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PREFACE

Technologic advances are faster paced in nuclear medicine than in most
specialties of medicine-—partly because it is a young medical science and partly
because so many participants from such other fields as physics, chemistry,
engmeermg, and energy provide us with sophisticated technology needing merely

to'be adapted to medical use. We have tried in this second edition to reflect these -

advances while retaining all of the important elements that form the basic science
of nuclear medicine.

The numerous changes in the technologic aspects of nuclear medicine that
have occurred since publication of the first edition in 1978 (and it companion
volume, Textbook of Nuclear Medicine: Clinical Applications, in 1979) have been
carefully reviewed and constitute most of the changes in the second edition.
Noteworthy advances are contained in the chapters on imaging systems,
computer systems, and radiopharmaceutical chemistry. New developments are
reflected in the complementary imaging disciplines of computed tomography and
ultrasound. New chapters covering MR, digital radiography, and the elements of
image perception have been added because of substantial developments in these
areas. The chapters on counting statistics and production of radionuclides have
been completely rewritten. A new chapter on cerebral blood flow studies with
Xe-133 has been added. Finally, several useful tables have been added as
appendices. The result, we believe, is a more useful general textbook for 4
physicians, residents, and students of nuclear medicine and reference for active
laboratory scientists with nuclear counting and radioassay problems.

Washington, D.C. JOHN HARBERT
Rio de Janeiro ANTONIO F. G. da ROCHA,

el



ACKNOWLEDGMENTS

The task of writing and compiling as much information as is contained
herein required the collaboration of many colleagues, all of whom have the
editors’ deep gratitude. For their invaluable assistance with manuscripts, we
particularly want to thank Drs. Guido Heidendal, Kenneth Mossman, Warren
Schadt, Edward Grant, Sheldon Levin, William Eckelman, Stanley Levenson,
Robert Pollina, Jack Coffey, Evelyn Watson, and Seong Ki Mun.

The staffs at both the Centro de Medicina Nuclear da Guanabara and
Georgetown Division of Nuclear Medicine have our sincere thanks.

J.H.

AF.G.R.

Parts of Chapter 11 were written under Interagency Agreement Nos. FDA
224-75-3016 and DOE 40-286-71 and contract DE-AC05-760R00033.

Parts of Chapter 10 contain material contributed by Dr. Manuel Tubis to
the first edition.

The section on echocardiography in Chapter 19 was coauthored by Dr.
Pravin Shah, Veterans Administration, Wadsworth Medical Center, Los
Angeles.



CONTRIBUTORS

Roger L. Aamodt, Ph.D
Division of Grants Associates
National Institutes of Health
Bethesda, Maryland

Robert H. Ackerman, M D.

Associate Professor of Radiolagy

Harvard Medical School

Uirector, Cerebral Blood Flow and Metabolism
Laboratory and Carotid Evaluation Labora-
tory

Associate Radiologist and Neurologist

Massachusetts General Hospital

Boston, Massachusetts

Nathaniel M. Alpert, Ph.D.
Assistant Professor of Radiology
Harvard Medical School
Associate Physicist
Massachusetts General Hospital
Boston, Massachusetts

Stephen L. Bacharach, Ph.D.

Adjunct Associate Professor

Department of Radiology

Uniformed Services University of the Health
Sciences

Physicist, Department of Nuclear Medicine

National Institutes of Health

Bethesda, Maryland

Edwaldo E. Camargo, M D.

Associate Professor of Nuclear Medicine

Director, Center of Nuclear Medicine and
Radioisotope Service Heart Institute

Sao Paulo University Sc hool of Medicine

Sao Paulo, Brazil

James C. Carlson, M.S.
Radiological Physicist
Department of Radiology
Hackley Hospital
Muskegon, Michigan

Roger J. Cloutier, M.D.

Program Director, Professional Training Pro-
grams

Manpower Education, Research, and Training
Division

Oak Ridge Associated Universities

Oak Ridge, Tennessee

Jack L. Coffey, B.S.

Scientist, Medical and Health Sciences Divi-
sion

Oak Ridge Associated Universities

Oak Ridge, Tennessee

Stanton H. Cohn, Ph.D.

Professor of Medicine {Clinical Physxology]
State University of New York

Stony Brook, New York

Head, Medical Physics Division

Medical Research Center

Brookhaven National Laboratory

Upton, Long Island, New York

Lelio G. Colombetti, Sc.D.
Professor of Pharmacology
Stritch School of Medicine
Loyola University
Chicago, Illinois



X CONTRIBUTORS

John A. Correia, Ph.D.

Associate Professor of Radiology
Harvard Medical School
Associate Applied Physicist
Physics Research Laboratory
Massachusetts General Hospital
Boston, Massachusetts

William C. Eckelman, Ph.D.

Head, Section of Radiopharmaceutical Chem-,
istry

Department of Nuclear Medicine

National Institutes of Health

Bethesda, Maryland

Jon J. Erickson, Ph.D.

Associate Professor of Radiology and Radio-
logical Sciences

Vanderbilt University School of Medicine

Department of Radiology and Radiological Sci-
ences

Vanderbilt Medical Center

Nashville, Tennessee

John Harbert, M.D.

Professor of Medicine and Radiology
Department of Radiology

Georgetown University Medical School
Washington, D.C.

Homer B. Hupf, Ph.D.

Head, Department of Radionuclide Production
Cancer Therapy Institute

King Faisal Specialist Hospital

Riyadh, Saudi Arabia

A. Everette James, Jr., Sc.M., ].D., M.D.

Professor and Chairman

Department of Radiology and Radiological Sci-
ences

Professor of Medical Administration

Lecturer in Legal Medicine

Senior Research Associate

Professor of Biomedical Engineering

Vanderbilt Institute for Public Policy Studies

Vanderbilt University Medical School

Nashville, Tennessee

Steven M. Larson, M.D.

Professor, Department of Radiology

Uniformed Services University of Health Sci-
ences

Chief, Department of Nuclear Medicine

Clinical Center

National Institutes of Health

Bethesda, Maryland

Paulo Robetto Leme, Ph.D.

Head, Physics Section

Radioisotope Service

Hospital do Servidor Publico Estadual
Sao Paulo, Brazil

Sheldon G. Levin

Senior Statistician

Armed Forces Radiologic and Research Insti-
tute

Bethesda, Maryland

Michael Lincoln, M.D.

Division of Nuclear Medicine
Georgetown University Hospital
Washington, D.C.

Stuart Mirell, Ph.D.

Research Physicist

Nuclear Medicine/Ultrasound Service

Veterans Administration Medical Center,
Wadsworth Division

Los Angeles, California

Kenneth L. Mossman, Ph.D.
Associate Professor and Director

. Graduate Program in Radiation Science

Department of Radiation Medicine
Georgetown University Medical Center
Washington, D.C.

C. Leon Partain, M.D., Ph.D.

Associate Professor of Radiology, Radiological
Sciences, and Biomedical Engineering

Vanderbilt University School of Medicine

Director, Nuclear Medicine Division and NMR
Project

Vanderbilt University Medical Center

Nashville, Tennessee

Dennis D. Patton, M.D.

Professor of Radiology

Director, Division of Nuclear Medicine
Arizona Health Sciences Center
University of Arizona

Tucson, Arizona

- Gerald D. Pond, M.D.

Associate Professor of Radiology
Arizona Health Sciences Center
University of Arizona

Tucson, Arizona

Antonio Fernando Gongalves da Rocha, M.D.

Director, Centro de Medicina Nuclear da Guan-
abara '

Advisor, Comissdao Nacional de Energia
Nuclear

Rio de Janeiro, Brazil



CONTRIBUTORS xi

Val M. Runge, M.D.

Department of Radiology

Vanderbilt University Medical Center
Nashville, Tennessee

Walton W. Shreeve, M.D., Ph.D.
Professor of Medicine and Radiology
State University of New York

Stony Brook, New York

Chief, Nuclear Medicine Service
Veterans Administration Medical Center
Northport, New York

Evelyn E. Watson

Program Manager, Radxopharmaceuhcal Inter-
nal Dose Information Center

Manpower Education, Research and Training
Division

Oak Ridge Associated Universities

Oak Ridge, Tennesses

Martin A. Winston, M.D.

Associate Professor of Radiological Sciences

UCLA School of Medicine

Chief, Section of Ultrasonography

Assistant Chief, Nuclear Medicine Service

Veterans Administration Medical Center,
Wadsworth Division

Los Angeles, California



Chapter 1 -
Chap;ter 2
Chapter 3 -
Chapter 4 -
Chapter 5 -
Chapter 6 -
Chapter 7 -
Chapter 8 -
Chapter 9 -

Chapter 10 -

CONTENTS

ATOMIC AND NUCLEAR STRUCTURE . ........... ... 1
Antonio F.G. da Rocha

RADIATION DETECTOR SYSTEMS .. ..., 25
John Harbert

COUNTING RADIOACTIVITY . oo e e e e i 46
John Harbert

STATISTICAL METHODS .. ... 70
Sheldon Levin

COMPARTMENTAL ANALYSIS ..o e 92
Paulo Robetto Leme

IMAGING SYSTEMS ... e 105
Jon Erickson

COMPUTER SYSTEMS . . v nus s wwssias s snsosissnsaiss sedsis 160
Stephen Bacharach, Michael Lincoln

PRODUCTION OF RADIONUCLIDES ..o oo 186
Homer B. Hupf, John Harbert

RADIONUCLIDE GENERATOR SYSTEMS . .................. 195
Lelio G. Colombetti

RADIOPHARMACEUTICAL CHEMISTRY
William C. Eckelman

xiii



xiv

Chapter 11 -
Chapter 12 .
Chapter 13 -

Chapter 14 -

Chapter 15 -
Chapter 16.-
Chapter 17 -
Chapter 18 -

Chapter 19 -
Chapter 20 -
Chapter 21 -
Chapter 22 -

Chapter 23 -

CONTENTS

RADIOPHARMACEUTICAL DOSE CALCULATION . .......... 267
Roger J. Cloutier, Evelyn E. Watson, Jack L. Coffey
RADIATION EFFECTS IN NUCLEAR MEDICINE .. ............ 283
Kenneth L. Moss:inan
RADIATION SAFETY ..ot it et et e e 303
Roger L. Aamodt, John Harbert
RADIOIMMUNOASSAY AND COMPETITIVE BINDING

ANALYSIS: 5505, 2008 6 5. 0005005 618 6155575 5 SOTAIHEIRS! FRUIBETLH Vs 321
John Harbert
RADIOMICROBIOLOGY . ...viviiiii i ... 339
Edwaldo £ Camargo, Steven M. Larson
LABELED CARBON BREATH ANALYSIS ..., 351
Walton W. Shreeve
IN VIVO NEUTRON ACTIVATION ANALYSIS . .............. 363
Stanton H. Cohn
CEREBRAL BLOOD FLOW STUDIES USING XENON-133..... 377
John A. Correia, Robert H. Ackerman, Nathaniel M. Alpert
ULTRASONOGRAPHY—RELATIONS TO NUCLEAR

MEDICINE s visismsmaniniossssasiissmss isusessssmmensos 390
tMartin A. Winston
COMPUTED TOMOGRAPHY—RELATIONS TO NUCLEAR

MEDICINE . ..o ettt ettt 408
Stuart G. Mirell '

»

MAGNETIC RESONANCE—RELATIONS TO NUCLEA"

MEDICINE . . .o i it et ettt 424
Val M. Runge, C. Leon Partain, A. Everette James, Jr.
DIGITAL SUBTRACTION ANGIOGRAPHY—RELATIONS TO

INUCLEAR MEDICINE 335s co'aii smnsusssmimamms isonssiaiess 438
Denms D. Patton, Gerald D Pond
PERCEPTION PARAMETERS IN MEDICAL IMAGES ........... 456
James C. Carlson

.............................................................. 477



Chapter 1

ATOMIC AND NUCLEAR STRUCTURE

ANTONIO F. G. DA ROCHA

MATTER AND ENERGY

Structure of Matter

Although the corpuscular nature of mat-
ter had been postulated in antiquity, an
understandiag of matter was only philo-
sophic and provided no basis for experi-
mental proof. At the end of the eighteenth
centvry, Lavoisier postulated the exist-
ence of molecules of definite chemical
composition, which could be reduced to
simpler substances that were not further
reducible by classic chemical methods.

In the following century, Dalton verified
that the ratio of elements within molecules
varied discretely and that the numeric re-
lationship between ¢lements in molecules
represented whole numbers. For example,
'n the group of hydrocarbons, 12 g of car-
bon and 4 g of hydrogen form one mole of
methane, 24 g of carbon and 6 g of hydro-
gen form a mole of ethane, and 24 g of
carbon and 4 g of hydrogen form a mole
of ethylene.

Subsequent developments that rein-

-forced the concept of the atom were con-
tributed by Gay-Lussac (law of gas vol-
umes, 1809), Avogadro (Avogadro’s
number, 1811), Faraday (electrolysis,
1833), Cannizzaro (atomic weights, 1858),
Meyer and Mendeleev (periodic table,

1870), and Perrin (Brownian motion,
1908).

Based initially on atomic weights, Men-
deleev’s classification of the elements in-
dicated a periodic recurrence of similar
chemical properties. This categorization
reveals an admirable degree of precision
when one considers that Mendeleev was
without knowledge of several important
facts about matter, particularly data de-
rived from mass spectrometry. Inconsist-
encies in the periodic chart were later clar-
ified by arraying the elements in order of
increasing atomic number rather than

weight.
Rutherford’s Atom

The understanding of matter further
evolved following experiments by Lord
Rutherford in 1911. He directed a narrow
beam of alpha particles at a thin gold foil
and observed that some of the alpha par-
ticles passed through in a straight line
while others were deflected through large
scattering angles. This suggested to Ruth-
erford that matter is discontinuous, that
the atom is positively charged, and that
the charge is localized to a small volume
whose size he was able to estimate from
the alpha particle charge and the scatter-

\ing angle.
The atom imagined by Rutherford was

>

1



2 NUCLEAR MEDICINE: BASIC SCIENCE

analogous to a solar systemn, which is still
a useful comparison. The atom may be
thought of as having a small, dense, central
nucleus consisting of Z protons—each
with unit positive charge—and N neu-
trons, the sum of which equals the atomic
mass number A. The radii of nuclei are
related to the atomic mass:

Iy = 1.45 X 107" A¥sm

"The electrons, which contribute negli-
gibly to the atom’s mass, are disposed
about the nucleus in spherical orbital
shells, each with unit negative charge and
equal in number to the nuinber of protons.
The radius of the outer orbital shell of the
atom is approximated by:

I, = 0.6 X 10719 (A/p)*3m

where p is the density of the material in
its solid form. Thus atoms vary in diameter
from about 0.6 X 10-'° m for hydrogen to
about 1.7 X 10-1° m for the largest atoms,
not a great variation in size. With the mass
of an electron %456 that of a proton, an apt
spatial analogy would be a golf ball sur-
rounded by a few pinheads circling one
kilometer out in space. By far, the greatest
volume of matter, even in solids, is empty
space, which helps explain why radiation
traveling through matter may go a long
way before interacting with an atomic nu-
cleus or electron.

Rutherford’s atom presented two large
inconsistencies: 1. According to classical
mechanics, negatively charged electrons
orbiting positively charged nuclei as Ruth-
erford postulated would spiral inward
with ever-decreasing radius, decelerate,
and emit energy. Clearly this does not hap-
pen. 2. Why did the nucleus not disinte-
grate by repulsion if it were composed of
many particles of like charge?

Bohr’s Atom

In 1913, Niels Bohr provided a more sat-
isfactory model of the atom, based on
quantum mechanics, wherein the elec-
trons occupy positions at well defined dis-

tances from the nucleus (stable orbits).
Changes in energy state are required for an
electron to move from one level to another.
Energy is required to raise an electron from
an inner, more stable orbit to an outer, less
stable orbit. These levels are fixed, so that
discrete increments of energy are required
to move an electron from one level to an-
other. The energy required is equal to the
difference in the binding energies of the
two orbits between which the electron
moves. Bohr determined that this energy
difference would be equal to hv, where h
is Planck’s constant, or 6.62 X 10-34 joule-
sec and v is the frequency of the emitted
radiation in hertz.

The orbital shells are denominated by
the principal quantum number n, which
relates to the energy state of the electron,
and by letters for the orbital shells (Table

—1). Each orbital shell has a number of
subshells, denominated by roman numer-
als, with the electron capacities shown in
Table 1-1 and Figure 1-1. When the atom
is at ground state, i.e., the state with the
least energy, all of the inner orbital shells
are filled before the outer shells are filled.
The maximum number of electrons found
in any shell is a function of the quantum
number n and is given by 2n2. The outer
subshell never contains more than eight
electrons. These are termed the valence
electrons and determine to a large extent
the chemical properties of the atom. Other
quantum numbers are assigned for the an-
gular momentum, magnetic moment, and
spin direction of the electron. According
to the Pauli exclusion principle, no two
electrons in any atomic system have iden-
tical values for all four quantum numbers.

Energy

Kinetic energy is the energy that a body
or particle possesses by virtue of its move-
ment. Classically, this energy is expressed
as:

T = % mv?

This expression applies when the ve-
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TABLE 1-1. Denomination and Capacity of Electron Shells

Principle ' Electrons per subshell

quantum

number Primary Total
n shell | ] ] v Y % Vi capacity
1 K 2 — — — — — — 2
2 L 2 2 4 -— — — — 8
3 M 2 2 4 4 -6 — — 18
4 N 2 2 4 4 6 6 8 32
5 O 2 2 4 4 6 6 8 32
6 P 2 2 4 4 X X X 32
7 Q 2 X X X X X X 32

x These subshells are available to electrons in excited states, but are not needed by atoms in the ground state.

Fig. 1-1. Schematic representation of a neon atom. The M subshells contain only electrons

in excited states.

locity v is small compared with that of
light. As a particle approaches the speed
of light, the variation of mass with velocity
becomes appreciable, the mass increasing
with increasing velocity:

m,
m=-———
V1 — v?¥c?

where m, is the rest mass. Mass and energy
are equivalent, related by Einstein’s equa-
tion:

E:

The total energy of a particle, then, is

mc?

the sum of the energy that it has by virtue
of its mass and its kinetic energy:

m,c?

RS V1 — v?/c?

As the velocity of a particle approaches
the speed of light, the mass increases by
an amount equal to the increase in T. The
variation of mass with velocity is impor-
tant when dealing with such accelerated

particles as protons or deuterons in cyclo-
trons.
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Units of Mass and Energy

In the International System of Units (SI),
the basic unit of mass is the kilogram (kg)
and the derived unit of energy is the joule
(J), or that amount of energy required to
accelerate 1 kg to a velocity of 1 m/sec
(Appendix A). For events occurring on the
atomic scale, however, more appropriate
units are used. Energy of particles and of
electromagnetic radiation is most often ex-
pressed in units of electron volts (eV),
which correspond to the energy acquired
by an electron accelerated across a poten-
tial difference of 1 volt (1.6 x 10~ 19 J).
The basic unit of mass is the universal
mass unit (u), which by convention is de-
fined as 1/12 the mass of C-12 including
its electrons.*

The equivalence between mass and en-
ergy cannot be determined by classic
chemistry because the variation in mass
that occurs in chemical reactions is ex-
tremely small. One must observe the larger
mass changes encountered in nuclear re-
actions to appreciate these differences.
Thus the classic concept of conservation
of matter has been replaced by the law of
conservation of energy and the law of the
equivalence between mass and energy,
which are expressed in Einstein’s equa-
tion E = mc? where c is the velocity of
light in a vacuum = 3 X 108 m/sec. The
transformation of 1 u into energy yields
931.5 MeV, and an electron at rest is equiv-
alent to 0.511 MeV. Appendix A lists sev-
eral additional units, constants, and useful
conversion formulae.

The energy released by mass conversion
occurs most often in the form of electro-
magnetic radiation, especially photons.
These are oscillating electrical and mag-
netic fields without mass, traveling in a
vacuum at the speed of light. Electro-

*A slightly different unit, the atomic mass unit
(amu), is used frequently in chemistry and is based
upon the average weight of the isotopes of oxygen.".
One universal mass unit equals 1.00083 amu.

magnetic radiation is characterized by
wavelength A and frequency v related by

Av = C

where \ is expressed in Angstrom units
(101 m). Photon energy is represented by
the following equation:

E(keV) = 12.4/A(A)

By convention, photons that arise from
nuclear transformations are called gamma
(y) rays, and photons that arise from ex-
tranuclear sources are called x-rays.

Electrons

J.J. Thomson demonstrated in 1895 that
cathode-ray tubes function by means of a
flux of very small particles with a negative
electrical charge—now known to be elec-
trons. The mass of the electron is 9.1 X
10-28 g, with a charge of 1.602 x 10-1°
coulombs. A similar particle, with equal
mass but with a positive charge, was dis-
covered by Anderson in 1932 and called
a positive electron, or positron. The pos-
itron does not exist free in nature, because
soon after being formed, it combines with
an electron, both of which undergo anni-
hilation to produce two photons of 0.511

‘MeV each.

Electron Energy Levels

Electrons are bound to the atom within
their various orbital shells. Each shell and
subshell has a characteristic binding en-
ergy, which can be determined by nuclear
spectrometry. In an atom at the ground
state, the electron energy level is at a min-
imum and said to be stable. In a hydrogen
atom, the binding energy of its single elec-
tron is given by

—13.6
n2

Ep

eV

where the value —13.6 is the mean ioni-
zation potential and n is the principal
quantum number (Table 1-1). In the case
of hydrogen, which has a single orbital
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shell, n equals 1 and E, equals —13.6 eV.
The mean ionization potential I represents
the mean energy required to remove an
orbital clectron (ionization), which forms
an ion pair consisting of the negatively
charged electron and the positively
charged atom. Because ionization occurs
most frequently in the outer orbital shells
of multielectron atoms, where the binding
energies are less, any specific ionizing
event may require much less energy than
the mean potential.

These concepts are illustrated in Figure
1-2, which depicts the orbital shells of
Tc-99m as though they were various levels
in a well. The binding energy, given at the
right, represents the amount of energy
needed to lift an electron at that particular
level out of the well. If an electron in the
K shell interacts with and acquires the en-
ergy of a 20.98 keV photon, it would not

gain enough energy to escape the atom, but
would be elevated to the N; subshell (dot-
ted line). The atom would then he in an
excited state. Numerous transition pat-
terns exist whereby the atom could ‘‘deex-
cite” and return to its ground state. One
possible pattern is depicted in the series
of solid arrows showing transitions N; —
My — Ly — K;: During this process, three
photons of 0.18, 2.55, and 18.25 keV, re-
spectively, are given off, representing the
energy differences between transitions.
This process of deexcitation, in which sev-
eral photons are emitted in random direc-
tion, is called a cascade and usually
occurs in nanoseconds. Only certain tran-
sitions are allowed. Thus if the K electron
received only 15 keV, it would not be suf-
ficient to excite the atom. If an L; electron
received this 15 keV, however, it would be
ejected from the atom with 15.00 — 3.04

SUBSHELL
SH
ELL BINDING
ENERGY
k
QUANTUM (ke
NUMBER
4 N O f— -0.04
I T -0.07
|
I
v : -0.28
) v -0.28
3 L mr— -0.43
o ff - -0.48
1T -0.88
|-
i
m| -2.88
2 L I, -2.80
11— -3.04
|
}
|
|
:
|
! K 1 - 21.08

Fig. 1-2.

Energy level diagram for Tc-99m.
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= 11.96 keV of kinetic energy, which
would ionize the atom in the process. Sub-
sequently, this L; vacancy would be filled
by electrons from higher levels, each tran-
sition resulting in the emission of a photon
equal in energy to the difference between
its previous and new levels until the atom
deexcites, and emits a total of 3.04 keV
energy in the form of photons.

Ionization by removal of an outer elec-
tron may require only a few eV whereas
to remove an inner electron from a large
atom requires many keV (E increases with
increasing Z). The deexcitation process,
however, is the same. Photons emitted in
deexcitation between 1.7 and 3.0 eV are in
the visible light range. Higher energy pho-
tons are called ‘‘characteristic” x-rays be-
cause their energy identifies the orbital
transition that produced them. Character-
istic x-rays are also named by the transi-
tion process that creates them. If a free
electron falls into a K vacancy, a K char-
acteristic x-ray is emitted, and the atom
deexcites with a single photon emission.
If the K shell vacancy is filled by an L
electron, a K, x-ray is emitted; if filled by
an M electron, a K, x-ray, and so forth. L
shell vacancies filled by M and N electrons
emit L, and L, x-rays, respectively. The
outermost shell vacancies are filled by free
electrons in the environment.

The excited atom has an alternative
means of deexcitation by giving off Auger
electrons. Part of the energy of excitation
may be imparted to an orbital electron
(usually in the outer orbits), which, when
ejected from the atom, carries with it the
energy absorbed minus the binding energy
of the vacant subshells:

T=E"Eb

The Auger process leaves a vacancy,
which is filled by an electron from a higher
shell or by a free electron, and further
emission of characteristic x-rays occurs.
The Auger yield is the fraction of vacan-
cies that, when filled, result in the emis-
sion of Auger electrons versus photons.

This yield is higher with lighter elements.
The fluorescence yield is the fraction of
vacancies that, when filled, result in pho-
ton emission. The fluorescence yield in-
creases with increasing Z.* ~

The Nucleus

In its simplest conceptualization, the
nucleus is composed of neutrons and pro-
tons, collectively known as nucleons
(Table 1-2). The nucleus is described in
terms of its mass number A, which cor-
responds to the sum of its neutrons and
protons, and its atomic number Z, which
is equal to the number of protons and to
the number of oribital electrons in the non-
ionized state. The atom is called a nuclide
and is symbolized

2X

where X is the element symbol. For ex-
ample, hydrogen is expressed as jH, and
deuterium, which has a proton and a neu-
tron, as $H. In the medical literature and
by convention in this book, the mass num-
ber follows the elemental symbol, e.g., H-
2, as the nuclide is pronounced. The sub-
script is often deleted since the atonric
number can be determined from the chem-
ical symbol. Nuclides with the same Z but
different A are called isotopes. Since
chemical properties depend upon the
atomic number, which determines the
number of orbital electrons, isotopes have
identical chemical properties. Most ele-
ments found in nature have more than one
isotope. Some examples of natural iso-
topes are listed in Table 1-3. Note that the
mass units u are different from the atomic
weight used in chemistry. The latter refers
to the average weight in g/mol of an ele-
ment’s isotopes in their natural state.

* Auger electrons are denoted by e,,,. where @ denotes.
the shell with the original vacancy, b denotes the
shell from which the vacancy was filled, and ¢ de-
notes the shell from which the Auger electron was
emitted. For example, an Auger electron denoted
ex1y arose from the M shell in response to a K-shell
vacancy filled by an L-shell electron.
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TABLE 1-2. Mass and Energy Characteristics of Nucleons and Electrons

Particle Symbol Charge Mass (u) . Energy (MeV)
Proton p +1 1.007593 938.211
Neutron n 0 1.008982 939.505
Electron e —1 0.000548 0.511
a-particle « +2 4.0028 3727
TABLE 1-3. Examples of Natural Isotopes
Element Isotopes u % Abundance
H H 1.008145 99.98
H 2.014741 0.02
O 16.00000 99.759
(@) i 17.00453 0.037
"*O 18.00488 0.204
2Cl 34.98006 75.4
Cl 7Cl 36.97767 24.6
U 234.1129 0.006
U 235 235.1156 0.712
238§ 238.1241 99.282
L]
The arrangement of nucleons within the :;:ﬂ::l |
nucleus is not yet fully understood. One oenTe
model, called the shell model, depicts the
o . - +4.91 MeV
nucleons moving in orbits about one an- »
other in a manner similar to the movement I iid +3.94 MeV
of electrons about the nucleus in Bohr’s kD
model of the atom. The most stable ar- f P=1.63
rangement for the nucleons is the ground - +2.31 MeV
state. When the energy level is raised '
above the ground state, the nucleus is said ¢ -
to be either excited or metastable. Exci- i ’
tation is a transient state lasting less than H 0
12 aars T g .
10-'2 sec; metastability is an excited state Fig.1-3. Energy level diagram representing

lasting longer, i.e., minutes or hours.
Another way of conceptualizing nuclear
energy levels is provided by the energy
“well” shown in Figure 1-3. The nucleus
has an internal organization of energy lev-
els that are in some respects analogous to,
though much higher than, the energy lev-
els of orbital electrons. The nucleus can
be excited when a nuclear constituent is
raised above its ground energy level.
When it falls back to the ground state, en-

nuclear energy excess.

ergy is liberated in the form of photons
‘with energy equal to the difference be-
tween the two nuclear energy levels. Ra-
dioactive nuclei may be naturally unsta-
ble, or they may be made radioactive by
bombardment with high-energy photons
or accelerated particles. Figure 1—-3 shows
N-14 after photon bombardment, which



