratory material. He investigated
the fluorescent properties of more than 1800 other

Answer:
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FIGURE 1-7 This photograph records the first medical x-ray examination in the United States. A
young patient, Eddie McCarthy of Hanover, New Hampshire, broke his wrist while skating on the
Connecticut River and submitted to having it photographed by the “X-light.” With him are (eft to
right) Professor E.B. Frost, Dartmouth College, and his brother, Dr. G.D. Frost, Medical Director,
Mary Hitchcock Hospital. The apparatus was assembled by Professor F.G. Austn m his physics
laboratory at Reed Hall, Dartmouth College, on February 3, 1896. (Courtesy Mary Hitchcock

Hospital)

FIGURE 1-8 Thomas Edison is seen viewing the hand of his
unfortunate assistant, Clarence Dally, through a fluoroscope ofhis
own design. Dally’s hand rests on the box that contains the x-ray
tube.

materials, including zinc cadmium sulfide and calcium
tungstate—two materials in use today.

There 1s no telling what additional inventions Edison
might have developed had he continued his x-ray
research, but he abandoned 1t when his assistant and

long-time friend, Clarence Dally, experienced a severe
x-ray burn that eventually required amputation of both
arms. Dally died in 1904 and is counted as the frst x-ray
fatality in the United States.

Two devices designed to reduce the exposure of
patients to x-rays and thereby minimize the possibility
of x-ray burn were introduced before the turn of the
20th century by a Boston dentist, William Rollins.
Rollins used x-rays to image teeth and found that
restricting the x-ray beam with a sheet of lead with a
hole in the center, a diaphragm, and inserting a leather
or aluminum flter improved the diagnostic quality of
radiographs.

This frst application of collimation and filtration was
followed very slowly by general adoption of these tech-
niques. It was later recognized that these devices reduce
the hazard associated with x-rays.

Two developments that occurred at approximately
the same time transformed the use of x-rays from a
novelty in the hands of a few physicists into a valuable,
large-scale medical specialty. In 1907 H.C. Snook intro-
duced a substitute high-voltage power supply, an inter-
rupterless transformer, for the static machines and
induction coils then 1n use.

Although the Snook transformer was far superior to
these other devices, its capability greatly exceeded the
capability of the Crookes tube. It was not until the
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10 PART I Radiologic Physics

introduction of the Coolidge tube that the Snook trans-
former was widely adopted.

The type of Crookes tube that Roentgen used in 1895
had existed for a number of years. Although some modi-
fcations were made by x-ray workers, it remained
essentially unchanged into the second decade of the
20th century.

After considerable clinical testing, William D.
Coolidge unveiled his hot-cathode x-ray tube to the
medical community in 1913. It was immediately recog-
nized as far superior to the Crookes tube. It was a
vacuum tube that allowed x-ray intensity and energy to
be selected separately and with great accuracy. This had
not been possible with gas-flled tubes, which made
standards for techniques diff cult to obtain. X-ray tubes
in use today are refnements of the Coolidge tube.

Radiology emerged as a medical specialty
. because of the Snook transformer and the

—

Coolidge x-ray tube.

The era of modern radiography is dated from the
matching of the Coolidge tube with the Snook trans-
former; only then did acceptable kVp and mA levels
become possible. Few developments since that time have
had such a major influence on medical imaging.

In 1913 Gustav Bucky (German) invented the sta-
tionary grid (“Glitterblende”); 2 months later he applied
for a second patent for a moving grid. In 1915 H. Potter
(American), probably unaware of Bucky’s patent because
of World War 1, also invented a moving grid. To his
credit, Potter recognized Bucky’s work, and the Potter-
Bucky grid was introduced in 1921.

In 1946 the light amplif er tube was demonstrated at
Bell Telephone Laboratories. This device was adapted
for fluoroscopy by 1950 as an image intensifer tube.
Today, image-intensifed fluoroscopy is being replaced
by solid-state 1image receptors.

Each recent decade has seen remarkable improve-
ments in medical imaging. Diagnostic ultrasonography
appeared in the 1960s, as did the gamma camera. Posi-
tron emission tomography and x-ray CT were devel-
oped in the 1970s. Magnetic resonance imaging (MRI)
became an accepted modality in the 1980s, and now
digital radiography and digital fluoroscopy are rapidly
replacing screen-f lm radiography and image-intensif ed
fluoroscopy. Table 1-1 chronologically summarizes
some of the more important developments.

REPORTS OF RADIATION INJURY

The frst x-ray fatality in the United States occurred in
1904. Unfortunately, radiation injuries occurred rather
frequently in the early years. These injuries usually took
the form of skin damage (sometimes severe), loss of hair,

and anemia. Physicians and, more commonly, patients
were injured, primarily because the low energy of radia-
tion then available resulted in the necessity for long
exposure times to obtain acceptable images.

By about 1910, these acute injuries began to be con-
trolled as the biologic effects of x-rays were scientif cally
investigated and reported. With the introduction of the
Coolidge tube and the Snook transformer, the frequency
of reports of injuries to superfcial tissues decreased.

Years later, it was discovered that blood disorders
such as aplastic anemia and leukemia were occurring in
radiologists at a much higher rate than in others. Because
of these observations, protective devices and apparel,
such as lead gloves and aprons, were developed for use
by radiologists. X-ray workers were routinely observed
for any effects of their occupational exposure and were
provided with personnel radiation monitoring devices.
This attention to radiation safety in radiology has been
effective.

Because of effective radiation protection
| practices, radiology is now considered a safe

occupation.

BASIC RADIATION PROTECTION

Today, the emphasis on radiation control in diagnostic
radiology has shifted back to protection of patients.
Current studies suggest that even the low doses of
x-radiation used in routine diagnostic procedures may
result in a small incidence of latent harmful effects. It is
also well established that human fetuses are sensitive to
x-radiation early in pregnancy.

It 1s hoped that this introduction has emphasized the
importance of providing adequate protection for both
radiologic technologists and patients. As you progress
through your training in radiologic technology, you will
quickly learn how to operate your x-ray imaging systems
safely, with minimal radiation exposures, by following
standard radiation protection procedures.

One caution is in order early in your training—after
you have worked with x-ray imaging systems, you will
become so familiar with your work environment that
you may become complacent about radiation control.
Do not allow yourself to develop this attitude because
it can lead to unnecessary radiation exposure. Radiation
protection must be an important consideration during
each x-ray procedure. Box 1-1 reports the Ten Com-
mandments of Radiation Protection.

Always practice ALARA: Keep radiation exposures
as low as reasonably achievable.
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Essential Concepts of Radiologic Science

Important Dates in the Development of Modern Radiology
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Date Event Date Event
1895 Roentgen discovers x-rays. 1974 Rare earth radiographic ntensifying screens are
1896 First medical applications of x-rays in diagnosis mtroduced.
and therapy are made. 1977 Mistretta demonstrates digital subtraction
1900 The American Roentgen Society, the first ﬂUOTOSCOP}’: . _ -
American radiology organization, is founded. 1979  The Nobel Prize m Physiology or Medicine is
1901 Roentgen receives the first Nobel Prize in Physics. awardeld to Allan Cormack and Godfrey
1905 Einstein introduces his theory of relativity and the Hounsfield for CT.
famous equation E = mc?. 1980 The first commercial superconducting MRI system
1907 The Snook interrupterless transformer is is mtroduced.
introduced. 1981 Slot scan chest radiography is demonstrated by
1913 Bohr theorizes his model of the atom, featuring a Barnes.
nucleus and planetary electrons. 1981 The International System of Units (SI) is adopted
1913 The Coolidge hot-filament x-ray tube is developed. by.the International Commission on Radiation
1917 The celulose nitrate film base is widely adopted. Umts and Measurements (ICRU)-.
1920 Several investigators demonstrate the use of 1982 Picture archiving and Cf)mmunlcatlons system
soluble iodine compounds as contrast media. .(PACS)becom.es.avaﬂable..
1920 The American Society of Radiologic Technologists 1983 FI}'St tabular gram film emulsion (Eastman Kodak)
(ASRT) is founded. 1S deve_loped.
1921 The Potter-Bucky grid is introduced. 1984 Lase1.‘-st1mulable phosph(.).rs for computed
1922 Compton describes the scattering of x-rays. radiography appear (Fujp). . -
1923 Cellulose acetate “safety” x-ray film is mtroduced 1988 A superconducting quantum interference device
(Eastman Kodak). (SQUID) for magnetoencephalography (MEG) is
1925 The First International Congress of Radiology 1s first used.
convened in London. 1989 The SIis adopted by the NCRP and most
1928 The roentgen is defined as the unit of x-ray scientific and medical societies.
intensity. 1990 The last xeromammography system is produced.
1929 Forssmann demonstrates cardiac catheterization 1990 Helical CT is mtroduced (Toshiba).
.. on himself! 1991 Twm-slice CT s developed (Elscint).
1929 The rotating anode x-ray tube is introduced. 1992 The Mammography Qualty Standard Acts (MQSA)
1930 Tomographic devices are shown by several 1s passed.
independent investigators. 1996 Digttal radiography that uses thin-film transistors
1932 Blue tint is added to x-ray film (DuPont). (TFTs) 1s developeq. . -
1932 The U.S. Committee on X-ray and Radum 1997 Cha.rge-coupled dev1c'e (CCD) digttal radiography
Protection (now the NCRP) issues the first dose 18 mtroduced by Swissray.
limits. 1997 Amorphous selenum flat panel image receptor is
1942 Morgan exhibits an electronic photo-timing device. derpgnstratgd .by Rowlands. |
1942 The first automatic film processor (Pako) is 1998 Multslice CT s mtroduced (General Electric).
introduced. 1998 Amorphous silicon-CsI image receptor is
1948 Coltman develops the first fluoroscopic image demonstrated for digital radiography.
intensffier. 2000 The first direct digital mammographic immaging
1951 Multidirectional tomography (polytomography) is system 15 made available (General Electric).
introduced. 2002 Sixteen-slice helical CT is mtroduced.
1953 The rad is officially adopted as the unit of 2002 Posittron emission tomography (PET) is placed mto
absorbed dose. routme clinical service.
1956 Xeroradiography is demonstrated. 2003  The Nobel Prize m Physiology or M.edicine IS
1956 First automatic roller transport film processing award'ed to Paul Lauterbur and Sir Peter
(Eastman Kodak) is introduced. Mansfield for MRL o
1960 Polyester base film is introduced (DuPont). 2003 Digttal radiographic tomosynthesis i
1963 Kuhl and Edwards demonstrate smgle-photon demonstrated.
emission computed tomography (SPECT). 2004 Sixty-four-slice helical CT 1s mtroduced.
1965 Nmety-second rapid processor is mtroduced 2005 Dualsource CT is announced (Siemens).
(Eastman Kodak). 2007 The 320-slce helical CT is mtroduced (Toshiba).
1966 Diagnostic ultrasonography enters routine use. 2009 NCRP Report No. 160, lonzing radiation exposure
1972 Single-emulsion film and one-screen of the population of the United States: 2006, 1s
mammography become available (DuPont). P‘}bﬁShed- . S
1973 Hounsfield completes development of first 2011 Digital mammographic tomosynthesis is clinically
computed tomography (CT) magmg system approved.
(EM). 2012 Discovery of the Higgs boson at the CERN Large
1973 Damadian and Lauterbur produce the first Hadron Collider, Switzerland.

magnetic resonance image (MRI).
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12 PART I Radiologic Physics

BOX 1-1 The Ten Commandments of

Radiation Protection

1. Understand and apply the cardinal principles
of radiation control: time, distance, and
shielding.

2. Do not allow familarity to result in false securtty.

3. Never stand in the primary beam.

4. Always wear protective apparel when not behind a
protective barrier.

5. Always wear an occupational radiation monitor
and posttion it outside the protective apron at the
collar.

6. Never hold a patient during radiographic
examination. Use mechanical restraning devices
when possible. Otherwise, have family or friends
hold the patient.

7. The person who is holding the patient must
always wear a protective apron and, if possile,
protective gloves.

8. Use gonadal shields on all people of childbearing
age when such use will not interfere with the
examination.

9. Exammation of the pelvis and lower abdomen of
pregnant patients should be avoided whenever
possible, especially during the first trimester.

10. Always collimate to the smallest field size
appropriate for the exammation.

Minimizing radiation exposure to radiologic tech-
nologists and to patients is easy if the x-ray imaging
systems designed for this purpose are recognized and
understood. A brief description of some of the primary
radiation protection devices follows.

Filtration

Metal flters, usually aluminum or copper, are inserted
into the x-ray tube housing so that low-energy x-rays
are absorbed before they reach the patient. These x-rays
have little diagnostic value.

Colllmation

Collimation restricts the useful x-ray beam to that part
of the body to be imaged and thereby spares adjacent
tissue from unnecessary radiation exposure. Collima-
tors take many different forms. Adjustable light-locating
collimators are the most frequently used collimating
devices. Collimation also reduces scatter radiation and
thus improves image contrast.

Protective Apparel

Lead-impregnated material is used to make aprons
and gloves worn by radiologists and radiologic tech-
nologists during fluoroscopy and some radiographic
procedures.

Gonadal Shielding

The same lead-impregnated material used in aprons and
gloves is used to fabricate gonadal shields. Gonadal
shields should be used with all persons of childbearing
age when the gonads are in or near the useful x-ray
beam and when use of such shielding will not interfere
with the diagnostic value of the examination.

Protective Barriers

The radiographic or CT control console i1s always
located behind a protective barrier. O ften, the barrier is
lead lined and is equipped with a leaded-glass window.
Under normal circumstances, personnel remain behind
the barrier during x-ray examination. Figure 1-9 1s
a rendering of a radiographic and fluoroscopic exami-
nation room. Many radiation safety features are
illustrated.

Other procedures should be followed. Abdominal
and pelvic x-ray examinations of expectant mothers
should not be conducted during the frst trimester unless
absolutely necessary. Every effort should be made to
ensure that an examination will not have to be repeated
because of technical error. Repeat examinations subject
the patient to twice the necessary radiation.

When shielding patients for x-ray examination, one
should consider the medical management of the patient.
Except for proper screening, x-ray examination of
asymptomatic patients 1s not acceptable.

Patients who require assistance during examination
should never be held by x-ray personnel. Mechanical
immobilization devices should be used. When necessary,
a member of the patient’s family, appropriately shielded,
should provide the necessary assistance.

STANDARD UNITS OF MEASUREMENT

Physics is the study of interactions of matter and energy
in all their diverse forms. Similar to all scientists, physi-
cists strive for exactness or certainty in describing these
interactions. They try to remove the uncertainties by
eliminating subjective descriptions of events. Assuming
that all measurements are correctly made, all observers
who use the methods of physics will obtain exactly the
same results.

In addition to seeking certainty, physicists strive for
simplicity; therefore, only three measurable quantities
are considered basic. These base quantities are mass,
length, and time, and they are the building blocks of all
other quantities. Figure 1-10 indicates the role these
base quantities play in supporting some of the other
quantities used in radiologic science.

The secondary quantities are called derived quanti-
ties because they are derived from a combination of
one or more of the three base quantities. For example,
volume is length cubed (I°), mass density is mass
divided by volume (m/I°), and velocity is length divided
by time (I/t).
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CHAPTER 1 Essential Concepts of Radiologic Science 13

FIGURE 1-9 The general purpose radiographic and fluoroscopic imaging system includes an
overhead radiographic tube (A) and a fluoroscopic examining table (B) with an x-ray tube under
the table. Some of the more common radiation protection devices are the lead curtain (C), the
Bucky slot cover (D), a lead apron and gloves (E), and the protective viewing window (F). The
location ofthe image intensffier (G) and associated imaging equipment is shown.

Special
EXPOSURE DOSE  EFFECTIVE DOSE RADIOACTIVITY } quantitie s

Derived
quantitie s

~< QA Z
<=0 m<

A= O
~RPOE
SCHZEHZLOL
T QRO

ZO—HpAOCOOQQOQ

Base
quantities

FIGURE 1-10 Base quantities support derived quantities, which in turn support the special
quantities of radiologic science.
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14 PART I Radiologic Physics

System of Units

International System of Meters, System of Centimeters,
System™ Kilograms, and Seconds Grams, and Seconds Britis h
Length Meter (m) Meter (m) Centimeter (cm) Foot (ft)
Mass Kiogram (kg) Kilogram (kg) Gram (g) Pound
(b)Y
Time Second (s) Second (s) Second (s) Second (s)

*The SIincludes four additional base units.
"The pound is actually a unit of force that is related to mass.

Additional quantities are designed to support mea-
surement in specialized areas of science and technology.
These additional quantities are called special quantities,
in radiologic science, special quantities are those of
exposure, dose, effective dose, and radioactivity.

Whether a physicist 1s studying something large,
such as the universe, or something small, such as an
atom, meaningful measurements must be reproducible.
Therefore, after the fundamental quantities have been
established, it 1s essential that they be related to a well-
defned and invariable standard. Standards are normally
defned by international organizations and usually are
redefned when the progress of science requires greater
precision.

Length

For many years, the standard unit of length was accepted
to be the distance between two lines engraved on a
platinum—iridium bar kept at the International Bureau
of Weights and Measures in Paris, France. This distance
was defned to be exactly 1 m. The English-speaking
countries also base their standards of length on the
meter.

In 1960 the need for a more accurate standard of
length led to redefnition of the meter in terms of the
wavelength of orange light emitted from an isotope of
krypton (krypton-86). One meter is now defned as the
distance traveled by light in 1/299,792,468 second.

Mass

The kilogram was originally defned to be the mass of
1000 cm® of water at 4° Celsius (°C). In the same vault
in Paris where the standard meter was kept, a platinum—
iridium cylinder represents the standard unit of mass—
the kilogram (kg), which has the same mass as 1000 cm’
of water. The kilogram is a unit of mass, and the newton
and the pound, a British unit, are units of weight.

The second (s)is based on the vibration of atoms

of cesium.

Special Quantities of Radiologic
Science and Their Units

Radiographic Special International

Quantities Units System (SI) Units

Exposure C/kg Ar kerma (Gy,)

Dose J/kg Gray; (Gy,)

Effective dose J/kg Sievert (Sv)

Radioactivity s Becquerel (Bq)
Time

The standard unit of time is the second (s). Originally,
the second was defned in terms of the rotation of the
Earth on its axis—the mean solar day. In 1956 it was
redefned as a certain fraction of the tropical year 1900.
In 1964 the need for a better standard of time led to
another redef nition.

Now, time 1s measured by an atomic clock and is
based on the vibration of cesium atoms. The atomic
clock is capable of keeping time correctly to about 1
second in 5000 years.

Units

Every measurement has two parts: a magnitude and a
unit. For example, the SID is 100 cm. The magnitude,
100, is not meaningful unless a unit is also designated.
Here, the unit of measurement is the centimeter.

Table 1-2 shows four systems of units that represent
base quantities. The International System (Le Systeme
International d’Unités, SI), an extension of the MKS
(meters, kilograms, and seconds) system, represents the
current state of units. SI includes the three base units of
the MKS system plus an additional four. Derived units
and special units of the SI represent derived quantities
and special quantities of radiologic science (Table 1-3).

The same system of units must always be used
when one is working on problems or reporting

ANSWCIS.
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CHAPTER 1 Essential Concepts of Radiologic Science 15

The following would be unacceptable because of
inconsistent units: mass density = 8.1 g/ft’ and pressure
=700 Ib/cm”.

Mass density should be reported with units of kilo-
grams per cubic meter (kg/m’). Pressure should be given
in newtons per square meter (N/m?).

Question: The dimensions of a box are 30 cm X

86 cm x 4.2 m. Find the volume.
Formula for the volume of an object: V =
length x width x height or V = Iwh
Because the dimensions are given in
different systems of units, however,

we must choose only one system.
Therefore V= (0.3 m) (0.86 m)
42m)=1.1m’

Answer:

Note that the units are multiplied also: m x m x m
= m’.
Question: Find the mass density of a solid box 10 cm
on each side with a mass of 0.4 kg.
D = mass/volume (change 10 cm to 0.1 m)
=0.4kg/(0.1m>x0.1mx0.1 m)
=0.4 kg/0.001 m’
=400 kg/m’

Answer:

Question: A 9-inch-thick patient has a coin placed on
the skin. The SID 1s 100 cm. What will be
the magnif cation of the coin?

Answer:  The formula for magnif cation is:
source to image
_SID receptor distance
SOD source to object distance
A= SID _ 100 cm
SOD 100 cm —9in
The 9 inches must be converted to
centimeters so that units are consistent.
A = SID _ 100 cm
SOD 100cm —(9 inx2.54 cm/in)
_ 100 cm
100 cm —(23 cm)
_ 100 cm
77T cm
=1.3 cm
M=1.3
The image of the coin will be 1.3 times the
size of the coin.
MECHANICS

Mechanics is a segment of physics that deals with objects
at rest (statics) and objects in motion (dynamics).

Velocity

The motion of an object can be described with the use
of two terms: velocity and acceleration. Velocity, some-
times called speed, is a measure of how fast something
is moving or, more precisely, the rate of change of its
position with time.

The velocity of a car is measured in kilometers per
hour (miles per hour). Units of velocity in SI are meters
per second (m/s). The equation for velocity (v) is as
follows:

VELOCITY
d

V=_
t

where d represents the distance traveled n time t.

Question: What is the velocity of a ball that travels
60 m in 4 s?

Answer: A% :%
v=60m/4s,
v=15m/s

Question: Light is capable of traveling 669 million
miles in 1 hour. What is its velocity in SI
units?

d

Answer: y=—
5

_6.69x 10° mi y 1609 m/mi

hr 3600 s/hr
=2.99 x10% m/s

Often, the velocity of an object changes as its position
changes. For example, a dragster running a race starts
from rest and fnishes with a velocity of 80 m/s. The
initial velocity, designated by v,, 1s 0 (Figure 1-11).

FIGURE 1-11 Drag racing provides a familar example of the
relationships among mitial velocity, final velocity, acceleration, and
time.
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The final velocity, represented by v, is 80 m/s. The
average velocity can be calculated from the following
expression:

AVERAGE VELOCITY
Vo T Vi
2
where the bar over the v represents average

vV =

velocity.

Question: What is the average velocity of the

dragster?
0 m 80 m
Answer: v =_—5 S
2
=40 m/s

The velocity of light is constant and is symbolized
by c:c =3 x 10° m/s.

Acceleration

The rate of change of velocity with time is acceleration.
It 1s how “quickly or slowly” the velocity is changing.
Because acceleration is velocity divided by time, the unit
is meters per second squared (m/s?).

If velocity is constant, acceleration is zero. On the
other hand, a constant acceleration of 2 m/s> means that
the velocity of an object increased by 2 m/s each second.
The defning equation for acceleration is given by the
following:

ACCELERATION

t

Question: What is the acceleration of the dragster?
_80m/s—0m/s

10.2 s
= 7.8 m/s?

Answer: a

Newton’s Laws of Motion

In 1686 the English scientist Isaac Newton presented
three principles that even today are recognized as fun-
damental laws of motion.

Newton’s first law: Inertia—A body will remain at
rest or will continue to move with constant

velocity in a straight line unless acted on by an
external force.

In Motion

FIGURE 1-12 Newton’s first law states that a body at rest will
remain at rest and a body in motion will continue in motion until
acted on by an outside force.

Newton’s frst law states that if no force acts on an
object, there will be no acceleration. The property of
matter that acts to resist a change in its state of motion
is called inertia. Newton’s frst law is thus often referred
to as the law of inertia (Figure 1-12). A mobile x-ray
imaging system obviously will not move until forced by
a push. Once in motion, however, it will continue to
move forever, even when the pushing force is removed,
unless an opposing force is present—ifriction.

Newton’s second law: Force—The force (F) that
acts on an object is equal to the mass (m) of the

object multiplied by the acceleration (a) produced.

Newton’s second law is a defnition of the concept of
force. Force can be thought of as a push or pull on an
object. If a body of mass m has an acceleration a, then
the force on it is given by the mass times the accelera-
tion. Newton’s second law is illustrated in Figure 1-13.
Mathematically, this law can be expressed as follows:

FORCE
F =ma
The STunit of force is the newton (N).
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FIGURE 1-13 Newton’s second law states that the force
applied to move an object s equal to the mass of the object
multiplied by the acceleration.

FIGURE 1-14 Crazed student technologists performing a
routine physics experiment to prove Newton’s third law.

Question: Find the force on a 55-kg mass accelerated
at 14 m/s*.

F = ma

(55 kg) (14 m/s*) =770 N

Answer:

Question: For a 3600-1b (1636-kg) Ford Mustang to
accelerate at 15 m/s*, what force is
required?

F = ma

(1636 kg) (15 m/s*) = 24,540 N

Answer:

Newton’s third law of motion states that for every
action, there is an equal and opposite reaction. “ Action”
was Newton’s word for “force.” According to this law,
if you push on a heavy block, the block will push back
on you with the same force that you apply. On the other
hand, if you were the physics professor illustrated in
Figure 1-14, whose crazed students had tricked him into
the clamp room, no matter how hard you pushed, the
walls would continue to close.

Newton’s third law: Action/reaction—For every
action, there is an equal and opposite reaction.

Weight

Weight (Wt) is a force on a body caused by the pull of
gravity on it. Experiments have shown that objects that
fall to Earth accelerate at a constant rate. This rate,
termed the acceleration due to gravity and represented
by the symbol g, is 9.8 m/s* on Earth and 1.6 m/s* on
the moon.

Weightlessness observed in outer space is attributable
to the absence of gravity. Thus the value of gravity in
outer space is zero. The weight of an object is equal to
the product of its mass and the acceleration of gravity.

Question: A student technologist has a mass of 75 kg.
What is her weight on Earth? On the
moon?
Earth: g = 9.8 m/s
Wt =mg
=75 kg (9.8 m/s*)
=735 N
Moon: g =1.6 m/s
Wt =mg
=75 kg (1.6 m/s*)
=120 N

Answer:

WEIGHT
Wt = mg
Units of weight are the same as those for force:

newtons and pounds.

Weight is the product of mass and the
acceleration of gravity on Earth: 1 Ib =4.5 N.

This example displays an important concept. The
weight of an object can vary according to the value of
gravity acting on it. Note, however, that the mass of an
object does not change, regardless of its location. The
student’s 75-kg mass remains the same on Earth, on the
moon, or in space.

Momentum

The product of the mass of an object and its velocity is
called momentum, represented by p. The greater the
velocity of an object, the more momentum the object
possesses. A truck accelerating down a hill, for example,
gains momentum as its velocity increases.

MOMENTUM

P =mv

@ Momentum is the product of mass and velocity.
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FIGURE 1-15 The conservation of momentum occurs with
every billiard shot.

The total momentum before any interaction is equal
to the total momentum after the interaction. Imagine a
billiard ball colliding with two other balls at rest (Figure
1-15). The total momentum before the collision is the
mass times the velocity of the cue ball. After the colli-
sion, this momentum is shared by the three balls. Thus
the original momentum of the cue ball is conserved after
the interaction.

Work

Work, as used in physics, has specif ¢ meaning. The
work done on an object is the force applied times the
distance over which it is applied. In mathematical terms
the unit of work is the joule (J). When you lift a cassette,
you are doing work. When the cassette 1s merely held
motionless, however, no work (in the physics sense) i1s
being performed even though considerable effort is
being expended.

Work is the product (multiplication) of force and

distance.

Question: Find the work done in lifting an infant
patient weighing 90 N (20 Ib) to a height

of 1.5 m.
Answer:  Work = Fd
=(90 N)(1.5 m)
=1351]
Power

Power is the rate of doing work. The same amount of
work is required to lift a cassette to a given height,

whether 1t takes 1 second or 1 minute to do so. Power
gives us a way to include the time required to perform
the work.

POWER
P = Work/t = Fd/t

The SI unit of power is the joule/second (J/s), which
is a watt (W). The British unit of power is the horse-
power (hp).

1 hp =746 W
1000 W = 1 kilowatt (kW)

@ Power 1s the quotient of work by time.

Question: A radiographer lifts a 0.8-kg cassette from
the floor to the top of a 1.5-m table with
an acceleration of 3 m/s*>. What is the
power exerted if it takes 1.0 s?

This 1s a multistep problem. We know that
P = work/t; however, the value of work is

not given in the problem. Recall that work
= Fd and F = ma. First, fnd F

Answer:

F =ma
= (0.8 kg)(3 m/s?)
=2.4N

Next, fnd work:

Work = Fd
=(2.4 N)(1.5 m)
=36

Now, P can be determined:

P = Work/t
=361J/1.0s
=36 W

Energy

There are many forms of energy, as previously discussed.
The law of conservation of energy states that energy
may be transformed from one form to another, but it
cannot be created or destroyed; the total amount of
energy 1s constant. For example, electrical energy is
converted into light energy and heat energy in an electric
light bulb. The unit of energy and work is the same, the
joule.

@ Energy is the ability to do work.
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Two forms of mechanical energy often are used in
radiologic science: kinetic energy and potential energy.
Kinetic energy 1s the energy associated with the motion
of an object as expressed by the following:

KINETIC ENERGY
1 2

KE =—myv
2

Kinetic energy depends on the mass of the object
and on the square of its velocity.

Question: Consider two rodeo chuck wagons, A and
B, with the same mass. If B has twice the
velocity of A, verify that the kinetic energy
of chuck wagon B is four times that of

chuck wagon A.

Chuck wagon A: KE, = %vaz

|
Chuck wagon B: KE = Emsz

Answer:

However, m, =myg, vz =2V,
1

therefore, KEg = EmA(sz )
1
= EmA(4vA2)
KE; =2mv >
1
= 4(—MVA2)
2
=4 KEA

where KE is kinetic energy.

Potential energy is the stored energy of position or con-
fguration. A textbook on a desk has potential energy
because of its height above the floor ... and the potential
for a better job if it is read. It has the ability to do work
by falling to the ground. Gravitational potential energy
is given by the following:

POTENTIAL ENERGY
PE = mgh
where h i1s the distance above the Earth’s surface.

A skier at the top of a jump, a coiled spring, and a
stretched rubber band are examples of other systems
that have potential energy because of their position or
conf guration.

If a scientist held a ball in the air atop the Leaning
Tower of Pisa (Figure 1-16), the ball would have only
potential energy, no kinetic energy. When it 1s released
and begins to fall, the potential energy decreases as the
height decreases. At the same time, the kinetic energy 1s
increasing as the ball accelerates. Just before impact, the

/—C

FIGURE 1-16 Potential energy results from the position of an
object. Kinetic energy is the energy of motion. A, Maximum poten-
tial energy, no kinetic energy. B, Potential energy and kinetic
energy. C, Maximum kinetic energy, no potential energy.

kinetic energy of the ball becomes maximum as its
velocity reaches maximum. Because it now has no
height, the potential energy becomes zero. All the initial
potential energy of the ball has been converted into
kinetic energy during the fall.

Question: A radiographer holds a 6-kg x-ray tube
1.5 m above the ground. What is its
potential energy?
Potential energy = mgh
=6 kg*x9.8m/s* x1.5m
=88 kg m?*/s*
=88]

Answer:

Table 1-4 presents a summary of the quantities and units
in mechanics.

Heat

Heat is a form of energy that is very important to radio-
logic technologists. Excessive heat, a deadly enemy of
an x-ray tube, can cause permanent damage. For this
reason, the technologist should be aware of the proper-
ties of heat.

Heat is the kinetic energy of the random motion of
molecules.
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20 PART I Radiologic Physics

Summary of Quantities,
Equations, and Units Used mn

Mechanics
Defining International
Quantity Symbol Equation System (S1I)
Velocity \% v =d/t m/s
— _ +
Average % v m/s
velocity 2
_|_
Acceleration a a =1t t A m/s*
Force & F =ma N
Weight Wit Wt =mg N
Momentum  p p = myv kg-m/s
Work Y W = Fd J
Power P P = W/t Y
Kinetic KE KE= Y4 mv
energy
Potential PE PE = mgh J
energy

The more rapid and disordered the motion of mol-
ecules, the more heat an object contains. The unit of
heat, the calorie, 1s def ned as the heat necessary to raise
the temperature of 1 g of water by 1°C. The same
amount of heat will have different effects on different
materials. For example, the heat required to change the
temperature of 1 g of silver by 1°C is approximately
0.05 calorie, or only Y, that required for a similar
temperature change in water.

Heat is transferred by conduction, convection, and
radiation.

HEAT TRANSFER
CONDUCTION CONVECTION RADIATION

Conduction is the transfer of heat through a material
or by touching. Molecular motion from a high-
temperature object that touches a lower-temperature
object equalizes the temperature of both.

Conduction i1s easily observed when a hot object and
a cold object are placed in contact. After a short time,
heat conducted to the cooler object results in equal
temperatures of the two objects. Heat is conducted from
an x-ray tube anode through the rotor to the insulating
oil.

Convection is the mechanical transfer of “hot” mol-
ecules in a gas or liquid from one place to another. A
steam radiator or forced-air furnace warms a room by
convection. The air around the radiator i1s heated,
causing it to rise, while cooler air circulates in and takes
its place.

100° L J_ 2127 Ef_ 3737 El_ _ Boiling water
20° — _08° =N _ _293° =M _ _ Room temperature
0° 32° WMl _273°

— — Freezing water

—273° — — Absolute zero

Celsus Fahrenheit Kelvin

FIGURE 1-17 Three scales are used to represent temperature.
Celswus is the adopted scale for weather reporting everywhere
except the United States. Kelvin is the scientific scale.

Thermal radiation is the transfer of heat by the emis-
sion of infrared radiation. The reddish glow emitted by
hot objects is evidence of heat transfer by radiation. An
x-ray tube cools primarily by radiation.

A forced-air furnace blows heated air into the room,
providing forced circulation to complement the natural
convection. Heat is convected from the housing of an
x-ray tube to artr.

Temperature normally i1s measured with a thermom-
eter. A thermometer is usually calibrated at two refer-
ence points—the freezing and boiling points of water.
The three scales that have been developed to measure
temperature are Celsius (°C), Fahrenheit (°F), and Kelvin
(K) (Figure 1-17).

These scales are interrelated as follows:

TEMPERATURE SCALES

TC = S(TF _32)

9
% TF:ETC+32

T = T +273

The subscripts ¢, f, and k refer to Celsius,
Fahrenheit, and Kelvin, respectively.

Question: Convert 77°F to degrees Celsius.

Answer: T, Z%(Tf —32)

5 5
—(77 —32)=—=(45)=25°C
~(17-32) = (45)

One can use the following for easy, approximate
conversion:
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From °F to °C, subtract 30 and divide by 2.

%2 APPROXIMATE TEMPERATURE CONVERSION
From °C to °F, double and then add 30.

Magnetic resonance imaging with a superconducting
magnet requires extremely cold liquids called cryogens.
Liquid nitrogen, which boils at 77 K, and liquid helium,
which boils at 4 K, are the two cryogens that are used.

Question: Liquid helium is used to cool
superconducting wire in MRI systems.
What is its temperature in degrees

Fahrenheit?
Answer: T, =T, +273

T. =T, —273

T.=4-273

T, =—-269°C

T, =9/5T, +32

T, =484 +32

T, = —452°F

The relationship between temperature and energy is
often represented by an energy thermometer (Figure
1-18). We consider x-rays to be energetic, although on
the cosmic scale, they are rather ordinary.

TERMINOLOGY FOR
RADIOLOGIC SCIENCE

Every profession has its own language. Radiologic
science 1s no exception. Several words and phrases char-
acteristic of radiologic science already have been identi-
fed; many more will be defned and used throughout
this book. For now, an introduction to this terminology
should be suff cient.

Numeric Prefixes

Often in radiologic science, we must describe very large
or very small multiples of standard units. Two units, the
milliampere (mA) and kilovolt peak (kVp), already have
been discussed. By writing 70 kVp instead of 70,000
volt peak, we can understandably express the same
quantity with fewer characters. For such economy of
expression, scientists have devised a system of prefxes
and symbols (Table 1-5).

Question: How many kilovolts equal 37,000 V?
Answer: 37,000 V=37 x10°V
=37 kV

Question: The diameter of a blood cell is
approximately 10 micrometers (um). How
many meters is that?
10 um =10%x10"° m

=107 m

=0.00001 m

Answer:

Accelerator 100 Te\)f 1018
protons 10 T 1017
1 TeV e
100 GeV @
10 GeV 1%
Radiation 1 GeV Lo
IS 100 MeV 157
Annihilation 10 MeV 10!!
.. >
radiation [ 1 MeV 1010
Diagnostic [~ 100 keV 10°
XTays = 10keV 108
~€—— Sun’s core
—  lkeV 107
Electron 100 eV 10® <€— Sun’s corona
binding — .
energies 10 eV 10
— leV 104

1403— Tungsten melts
1402— Room temperature
~€«—— Liquid nitrogen
140— Liquid helium

100 meV
10 meV
1 meV

100 peV 1
Energy Temperature
(eV) (K)

FIGURE 1-18 The energy thermometer scales temperature and
energy together.

Radiologic Units

The four units used to measure radiation should become
a familiar part of your vocabulary. Figure 1-19 relates
them to a hypothetical situation in which they would
be used. Table 1-6 shows the relationship of the earlier
radiologic units to their SI equivalents.

In 1981 the International Commission on Radiation
Units and M easurements issued standard units based on
SI that have since been adopted by all countries except
the United States. The NCRP and all US scientif ¢ and
medical societies adopted Le Systeme International
d’Unités (The International System, SI) by the early
1990s.

Air Kerma (Kinetic Energy Released in Matter)
(Gy,). Air kerma is the kinetic energy transferred from
photons to electrons during ionization and excitation.
Air kerma 1s measured in joules per kilogram (J/kg)
where 1 J/kg is 1 gray (Gy,).
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22 PART I Radiologic Physics

In keeping with the adoption of the Wagner/Archer
method described in the preface, the SI unit of air kerma
(mGQGy,) 1s used to express radiation exposure.

@‘ Air kerma (Gy,) is the unit of radiation exposure.

Absorbed Dose (Gy,). Biologic effects usually are
related to the radiation absorbed dose (rad). Absorbed
dose 1s the radiation energy absorbed per unit mass and
has units of J/kg or Gy,. The units Gy, and Gy, refer to
radiation dose in air and tissue, respectively. For a given
air kerma (radiation exposure), the absorbed dose
depends on the type of tissue being irradiated. More
about this is found in Chapters 9 and 37.

Standard Scientific and
Engineering Prefixes*

Multiple Prefix Symbol
108 exa- E
10" peta- P
10" tera- T
10° giga- G
10° mega- M
10° kilo - k
102 hecto- h
10 deka- da
107" deci d
1072 centi- c
107 milli- m
107°° micro- 1
107 nano- n
107" pico- p
107" femto- f
10718 atto- a

*Boldfaced prefixes are those most frequently used in radiologic science.

The gray (Gy,) is the unit of radiation absorbed
dose (rad).

Effective Dose, Sievert (Sv). Occupational radiation
monitoring devices are analyzed in terms of sievert,
which is used to express the quantity of radiation
received by radiation workers and populations. The
sievert also expresses a patient dose that accounts for
partial-body irradiation.

Some types of radiation produce more damage than
x-rays. The sievert accounts for these differences in bio-
logic effectiveness. This is particularly important for
persons working near nuclear reactors or particle accel-
erators. More about effective dose is discussed in
Chapter 35.

Figure 1-20 summarizes the conversion from the old
unit of occupational radiation exposure to SI units.

Intensity of
gamma rays
measured in

gray in air (Gya)

Effective dose
measure in sievert (Sv)

-

\ Absorbed
S ,r"’ dose
rryl’,ﬂ" measured
in gray
in tissue
(Gyy)

Radioactive material.j
measured
in bequerel (Bq)

FIGURE 1-19 Radiation is emitted by radioactive material The
quantity of radioactive material s measured in becquerel. Radia-
tion quantity is measured m gray or sievert, depending on the
precise use.

Special Quantities of Radiologic Science and Their Associated Special Units

INTERNATIONAL SYSTEM

CUSTOMARY UNIT OF UNITS (S))
Quantity Name Symbol Name Symbol
Exposure Roentgen R air kerma Gy,
Absorbed dose rad rad Gray Gy,
Effective dose rem rem Sievert Sv
Radioactivity Curie Ci Becquerel Bq
Multiply R by 0.01 to obtain Gy,
Multiply rad by 0.01 to obtain Gy;
Multiply rem by 0.01 to obtamn Sv
Multiply Ci by 3.7 x 10" to obtain Bq
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Occupational Radiation Exposure

Old (rem) New (sievert)
100 rem - 1 Sv
15 rem - 150 mSv
10 rem 100 mSv
5 rem . 50 mSv
1.5 rem - 15 mSv
1 rem - 10 mSv
500 mrem . 5 mSv
100 mrem . 1 mSv
10 mrem . 100 wSv
2.5 mrem . 25 pSv
]l mrem - 10 uSv
0.75 mrem - 7.5 pSv
0.5 mrem - 5 uSv
0.25 mrem - 2.5 pSv
0.1 mrem - 1 pSv

FIGURE 1-20 Scales for effective dose.
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The sievert (Sv) is the unit of occupational
radiation exposure and effective dose.

Radioactivity, Becquerel (Bq). The becquerel 1s the
unit of quantity of radioactive material, not the radiation
emitted by that material. One becquerel 1s that quantity
of radioactivity in which a nucleus disintegrates every
second (1 d/s=1 Bq). Megabecquerels (M Bq) are common
quantities of radioactive material. Radioactivity and the
becquerel have nothing to do with x-rays.

@ The becquerel (Bq) is the unit of radioactivity.

Question: 0.05 pCi iodine-125 is used for
radioimmunoassay. What is this
radioactivity in becquerels?
0.05 uCi=0.05x10"° Ci
=(0.05x107° Ci)(3.7 x10'° Bq/Ci)
=0.185x10" Bq =1850 Bq

Answer:

THE MEDICAL IMAGING TEAM

To become part of this exciting profession, a student must
complete the prescribed academic courses, obtain clinical
experience, and pass the national certif cation examina-
tion given by the American Registry of Radiologic Tech-
nologists (ARRT). Both academic expertise and clinical
skills are required of radiographers (Box 1-2).

BOX 1-2 Task Inventory for Radiography as Required for Examination by the American Registry of

Radiologic Technologists

PATIENT CARE

1.
2.

Confirm the patient’s identity.

Evaluate the patient’s ability to understand and
comply with requirements for the requested
examination.

. Explain and confirm the patient’s preparation (e.g.,

dietary restrictions, preparatory medications) before
performing radiographic and fluoroscopic
examinations.

. Examine radiographic requisttion to verify accuracy

and completeness of mformation (e.g., patient history,
clnical diagnosis).

. Sequence maging procedures to avoid effects of

residual contrast material on future examimations.

. Mamtam responsibility for medical equipment

attached to patients (e.g., intravenous lines, oxygen)
during radiographic procedures.

. Provide for patient safety, comfort, and modesty.
. Communicate scheduling delays to waiting

patients.

9. Verify or obtain patient consent as necessary (€.g.,
with contrast studies).

10. Explam procedure mstructions to the patient or the
patient’s family.

11. Practice standard precautions.

12. Follow appropriate procedures when m contact with
a patient in isolation.

13. Select mmobilization devices, when mdicated, to
prevent patient movement.

14. Use proper body mechanics or mechanical transfer
devices when assisting patients.

15. Before admmistration of a contrast agent, gather
mformation to determme the appropriate dosage and
to discern whether patient is at mcreased risk for an
adverse reaction.

16. Confirm type of contrast media to be used and
prepare for administration.

17. Use sterile or aseptic technique when indicated.

18. Perform venipuncture.

19. Admmister mtravenous contrast media.

Continued
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BOX 1-2 Task Inventory for Radiography as Required for Examination by the American Registry of

Radiologic Technologists—cont’d

20.

21.
22.

23.

24.
25.

Observe patient after administration of contrast media
to detect adverse reactions.

Obtain vital signs.

Recognize need for prompt medical attention and
administer emergency care.

Explain postprocedural mstructions to the patient or
the patient’s family.

Maintain confidentiality of the patient’s nformation.
Document required mformation (e.g., radiographic
requisitions, radiographs) on the patient’s medical
record.

RADIATION PROTECTION

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Clean, disinfect, or sterilize facilities and equipment
and dispose of contaminated tems m preparation for
the next examination.

Evaluate the need for and use of protective

shielding.

Take appropriate precautions to mmnimize radiation
exposure to the patient.

Question female patient of chidbearng age about
possible pregnancy and take appropriate action (e.g.,
document response, contact physician).

Restrict the beam to lmit the exposure area, improve
mage quality, and reduce radiation dose.

Set kVp, mA, and time or automatic exposure
system to achieve optimum image quality, safe
operating conditions, and mimum radiation

dose.

Prevent all unnecessary persons from remaining in
the area during x-ray exposure.

Take appropriate precaution to minimize occupational
radiation exposure.

Wear a personnel radiation monitoring device while
on duty.

Evaluate mdividual occupational exposure reports to

determme whether values for the reporting period are
within established lmits.

EQUIPMENT OPERATION

36.

37.

38.
39.

Prepare and operate the radiographic unit and
accessories.

Prepare and operate the fluoroscopy unit and
accessories.

Prepare and operate specialized units.
Prepare and operate digital imaging devices.

IMAGE PRODUCTION

40.

Remove from the patient or table all radiopaque
materials that could mterfere with the radiographic
mage.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Select appropriate equipment and accessories (€.g.,
grid, compensating filters, shielding) for the
examination requested.

Use radiopaque markers to indicate anatomical side,
posttion, or other relevant mformation (e.g., time,
upright, decubitus, postvoid).

Explan breathing mstructions before beginning the
exposure.

Position the patient to demonstrate the desred
anatomy with body landmarks.

Using calipers and technique charts, determine
appropriate exposure factors.

Modify exposure factors for circumstances such as
mvoluntary motion, casts and splnts, pathologic
conditions, and the patient’s mability to cooperate.
Process exposed images.

Prepare the digital or computed image receptor for
exposure.

Verify the accuracy of patient identification on
radiography.

Evaluate radiographs for diagnostic quality.
Determine corrective measures that should be used if
radiographs are not of diagnostic quality and take
appropriate action.

Store and handle the film or cassette in a

manner that will reduce the possibility of artifact
production.

EQUIPMENT MAINTENANCE

53.

54.

55.

56.

Recognize and report malfunctions in the
radiographic or fluoroscopic unit and accessories.
Perform basic evaluations of radiographic equipment
and accessories.

Recognize and report malfunctions mn processing
equipment.

Perform basic evaluations of processing equipment
and accessories.

RADIOGRAPHIC PROCEDURES

57.

Position the patient, x-ray tube, and image receptor

to produce diagnostic images of the following:

Thorax

. Abdomen and gastrointestmal studies

Urologic studies

Spine and pelvis

Cranum

Extremities

. Other: arthrography, myelography, venography,
and so on

w Hh 0o oo oD
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SUMMARY

Radiology offers a career in many areas of medical
imaging, and it requires a modest knowledge of medi-
cine, biology, and physics (radiologic science). This frst
chapter weaves the history and development of radiog-
raphy with an introduction to medical physics.

Medical physics includes the study of matter, energy,
and the electromagnetic spectrum of which x-rays are a
part. The production of x-radiation and its safe, diag-
nostic use serve as the basis of radiology. As well as
emphasizing the importance of radiation safety, this
chapter presents a detailed list of clinical and patient
care skills required of radiographers.

This chapter also introduces the various standards
of measurement and applies them to concepts associ-
ated with several areas within radiologic science. The
technical aspects of radiologic science require the iden-
tif cation and proper use of the units of radiation
measurements.

CHALLENGE QUESTIONS

1. Defne or otherwise identify the following:
a. Energy
. Derived quantity
Ionizing radiation
. Air kerma
The average level of natural environmental
radiation
The Coolidge tube
Fluoroscopy
. Acceleration
The term applied to the chemistry of the body
. Barium platinocyanide
2. Match the following dates with the appropriate
event:

o oo o

— = Sge

a. 1901 1. Roentgen discovers x-rays.

b. 1907 2. Roentgen wins the frst Nobel
Prize in physics.

c. 1913 3. The Snook transformer is
developed.

d. 1895 4. The Coolidge hot-cathode x-ray
tube 1s introduced.

(V)

. Describe how weight is different from mass.

. Name four examples of electromagnetic radiation.

5. How is x-ray interaction different from that seen in
other types of electromagnetic radiation?

6. What is the purpose of x-ray beam fltration?

7. Describe the process that results in the formation of
a negative ion and a positive ion.

8. What percentage of average radiation exposure to
a human 1s attributable to medical x-rays?

9. What is the velocity of the mobile x-ray imaging
system if the hospital elevator travels 20 m to the
next floor in 30 s?

10. A radiographer has a mass of 58 kg. What is her
weight on Earth? On the moon?

11. The acronym ALARA stands for what?

12. Name devices designed to minimize radiation expo-
sure to the patient and the operator.

13. Liquid hydrogen with a boiling temperature of 77 K
is used to cool some superconducting magnets.
What 1s this temperature in degrees Celsius? In
degrees Fahrenheit?

14. What are the three natural sources of whole-body
radiation exposure?

15. What naturally occurring radiation source 1s respon-
sible for radiation dose to lung tissue?

16. How would you defne the term “radiation”?

17. What are the four special quantities of radiation
measurement?

18. Place the following in chronologic order of
appearance:

a. Digital fluoroscopy

b. American Society of Radiologic Technologists
(ASRT)

c. Computed tomography (CT)

d. Radiographic grids

e. Automatic flm processing

19. List fve clinical skills required by the ARRT.

20. What are the three units common to the SI and MKS

systems?

~

The answers to the Challenge Questions can be found by logging
on to our website at http://evolve.elsevier.com.

https://CafePezeshki.lR



CHAPTER

The Structure
of Matter

OBJECTIVES

At the completion of this chapter, the student should be able to do the
following:

1. Relate the history of the atom.

2. Identify the structure of the atom.

3. Describe electron shells and instability within atomic structure.

4. Discuss radioactivity and the characteristics of alpha and beta
particles.

5. Explain the difference between two forms of ionizing radiation:
particulate and electromagnetic.

OUTLINE
Centuries of Discovery Atomic Nomenclature
Greek Atom Combinations of Atoms
Dalton Atom Radioactivity
Thomson Atom Radioisotopes
Bohr Atom Radioactive Half-life
Fundamental Particles Types of Ionizing Radiation
Atomic Structure Particulate Radiation
Electron Arrangement Electromagnetic Radiation

Electron Binding Energy
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IS CHAPTER moves from the study of energy
and force to the basis of matter itself. What
composes matter? What is the magnitude of

matter?

From the mner space of the atom to the outer
space of the universe, there is an enormous range in
the size of matter. More than 40 orders of magnitude
are needed to identify objects as small as the atom
and as large as the universe. Because matter spans
such a large magnitude, exponential form is used to
express the measurements of objects. Figure 2-1
shows the orders of magnitude and illustrates how
matter in our surroundings varies in size.

The atom 1s the building block of the radiogra-
pher’s understanding of the interaction between 1on-
izing radiation and matter. This chapter explains what
happens when energy in the form of an x-ray inter-
acts with tissue. Although tissue has an extremely
complex structure, it is made up of atoms and com-
bmations of atoms. By examiming the structure of
atoms, we can learn what happens when the struc-

ture 1s changed.

CENTURIES OF DISCOVERY
Greek Atom

One of civilization’s most pronounced continuing scien-
tific investigations has sought to determine precisely the
structure of matter. The earliest recorded reference to
this investigation comes from the Greeks several hundred
years BC. Scientists at that time thought that all matter
was composed of four substances: earth, water, air, and
fire. According to them, all matter could be described
as combinations of these four basic substances in various
proportions, modified by four basic essences: wet, dry,
hot, and cold. Figure 2-2 shows how this theory of
matter was represented at that time.

The Greeks used the term atom, meaning “indivisi-
ble” [a (not) + temon (cut)] to describe the smallest part
of the four substances of matter. Each type of atom
was represented by a symbol (Figure 2-3A). Today, 118
substances or elements have been identified; 92 are nat-
urally occurring, and the additional 26 have been arti-
ficially produced in high-energy particle accelerators.
We now know that the atom 1is the smallest particle of
matter that has the properties of an element. Many
particles are much smaller than the atom; these are
called subatomic particles.
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FIGURE 2-1 The size of objects varies enormously. The range
of sizes in nature requires that scientifc notation be used because
more than 40 orders of magnitude are necessary.

An atom 1s the smallest particle that has all the
properties of an element.

Dalton Atom

The Greek description of the structure of matter per-
sisted for hundreds of years. In fact it formed the theo-
retical basis for the vain efforts by medieval alchemists
to transform lead into gold. It was not until the 19th
century that the foundation for modern atomic theory
was laid. In 1808 John Dalton, an English schoolteacher,
published a book summarizing his experiments, which
showed that the elements could be classified according
to integral values of atomic mass.
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FIGURE 2-2 Representation of the substances and essences of
matter as viewed by the ancient Greeks.

According to Dalton, an element was composed of
identical atoms that reacted the same way chemically.
For example, all oxygen atoms were alike. They looked
alike, they were constructed alike, and they reacted
alike. They were, however, very different from atoms of
any other element. The physical combination of one type
of atom with another was visualized as being an eye-
and-hook affair (see Figure 2-3B). The size and number
of the eyes and hooks were different for each element.

Some 50 years after Dalton’s work, a Russian scholar,
Dmitri Mendeleev, showed that if the elements were
arranged in order of increasing atomic mass, a periodic
repetition of similar chemical properties occurred. At
that time, about 65 elements had been identified. Men-
deleev’s work resulted in the first periodic table of the
elements. Although there were many holes in Men-
deleev’s table, it showed that all the then-known ele-
ments could be placed in one of eight groups.

Figure 2-4 1s a rendering of the periodic table of ele-
ments. Each block represents an element. The super-
script isthe atomic number. The subscript is the elemental
mass.

All elements are arranged into eight groups as
shown in the periodic table of elements.

All elements in the same group (i.e., column) react
chemically in a similar fashion and have similar physical
properties. Except for hydrogen, the elements of
group I, called the alkali metals, are all soft metals that

Fire

<

Water Earth
A Medieval atom B

Dalton atom

C Thomson atom D Bohr atom

FIGURE 2-3 Through the years, the atom has been represented
by many symbols. A, The Greeks envisioned four different atoms,
representing air, fre, earth, and water. These triangular symbols
were adopted by medieval alchemists. B, Dalton’s atoms had
hooks and eyes to account for chemical combmation. C, Thom-
son’s model of the atom has been described as a plum pudding,
with the plums representing the electrons. D, The Bohr atom has
a small, dense, positively charged nucleus surrounded by elec-
trons at precise energy levels.

combine readily with oxygen and react violently with
water. The elements of group VII, called halogens, are
casily vaporized and combine with metals to form
water-soluble salts. Group VIII elements, called the
noble gases, are highly resistant to reaction with other
elements.

These elemental groupings are determined by the
placement of electrons in each atom. This 1s considered
more fully later.

Thomson Atom

After the publication of Mendeleev’s periodic table,
additional elements were separated and identified, and
the periodic table slowly became filled. Knowledge of
the structure of atoms, however, remained scanty.

Before the turn of the 20th century, atoms were con-
sidered 1ndivisible. The only difference between the
atoms of one element and the atoms of another was
their mass. Through the efforts of many scientists, it
slowly became apparent that there was an electrical
nature to the structure of an atom.

In the late 1890s while investigating the physical
properties of cathode rays (electrons), J.J. Thomson
concluded that electrons were an integral part of all
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* Avalue given in brackets denotes the mass number of the most stable known isotope.

+ Actinide metals

FIGURE 2-4 Periodic table of elements.

atoms. He described the atom as looking something like
a plum pudding, in which the plums represented nega-
tive electric charges (electrons) and the pudding was a
shapeless mass of uniform positive electrification (see
Figure 2-3C). The number of electrons was thought to
equal the quantity of positive electrification because the
atom was known to be electrically neutral.

Through a series of ingenious experiments, Ernest
Rutherford in 1911 disproved Thomson’s model of the
atom. Rutherford introduced the nuclear model, which
described the atom as containing a small, dense, posi-
tively charged center surrounded by a negative cloud of
electrons. He called the center of the atom the nucleus.

Bohr Atom

In 1913 Niels Bohr improved Rutherford’s description
of the atom. Bohr’s model was a miniature solar system
in which the electrons revolved about the nucleus in
prescribed orbits or energy levels. For our purposes, the
Bohr atom (see Figure 2-3D) represents the best way to
picture the atom, although the details of atomic struc-
ture are more accurately described by a newer model,
called quantum chromodynamics (QCD).

Simply put, the Bohr atom contains a small, dense,
positively charged nucleus surrounded by negatively
charged electrons that revolve in fixed, well-defined

orbits about the nucleus. In the normal atom the number
of electrons 1s equal to the number of positive charges
in the nucleus.

FUNDAMENTAL PARTICLES

Our understanding of the atom today is essentially that
which Bohr presented a century ago. With the develop-
ment of high-energy particle accelerators, the structure
of the atomic nucleus is slowly being mapped and iden-
tified. More than 100 subatomic particles have been
detected and described by physicists working with par-
ticle accelerators.

Nuclear structure is now well defined (Figure 2-5).
Nucleons—protons and neutrons—are composed of
quarks that are held together by gluons. These parti-
cles, however, are of little consequence to radiologic
science. Only the three primary constituents of an
atom, the electron, the proton, and the neutron, are
considered here. They are the fundamental particles

(Table 2-1).

The fundamental particles of an atom are the
electron, the proton, and the neutron.

https://CafePezeshki.lR




30 PART I Radiologic Physics

The atom can be viewed as a miniature solar system
whose sun 1s the nucleus and whose planets are the
clectrons. The arrangement of electrons around the
nucleus determines the manner in which atoms
interact.

Electrons are very small particles that carry one unit
of negative electric charge. Their mass i1s only 9.1 X
107" kg. They can be pictured as revolving about the
nucleus in precisely fixed orbits, just as the planets in
our solar system revolve around the sun.

Because an atomic particle 1s extremely small, its
mass 1s expressed in atomic mass units (amu) for con-
venience. One atomic mass unit 1s equal to one twelfth
the mass of a carbon-12 atom. The electron mass is
0.000549 amu. When precision i1s not necessary, a
system of whole numbers called atomic mass numbers
1s used. The atomic mass number of an electron is zero.

Nucleus

Electron

Nucleus

NS r———'Quarks
Neutron "'-z,. @ Proton

Gluons

FIGURE 2-5 The nucleus consists of protons and neutrons,
which are made of quarks bound together by glions.

The nucleus contains particles called nucleons, of
which there are two types: protons and neutrons. Both
have nearly 2000 times the mass of an electron. The
mass of a proton is 1.673 x 107" kg; the neutron is just
slightly heavier at 1.675 x 107" kg. The atomic mass
number of each is one. The primary difference between
a proton and a neutron i1s electric charge. The proton
carries one unit of positive electric charge. The neutron
carries no charge; it is electrically neutral.

ATOMIC STRUCTURE

You might be tempted to visualize the atom as a beehive
of subatomic activity because classical representations
of it usually appear like that shown in Figure 2-3D,
which is greatly oversimplified. In fact the atom is
mostly empty space, similar to our solar system. The
nucleus of an atom 1s very small but contains nearly all
the mass of the atom.

If a basketball, whose diameter 1s 0.23 m (9.6 1n),
represented the size of the uranium nucleus, the largest
naturally occurring atom, the path of the orbital elec-
trons would take it more than 12 km (7.2 mi) away.
Because i1t contains all the neutrons and protons, the
nucleus of the atom contains most of its mass. For
example, the nucleus of a uranium atom contains
99.998% of the entire mass of the atom.

@ The atom is essentially empty space.

Possible electron orbits are grouped into different
“shells.” The arrangement of these shells helps reveal
how an atom reacts chemically, that 1s, how it combines
with other atoms to form molecules. Because a neutral
atom has the same number of electrons in orbit as
protons in the nucleus, the number of protons ulti-
mately determines the chemical behavior of an atom.

The number of protons determines the chemical
element. Atoms that have the same number of protons
but differ in the number of neutrons are isotopes; they
behave in the same way during chemical reactions.

Important Characteristics of the Fundamental Particles

MASS
Particle Location Relative Kilograms amu Number Charge Symbol
Electron Shells 1 9.109 x 107" 0.000549 0 -1 -
Proton Nucleus 1836 1.673 x 1077 1.00728 1 +1 +
Neutron Nucleus 1838 1.675 x 107%’ 1.00867 1 0 O

amu, Atomic mass units.
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The periodic table of the elements (see Figure 2-4) lists
matter in order of increasing complexity, beginning with
hydrogen (H). An atom of hydrogen contains one proton
in i1ts nucleus and one electron outside the nucleus.
Helium (He), the second atom 1n the table, contains two
protons, two neutrons, and two electrons.

The third atom, lithium (L1), contains three protons,
four neutrons, and three electrons. Two of these elec-
trons are in the same orbital shell, the K shell, as are
the electrons of hydrogen and helium. The third electron
1s in the next farther orbital shell from the nucleus, the
L shell.

Electrons can exist only in certain shells, which rep-
resent different electron binding energies. For identifica-
tion purposes, electron orbital shells are given the codes
K, L, M, N, and so forth, to represent the relative
binding energies of electrons from closest to the nucleus
to farthest from the nucleus. The closer an electron 1s
to the nucleus, the greater is its binding energy.

The next atom on the periodic table, beryllium (Be),
has four protons and five neutrons in the nucleus.
Two electrons are in the K shell, and two are in the L
shell.

The complexity of the electron configuration of
atoms increases as one progresses through the periodic
table to the most complex naturally occurring element,
uranium (U). Uranium has 92 protons and 146 neu-
trons. The electron distribution 1s as follows: 2 in the
K shell, 8 in the L shell, 18 1n the M shell, 32 in the N
shell, 21 in the O shell, 9 in the P shell, and 2 in the
Q shell.

Figure 2-6 1s a schematic representation of four
atoms. Although these atoms are mostly empty
space, they have been diagrammed on one page. If the
actual size of the helium nucleus were that in Figure 2-6,
the K-shell electrons would be several city blocks
away.

In their normal state atoms are electrically neutral;
the electric charge on the atom is zero.

The total number of electrons in the orbital shells is
exactly equal to the number of protons in the nucleus.
If an atom has an extra electron or has had an electron
removed, 1t 1s said to be ionized. An 1onized atom is not
electrically neutral but carries a charge equal in magni-
tude to the difference between the numbers of electrons
and protons.

You might assume that atoms can be ionized by
changing the number of positive charges as well as the
number of negative charges. Atoms, however, cannot be
ionized by the addition or subtraction of protons because
they are bound very strongly together, and that action
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Lithium

'y 4 He T Li
2 3

Uranium

238 ¢
92

FIGURE 2-6 Atoms are composed of neutrons and protons in
the nucleus and electrons in specifc orbits surrounding the
nucleus. Shown here are the three smaller atoms and the largest
naturally occurring atom, uranum.

would change the type of atom. An alteration in the
number of neutrons does not ionize an atom because
the neutron 1s electrically neutral.

Figure 2-7 represents the interaction between an
x-ray and a carbon atom, a primary constituent of
tissue. The x-ray transfers its energy to an orbital elec-
tron and ejects that electron from the atom. This process
requires approximately 34 eV of energy. The x-ray may
cease to exist, and an 1on pair 1s formed. The remaining
atom 1s now a positive 1on because it contains one more
positive charge than negative charge.

Ionization is the removal of an orbital electron
from an atom.

In all except the lightest atoms the number of neu-
trons 1s always greater than the number of protons. The
larger the atom, the greater the abundance of neutrons
over protons.
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positive ion

Ion pair

AN

L negative ion

FIGURE 2-7 Ionization of a carbon atom by an x-ray leaves the
atom with a net electric charge of +1. The ionized atom and the
released electron are called an ion parr.

Electron Arrangement

The maximum number of electrons that can exist in
cach shell (Table 2-2) increases with the distance of the
shell from the nucleus. These numbers need not be
memorized because the electron limit per shell can be
calculated from the expression:

MAXIMUM ELECTRONS PER SHELL
2n?

where n is the shell number.

Question: What 1s the maximum number of electrons
that can exist in the O shell?
The O shell is the fifth shell from the
nucleus; therefore:
n=>5
2n* = 2(5)

=2(25)

= 50 electrons

Answer:

This answer, 50 electrons, 1s a theoretical value. Even
the largest atom does not completely fill shell O or
higher.

Physicists call the shell number » the principal
quantum number. Every electron in every atom can be
precisely identified by four quantum numbers, the most
important of which 1s the principal quantum number.
The other three quantum numbers represent the

Maximum Number of Electrons
That Can Occupy Each
Electron Shell

Shell Shell Number of
Number Symbol Electrons

1 K 2

2 L 8

3 M 18

- N 32

5 O 50

6 P 72

7 Q 98

existence of subshells, which are not important to radio-
logic science.

The observant reader may have noticed a relationship
between the number of shells in an atom and its position
in the periodic table of the elements. Oxygen has eight
electrons; two occupy the K shell, and six occupy the L
shell. Oxygen i1s in the second period (row) and the sixth
group (column) of the periodic table (see Figure 2-4).

Aluminum has the following electron configuration:
K shell, two electrons; L shell, eight electrons; M shell,
three electrons. Therefore aluminum 1is in the third
period (M shell) and third group (three electrons) of the
periodic table.

ELECTRON ARRANGEMENT

The number of electrons in the outermost shell is:
.. equal to its group in the periodic table.
... determmes the valence of an atom.

o

The number of the outermost electron shell is:
.. equal to its period m the periodic table.

Question: What are the period and group for the
gastrointestinal contrast agent, barium
(refer to Figure 2-4)?

Period 6 and group IL

No outer shell can contain more than eight
electrons.

Why does the periodic table show elements repeating
similar chemical properties in groups of eight? In addi-
tion to the limitation on the maximum number of

Answer:
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Velocity

FIGURE 2-8 Electrons revolve about the nucleus in fxed orbits or shells. Electrostatic attraction
results m a specifc electron path about the nucleus.

clectrons allowed in any shell, the outer shell is always
limited to eight electrons.

All atoms that have one electron in the outer shell lie
in group I of the periodic table; atoms with two elec-
trons in the outer shell fall in group II, and so forth.
When eight electrons are in the outer shell, the shell is
filled. Atoms with filled outer shells lie in group VIII,
the noble gases, and are very chemically stable.

The orderly scheme of atomic progression from
smallest to largest atom is interrupted in the fourth
period. Instead of simply adding electrons to the next
outer shell, electrons are added to an inner shell.

The atoms associated with thisphenomenon are called
the transitional elements. Even in these elements, no
outer shell ever contains more than eight electrons. The
chemical properties of the transitional elements depend
on the number of electrons in the two outermost shells.

The shell notation of the electron arrangement of an
atom not only identifies the relative distance of an elec-
tron from the nucleus but also indicates the relative
energy by which the electron 1s attached to the nucleus.
You might expect that an electron would spontaneously
fly off from the nucleus, just as a ball twirling on the
end of a string would do if the string were cut. The type
of force that prevents this from happening is called
centripetal force or “center-seeking” force, which results
from a basic law of electricity that states that opposite
charges attract one another and like charges repel.

The force that keeps an electron i orbit is the
centripetal force.

You might therefore expect that the electrons would
drop into the nucleus because of the strong electrostatic
attraction. In the normal atom, the centripetal force just
balances the force created by the electron velocity, the

Resulting motion C,«sb““‘”\’%

centrifugal force or flying-out-from-the-center force, so
that electrons maintain their distance from the nucleus
while traveling in a circular or elliptical path.

Figure 2-8 1s a representation of this state of affairs
for a small atom. In more complex atoms, the same
balance of force exists and each electron can be consid-
ered separately.

Electron Binding Energy

The strength of attachment of an electron to the nucleus
is called the electron binding energy, designated E,. The
closer an electron 1s to the nucleus, the more tightly it
1s bound. K-shell electrons have higher binding energies
than L-shell electrons, L-shell electrons are more tightly
bound to the nucleus than M-shell electrons, and so
forth.

Not all K-shell electrons of all atoms are bound with
the same binding energy. The greater the total number
of electrons in an atom, the more tightly each 1s bound.

To put 1t differently, the larger and more complex the
atom, the higher 1s the E, for electrons in any given shell.
Because electrons of atoms with many protons are more
tightly bound to the nucleus than those of small atoms,
it generally takes more energy to ionize a large atom
than a small atom.

Figure 2-9 represents the binding energy of electrons
of several atoms of radiologic importance. The metals
tungsten (W) and molybdenum (Mo) are used as targets
in an x-ray tube. Barium (Ba) and 1odine (I) are used as
radiographic and fluoroscopic contrast agents.

Question: How much energy is required to ionize
tungsten through removal of a K-shell
electron?

The minimum energy must equal E, or
69 keV—with less than that, the atom
cannot be ionized by removal of a K-shell
electron.

Answer:
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Approximate
Number  binding
of energy
Shell electrons (keV)
K 2 0.3
L 4 0.01
K 2 37
1L, 8 6
M 18 1.3
N 18 0.3
O 12 0.04
P 2
. 137
Barium — 56 Ba
K 2 69
L 8 12
M 18 2.8
N 32 0.6
O 13 0.08
P 2

184
Tungsten 74 %

FIGURE 2-9 Atomic confgurations and approximate electron
binding energies for three radiologically important atoms. As
atoms get bigger, electrons in a given shell become more tightly
bound.

Carbon (C) 1s an important element in human
tissue. As with other tissue atoms, E, for the outer
shell electrons 1s only approximately 10 eV. Yet
approximately 34 eV 1s necessary to 1onize tissue
atoms. The value 34 eV 1is called the ionization poten-
tial. The difference, 24 eV, causes multiple electron
excitations, which ultimately result in heat. The
concept of 1onization potential 1s important to the
description of linear energy transfer (LET), which is
discussed in Chapter 30.

Question: How much more energy is necessary to
ionize barium than to ionize carbon by
removal of K-shell electrons?
E,(Ba)=37,400 eV
E,(C)=300 eV
Difference =37,100 eV

=37.1 keV

Answer:

ATOMIC NOMENCLATURE

Often an element 1s indicated by an alphabetic abbrevia-
tion. Such abbreviations are called chemical symbols.
Table 2-3 lists some of the important elements and their
chemical symbols.

The chemical properties of an element are determined
by the number and arrangement of electrons. In the
neutral atom, the number of electrons equals the number
of protons. The number of protons is called the atomic
number, represented by Z. Table 2-3 shows that the
atomic number of bartum 1s 56, thus indicating that 56
protons are in the barium nucleus.

The number of protons plus the number of neutrons
in the nucleus of an atom 1s called the atomic mass
number, symbolized by A. The atomic mass number 1is
always a whole number. The use of atomic mass numbers
1s helpful in many areas of radiologic science.

The atomic mass number and the precise mass of
an atom are not equal.

An atom’s atomic mass number 1s a whole number
that 1s equal to the number of nucleons in the atom.
The actual atomic mass of an atom 1s determined by
measurement and rarely is a whole number. '*’Ba
has A = 135 because its nucleus contains 56 protons
and 79 neutrons. The atomic mass of '*’Ba is 134.91
amu.

Only one atom, '*C, has an atomic mass equal to its
atomic mass number. This occurs because the '*C atom
1s the arbitrary standard for atomic measure.

Many elements in their natural state are composed
of atoms with different atomic mass numbers and dif-
ferent atomic masses but identical atomic numbers. The
characteristic mass of an element, the elemental mass,
1s determined by the relative abundance of isotopes and
their respective atomic masses.

Barium, for example, has an atomic number of 56.
The atomic mass number of its most abundant isotope
1s 138. Natural barium, however, consists of seven dif-
ferent 1sotopes with atomic mass numbers of 130, 132,
134, 135, 136, 137, and 138; the elemental mass 1s
determined by calculating the average of all these
1sotopes.

With the protocol described in Figure 2-10, the atoms
of Figure 2-6 would have the following symbolic
representation:

1 4 71 : 238
1H9 2Hea 3L19 92U

Because the chemical symbol also indicates the atomic
number, the subscript 1s often omitted.

'H, *He, "Li, **U
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Characteristics of Some Elements Important to Radiologic Science

Chemical Atomic Atomic Mass

Number of Naturally Elemental

K-Shell Electron

Element Symbol Number (Z) Number (A)) Occurring Isotopes Mass (amu)® Binding Energy (keV)
Beryllum Be - 9 1 9.012 0.11
Carbon C 6 12 3 12.01 0.28
Oxygen 0 8 16 3 15 0.53
Alummum Al 13 27 1 26.98 1.56
Calcum Ca 20 40 6 40.08 4.04
Iron Fe 26 56 - 55.84 7.11
Copper Cu 29 63 2 63.54 8.98
Molybdenum Mo 42 98 7 95.94 20
Rhodum Rh 45 103 5 102.9 23.2
Ruthenmum Ru 44 102 7 101 22.1
Silver Ag 47 107 2 107.9 25.7
Tin Sn 50 120 10 118.6 29.2
lodmne I 53 127 1 126.9 33.2
Barum Ba 56 138 7 137.3 37.4
Tungsten W 74 184 5 183.8 69.5
Rhenmum Re 75 186 2 185.9 71.7
Gold Au 79 197 1 196.9 80.7
Lead Pb 82 208 - 207.1 88
Uranium U 92 238 3 238 116

amu, atomic mass units; keV, electron kilovolt.

"Most abundant isotope.

®Average of naturally occurring isotopes.

Question: How many protons and neutrons are in
Atomic Valence cach of the seven naturally occurring
mass state isotopes of bartum?
\ / Answer:  The number of protons in each isotope is
A +/_ 56. The number of neutrons 1s equal to
X g “2c H,0 Na*t!Cl! A—7 . Therefore
7 " ! ¢ 39Ba: 130 — 56 = 74 neutrons
/ \ 32Ba: 132 — 56 = 76 neutrons
Atomic Number 3“Ba: 134 — 56 = 78 neutrons,
number  ofatoms/molecules and so forth.

FIGURE 2-10 Protocol for representing eclements in a
molecule.

@ Isotopes
B Atoms that have the same atomic number but

different atomic mass numbers are isotopes.

Isotopes of a given element contain the same number
of protons but varying numbers of neutrons. Most ele-
ments have more than one stable isotope. The seven
natural 1sotopes of barium are as follows:

13013a 132Ba 134}3a 135}3a 136}3a 137}3a 138}3a
° ’ ° ° ’ °

The term isotope describes all atoms of a given
element. Such atoms have different nuclear configura-
tions but nevertheless react the same way chemaically.

Isobar
\ Atomic nuclei that have the same atomic mass

number but different atomic numbers are isobars.

Isobars are atoms that have different numbers of
protons and different numbers of neutrons but the same
total number of nucleons. Isobaric radioactive transi-
tions from parent atom to daughter atom result from
the release of a beta particle or a positron. The parent
and the daughter are atoms of different elements.

@ Isotone
- Atoms that have the same number of neutrons but

different numbers of protons are isotones.
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Isotones are atoms with different atomic numbers
and different mass numbers but a constant value for the
quantity A—Z. Consequently, isotones are atoms with
the same number of neutrons in the nucleus.

The final category of atomic configuration is the
isomer.

@‘ [somer
B Isomers have the same atomic number and the

same atomic mass number.

In fact, isomers are identical atoms except that they
exist at different energy states because of differences in
nucleon arrangement. Technetium-99m decays to
technetium-99 with the emission of a 140-keV gamma
ray, which is very useful in nuclear medicine. Table 2-4
presents a summary of the characteristics of these
nuclear arrangements.

Question: From the following list of atoms, pick out
those that are i1sotopes, isobars, and
1sotones.

'5aXe, 531 155Cs, 1531

B and "'T are isotopes. "'T and "’'Xe are
isobars. °°1, *'Xe, and "**Cs are isotones.

Answer:

One method of association to help with these iso- defini-
tions is: 1sotope, same proton; isobar, same A; isotone,
same neutron; and 1somer, metastable.

COMBINATIONS OF ATOMS

@» Molecule
Atoms of various elements may combine to form

structures called molecules.

Four atoms of hydrogen (H,) and two atoms of oxygen
(O,) can combine to form two molecules of water
(2 H,O). The following equation represents this atomic
combination:

2H2 +02 —)2H20

Characteristics of Various
Nuclear Arrangements

Atomic Atomic Mass Neutron
Arrangement Number Number Number
Isotope Same Different Different
[sobar Different  Same Different
[sotone Different  Different Same
I[somer Same Same Same

An atom of sodium (Na) can combine with an atom
of chlorine (Cl) to form a molecule of sodium chloride
(N aCl), which 1s common table salt:

Na+Cl— NaC(Cl
Both of these molecules are common in the human

body. Molecules, in turn, may combine to form even
larger structures: cells and tissues.

Compound
A chemical compound is any quantity of one type

of molecule.

Although more than 100 different elements are
known, most elements are rare. Approximately 95% of
the Earth and its atmosphere consists of only a dozen
elements. Similarly, hydrogen, oxygen, carbon, and
nitrogen compose more than 95% of the human body.
Water molecules make up approximately 80% of the
human body.

There 1s an organized scheme for representing ele-
ments in a molecule (see Figure 2-10). The shorthand
notation that incorporates the chemical symbol with
subscripts and superscripts is used to identify atoms.

The chemical symbol (X) 1s positioned between two
subscripts and two superscripts. The subscript and
superscript to the left of the chemical symbol represent
the atomic number and atomic mass number, respec-
tively. The subscript and superscript to the right are
values for the number of atoms per molecule and the
valence state of the atom, respectively.

The formula NaCl represents one molecule of the
compound sodium chloride. Sodium chloride has prop-
erties that are different from those of sodium or chlo-
rine. Atoms combine with each other to form compounds
(chemical bonding) in two main ways. The examples of
H,O and NaCl can be used to describe these two types
of chemical bonds.

Oxygen and hydrogen combine into water through
covalent bonds. Oxygen has six electrons in its outer-
most shell. It has room for two more electrons, so in a
water molecule, two hydrogen atoms share their single
electrons with the oxygen. The hydrogen electrons orbit
the H and the O, thus binding the atoms together. This
covalent bonding is characterized by the sharing of
electrons.

Sodium and chlorine combine into salt through ionic
bonds. Sodium has one electron in its outermost shell.
Chlorine has space for one more electron in its outer-
most shell. The sodium atom will give up its electron to
the chlorine. When it does, 1t becomes 1onized because
it has lost an electron and now has an imbalance of
electric charges.
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FIGURE 2-11 Matter has many levels of organization. Atoms
combme to make molecules, and molecules combme to make
tissues.

The chlorine atom also becomes 1onized because it
has gained an electron and now has more electrons than
protons. The two atoms are attracted to each other,
resulting in an 1onic bond because they have opposite
electrostatic charges.

Sodium, hydrogen, carbon, and oxygen atoms can
combine to form a molecule of sodium bicarbonate
(NaHCO;). A measurable quantity of sodium bicarbon-
ate constitutes a chemical compound commonly called
baking soda.

The smallest particle of an element is an atom; the
smallest particle of a compound is a molecule.

The interrelations between atoms, elements, mole-
cules, and compounds are orderly. This organizational
scheme is what the ancient Greeks were trying to
describe by their substances and essences. Figure 2-11
1s a diagram of this current scheme of matter.

RADIOACTIVITY

Some atoms exist in an abnormally excited state char-
acterized by an unstable nucleus. To reach stability, the
nucleus spontaneously emits particles and energy and
transforms itself into another atom. This process 1is
called radioactive disintegration or radioactive decay.
The atoms involved are radionuclides. Any nuclear
arrangement 1s called a nuclide; only nuclei that undergo
radioactive decay are radionuclides.

@ Radioactivity
. Radioactivity is the spontaneous emission of

particles and energy in order to become stable.

CHAPTER 2 The Structure of Matter 37

Radioisotopes

Many factors affect nuclear stability. Perhaps the most
important 1s the number of neutrons. When a nucleus
contains too few or too many neutrons, the atom can
disintegrate radioactively, bringing the number of neu-
trons and protons into a stable and proper ratio.

In addition to stable isotopes, many elements have
radioactive isotopes or radioisotopes. These may be
artificially produced in machines such as particle accel-
erators or nuclear reactors.

Many radioisotopes of bartum have been discovered,
all of which are artificially produced. In the following
list of barium 1sotopes, the nine radioisotopes are
boldface:

127]3a lZSBa 129]3a 13013a 131]3a 132]3a 133]3a
” 9 9 9 ’ ’ s

134]3a 135Ba 136]3a 137]3a 138Ba 139]3a 140]3a
’ ’ ’ ’ 9 9

Artificially produced radioisotopes have been identi-
fied for nearly all elements. A few elements have natu-
rally occurring radioisotopes as well.

There are two primary sources of naturally occurring
radioisotopes. Some originated at the time of the Earth’s
formation and are still decaying very slowly. An example
1s uranium, which ultimately decays to radium, which
in turn decays to radon. These and other decay products
of uranium are radioactive. Others, such as '*C, are
continuously produced in the upper atmosphere through
the action of cosmic radiation.

Radioisotopes can decay to stability in many ways,
but two, beta emission and alpha emission, are impor-
tant here for descriptive purposes. Radioactive decay by
positron emission 1s important for some nuclear medi-
cine imaging.

During beta emission, an electron created in the
nucleus 1s ejected from the nucleus with considerable
kinetic energy and escapes from the atom. The result is
the loss of a small quantity of mass and one unit of
negative electric charge from the nucleus of the atom.
Simultaneously, a neutron undergoes conversion to a
proton.

The result of beta emission therefore 1s to increase
the atomic number by one (Z — Z + 1), while the atomic
mass number remains the same (A = constant). This
nuclear transformation results in the changing of an
atom from one type of element to another (Figure 2-12).

Radioactive decay by alpha emission 1s a much more
violent process. The alpha particle consists of two
protons and two neutrons bound together; its atomic
mass number is 4. A nucleus must be extremely unstable
to emit an alpha particle, but when 1t does, it loses two
units of positive charge and four units of mass. The
transformation is significant because the resulting atom
1s not only chemically different but is also lighter by 4
amu (Figure 2-13).
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Radioactive decay results in emission of alpha
particles, beta particles, and usually gamma rays.

Beta emission occurs much more frequently than
alpha emission. Virtually all radioisotopes are capable
of transformation by beta emission, but only heavy
radioisotopes are capable of alpha emission. Some
radioisotopes are pure beta emitters or pure alpha emit-
ters, but most emit gamma rays simultaneously with the
particle emission.

Question: '*?Ba is a radioisotope that decays by beta
emission. What will be the values of A and
Z for the atom that results from this
emission?

In beta emission a neutron 1s converted to
a proton and a beta particle:

n — p + P, therefore '3Ba — '39?
Lanthanum is the element with Z = 57;
thus, 'La is the result of the beta decay

Answer:

139
Of 56Ba.
B_
—_—
TV, = 8d
1311 > 131X€ + OB_
3 (nep + ) 4 !

FIGURE 2-12 "'Tdecays to '*'Xe with the emission of a beta
particle.

FIGURE 2-13 The decay of **°Ra to **’Rn is accompanied by
alpha emission.

Radioactive Half-life

Radioactive matter 1s not here one day and gone the
next. Rather, radioisotopes disintegrate into stable i1so-
topes of different elements at a decreasing rate so that
the quantity of radioactive material never quite reaches
zero. Remember from Chapter 1 that radioactive mate-
rial 1s measured in becquerels and that 1 Bq is equal to
disintegration of 1 atom each second.

The rate of radioactive decay and the quantity of
material present at any given time are described math-
ematically by a formula known as the radioactive decay
law. From this formula, we obtain a quantity known as
radioactive half-life (T4 ). Half-lives of radioisotopes
vary from less than a second to many years. Each radio-
isotope has a unique, characteristic half-life.

Half-life

) The half-life of a radioisotope is the time required
for a quantity of radioactivity to be reduced to
one-half its original value.

The half-life of '*'Tis 8 days (Figure 2-14). If 10 MBq
of °'T was present on January 1 at noon, then at noon
on January 9, only 5 MBq would remain. On January
17, 2.5 MBq would remain, and on January 25,
1.25 MBq would remain. A plot of the radioactive
decay of "’'T allows one to determine the amount of

radioactivity remaining after any given length of time
(see Figure 2-14).

100

75

50

25

10 20 30 40 50 60 70
Time (days)

FIGURE 2-14 "'I'decays with a half-life of 8 days. This linear
graph allows estimation of radioactivity only for a short time.
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FIGURE 2-15 This semilog graph is useful for estimating the
radioactivity of ’'Tat any given time.

After approximately 24 days, or three half-lives, the
linear-linear plot of the decay of "*'I becomes very dif-
ficult to read and interpret. Consequently, such graphs
are usually presented in semilogarithmic form (Figure
2-15). With a presentation such as this, one can estimate
radioactivity after a very long time.

Question: On Monday at 8 am, 10 MBq of "'I is
present. How much will remain on Friday
at 5 pm?

The time of decay is 4 days. According to
Figure 2-15, at 4 days, approximately 63%
of the original activity will remain.
Therefore 6.3 MBq will be present on
Friday at 5 pm.

Answer:

Theoretically, all the radioactivity of a radioisotope
never disappears. After each period of time equivalent
to one half-life, one-half the activity present at the
beginning of that time will remain. Therefore, although
the quantity of a radioisotope progressively decreases,
it never quite reaches zero.

Figure 2-16 shows two similar graphs used to esti-
mate the quantity of any radioisotope remaining after
any length of time. In these graphs, the percentage of
original radioactivity remaining is plotted against time,
measured 1n units of half-life. To use these graphs, one
must express the initial radioactivity as 100% and
convert the time of interest into units of half-life. For
decay times exceeding three half-lives, the semilog form
1s easier to use.
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100
75
50
25
0
1 2 3 4 5 6 7
A Time in half-lives (T%)
100
10
1
0.1
1 2 3 4 5 6 7
B Time in half-lives (T%)

FIGURE 2-16 The radioactivity after any period can be esti-
mated from the lnear (A) or the semilog (B) graph. The original
quantity is assigned a value of 100%, and the time of decay is
expressed m units of half-life.

Question: 6.5 MBq of "’'I is present at noon on
Wednesday. How much will remain 1 week
later?

7 days=7% T =0.875TY . Figure 2-16
shows that at 0.875 T4, approximately
55% of the initial radioactivity will
remain; 55% % 6.5 MBq =0.55 x 6.5 =
3.6 MBq.

Answer:
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FIGURE 2-17 Carbon is a biologically active element. A small fraction of all carbon is the radio-
isotope '*C. As a tree grows, '*C is incorporated into the wood in proportion to the amount of "*C
in the atmosphere. When the tree dies, further exchange of '*C with the atmosphere does not take
place. If the dead wood is preserved by petrifcation, the '*C content diminishes as it radioactively
decays. This phenomenon serves as the basis for radiocarbon dating.

'“C is a naturally occurring radioisotope with T}, =
5730 years. The concentration of '*C in the environ-
ment is constant, and '*C is incorporated into living
material at a constant rate. Trees of the Petrified Forest
contain less '*C than living trees because the "*C of
living trees 1s in equilibrium with the atmosphere; the
carbon in a petrified tree was fixed many thousands of
years ago, and the fixed '*C is reduced over time by
radioactive decay (Figure 2-17).

Question: If a piece of petrified wood contains 25%
of the '*C that a tree living today contains,
how old is the petrified wood?

The '*C in living matter remains constant
as long as the matter is alive because

it 1s constantly exchanged with the
environment. In this case, the petrified
wood has been dead long enough for the
“C to decay to 25% of its original value.
That time period represents two half-lives.
Consequently, we can estimate that the
petrified wood sample is approximately

2 x 5730 =11,460 years old.

Answer:

Question: How many half-lives are required before a
quantity of radioactive material has
decayed to less than 1% of its original
value?

Answer:

A simple approach to this type of problem
1s to count half-lives.

Half-life Radioactivity
Number Remaining

1 50%

2 25%

3 12.5%

- 6.25%

5 3.12%

6 1.56%

7 0.78%

A simpler approach finds the answer more precisely on
Figure 2-16: 6.5 half-lives. Another approach is to use
the following relationship:

RADIOACTIVE DECAY
Activity remaming = Original activity (0.5)
where n = number of half-lives.

The concept of half-life is essential to radiologic
science. It 1s used daily in nuclear medicine and has an
exact parallel in x-ray terminology, the half-value layer.
The better you understand half-life now, the better you
will understand the meaning of half-value layer later.

Q 3.3 half-lives = 1 tenth life
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TYPES OF IONIZING RADIATION

All ionizing radiation can be conveniently classified into
two categories: particulate radiation and electromag-
netic radiation (Table 2-5). The types of radiation used
in diagnostic ultrasonography and in magnetic reso-
nance imaging are nonionizing radiation.

Although all 1on1zing radiation acts on biologic tissue
in the same manner, there are fundamental differences
between various types of radiation. These differences
can be analyzed according to five physical characteris-
tics: mass, energy, velocity, charge, and origin.

Particulate Radiation

Many subatomic particles are capable of causing ioniza-
tion. Consequently, electrons, protons, and even rare
nuclear fragments all can be classified as particulate
lonizing radiation if they are in motion and possess
sufficient kinetic energy. At rest, they cannot cause
lonization.

There are two main types of particulate radiation:
alpha particles and beta particles. Both are associated
with radioactive decay.

The alpha particle 1s equivalent to a helium nucleus.
It contains two protons and two neutrons. Its mass 1s
approximately 4 amu, and it carries two units of posi-
tive electric charge. Compared with an electron, the
alpha particle 1s large and exerts great electrostatic
force. Alpha particles are emitted only from the nuclei
of heavy elements. Light elements cannot emit alpha
particles because they do not have enough excess mass
(excess energy).

ALPHA PARTICLE

An alpha particle is a helum nucleus that contains
two protons and two neutrons.

After being emitted from a radioactive atom, the
alpha particle travels with high velocity through matter.
Because of its great mass and charge, however, it easily
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transfers this kinetic energy to orbital electrons of other
atoms.

Ionization accompanies alpha radiation. The average
alpha particle possesses 4 to 7 MeV of kinetic energy
and 1onizes approximately 40,000 atoms for every cen-
timeter of travel through air.

Because of this amount of ionization, the energy of
an alpha particle is quickly lost. It has a very short range
in matter. Whereas in air, alpha particles can travel
approximately 5 cm; in soft tissue, the range may be less
than 100 um. Consequently, alpha radiation from an
external source 1s nearly harmless because the radiation
energy is deposited in the superficial layers of the skin.

With an internal source of radiation, just the opposite
1s true. If an alpha-emitting radioisotope is deposited in
the body, it can intensely irradiate the local tissue.
Radon 1rradiating lung tissue is an important example.

Beta particles differ from alpha particles in terms of
mass and charge. They are light particles with an atomic
mass number of 0 and carry one unit of negative or
positive charge. The only difference between electrons
and negative beta particles is their origin. Beta particles
originate in the nucler of radioactive atoms and elec-
trons exist in shells outside the nucle1 of all atoms.

Positive beta particles are positrons. They have the
same mass as electrons and are considered to be anti-
matter. We will see positrons again when we discuss pair
production.

BETA PARTICLE

A beta particle is an electron emitted from the

L

nucleus of a radioactive atom.

After being emitted from a radioisotope, beta parti-
cles traverse air, ionizing several hundred atoms per
centimeter. The beta particle range 1s longer than that
for the alpha particle. Depending on its energy, a beta
particle may traverse 10 to 100 cm of air and approxi-
mately 1 to 2 cm of soft tissue.

General Classification of Ionizing Radiation

Atomic Mass

Type of Radiation Symbol Number Charge Origin
PARTICULATE
Alpha radiation a - +2 Nucleus
Beta radiation B~ 0 —1 Nucleus

B 0 +1 Nucleus
ELECTROMAGNETIC
Gamma rays Y 0 0 Nucleus
X-rays X 0 0 Electron cloud

https://CafePezeshki.lR
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Characteristics of Several Types of Ionizing Radiation

APPROXIMATE RANGE

Type of Radiation Approximate Energy In Soft Tissue Origin
PARTICULATE
Alpha particles 4-7 MeV 1-10 cm <0.1 mm Heavy radioactive nuclei
Beta particles 0—7 MeV 0—-10 m 0—2 cm Radioactive nuclei
ELECTROMAGNETIC
X-rays 0-25 MeV 0—-100 m 0-30 cm Electron cloud
Gamma rays 0-5 MeV 0—-100 m 0-30 cm Radioactive nuclei
Electromagnetic Radiation
X-rays and gamma rays are forms of electromagnetic Air Tissue

ionizing radiation. This type of radiation is covered
more completely in the next chapter; the discussion here
1s brief.

X-rays and gamma rays are often called photons.
Photons have no mass and no charge. They travel at the
speed of light (¢ = 3 x 10® m/s) and are considered
energy disturbances in space.

Just as the only difference between beta particles and
electrons 1s their origin, so too the only difference
between x-rays and gamma rays is their origin. Gamma
rays are emitted from the nucleus of a radioisotope
and are usually associated with alpha or beta emission.

X-rays are produced outside the nucleus in the electron
shells.

Gamma rays come from the nucleus. X-rays come
| from the electron cloud.

-

X-rays and gamma rays exist at the speed of light or
not at all. After being emitted, they have an ionization
rate in air of approximately 100 ion pairs/cm, about
equal to that for beta particles. In contrast to beta par-
ticles, however, x-rays and gamma rays have an unlim-
ited range in matter.

Photon radiation loses intensity with distance but
theoretically never reaches zero. Particulate radiation,
on the other hand, has a finite range in matter, and that
range depends on the particle’s energy.

Table 2-6 summarizes the more important character-
istics of each of these types of ionizing radiation. In
nuclear medicine, beta and gamma radiation are most
important. In radiography, only x-rays are important.
The penetrability and low ionization rate of x-rays

make them particularly useful for medical imaging
(Figure 2-18).

Alpha particle

®%e oeee %0  ceee 3 o0

Beta particle

X-ray

FIGURE 2-18 Different types of radiation ionize matter with dif-
ferent degrees of effciency. Alpha particles represent highly ion-
zing radiation with a very short range n matter. Beta particles do
not ionize so readily and have a longer range. X-rays have a low
ionization rate and a very long range.

SUMMARY

As a miniature solar system, the Bohr atom set the stage
for the modern interpretation of the structure of matter.
An atom 1s the smallest part of an element, and a mol-
ecule 1s the smallest part of a compound.

The three fundamental particles of the atom are the
electron, proton, and neutron. Electrons are negatively
charged particles that orbit the nucleus in configurations
or shells held in place by electrostatic forces. Chemical
reactions occur when outermost orbital electrons are
shared or given up to other atoms. Nucleons, neutrons,
and protons each have nearly 2000 times the mass of
electrons. Protons are positively charged, and neutrons
have no charge.

Elements are grouped in a periodic table in order of
increasing complexity. The groups on the table indicate
the number of electrons in the outermost shell. The
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clements in the periods on the periodic table have the
same number of orbital shells.

Some atoms have the same number of protons and
electrons as other elements but a different number of
neutrons, giving the element a different atomic mass.
These are 1sotopes.

Some atoms, which contain too many or too few
neutrons in the nucleus, can disintegrate. This 1s called
radioactivity. Two types of particulate emission that
occur after radioactive disintegration are alpha and beta
particles. The half-life of a radioisotope is the time
required for the quantity of radioactivity to be reduced
to one-half i1ts original value.

Ionizing radiation consists of particulate and electro-
magnetic radiation. Alpha and beta particles produce
particulate radiation. Alpha particles have four atomic
mass units, are positive in charge, and originate from
the nucleus of heavy elements. Beta particles have an
atomic mass number of zero and have one unit of nega-
tive charge. Beta particles originate in the nucleus of
radioactive atoms.

X-rays and gamma rays are forms of electromagnetic
radiation called photons. These rays have no mass and
no charge. X-rays are produced in the electron shells,
and gamma rays are emitted from the nucleus of a
radioisotope.

CHALLENGE QUESTIONS

1. Define or otherwise identify the following:

Photon

. The Rutherford atom

Positron

. Nucleons

The arrangement of the periodic table of the

elements

Radioactive half-life

W (chemical symbol for what element?)

. Alpha particle

K shell
J. Chemical compound

2. Figure 2-1 shows the following approximate sizes:
an atom, 107'° m; the Earth, 10" m. By how many
orders of magnitude do these objects differ?

3. How many protons, neutrons, electrons, and nucle-
ons are found in the following?

©c oo o

C e oo

17 27 60 226
:0, 13AlL 37Co, “53Ra

4. Using the data in Table 2-1, determine the mass of
»Tc in atomic mass units and in kilograms.

5. Diagram the expected electron configuration of
*Ca.
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6. If atoms large enough to have electrons in the T
shell existed, what would be the maximum number
allowed 1n that shell?

7. How much more tightly bound are K-shell electrons
in tungsten than (a) L-shell electrons, (b) M-shell
electrons, and (c) free electrons? (Refer to Figure
2-9.)

8. From the following list of nuclides, 1dentify sets of
1sotopes, 1sobars, and 1sotones.

6ONE6INE62BH
28 28 28

59 60 61
Co Co

27 27 27

Co

58 F659Fe60 Fe

26 26 26

9. 32 Sr has a half-life of 29 years. If 10 MBq were
present in 1950, approximately how much would
remain in 20107

10. Complete the following table with relative values.

Type of Mass Charge
Radiation Energy Origin
o

o

Y

X

11. For what 1s Mendeleev remembered?

12. Who developed the concept of the atom as a min-
lature solar system?

13. List the fundamental particles within an atom.

14. What property of an atom does binding energy
describe?

15. Can atoms be 1onized by changing the number of
positive charges?

16. Describe how 1on pairs are formed.

17. What determines the chemical properties of an
element?

18. Why doesn’t an electron spontancously fly away
from the nucleus of an atom?

19. Describe the difference between alpha and beta
emission.

20. How does carbon-14 dating determine the age of
petrified wood?

The answers to the Challenge Questions can be found by logging
on to our website at http://evolve.elsevier.com.
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CHAPTER

Electromagnetic
Energy

OBJECTIVES

At the completion of this chapter, the student should be able to do the
following:

1. Identify the properties of photons.

2. Explain the inverse square law.

3. Defne wave theory and quantum theory.
4. Discuss the electromagnetic spectrum.

OUTLINE

Photons
Velocity and Amplitude
Frequency and Wavelength
Flectromagnetic Spectrum
Measurement of the Electromagnetic Spectrum
Visible Light
Radiofrequency
Ionizing Radiation
Waves and Particles
Wave Model: Visible Light
Inverse Square Law
Particle Model: Quantum Theory
Matter and Energy
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HOTONS WERE first described by the ancient

Greeks. Today, photons are known as electro-

magnetic energy; however, these words are
commonly used interchangeably. Electromagnetic
energy is present everywhere and exists over a wide
energy range. X-rays, visible light, and radiofrequen-
cies are examples of electromagnetic energy.

The properties of electromagnetic energy iclude
frequency, wavelength, velocity, and amplhitude. In this
chapter, discussions of visible hght, radiofrequency
(RF), and ionizing radiation highlight these properties
and the mmportance of electromagnetic energy in
medical imaging. The wave equation and the mverse
square law are mathematical formulas that further

describe how electromagnetic energy behaves.

The wave-particle duality of electromagnetic energy is
introduced as wave theory and quantum theory. Matter
and energy, as well as their importance to medical
imaging, are summarized.

PHOTONS

Ever present all around us is a state of energy called
electromagnetic energy. This energy exists over a wide
range called an energy continuum. A continuum is an
uninterrupted (continuous) ordered sequence. Examples
of continuums are free-flowing rivers and sidewalks. If
the river 1s dammed or the sidewalk curbed, then the
continuum 1s interrupted. Only an extremely small
segment of the electromagnetic energy continuum—the
visible light segment—is naturally apparent to us.

The ancient Greeks recognized the unique nature of
light. It was not one of their four basic essences, but
light was given entirely separate status. They called an
atom of light a photon. Today, many types of electro-
magnetic energy in addition to visible light are recog-
nized, but the term photon 1s still used.

A photon is the smallest quantity of any type of
electromagnetic energy, just as an atom is the smallest
quantity of an element. A photon may be pictured as a
small bundle of energy, sometimes called a quantum,
that travels through space at the speed of light. We
speak of x-ray photons, light photons, and other types
of electromagnetic energy as photon radiation.

An x-ray photon is a quantum of electromagnetic
energy.
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The physics of visible light has always been a subject
of investigation apart from other areas of science. Nearly
all of the classical laws of optics were described hun-
dreds of years ago. Late in the 19th century, James Clerk
Maxwell showed that visible light has both electric and
magnetic properties, hence the term electromagnetic
energy.

By the beginning of the 20th century, other types
of electromagnetic energy had been described, and a
uniform theory evolved. Electromagnetic energy is best
explained by reference to a model, in much the same
way that the atom 1s best described by the Bohr model.

Velocity and Amplitude

Photons are energy disturbances that move through
space at the speed of light (¢). Some sources give the
speed of light as 186,000 miles per second, but in the
SI system of units, it is 3 x 10% m/s.

Question: What is the value of ¢ in miles per second,
given ¢ = 3 x 10° m/s?
3x10° m Loomi 3.2808 ft
S 5280 ft m
C3x10° m x10° m —mi—ft
 5.280%10° s—ft—m
=1.854 x10° mils
=186,400 mi/s

Answer: C =

Although photons have no mass and therefore no
identif able form, they do have electric and magnetic
felds that are continuously changing in a sinusoidal
fashion. Physicists use the term field to describe interac-
tions among different energies, forces, or masses that
can otherwise be described only mathematically. For
instance, we can understand the gravitational feld even
though we cannot see it. We know the gravitational feld
exists because we are held to the Earth by it.

The velocity of all electromagnetic radiation is
3 x10%m/s.

The gravitational feld governs the interaction of dif-
ferent masses. Similarly, the electric feld governs the
interaction of electrostatic charges, and the magnetic
feld, the interaction of magnetic poles.

Figure 3-1 shows three examples of a sinusoidal vari-
ation. This type of variation is usually called a sine
wave. Sine waves can be described by a mathematical
formula and therefore have many applications in
physics.

Sine waves exist in nature and are associated with
many familiar objects (Figure 3-2). Simplistically, sine
waves are variations of amplitude over time.
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Amplitude
A
A
Crest
Amplitude
A
B Valley
v
W Amplitude
c A

FIGURE 3-1 These three sine waves are identical except for
ther amplitudes.

Alternating electric current consists of electrons
moving back and forth sinusoidally through a conduc-
tor. A long rope fastened at one end vibrates as a sine
wave if the free end is moved up and down in whiplike
fashion.

The arms of a tuning fork vibrate sinusoidally after
being struck with a hard object. The weight on the end
of a coil spring varies sinusoidally up and down after
the spring has been stretched.

The sine waves in Figure 3-1 are identical except for
their amplitude; sine wave 4 has the largest amplitude,
and sine wave C has the smallest. Sine wave amplitude
1s discussed later in connection with high-voltage gen-
eration and rectif cation in an x-ray imaging system.

Amplitude is one-half the range from crest to
| valley over which the sine wave varies.

Frequency and Wavelength

The sine wave model of electromagnetic energy describes
variations in the electric and magnetic felds as the
photon travels with velocity c. The important properties
of this model are frequency, represented by f, and wave-
length, represented by the Greek letter lambda (L).

Another interpretation of the vibrating rope in Figure
3-2 1is the Texas roadside critter observing the motion
of the rope from a point midway between the fastened
end and the scientist (Figure 3-3).

What does the critter see? If he moves his feld of
view along the rope, he will observe the crest of the sine
wave traveling along the rope to the end. If he fxes his

Electric current

Vibrating rope

Tuning fork

—

|

Oscillating spring

FIGURE 3-2 Sine waves are associated with many naturally
occurring phenomena i addition to electromagnetic energy.

attention on one segment of the rope such as point 4,
he will see the rope rise and fall harmonically as the
waves pass. The more rapidly the scientist holding
the loose end moves the rope up and down, the faster
the sequence of the rise and fall.

The rate of rise and fall is frequency. It is usually
identif ed as cycles per second. The unit of measurement
1s the hertz (Hz). One hertz 1s equal to 1 cycle per
second. The frequency is equal to the number of crests
or the number of valleys that pass the point of an
observer per unit of time.

If the critter used a stopwatch and counted 20 crests
passing in 10 s, then the frequency would be 20 cycles
in 10 s, or 2 Hz. If the scientist doubles the rate at
which he moves the rope up and down, the critter would

count 40 crests passing in 10 s, and the frequency would
be 4 Hz.
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FIGURE 3-3 Moving one end ofa rope in a whiplike fashion will
set mto motion sine waves that travel down the rope to the fas-
tened end. An observer, midway, can determine the frequency of
oscillation by counting the crests or valleys that pass pomnt A per
unit of time.

A
A=1cm
A
A
-
A=0.5cm
B
A
> <€
A=1.5mm
C

FIGURE 3-4 These three sine waves have different wavelengths.
The shorter the wavelength (1), the higher the frequency.

Frequency is the number of wavelengths that pass
a point of observation per second.

The wavelength is the distance from one crest to
another, from one valley to another, or from any point
on the sine wave to the next corresponding point. Figure
3-4 shows sine waves of three different wavelengths.
With a meter rule, you can verify that wave 4 repeats
every 1 cm and therefore has a wavelength of 1 cm.
Similarly, wave B has a wavelength of 0.5 ¢cm, and wave
C has a wavelength of 1.5 mm. Clearly, then, as the
frequency is increased, the wavelength is reduced. The
wave amplitude 1s not related to wavelength or
frequency.

CHAPTER 3 Electromagnetic Energy 477

Velocity =V
Frequency = 60 Hz
Wavelength = A

Velocity =Uv
Frequency = 30 Hz
Wavelength = A

Velocity
Frequency = 30 Hz
Wavelength = 24

FIGURE 3-5 Relationships among velocity (v), frequency (f), and
wavelength (A) for any sine wave.

Three wave parameters—velocity, frequency, and
wavelength—are needed to describe electromagnetic
energy. The relationship among these parameters is
important. A change in one affects the value of the
others. Velocity is constant.

Suppose a radiologic technologist i1s positioned to
observe the flight of the sine wave arrows to determine
their frequency (Figure 3-5). The frst sine wave is mea-
sured and is found to have a frequency of 60 Hz, which
signifes 60 oscillations (wavelengths) of the sine wave
every second.

The archer now puts an identical sine wave arrow
into his bow and shoots it with less force so that this
second arrow has only half the velocity of the frst
arrow. The observer correctly measures the frequency at
30 Hz even though the wavelength of the second arrow
was the same as that of the frst arrow. In other words,
as the velocity decreases, the frequency decreases
proportionately.

Now the archer shoots a third sine wave arrow with
precisely the same velocity as the frst but with a wave-
length twice as long as that of the frst. What should be
the observed frequency? The correct answer is 30 Hz.

At a given velocity, wavelength and frequency are
mversely proportional.
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48 PART I Radiologic Physics

This brief analogy demonstrates how the three
parameters associated with a sine wave are interrelated.
A simple mathematical formula, called the wave equa-
tion, expresses this interrelationship:

THE WAVE EQUATION

Velocity = Frequency x Wavelength
Or
v=1\

The wave equation is used for both sound and elec-
tromagnetic energy. However, keep in mind that sound
waves are very different from electromagnetic photons.
The sources of sound are different, they are propagated
in different ways, and their velocities vary greatly. The
velocity of sound depends on the density of the material
through which it passes. Sound cannot travel through a
vacuum.

Question: The speed of sound in air is approximately
340 m/s. The highest treble tone that a
person can hear is about 20 kHz. What is
the wavelength of this sound?
v =1\

\4

A = —
f

_ 340 m/s
20 kHz

:3.4O><102m>< S
S 2 x10* cycle
=1.7x107 m

=1.7 cm

Answer:

When dealing with electromagnetic energy, we can
simplify the wave equation because all such energy
travels with the same velocity.

ELECTROMAGNETIC WAVE EQUATION
c = fA

The product of frequency and wavelength always
equals the velocity of light for electromagnetic energy.
Stated differently, for electromagnetic energy, frequency
and wavelength are inversely proportional. The follow-
ing are alternative forms of the electromagnetic wave
equation.

ELECTROMAGNETIC WAVE EQUATION

f=Zand A==
A f

As the frequency of electromagnetic energy increases,
the wavelength decreases and vice versa.

Question: Yellow light has a wavelength of 580 nm.
What is the frequency of a photon of
yellow light?

C
Answer: = —
A
_3x 10% m/s
580 nm
:3><108mx 1
S 580%x107° m
:3><108m 1

X
S 58x107" m
=0.517 x10" cycles/s
=517 x10' Hz

Question: The highest energy x-ray produced at
100 kVp (100 keV) has a frequency of
2.42 x 10" Hz. What is its wavelength?

C
Answer: A==

f
:3><108mx S
S 2.42 x10" cycle
=1.24%x10"m
=12.4 pm

ELECTROMAGNETIC SPECTRUM

The frequency range of electromagnetic energy extends
from approximately 10* to 10** Hz. The photon wave-
lengths associated with these radiations are approxi-
mately 107 to 107'° m, respectively. This wide range of
values covers many types of electromagnetic energy,
most of which are familiar to us. Grouped together,
these types of energy make up the electromagnetic
spectrum.

The electromagnetic spectrum includes the entire
range of electromagnetic energy.

The known electromagnetic spectrum has three
regions most important to radiologic science: visible
light, x- and gamma radiation, and RF. Other portions
of the spectrum include ultraviolet light, infrared light,
and microwave radiation.
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With all of these various types of energy, the photons
are essentially the same. Each can be represented as a
bundle of energy consisting of varying electric and mag-
netic felds that travel at the speed of light. The photons
of these various portions of the electromagnetic spec-
trum differ only in frequency and wavelength.

Ultrasound is not produced in photon form and does
not have a constant velocity. Ultrasound is a wave of
moving molecules. Ultrasound requires matter; electro-
magnetic energy can exist in a vacuum.

Diagnostic ultrasound is not a part of the
| electromagnetic spectrum.

-

Measurement of the
Electromagnetic Spectrum

The electromagnetic spectrum shown in Figure 3-6 con-
tains three different scales, one each for energy, fre-
quency, and wavelength. Because the velocity of all
electromagnetic energy is constant, the wavelength and
frequency are inversely related.

Although segments of the electromagnetic spectrum
are often given precise ranges, these ranges actually
overlap because of production methods and detection
techniques. For example, by defnition, ultraviolet light
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has a shorter wavelength than violet light and cannot
be sensed by the eye. What is visible violet light to one
observer, however, may be ultraviolet light to another.
Similarly, microwaves and infrared light are indistin-
guishable in their common region of the spectrum.

The earliest investigations focused on visible light.
Studies of reflection, refraction, and diffraction showed
light to be wavelike. Consequently, visible light 1is
described by wavelength, measured in nanometers (nm).

In the 1880s some scientists began to experiment
with the radio, which required the oscillation of elec-
trons in a conductor. Consequently, the unit of fre-
quency, the hertz, 1s used to describe radio waves.

Finally, in 1895, Roentgen discovered x-rays by
applying an electric potential (kilovolts) across a
Crookes tube. Consequently, x-rays are described in
terms of a unit of energy, the electron volt (eV).

The energy of a photon is directly proportional to
its frequency.

It should be clear that these three scales are directly
related mathematically. If you know the value of elec-
tromagnetic energy on one scale, you can easily compute
its value on the other two.

Energy Frequency Wavelength
(eV) (Hz) (m) . 1
B Megavoltage
10/ S il |
10 1024 . i 10 therapy
10°  |— 23 10715 —
] 10°° p— ¥ Supervoltage
s B 102% |— 107 i Gamma rays 3 tl.lerapy .
107 }— 102! |— 107 Bf— > X-rays Diagnostic
1 MeV— 10° |— 1020} 10712 f— Contact therapy
X-ray 105 |— 1019 10-11— . Grenz rays
Hnagmg 104 — 1018 — 10_10 —
1 ke V ——m 110 S 1017 _‘1 O == 10 '
10° M 1016 |— e | } Ultraviolet (UV) \B/Eft
: 10! f— 15 1077 f—
_ Visual 0 Lty nm 6 ) Visible light < Green
imaging 1 eV — 10 1014 |-< > 10 Yellow
10—1 | 1013 | 18 10—5 | } Infared (IR) Red
10_2 — 1012 | Ol 10_4 —
1073 |— 101 |— 1073 |—
1074 |— 1010 1l cm 102 |— > Microwaves
107° |— wre | 107! |—
o |1 GEz 100 |—<
10° |— F UHF
MR 10—7 . 101 |
ot 107 — VHF
TASTE 1075 — 100 102 |— Shortwave
—_— 5
10~° || MHz 10° _(1 L 103 = - Radlcggligluency A Standard
10710 | — 4 104 |— broadcast
10-11L— 183 TR 105 |— _Longwave
1 kHZ > =l
~12 6
107 < — 102 L— 10> b—
ggﬂmb‘%%
FIGURE 3-6 The electromagnetic spectrum extends over more than 25 orders of magnitude. T
This chart shows the values of energy, frequency, and wavelength and identffies the three imaging U}}NAY:G’

windows.
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50 PART I Radiologic Physics

The electromagnetic spectrum has been scientif cally
investigated for longer than a century. Scientists working
with energy in one portion of the spectrum were often
unaware of others investigating another portion. Con-
sequently, there 1s no generally accepted, single dimen-
sion for measuring electromagnetic energy.

Visible Light

An optical physicist describes visible light in terms of
wavelength. When sunlight passes through a prism
(Figure 3-7), it emerges not as white sunlight but as the
colors of the rainbow.

Although photons of visible light travel in straight
lines, their course can be deviated when they pass from
one transparent medium to another. This deviation in
line of travel, called refraction, is the cause of many
peculiar but familiar phenomena, such as a rainbow or
the apparent bending of a straw in a glass of water.

White light is composed of photons of a range of
wavelengths, and the prism acts to separate and group
the emerging light into colors because different wave-
lengths are refracted through different angles. The com-
ponent colors of white light have wavelength values
ranging from approximately 400 nm for violet to
700 nm for red.

Visible light occupies the smallest segment of the
electromagnetic spectrum, and yet it 1s the only portion
that we can sense directly. Sunlight also contains two
types of invisible light: infrared and ultraviolet.

Infrared light consists of photons with wavelengths
longer than those of visible light but shorter than those
of microwaves. Infrared light heats any substance on
which it shines. It may be considered radiant heat.

Ultraviolet light 1s located in the electromagnetic
spectrum between visible light and 1onizing radiation. It
is responsible for molecular interactions that can result
in sunburn.

AVAVAYA S
White light

Radiofrequency

A radio or television engineer describes radio waves in
terms of their frequency. For example, radio station
WIMP might broadcast at 960 kHz, and its associated
television station WIMP-TV might broadcast at
63.7 MHz. Communication broadcasts are usually
identifed by their frequency of transmission and are
called radiofrequency (RF) emissions.

Radiofrequency covers a considerable portion of the
electromagnetic spectrum. RF has relatively low energy
and relatively long wavelength. Ham radio operators
speak of broadcasting on the 10-m band or the 30-m
band; these numbers refer to the approximate wave-
length of emission.

Standard AM radio broadcasts have a wavelength of
about 100 m. Television and FM broadcasting occur at
much shorter wavelengths. Because microwaves are also
used for communication, RF and microwave emissions
overlap considerably.

Very-short-wavelength RF 1s microwave radiation.
Microwave frequencies vary according to use but are
always higher than broadcast RF and lower than infra-
red. Microwaves have many uses, such as cellular
telephone communication, highway speed monitoring,
medical diathermy, and hotdog preparation.

Ionizing Radiation

Different from RF or visible light, ionizing electromag-
netic energy usually is characterized by the energy con-
tained in a photon. When an x-ray imaging system 1is
operated at 80 kVp, the x-rays it produces contain ener-
gies ranging from 0 to 80 keV.

An x-ray photon contains considerably more energy
than a wvisible light photon or an RF photon. The
frequency of x-radiation is much higher and the
wavelength much shorter than for other types of elec-
tromagnetic energy.

Violet
400 nm

FIGURE 3-7 When it passes through a prism, white light is refracted into its component colors.
These colors have wavelengths that extend from approximately 400 to 700 nm.
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It 1s sometimes said that gamma rays have higher
energy than x-rays. In the early days of radiology this
was true because of the limited capacity of available
x-ray imaging systems. Today, linear accelerators make
it possible to produce x-rays of considerably higher
energies than gamma ray emissions. Consequently, the
distinction by energy is not appropriate.

The only difference between x-rays and gamma
rays is their origin.

X-rays are emitted from the electron cloud of an
atom that has been stimulated artif cially (Figure 3-8).
Gamma rays, on the other hand, come from inside the
nucleus of a radioactive atom (Figure 3-9).

Whereas x-rays are produced in diagnostic imaging
systems, gamma rays are emitted spontaneously from
radioactive material. Nevertheless, given an x-ray and a
gamma ray of equal energy, one could not tell them
apart.

This situation is analogous to the difference between
beta particles and electrons. These particles are the same
except that beta particles come from the nucleus and
electrons come from outside the nucleus.

é% X-rays

FIGURE 3-8 X-rays are produced outside the nucleus ofexcited

atoms.

FIGURE 3-9 Gamma rays are produced inside the nucleus of
radioactive atoms.
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Visible light is identified by wavelength,
radiofrequency is identified by frequency, and

x-rays are identified by energy.

Again, three regions of the electromagnetic spectrum
are particularly important to radiologic science. Natu-
rally, the x-ray region is fundamental to producing a
high-quality radiograph. The visible light region 1s also
important because the viewing conditions of a radio-
graphic or fluoroscopic image are critical to diagnosis.
With the introduction of magnetic resonance imaging
(MRI), the RF region has become more important in
medical imaging.

The electromagnetic relationship triangle (Figure
3-10) can be helpful in relating each scale to the other
two.

WAVES AND PARTICLES

A photon of x-radiation and a photon of visible light
are fundamentally the same except that x-radiation has
much higher frequency, and hence a shorter wavelength,
than visible light. These differences result in differences
in the way these photons interact with matter.

Visible-light photons tend to behave more like waves
than particles. The opposite is true of x-ray photons,
which behave more like particles than waves. In fact
both types of photons exhibit both types of behavior—
a phenomenon known as the wave-particle duality of
clectromagnetic energy.

Photons interact with matter most easily when the
matter is approximately the same size as the

photon wavelength.

wave length }\.4 f fre gency

I

energy

FIGURE 3-10 The electromagnetic relationship triangle. Planck
constant is h and is defined later in this chapter.
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52 PART I Radiologic Physics

Another general way to consider the interaction of
electromagnetic radiation with matter is as a function
of wavelength. Radio and TV waves, whose wavelengths
are measured in meters, interact with metal rods or
wires called antennas.

Microwaves, whose wavelengths are measured in
centimeters, interact most easily with objects of the
same size, such as hotdogs and hamburgers.

The wavelength of visible light is measured in nano-
meters (nm); visible light interacts with living cells, such
as the rods and cones of the eye. Ultraviolet light inter-
acts with molecules, and x-rays interact with electrons
and atoms. All radiation with a wavelength longer than
those of x-radiation interacts primarily as a wave
phenomenon.

Q X-rays behave as though they are particles.

Wave Model: Visible Light

One of the unique features of animal life is the sense of
vision. It is interesting that we have developed organs
that sense only a very narrow portion of the enormous
spread of the electromagnetic spectrum. This narrow
portion 1s called visible light.

The visible-light spectrum extends from short-
wavelength violet radiation through green and yellow
to long-wavelength red radiation. On either side of the
visible-light spectrum are ultraviolet light and infrared
light. Neither can be detected by the human eye, but
they can be detected by other means, such as a photo-
graphic emulsion.

Visible light interacts with matter very differently
from x-rays. When a photon of light strikes an object,

it sets the object’s molecules into vibration. The orbital
electrons of some atoms of certain molecules are excited
to an energy level that 1s higher than normal. This
energy is immediately re-emitted as another photon of
light; it is reflected.

The atomic and molecular structures of any object
determine which wavelengths of light are reflected. A
leaf in the sunlight appears green because nearly all of
the visible-light photons are absorbed by the leaf. Only
photons with wavelengths 1n the green region are
reflected. Similarly, a balloon may appear red by absorb-
ing all visible light photons except long-wavelength red
photons, which are reflected.

Many familiar phenomena of light, such as reflection,
absorption, and transmission, are most easily explained
by using the wave model of electromagnetic energy.
When a pebble is dropped into a still pond, ripples
radiate from the center of the disturbance like miniature
waves.

This situation is similar to the wave nature of visible
light. Figure 3-11 shows the difference in the water
waves between an initial disturbance caused by a small
object and one caused by a large object. The distance
between the crests of waves is much greater with the
large object than with the small object.

Q Visible light behaves like a wave.

\

With these water waves, the difference in wavelength
1s proportional to the energy introduced into the system.
With light, the opposite is true: The shorter the photon
wavelength, the higher the photon energy.

If the analogy of the pebble in the pond is extended
to a continuous succession of pebbles dropped into a

FIGURE 3-11 A small object dropped into a smooth pond creates waves of short wavelength.
A large object creates waves of much longer wavelength.
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FIGURE 3-12 Energy is reflected when waves crash into a bulkhead. It is absorbed by a beach.
It is partially absorbed or attenuated by a line of pilings. Light is also reflected, absorbed, or attenu-
ated, depending on the composition of the surface on which it is incident.

smooth ocean, then at the edge of the ocean, the waves
will appear straight rather than circular. Light waves
behave as though they were straight rather than circular
because the distance from the source is so great. The
manner in which light is reflected from or transmitted
through a surface is a consequence of this straight wave-
like motion.

When the waves of the ocean crash into a vertical
bulkhead (Figure 3-12), the reflected waves scatter from
the bulkhead at the same angle at which the incident
waves struck 1it. When the bulkhead i1s removed and
replaced with a beach, the water waves simply crash
onto the beach, dissipate their energy, and are absorbed.
When an intermediate condition exists in which the
bulkhead has been replaced by a line of pilings, the
energy of the waves is scattered and absorbed.

Electromagnetic energy attenuation is the
| reduction in intensity that results from scattering

and absorption.

Visible light can similarly interact with matter. Reflec-
tion from the silvered surface of a mirror is common.
Examples of transmission, absorption, and attenuation
of light are equally easy to identify. When light waves
are absorbed, the energy deposited in the absorber reap-
pears as heat. A black asphalt road reflects very little
visible light but absorbs a considerable amount. In so
doing, the road surface can become quite hot.

Window glass
(transparent)

- Frosted glass

SO A (translucent)

Black glass
(opaque)

FIGURE 3-13 Objects absorb light in three degrees: not at all
(transmission), partially (attenuation), and completely (absorption).
The objects associated with these degrees of absorption are
called transparent, translucent, and opaque, respectively.

Just a slight modif cation can change how some mate-
rials transmit or absorb light. There are three degrees
of interaction between light and an absorbing material:
transparency, translucency, and opacity (Figure 3-13).

Window glass 1s transparent; it allows light to be
transmitted almost unaltered. One can see through glass
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because the surface is smooth and the molecular struc-
ture 1s tight and orderly. Incident light waves cause
molecular and electronic vibrations within the glass.
These vibrations are transmitted through the glass and
are re-irradiated almost without change.

When the surface of the glass is roughened with
sandpaper, light is still transmitted through the glass but
is greatly scattered and reduced in intensity. Instead of
seeing clearly, one sees only blurred forms. Such glass is
translucent.

When the glass is painted black, the characteristics
of the pigment in the paint are such that no light can
pass through. Any incident light 1s totally absorbed in
the paint. Such glass is opaque to visible light.

The terms radiopaque and radiolucent are used rou-
tinely in x-ray diagnosis to describe the visual appearance
of anatomical structures. Structures that absorb x-rays
are called radiopaque. Structures that transmit x-rays are
called radiolucent (Figure 3-14). Whereas bone is radi-
opaque, lung tissue and to some extent soft tissue are
radiolucent.

Inverse Square Law

When light is emitted from a source such as the sun or
a light bulb, the intensity decreases rapidly with the
distance from the source. X-rays exhibit precisely the
same property. Figure 3-15 shows that as a book 1s
moved farther from a light source, the intensity of light
falls.

This decrease 1n intensity is inversely proportional to
the square of the distance of the object from the source.
Mathematically, this 1s called the inverse square law and
is expressed as follows:

Radiolucent

Radiopaque :
soft tissue

bone

FIGURE 3-14 Structures that attenuate x-rays are described as
radiolucent or radiopaque, depending on the relative degree of
X-ray transmission or absorption, respectively.

INVERSE SQUARE LAW

L_d
L df
or

where [, is the intensity at distance d; from the
source and L, 1s the mtensity at distance d, from
the source.

The reason for the rapid decrease in intensity with
increasing distance 1s that the total light emitted is
spread out over an increasingly larger area. The equiva-
lent of this phenomenon in the water wave analogy is
the reduction of wave amplitude with distance from the
source. The wavelength remains f xed.

The mtensity of electromagnetic radiation is
mversely related to the square of the distance
from the source.

If the source of electromagnetic radiation is not a
point but rather a line, such as a fluorescent lamp, the
inverse square law does not hold at distances close to
the source. At great distances from the source, the
inverse square law can be applied.

The imverse square law can be applied to
distances greater than seven times the longest
dimension of the source.

FIGURE 3-15 The inverse square law describes the relationship
between radiation mtensity and distance from the radiation source.
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To apply the inverse square law, you must know three
of the four parameters, which consist of two distances
and two intensities. The usual situation involves a
known intensity at a given distance from the source and
an unknown intensity at a greater distance.

Question: The intensity of light from a reading lamp
is 100 millilumens (mlm), I,, at a distance
of 1 m, d,. (The lumen is a unit of light
intensity.) What is the intensity, I,, of this
light at 3 m, d,?

1, d?
Answer: — ==
I, di
I :1m2
100 mim 3 m?
1 m ?
I=(100 mlm)(—j
3m

= (100 mim)(1/9)
=11 mim

This relationship between electromagnetic radiation
intensity and distance from the source applies equally
well to x-ray intensity.

Question: The exposure from an x-ray tube
operated at 70 kVp, 200 mAs is 4 mGy, at
90 cm. What will the exposure be at
180 cm?

I, :(dz)z
IZ dl

d, Y
I, =1,| —

90 cm?
180 cm

2

Answer:

= (4 mGy,)

= (4 mGy,)

A= =

= (4 mGy,)

=1 mGQGy,

This example illustrates that when the distance from
the source is doubled, the intensity of radiation
is reduced to one fourth; conversely, when the
distance is halved, the intensity is increased by a factor
of four.

Question: For a given technique, the x-ray intensity at
1 m is 4.5 mGy,. What is the intensity at
the edge of the control booth, a distance of
3 m, if the useful beam is directed at the

booth? (This, of course, should never be
done!)
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2
Answer: I_l — (d_z)
I2 dl
2
Il - IZ (d_2)
d,
= (4.5 mGy,)

2 2
Lem” _ 4 5 mGy, l)
3 cm 3

=4.5mG 1 )
. Va 9
= 0.5 mGy,

Often it is necessary to determine the distance from the
source at which the radiation has a given intensity. This
type of problem is commonly encountered in designing
radiologic facilities.

Question: A temporary chest radiographic imaging
system 1s to be set up in a large hall. The
technique used results in an exposure of
0.25 mGy, at 180 cm. The area behind the
chest stand in which the exposure intensity
exceeds 0.01 mGy, is to be cordoned off.
How far from the x-ray tube will this area

extend?
2
Answer: I_l — d_2
[, d
0.25 mGy, _  (d,)?
0.01 mGy, (180 cm)2

d,) = (180 Cm)z(OQS mGyaj

0.01 mGy,

d, = [(l 80 cm)’ (%HE

= (180)(0.25)2
= (180)(5)
=900 cm

=9 m

In the previous exercises the intensity of the x-ray
beam 1s calculated at a distance that assumes that
the source 1s constant. In practical radiography it 1is
usual to work the other way around. One must
calculate what the intensity of the beam should be
at the source (i.e., the x-ray focal spot), so that
exposure at the distance to the image receptor will
remain constant. Thus, later we will use the above
formula but with one side inverted and will call it The
Square Law.
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Particle Model: Quantum Theory

In contrast to other portions of the electromagnetic
spectrum, x-rays are usually identifed by their energy,
measured in electron volts (eV). X-ray energy ranges
from approximately 10 keV to 50 MeV. The associated
wavelength for this range of x-radiation is approxi-
mately 107" to 107'* m. The frequency of these photons
ranges from approximately 10'® to 10** Hz.

Table 3-1 describes the various types of x-rays pro-
duced and the general use that is made of each. We are
interested primarily in the diagnosticrange of x-radiation,
although what is said for that range holds equally well
for other types of x-radiation.

An x-ray photon can be thought of as containing an
electric feld and a magnetic feld that vary sinusoidally
at right angles to each other with a beginning and
an end that have diminishing amplitude (Figure 3-16).
The wavelength of an x-ray photon is measured simi-
larly to that of any electromagnetic energy: It is the
distance from any position on the sine wave to the cor-
responding position of the next wave. The frequency of
an x-ray photon is calculated similarly to the frequency
of any electromagnetic photon, with use of the wave
equation.

Examples ofthe Wide Range of
X-rays Produced by Application in
Medicine, Research, and Industry

Type of Approximate

X-Ray kVp Application

Diffraction <10 Research: structural
and molecular
analysis

Grenz rays” 10-20 Medicmne:
dermatology

Supertficial 50-100 Medicine: therapy of
supertficial tissues

Diagnostic 30-150 Medicine: imaging
anatomical
structures and
tissues

Orthovoltage®  200-300 Medicine: therapy of
deep-lying tissues

Supervoltage® 300-1000 Medicine: therapy of
deep-lying tissues

Megavoltage >1000 (1 MV) Medicine: therapy of

deep-lying tissues

Industry: checking
mtegrity of welded
metals

“These radiation therapy modalities are no longer in use.

@ The x-ray photon is a discrete bundle of energy.

X-rays are created with the speed of light (¢), and
they exist with velocity (¢) or they do not exist at all.
That is one of the substantive statements of Planck’s
quantum theory. Max Planck was a German physicist
whose mathematical and physical theories synthesized
our understanding of electromagnetic radiation into a
uniform model; for this work, he received the Nobel
Prize in physics in 1918.

The energy of a photon is directly proportional to
its frequency.

Another important consequence of this theory is the
relationship between energy and frequency: Photon
energy is directly proportional to photon frequency. The
constant of proportionality, known as Planck’s constant
and symbolized by /4, has a numeric value of 4.15 X
107" eVs or 6.63 x 107" Js. Mathematically, the rela-
tionship between energy and frequency is expressed as
follows:

PLANCK’S QUANTUM EQUATION

E = hf
% where E i1s the photon energy, h is Planck’s

constant, and fis the photon frequency m hertz.

Dire ction
speed of light

FIGURE 3-16 All electromagnetic radiation, including x-rays,
can be visualized as two perpendicular sme waves that travel in a
straight line at the speed oflight. One ofthe sine waves represents
an electric field and the other a magnetic field.

https://CafePezeshki.lR



Question: What is the frequency of a 70 keV x-ray?

Answer: E =hf
- E
h

7 x10% eV

4.15%x107 eVs
=1.69x10" /s
=1.69x10" Hz

Question: What is the energy in one photon of
radiation from radio station WIMP-AM,
which has a broadcast frequency of

960 kHz?
Answer:  E =hf
=(4.15x107" eVs)(9.6 x10°/s)
=3.98x107 eV

An extension of Planck’s equation is the relationship
between photon energy and photon wavelength; this
relationship is useful in computing equivalent wave-
lengths of x-rays and other types of radiation.

EQUIVALENT PLANCK’S EQUATION

E=hf f=E/h,E=h7C

In other words, photon energy is inversely propor-
tional to photon wavelength. In this relationship the
constant of proportionality is a combination of two
constants, Planck’s constant and the speed of light. The
longer the wavelength of electromagnetic energy, the
lower the energy of each photon.

Question: What is the energy in one photon of green
light whose wavelength 1s 550 nm?

A
~(4.15%x107" eVs)3 x10° m/s)
- 550 x10° m
- 12.45x107" eVm
 55x107m

=2.26¢V

Answer:

MATTER AND ENERGY

We began Chapter 1 with the statement that everything
in existence can be classifed as matter or energy. We
further stated that matter and energy are really mani-
festations of each other.

According to classical physics, matter can be neither
created nor destroyed, a law known as the law
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of conservation of matter. A similar law, the law of
conservation of energy, states that energy can be neither
created nor destroyed.

Einstein and Planck greatly extended these theories.
According to quantum physics and the physics of rela-
tivity, matter can be transformed into energy and vice
versa. Nuclear fssion, the basis for generating electric-
ity, is an example of converting matter into energy. In
radiology a process known as pair production (see
Chapter 9) is an example of the conversion of energy
into mass.

A simple relationship introduced in Chapter 1 allows
the calculation of energy equivalence of mass and mass
equivalence of energy. This equation is a consequence
of Einstein’s theory of relativity and is familiar to all.

Similar to the electron volt, the joule (J) is a unit of
energy. One joule is equal to 6.24 x 10'® eV.

RELATIVITY
E = mc?

E in the equation s the energy measured mn
joules, m is the mass measured m kilograms, and
c is the velocity of light measured in meters per
second.

Question: What is the energy equivalence of an
electron (mass = 9.109 x 107! kg), as
measured in joules and in electron volts?

E = mc?
= (9.109 x 107! kg)(3 x 10° m/s)?
=81.972 <1071 ]

Answer:

=(8.1972 x107™ J)(6.24 x 108 evj

J
=51.15%x10" eV
=511.5 keV

The problem might be stated in the opposite direction
as follows:

Question: What is the mass equivalent of a 70 keV

x-ray?

Answer: E = mc®
= E
C2

J
70 x10° eV
( : )(6.24><1018 er

(3.8 x10* m/s)*
_ 11.2x1070 7
9x107'° m?/s?

=1.25%x107" kg
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By using the relationships reported earlier, one can cal-
culate the mass equivalence of a photon when only the
photon wavelength or photon frequency is known.

Question: What is the mass equivalence of one
photon of 1000 MHz microwave

radiation?
Answer: E = hf = mc?
_h
C2

(6626 X107 Js)(1000 x 10° x Hz)
(3 x10° m/s)

~0736 %10 kg

~736x10* kg

Question: What is the mass equivalence of a 330-nm
photon of ultraviolet light?

hc

= —=mc’

(hc)( 1 ) h
m = _
A= Ac
6626 X107 Js
(330 %10~ m)(3 % 10° m/s)
~0.00669 x 10 kg

=6.69x107¢ kg

Answer:

Calculations of this type can be used to set up a scale
of mass equivalence for the electromagnetic spectrum
(Figure 3-17). This scale can be used to check the
answers to the previous examples and to some of the

problems in the companion Workbook and Laboratory
Manual.

SUMMARY

Although matter and energy are interchangeable, x-ray
imaging is based on energy in the form of x-ray photons
that interact with tissue and an image receptor.

X-rays are one type of photon of electromagnetic
energy. Frequency, wavelength, velocity, and amplitude
are used to describe the various imaging regions of the
electromagnetic spectrum. These characteristics of elec-
tromagnetic energy determine how such radiation inter-
acts with matter.

CHALLENGE QUESTIONS

1. Defne or otherwise identify the following:
a. Photon
b. Radiolucency
c. The inverse square law
d. Frequency
e. The law of conservation of energy

The Electromagnetic Spectrum

Energy Mass
(eV)  equivalence

0 (kg)

10
10° e Nucleon
108 1072 <— mass
7 1028

1 MeV —> 10? 18_2(9) - Electron
104 {031 mass
10 =

1 keV—> 132 1033
10! 10_2:

1 evV—> 10° 10_36
o= 10
0-2 10-37
103 1038
e 1039
10-5 1040
- 10~41
o 10~42
- 10~43
109 1044
10-10 1045
-1 1046
10712 L

FIGURE 3-17 Mass and energy are two forms of the same
medmum. This scale shows the equivalence of mass measured in
kilograms to energy measured in electron volts.

f. Gamma ray

g. Electromagnetic spectrum
h. Sinusoidal (sine) variation
1. Quantum

J. Visible light

2. Accurately diagram one photon of orange light
(A =620 nm) and identify its velocity, electric feld,
magnetic feld, and wavelength.

3. A thunderclap associated with lightning has a fre-
quency of 800 Hz. If its wavelength is 50 cm, what
is its velocity? How far away is the thunder if the
time interval between seeing the lightning and
hearing the thunder 1s 6 s?

4. What is the frequency associated with a photon of
microwave radiation that has a wavelength of
107 m?

5. Radio station WIMP-FM broadcasts at 104 MHz.
What is the wavelength of this radiation?

6. In mammography 26 keV x-rays are used. What i1s
the frequency of this radiation?

7. Radiography of a barium-flled colon calls for high-
kVp technique. These x-rays can have energy of
110 keV. What is the frequency and wavelength of
this radiation?
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8. What is the energy of the 110 keV x-ray in question

10.

11.
12.
13.

14.

7 when expressed in joules? What 1s its mass
equivalence?

. The output intensity of a normal radiographic

imaging system 1s 0.05 mGy,/mAs at 100 cm. What
is the output intensity of such a system at 200 cm?
A mobile x-ray imaging system has an output inten-
sity of 0.04 mGy, at 100 cm. Conditions require
that a particular examination be conducted at
75 cm SID. What will be the output intensity at this
distance?

Write the wave equation.

How are frequency and wavelength related?

Write the inverse square law and describe its
meaning.

The intensity of light from a reading lamp is 200
millilumens (mlm) at a distance of 2 meters (m).
What is the intensity of light at 3 m?

15.

16.
17.

18.

19.
20.

CHAPTER 3 Electromagnetic Energy 59

What are the three imaging windows of the electro-
magnetic spectrum, and what unit of measure is
applied to each?

What is the energy range of diagnostic x-rays?
What is the difference between x-rays and gamma
rays?

Some regions of the electromagnetic spectrum
behave like waves, and some regions behave like
particles in their interaction with matter. What 1s
this phenomenon called?

Defne attenuation.

What is the frequency of a 70-keV x-ray photon?

The answers to the Challenge Questions can be found by logging

on to our website at http://evolve.elsevier.com.

"Shes really easy to spot... shes the cute one!”
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CHAPTER

Electrictty,
Magnetism, and
Electromagnetism

OBJECTIVES

At the completion of this chapter, the student should be able to do the
following:

1. Defne electrif cation and provide examples.

2. List the laws of electrostatics.

3. Identify units of electric current, electric potential, and electric
power.

4. Identify the interactions between matter and magnetic felds.

5. Discuss the four laws of magnetism.

6. Relate the experiments of Oersted, Lenz, and Faraday in defning
the relationships between electricity and magnetism.

7. Identify the laws of electromagnetic induction.

OUTLINE

Electrostatics
Electrostatic Laws
Electric Potential
Electrodynamics
Electric Circuits
Electric Power
Magnetism
Magnetic Laws
Magnetic Induction
Flectromagnetism
Electromagnetic Induction
Electromechanical Devices
The Transformer
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IS CHAPTER on eclectricity, magnetism, and
electromagnetism briefly introduces the basic
concepts needed for further study of the x-ray

imaging system and its various components.

Because the primary function of the x-ray imaging
system is to convert electric energy into electromag-
netic energy—x-rays—the study ofelectricity, magne-
tism, and electromagnetism is particularly important.

This chapter begins by introducing some examples
of familiar devices that convert electricity mnto other
forms of energy. Electrostatics i1s the science of
stationary electric charges. Electrodynamics 1s the
science of electric charges in motion. Electromagne-
tism describes how electrons are given electric poten-
tial energy (voltage) and how electrons in motion
create magnetism.

Magnetism has become increasingly important in
diagnostic imaging with the application of magnetic
resonance imaging (MRI). This chapter describes the
nature of magnetism by discussing the laws that
govern magnetic fields. These laws are similar to
those that govern electric fields; knowing them is
essential to understanding the function of several
components of the x-ray immaging system.

Electromagnetic induction 1s a means of transfer-
ring electric potential energy from one position to

another, as m a transformer.

The primary function of an x-ray imaging system
(Figure 4-1) 1s to convert electric energy into electro-
magnetic energy. Electric energy is supplied to the x-ray
imaging system in the form of well-controlled electric
current. A conversion takes place in the x-ray tube,
where most of this electric energy is transformed into
heat, some of it into x-rays.

Figure 4-2 shows other, more familiar examples of
electric energy conversion. When an automobile battery
runs down, an electric charge restores the chemical
energy of the battery. Electric energy is converted into
mechanical energy with a device known as an electric
motor, which can be used to drive a circular saw. A
kitchen toaster or electric range converts electric energy
into thermal energy. There are, of course, many other
examples of converting electric energy into other forms
of energy.

ELECTROSTATICS

Electric charge comes in discrete units that are positive
or negative. Electrons and protons are the smallest units

of electric charge. The electron has one unit of negative
charge; the proton has one unit of positive charge. Thus
the electric charges associated with an electron and a
proton have the same magnitude but opposite signs.

Electrostatics 1s the study of stationary electric
charges.

Because of the way atoms are constructed, electrons
often are free to travel from the outermost shell of one
atom to another atom. Protons, on the other hand, are
fxed inside the nucleus of an atom and are not free to
move. Consequently, nearly all discussions of electric
charge deal with negative electric charges—that associ-
ated with the electron.

On touching a metal doorknob after having walked
across a deep-pile carpet in winter, you get a shock (by
contact). Such a shock occurs because electrons are
rubbed off the carpet onto your shoes (by friction),
causing you to become electrif ed. An object 1s said to
be electrif ed if it has too few or too many electrons.

Electrification can be created by contact, friction,
or mduction.

However, the outer shell electrons of some types of
atoms are loosely bound and can be removed easily.
Removal of these electrons electrifes the substances
from which they were removed and results in static
electricity.

If you run a comb through your hair, electrons are
removed from the hair and deposited on the comb. The
comb becomes electrifed with too many negative
charges. An electrifed comb can pick up tiny pieces of
paper as though the comb were a magnet (Figure 4-3).
Because of its excess electrons, the comb repels some
electrons in the paper, causing the closest end of the
paper to become slightly positively charged. This results
in a small electrostatic attractive force. Similarly, hair is
electrif ed because it has an abnormally low number of
electrons and may stand on end because of mutual
repulsion.

One object that 1s always available to accept electric
charges from an electrif ed object is the Earth. The Earth
behaves as a huge reservoir for stray electric charges. In
this capacity, it 1s called an electric ground.

During a thunderstorm, wind and cloud movement
can remove electrons from one cloud and deposit them
on another (by induction). Both such clouds become
electrif ed, one negatively and one positively.
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FIGURE 4-1 The x-ray imaging system converts electrical energy into electromagnetic energy.
(Courtesy Heidi Seerden, General Electric Healthcare.)

If the electrif cation becomes suffciently intense, a
discharge can occur between the clouds; in this case,
electrons are rapidly transported back to the cloud that
1s defcient. This phenomenon 1s called [lightning.
Although lightning can occur between clouds, it most
frequently occurs between an electrifed cloud and the
Earth (Figure 4-4).

Another familiar example of electrif cation is seen in
every Frankenstein movie. Usually, Dr. Frankenstein’s
laboratory is flled with electric gadgets, wire, and large
steel balls with sparks flying in every direction (Figure
4-5). These sparks are created because the various
objects—wires, steel balls, and so forth—are highly
electrif ed.

The smallest unit of electric charge is the electron.
This charge is much too small to be useful, so the fun-
damental unit of electric charge is the coulomb (C): 1 C
= 6.3 x 10'® electron charges.

Question:

Answer:

Question:

Answer:

https://CafePezeshki.lR

What is the electrostatic charge of one
electron?

One coulomb (C) is equivalent to
6.3 x 10'® electron charges; therefore,

1C

6.3 x10'® electron charges
=1.6 x107" C/electron charge

The electrostatic charge transferred
between two people after one has scuffed
his feet across a nylon rug is one
microcoulomb. How many electrons are
transferred?

1 C =6 x10" electrons
1 nC =6 x 10'* electrons transferred
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FIGURE 4-2 Electric energy can be converted from or to other
forms by various devices, such as the battery (A) from chemical
energy, the motor (B) to mechanical energy, and the barbecue
(C) to thermal energy.

Question: One ampere is the flow of one coulomb per
second; therefore “mAs” is a measure of
what quantity?

C Co
mAs =m—s =mC, which is
S
electrostatic charge

Answer:

Electrostatic Laws

Four general laws of electrostatics describe how electric
charges interact with each other and with neutral
objects.

@ Unlike charges attract; like charges repel.

FIGURE 4-3 Running a comb briskly through your hair may
cause both your hair and the comb to become electrified through
the transfer of electrons from hawr to comb. The electrified condi-
tion may make it possible to pick up small pieces of paper with
the comb and may cause one’s hair to stand on end.

FIGURE 4-4 Electrified clouds are the source of lightning in a
storm.

Associated with each electric charge is an electric
feld. The electric feld points outward from a positive
charge and inward to a negative charge. Uncharged
particles do not have an electric feld. In Figure 4-6, lines
associated with each charged particle illustrate the
intensity of the electric feld.
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FIGURE 4-5 Early radiologic technologists are shown in this scene from the original Frankenstein

movie (1931). (Courtesy Bettmann/Corbis.)

)2

FIGURE 4-6 Electric fields radiate out from a positive charge (A)
and toward a negative charge (B). Like charges repel one another
(C and D). Unlke charges attract one another (E). Uncharged
particles do not have an electric field (F).

When two similar electric charges—negative and
negative or positive and positive—are brought close
together, their electric felds are in opposite directions,
which cause the electric charges to repel each other.

When unlike charges—one negative and one
positive—are close to each other, the electric felds
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radiate in the same direction and cause the two charges
to attract each other. The force of attraction between
unlike charges or repulsion between like charges is
attributable to the electric feld. It 1s called an electro-
static force.

Coulomb’s Law. The magnitude of the electrostatic
force is given by Coulomb’s law as follows:

COULOMB’S LAW
F = k QaQb

d2

Where F is the electrostatic force (newton), Q,
and Q, are electrostatic charges (Coulomb), D is
the distance between the charges (meter), and k
is a constant of proportionality.

The electrostatic force is very strong when objects are
close but decreases rapidly as objects separate. This
inverse square relationship for electrostatic force is the
same as that for x-ray intensity (see Chapter 3).

When a diffuse nonconductor such as a thunder
cloud becomes electrif ed, the electric charges are dis-
tributed rather uniformly throughout. With electrif ed
copper wire, excess electrons are distributed on the
outer surface (Figure 4-7).
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FIGURE 4-7 Cross-section of an electrified copper wire,
showing that the surface of the wire has excessive electrostatic
charges.

FIGURE 4-8 Electrostatic charges are concentrated on surfaces
of sharpest curvature. The cattle prod is a device that takes advan-
tage of this electrostatic law.

Electric charge of a conductor is concentrated
N along the sharpest curvature of the surface.

With an electrif ed cattle prod (Figure 4-8), electric
charges are equally distributed on the surface of the two
electrodes, except at each tip, where electric charge is
concentrated. “Our business 1s shocking” 1s the motto
of the manufacturer of the leading cattle prod.

Electric Potential

The discussion of potential energy in Chapter 1 empha-
sized the relationship of such energy to work. A system
that possesses potential energy is a system with stored
energy. Such a system has the ability to do work when
this energy 1s released.

Electric charges have potential energy. When posi-
tioned close to each other, like electric charges have
electric potential energy because they can do work when
they fly apart. Electrons bunched up at one end of a
wire create an electric potential because the electrostatic
repulsive force causes some electrons to move along the
wire so that work can be done.

@» The unit of electric potential is the volt (V).

Electric potential 1s sometimes called voltage; the
higher the voltage, the greater the potential to do work.
In the United States, the electric potential in homes and
off ces is 110 V. X-ray imaging systems usually require
220 V or higher. The volt 1s potential energy/unit charge,
or joule/coulomb (1 V =1 J/C).

ELECTRODYNAMICS

We recognize electrodynamic phenomena as electricity.
If an electric potential is applied to objects such as
copper wire, then electrons move along the wire. This
1s called an electric current, or electricity.

Electric currents occur in many types of objects and
range from the very small currents of the human body
(e.g., those measured by electrocardiograms) to the very
large currents of 440,000-V cross-country electric trans-
mission lines.

Electrodynamics is the study of electric charges in
motion.

The direction of electric current is important. In his
early classic experiments, Benjamin Franklin assumed
that positive electric charges were conducted on his kite
string. The unfortunate result was the convention that
the direction of electric current is always opposite that
of electron flow. Whereas electrical engineers work with
electric current, physicists are usually concerned with
electron flow.

A section of conventional household electric wire
consists of a metal conducting wire, usually copper,
coated with a rubber or plastic insulating material. The
insulator confnes the electron flow to the conductor.
Touching the insulator does not result in a shock; touch-
ing the conductor does.
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5

Most metals are good electric conductors; copper 1s
one of the best. Water is also a good electric conductor
because of the salts and other impurities it contains.
That 1s why everyone should avoid water when operat-
ing power tools. Glass, clay, and other earthlike materi-
als are usually good electric insulators.

PART I Radiologic Physics

A conductor is any substance through which
electrons flow easily.

An insulator is any material that does not allow
electron flow.

Other materials exhibit two entirely different electric
characteristics. In 1946, William Shockley demonstrated
semiconduction. The principal semiconductor materials
are silicon (Si1) and germanium (Ge). This development
led to microchips and hence the explosive rise of com-
puter technology.

=

At room temperature, all materials resist the flow of
electricity. Resistance decreases as the temperature of
material 1s reduced (Figure 4-9). Superconductivity is
the property of some materials to exhibit no resistance
below a critical temperature (T ¢).

A semiconductor is a material that under some
conditions behaves as an insulator and in other
conditions behaves as a conductor.

Superconductivity was discovered in 1911 but was
not developed commercially until the early 1960s. Sci-
entif ¢ investigation into superconductivity has grown in
recent years and now focuses on high-temperature
superconductivity (Figure 4-10).

Superconducting materials such as niobium and tita-
nium allow electrons to flow without resistance. Ohm’s
law, described in the next section, does not hold true
for superconductors. A superconducting circuit can be
viewed as one 1n perpetual motion because electric
current exists without voltage. For material to behave
as a superconductor, however, it must be made very
cold, which requires energy.
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FIGURE 4-9 The electrical resistance of a conductor (Cu) and
a superconductor (NbTi) as a function of temperature.

325 4
300 4 <— Room temperature
275 7 <« Water freezes Pid
l:o‘ ?
175 HgBaCaCuO ="
150 4 <«— Freon
195 | ThBaCaCuO
o BaSrCaCuO
YBaCuO
75 4 <— Nitrogen
50 Hydrogen LaBaCuO
25 - Helium Pb Nb NbN NbG T
0 -/ Hg NbSn ©
| | | | | | |
1900 1920 1940 1960 1980 2000 2020
Year

FIGURE 4-10 Recent years have seen a dramatic rise in the critical temperature for supercon-

ducting materials.
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TABLE 4-1 Four Electric States of Matter

State Material Characteris tics
Superconductor  Niobum No resistance to
electron fow
Ttanum No electric potential
required
Must be very cold
Conductor Copper Variable resistance
Aluminum Obeys Ohm’s law
Requires a voltage
Semiconductor Silicon Can be conductive
Germanmum  Can be resistive
Basis for computers
Insulator Rubber Does not permit
clectron fow
Glass Extremely high

resistance
Necessary with
high voltage

Table 4-1 summarizes the four electric states of
matter.

Electric Circuits

Modifying a conducting wire by reducing its diameter
(wire gauge) or inserting different material (circuit ele-
ments) can increase its resistance. When this resistance
1s controlled and the conductor is made into a closed
path, the result i1s an electric circuit.

Increasing electric resistance results in a reduced
electric current.

Electric current is measured in amperes (A). The
ampere is proportional to the number of electrons
flowing in the electric circuit. One ampere is equal to
an electric charge of 1 C flowing through a conductor
each second.

Electric potential is measured in volts (V), and elec-
tric resistance 1s measured in ohms (€). Electrons at high
voltage have high potential energy and high capacity to
do work. If electron flow is inhibited, the circuit resis-
tance 1s high.

The manner in which electric currents behave in an
electric circuit is described by a relationship known as
Ohm’s law.

The voltage across the total circuit or any portion
of the circuit is equal to the current times the
resistance.

OHM’S LAW

V=R

where Vis the electric potential in volts, I'is the
electric current m amperes, and R is the electric

resistance in ohms. Variations of this relationship
are expressed as follows:

R=Y

Question: If a current of 0.5 A passes through a
conductor that has a resistance of 6 Q,
what 1s the voltage across the conductor?
V =1R

=(0.5 A)(6 Q)

=3V

Answer:

Question: A kitchen toaster draws a current of 2.5 A.
If the household voltage is 110 V, what is
the electric resistance of the toaster?

Answer: = —

Most electric circuits, such as those used in radios,
televisions, and other electronic devices, are very com-
plicated. X-ray circuits are also complicated and contain
a number of different types of circuit elements.
Table 4-2 identifes some of the important types of
circuit elements, the functions of each, and their symbols.

Usually, electric circuits can be reduced to one of two
basic types: a series circuit (Figure 4-11) or a parallel
circuit (Figure 4-12).

In a series circuit, all circuit elements are
connected in a line along the same conductor.

RULES FOR SERIES CIRCUITS

The total resistance is equal to the sum of the
mndividual resistances.

The current through each circuit element is the
same and is equal to the total circuit current.

The sum of the voltages across each circuit
clement is equal to the total circuit voltage.
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Symbol and Function of Electric
Circuit Elements

Circ uit
Element Symbol Function
Resistor _W Inhibits fow of
electrons
Battery s ~  Provides electric
' | | | ‘ | potential
Capacitor | Momentarily stores
. electric charge
Transformer Increases or

decreases voltage
by fixed amount

(AC only)

Allows electrons to
fow m only one
direction

-

Diode ’{

R, ]T
VVVVMMVANVVVVAN—
A
R; =R+ R,+ R;
- L=l =15 = 1L R,
V; =V A+ V,+V,

—E—/ MNAANMNN—
I R, I

< direction of flow

FIGURE 4-11 Series circuit and its basic rules.

A parallel circuit contains elements that are
connected at their ends rather than lying in a line

along a conductor.

RULES FOR A PARALLEL CIRCUIT

The sum of the currents through each circuit
clement is equal to the total circuit current.
The voltage across each circuit element is the
same and i1s equal to the total circuit voltage.
The total resistance is the nverse of the sum
of the reciprocals of each individual resistance.

Christmas lights are a good example of the difference
between series and parallel circuits. Christmas lights
wired 1n series have only one wire that connects each
lamp; when one lamp burns out, the entire string of
lights goes out. Christmas lights wired in parallel, on

L =1 +L + 14 L Iy
Vi=V,=V,=V
o= R, roorE e R, R,
1 1+1+1
1{T Rl R2 R3
IT

( direction of flow

FIGURE 4-12 Parallel circuit and its basic rules.

Voltage (V) [

Time (s)—

FIGURE 4-13 Representation of direct current. Electrons fow
in one direction only. The graph of the associated electric wave-
form is a straight line.

the other hand, have two wires that connect each lamp;
when one lamp burns out, the rest remain lit.

Electric current, or electricity, is the flow of electrons
through a conductor. These electrons can be made to
flow in one direction along the conductor, in which case
the electric current is called direct current (DC).

Most applications of electricity require that the elec-
trons be controlled so that they flow frst in one direc-
tion and then in the opposite direction. Current in which
electrons oscillate back and forth is called alternating
current (AC).

Electrons that flow in only one direction constitute
DC; electrons that flow alternately in opposite

directions constitute AC.

Figure 4-13 diagrams the phenomenon of DC and
shows how 1t can be described by a graph called a
waveform. The horizontal axis, or x-axis, of the current
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waveform represents time; the vertical axis, or y-axis,
represents the amplitude of the electric current. For DC,
the electrons always flow in the same direction; there-
fore, DC is represented by a horizontal line. The vertical
separation between this line and the time axis represents
the magnitude of the current or the voltage.

The waveform for AC is a sine curve (Figure 4-14).
Electrons flow frst in a positive direction and then in a
negative direction. At one instant in time (points 0, 2 in
Figure 4-14), all electrons are at rest. Then they move,
frst in the positive direction with increasing potential.
When they reach maximum flow number, represented
by the vertical distance from the time axis (point 1), the
electric potential 1s reduced. They come to zero again
momentarily (point 2) and then reverse motion and flow
in the negative direction, increasing in negative electric
potential to maximum (point 3). Next, the electric
potential is reduced again to zero.

This oscillation 1n electron direction occurs sinusoi-
dally, with each requiring %, s, or 16.7 ms. Conse-
quently, thanks principally to George Westinghouse, AC
is 1dentifed as a 60-Hz current (50 Hz in Europe and
in much of the rest of the world).

Electric Power

Electric power is measured in watts (W). Common
household electric appliances, such as toasters, blenders,
mixers, and radios, generally require 500 to 1500 W of
electric power. Light bulbs require 30 to 150 W of elec-
tric power. An x-ray imaging system requires 20 to
150 kW of electric power.

voltage (V) 4—0

5

One watt is equalto 1 A of current flowing
through an electric potential of 1 V. Power (W) =
voltage (V) x current (A).

ELECTRIC POWER

P=1V

where P is the power in watts, I is the current n
amperes, and Vis the electric potential n volts;
alternatively,

P=IV=IR

therefore,

P =F R

where R 1s resistance in ohms.

Question: If the cost of electric power is 10 cents per

Answer:

kilowatt-hour (kW-hr), how much does it
cost to operate a 100-W light bulb an
average of 5 hours per day for 1 month?

Total on time = (30 days/mo)(5 h/day)
=150 h/mo
Total power consumed
= (150 h/mo)(100 W)
=15,000 W-h/mo
=15 kW-h/mo

Total cost = (15 kW-h/mo)
(10 cents/kW-h)
=$1.50/mo

<3

FIGURE 4-14 Representation of alternating current. Electrons fow alternately in one direction
and then the other. Alternating current is represented graphically by a smusoidal electric

waveform.
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Question: An x-ray imaging system that draws a
current of 80 A is supplied with 220 V.
What is the power consumed?
P=1V

=80 A)(220 V)

=17,600 W

=17.6 kW

Answer:

Question: The overall resistance of a mobile x-ray
imaging system 1s 10 Q. When plugged
into a 110-V receptacle, how much current
does 1t draw and how much power 1s
consumed?
P=1V
=(11A)(110V)
=1210 W
or P=1°R
=(11A) 10
=1210 W

Answer:

MAGNETISM

Around 1000 BC, shepherds and dairy farmers near
the village of Magnesia (what is now western Turkey)
discovered magnetite, an oxide of iron (Fe;0,).
This rodlike stone, when suspended by a string, would
rotate back and forth; when it came to rest, it pointed
the way to water. It was called a lodestone or leading
stone.

Of course, if you walk toward the North Pole from
any spot on Earth, you will fnd water. So, the word
magnetism comes from the name of that ancient village
where the cows too were very curious. When milked,
they produced Milk of Magnesia!

Magnetism is a fundamental property of some forms
of matter. Ancient observers knew that lodestones would
attract iron flings. They also knew that rubbing an
amber rod with fur caused it to attract small, light-
weight objects such as paper. They considered these
phenomena to be different. We know them as magne-
tism and electrostatics, respectively; both are manifesta-
tions of the electromagnetic force.

Magnetism is perhaps more diff cult to understand
than other characteristic properties of matter, such as
mass, energy, and electric charge, because magnetism 1s
diff cult to detect and measure. We can feel mass, visual-
1ze energy, and be shocked by electricity, but we cannot
sense magnetism.

Any charged particle in motion creates a magnetic
field.

Magnetic
field lines

Electron
motion

FIGURE 4-15 A moving charged particle induces a magnetic
field in a plane perpendicular to its motion.

Magnetic

/ﬁeld lines

Nucleus

Circular or elliptical path

FIGURE 4-16 When a charged particle moves in a circular or
elliptical path, the perpendicular magnetic field moves with the
charged particle.

The magnetic feld of a charged particle such as an
electron in motion is perpendicular to the motion of that
particle. The intensity of the magnetic feld is repre-
sented by 1maginary lines (Figure 4-15).

If the electron’s motion is a closed loop, as with an
electron circling a nucleus, magnetic feld lines will be
perpendicular to the plane of motion (Figure 4-16).

Electrons behave as if they rotate on an axis clock-
wise or counterclockwise. This rotation creates a prop-
erty called electron spin. The electron spin creates a
magnetic feld, which i1s neutralized in electron pairs.
Therefore, atoms that have an odd number of electrons
in any shell exhibit a very small magnetic feld.

Spinning electric charges also induce a magnetic feld
(Figure 4-17). The proton in a hydrogen nucleus spins
on its axis and creates a nuclear magnetic dipole called
a magnetic moment. This forms the basis of MRI.

The imaginary lines of a magnetic field are always
closed loops.
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FIGURE 4-17 A spinning charged particle will nduce a mag-
netic field along the axis of spin.

The lines of a magnetic feld do not start or end as
the lines of an electric feld do. Such a feld is called
dipolar; it always has a north and a south pole. The
small magnet created by the electron orbit i1s called a
magnetic dipole.

An accumulation of many atomic magnets with their
dipoles aligned creates a magnetic domain. If all the
magnetic domains in an object are aligned, it acts like
a magnet. Under normal circumstances, magnetic
domains are randomly distributed (Figure 4-18A).

When acted on by an external magnetic f eld, however,
such as the Earth in the case of naturally occurring ores
or an electromagnet in the case of artif cially induced
magnetism, randomly oriented dipoles align with the
magnetic feld (see Figure 4-18B). This i1s what happens
when ferromagnetic material is made into a permanent
magnet.

The magnetic dipoles in a bar magnet can be thought
of as generating imaginary lines of the magnetic feld
(Figure 4-19). If a nonmagnetic material is brought near
such a magnet, these feld lines are not disturbed.
However, if ferromagnetic material such as soft iron is
brought near the bar magnet, the magnetic feld lines
deviate and are concentrated into the ferromagnetic
material.

Magnetic permeability i1s the ability of a material to
attract the lines of magnetic field intensity.

There are three principal types of magnets: naturally
occurring magnets, artifcially induced permanent
magnets, and electromagnets. The best example of a
natural magnet is the Earth itself. The Earth has a

Magnetic dipole \

B

FIGURE 4-18 A, In ferromagnetic material, the magnetic dipoles
are randomly oriented. B, This changes when the dipoles are
brought under the mfuence of an external magnetic field.

magnetic feld because it spins on an axis. Lodestones
in the Earth exhibit strong magnetism presumably
because they have remained undisturbed for a long time
within the Earth’s magnetic feld.

Artif cially produced permanent magnets are avail-
able in many sizes and shapes but principally as bar or
horseshoe-shaped magnets, usually made of iron. A
compass is a prime example of an artif cial permanent
magnet. Permanent magnets are typically produced by
aligning their domains in the feld of an electromagnet
(Figure 4-20).

Such permanent magnets do not necessarily stay per-
manent. One can destroy the magnetic property of a
magnet by heating it or even by hitting it with a hammer.
Either act causes individual magnetic domains to be
jarred from their alignment. They thus again become
randomly aligned, and magnetism 1s lost.

Electromagnets consist of wire wrapped around an
iron core. When an electric current is conducted through
the wire, a magnetic feld is created. The intensity of the
magnetic feld 1s proportional to the electric current.
The iron core greatly increases the intensity of the mag-
netic feld.
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FIGURE 4-19 A, Imaginary lines of force. B, These lines of force are undisturbed by nonmagnetic
material. C, They are deviated by ferromagnetic material.

FIGURE 4-20 A method for using an electromagnet to render
ceramic bricks magnetic.

All matter can be classified according to either of
four interactions with an external magnetic field.

Many materials are unaffected when brought into a
magnetic feld. Such materials are nonmagnetic and
include substances such as wood and glass.

Diamagnetic materials are weakly repelled by either
magnetic pole. They cannot be artif cially magnetized,
and they are not attracted to a magnet. Examples of
such diamagnetic materials are water and plastic.

Ferromagnetic materials include iron, cobalt, and
nickel. These are strongly attracted by a magnet and

usually can be permanently magnetized by exposure to
a magnetic feld. An alloy of aluminum, nickel, and
cobalt called alnico is one of the more useful magnets
produced from ferromagnetic material. Rare earth
ceramics have been developed recently and are consider-
ably stronger magnets (Figure 4-21).

Paramagnetic materials lic somewhere between fer-
romagnetic and nonmagnetic. They are very slightly
attracted to a magnet and are loosely influenced by an
external magnetic feld. Contrast agents used in MRI
are paramagnetic.

The degree to which a material can be
magnetized is its magnetic susceptibility.

When wood 1s placed in a strong magnetic feld, it
does not increase the strength of the feld: Wood has
low magnetic susceptibility. On the other hand, when
iron 1s placed in a magnetic feld, it greatly increases
the strength of the feld: Iron has high magnetic
susceptibility.

This phenomenon is used in transformers when the
core of the transformer greatly enhances its eff ciency.

These four magnetic states of matter are summarized in
Table 4-3.

Magnetic Laws

The physical laws of magnetism are similar to those of
electrostatics and gravity. The forces associated with
these three felds are fundamental.

The equations of force and the felds through which
they act have the same form. Much work in theoretical
physics involves the attempt to combine these funda-
mental forces with two others—the strong nuclear force
and the weak interaction—to formulate a grand unifed
feld theory.
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FIGURE 4-21 Developments in permanent magnet design have resulted in a great increase in

magnetic field mtensity.

TABLE 4-3 Four Magnetic States of Matter

State Material Characteris tics

Nonmagnetic Wood, glass Unaffected by a
magnetic field

Diamagnetic Water, plastic  Weakly repelled from

both poles of a
magnetic field

Paramagnetic =~ Gadolinmum Weakly attracted to
both poles of a
magnetic field

Ferromagnetic  Iron, nickel, Can be strongly

cobalt magnetized

In contrast to the case with electricity, there is no
smallest unit of magnetism. Dividing a magnet simply
creates two smaller magnets, which when divided again
and again make baby magnets (Figure 4-22).

How do we know that these imaginary lines of the
magnetic feld exist? They can be demonstrated by the
action of iron flings near a magnet (Figure 4-23).

If a magnet is placed on a surface with small iron
flings, the flings attach most strongly and with greater
concentration to the ends of the magnet. These ends are
called poles, and every magnet has two poles, a north
pole and a south pole, analogous to positive and nega-
tive electrostatic charges.

As with electric charges, like magnetic poles repel,
and unlike magnetic poles attract. Also by convention,
the imaginary lines of the magnetic feld leave the

north pole of a magnet and return to the south pole
(Figure 4-24).

FIGURE 4-22 If a single magnet is broken into smaller and
smaller pieces, baby magnets result.

Magnetic Induction

Just as an electrostatic charge can be induced from one
material to another, so too some materials can be made
magnetic by induction. The imaginary magnetic feld
lines just described are called magnetic lines of induc-
tion, and the density of these lines is proportional to the
intensity of the magnetic feld.

Ferromagnetic objects can be made into magnets
by induction.
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FIGURE 4-23 Demonstration of magnetic lines of force with iron
filngs.

~\/7—
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FIGURE 4-24 The imaginary lines of the magnetic field leave the
north pole and enter the south pole.

When ferromagnetic material, such as a piece of soft
iron, is brought into the vicinity of an intense magnetic
feld, the lines of induction are altered by attraction to
the soft iron, and the iron is made temporarily magnetic
(Figure 4-25). If copper, a diamagnetic material, were
to replace the soft iron, there would be no such effect.

This principle is used with many MRI systems that
use an iron magnetic shield to reduce the level of the
fringe magnetic feld. Ferromagnetic material acts as a
magnetic sink by drawing the lines of the magnetic feld
into 1it.

When ferromagnetic material is removed from the
magnetic feld, it usually does not retain its strong mag-
netic property. Soft iron, therefore, makes an excellent
temporary magnet. It 1s a magnet only while its magne-
tism is being induced. If properly tempered by heat or
exposed to an external feld for a long period, however,
some ferromagnetic materials retain their magnetism

/@
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FIGURE 4-25 Ferromagnetic material such as iron attracts
magnetic lines of induction, whereas nonmagnetic material such
as copper does not.

when removed from the external magnetic feld and
become permanent magnets.

The electric and magnetic forces were joined by Max-
well’s feld theory of electromagnetic radiation. The
force created by a magnetic feld and the force of the
electric feld behave similarly. This magnetic force is
similar to electrostatic and gravitational forces that also
are inversely proportional to the square of the distance
between the objects under consideration. If the distance
between two bar magnets is halved, the magnetic force
increases by four times.

The magnetic force is proportional to the product
of the magnetic pole strengths divided by the
square of the distance between them.

The Earth behaves as though it has a large bar
magnet embedded in it. The polar convention of mag-
netism actually has its origin in the compass. At the
equator, the north pole of a compass seeks the Earth’s
North Pole (which 1s actually the Earth’s south mag-
netic pole).

As one travels toward the North Pole, the attraction
of the compass becomes more intense until the compass
needle points directly into the Earth, not at the
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Compass points
toward Earth

South magnetic

Compass parallel with
pole

Earth’s surface

Compass points
skyward

FIGURE 4-26 A compass reacts with the Earth as though it
were a bar magnet seeking the North Pole.

geographic North Pole but at a region in northern
Canada—the magnetic pole (Figure 4-26). The magnetic
pole in the southern hemisphere 1s in Antarctica. There,
the north end of the compass would point toward the
sky.

The SIunit of magnet field strength is the tesla.
/ An older unit is the gauss. One tesla (T)= 10,000
gauss (G).

S~—

The use of a compass might suggest that the Earth
has a strong magnetic feld, but it does not. The Earth’s
magnetic feld 1s approximately 50 uT at the equator
and 100 uT at the poles. This is far less than the magnet
on a cabinet door latch, which is approximately 100 mT,
or the magnet of an MRI system, which is 3 T.

ELECTROMAGNETISM

Until the 19th century, electricity and magnetism were
viewed as separate effects. Although many scientists
suspected that the two were connected, research was
hampered by the lack of any convenient way of produc-
ing and controlling electricity.

Thus the early study of electricity was limited to the
investigation of static electricity, which could be pro-
duced by friction (e.g., the effect produced by rubbing
fur on a rubber rod). Charges could be induced to move

Wet paper

A
Electrolytic
B paste
+ _
—Jij—
C Battery

FIGURE 4-27 A, Original Voltaic pile. B, A modern dry cell
C, Symbol for a battery.

but only in a sudden discharge, as with a spark jumping
a gap.

The development of methods for producing a steady
flow of charges (i.e., an electric current) during the 19th
century stimulated investigations of both electricity and
magnetism. These investigations led to an enhanced
understanding of electromagnetic phenomena and ulti-
mately led to the electronic revolution on which today’s
technology 1s largely based.

In the late 1700s, an Italian anatomist, Luigi Galvani,
made an accidental discovery. He observed that a dis-
sected frog leg twitched when touched by two different
metals, just as if it had been touched by an electrostatic
charge. This prompted Alessandro Volta, an Italian
physicist of the same era, to question whether an electric
current might be produced when two different metals
are brought into contact.

Using zinc and copper plates, Volta succeeded in
producing a feeble electric current. To increase the
current, he stacked the copper—zinc plates like a
Dagwood sandwich to form what was called the Voltaic
pile, a precursor of the modern battery. Each zinc—
copper sandwich is called a cell of the battery.

Modern dry cells use a carbon rod as the positive
electrode surrounded by an electrolytic paste housed in
a negative zinc cylindrical can. Figure 4-27 shows the
Voltaic pile, the modern battery, and the electronic
symbol for a battery.
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These devices are examples of sources of electric
potential. Any device that converts some form of energy
directly into electric energy is said to be a source of
electric potential.

Electric potential is measured in units of joule per
coulomb, or volt.

Now that they fnally had a source of constant elec-
tric current, scientists began extensive investigations
into the possibility of a link between electric and mag-
netic forces. Hans Oersted, a Danish physicist, discov-
ered the frst such link 1n 1820.

Oersted fashioned a long straight wire, supported
near a free-rotating magnetic compass (Figure 4-28).
With no current in the wire, the magnetic compass
pointed north as expected. When a current was passed
through the wire, however, the compass needle swung
to point straight at the wire. Here we have evidence of
a direct link between electric and magnetic phenomena.
The electric current evidently produced a magnetic feld
strong enough to overpower the Earth’s magnetic feld
and cause the magnetic compass to point toward the
wire.

@ Any charge in motion induces a magnetic field.

Compass

S &= N

Wire, no current

o]l

A Switch Battery
S @ N

Wire, current flow

Switch Battery

FIGURE 4-28 Oersted’s experiment. A, With no electric current
in the wire, the compass points north. B, With electric current, the
compass poimnts toward the wire.
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FIGURE 4-29 Magnetic field lines form concentric circles around
the current-carrying wire.
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FIGURE 4-30 Magnetic field lines are concentrated on the
mside of the loop.

A charge at rest produces no magnetic f eld. Electrons
that flow through a wire produce a magnetic feld about
that wire. The magnetic feld 1s represented by imagi-
nary lines that form concentric circles centered on the
wire (Figure 4-29).

Magnetic feld lines form concentric circles around
each tiny section of a loop of the wire. Because the wire
1s curved, however, these magnetic feld lines overlap
inside the loop. In particular, at the very center of the
loop, all of the feld lines come together, making the
magnetic feld strong (Figure 4-30).

Stacking more loops on top of each other increases
the intensity of the magnetic feld running through the
center or axis of the stack of loops. The magnetic feld
of a solenoid is concentrated through the center of the
coil (Figure 4-31).
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FIGURE 4-32 Magnetic field lines of an electromagnet.

@‘ A coil of wire is called a solenoid.

The magnetic feld can be intensif ed further by wrap-
ping the coil of wire around ferromagnetic material,
such as iron. The iron core intensif es the magnetic f eld.
In this case, almost all of the magnetic feld lines are
concentrated inside the iron core, escaping only near the
ends of the coil. This type of device is called an electro-
magnet (Figure 4-32).

An electromagnet is a current-carrying coil of wire

wrapped around an iron core, which intensifies
the induced magnetic field.

FIGURE 4-33 Schematic description of Faraday’s experiment
shows how a moving magnetic field mduces an electric current.

The magnetic feld produced by an electromagnet 1s
the same as that produced by a bar magnet. That is, if
both were hidden from view behind a piece of paper,
the pattern of magnetic feld lines revealed by iron flings
sprinkled on the paper surface would be the same. Of
course, the advantage of the electromagnet is that its
magnetic feld can be adjusted by varying the current
through its coil of wire.

Electromagnetic Induction

Oersted’s experiment demonstrated that electricity can
be used to generate magnetic felds. It is obvious, then,
to wonder whether the reverse i1s true: Can magnetic
felds somehow be used to generate electricity? Michael
Faraday, a self-educated British experimenter, found the
answer to that question.

From a series of experiments, Faraday concluded that
an electric current cannot be induced in a circuit merely
by the presence of a magnetic feld. For example, con-
sider the situation illustrated in Figure 4-33. A coil of
wire 1s connected to a current-measuring device called
an ammeter. If a bar magnet were set next to the coil,
the meter would indicate no current in the coil.

However, Faraday discovered that when the magnet
1s moved, the coiled wire does have a current, as indi-
cated by the ammeter. Therefore, to induce a current
with the use of a magnetic feld, the magnetic feld
cannot be constant but must be changing.

Electromagnetic induction: An electric current is
| induced in a circuit if some part of that circuit is in

a changing magnetic field.

This observation i1s summarized in what 1s called
Faraday’s law.
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FARADAY’S LAW

The magnitude of the mduced current depends

on four factors:

1. The strength of the magnetic field

% 2. The velocity of the magnetic field as it moves

past the conductor

3. The angle of the conductor to the magnetic
field

4. The number of turns in the conductor

Actually, no physical motion is needed. An electro-
magnet can be fxed near a coil of wire. If the current
in the electromagnet 1s then increased or decreased, its
magnetic feld will likewise change and induce a current
in the coil.

A prime example of electromagnetic induction is
radio reception (Figure 4-34). Radio emission consists
of waves of electromagnetic radiation. Each wave has
an oscillating electric feld and an oscillating magnetic
feld. The oscillating magnetic feld induces motion in
electrons in the radio antennae, resulting in a radio
signal. This signal 1s detected and decoded to produce
sound.

The essential point in all of these examples is that the
intensity of the magnetic feld at the wire must be chang-
ing to induce a current. If the magnetic feld intensity is
constant, there will be no induced current.

Varying magnetic field intensity induces an electric
current.

Electromechanical Devices

Electric motors and generators are practical applica-
tions of Oersted’s and Faraday’s experiments. In one
experiment, an electric current produces a mechanical
motion (the motion of the compass needle). This is the
basis of the electric motor.

In the other experiment, mechanical motion (the
motion of a magnet near a coil of wire) induces electric-
ity in a coil of wire. This is the principle on which the
electric generator operates.

In an electric generator, a coil of wire is placed in a
strong magnetic feld between two magnetic poles. The
coil 1s rotated by mechanical energy. The mechanical
energy can be supplied by hand, by water flowing over
a water wheel, or by steam flowing past the vanes of a
turbine blade in a nuclear power plant. Because the coil
of wire is moving in the magnetic feld, a current is
induced in the coil of wire.

The net effect of an electric generator is to convert
mechanical energy into electrical energy. The conversion
process is, of course, not 100% effcient because of
frictional losses in the mechanical moving parts and
heat losses caused by resistance 1n the electrical
components.

An electric motor has basically the same components
as an electric generator. In this case, however, electric
energy 1s supplied to the current loop to produce a
mechanical motion—that is, a rotation of the loop in
the magnetic feld.

A practical electric motor uses many turns of wire
for the current loop and many bar magnets to create the
external magnetic feld. The principle of operation,
however, 1s the same.

FIGURE 4-34 Radio reception is based on the principles of electromagnetic induction.
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FIGURE 4-35 Principal parts of an induction motor.

The type of motor used with x-ray tubes is an induc-
tion motor (Figure 4-35). In this type of motor, the
rotating rotor is a shaft made of bars of copper and soft
iron fabricated into one mass; however, the external
magnetic feld 1s supplied by several fxed electromag-
nets called stators.

An mduction motor powers the rotating anode of
an x-ray tube.

No electric current 1s passed to the rotor. Instead,
current 1s produced in the rotor windings by induction.
The electromagnets surrounding the rotor are energized
in sequence, producing a changing magnetic feld. The
induced current produced in the rotor windings gener-
ates a magnetic feld.

Just as in a conventional electric motor, this magnetic
feld attempts to align itself with the magnetic feld of the
external electromagnets. Because these electromagnets
are being energized in sequence, the rotor begins to
rotate, trying to bring its magnetic feld into alignment.

The result 1s the same as in a conventional electric
motor, that is, the rotor rotates continuously. The dif-
ference, however, is that the electrical energy is supplied
to the external magnets rather than the rotor.

Lamination

Magnetic
field lines

.
0%0000 0000 000000008000 00 'O
.......

FIGURE 4-36 An electromagnet that incorporates a closed iron
core produces a closed magnetic field that is primarily confined to
the core.

The Transformer

Another device that uses the interacting magnetic felds
produced by changing electric currents i1s the trans-
former. However, the transformer does not convert one
form of energy to another but rather transforms electric
potential and current into higher or lower intensity.

A transformer changes the intensity of alternating
voltage and current.

Consider an electromagnet with a ferromagnetic
core bent around so that it forms a continuous loop
(Figure 4-36). There are no end surfaces from which
ferromagnetic feld lines can escape. Therefore, the mag-
netic feld tends to be confned to the loop of the mag-
netic core material.

If a secondary coil is then wound around the other
side of this loop of core material, almost all of the mag-
netic feld produced by the primary coil also passes
through the center of the secondary coil. Thus there is
a good coupling between the magnetic feld produced
by the primary coil and the secondary coil. A changing
current in the primary coil induces a changing current
in the secondary coil. This type of device is a
transformer.

A transformer will operate only with a changing elec-
tric current (AC). A direct current applied to the primary
coil will induce no current in the secondary coil.

The transformer is used to change the magnitude of
voltage and current in an AC circuit. The change in
voltage is directly proportional to the ratio of the
number of turns (windings) of the secondary coil (N)
to the number of turns in the primary coil (N,). If there
are 10 turns on the secondary coil for every turn on the
primary coil, then the voltage generated in the second-
ary circuit (V) will be 10 times the voltage supplied to
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the primary circuit (V,). Mathematically, the trans-
former law is represented as follows:

TRANSFORMER LAW

YN
Vi N

The quantity Ny/N, is known as the turns ratio of
the transformer.

Question: The secondary side of a transformer has
300,000 turns; the primary side has 600
turns. What is the turns ratio?

Answer: N, =300,000
N, =600
=300,000/600
=500:1

The voltage change across the transformer is propor-
tional to the turns ratio. A transformer with a turns
ratio greater than 1 is a step-up transformer because the
voltage is increased or stepped up from the primary side
to the secondary side. When the turns ratio 1s less than
1, the transformer is a step-down transformer.

As the voltage changes across a transformer, the
current (I) changes also; the transformer law may also
be written as follows:

EFFECT OF TRANSFORMER LAW

ON CURRENT
£ = N_p

Lo N

or

L3

L W

Question: The turns ratio of a flament transformer is
0.125. What is the flament current if the
current through the primary winding is

0.8 A?
I, Np
Answer — =
p N,

The change in current across a transformer is in the
opposite direction from the voltage change but in the
same proportion: an inverse relationship. For example,
if the voltage is doubled, the current is halved.

In a step-up transformer, the current on the second-
ary side (Iy) 1s smaller than the current on the
primary side (I)). In a step-down transformer, the sec-
ondary current 1s larger than the primary current.

Question: There are 125 turns on the primary side of
a transformer and 90,000 turns on the
secondary side. If 110 V AC is supplied to
the primary winding, what is the voltage
induced 1n the secondary winding?

V, _N,
VP NP

N
p

10 V)(90,000)
125

=(110)(720) V
=79,200 V
=79.2 kV

Answer:

There are many ways to construct a transformer
(Figure 4-37). The type of transformer discussed thus
far, built around a square core of ferromagnetic mate-
rial, is called a closed-core transformer (see Figure
4-37A).

The ferromagnetic core is not a single piece but rather
is built out of laminated layers of iron. This layering
helps reduce energy losses, resulting in greater
eff ciency.

Another type of transformer is the autotransformer
(see Figure 4-37B). It consists of an iron core with only
one winding of wire about it. This single winding acts
as both the primary and the secondary windings. Con-
nections are made at different points on the coil for both
the primary and the secondary sides.

The autotransformer has one winding and varies
both voltage and current.

An autotransformer is generally smaller, and because
the primary and the secondary sides are connected to
the same wire, 1ts use 1s generally restricted to cases in
which only a small step up or step down in voltage is
required. Thus an autotransformer would not be suit-
able for use as the high-voltage transformer in an x-ray
imaging system.

The third type of transformer is the shell-type trans-
former (see Figure 4-37C). This type of transformer
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A B

Primary Secondary Primary
coil coil coil

Lamination / Iron core \

Secondary Primary Secondary
coil coil coil

FIGURE 4-37 Type of transformers. A, Closed-core transformer. B, Autotransformer. C, Shell-

type transformer.

confnes even more of the magnet feld lines of the
primary winding because the secondary is wrapped
around it and there are essentially two closed cores. This
type is more eff cient than the closed-core transformer.
Most currently used transformers are shell type.

The practical applications of the laws of electromag-
netism appear in the electric motor (electric current
produces mechanical motion), the electric generator
(mechanical motion produces electric current), and the
transformer (alternating electric current and electric
potential are transformed in intensity). The transformer
law describes how electric current and voltage change
from the primary coil to the secondary coil.

SUMMARY

Electrons can flow from one object to another by
contact, by friction, or by induction. The laws of elec-
trostatics are as follows:

« Like charges repel.

« Unlike charges attract.

Electrostatic force is directly proportional to the
product of the charges and inversely proportional to the
square of the distance between them. Electric charges
are concentrated along the sharpest curvature of the
surface of the conductor.

Electrodynamics is the study of electrons in motion,
otherwise known as electricity. Conductors are materi-
als through which electrons flow easily. Insulators are
materials that inhibit the flow of electrons. Electric
current 1s measured in amperes (A), electric potential 1s
measured in volts (V), and electric resistance 1s mea-
sured in ohms (Q).

Electric power is energy produced or consumed per
unit time. One watt of power is equal to 1 A of electric-
ity flowing through an electric potential of 1 V.

Matter has magnetic properties because some atoms
have an odd number of electrons in the outer shells. The
unpaired spin of these electrons produces a net magnetic
feld within the atom. Natural magnets get their magne-
tism from the Earth, permanent magnets are artif cially
induced magnets, and electromagnets are produced when
current-carrying wire i1s wrapped around an iron core.

Every magnet, no matter how small, has two poles:
north and south. Like magnetic poles repel, and unlike
magnetic poles attract. Ferromagnetic material can be
made magnetic when placed in an external magnetic
feld. The force between poles is proportional to the
product of the magnetic pole strengths divided by the
square of the distance between them.

Alessandro Volta’s development of the battery as a
source of electric potential energy prompted additional
investigations of electric and magnetic felds. Hans
Oersted demonstrated that electricity can be used to
generate magnetic felds. Michael Faraday observed the
current produced in the presence of a changing magnetic
feld.

Practical applications of the laws of electromagne-
tism appear in the electric motor (electric current pro-
duces mechanical motion), the electric generator
(mechanical motion produces electric current), and the
transformer (alternating electric current and electric
potential are transformed in intensity). The transformer
law describes how electric current and voltage change
from the primary coil to the secondary coil.

CHALLENGE QUESTIONS

1. Defne or otherwise identify the following:
a. Electric charge and its unit
b. Electrodynamics
c. Electric power
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. Electrostatics
Dipole

Induction
Magnetic domain
. Autotransformer
Gauss; Tesla
Electric potential

TR o A

. What 1s the total circuit resistance when resistive

elements of 5, 10, 15, and 20 Q are connected in
(a) series and (b) parallel?

. If the total current in the circuit in question 2 is

7 A, what is the voltage across the 10 Q resistor for
(a) series and (b) parallel operation?

. A radiographic exposure requires 100 mAs. How

many electrons is this?

. Describe three types of transformers.

. What are the three ways to electrify an object?

. List the four laws of electrostatics.

. Why 1s electrif cation easier in dry Phoenix than in

humid Houston?

. A mobile x-ray imaging system operates on 110 V

AC power. Its maximum capacity 1s 110 kVp and
100 mA. What is the turns ratio of the high-voltage
transformer?

10.

11.
12.
13.
14.
15.
16.
17.

18.
19.

20.

What should be the primary current in the previous
question to produce a secondary current of
100 mA?

Magnetic felds in excess of 5 G can interfere with
cardiac pacemakers. How many mT 1s this?

What is the role of magnetism in the study of x-ray
imaging?

List the three principal types of magnets.

Describe an electromagnet.

Explain how a magnetic domain can cause an object
to behave like a magnet.

State Ohm’s law and describe its effect on electric
circuits.

What happens when a bar magnet 1s heated to a
very high temperature?

List three diamagnetic materials.
Where in everyday life might
electromagnet?

What is the range in intensity of the Earth’s mag-
netic feld?

one fnd an

The answers to the Challenge Questions can be found by logging

on to our website at http://evolve.elsevier.com.
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CHAPTER

The X-ray Imaging
System

OBJECTIVES

At the completion of this chapter, the student should be able to do the
following:

1. Identify the components of the x-ray imaging system operating
console.

2. Explain the operation of the high-voltage generator.

3. Relate the differences among single-phase, three-phase, and high-
frequency power.

4. Discuss the importance of voltage ripple to x-ray quantity and

quality.
5. Define the power rating of an x-ray imaging system.
OUTLINE
Operating Console High-Voltage Generator
Autotransformer High-Voltage Transformer
Adjustment of Kilovolt Peak Voltage Rectification
(kVp) Single-Phase Power
Control of Milliamperage (mA) Three-Phase Power
Filament Transformer High-Frequency Generator
Exposure Timers Capacitor Discharge Generator
Synchronous Timers Falling Load Generator
Electronic Timers Voltage Ripple
mAs Timers Power Rating
Automatic Exposure Control X-ray Circuit
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EN FAST-MOVING celectrons slam mto a
metal object, x-rays are produced. The
kinetic energy ofthe electrons is transformed

into electromagnetic energy. The function of the x-ray
imaging system is to provide a controlled flow ofelec-
trons intense enough to produce an x-ray beam
appropriate for imaging.

The three mam components of an x-ray imaging
system are (1) the operating console, (2) the x-ray
tube, and (3) the high-voltage generator. The x-ray
tube is discussed in Chapter 6. This chapter describes
the components of the operating console that are
used to control the voltage applied to the x-ray tube,
the current through the x-ray tube, and the exposure
time.

This chapter also discusses the high-voltage gen-
erator in its many forms. The high-voltage generator
contains the high-voltage step-up transformer and the
rectification circuit. The final section of this chapter
combines all components into a single complete

circuit diagram.

The many different types of x-ray imaging systems are
usually identified according to the energy of the x-rays
they produce or the purpose for which the x-rays are
intended. Diagnostic x-ray imaging systems come in
many different shapes and sizes, two of which are shown
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in Figure 5-1. These systems are usually operated at
voltages of 25 to 150 kVp and at tube currents of 100
to 1200 mA.

The general purpose x-ray examination room con-
tains a radiographic imaging system and a fluoroscopic
imaging system. The fluoroscopic x-ray tube is usually
located under the examination table; the radiographic
x-ray tube is attached to an overhead movable crane
assembly that permits easy positioning of the tube and
aiming of the x-ray beam.

This type of equipment can be used for nearly all
radiographic and fluoroscopic examinations. Rooms
with a fluoroscope and two or more overhead radio-
graphic tubes are used for special radiology interven-
tional applications.

Regardless of the type of x-ray imaging system used,
a patient-supporting examination couch is required
(Figure 5-2). This examination couch may be flat or
curved but must be uniform in thickness and as trans-
parent to x-rays as possible. Carbon fiber couches are
strong and absorb little x-radiation.

Carbon fiber couches contribute to reduced
patient radiation dose.

Most patient couches are floating—easily unlocked
and moved by the radiologic technologist—or motor-
driven. Just under the couch is an opening to hold a thin
tray for a cassette and Potter-Bucky grid. If the couch
is used for fluoroscopy, the tray must move to the foot
of the couch, and the opening must be automatically
shielded for radiation protection with a Bucky slot

FIGURE 5-1 There are several types of x-ray imaging systems. A, Radiographic/fuoroscopic.

B, Mobile C-arm untt. (A, Courtesy Carestream.)
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FIGURE 5-2 A fexible and mobile patient examination couch.

90 degrees

30 degrees

FIGURE 5-3 A fuoroscopic couch is identified by its head and
foot tilt.

cover. Fluoroscopic couches tilt and are identified by
their degrees of tilt. For example, a table would tilt 90
degrees to the foot side and 30 degrees to the head side
(Figure 5-3).

Question: How far below horizontal will a patient’s
head go on a fluoroscopic couch?

Answer: 30 degrees below horizontal

Regardless of its design, every x-ray imaging system
has three principal parts: the x-ray tube (see Chapter 6),
the operating console, and the high-voltage generator.
With most systems, however, the x-ray tube 1s located

Pass box

¥ Operating console Chest

Radiographic tube travel board

room A) I‘
Radiographic

tube ~\_

Prep
room

Fluoro tube travel

Generator

Fluoro table Fluoro
travel tube

Toilet

FIGURE 5-4 Plan drawing of a general-purpose x-ray examina-
tion room, showing locations of the various x-ray apparatus items.
Chapter 36 considers the layout of such rooms in greater detail

in the examination room, and the operating console 1s
located 1n an adjoining room with a protective barrier
separating the two.

With dental and mobile x-ray imaging systems,
the three components are housed very compactly.

The protective barrier must have a window for
viewing the patient during the examination. Ideally, the
room should be designed so that it 1s possible to reach
the operating console without having to enter the “radi-
ation area” of the examination room.

The high-voltage generator may be housed in an
equipment cabinet positioned against a wall. The high-
voltage generator i1s always close to the x-ray tube,
usually in the examination room. A few installations
take advantage of false ceilings and place these genera-
tors out of sight above the examination room.

Newer generator designs that use high-frequency cir-
cuits require even less space. Figure 5-4 1s a plan drawing
of a conventional, general-purpose x-ray examination
room.

OPERATING CONSOLE

The part of the x-ray imaging system most familiar to
radiologic technologists 1s the operating console. The
operating console allows radiologic technologists to
control the x-ray tube current and voltage so that the

useful x-ray beam 1s of proper quantity and quality
(Figure 5-5).

Radiation quantity is x-ray intensity; radiation
quality 1s x-ray penetrability.
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Radiation quantity refers to the number of x-rays in
an x-ray beam. Radiation quantity 1s usually expressed
in milligray (mGy,) or milligray/milliampere-second
(mGy,/mAs). Radiation quality refers to the energy
of the x-ray beam and is expressed in kilovolt peak
(kVp) or, more precisely, half-value layer (HVL) (see
Chapter 8).

The operating console usually provides for control of
line compensation, kVp, mA, and exposure time. Meters
are provided for monitoring kVp, mA, and exposure
time. Many operating consoles also provide a meter for
mAs. Imaging systems that incorporate automatic expo-
sure control (AEC) may have separate controls for mAs.

All of the electric circuits that connect the meters and
controls on the operating console are at low voltage to
minimize the possibility of hazardous shock. Figure 5-6
is a simplified schematic diagram for a typical operating
console. A look inside an operating console will indicate
how simplified this schematic drawing is!

Operating consoles are based on computer technol-
ogy. Controls and meters are digital, and techniques are
selected with a touch screen. Numeric technique selec-
tion 1s often replaced by icons indicating the body part,
size, and shape. Many of the features are automatic, but
the radiologic technologist must know their purpose
and proper use.

Most x-ray imaging systems are designed to operate
on 220 V power, although some can operate on 110 V
or 440 V. Unfortunately, electric power companies
are not capable of providing 220 V accurately and
continuously.

Because of variations in power distribution to the
hospital and in power consumption by various sections
of the hospital, the voltage provided to an x-ray unit
casily may vary by as much as 5%. Such variation in
supply voltage results in a large variation in the x-ray
beam, which is inconsistent with production of high-
quality images.

Autotransformer
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TN =
FIGURE 5-5 Atypicaltable-side operating console to control an
overhead radiographic imaging system. The number of meters and

controls depend on the complexity of the console. (Courtesy Heidi
Seerden, General Electric Healthcare.)

Timing circuit

s >
Major kVp and selector ] . To high-voltage
selector 1V transformer
metIZr » Primary
=F— 1O & ma
_ %% : meter To high-voltage
Line «— transformer
monitor Mmor \ Secondary
kVp selector
{% %%gmA selector
= . To filament
Line - transformer
compensator * Primary

switch and meter

FIGURE 5-6 Circuit diagram of the operating console, with controls and meters identified.
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The line compensator measures the voltage provided
to the x-ray imaging system and adjusts that voltage to
precisely 220 V. Older units required technologists to
adjust the supply voltage while observing a line voltage
meter. Today’s x-ray imaging systems have automatic
line compensation and hence have no meter.

AUTOTRANSFORMER

The power supplied to the x-ray imaging system 1s deliv-
ered first to the autotransformer. The voltage supplied
from the autotransformer to the high-voltage trans-
former 1s variable but controlled. It is much safer and
easier to control a low voltage and then increase it than
to increase a low voltage to the kilovolt level and then
control its magnitude.

The autotransformer has a single winding and is

designed to supply a precise voltage to the
filament circuit and to the high-voltage circuit of
the x-ray imaging system.

The autotransformer works on the principle of elec-
tromagnetic induction but is very different from the
conventional transformer. It has only one winding and
one core. This single winding has a number of connec-
tions along its length (Figure 5-7). Two of the connec-
tions, A and A’ as shown in the figure, conduct the input
power to the autotransformer and are called primary
connections.

Some of the secondary connections, such as C in the
figure, are located closer to one end of the winding than
are the primary connections. This allows the autotrans-
former to increase voltage. Other connections, such as
D and E in the figure, allow a decrease in voltage. The

C
A&' B
D
®
E
ST
A 4N B’

FIGURE 5-7 Simplified diagram of an autotransformer.

autotransformer can be designed to step up voltage to
approximately twice the input voltage value.

Because the autotransformer operates as an induction
device, the voltage it receives (the primary voltage) and
the voltage it provides (the secondary voltage) are
related directly to the number of turns of the trans-
former enclosed by the respective connections. The
autotransformer law is the same as the transformer law.

AUTOTRANSFORMER LAW

Vs _ N
Vo Np
where

V, = the primary voltage

Vs = the secondary voltage

Np = the number of windings enclosed by primary
connections

Ng = the number of windings enclosed by
secondary connections

Question: If the autotransformer in Figure 5-7 is
supplied with 220 V to the primary
connections AA’, which enclose 500
windings, what is the secondary voltage
across BB' (500 windings), CB' (700
windings), and DE (200 windings)?

BB: VS — VP (&)

P

Answer:

500

)2220 V

CB: v, = (220 V) L2
500

=220 V)(1.4)=308 V

DE: Vg = (220 vy 22
500

— (220 V)(0.4)=88 V

Adjustment of Kilovolt Peak (kVp)

Some older x-ray operating consoles have adjustment
controls labeled major kVp and minor kVp; by selecting
a combination of these controls, radiologic technolo-
gists can provide precisely the required kilovolt peak.
The minor kilovolt peak adjustment “fine tunes” the
selected technique. The major kilovolt peak adjustment
and the minor kilovolt peak adjustment represent two
separate series of connections on the autotransformer.

@» kVp determines the quality of the x-ray beam.
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Appropriate connections can be selected with an

adjustment knob, a push button, or a touch screen. If

the primary voltage to the autotransformer 1s 220 V, the
output of the autotransformer is usually controllable
from about 100 to 400 V. This low voltage from the
autotransformer becomes the mput to the high-voltage
step-up transformer that increases the voltage to the
chosen kilovolt peak.

Question: An autotransformer connected to a 440-V
supply contains 4000 turns, all of which
are enclosed by the primary connections. If
2300 turns are enclosed by secondary
connections, what voltage is supplied to the
high-voltage generator?

—
N5
2
= (440 V)(—3OO)
4000

= (440 V)(0.575)
=253V

Answer:

The kVp meter is placed across the output terminals
of the autotransformer and therefore actually reads
voltage, not kVp. The scale of the kVp meter, however,
registers kilovolts because of the known multiplication
factor of the turns ratio.

On most operating consoles, the kVp meter registers,
even though no exposure 1s being made and the circuit
has no current. This type of meter is known as a pre-
reading kVp meter. It allows the voltage to be moni-
tored before an exposure.

Control of Milliamperage (mA)

The x-ray tube current, crossing from cathode to anode,
1s measured in milliamperes (mA). The number of elec-
trons emitted by the filament is determined by the tem-
perature of the filament.

The filament temperature is in turn controlled by the
filament current, which is measured in amperes (A). As
filament current increases, the filament becomes hotter,
and more electrons are released by thermionic emission.
Filaments normally operate at currents of 3 to 6 A.

A correction circuit has to be incorporated to coun-
teract the space charge effect. As the kVp is raised, the
anode becomes more attractive to the electrons that
would not have enough energy to leave the filament
area. These electrons also join the electron stream,
which effectively increases the mA with kVp.

Thermionic emission is the release of electrons

from a heated filament.
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FIGURE 5-8 Filament circuit for dual-flament x-ray tube.

X-ray tube current 1s controlled through a separate
circuit called the filament circuit (Figure 5-8). Connec-
tions on the autotransformer provide voltage for the
filament circuit. Precision resistors are used to reduce
this voltage to a value that corresponds to the selected
milliamperage.

X-ray tube current normally i1s not continuously vari-
able. Precision resistors result in fixed stations that
provide x-ray tube currents of 100, 200, or 300 mA,
and higher.

The falling load generator constitutes an exception.
In a falling load generator the exposure begins at
maximum mA, and the mA drops as the anode heats.
The result 1s minimum exposure time.

The product of x-ray tube current (mA) and
exposure time(s) is mAs, which is also
electrostatic charge (C).

Question: An image 1s made at 400 mA and an
exposure time of 100 ms. Express this in
mAs and as the total number of electrons.

100ms=0.1s

(400 mA) (0.1 s)=40 mAs

40 mAs = (40 mC/s) (s)
[remember, 1 A =1C/s]

=40 mC
=(40x107 C)(6.3x10" e /C)
=2.52x105 ¢

=2.52 x10" electrons

Answer:

The voltage from the mA selector switch 1s then deliv-
ered to the filament transformer. The filament trans-
former 1s a step-down transformer; therefore, the voltage
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supplied to the filament is lower (by a factor equal to
the turns ratio) than the voltage supplied to the filament
transformer. Similarly, the current is increased across the
filament transformer in proportion to the turns ratio.

Question: A filament transformer with a turns ratio
of Y, provides 6.2 A to the filament. What
is the current through the primary coil of
the filament transformer?

I _ N
I N,

Answer: where I, = primary current,

S .
Is =secondary current and — = turns ratio
P

X-ray tube current 1s monitored with an mA meter
that 1s placed in the tube circuit. The mA meter is con-
nected at the center of the secondary winding of the
high-voltage step-up transformer. The secondary voltage
1s alternating at 60 Hz such that the center of this
winding is always at zero volts (Figure 5-9).

In this way, no part of the meter is in contact with
the high voltage, and the meter may be safely put on
the operating console. Sometimes this meter allows that
mAs can be monitored in addition to mA.

Filament Transformer

The full title for this transformer is the filament heating
isolation step-down transformer. It steps down the
voltage to approximately 12 V and provides the current

FIGURE 5-9 The mA meteris in the x-ray tube circuit at a center
tap on the output of the high-voltage step-up transformer. This
ensures electrical safety.

to heat the filament. Because the secondary windings are
connected to the high-voltage supply for the x-ray tube,
the secondary windings are heavily insulated from the
primary.

In the filament transformer the primary windings are
of thin copper and carry a current of 0.5 to 1 A and
approximately 150 V. The secondary windings are thick
and at approximately 12 V electric potential, and carry
a current of 5 to 8 A (not mA!).

EXPOSURE TIMERS

For any given radiographic examination, the number of
x-rays that reach the image receptor 1s directly related
to both the x-ray tube current and the time that the
x-ray tube is energized. X-ray operating consoles provide
a wide selection of x-ray beam-on times and, when used
in conjunction with the appropriate mA station, provide
an even wider selection of values for mAs.

Question: A KUB examination (radiography of the
kidneys, ureters, and bladder) calls for
70 kVp, 40 mAs. If the radiologic
technologist selects the 200 mA station,
what exposure time should be used?

40 mAs
200 mAs

=0.20s=200 ms

Answer:

Question: A lateral cerebral angiogram calls for
74 kVp, 20 mAs. If the generator has a
1000-mA capacity, what is the shortest
exposure time possible?

20 mAs

1000 mA

=0.02s=20 ms

Answer:

Paramount in the design of all timing circuits is that
the radiographer starts the exposure and the timer stops
it. During fluoroscopy, if the radiographer releases the
exposure switch or the fluoroscopic foot switch, the
exposure 1s terminated immediately.

As an additional safety feature, another timing circuit
1s activated on every radiographic exposure. This timer,
called a guard timer, will terminate an exposure after a
prescribed time, usually approximately 6 s. Thus it is
not possible for any timing circuit to continuously irra-
diate a patient for an extensive period.

The timer circuit 1s separate from the other main
circuits of the x-ray imaging system. It consists of an
electronic device whose action 1s to “make” and “break”
the high voltage across the x-ray tube. This 1s nearly
always done on the primary side of the high-voltage
transformer, where the voltage i1s lower.

There are four types of timing circuits. Three are
controlled by the radiologic technologist, and one is
automatic. After studying this section, try to identify the
types of timers on the imaging systems you use.
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Synchronous Timers

In the United States, electric current is supplied at a
frequency of 60 Hz. In Europe, Latin America, and
other parts of the world, the frequency 1s 50 Hz. A
special type of electric motor, known as a synchronous
motor, 1s a precision device designed to drive a shaft at
precisely 60 revolutions per second (rps). In some x-ray
imaging systems, synchronous motors are used as timing
mechanisms.

X-ray imaging systems with synchronous timers are
recognizable because the minimum exposure time pos-
sible 1s 1/60 s (17 ms), and timing intervals increase by
multiples thereof, such as, 1/30, 1/20, and so on. Syn-
chronous timers cannot be used for serial exposures
because they must be reset after each exposure.

Electronic Timers

Electronic timers are the most sophisticated, most com-
plicated, and most accurate of the x-ray exposure timers.
Electronic timers consist of rather complex circuitry
based on the time required to charge a capacitor through
a variable resistance.

Electronic timers allow a wide range of time intervals
to be selected and are accurate to intervals as small as
1 ms. Because they can be used for rapid serial expo-
sures, they are particularly suitable for interventional
radiology procedures.

Most exposure timers are electronic and are
controlled by a microprocessor.

mAs Timers

Most x-ray apparatus i1s designed for accurate control
oftube current and exposure time. However, the product
of mA and time—mAs—determines the total number of
x-rays emitted and therefore the exposure of the image
receptor. A special kind of electronic timer, called an
mAs timer, monitors the product of mA and exposure
time and terminates exposure when the desired mAs
value 1s attained.

The mAs timer 1s usually designed to provide the
highest safe tube current for the shortest exposure for
any mAs selected. Because the mAs timer must monitor
the actual tube current, i1t 1s located on the secondary
side of the high-voltage transformer.

mAs timers are used on falling-load and capacitor
discharge imaging systems.

Automatic Exposure Control

The AEC requires a special understanding on the part
of the radiologic technologist. The AEC 1s a device that
measures the quantity of radiation that reaches the
image receptor. It automatically terminates the exposure
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FIGURE 5-10 Automatic exposure control terminates the x-ray
exposure at the desired film optical density. This is done with an
ionization chamber or a photodiode detector assembly.

when the image receptor has received the required radia-
tion intensity. Figure 5-10 shows two types of AEC
design.

The type of AEC used by most manufacturers
incorporates a flat, parallel plate ionization chamber
positioned between the patient and the image receptor.
This chamber is made radiolucent so that it will not
interfere with the radiographic image. Ionization
within the chamber creates a charge. When the appro-
priate charge has been reached, the exposure is
terminated.

When an AEC x-ray imaging system 1is installed, it
must be calibrated. This calls for making exposures of
a test object and adjusting the AEC for the range of
x-ray intensities required for quality images. The service
engineer usually takes care of this calibration.

After the AEC 1s in clinical operation, the radiologic
technologist selects the type of examination, which then
sets the appropriate mA and kVp. At the same time, the
exposure timer 1s set to the backup time. When the
electric charge from the ionization chamber reaches a
preset level, a signal is returned to the operating console,
where the exposure 1s terminated.

The AEC 1s now widely used and often 1s provided
in addition to an electronic timer. The AEC mode
requires particular care, especially in examinations that
use low kVp such as mammography. Because of varying
tissue thickness and composition, the AEC may not
respond properly at low kVp.

When radiographs are taken in the AEC mode, the
electronic timer should be set to 1.5 times the expected
exposure time as a backup timer in case the AEC fails
to terminate. This precaution should be followed for the
protection of the patient and the x-ray tube. Many units
automatically set this precaution.
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FIGURE 5-11 Solid-state radiation detectors and ion chambers are used to check timer accuracy
and a host of other imaging system specffications. (Courtesy Vicky Chen, Radcal Corporation.)

Solid-state radiation detectors are now used for
exposure-timer checks (Figure 5-11). These devices
operate with a very accurate internal clock based on a
quartz-crystal oscillator. They can measure exposure
times as short as 1 ms and, when used with an oscil-
loscope, can display the radiation waveform.

HIGH-VOLTAGE GENERATOR

The high-voltage generator of an x-ray imaging system
1s responsible for increasing the output voltage from the
autotransformer to the kVp necessary for x-ray produc-
tion. A cutaway view of a typical high-voltage generator
is shown in Figure 5-12. Although some heat is gener-
ated in the high-voltage section and is conducted to oil,
the oil 1s used primarily for electrical insulation.

The high-voltage generator contains three primary
parts: the high-voltage transformer, the flament

transformer, and rectifers.

High-Voltage Transformer

The high voltage transformer is a step-up transformer,
that 1s, the secondary voltage is higher than the primary
voltage because the number of secondary windings 1is
greater than the number of primary windings. The ratio
of the number of secondary windings to the number of
primary windings is called the turns ratio (see Chapter

Cap for oil fill

Cathode
Anode

| Filament
transformer

Diode
rectifier

High-voltage

transformer

FIGURE 5-12 Cutaway view of a typical high-voltage generator
showing oil-immersed diodes and transformers.

4). The voltage increase is proportional to the turns
ratio, according to the transformer law. Also, the current
is reduced proportionately.

The turns ratio of a high-voltage transformer is
usually between 500:1 and 1000 : 1. Because transform-
ers operate only on alternating current, the voltage
waveform on both sides of a high-voltage transformer
is sinusoidal (Figure 5-13).

The only difference between the primary and second-
ary waveforms is their amplitude. The primary voltage
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FIGURE 5-13 Voltage induced in the secondary winding of a
high-voltage step-up transformer is alternating likke the primary
voltage but has a higher value.

1s measured in volts (V), and the secondary voltage is
measured 1n kilovolts (kV). The primary current is mea-
sured in amperes (A), and the secondary current is
measured in milliamperes (mA).

Question: The turns ratio of a high-voltage
transformer 1s 700:1, and the supply
voltage 1s peaked at 120 V. What is the
secondary voltage supplied to the x-ray
tube?

(120 Vp)(700:1)=84,000 Vp
=84 kVp

Answer:

Voltage Rectification

The current from a common wall plug is 60 Hz alternat-
ing current (AC). The current changes direction 120
times each second. However, an x-ray tube requires a
direct current (DC), that is, electron flow in only one
direction. Therefore, some means must be provided for
converting AC to DC.

Radiographers outside the United States may use
a frequency of 50 Hz.

S~

In the case of 50-Hz power, there are 100 half-cycles
per second, each lasting 10 ms. In all other respects the
rectification process is the same.

@‘ Rectification is the process of converting AC to
DC.

The electronic device that allows current flow in only
one direction is a rectifier. Although transformers
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operate with alternating current, x-ray tubes must be
provided with direct current. X-rays are produced by
the acceleration of electrons from the cathode to the
anode and cannot be produced by electrons flowing in
the reverse direction, from anode to cathode.

Reversal of electron flow would be disastrous for the
x-ray tube. The construction of the cathode assembly is
such that it could not withstand the tremendous heat
generated by such an operation even if the anode could
emit electrons thermionically. If the electron flow is
to be only in the cathode-to-anode direction, the sec-
ondary voltage of the high-voltage transformer must be
rectified.

Voltage rectification is required to ensure that
electrons flow from x-ray tube cathode to anode

only.

Rectification is accomplished with diodes. A diode is
an electronic device that contains two electrodes. Origi-
nally, all diode rectifiers were vacuum tubes called valve
tubes; these have been replaced by solid-state rectifiers
made of silicon (Figure 5-14).

It has long been known that metals are good conduc-
tors of electricity and that some other materials, such as
glass and plastic, are poor conductors of electricity or
insulators.

A third class of materials, called semiconductors, lies
between the range of insulators and conductors in the
ability to conduct electricity. Tiny crystals of these semi-
conductors have some useful electrical properties and
allow semiconductors to serve as the basis for today’s
solid-state microprocessor marvels.

Semiconductors are classed into two types: n-type
and p-type. N-type semiconductors have loosely bound
electrons that are relatively free to move. P-type semi-
conductors have spaces, called holes, where there are no
electrons. These holes are similar to the space between
cars in heavy traffic. Holes are as mobile as electrons.

Consider a tiny crystal of n-type material placed in
contact with a p-type crystal to form what 1s called a
p-n junction (Figure 5-15). If a higher potential 1s placed
on the p side of the junction, then the electrons and
holes will both migrate toward the junction and wander
across it. This flow of electrons and holes constitutes an
electric current.

If, however, a positive potential 1s placed on the n
side of the junction, both the electrons and the holes
will be swept away from the junction, and no electrons
will be available at the junction surface to form a
current. Thus, in this case, no electric current passes
through the p-n junction.

Therefore, a solid-state p-n junction tends to conduct
electricity in only one direction. This type of p-n
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FIGURE 5-14 Rectifiers in most modern x-ray generators are the silicon, semiconductor type.

The multiple black components on this 75-kVp high-voltage multiplier board are rectifiers.

Electron flow
across junction

p-type /—type
® €]
® O

No electron flow

FIGURE 5-15 A p-n junction semiconductor shown as a solid-
state diode.

junction 1s called a solid-state diode. Solid-state diodes
are rectifiers because they conduct electric current in
only one direction. The arrowhead in the symbol for a
diode indicates the direction of conventional electric
current, which is opposite to the flow of electrons
(Figure 5-16). Electron flow is used when medical
imaging systems are described.

Current

< ............
No current

FIGURE 5-16 The electronic symbol for a solid-state diode.

Q‘ Rectifiers are located in the high-voltage section.

Rectification is essential for the safe and efficient
operation of the x-ray tube. The unrectified voltage at
the secondary side of the high-voltage step-up trans-
former 1s shown 1n Figure 5-17. This voltage waveform
appears as the voltage waveform supplied to the primary
side of the high-voltage transformer except its amplitude
1s much greater.

The current that passes through the x-ray tube,
however, exists only during the positive half of the cycle
when the anode 1s positive and the cathode 1s negative.
During the negative half of the cycle, current can flow
only from anode to cathode, but this does not occur
because the anode is not constructed to emit electrons.
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FIGURE 5-17 Unrectified voltage and current waveforms on the
secondary side.
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FIGURE 5-18 Half-wave rectification.

The inverse voltage is removed from the supply to
the x-ray tube by rectification. Half-wave rectification
(Figure 5-18) 1s a condition in which the voltage is not
allowed to swing negatively during the negative half of
its cycle.

Rectifiers are assembled into electronic circuits to
convert alternating current into the direct current neces-
sary for the operation of an x-ray tube (Figure 5-19).
During the positive portion of the AC waveform, the
rectifier allows electric current to pass through the x-ray
tube.

During the negative portion of the AC waveform,
however, the rectifier does not conduct, and thus no
electric current is allowed. The resultant electric current
1s a series of positive pulses separated by gaps when the
negative current is not conducted.

This resultant electric current is a rectified current
because electrons flow in only one direction. This form
of rectification is called half-wave rectification because
only one half of the AC waveform appears in the output.

In some portable and dental x-ray imaging systems,
the x-ray tube serves as the vacuum tube rectifier.
Such a system is said to be self-rectified, and the result-
ing waveform 1s the same as that of half-wave
rectification.

Half-wave-rectified circuits contain zero, one, or two
diodes. The x-ray output from a half-wave high-voltage
generator pulsates, producing 60 x-ray pulses each
second.
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FIGURE 5-19 A half-wave—rectified circuit contains one or more
diodes.

One shortcoming of half-wave rectification is that it
wastes half the supply of power. It also requires twice
the exposure time. It 1s possible, however, to devise a
circuit that rectifies the entire AC waveform. This form
of voltage rectification is called full-wave rectification.

Full-wave-rectified x-ray imaging systems contain at
least four diodes in the high-voltage circuit, usually
arranged as shown in Figure 5-20. In a full-wave-recti-
fied circuit, the negative half-cycle corresponding to the
inverse voltage is reversed so that the anode 1s always
positive (Figure 5-21).

The main advantage of full-wave rectification is
that the exposure time for any given technique is
cut n half.

The current through the circuit 1s shown during both
the positive and the negative phases of the input wave-
form. Note that in both cases, the output voltage across
the x-ray tube 1s positive. Also, there are no gaps in the
output waveform. All of the input waveform is rectified
into usable output.

Figure 5-22 helps explain full-wave rectification.
During the positive half-cycle of the secondary voltage
waveform, electrons flow from the negative side to
diodes C and D. Diode C 1s unable to conduct electrons
in that direction, but diode D can. The electrons flow
through diode D and the x-ray tube.

The electrons then butt into diodes A and B. Only
diode A is positioned to conduct them, and they flow
to the positive side of the transformer, thus completing
the circuit.

During the negative half-cycle, diodes B and C are
pressed into service, and diodes A and D block electron
flow. Note that the polarity of the x-ray tube remains
unchanged. The cathode is always negative and the
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FIGURE 5-20 A ful-wave—rectified circuit contains at least four
diodes. Current is passed through the tube at 120 pulses per
second.
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FIGURE 5-21 Voltage across a fullwave—rectified circuit is
always posttive.

anode 1s always positive even though the induced second-
ary voltage alternates between positive and negative.
The half-wave-rectified x-ray tube emits x-rays only
half of the time. The pulsed x-ray output of a full-wave—
rectified machine occurs 120 times each second instead
of 60 times per second as with half-wave rectification.

Single-Phase Power

All of the voltage waveforms discussed so far are pro-
duced by single-phase electric power. Single-phase

” Positive half-cycle

_|_

D
D

‘-' \Q' =
1
- /60 —>|
S
l-g-- RSN ,‘\ "\
' AthYS
S : e
< S
D
- 1/60 -

S

Negative half-cycle

¢ |

B
™ N g
' \j \/ g
1 -
- U -~

FIGURE 5-22 I a ful-wave-rectified circuit, two diodes (A and
D) conduct during the positive half-cycle, and two (B and C)
conduct during the negative half-cycle.

power results in a pulsating x-ray beam. This 1s caused
by the alternate swing in voltage from zero to maximum
potential 120 times each second wunder full-wave
rectification.

The x-rays produced when the single-phase voltage
waveform has a value near zero are of little diagnostic
value because of their low energy; such x-rays have low
penetrability. One method of overcoming this deficiency
1s to use some sophisticated electrical engineering prin-
ciples to generate three simultaneous voltage waveforms
that are out of step with one another. Such a manipula-
tion results in three-phase electric power.

Three-Phase Power

The engineering required to produce three-phase power
involves the manner in which the high-voltage step-up
transformer 1s wired into the circuit, the details of which
are beyond the scope of this discussion. Figure 5-23
shows the voltage waveforms for single-phase power,
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three-phase power, and full-wave-rectified three-phase
power.

With three-phase power, multiple voltage waveforms
are superimposed on one another, resulting in a wave-
form that maintains a nearly constant high voltage.
There are six pulses per 1/60 s compared with the two
pulses characteristic of single-phase power.

The voltage applied to the x-ray tube is nearly
constant when using three-phase power.

There are limitations to the speed of starting an
exposure—initiation time—and ending an exposure—
extinction time. Additional electronic circuits are neces-

Single
phase

Three
phase

Three
) A ) S
phase, ’ ‘w \(\l ‘\ N
six /N L e [ 4 A\
pulse

FIGURE 5-23 Three-phase power is a more efficient way to
produce x-rays than is smgle-phase power. Shown are the voltage
waveforms for unrectified single-phase power, unrectified three-
phase power, and rectified three-phase power.
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sary to correct this deficiency; this adds to the additional
size and cost of the three-phase generator.

High-Frequency Generator

High-frequency circuits are finding increasing applica-
tion in generating high voltage for many x-ray imaging
systems. Full-wave-rectified power at 60 Hz is con-
verted to a higher frequency, from 500 to 25,000 Hz,
and then 1s transferred to high voltage (Figure 5-24).

One advantage of the high-frequency generator 1s its
size. They are very much smaller than 60-Hz high-
voltage generators. High-frequency generators produce
a nearly constant potential voltage waveform, improv-
ing image quality at lower patient radiation dose.

This technology was first used with portable x-ray
imaging systems. Now, all mammography and com-
puted tomography systems use high-frequency circuits.

High-frequency voltage generation uses inverter cir-
cuits (Figure 5-25). Inverter circuits are high-speed
switches, or choppers, that convert DC into a series of
square pulses.

Many portable x-ray high-voltage generators use
storage batteries and silicon-controlled rectifiers (SCRs)
to generate square waves at 500 Hz; this becomes the
input to the high-voltage step-up transformer. The

kV

High
frequency

—kV

FIGURE 5-24 High-frequency voltage waveform.

X-ray tube
Main Full Capacitor High-voltage Full-wave High-voltage
power wave bank Inverter transformer rectifier capacitors
ITT 1| é J<>J TTT W
1 | | I
60 Hz Half~wave Capacitive High High voltage Rectified Capacitive Constant
rectified smoothed frequency High frequency smoothed voltage

FIGURE 5-25 Inverter circuit of a high-voltage generator.
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Characteristics of High-
Frequency X-ray Generators

Frequency Range

(kHz) Inverter Features

<1 Thyristors

1-10 Large silicon-controlled rectifier
10-100 Power field effect transistors

Ready for
exposure

Start

Charging exp(isure

Set time
kvp ™~

End
exposure

;

kV

1 kV/mAs

Time —>

FIGURE 5-26 Tube voltage falls during exposure with a capaci-
tor discharge generator.

high-voltage step-up transformer operating at 500 Hz
1s about the size of a 60-Hz transformer, which is rather
large and heavy.

High-frequency x-ray generators are sometimes
grouped by frequency (Table 5-1). The principal differ-
ences are found in the electric components designed as
the inverter module. The real advantage of such circuits
is that they are much smaller, less costly, and more effi-
cient than 60-Hz high-voltage generators.

Full-wave rectification or high-frequency voltage
generation is used in almost all stationary x-ray

imaging systems.

Capacitor Discharge Generator

Some portable x-ray imaging systems still use a high-
voltage generator, which operates by charging a series
of silicon-controlled rectifiers (SCRs) from the DC
voltage of a nickel-cadmium (N1Cd) battery. By stack-
ing (in an electric sense) the SCRs, the charge is stored
at very high voltage. During exposure, the charge is
released (discharged) to form the x-ray tube current
needed to produce x-rays (Figure 5-26).

During capacitor discharge, the voltage falls
approximately 1 kV/mAs.

This falling voltage limits the available x-ray tube
current and causes kVp to fall during exposure. The
result 1s the need for precise radiographic technique
charts.

After a given exposure time, the capacitor bank con-
tinues to discharge, which could cause continued x-ray
emission. Such x-ray emission is stopped by a grid-
controlled x-ray tube, an automatic lead beam stopper,
or both. A grid-controlled x-ray tube has a specially
designed cathode to control x-ray tube current.

Falling Load Generator

Many x-ray imaging systems today engage a falling load
technique to ensure the shortest possible exposure time.
The x-ray tube anode can accommodate only a limited
heat level, as we shall see in Chapter 6.

Supposing the limit on exposure time, and therefore
x-ray intensity, for an interventional radiology imaging
system at the 1000 mA station 1s 500 ms and therefore
500 mAs as shown in Figure 5-27. At the selected kVp
and 1000 mA, the shortest exposure time allowed 1is
500 ms because of the thermal capacity of the x-ray
tube anode.

When an x-ray tube anode 1s heated, it immediately
begins to cool. The approach of falling load voltage
generation 1s that the initial tube loading 1s higher and
drops during exposure as shown in Figure 5-28. The
rate of drop follows the cooling characteristics of the
x-ray tube anode. The result is the same 500 mAs at
shorter exposure time, 300 ms in this example.

Falling load voltage generation finds principal use in
high-capacity x-ray imaging systems such as interven-
tional radiology in which the shorter the exposure time
the better.

Voltage Ripple

Another way to characterize these voltage waveforms is
by voltage ripple. Single-phase power has 100% voltage
ripple: The voltage varies from zero to its maximum
value. Three-phase, six-pulse power produces voltage
with only approximately /4% ripple; consequently, the
voltage supplied to the x-ray tube never falls to below
86% of the maximum value.

A further improvement in three-phase power results
in 12 pulses per cycle rather than 6. Three-phase,
12-pulse power results in only 4% ripple; therefore, the
voltage supplied to the x-ray tube does not fall to below
96% of the maximum value. High-frequency generators
have approximately /% ripple and therefore even
greater x-ray quantity and quality.

Figure 5-29 shows these various power sources
and the resultant voltage waveforms they provide to
the x-ray tube, as well as the approximate voltage
ripple. The most efficient method of x-ray production
also mvolves the waveform with the lowest voltage

ripple.
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FIGURE 5-27 Afixed radiographic technique of 1000 mA, 500 ms results in 500 mAs, the arca
of the box.
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FIGURE 5-28 Application of faling load to achieve 500 mAs
results in a much shorter exposure time, 300 ms.

Less voltage ripple results in greater radiation
4 quantity and quality.

An x-ray tube voltage with less ripple offers many
advantages. The principal advantage 1s the greater
radiation quantity and quality that result from the

more constant voltage supplied to the x-ray tube
(Figure 5-30).

100%

_[VVVWVWWVV\ = 14%
= 4%
Three phase, ' \
twelve pulse
_/vvmm?: < 1%
High frequency

FIGURE 5-29 Voltage waveforms resulting from various power
supplies. The ripple of the kilovoltage is indicated as a percentage
for each waveform.

Half wave

100%
Full wave

Three phase,
six pulse

The radiation quantity is greater because the effi-
ciency of x-ray production 1s higher when x-ray tube
voltage 1s high. Stated differently, for any projectile elec-
tron emitted by the x-ray tube filament, a greater number
of x-rays are produced when the electron energy is high
than when it is low.

Low-voltage ripple increases radiation quality because
fewer low-energy projectile electrons pass from cathode
to anode to produce low-energy x-rays. Consequently,
the average x-ray energy is greater than that resulting
from high-voltage ripple modes.
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FIGURE 5-30 Both the number of x-rays and the x-ray energy increase as the voltage waveform
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FIGURE 5-31 Voltage waveform is smoothed by the capaci-
tance of long high-voltage cables.

Because the x-ray beam intensity and penetrability
are greater for less voltage ripple than for single-phase
power, technique charts developed for one cannot be
used on the other. New technique charts with three-
phase or high-frequency x-ray imaging systems are
needed.

Three-phase operation may require as much as a
10-kVp reduction to produce the same image receptor
exposure when operated at the same mAs as single-
phase. A high-frequency generator mayrequirea 12-kVp
reduction.

Three-phase radiographic equipment 1s manufac-
tured with tube currents as high as 1200 mA; therefore,
exceedingly short, high-intensity exposures are possible.
This capacity is particularly helpful in interventional
radiology procedures.

When three-phase power 1s provided for a
radiographic/fluoroscopic room, all radiographic expo-
sures are performed with three-phase power. The fluo-
roscopic mode, however, usually remains single-phase
and takes advantage of the electric capacitance of the
x-ray tube cables.

Fluoroscopic mA i1s very low compared with radio-
graphic mA. Because the x-ray cables are long, they have
considerable capacitance, which results in a smoother
voltage waveform (Figure 5-31).

The principal disadvantage of a three-phase x-ray
apparatus is its initial cost. The costs of installation and
operation, however, can be lower than those associated
with single-phase equipment. The cost of high-frequency
generators 1s moderate. Low-ripple generators have
greater overall capacity and flexibility compared with
single-phase equipment.

Power Rating

Transformers and high-voltage generators usually are
identified by their power rating in kilowatts (kW). Elec-
tric power for any device is specified in watts, as shown
in the following equation.

Power = Current X Potential
Watts = Amperes x Volts

A high-voltage generator for a basic radiographic
unit 1s rated at 30 to 50 kW. Generators for interven-
tional radiology suites have power ratings up to approx-
imately 150 kW.

For specifying high-voltage generators, the industry
standard 1s to use the maximum tube current (mA) pos-
sible at 100 kVp for an exposure of 100 ms. This gener-
ally results in the maximum available power.

High-voltage generator power (kW) = maximum
x-ray tube current (mA)at 100 kVp and 100 ms.

Power 1s the product of amperes and volts. This
assumes constant current and voltage, which does not
exist in single-phase x-ray imaging systems. However,
the actual power is close enough to the low-ripple power
of three-phase and high-frequency generators that the
equation holds.

Question: When a system with low-voltage ripple is
energized at 100 kVp, 100 ms, the
maximum possible tube current is 800 mA.
What is the power rating?

Power rating = Current (A) x Potential (V)
=800 mA x100 kVp
=80,000 mA xkVp
=80,000 W
=80 kW

Answer:

Because the product of amperes X volts = watts, the
product of milliamperes x kilovolts = watts. However,
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FIGURE 5-32 The schematic circuit of an x-ray imaging system.

power rating is expressed in kilowatts, so the defining
equation for three-phase and high-frequency power is
as follows:

Question: An interventional radiology system is
capable of 1200 mA when operated in
100 kVp, 100 ms. What is the power

rating?
Answer:  Power rating (kW) = 12 mA 100 kVp
1000
=120 kW

Single-phase generators have 100% voltage ripple and
are less efficient x-ray generators. Consequently, the
single-phase expression of power rating is as follows:

Question: A single-phase radiographic unit installed
in a private office reaches maximum
capacity at 100 ms of 120 kVp and
500 mA. What is its power rating?

Power rating (kW)

(500 mA)(120 kVp)
1000

Answer:

=(0.7)

=42 kW

X-ray Circuit
Figure 5-32 is a simplified schematic diagram of the
three main sections of the x-ray imaging system: the

x-ray tube, the operating console, and the high-voltage
generator. This figure also shows the locations of all
meters, controls, and important components.

SUMMARY

The x-ray imaging system has three principal sections:
(1) the operating console, (2) the x-ray tube, and (3) the
high-voltage generator. The design and operation of the
x-ray tube are discussed in Chapter 6.

The operating console consists of an on/off
control and controls to select kVp, mA, and time or
mAs. The AECs are also located on the operating
console.

The high-voltage generator provides power to the
x-ray tube in three possible ways: single-phase power,
three-phase power, and high-frequency power. The dif-
ference between single- and three-phase power involves
the manner in which the high-voltage step-up trans-
former 1s electrically positioned. With three-phase
power, the voltage across the x-ray tube 1s nearly con-
stant during exposure and never drops to zero, as does
the voltage for single-phase power.

The components of an x-ray imaging system are
sometimes identified by their power rating in kilowatts
(kW). Maximum available power for high-voltage gen-
erators equals the maximum tube current (mA) at
100 kVp for an exposure of 100 ms.
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CHALLENGE QUESTIONS

1.

Define or otherwise identify the following:
Semiconductor

. Automatic exposure control (AEC)
Line compensation

. Capacitor

mA meter location

Diode

Voltage ripple

. Rectification

Autotransformer

j. Power

PR h O A0 O

. 220 V 1s supplied across 1200 windings of the

primary coil of the autotransformer. If 1650 wind-
ings are tapped, what voltage will be supplied to
the primary coil of the high-voltage transformer?

. A kVp meter reads 86 kVp, and the turns ratio of

the high-voltage step-up transformer 1s 1200. What
1s the true voltage across the meter?

. The supply voltage from the autotransformer to the

filament transformer is 60 V. If the turns ratio of
the filament transformer is !5, what is the filament
voltage?

. If the current in the primary of the filament trans-

former in question 4 were 0.5 A, what would be
the filament current?

. The supply to a high-voltage step-up transformer

with a turns ratio of 550 i1s 190 V. What is the
voltage across the x-ray tube?

. Locate the various meters and controls shown in

Figure 5-32 on an x-ray imaging system you operate.

. The radiographic table must be radiolucent. Define

radiolucent.

11.
12.

13.

14.

15.

16.

17.
18.

19.

20.

. Describe the movements of a patient couch.
. List the five major controls on the operator’

console.

What is the purpose of the autotransformer?

How does primary voltage relate to secondary
voltage in an autotransformer?

What does the prereading kVp meter allow?
Operating console controls are set at 200 mA with
an exposure time of s. What is the milliampere-
seconds (mAs)?

In an examination of a pediatric patient the operat-
ing console controls are set at 600 mA/30 ms. What
1s the mAs?

What 1s the difference between a high-voltage gen-
erator and a high-voltage transformer?

Why does the x-ray circuit require rectification?
Match the power source with the voltage ripple.

Power % Voltage Ripple
Single phase 14%

Three phase, six pulse 100%

Three phase, twelve pulse 14%

High frequency 1%

What 1s the only type of high-voltage generator that
can be positioned in or on the x-ray tube housing?
State the equations for computing single-phase and
high-frequency power rating.

The answers to the Challenge Questions can be found by logging

on to our website at http://evolve.elsevier.com.
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"Its not world conditions that brought this on,
he was looking at his geneology and thinks his
great grandfather was an ostrich.”




CHAPTER

The X-ray Tube

OBJECTIVES

At the completion of this chapter, the student should be able to do the
following:

Describe the general design of an x-ray tube.

List the external components that house and protect the x-ray tube.
Identify the purpose of the glass or metal enclosure.

Discuss the cathode and flament currents.

Describe the parts of the anode and the induction motor.

Defne the line-focus principle and the heel effect.

Identify the three causes of x-ray tube failure.

Explain and interpret x-ray tube rating charts.

OUTLINE

o0 J O\ WD B WD —

External Components
Ceiling Support System
Floor-to-Ceiling Support System
C-Arm Support System
Protective Housing
Glass or Metal Enclosure

Internal Components
Cathode
Anode

X-ray Tube Failure

Rating Charts
Radiographic Rating Chart
Anode Cooling Chart
Housing Cooling Chart
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E X-RAY tube is a component of the x-ray
imaging system rarely seen by radiologic tech-
nologists. It is contained i a protective housing

and therefore is maccessible. Figure 6-1 is a sche-
matic diagram of a rotating anode diagnostic x-ray
tube. Its components are considered separately, but
it should be clear that there are two primary parts: the
cathode and the anode. Each ofthese 1s an electrode,
and any electronic tube with two electrodes 1s a diode.
An x-ray tube i1s a special type of diode.

The external structure of the x-ray tube consists of
three parts: the support structure, the protective
housing, and the glass or metalenclosure. The mternal
structures of the x-ray tube are the anode and the
cathode.

An explanation of the external components of the
x-ray tube and the internal structure of the x-ray tube
follows. The causes and prevention of x-ray tube
failure are discussed.

With proper use, an x-ray tube used m general
radiography should last many years. X-ray tubes used
in computed tomography (CT) and interventional radi-

ology generally have a shorter life.

EXTERNAL COMPONENTS

The x-ray tube and housing assembly are quite heavy;
therefore, they require a support mechanism so the
radiologic technologist can position them. Figure 6-2
illustrates two of the three main methods of x-ray tube
support.

Rotating anode

Rotor

™~
L )

B L
I O %
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Ceiling Support System

The ceiling support system is probably the most fre-
quently used. It consists of two perpendicular sets of
ceiling-mounted rails. This allows for both longitudinal
and transverse travel of the x-ray tube.

A telescoping column attaches the x-ray tube housing
to the rails, allowing for variable source-to-image recep-
tor distance (SID). When the x-ray tube 1s centered
above the examination table at the standard SID, the
x-ray tube 1s in a preferred detent position.

Other positions can be chosen and locked by the
radiologic technologist. Some ceiling-supported x-ray
tubes have a single control that removes all locks, allow-
ing the tube to “float.” This lock should be used only
for minor adjustments and should not be used to move
the tube farther than about 1 m because arm and shoul-
der strain can occur.

Floor-to-Ceiling Support System

The floor-to-ceiling support system has a single column
with rollers at each end, one attached to a ceiling-
mounted rail and the other attached to a floor-mounted
rail. The x-ray tube slides up and down the column
as the column rotates. A variation of this type of
support system has the column positioned on a single
floor support system with one or two floor-mounted
rails.

C-Arm Support System

Interventional radiology suites often are equipped with
C-arm support systems, so called because the system 1s
shaped like a C. These systems are ceiling mounted and
provide for very flexible x-ray tube positioning. The
image receptor is attached to the other end of the C-arm
from the x-ray tube. Variations called L-arm or U-arm
support are also common.

Glass enclosure
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FIGURE 6-1 Principal parts of a rotating anode x-ray tube.
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-S4

A

FIGURE 6-2 Three methods of supporting an x-ray tube. A, Floor support. B, C-arm support.
(A, Courtesy of Parish Sullivan, Philips Healthcare; B, Courtesy of Heidi Seerden, General Electric

Healthcare.)

High-voltage
Leakage connector

radiation

/

Glass
or metal
enclosure

Fitting for filters, N
collimators, etc. ; Window
Useful beam

FIGURE 6-3 Protective housing reduces the intensity of leakage
radiation to less than 1 mGy,/h at 1 m.

Protective Housing

When x-rays are produced, they are emitted isotropi-
cally, that 1s, with equal intensity in all directions. We
use only x-rays emitted through the special section of
the x-ray tube called the window (Figure 6-3). The
x-rays emitted through the window are called the useful
beam.

X-rays that escape through the protective housing are
called leakage radiation; they contribute nothing in the
way of diagnostic information and result in unnecessary
exposure of the patient and the radiologic technologist.
Properly designed protective housing reduces the level
of leakage radiation to less than 1 mGy,/h at 1 m when
operated at maximum conditions.

Protective housing guards against excessive
radiation exposure and electric shock.

The protective housing incorporates specially de-
signed high-voltage receptacles to protect against acci-
dental electric shock. Death by electrocution was a very

real hazard for early radiologic technologists. The pro-
tective housing also provides mechanical support for the
x-ray tube and protects the tube from damage caused
by rough handling,.

The protective housing around some x-ray tubes con-
tains oil that serves as both an insulator against electric
shock and as a thermal cushion to dissipate heat. Some
protective housings have a cooling fan to air cool the
tube or the oil in which the x-ray tube 1s immersed. A
bellows-like device allows the o1l to expand when
heated. If the expansion is too great, a microswitch is
activated, so the tube cannot be used until it cools.

Glass or Metal Enclosure

An x-ray tube 1s an electronic vacuum tube with com-
ponents contained within a glass or metal enclosure.
The x-ray tube, however, is a special type of vacuum
tube that contains two electrodes: the cathode and the
anode. It 1s relatively large, perhaps 30 to 50 cm long
and 20 cm in diameter. The glass enclosure is made of
Pyrex glass to enable it to withstand the tremendous
heat generated.

X-ray tubes are designed with a glass or a metal
enclosure.

The enclosure maintains a vacuum inside the tube.
This vacuum allows for more eff cient x-ray production
and a longer tube life. When just a little gas is in the
enclosure, the electron flow from cathode to anode is
reduced, fewer x-rays are produced, and more heat is
generated.

Early x-ray tubes, modif cations of the Crookes tube,
were not vacuum tubes but rather contained controlled
quantities of gas within the enclosure. The modern x-ray
tube, the Coolidge tube, is a vacuum tube. If it becomes
gassy, x-ray production falls, and the tube can fail.

An mmprovement in tube design incorporates metal
rather than glass as part or all of the enclosure. As a
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0 autotransformer

mA selector

\

Filament selector

-

FIGURE 6-4 A, Dual-flament cathode designed to provide focal spots of 0.5 mm and 1.5 mm.

B, Schematic for a dual-filament cathode.

glass enclosure tube ages, some tungsten vaporizes and
coats the inside of the glass enclosure. This alters the
electrical properties of the tube, allowing tube current
to stray and interact with the glass enclosure; the result
is arcing and tube failure.

Metal enclosure tubes maintain a constant electric
potential between the electrons of the tube current and
the enclosure. Therefore, they have a longer life and are
less likely to fail. Virtually all high-capacity x-ray tubes
now use metal enclosures.

The x-ray tube window is an area of the glass or
metal enclosure, approximately 5 cm?, that is thin and
through which the useful beam of x-rays is emitted.
Such a window allows maximum emission of x-rays
with minimum absorption.

INTERNAL COMPONENTS
Cathode

Figure 6-4 shows a photograph of a dual-flament
cathode and a schematic drawing of its electric supply.
The two flaments supply separate electron beams to
produce two focal spots.

The cathode is the negative side of the x-ray tube;
it has two primary parts, a flament and a focusing
cup.

The filament is a coil of wire similar to that in a
kitchen toaster, but 1t 1s much smaller. The flament 1is
approximately 2 mm in diameter and 1 or 2 cm long.
In the kitchen toaster an electric current 1s conducted
through the coil, causing it to glow and emit a large
quantity of heat.

An x-ray tube flament emits electrons when it is
heated. When the current through the flament is suff -
ciently high, the outer-shell electrons of the flament

atoms are “boiled off” and ejected from the flament.
This phenomenon is known as thermionic emission.
Filaments are usually made of thoriated tungsten.
Tungsten provides for higher thermionic emission than
other metals. Its melting point is 3410°C; therefore, it
is not likely to burn out like the flament of a light bulb.
Also, tungsten does not vaporize easily. If it did, the tube
would become gassy quickly, and its internal parts
would be coated with tungsten. The addition of 1% to
2% thorium to the tungsten flament enhances the eff -
ciency of thermionic emission and prolongs tube life.

5

Ultimately, however, tungsten metal does vaporize
and 1s deposited on internal components. This upsets
some of the electric characteristics of the tube and can
cause arcing and lead to tube failure. Such malfunction
1s usually abrupt.

The flament 1s embedded in a metal shroud called
the focusing cup (Figure 6-5). Because all of the elec-
trons accelerated from cathode to anode are electrically
negative, the electron beam tends to spread out owing
to electrostatic repulsion. Some electrons can even miss
the anode completely.

The focusing cup is negatively charged so that it
electrostatically confnes the electron beam to a small
area of the anode (Figure 6-6). The effectiveness of the
focusing cup is determined by its size and shape, its
charge, the flament size and shape, and the position of
the flament in the focusing cup.

Most rotating anode x-ray tubes have two flaments
mounted 1n the cathode assemble “side by side,” creat-
ing large and small focal spot sizes. Filaments in biangle

Tungsten vaporization with deposition on the
inside of the glass enclosure is the most common
cause of tube failure.
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Focusing cup

Focusing cup

FIGURE 6-5 The focusing cup is a metal shroud that surrounds
the fillament.

x-ray tubes have to be placed “end to end,” with the
small focus flament above the large flament.

Certain types of x-ray tubes called grid-controlled
tubes are designed to be turned on and off very rapidly.
Grid-controlled tubes are used in portable capacitor
discharge 1maging systems and in digital subtraction
angiography, digital radiography, and cineradiography,
each of which requires multiple exposures for precise
exposure time.

The term grid is borrowed from vacuum tube elec-
tronics and refers to an element in the tube that acts as
the switch. In a grid-controlled x-ray tube the focusing
cup is the grid and therefore the exposure switch.

When the x-ray imaging system is frst turned on, a
low current passes through the flament to warm it and
prepare it for the thermal jolt necessary for x-ray pro-
duction. At low filament current, there is no tube current
because the flament does not get hot enough for therm-
ionic emission. When the f lament current 1s high enough
for thermionic emission, a small increase in flament
current results in a large increase in x-ray tube current.

The x-ray tube current is adjusted by controlling
the filament current.

Target

N

—_—

Cathode

-
-

Focusing
cup r

- ———
SsS===4

- .
Q“-:_
- - o B
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FIGURE 6-6 A, Without a focusing cup, the electron beam is
spread beyond the anode because of mutual electrostatic repul-
sion among the electrons. B, With a focusing cup that is negatively
charged, the electron beam is condensed and directed to the
target.

This relationship between flament current and x-ray
tube current depends on the tube voltage (Figure 6-7).
Fixed stations of 100, 200, 300 mA, and so forth usually
correspond to discrete connections on the flament
transformer or to precision resistors.

When emitted from the flament, electrons are in the
vicinity of the flament before they are accelerated to the
anode. Because these electrons carry negative charges,
they repel one another and tend to form a cloud around
the flament.

This cloud of electrons, called a space charge, makes
it diff cult for subsequent electrons to be emitted by the
flament because of electrostatic repulsion. This phe-
nomenon 1s called the space charge effect. A major
obstacle in producing x-ray tubes with currents that
exceed 1000 mA is the design of adequate space charge—
compensating devices.

Thermionic emission at low kVp and high mA can
be space charge limited.

At any given f lament current, say, 4.8 A (Figure 6-8),
the x-ray tube current rises with increasing voltage to a
maximum value. A further increase in kVp does not
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FIGURE 6-7 The x-ray tube current is actually controlled by
changing the filament current. Because of thermionic emission, a
small change in filament current results in a large change in tube
current.
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FIGURE 6-8 At a given filament current, tube current reaches a
maxmum level called saturation current.

result in a higher mA because all of the available elec-
trons have been used. This is the saturation current.

Saturation current is not reached at a lower kVp
because of space charge limitation. When an x-ray tube
1s operated at the saturation current, it is said to be
emission limited.
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FIGURE 6-9 In a dual-focus x-ray tube, focal spot size is con-
trolled by heating one of the two filaments.

Most diagnostic x-ray tubes have two focal spots—
one large and the other small. The small focal spot is
used when better spatial resolution is required. The
large focal spot is used when large body parts are imaged
and when other techniques that produce high heat are
required.

Selection of one or the other focal spot is usually
made with the mA station selector on the operating
console. Normally, either flament can be used with the
lower mA station—approximately 300 mA or less. At
approximately 400 mA and up, only the larger focal
spot is allowed because the heat capacity of the anode
could be exceeded if the small focal spot were used.

Small focal spots range from 0.1 to 1 mm; large focal
spots range from 0.3 to 2 mm. Each flament of a dual-
flament cathode assembly is embedded in the focusing
cup (Figure 6-9). The small focal spot size is associated
with the small flament and the large focal spot size with
the large f lament. An electric current 1s directed through
the appropriate flament.

Anode

The anode is the positive side of the x-ray tube. There
are two types of anodes, stationary and rotating (Figure
6-10). Stationary anode x-ray tubes are used in dental
X-ray imaging systems, some portable imaging systems,
and other special-purpose units in which high tube
current and power are not required. General-purpose
x-ray tubes use the rotating anode because they must be
capable of producing high-intensity x-ray beams in a
short time.
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FIGURE 6-10 All diagnostic x-ray tubes can be classified
according to the type of anode. A, Stationary anode. B, Rotating
anode.

The anode is the positive side of the x-ray tube; it

conducts electricity and radiates heat and x-rays
from the target.

The anode serves three functions in an x-ray tube.
The anode 1s an electrical conductor. It receives elec-
trons emitted by the cathode and conducts them through
the tube to the connecting cables and back to the high-
voltage generator. The anode also provides mechanical
support for the target.

The anode also must be a good thermal dissipater.
When the projectile electrons from the cathode interact
with the anode, more than 99% of their kinetic energy
1s converted into heat. This heat must be dissipated
quickly. Copper, molybdenum, and graphite are the
most common anode materials. Adequate heat dissipa-
tion 1s the major engineering hurdle in designing higher
capacity x-ray tubes.

The target is the areca of the anode struck by the
electrons from the cathode. In stationary anode tubes
the target consists of a tungsten alloy embedded in the
copper anode (Figure 6-11A). In rotating anode tubes
the entire rotating disc 1s the target (see Figure 6-11B).

Copper

Tungsten

Molybdenum

Tungsten

B

FIGURE 6-11 A, In a stationary anode tube the target is embed-
ded in the anode. B, In a rotatng anode tube the target is the
rotating disc.

Alloying the tungsten (usually with rhenium) gives it
added mechanical strength to withstand the stresses of
high-speed rotation and the effects of repetitive thermal
expansion and contraction. High-capacity x-ray tubes
have molybdenum or graphite layered under the tung-
sten target (Figure 6-12). Both molybdenum and graph-
ite have lower mass density than tungsten, making the
anode lighter and easier to rotate.

Tungsten is the target material of choice for

general radiography for three main reasons:

1. Atomic number—Tungsten’s high atomic
number, 74, results in high-efficiency x-ray
production and in high-energy x-rays. The
reason for this is discussed more fully n
Chapter 7.

2. Thermal conductivity—Tungsten has a
thermal conductivity nearly equal to that of
copper. It is therefore an efficient metal for
dissipating the heat produced.

3. High melting point—Any material, if heated
sufficiently, will melt and become liquid.
Tungsten has a high melting pomnt (3400°C
compared with 1100°C for copper) and
therefore can stand up under high tube current
without pitting or bubbling.
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Specialty x-ray tubes for mammography have molyb-
denum or rhodium targets principally because of their
low atomic number and low K-characteristic x-ray
energy. This concept is discussed fully in Chapter 7.
Table 6-1 summarizes the properties of these target
materials.

The rotating anode x-ray tube allows the electron
beam to interact with a much larger target area; there-
fore, the heating of the anode is not confned to one
small spot, as in a stationary anode tube. Figure 6-13
compares the target areas of typical stationary anode
(4 mm?) and rotating anode (1800 mm?) x-ray tubes
with 1-mm focal spots. Thus the rotating anode tube
provides nearly 500 times more area to interact with
the electron beam than is provided by a stationary
anode tube.

Heat capacity can be further improved by increasing
the speed of anode rotation. Most rotating anodes re-
volve at 3400 rpm (revolutions per minute). The anodes
of high-capacity x-ray tubes rotate at 10,000 rpm.

Higher tube currents and shorter exposure times

are possible with the rotating anode.

Tungsten

Molybdenum
Graphite

FIGURE 6-12 A layered anode consists of a target surface
backed by one or more layers to increase heat capacitty.

Characteristics of X-ray Targets
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The stem of the anode is the shaft between the anode
and the rotor. It is narrow so as to reduce its thermal
conductivity. The stem usually is made of molybdenum
because molybdenum is a poor heat conductor.

Occasionally, the rotor mechanism of a rotating
anode tube fails. When this happens, the anode becomes
overheated and pits or cracks, causing tube failure
(Figure 6-14).

How does the anode rotate inside an enclosure with
no mechanical connection to the outside? Most things
that revolve are powered by chains or axles or gears of
some sort.

An electromagnetic induction motor is used to turn
the anode. An induction motor consists of two principal
parts separated from each other by the glass or metal
enclosure (Figure 6-15). The part outside the glass or

A = 4 mm?

A = 3159 mm?

mm

FIGURE 6-13 Stationary anode tube with a 1-mm focal spot
may have a target area of 4 mm®. A comparable 15-cm diameter
rotating anode tube can have a target area of approximately
1800 mm?*, which increases the heating capacity of the tube by a
factor of nearly 500.

Flement Chemical Symbol Atomic Number K X-ray Energy (ke V)’ Melting Temperature (°C)
Tungsten Y 74 69 3400
Molybdenum Mo 42 19 2600
Rhodmum Rh 45 23 3200

“X-rays resulting from electron transitions nto the K shell
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FIGURE 6-14 Comparison of smooth, shiny appearances of rotating anodes when new
(A) versus ther appearance after failure (B—D). Examples of anode separation and surface melting
shown were caused by slow rotation caused by bearing damage (B), repeated overload (C), and
exceeding of maximum heat storage capacity (D). (Courtesy Philips Medical Systems.)

Supports stator—-

To anode
cable

Glass or metal
enclosure

Stator Stator core
and windings

FIGURE 6-15 The target of a rotating anode tube is powered
by an mduction motor, the principal components of which are the
stator and the rotor.

metal enclosure, called the stator, consists of a series of
electromagnets equally spaced around the neck of the
tube. Inside the glass or metal enclosure is a shaft made
of bars of copper and soft iron fabricated into one mass.
This part 1s called the rotor

The rotating anode is powered by an
electromagnetic induction motor.

The induction motor works through electromagnetic
induction, similar to a transformer. Current in each
stator winding induces a magnetic feld that surrounds
the rotor. The stator windings are energized sequentially
so that the induced magnetic feld rotates on the axis of
the stator. This magnetic feld interacts with the ferro-
magnetic rotor, causing it to rotate synchronously with
the activated stator windings.

When the radiologic technologist pushes the expo-
sure button of a radiographic imaging system, there is
a short delay before an exposure is made. This allows
the rotor to accelerate to its designated rpm while the
flament 1s heated. Only then 1s the kVp applied to the
x-ray tube.

During this time, flament current i1s increased to
provide the correct x-ray tube current. When a two-
position exposure switch 1s used, the switch should be
pushed to its fnal position in one motion. This mini-
mizes the time that the flament 1s heated and prolongs
tube life.

When the exposure i1s completed on 1imaging systems
equipped with high-speed rotors, one can hear the rotor
slow down and stop within approximately 1 minute.
The high-speed rotor slows down as quickly as it does
because the induction motor is put into reverse. The
rotor is a precisely balanced, low-friction device that, if
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FIGURE 6-16 A, This very high capacity x-ray tube revolves in
a bath ofoil for complete heat dissipation. B, The cooling capacity
is greaterthan any heat load. (Courtesy Siemens Medical Systems.)

left alone, might take many minutes to coast to rest
after use.

In a new x-ray tube the coast time is approximately
60 s. With age, the coast time is reduced because of
wear of the rotor bearings.

One design that allows for massive anodes uses a
shaft fxed at each end (Figure 6-16). In this x-ray tube
the anode 1s attached to the enclosure, and the whole
insert rotates. The cathode i1s positioned on the axis, and
the electron beam is deflected electromagnetically onto
the anode.

Because the disc is part of the enclosure, the cooling
oil is in contact with the back of the anode, allowing
optimum cooling. The principal advantagesare improved
heat dissipation and greater capacity.

& The focal spot is the actual x-ray source.
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FIGURE 6-17 The line-focus principle allows high anode heating
with small effective focal spots. As the target angle decreases, so
too does the effective focal spot size.

The focal spot is the area of the target from which
x-rays are emitted. Radiology requires small focal spots
because the smaller the focal spot, the better the spatial
resolution of the image. Unfortunately, as the size of the
focal spot decreases, the heating of the target is concen-
trated onto a smaller area. This is the limiting factor to
focal spot size.

Before the rotating anode was developed, another
design was incorporated into x-ray tube targets to allow
a large area for heating while maintaining a small focal
spot. This design is known as the line-focus principle.
By angling the target (Figure 6-17), one makes the effec-
tive area of the target much smaller than the actual area
of electron interaction.

The effective target area, or effective focal spot size,
1s the area projected onto the patient and the image
receptor. This 1s the value given when large or small
focal spots are identif ed. When the target angle is made
smaller, the effective focal spot size also is made smaller.
Diagnostic x-ray tubes have target angles that vary from
approximately 5 to 20 degrees.

The limiting factor in target angle is the ability of the
cone of x-rays produced to adequately cover the largest
feld size used. In general radiography, this is usually
taken as the diagonal of a 35-cm x 43-cm image recep-
tor, which 1s approximately 55 cm.

When a smaller image receptor is used, the anode
angle can be steeper. The advantage of the line-focus
principle 1s that it simultaneously improves spatial reso-
lution and heat capacity.
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FIGURE 6-18 Some targets have two angles to produce two
focal spots. To achieve this, the filaments must be placed one
above the other.

The Ine-focus principle results n an effective focal
spot size much less than the actual focal spot size.

Biangular targets are available that produce two
focal spot sizes because of two different target angles
on the anode (Figure 6-18). Combining biangular targets
with different-length flaments results in a very flexible
combination.

A circular effective focal spot is preferred. Usually,
however, it has a shape characterized as a double banana
(Figure 6-19). These differences in x-ray intensity across
the focal spot are controlled principally by the design
of the flament and focusing cup and by the voltage on
the focusing cup. Round focal spots are particularly
important for high-resolution magnifcation radiogra-
phy and mammography.

The National Electrical Manufacturers Association
has established standards and variances for focal spot
sizes. When a manufacturer states a focal spot size, that
1s its nominal size. Table 6-2 shows the maximum mea-
sured size permitted that is still within the standard.

One unfortunate consequence of the line-focus prin-
ciple 1s that the radiation intensity on the cathode side
of the x-ray feld is greater than that on the anode side.
Electrons interact with target atoms at various depths
into the target.

The x-rays that constitute the useful beam emitted
toward the anode side must traverse a greater thickness
of target material than the x-rays emitted toward the
cathode direction (Figure 6-20). The intensity of x-rays
that are emitted through the “heel” of the target is

FIGURE 6-19 The usual shape of a focal spot is the double
banana. (Courtesy Donald Jacobson, Medical College of
Wisconsin.)

Nomial Focal Spot Size
Compared With Maximum
Acceptable Dimensions

Nominal Focal Spot Acceptable Measured

Size (Mm) Focal Spot Size (Mm)
Width X Length Width X Length
0.1 X 0.1 0.15 X 0.15
0.3 X 0.3 0.45 X 0.65
0.4 X 0.4 0.6 X 0.85
0.5 X 0.5 0.75 X 1.1

1.0 X 1.0 1.4 X 2.0
2.0 X 2.0 2.6 X 3.7

reduced because they have a longer path through the
target and therefore increased absorption. This is the
heel effect.

The difference in radiation intensity across the useful
beam of an x-ray feld can vary by as much as 45%.
The central ray of the useful beam is the imaginary line
generated by the centermost x-ray in the beam. If the
radiation intensity along the central ray is designated
as 100%, then the intensity on the cathode side may be
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as high as 120%, and that on the anode side may be as
low as 75%.

The heel effect is important when one is imaging
anatomical structures that differ greatly in thickness or
mass density. In general, positioning the cathode side of
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FIGURE 6-20 The heel effect results in reduced x-ray intensity

on the anode side ofthe usefulbeam caused by absorption in the
“heel” of the target.
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the x-ray tube over the thicker part of the anatomy
provides more uniform radiation exposure of the image
receptor. The cathode and anode directions are usually
indicated on the protective housing, sometimes near the
cable connectors.

In chest radiography, for example, the cathode should
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