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PREFACE

Physics and instrumentation impact all of the subspecialty areas of nuclear
medicine. Because of their fundamental importance, they usually are taught as
a separate course in nuclear medicine training programs. The authors have
taught such courses to physicians, technologists, and scientists for a number of
years. In our experience there is a need for an introductory text covering
the physics and instrumentation of nuclear medicine in sufficient depth to be of
permanent value to the trainee or student, but not at such depth as to be of
interest only to the physics or instrumentation specialist. This textbook has been
prepared with the hope of meeting this need.

The text is designed to be used in training programs for physicians, tech-
nologists, and other scientists who desire to become specialists in nuclear med-
icine. We have assumed that the student or trainee will have had introductory
courses in basic physics and mathematics, including an introduction to basic
algebra. Knowledge of calculus is not required, although a few examples em-
ploying the methods of calculus are presented for the interest of those having
a knowledge of this subject.

Nuclear medicine physics and instrumentation are complex subjects, es-
pecially when presented to students or trainees who are not specialists in these
areas. Therefore, we have at all times tried to make our presentations as clear
and understandable as possible. On the other hand, we also have attempted to
be thorough and accurate in our discussions of important basic principles. be-
lieving this approach to be of more permanent value than a superficial or over-
simplified one designed to make these complex topics more ““palatable’ to the
student or trainee.

xiii



Xiv Preface

The organization of this text proceeds from basic principles to more prac-
tical aspects. We begin with a review of atomic and nuclear physics (Chapter
1) and basic principles of radioactivity and radioactive decay (Chapters 2 and
3). Basic principles of radiation detectors (Chapter 4), radiation counting elec-
tronics (Chapter 5), and nuclear counting statistics (Chapter 6) are treated next.
These topics appear relatively early in the text to permit the introduction of
laboratory exercises involving simple nuclear counting experiments in those
training programs incorporating laboratory sections.

Radionuclide production methods are discussed in Chapter 7, followed by
radiation interactions in Chapters 8 and 9. Radiation dosimetry, which is closely
related to radiation interactions, is treated in Chapter 10.

Pulse-height spectrometry, which plays an important role in many nuclear
medicine procedures is described in Chapter 11, followed by general problems
in nuclear radiation counting in Chapter 12. The next two chapters are devoted
to specific types of nuclear radiation counting instruments, for both in vivo and
in vitro measurements. Chapter 13 deals exclusively with systems incorporating
Nal(Tl) detectors, and Chapter 14 with systems employing other types of de-
tectors: chiefly, semiconductor, liquid scintillation, and gas filled.

Chapters 15 through 18 discuss topics in radionuclide imaging, beginning
with a description of the principles and performance characteristics of the Anger
camera (Chapters 15 and 16), then other imaging instruments and techniques
(scanners, multicrystal cameras, and radionuclide computed tomography)
(Chapter 17), and finally general problems in radionuclide imaging (Chapter
18). The purpose of this last chapter is to tie together and relate the many
interacting factors affecting the quality of radionuclide images obtained with
virtually any radionuclide imaging instrument. Our discussion of imaging in-
struments is limited to those which now enjoy or appear to have the potential
for achieving clinical acceptance. Instruments that seem to be of research in-
terest only are not described.

The text concludes with an introduction to the problems of radiation safety
and health physics (Chapter 19). We did not deal with more general problems
in radiation biology, believing this topic of sufficient importance to warrant its
own special treatment, as has been done already in several excellent books on
the subject.

Additional reading for more detailed information is suggested at the end
of each chapter. We also have included sample problems with solutions to
illustrate certain quantitative relationships and to demonstrate standard calcu-
lations that are required in the practice of nuclear medicine. As much as pos-
sible, we have used metric units. Exceptions are those instances where dimen-
sions of standard-sized detectors, etc., are commonly given in inches. SI
(Systeme Internationale) units are introduced and defined to familiarize the
student with them. Because they do not yet enjoy widespread popularity, how-
ever, they are not used as the standard for this text.

As is usually the case, the authors received much valuable assistance in
preparing this textbook. We are expecially indebted to Drs. Gerry Hine and Bill



Preface XV

Hendee, who reviewed several of the chapters and offered many constructive
criticisms and suggestions. Artwork and photographic materials were skillfully
prepared by Mr. Julian Maack, director of the University of Utah Medical
[lustrations Service, and by Mrs. Jean Kuerschner of the UCLA Media Center.
We are indebted to Mrs. Margaret Bowman, Mrs. Janie Thomas, Mrs. Norma
Ramey, and Mrs. Maureen Kinney for their patient secretarial assistance in
preparation of this manuscript. Finally, we express our gratitude to the staff of
Grune and Stratton, Inc.., who encouraged us to prepare this textbook, and then
patiently waited through the usual delays and extended deadlines until the proj-
ect was finally completed.



Physics in
Nuclear Medicine




Contents

Chapter 1 BASIC ATOMIC AND NUCLEAR

Qe e

PHYSICS 1
Mass and Energy Units 1
Electromagnetic Radiation (Photons) 2
Atoms 3

1. Composition and Structure

2. Electron Binding Energies and Energy Levels
3. Atomic Emissions

The Nucleus 9

Composition

Terminology and Notation

Nuclear Families

Nuclear Forces and Energy Levels
Nuclear Emissions

Nuclear Binding Energy
Characteristics of Stable Nuclei

NooswN -~

Chapter 2 MODES OF RADIOACTIVE DECAY

~Frammpowp

General Concepts 17

Chemistry and Radioactivity 18

Decay by  Emission 19

Decay by (B . 7y) Emission 21

Isomeric Transition (IT) and Internal Conversion (IC) 22
Electron Capture (EC) and (EC, vy) Decay 24

Positron (B") and (B, y) Decay 25

Competitive 3 and EC Decay 26

Decay by o Emission and by Nuclear Fission 27

17



Vi

K.
L.

Decay Modes and the Line of Stability 29
Sources of Information on Radionuclides 29

Chapter 3 DECAY OF RADIOACTIVITY

A.

W

Activity 32

1. The Decay Constant

2. Definition and Units of Activity

Exponential Decay 34

1. The Decay Factor

2. Half-life

3. Average Lifetime

Methods for Determining Decay Factors 37
1. Tables of Decay Factors

2. Tables of Exponential Functions

3. Graphical Methods

4.  Approximation Method

Specific Activity 41

Decay of a Mixed Radionuclide Sample 43
Parent-Daughter Decay 43

1. The Bateman Equations

2. Secular Equilibrium

3. Transient Equilibrium

4. No Equilibrium

Chapter 4 RADIATION DETECTORS

32

49

A. Gas-filled Detectors 49
1. Basic Principles
2. lonization Chambers
3. Proportional Counters
4. Geiger-Mdiller Counters
B. Semiconductor Detectors 61
C. Scintillation Detectors 64
1. Basic Principles
2. Photomultiplier Tubes
3. Inorganic Scintillators [Nal(Tl)]
4. Organic Liguid Scintillators
Chapter 5 ELECTRONIC INSTRUMENTATION
FOR RADIATION DETECTION
SYSTEMS 73
A. Preamplifiers 73
B. Amplifiers 76

Contents



Contents vii

ik
2.
3.

Amplication and Pulse-Shaping Functions
RC Shaping
Baseline Shift and Pulse Pileup

C. Pulse-Height Analyzers (PHAs) 81

1.
2.
3.
4.

Basic Functions

Single-Channel Analyzers (SCAs)
Timing Methods

Multichannel Analyzers (MCAs)

D. Digital Counters and Ratemeters 88

1.
2.
High-Voltage Power Supplies 92
Nuclear Instrument Modules (NIMs) 93
Cathode Ray Tube (CRT) 94

amm

aswN -

Scalers and Timers
Analog Ratemeters

Electron Gun

Deflection Plates
Phosphor-Coated Display Screens
Focus and Brightness Controls
Color Cathode Ray Tubes

H. Oscﬂloscopes 9%
I. Television Monitors 98

Chapter 6 NUCLEAR COUNTING STATISTICS 100

A. Types of Measurement Error 100
B. Random Errors in Radiation Counting Measurements 101

1.

The Poisson Distribution

2. The Standard Deviation

3.

The Gaussian Distribution

C. Propagation of Errors 106

1.
2.
3.
4.

Sums and Differences

Constant Multipliers

Products and Ratios

More Complicated Combinations

D. Applications of Statistical Analysis 108

PN oA WD

Effects of Averaging

Counting Rates

Significance of Differences Between Counting Measurements
Effects of Background

Minimum Detectable Activity (MDA)

Comparing Counting Systems

Estimating Required Counting Times

Optimal Division of Counting Times

E. The Chi-Square Test 115
F. Statistics of Ratemeters 118



viii

Chapter 7 PRODUCTION OF

RADIONUCLIDES 119

Contents

A. Reactor-Produced Radionuclides 119
1. Reactor Principles
2. Neutron Activation
B. Accelerator-Produced Radionuclides 123
1. Charged-Particle Accelerators
2. Cyclotron Principles
3. Cyclotron-Produced Radionuclides
C. Photonuclear Activation 126
D. Egquations for Radionuclide Production 127
1. Activation Cross-Sections
2. Activation Rates
3. Buildup and Decay of Activity
E. Radionuclide Generators 132
Chapter 8 PASSAGE OF CHARGED PARTICLES
THROUGH MATTER
A. Interactions of Charged Particles with Matter
1. Interaction Mechanisms
2. Collisional versus Radiation Losses
3. Charged-Particle Tracks
4. Deposition of Energy along a Charged-Particle Track
5. The Cerenkov Effect
B. Charged-Particle Ranges 146
1. Alpha Particles
2. Beta Particles
Chapter 9 PASSAGE OF HIGH-ENERGY PHOTONS
THROUGH MATTER
A. Interaction Mechanisms 152
1. The Photoelectric Effect
2. Compton Scattering
3. Pair Production
4. Coherent (Rayleigh) Scattering
5. Photonuclear Reactions
6. Deposition of Photon Energy in Matter
B. Attenuation of Photon Beams 159

1. Attenuation Coefficients

2. Thick Absorbers, Narrow-Beam Geometry
3. Thick Absorbers, Broad-Beam Geometry
4. Polyenergetic Sources



Contents ix

Chapter 10 INTERNAL RADIATION
DOSIMETRY 170

A. Radiation Dose: Quantities and Units 171

B. Calculation of Radiation Dose (Absorbed Fraction Method) 171
Basic Procedure and Some Practical Problems

Cumulative Activity, A

Equilibrium Absorbed Dose Constant, A

Absorbed Fraction, &

Specific Absorbed Fraction, ®, and the Dose Reciprocity Theorem
Mean Dose per Cumulative Activity, S

= R

Chapter 11 PULSE-HEIGHT SPECTROMETRY 191

A. Basic Principles 191
B. Spectrometry with Nal(TI) 193
The ldeal Pulse-Height Spectrum
The Actual Spectrum
General Effects of y-Ray Energy
Effects of Detector Size
Effects of Counting Rate
Energy Resolution
. Energy Linearity
C. Spectrometry With Other Detectors 204
1. Liguid Scintillation Spectrometry
2. Proportional Counter Spectrometers
3. Semiconductor Detector Spectrometers

HoOO N =

Chapter 12 PROBLEMS IN RADIATION DETECTION
AND MEASUREMENT 208

A. Detection Efficiency 208
1. Geometric Efficiency
2. Intrinsic Efficiency
3. Energy-Selective Counting
4. Absorption and Scatter
5. Calibration Sources
B. Problems in the Detection and Measurement of 8 Particles 218
C. Deadtime 220
1. Causes of Deadtime
2. Mathematical Models
3. Window Fraction Effects
4. Deadtime Correction Methods
D. Quality Assurance for Radiation Measurement Systems 227



X

Chapter 13 COUNTING SYSTEMS — PART I

A.

oNnw

Nal(TI) Well Counter 230

Detector Characteristics

Detection Efficiency

Sample Volume Effects

Assay of Absolute Activity

Shielding and Background

Energy Calibration

Multiple Radionuclide Source Counting
Deadtime

Automatic Multiple-Sample Systems
10. Applications

Counting with Conventional Nal(Tl) Detectors 240
Liquid and Gas-Flow Counting 241

In Vivo Counting Systems 242

©CEoNDOA LN

Chapter 14 COUNTING SYSTEMS — PART 11

A.

Semiconductor Detector Systems 246
1. System Components

2. Applications

Liquid Scintillation Counters 249

1. General Characteristics

Pulse-Height Spectrometry

Counting Vials

Energy and Efficiency Calibration
Quench Corrections

Sample Preparation Technigues

Liquid and Gas Flow Counting
Automatic Multiple-Sample LS Counters
. Applications

Gas-Filled Detectors 259

1. Dose Calibrators

2. Gas Flow Counters

COND TS WN

Chapter 15 THE ANGER CAMERA: BASIC

PRINCIPLES 263

General Concepts of Radionuclide Imaging and Historical
Development 263

Basic Principles of the Anger Camera 265

System Components

Detector System and Electronics

Collimators

Image Display and Recording Systems

Digital Image-Processing Systems

The Scanning Camera

SO WN =

Contents

229

246



Contents Xi

Chapter 16 THE ANGER CAMERA: PERFORMANCE
CHARACTERISTICS 283

A. Limitations of the Detector System and Electronics 283
Image Nonlinearity
Image Nonuniformity
Intrinsic Spatial Resolution Limits
Detection Efficiency
Problems at High Counting Rates
B. Desxgn and Performance Characteristics of Parallel-Hole
Collimators 292
1. Basic Limitations in Collimator Performance
2. Septal Thickness
3. Geometry of Collimator Holes
4. System Resolution
C. Performance Characteristics of Converging, Diverging, and Pinhole
Collimators 300

il o S

Chapter 17 RADIONUCLIDE IMAGING: OTHER
TECHNIQUES AND INSTRUMENTS 303

A. The Rectilinear Scanner 303

1. Basic Principles

2. Focused Collimators for Scanning

3. Contrast-Enhancement Techniques

4. Performance Characteristics
Multicrystal Scanners 312
Multicrystal Cameras 313
Three-Dimensional Imaging Techniques 316
1. Basic Principles and Problems

2. Focal Plane Tomography

3. Emission Computed Tomography (ECT)
E. Fluorescence Scanning 324

onw

Chapter 18 IMAGE QUALITY IN NUCLEAR
MEDICINE 328

A. Spatial Resolution 329
1. Factors Affecting Spatial Resolution
2. Methods for Evaluating Spatial Resolution
B. Contrast 336
C. Noise 339
1. Types of Noise
2. Random Noise
D. Quality Assurance of Imaging Instruments

(o8]
W

4



xii Contents

Chapter 19 RADIATION SAFETY AND
HEALTH PHYSICS 345

A. Quantities and Units 346
1. Dose-Modifying Factors
2. Daose Equivalent: The Rem
3. Exposure: The Roentgen
B. Regulations Pertaining to the Use of Radionuclides 348
NRC Licensing and Regulations
Restricted and Unrestricted Areas
Maximum Permissible Doses (MPD)
Maximum Permissible Concentrations for Airborne Radioactivity
(MPC._)
Maximum Permissible Concentrations for Sewage Disposal (MPC )
Record-Keeping Requirements
Recommendations of Advisory Bodies
fc Handling of Radioactive Materials 352
The ALARA Concept
Reduction of Radiation Doses from External Sources
Reduction of Radiation Doses from Internal Sources
Laboratory Design
Procedures for Handling Spills
D. Dlsposal of Radioactive Waste 361
E. Radiation Monitoring 361
1. Survey Meters and Laboratory Monitors
2. Personnel Dosimeters
3. Wipe Testing

FHW =

O RON SN O

Appendix A Properties of the Elements 365

Appendix B Characteristics of Some Medically Important
Radionuclides 368

Appendix C  Exponential Functions 381

Appendix D Mass Attenuation Coefficient for Water, Sodium lodide, and
Lead 383

Appendix E  Radiation Absorbed Dose Estimates (mrad/p.Ci to Adult
Subjects) from Internally Administered Radionuclides 384



1

Basic Atomic and Nuclear Physics

Radioactivity is a process involving events in individual atoms and nuclei.
Before discussing radioactivity, therefore, it is worthwhile to review some of
the basic concepts of atomic and nuclear physics.

A. MASS AND ENERGY UNITS

Events occurring on the atomic scale, such as radioactive decay, involve
masses and energies much smaller than those encountered in the events of our
everyday experiences. Therefore they are described in terms of mass and energy
units more appropriate to the atomic scale.

The basic unit of mass is the universal mass unit, abbreviated u. One u is
defined as being equal to exactly Y12 the mass of a °C atom.T A slightly
different unit, commonly used in chemistry, is the atomic mass unit (amu),
based on the average weight of oxygen isotopes in their natural abundance. In
this text, except where indicated, masses will be expressed in universal mass
units, u.

The basic unit of energy is the electron volt, abbreviated eV. One eV is
defined as the amount of energy acquired by an electron when it is accelerated
through an electrical potential of one volt. Basic multiples are the keV (kilo
electron volt; 1 keV = 1000 eV) and the MeV (Mega electron volt; 1 MeV
= 1000 keV = 1,000,000 eV).

Mass m and energy E are related to each other by Einstein’s equation E
= mc®, where ¢ is the velocity of light. According to this equation, 1 u of mass
is equivalent to 931.5 MeV of energy.

TAtomic notation is discussed in Section D.2 of this chapter. 1



2 Physics in Nuclear Medicine

Table 1-1
Mass and Energy Units
Multiply — To Obtain
To Obtain By < Divide
u 1.66043 x 10 * g
4.86 x 10 oz
u 1.00083 amu
eV 1.6021 x 10" ergs
eV 3.83 x 10°% g-cal
u 931.478 MeV

Relationships between various units of mass and energy are summarized
in Table 1-1. Universal mass units and electron volts are very small, yet, as
we shall see, they are quite appropriate to the atomic scale.

B. ELECTROMAGNETIC RADIATION (PHOTONS)

Atomic and nuclear processes often result in the emission of electromag-
netic radiation, such as x rays (Section C.3), and vy rays (gamma rays, Section
D.5). Electromagnetic radiation consists of oscillating electrical and magnetic
fields traveling through space with the velocity of light, ¢ (approximately 3
X 10® meters/sec in vacuum). The wavelength X\ and frequency v of these
oscillating fields are related by

Av = ¢ (1-1)

In some cases, e.g.. when interacting with atoms, electromagnetic radia-
tions behave as discrete “‘packets’ of energy, called photons (also called
quanta). A photon is a packet of electromagnetic energy having no mass or
electrical charge that also travels through space at the velocity of light. The
energy of a photon, E, and the wavelength X of its associated electromagnetic
field are related by

E(keV) = 12.4/\(A) (1-2)

AMA) = 12.4/E(keV) (1-3)

Table 1-2 lists approximate photon energies and wavelengths for different
parts of the electromagnetic spectrum. Note that x and vy rays occupy the highest-
energy, shortest-wavelength end of the spectrum; x- and vy-ray photons have
energies in the keV-MeV range, whereas visible light photons, for example,
have energies of only a few eV. As a consequence of their short wavelength



