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Wilhelm Conrad
Roéntgen (1845-1923)

Wilhelm Conrad Roéntgen became the
first radiographer when he discovered
x-rays on November 8, 1895, in his labo-
ratory at the University of Wiirzburg in
Germany. His original paper On a New
Kind of Rays is printed in Appendix A.
For his discovery he received the first
Nobel Prize in physics in 1901 and
was decorated by Prussia, Bavaria,
Great Britain, Austria, Mexico, Germany,
France, the Netherlands, Sweden, Italy,
Turkey, and the United States.

(Portrait courtesy of the American College of Radiology)
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Eddy Clifford Jerman
(1865-1936)

Ed C. Jerman is known as the “Father of
Radiography” in the United States because
he was the first teacher of radiography. He
began teaching x-ray techniques in 1897;
he founded the American Association of
Radiological Technicians (now known
as the American Society of Radiologic
Technologists), and personally examined
the first 1,000 members of the American
Registry of X-Ray Technicians. He brought
order to the principles of radiographic
exposure technique by naming the quali-
ties of the radiographic image: density,
contrast, detail, and distortion. In 1928
he published Modern X-Ray Technic, the
first book on radiographic principles.

(Portrait courtesy of the American Society of Radiologic Technologists)

The Founders
of Radiography

Arthur Wolfram Fuchs
(1895-1962)

Arthur W. Fuchs is known as the inven-
tor of the fixed kilovoltage technique of
radiography. His father, Wolfram Fuchs,
established the first x-ray laboratory in
Chicago in 1896 but became one of the
early martyrs of radiation, dying from
excessive exposure. Arthur performed
radiography for the U.S. Army in both
World Wars I and II. During World War II
he wrote the U.S. Army training manual
Principles of Radiographic Exposure,
in which he outlined his success with
the optimal fixed kVp technique system.
In 1955 he first published his book Prin-
ciples of Radiographic Exposure and
Processing.

(Portrait courtesy of the family of Arthur Fuchs)



List of Tables xii
Foreword XV
Preface Xvi
About the Authors xXviii
Acknowledgments Xix

CREATING THE BEAM

CHAPTER 1
Basic Mathematics 2

The Language of Science / 3
Arithmetic / 3

Algebra / 7

Units of Measurement / 14

CHAPTER 2

Radiation Concepts 18

Matter And Energy / 19
Atomic Theory / 20

Types of Energy / 28
Electromagnetic Spectrum / 30
The Discovery of X-Rays / 32
X-Ray Properties / 33

Contents

CHAPTER 3

Electricity 35

Understanding Electricity / 36
Electrostatics / 36
Electrodynamics / 40

Series and Parallel Circuits / 47

CHAPTER 4

Electromagnetism 52

Magnetism / 53
Electromagnetism / 57

Solenoids and Electromagnets / 59
Controlling Electrical Current / 67

Rectification / 71

CHAPTER 5

The X-Ray Tube 78

The X-Ray Tube / 79

The Cathode Assembly / 79
The Anode Assembly / 82
The Envelope / 89



vi Contents

Protective Housing / 89
Rating Charts and Cooling Curves / 91
Recommendations for Extending Tube Life / 93

CHAPTER 6

X-Ray Equipment 96

Types of X-Ray Equipment / 97
Power for X-Ray Generation / 99

A Basic X-Ray Circuit / 101
Generators / 103

Automatic Exposure Controls / 106

CHAPTER 7

Automatic Exposure Controls 110

Historical Notes / 111
Ionization Chambers / 111
Positioning Skills / 113

CHAPTER 8

X-Ray Production 117

Conditions / 118
Target Interactions / 118
Emission Spectrum / 121

PROTECTING PATIENTS

AND PERSONNEL

CHAPTER 9

Radiation Protection Concepts
and Equipment 126

The Basics of Radiation Protection Principles
and Practice / 127

Quantities and Units Relevant to

Radiation Protection / 129

Detection and Measurement of Ionizing
Radiation / 131

CHAPTER 10

Radiation Protection Procedures
for Patients and Personnel 139

Advisory Groups and Regulatory
Agencies / 140

Limiting Exposure to Ionizing
Radiation / 140

Protection of Personnel / 142
Protection of the Patient / 145
Radiation Exposure and Pregnancy / 147

CHAPTER 11

Filtration 151

Filtration / 152
Measurement / 152
Types of Filtration / 152
Effect on Output / 155

CHAPTER 12

The Prime Factors 158

The Prime Factors / 159
Milliamperage-Second / 159
Kilovoltage / 162

Distance / 164

Image Quality Factors / 167

CHAPTER 13

X-Ray Interactions 169

X-Ray Interaction with Matter / 170
Photoelectric Absorption / 171
Coherent Scattering / 173



Compton Scattering / 173

Pair Production / 175
Photodisintegration / 176

Effect on Technical Factor Selection / 176

CHAPTER 14

Minimizing Patient Exposure 181

Choosing Exposure Factors / 182

Estimating Approximate Entrance
Skin Exposure / 182

Typical Entrance Skin Exposure / 184

Reducing Patient Dose with
Communication / 184

Reducing Patient Dose with
Positioning / 184

Reducing Patient Dose with Technical
Factors / 185

Discussing Radiation Risk Versus Benefit
with Patients / 189

CHAPTER 15

Beam Restriction 194

Controlling Scatter / 195
Beam Restrictors / 196
Ancillary Devices / 198

CREATING THE IMAGE

CHAPTER 16

Vision and Perception 202

Image Perception / 203
Controlling the Image in Space / 207
Radiography as an Art Form / 208

Contents vii

CHAPTER 17

The Patient as a Beam Emitter 213

Attenuation / 214

The Human Body as an Attenuator / 215
The Patient’s Relationship to

Image Quality / 216

Pathology and Radiation Absorption / 217

Increased Attenuation (Additive)
Conditions / 219

Decreased Attenuation (Destructive)
Conditions / 221

CHAPTER 18

The Grid 226

Purpose of the Grid / 227

Grid Construction / 228

Grid Patterns / 230

Grid Types / 230

Grid Uses / 231

Grid Selection/Conversions / 232
Grid Performance Evaluation / 232
Grid Errors / 233

An Alternate Scatter Reduction Method—
The Air-Gap Technique / 236

Use of Grids with Digital Image
Receptors / 237

CHAPTER 19

Film and Screens Imaging
and Processing 242

Radiographic Film / 243

Construction of Radiographic Film / 243
Latent Image Formation / 246

Types of Film / 247

Film Storage and Handling / 247

Film Identification / 247



viii Contents
Film Processing / 247

Developing / 248

Fixing / 248

Archiving / 249

Darkroom / 249

Silver Recovery Systems / 250
Sensitometry / 250

Sensitometric Equipment / 250

The D Log E Curve / 253

Film Characteristics / 254

Intensifying Screens / 259

Construction of Intensifying Screens / 260
Phosphors / 261

Characteristics of Intensifying Screens / 261
Cassettes and Holders / 264

Care / 265

Emission Spectra / 265

Chracteristics of Film-Screen
Combinations / 266

DIGITAL RADIOGRAPHY

INTRODUCTION

CHAPTER 20

Digital Image Processing 274

Historical Development / 275
Digital Image Formation / 275
Image Processing Operations / 277
Digital Image Quality / 282
Receptor Exposure / 284

CHAPTER 21

Computed Radiography 288

Overview / 289
Image Acquisition / 289

Image Processing / 294
Image Display / 300
CR Technical Factors Selection / 300

CHAPTER 22

Digital Radiography/Flat-Panel
Detector Systems 305

Flat-Panel Detector Types / 306
Image Acquisition, Processing, and
Display / 308

Flat-Panel Technology Features / 309
DR Panel Precautions / 310

CHAPTER 23

Technical Considerations
in Digital Imaging 314

Effective use of Digital Imaging / 315

Digital Exposure Considerations / 315
Digital Processing Considerations / 319
Digital Post-Processing Considerations / 320
Digital Imaging Artifacts / 322

CHAPTER 24

Informatics in Medical Imaging 328

Introduction / 329

Informatics / 329

Informatics Standards / 330
Computers and Networks / 331
Display and Archives / 332
Storage / 335

Workflow / 335

Security / 337



ANALYZING THE IMAGE

CHAPTER 25

The Imaging Process 343

The Imaging Process / 344
Professional Imaging Standards / 345
The Analytical Process / 346
Acceptance Limits / 348

CHAPTER 26

Image Receptor Exposure 353

Defining IR Exposure / 354
Assessing IR Exposure / 354
Effects on Image Appearance / 355
Factors Affecting IR Exposure / 355

CHAPTER 27

Contrast 368

Defining Contrast / 369
Assessing Contrast / 369
Image Contrast / 372
Evaluating Contrast / 374

CHAPTER 28

Spatial Resolution 385

Defining Spatial Resolution / 386
Assessing Resolution / 386

Effects on Image Appearance / 391
Factors Affecting Spatial Resolution / 391

Contents ix

CHAPTER 29

Distortion 400

Defining Distortion / 401

Assessing Distortion / 401

Factors Affecting Size Distortion / 401
Factors Affecting Shape Distortion / 405
Effect on Image Appearance / 409

CHAPTER 30

The Art of Image Critique 413

Implementing Imaging Standards / 414
Identifying an Imaging Problem / 414

An Effective Image Critique Method / 415
Applying the Image Critique Method / 418

CHAPTER 31

Quality Management 421

Quality Assurance and Quality Control / 422
Purchasing Equipment / 423

Monitoring Equipment Performance / 424
Ancillary Equipment / 428

PACS Systems / 429

Rejected Image Analysis / 430
Troubleshooting / 431

SPECIAL IMAGING SYSTEMS

AND MODALITIES

CHAPTER 32

Mobile Radiography 439

Mobile Radiography / 440
Special Patient Considerations / 440




X Contents

Special Radiation Protection
Considerations / 442

Types of Equipment / 443

Special Technical Factor Selection
Considerations / 443

CHAPTER 33

Fluoroscopy

Historical Development / 449
Fluoroscopy Uses / 449

Types of Equipment / 449
Fluoroscopic X-Ray Tubes / 449
Image Intensification Tubes / 450
Image Quality / 454

Video Viewing Systems / 455

Digital Fluoroscopy / 455

Flat-Panel Fluoroscopy Designs / 456
Recording the Fluoroscopic Image / 457
Mobile Fluoroscopic Equipment / 457

Radiation Protection During
Fluoroscopy / 458

CHAPTER 34

Tomography and Digital
Tomosynthesis

The Tomographic Principle / 463
Tomographic Quality / 464
Types of Motion / 467

Digital Tomosynthesis / 468
Tomographic Procedures / 469

CHAPTER 35

Mammography

Historical Development / 474
Generator Characteristics / 478
X-Ray Tube / 481

448

462

473

Accessories / 490
Resolution / 492

Digital Mammography / 492
Quality Control / 494

CHAPTER 36

Bone Densitometry 496

Bone Densitometry / 497

History and Overview / 497

Bone Science / 497

Osteoporosis / 498

WHO Diagnostic Criteria / 501

DXA Principles and Instrumentation / 502
Scan Acquisition and Analysis / 502
Femur / 503

Spine / 504

Forearm / 505

Quality Control / 506

Radiation Safety and Protection / 507

CHAPTER 37

Vascular Imaging Equipment 510

Vascular Imaging History / 511

Digital Image Acquisition / 511

Modes of Digital Image Acquisition / 512
Image Post-Processing / 513

C-Arm Assembly / 514

Vascular Imaging Tables / 515

Contrast Medium Injection Devices / 516
Quality Control / 517

CHAPTER 38

Computed Tomography 519

Computed Tomography Scanning / 520

The Invention of Computed
Tomography / 520

Scanner Generations / 521
The Components of a CT Unit / 524



CT Numbers (Hounsfield Units) / 529
Image Reconstruction / 530

Image Quality / 533

Scanning Procedures / 535
Advanced CT Applications / 536
Artifacts / 536

Radiation Protection / 538

CHAPTER 39

Magnetic Resonance Imaging 543

History / 544
Instrumentation / 544
MRI Physics / 548
MRI / 550

MR Safety / 559

CHAPTER 40

Nuclear Medicine
and Molecular Imaging 563

Nuclear Physics / 564

Radioactive Decay / 564

Radiochemistry and Radiopharmaceuticals / 565
Imaging Instrumentation / 573

Positron Emission Tomography (PET) / 578
Hybrid Imaging / 580

Nonimaging Instrumentation / 582

Radiation Protection / 584

Clinical Applications / 586

Hybrid Imaging / 590

CHAPTER 41

Radiation Therapy 593

Historical Overview / 594
Consultation / 594

Treatment Planning / 596

Treatment / 600

Specialized Treatments and Units / 608

Contents

CHAPTER 42

Diagnostic Medical Sonography

Introduction / 612

Sound Waves / 613

Attenuation / 620

Range / 621

Field / 622

Doppler / 622

Harmonics / 622

Contrast Agents / 623

Transducer and Components / 624
Instrumentation / 626

APPENDIX A

On a New Kind of Rays
by W. C. Rontgen

APPENDIX B

Fixed and Variable kVp Technique
System Charts

APPENDIX c

Answers to Case Studies

APPENDIX D

Epigraph Sources and Credits
Glossary

Index

xi

611

630

634

638

640

642

659




List of Tables

1-1. Multiplication Notation 3
1-2. SI Units of Measurement 15
1-3. SI Unit Values 15
14. Commonly Used SI Prefixes 15
2-1.  Atomic Particles 24
3-1. Properties of Conducting Materials 41
3-2. Effect of Circuit Type on Current, Potential Difference, and Resistance

(with an Example Circuit of Three Resistances) 47
4-1. Fleming’s Hand Rules for Electromagnetic Relationships 58
5-1. Heat Unit Rectification Constants 92
5-2. Recommendations for Extending Tube Life 94
6-1. Common Diagnostic X-Ray Console Controls 103
8-1. Characteristic Photon Emissions from X-Ray Target Materials 121
9-1. Comparison of Collective Effective Dose(S) and Effective Dose per Individual in the U.S. Population

(E as Reported in NCRP (1987a)) and in This Report (Annual Values for Percent Are Rounded to the

Nearest 1%) 130
9-2. Conversions between Conventional and SI Units 130
9-3. Comparison between SI and Conventional Units 132
10-1.  Effective Dose Limit Recommendations 141
10-2.  Occupational Dose Limits for Adults—NRC Regulation IOCFR20 142
11-1. Minimum Half-Value Layer (HVL) Requirements for X-Ray Systems in United States

(Title 21 of 21 CFR 1020.30) 153
11-2. Percent Attenuation of Monochromatic Radiation by Various Thicknesses of Aluminum Filtration 155
11-3. Recommended Minimum Total Filtration Levels 155
11-4. Comparison of Patient Exposure with Filtration 156
12-1. Factors Affecting X-Ray Emission 159
13-1. K-Shell Binding Energies of Radiologically Significant Elements 172
13-2. Percentage of Photon Interactions, Attenuation, and Transmission Characteristics in

Soft Tissue Based on Effective Photon Energies 173
14-1. A Typical mR/mAs Chart 183

xXii



14-2.
14-3.
14-4.
14-5.
14-6.
17-1.
17-2.
18-1.
18-2.
19-1.
19-2.
19-3.
19-4.
19-5.
20-1.
20-2.

20-3.
23-1.
23-2.

24-1

26-1.
26-2.
26-3.
26-4.
27-1.
27-2.
27-3.

28-1

28-2.
28-3.
28-4.
28-5.
29-1.
29-2.
31-1.
31-2.
31-3.

List of Tables

Medical ESE Values for Selected Radiographic Exams

Effects of Radiographic Exposure Variables on Patient Dose

Comparison of Approximate Entrance Skin Exposures with Fixed and Variable kVp Technique Systems
Gross Comparison of Relative Radiation Levels

Estimated Loss of Life Expectancy due to Various Causes

Basic Substances Comprising the Human Body

Summary of Pathology Problems

Grids for Use in Digital Imaging

Grid Conversion Factors

Standard Radiographic Film Sizes

Example Opacities, Optical Density Numbers, and Light Transmission Percentages
Relationship between Contrast, Latitude, and Patient Dose

Relationship between Speed and Patient Dose

Relationship Between Relative Speed Number and Exposure Sensitivity

Binary Code Numbers

Typical Memory Requirements for Various Imaging Modalities Typical Image Grayscale
Bit Images per Approximate Storage Imaging

Exposure Indicator Numbers Relative to Imaging Plate Exposure

Suggested Optimal kVp Ranges for DR Systems

A Step-by-Step Approach to Establishing an Exposure Technique Chart

DICOM Information Classes

Conversion Factors Effect of Generator ¢ on IR Exposure

Projections That May Use the Anode Heel Effect to Advantage

mAs Change Factors for Approximate Exposure Maintenance When Distance Changes
Effect on IR Exposure When Factors Are Changed

Relationship between Terms Used to Describe Contrast

Changes Necessary to Produce Visible Contrast Differences on a Film-Screen Image
Effects of Changing Factors on Film Contrast

Spatial Resolution Quality Measures

Grayscale Bit Depth

Effects of Intensifying-Screen Factors on Resolution

Effects of Various Methods for Reducing Exposure Time to Avoid Motion

Effect of Changing Factors on Spatial Resolution

SID Compensations for Common Tube Angulations

Effect of Changing Factors on Distortion

FOCUS-PDCA Method

Reject Percentage by Room

Reject Percentage by Technologist

xiii

185
186
187
190
190
214
219
228
232
245
253
259
259
266
276

283
284
316
316
331
359
360
362
365
369
376
381
387
388
396
397
397
409
409
422
430
430



Xiv

32-1.
35-1.
35-2.
36-1.
36-2.
36-3.
37-1.
37-2.
37-3.
38-1.
38-2.
38-3.
38-4.
40-1.
40-2.
40-3.
40-4.
40-5.
40-6.
40-7.
40-8.

42-1.

List of Tables

Radiation Protection Rules for Mobile Radiography

Technical Differences between Mammography and Conventional Radiography
Characteristic X-Rays from Mammography X-Ray Targets

Risk Factors Associated with Osteoporosis

DXA Collimator/Detector Types

Radiation Safety and Patient Dose

Modes of Digital Image Acquisition

Factors Affecting Flow Rate

Safety Mechanisms for Contrast Medium Injectors

Advantages and Disadvantages of Helical (Spiral) Computed Tomography

CT Pitch Formulas

Hounsfield Units (HUs) (CT Numbers) of Various Tissues

Appropriate Computed Tomography Window Widths

Half-Lives, Gamma Energies, Production Methods, and Usages of Radionuclides in Nuclear Medicine
Technetium-99m-Labeled Radiopharmaceuticals and Their Uses

Non-Tc-99m Radiopharmaceuticals and Their Uses

Radiopharmaceuticals used for PET

Radiopharmaceuticals Used for Radionuclide Therapy

Radiopharmaceutical Quality Control Tests

Quality Control Testing of Imaging Instrumentation

Highlights of NRC Regulations Pertaining to Operation of a Nuclear Medicine Facility; Title 10 of the
Code of Federal Regulations, Part 20 Addresses Radiation Protection Requirements; Part 35 Addresses
Medical Uses of Byproduct Material

Average Propagation Speeds

443
479
486
499
503
507
512
516
517
522
523
531
534
566
568
569
569
570
571
583

585
617



hhhh, was my mother right!

Life is about making choices, and a good life is
about making more right than wrong choices. Yes, a bit of
good fortune and happenstance is in all of our lives, but
ultimately, making good decisions is what it’s all about.
Unfortunately, at the times we make these choices, we
lack the foresight to see the consequences, good or bad.
But such is life.

Fortunately for our profession, Rick Carlton and
Arlene Adler have continued to make the right decisions,
by authoring Principles of Radiographic Imaging, 6th
edition. It is a monumental task writing a textbook and to
do so again, after so many years in the profession, makes
it even more daunting. But that is the decision they have
made and it is a great choice. Even better, is their deci-
sion to seek out experts and resources in the professions,
such as Vesna Balac. Doing so complements the accuracy
and relevancy of the information written in many of these
chapters. That choice reflects their admission that one,
single person cannot be expert on all aspects of this great
profession. It is a tribute to their many years of develop-
ing a network of contacts who can contribute to this end.
Again, their great decision-making over the years, has cre-
ated a wide network of friends and resources, willing to
contribute to this edition. Such is the nature of this 6th ed.
It reflects their genuine and sincere effort to represent the
principles of radiology in a real-world, practical fashion.

This 6th edition is faithfully consistent with pre-
vious editions through its excellent illustrations and
exhibits. Updated materials for instructors with labora-
tory exercises and instructor resources are included as
well. For the educator, you can expect to continue to
enjoy its simple and concise explanations of complex
concepts. New chapters on digital radiographic imag-
ing have been added and existing chapters have been
updated with practical information that is relevant to
the real-world of digital radiography. In fact, much
of this information could be studied by practicing

Foreword

radiographers, to update their working knowledge. With
newer digital technologies, the old rules of exposure
and image quality do not apply. Seasoned-technologists
in the profession find this concept hard to accept. The
6th edition helps with this understanding. Topics deal-
ing with the role of radiographic grids, detector inter-
facing, exposure indices and assessing digital image
quality, have been added to better understand that as
this digital revolution continues, we need to get our
arms around it, to improve image quality and ALARA
compliance. The role of the radiographer is undergo-
ing profound change with digital, and a renaissance is
underway through the applications of digital detectors.

This 6th edition makes the learning more interactive
and exciting, through the use of web-based technology.
Existing chapters on the advanced imaging modalities still
remain with updated information from experts in their
respective fields. A wonderful choice.

As my mother said, it's about choices. We are grate-
ful Rick and Arlene, and now Vesna, have chosen to
write again. In doing so, they introduce potentially new
resources to educators, technologists and all members of
the medical imaging community: the best profession in
medicine!

To those who know me, they would say I am a pas-
sionate educator, as my passion for this professions runs
deep. I am no different than many other professionals, in
this regard. Incorporating the Principles of Radiographic
Imaging, 6th edition into my professional lifestyle, is my
choice, and for that I cannot thank these three authors
enough for their continued contributions.

Randy Griswold, M.P.A., RT(R)

Consultant and Lecturer,

Former Program Director

School of Radiologic Sciences, Bellin College
Green Bay, Wisconsin
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INTRODUCTION

As radiography educators, we designed this textbook
with students and educators in mind. Since we now have
a completely revised approach from a digital standpoint,
we also believe practicing radiographers would greatly
benefit from a review since there are new principles
toward establishing radiographic exposure techniques.
Each chapter contains an outline, key terms, objectives,
a summary, review questions, and a detailed bibliography.
There is also a considerable number of ancillaries that fac-
ulty can access through their Cengage Learning represen-
tative (they can be reached through the website at www
.cengage.com, or for product information and technology
assistance, contact them at Cengage Learning Customer
and Sales Support, 800-354-9706.). Although the order of
the chapters is based on our experiences in reaching our
students, most chapters stand alone and can be used in
the order that is most appropriate within a given program.

We have made a special effort to represent our belief
that professional development should be a prime objec-
tive of any radiography curriculum. This is best achieved
through the demonstration of technical competence. This
book is designed to assist students in developing this
cornerstone of professionalism. Through technical com-
petence and a professional demeanor, students will be
ready to assume their role as experts in the radiographic
imaging process. In addition, we believe that true profes-
sionals take immense pride in their work to the extent that
it becomes an art as well as a science.

There is a special focus on making sure digital
imaging terminology and parameters are the primary ori-
entation with very limited references to conventional film-
based imaging. Special effort is made to emphasize both
the technical information and the ethical importance of
understanding the specifics of image receptor sensitivity
in order to be able to reduce exposure to the patient and
adhere to ALARA concepts.

References are used extensively to assure both
educators and students that we address all content

XVi

Preface

expected for successful professional practice including
the American Registry of Radiographic Technologists’
Content Specifications for the Examination in Radiogra-
phy, the Radiography Curriculum by the American Society
of Radiologic Technologists, and various materials pre-
pared by the Canadian Association of Medical Radiation
Technologists.

NEW TO THIS EDITION

The rapid changes in technology present a challenge to
textbook authors who are committed to providing current
information for learners. The authors and contributors to
the sixth edition carefully reviewed all content to identify
areas requiring updating or new topics. As a result, numer-
ous changes were made.

A special attempt was made to provide an introduc-
tion to physics and the imaging modalities, as well as to
explore the new details of the principles of radiographic
exposure techniques that have been brought on by the use
of digital technology. Well-established image quality fac-
tors (density/image receptor exposure, contrast, recorded
detail, and distortion) have been revised to reflect the
realities of establishing radiographic exposure factors.
The new factors are:

Image Receptor Exposure
Contrast

Spatial Resolution
Distortion

Histogram Fulfillment
Look Up Table (LUT)

Because histogram fulfillment and use of the proper
look up table (LUT) are critical to successful digital image
production, they have both been included in the primary
image quality factors.

Five phases of digitized image production are intro-
duced: acquisition, processing, archiving, displaying, and
analyzing. Each includes well-known radiographic imaging



parameters but each is also enhanced by the addition of
digital factors that now impact on all imaging decisions.

Most importantly, this entire edition has been revised
with current clinical practices in mind, with many changes
that now reflect our digital radiography world, from end
to end.

i ORGANIZATION

The overall design of the book separates the 42 chapters
into six units: Creating the Beam, Protecting Patients
and Personnel, Creating the Image, Digital Radiogra-
phy, Analyzing the Image, and Special Imaging Systems
and Modalities. Unit IV, Digital Radiography, has been
completely rewritten into 5 redesigned chapters; Digital
Image Processing, Computed Radiography, Digital Radi-
ography/Flat-Panel Detector Systems, Technical Consid-
erations in Digital Imaging, and Informatics in Medical
Imaging. In addition, Unit V Analyzing The Image now
reflects the new paradigm for technical exposure fac-
tors; Image Receptor Exposure, Contrast, Spatial Reso-
lution, and Distortion. We continue to offer framework
information on all radiologic and imaging sciences
modalities and treatments. This design helps organize
the content for students by following a logical progres-
sion from introductory physics through the production
and control of the beam to advanced modality systems.

We remain extremely pleased that our book remains
one of the resources listed in the Radiography Curriculum
of the American Society of Radiologic Technologists, and
we have long been pleased that this book continues to be
recommended by the Canadian Association of Medical
Radiation Technologists for preparation for its certifica-
tion in Radiological Technology.

i FEATURES

In addition to the updated and new content, this new edi-
tion continues to feature the following learning aids and
critical content, with the addition of supporting video
clips for the new digital radiography chapters:
B Physical concepts are clearly explained and
illustrated with many high-quality full color figures.
m  Effects of changing parameters on image quality are
carefully described and illustrated with numerous
images.
®m  (riteria for image analysis are presented to help
learners develop analytical skills.
B High-quality radiographs are included throughout
the text.
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®  Radiation protection concepts and procedures are
emphasized for both patients and radiographic
personnel.

Chapter-end summaries provide a quick reference to
critical concepts and developments in the science of
radiography.

= Numerous troubleshooting tips are included to
ensure quality radiographs.

m  Extensive references and recommended readings
provide a historical perspective and provide
learners a means to expand their understanding of
concepts and systems.

Video clips are now available for the chapters on
digital image production.

Epigraphs and historical photos help trace the
evolution of radiography to the present.

Unique emphasis on the art versus the science of
radiography illustrates the broad applications of the
technology.

i STATEMENT OF CONTENT
ACCURACY

Although we assume full responsibility for any errors,
including those that may be construed as arising from quot-
ing other works out of context, we have made every effort to
ensure the accuracy of the information. However, appropri-
ate information sources should be consulted, especially for
new or unfamiliar procedures. It is the responsibility of every
practitioner to evaluate the appropriateness of a particular
procedure in the context of actual clinical situations. There-
fore, neither the authors nor the publisher take responsibil-
ity or accept any liability for the actions of persons applying
the information contained herein in an unprofessional
manner. This information is designed to supplement and
enhance the instructional methodologies of educators in
JRCERT (Joint Review Committee on Education in Radio-
logic Technologies [USA]) and CAMRT (Canada) approved
radiography programs and should not be applied, especially
to human subjects, without this background. In committing
this book to print, we fully realize that it is never finished,
merely suspended for the time being.

Finally, as a reader your perceptions are important
to us. We encourage you to communicate with us regard-
ing facets of the book you appreciate or would like to
see changed. We especially appreciate constructive com-
ments and notice of errors. Our intention is to present the
principles of radiography in an interesting format that pro-
vides a base from which true professionalism can develop.
Any commentary readers care to make toward this end
will be valued and welcomed.



About the Authors

Richard R. Carlton is a Former Chair and Associate
Professor of Radiologic and Imaging Sciences at Grand
Valley State University in Grand Rapids, Michigan. He is
a past President and Chairman of the Board of the Asso-
ciation of Educators in Imaging and Radiologic Sciences.
Rick co-founded the Michigan Radiologic and Imaging
Sciences Consortium (a consortium of community col-
leges and a university that offers advanced clinical edu-
cation), and established the Center for Medical Imaging
in Bioanthropology (for field work x-raying mummies
in Peru), Lambda Nu (the national honor society for the
radiologic and imaging sciences), and The Sectional Anat-
omy Consortium. He has published more than 20 books,
was the founding editor of two journals, and is a charter
Fellow of the Association of Educators in Radiologic Sci-
ences (AEIRS). Rick has been a JRCERT accreditation
site visitor for more than 30 years, and was a Fulbright
Scholarship alternate, as well as author of numerous
journal articles. He has given more than 250 lectures in
36 states and 9 countries.

He holds an M.S. from National Louis University, B.S.
in Radiologic Sciences from The Chicago Medical School,
and an A.A.S. from Illinois Central College. He is ARRT
certified in radiography and cardiovascular-interventional
technology and has taught radiologic sciences for over
30 years in Chicago, Ohio, San Francisco, Arkansas,
and Michigan. With Arlene Adler, he is the author of the
best-selling radiographic physics textbook Principles of
Radiographic Imaging as well as Introduction to Radio-
graphy and Patient Care, both now in fifth editions.
Rick has also been the radiology section consultant to
Taber’s Cyclopedia Medical Dictionary for the past three
editions.

Arlene Adler is Professor Emerita, Radiologic Sci-
ences Programs at Indiana University Northwest in Gary.
She received her radiography education at Michael Reese
Medical Center in Chicago. She has a B.S. degree in

Xviii

Radiologic Sciences from the University of Health Sci-
ences/Chicago Medical School and a Master's Degree
in Education from the University of Illinois at Urbana—
Champaign. Arlene has been an active member of the
American Society of Radiologic Technologist and the
Association of Educators in Radiologic Sciences (AEIRS).
For her service to AEIRS, she was awarded Fellow status.
She has lectured across the country on numerous top-
ics in radiologic sciences and, in particular, was a past
Honors Lecturer for an AEIRS Annual Meeting and a past
Keynote Speaker for the Associated Science Program at
the Radiologic Society of North America (RSNA) annual
meeting. For her service on the Indiana Radiation Con-
trol Advisory Commission, she received the Governor’s
Award, Sagamore of the Wabash.

In addition to her professional service, Arlene has
authored numerous articles and, along with Rick Carlton,
is coauthor of the text Principles of Radiographic Imag-
ing: An Art and a Science and coeditor of the text Intro-
duction to Radiography and Patient Care.

Vesna Balac is a Clinical Assistant Professor and
Director of the Radiologic Sciences Programs at Indiana
University Northwest in Gary, Indiana. She received
her radiography education as well as her B.S. degree in
Radiologic Sciences at Indiana University Northwest.
She has a Master’s Degree in Adult Education from
Indiana University in Bloomington and is currently a
doctoral candidate in Instructional Systems Technology
at the School of Education at Indiana University Bloom-
ington. She is ARRT certified in radiography and mag-
netic resonance imaging and an active member of the
American Society of Radiologic Technologist (ARRT),
the Association of Educators in Radiologic Sciences
(AEIRS), and the Indiana Society of Radiologic Tech-
nologists (ISRT). In addition to her professional service,
Vesna is a contributing author to the text Introduction to
Radiography and Patient Care.



“Acknowledgments

We wish to acknowledge the support provided by Dean
Patrick Bankston, Associate Dean Linda DeLunas, and
the wonderful radiologic sciences faculty at Indiana
University Northwest, including Melynie Durham, Robin
Jones, Tamekia Smith, Amanda Sorg, Sue Woods, Shannon
Baimakovich, Angela Brite, Heather Govert, Heather
Hardesty, Susan Janosky, Samantha LoBue, Giovanna
Lucido, Deborah Moss, Zack Pajkos, Camilla Pulliam, Lisa
Shepley, Sheri VonderWoude, and Becky Wantland.

The sixth edition has been produced by our most
dedicated team at Cengage Learning.

We are especially grateful to Joe Chovan, the most
spectacular artist we have ever worked with. Joe’s artistic
skills are on exhibit throughout the many editions of this
book, as he allows us to bring new insight into complex
content through his sparkling and insightful illustrations.

We are indebted to the unstinting contributions
from Randy Griswold from Bellin College in Green
Bay, Wisconsin. A significant portion of the accuracy
of the book derives from the constant inspection and
contributions he has made. Randy Griswold has been an
enthusiastic and regular contributor to this text for many
years and his additions and updates have been greatly
appreciated. Dennis Bowman from the Community Hos-
pital of the Monterey Peninsula in Monterey, California
worked with us in his facility to refine digital techniques
as well as prepare our video clips and illustrations.
We have also been very appreciative of the constant
input of Denise Moore, Professor Emeritus at Sinclair
Community College in Dayton, Ohio, who has been our
constant conscience from the first edition. We also can-
not forget the contributions made to the first through
fourth editions by Barry Burns of the University of North
Carolina, who routinely went far beyond our wildest
hopes in critiquing our text, producing films to illustrate
his points, disproving old wives tales in his laboratory,
and generously sharing his results (and venison) with us.
Barry became a backbone of the technical aspects of this
book. Eugene Frank, formerly of the Mayo Clinic and
Riverland Community College in Minnesota, continued

his persistent and knowledgeable critique of our efforts.
We are grateful for Gene’s unique contributions, espe-
cially his ability to never let nearly two decades of friend-
ship come between us and a more accurate reworking of
verbiage or the details of an illustration.

We acknowledge detailed contributions from John
Skinner at Mid Michigan Community College; Jeff Lloyd
at Spectrum Butterworth in Grand Rapids, Michigan;
John Godisak at Grand Rapids Community College,
Michigan; and Jennifer Lockhart from Saint Anthony
Medical Center in Crown Point, Indiana.

The students, faculty, and staff at Arkansas State
University played a major role in the third edition. Special
thanks were due Dean Susan Hanrahan for unremitting
support and constant enthusiasm for what we are trying
to accomplish in the radiologic sciences.

We thank the faculty and students who have found
our work valuable in the process of radiography educa-
tion and practice since the first edition was published.
The success of this book and the invitation to produce a
new edition are a direct result of the acceptance of our
work by the radiography profession, which we gratefully
acknowledge.

Our families once again deserve our thanks for their
understanding. Don Adler, Lynn Carlton, Louis Stevovich,
and Mirko, Zorka, and Milorad Balac have given countless
hours that were rightfully theirs, for which we extend a
peace offering of love. Much appreciation is also extended
to Arlene’s daughters Meri and Katie, and Vesna’s daughter
Emili for their love and support. Rick’s family now
includes not only his children but his growing group of
grandchildren: Nate, Michael, Zach, Mercie-Marie, Max,
the twins Paige and Addison, Silas, Henry, and Penelope,
all of whom get their time, book or not.

Once again, we have been assisted in our work by a
wide spectrum of colleagues in the radiologic sciences and
related fields. In addition to those who assisted us during
the earlier edition, we wish to add our colleague Dennis
Bowman from the Community Hospital of the Monterey
Penisula; Euclid Seeram of British Columbia Institute

Xix



XX Acknowledgments

of Technology, Irven Rule of the Siemens Training and
Development Center in Cary, North Carolina; Alfred
Hufnagl of the Northern Alberta Institute of Technology,
Canada; Penelope Roberts of the Department of Medical
Physics and Medical Engineering at Southampton Uni-
versity Hospitals, UK; Kathheryn Root of Holyoke Com-
munity College, Massachusetts; Dr. Appel and Kevin Sisak
at DuPont; Garry Harris at Agfa; and Gregory Wheeler of
Wheeler and Associates, San Francisco, California.

Our faculties have also made significant contribu-
tions through their consistent willingness to comment
on the countless details we have explored with them
over the years. Alonso Contreras Astorga from the
Department of Chemistry at Indiana University North-
west, also needs our thanks for his review of our basic
explanations of chemistry concepts.

We also appreciate the help of Jennifer Sanders
from Methodist Hospitals, Gary, In, for reviewing the
mammography content, as well as Stephanie Burnett
from Franciscan Health Hammond, In, for reviewing the
vascular imaging equipment chapter.

And, finally, we thank those fellow educators who
have taken the time to sit down with us at meetings,
write letters, make phone calls, compose and email
their comments and suggestions to us. Although we are
certain we have not remembered all of you (for which
we apologize), these include Mike Madden of Hays State
University; John Clouse of Owensboro Community Col-
lege, Kentucky; Marianne Tortorici and Mike Mixdorf at
the University of Nevada, Las Vegas; Bob Misiak, Orange
County Community College, New York; Jack Thomas
at Lakeland Community College, Ohio; Lisa Iacovelli
at Crozer-Chester Medical Center, Pennsylvania;, Max
Grady at Kettering College of Medical Arts, Ohio; Donna
Mitchell at John Peter Smith Hospital, Texas; Anita
Slechta of California State University at Northridge;
Elwin Tilson of Armstrong State College, Georgia; Shay
Mercer at New Mexico State University; Judy Williams of
Grady Memorial Hospital, Georgia, Marilyn Sinderbrand
of Northern Virginia Community College; Bill Sykes of
Shawnee State University, Ohio; Bart Schraa of Daniel
Denhoed University, Rotterdam, Netherlands; Frank
Porter at St. Vincent Infirmary Medical Center Arkansas;
Mitchell Bieber, University of Virginia Medical Center;
Donna Foster at Northern New Mexico Community
College; Bill May of Iatwamba Community College,
Mississippi; Lorraine Henry of Orange Coast Community
College, California; and Steve Dowd of the University of
Alabama at Birmingham.

Appreciation is also expressed to the colleagues
who reviewed the manuscripts for this edition. Their
critical reviews helped to guide us in the preparation of
the final manuscript.

Reviewers

Linda Lippacher, M.A. ARRT (R)(M)
Program Director of Radiologic Sciences
Southern Vermont College

Bennington, VT

Debra Herring, MAT, R.T. (R)(M) ARRT
Program Coordinator/Instructor Radiologic
Technology Program

Meridian Community College

Meridian, MS

Erica L. Cole, M.S., R.T. (R)(CT)
Assistant Professor

Hudson Valley Community College
Troy, NY

Tara C. Guice, B.S,, R.T. (R)(ARRT)
Clinical Coordinator/Instructor
Mississippi Gulf Coast Community College
Gautier, MS

Daniel Edwards, MS, RTR/MR, ATC/L
Assistant Professor

Cox College

Springfield, MO

Melissa A. Moorman, M.Ed., RT (R)(CT)
Faculty / Clinical Coordinator

Baptist School of Health Professions

San Antonio, TX

Matthew Dunn, M.Ed., RT (R)(CT)(ARRT)
Clinical Coordinator, Radiologic Technology
Ogeechee Technical College

Statesboro, GA

James F. Guillemette, Ph.D.

Science Department Chair, Science Instructor
Kennebec Valley Community College
Fairfield, Maine

First-Edition Acknowledgments

The production of this book would not have been pos-
sible without the support of our spouses, Don and Lynn.
In addition, we gratefully acknowledge the role played by
Delmar Cengage Learning; Indiana University Northwest;
Lima Technical College;and St. Rita’s Medical Center of
Lima, Ohio. Special thanks are due Dr. LaVerne Ramaeker,
Sam Bassitt, Marlene Ledbetter, and Dennis Spragg for
their support. A major contribution to the accuracy of the



information and illustrations was made by the consistent
presence of Eugene Frank, formerly of the Mayo Clinic
Foundation, throughout.

We are in the professional debt of many who inspired
us, taught us, and collaborated with us throughout the
years. Much of what is contained in this work is a direct
result of these efforts. Those to whom we are especially
indebted are Tracy Ahdel, Janice Akin, Judy Baron, Karen
Brinkman, John Cortez, Marion Frank, Mick Jagger, Karen
Jefferies, Robin Jones, Dr. George Koptik, Judy Koptik,
Jon Lilly, Dr. Marzuto, Kathy Miller, Joe Mosqueda,
Traci O’Donnell, LaVerne Ramaeker, Karen Schmidl,
Kay Shriver, Tracy Thegze, Jean Widger, Rob Wilcoxen,
and Sue Wilson. And of course our students at Indiana
University Northwest, Lima Technical College, Wilbur
Wright College, Malcolm X College, and Michael Reese
Hospital and Medical Center.

Like our colleagues and students, we owe much to the
institutions that contributed to our professional expertise.
We wish to thank Indiana University Northwest, Lima
Technical College, Michael Reese Hospital and Medical
Center, Lutheran General Hospital, Mercy Hospital and
Medical Center (Chicago), Northwestern Memorial Hospital
(Chicago), Wilbur Wright College, Illinois Central College,
Carl Sandburg College, Evanston Hospital, Methodist
Medical Center (Peoria), and Community Memorial Hospital
(Monmouth).

We owe special thanks to many people for sharing
their personal expertise and material collections. One
of the highest forms of professionalism, the willingness
of radiologic technologists to freely give of their time
and knowledge, was demonstrated again and again by
everyone from whom we requested assistance in our
compilation of the multitude of photographs, drawings,
radiographs, and other illustrative materials in the
text and those who assisted in the numerous reviews
of our writing. Among these deserving special thanks
are Gene Frank and Norlin Winkler of the Mayo Clinic
Foundation and Ray Rossi of the University of Colorado

Acknowledgments xXi

for their commentary and technical assistance above
and beyond the normal bonds of friendship; Philip W.
Ballinger of the Ohio State University; Terry West of
Toronto, Secretary-General of the International Society
of Radiographers and Radiological Technicians; Stewart
Bushong of Baylor College of Medicine; Terry Eastman
of Dallas; Joe Fodor of the University of Cincinnati
Medical Center; Nina Kowalczyk of Riverside Methodist
Hospital, Columbus, Ohio; Denise Moore of Sinclair
Community College, Dayton, Ohio; Bruce Long of
Indiana University Medical Center; Marilyn Holland of
the University of Iowa Hospitals and Clinics; Charles R.
Griffith of FGHB Certified Radiation Physicists; Loren
Garlets of Hays State University, Kansas; Pat Sharp of
Gannon University, Erie, Pennsylvania; Tim Penning
of Athens Regional Medical Center, Georgia; Seymour
Sterling, FASRT, of Yardley, Pennsylvania; Jerome
Taubel of the Mayo Clinic Foundation, Rochester,
Minnesota, Bob Kobistek in Cleveland and Martin
Ratner and Steve Szeglin in Carle Place, New York, both
of Victoreen, Inc./Nuclear Associates; Terry Hanby of
DuPont; Robert Trinkle, formerly of DuPont; Mike Wilsey
of Agfa Matrix; Robert Lockery and Walter Weigl of
Siemens Corporation; Robert Busic of General Electric
Medical Systems; William Conklin of Orangeburg, SC;
Rene Abgrall of Thoard, France; Toshinori Komba of
Komazawa University, Tokyo, Japan; Angela Pickwick
of Montgomery County Community College, Maryland,
Jerry Conlogue of Gulf Coast Community College,
Florida; Barb Imber of St. Rita’s Medical Center, Lima,
Ohio; Rick Halker of Lima Memorial Hospital, Ohio; The
Radiology Department of Van Wert County Hospital,
Van Wert, Ohio, John Stone of Emory University
Medical School, Atlanta; Tom Beery and Will Wells of
Lima Technical College; Judy Shaw of Lima Technical
College; Doug Raver and Chris Innskeep of Lima
Technical College for video and software graphics;
and Jan Krietemeyer of Lima, Ohio, for bibliographic
research.






Unit |

1 Basic Mathematics / 2
Radiation Concepts / 18
Electricity / 35
Electromagnetism / 52
The X-Ray Tube / 78
X-Ray Equipment / 96

Automatic Exposure Controls / 110

0 N & VI A W N

X-Ray Production / 117

Creating the Beam

An inherent quality of a professional is the possession
of expertise regarding the technical aspects of a field far
above that of a nonprofessional. Knowledge of the prin-
ciples of radiographic image production is part of the
technical expertise of the professional radiographer.
Radiography programs provide students with class-
room instruction, laboratory experience, and clinical
practice in this subject. No other medical professional
experiences as intensive or comprehensive a study of
radiographic imaging. This unit is designed to provide
the basics necessary for this knowledge by building a
framework of information regarding the creation of the
diagnostic x-ray beam.

The framework begins with an elementary review
of basic mathematics and radiation concepts, includ-
ing atomic theory, x-ray properties, and necessary units
of measurement. Although this may be a review of
previous science coursework for many readers, it is
important to make sure everyone is on the same wave-
length before using the information in the remainder of
the book. Electricity and electromagnetism are large
chapters that lay the foundation for understanding how
to control the beam. The x-ray tube, x-ray equip-
ment, automatic exposure controls, and x-ray
production provide an understanding of exactly how
basic physics is used to create the x-ray beam.




CHAPTER 1

KEY TERMS

absolute value
algebraic expression
coulomb per kilogram (C/kg)
direct variation
equation

equivalent equation
gray (Gy)

identity

inverse variation
kilogram

like term

meter

open equation
second

sievert (Sv)

Basic Mathematics

Do not worry about your difficulties in mathematics. I can assure you mine

are still greater.

Attributed to Albert Einstein

OBJECTIVES

Upon completion of this chapter, the student should be able to:
Perform functions with fractions and decimals.
Determine significant digits in a number.

Perform calculations in scientific notation with signed numbers and
exponents.

Simplify algebraic expressions.
Convert units within the SI system.



THE LANGUAGE OF SCIENCE

Mathematics is the language of science. Radiographers
need to be able to speak this language. In order to quantify
science, standard units of measurement were established.
The fundamental units of measurement are mass, length,
and time. Units of measurement were officially defined on
an international level through the adoption of the SI unit
system. The seven base SI units are mass, length, time,
electric current, temperature, amount of substance, and
luminous intensity. Radiologically important derived units
are the coulomb per kilogram (C/kg), formerly the roent-
gen (R); the gray (Gy), formerly the rad (radiation absorbed
dose); and the sievert (Sv), formerly the rem (radiation
equivalent man). This review is intended to refresh essential
skills in the use of math as well as appropriate units for the
radiologic and imaging sciences.

ARITHMETIC

The radiologic technologist must have a basic under-
standing of computations such as addition, subtraction,
multiplication, and division of whole numbers, fractions,
and decimals.

Fractions

A fraction is a portion of a whole number and represents
parts of a whole. The top number in a fraction is the
numerator and the bottom number is the denominator.

Addition and Subtraction. To add or subtract two frac-
tions with like denominators, add or subtract the numera-
tors and keep the like denominator.

EXAMPLES:
3,2 5
— 4 — = —
8 8 8
7_4_3
8 8 8
a C atc
4= -
b b b
a_c_a-¢
b b b

To add or subtract two fractions with unlike denom-
inators, rewrite each fraction with a like or common
denominator. Then add or subtract the numerators and
keep the like or common denominator.
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EXAMPLES:
1,5.3,10_1
4 6 12 12 12
7_1_2_5_16
5 3 15 15 15
i+£_ﬂ+b_c:ad+bc
b d bd bd bd
a_c_ad_bc_ad-be
d d bd bd bd

Multiplication. Multiplication can be written in several
ways (Table 1-1). To multiply two fractions, multiply the
numerators and multiply the denominators.

EXAMPLE:
2,3_2x3_6
5 7 5x7 35
a C axc
— X ==
b d bXxd

Division. To divide two fractions, rewrite the division
problem as a multiplication problem by multiplying the
first fraction by the second fraction inverted.

EXAMPLE:
2.3_2,7_2X7_14
5 7 5 3 5xXx3 15
a ¢ a_d axd
— = X—=—=
b d b ¢ bXc

III Multiplication Notation

Throughout this review the algebraic notation for
multiplication will be used.

Example: 3 X 4 will be written as 3 - 4.

A - (dot) is used as a symbol for multiplication.
Example: a X b will be written as a - b or as ab.
When two letters are used, the dot is usually omitted.
Example: 3 X a will be written as 3a oras 3 - a.
Parentheses can also be used to represent multiplication.
Example: 3 X 4 can be written as (3)(4).
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Decimals

Decimal number place value (columns) is determined as
shown in Figure 1-1.

Addition and Subtraction. To add or subtract two
decimal numbers, line up the decimal points in each
number, adding or subtracting as with whole numbers.
Remember to add in zeros to fill out the decimal posi-
tions, if necessary. The decimal point must remain in the
same position.

EXAMPLES:
Add: Subtract: Rewrite as:
76.81 76.1 76.10
+384.1 —2.96 —2.96
460.91 73.14

Multiplication. To multiply two decimal numbers, mul-
tiply the numbers as if they were whole numbers. Place
the decimal point in the product so the number of places
in the product equals the sum of the number of decimal
places in each number.

EXAMPLE:
Multiply:
2.31
X 6.8
1848
1386

15.708

2 decimal positions
1 decimal position

3 decimal positions

Division. To divide two decimal numbers, set up as if
doing whole number division. Move the decimal point in
the divisor to the right to make the divisor a whole number.

Move the decimal point in the dividend the same number
of places to the right (as was done for the divisor). Add
zeros if necessary to maintain the position of the decimal.
Divide the numbers as if they were whole numbers. Place
the decimal point in the quotient directly above the deci-
mal point in the dividend. Add zeros if necessary to main-
tain the position of the decimal.

EXAMPLES:
0.25)1250

5000.
25./125000.

1.3)733.2

564,
13.%
65

83

78
52
52
0

Convert a Fraction into a Decimal Number. To convert
a fraction into a decimal, divide the denominator into the
numerator.

EXAMPLE: Convert7/8 into a decimal:

0.875
8)7.000
64

60

56
40
40

Decimal number place value (columns)

Millions
Hundred thousands
Ten thousands

1,000,000

FIGURE 1-1. Decimal number place values.
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Convert a Percent to a Decimal. To convert a percent to
a decimal, move the decimal point two places to the left.

EXAMPLE: Convert78.5% to a decimal:
78.5% = 0.785

Convert a Decimal to a Percent. To convert a decimal to
a percent, move the decimal point two places to the right.

EXAMPLE: Change 0.452 to a percent:
452 = 45.2%

Computation with Values (Numbers)

Exact. Some numbers are exact values, like the counting
numbers (1, 2, 3, .. .). For example, there are exactly four
legs on a chair. Exact numbers in computations are as
accurate or as precise as needed.

Significant Digits. Some values are obtained by mea-
surement and are only as accurate as the measuring
device. The last digit in the reading is usually estimated.
When dealing with these values in computations, the
results will only be as accurate as the least accurate
value. This is the concept of significant digits.

To determine the number of significant digits in a
value (number):

1. Count all nonzero digits.
2. Count all zeros between nonzero digits.
3. Count all zeros at the end of a decimal value.

The number of significant digits in a value is the sum
of the numbers obtained in steps 1, 2, and 3.

EXAMPLES: The following are measured values
from a radiation dose meter (dosimeter):

7.14 mR has three significant digits.
90.104 mR has five significant digits.
0.048 mR has two significant digits.
7300 mR has two significant digits.
6.900 mR has four significant digits.

Precision. The precision of a value refers to the decimal
position of the last significant digit.

EXAMPLE:
0.0218 is precise to the ten-thousandths.
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Rounding Off. To round a number, the last digit to be
retained is:

1. Left unchanged if the digit to the right of the last digit
to be retained is less than 5.

2. Increased by one if the digit to the right of the last
digit to be retained is 5 or greater.

EXAMPLES:
75.2581 rounded to 4 significant digits is 75.26.
6,836.66 rounded to 2 significant digits is 6,800.
0.0381 rounded to 2 significant digits is 0.038.
0.0299 rounded to 2 significant digits is 0.030.

Multiplication and Division of Approximate Values.
When multiplying or dividing two or more approximate
values, the number of significant digits in the final answer is
no greater than the number of significant digits in the value
with the least number of significant digits.

EXAMPLE: Using the calculator, (103.81)-
(1.34) = 139.1054. However, because 1.34 has only
three significant digits, the answer should have only
three significant digits. Therefore, 139.1054 needs to
be rounded to three significant digits, making it 139.

Addition and Subtraction of Approximate Values.
When adding or subtracting two or more approximate
values, the final answer should be no more precise than
the least precise of the values.

EXAMPLE: Add the following:

123.1
89.123
+103.3456
315.5686

Because the least precise number is 123.1, the answer
should be rounded to 315.6.

Powers of 10

The decimal system is based on powers of 10, as is the
metric system. These are very important systems to the
radiographer. When a" is written, a is called the base and n
is the exponent. Integers are defined as the numbers. .. —3,
-2,-1,0,1,2,3,....
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Positive Integer Exponents. Definition:
a"=a-a-a---a(multiply n times)
n times

EXAMPLES:
10"=10
102=10-10=100
10*=10-10-10=1000
10"=10-10-10---10=100... 0 (n zeros)

Negative Integer Exponents. Definition:

an" = Lﬂ(fora #0)
a

107" = 1o 1
10
107 = 07~ .01
107 = % =.001
10" = 1(1)n =.00...001 (n—1) zeros

Zero Exponents. Definition: a’ =1 (for a # 0)

EXAMPLE:
100=1

Scientific Notation

A number written in scientific notation is written as the
product of a number between 1 (including 1) and 10 times
a power of 10. In other words, N X 10°, where 1 = N < 10
and p is an integer.

EXAMPLES:
7.15 X 10*is a number in scientific notation.
1.598 X 107" is a number in scientific notation.
7.58 X 10° is a number in scientific notation.

Converting Numbers from Ordinary to Scientific Nota-
tion. To write a number in scientific notation, the decimal
point must be moved to the position following the first
nonzero digit.

EXAMPLES:
70.57 = 7.057 X 10" (p = 1)
0.00815 = 8.15 X 1073 (p = —3)
7.58 = 7.58 X 10° (p = 0)

In the first example, the decimal point is moved
one digit to the left, making the power of 10 (p), 1. In the
second example, the decimal point is moved three digits
to the right, making the power of 10, —3. In the third
example, the decimal point is not moved and the power
of 10 is 0.

In general, when moving the decimal point to the
left, the power of 10 will be the number of positions
moved. When moving the decimal point to the right, the
power of 10 will be negative the number of positions
moved. When the decimal point is not moved, the power
of 10 will be zero.

Converting Numbers from Scientific to Ordinary
Notation. To convert a number in scientific notation
to ordinary notation, the decimal position is moved
according to the following:

1. If the power of 10 is positive, move the decimal point
to the right the number of positions in the exponent.

2. Ifthe power of 10 is negative, move the decimal point
to the left the number of positions in the exponent.

3. If the power of 10 is zero, the decimal remains in the
same position.

In all of the above, once the decimal point has been
moved, the 10 and its power are dropped. Zeros are added,
if necessary.

EXAMPLES:
3.7 X 10* = 37,000
5.56 X 107° = 0.0000556
1.34 X 10° = 1.34

Dimensional Analysis

The concept of dimensional analysis is useful when con-
verting from one set of units to another. The principle is
based on fractions whose quotients are 1.

EXAMPLE:
12in 14
L L TP L L
% 12



Recall that multiplying a quantity by 1 does not change
the value of the quantity. In order to convert from one set
of units to another, algebraic operations are performed
with units in the same way they are with algebraic symbols.

EXAMPLE: Convert 7.0 ft to inches.
70ft =70 %-12" —7.12in =84 1n

1
Note that it is possible to “cancel” the feet unit, leav-
ing the inches unit.
Convert 70.0 km/hr to m/s.
km

700 — =
hr

km  1000m  1he  1rhin _

70.0-R
b 1km 60 min 60s
70.0-1000 - - . 1M _ 194 M
60 60s S

Recall that 1 km = 1,000 m, 1 hr = 60 min, and
1 min = 60 s. Note that it is possible to “cancel” the km
unit, the hr unit, and the min unit.

When converting cubic units or square units, extra
attention needs to be given to the conversion factors.
Study the following example carefully.

EXAMPLE: Convert 3.8000 ft2 (cubic feet) to cubic
inches (in?).

12in ) 12in ) 12in

1ft 11t 11t

3.8000 ft* = 3.8000 ft* -
= 6566.4 in®

or 12i .
3.8000 ft = 3.8000 ft’ - (1—%"} = 6566.4 in’

EXAMPLE: Convert 10 roentgens per hour to
roentgens per minute.

roentgens  1hour

roentgens _ ,

10.0 !
hour hour 60 minutes
0467 roer\tgens
minute

i ALGEBRA

Algebra uses symbols and specific rules of number manip-
ulation to solve equations.

CHAPTER 1 Basic Mathematics 7

Signed Numbers

Numbers are not always positive. For example, the
thermometer indicates that it is very cold at —20°F.
Negative numbers can be illustrated by using a number
line (Figure 1-2). Positive numbers are assigned to the
right of the zero point and negative numbers to the
left of the zero point. A statement that 7 is less than 10
(written as 7 < 10) indicates that 7 is to the left of 10 on
the number line. A statement that —5 is greater than —9
(written as —5 > —9) indicates that —5 is to the right of
—9 on the number line.

Absolute Value. The absolute value of a number is the
distance from 0 to that number on the number line.
Because distance is the same number of units whether
moving up or down the number line, that means that
the absolute value of a number is always positive or
zero. The notation used for absolute value is two verti-
cal bars (I1).

EXAMPLES:

|=2| =2 4] = 4 0] =0

Because —2 is two units from zero on the number
line, the absolute value is 2. Because 4 is four units
from zero on the number line, the absolute value
is 4. Because 0 is zero units from zero on the number line,
the absolute value is 0.

Addition. To add two positive numbers, add their absolute
values and attach a positive sign to the result. The positive
sign is usually omitted.

EXAMPLE:

(+7) + (+8) = +15 7+8=15

To add two negative numbers, add their absolute values
and attach a negative sign to the result.

EXAMPLE:
(=7) + (=8) = =15

-4 3-2-10 1

N =+
m-
N 5

FIGURE 1-2. Number line.
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To add two numbers with unlike signs, subtract the smaller
in absolute value from the larger in absolute value and
attach the sign of the larger in absolute value to the result.

EXAMPLES:
(—10) + 3) = —7 4+ (~9) =5
(8) + (=5) = 3 —3+(7) =4

Negative of a Number. The negative of a number is the
opposite of the number in sign.

EXAMPLE:
The negative of 7 is —7; the negative of —7 is 7.

Ifb =7, then —b = —7.
Ifb= -7, then —=b = —(-7) = 7.

Subtraction. Subtraction is rewritten as addition, as in
a—b=a+ (—b).

EXAMPLES:
8—-10=8+(-10) = -2
8—(=10)=8+10=18
—-8—-10= -8+ (-10) = —18
-8 —(=10)= -8+ 10=2

All of the above subtraction problems are rewritten as
addition and then the rules for addition of signed numbers
are used.

Multiplication. To multiply two numbers, multiply their
absolute values. If both numbers are positive or both
numbers are negative, attach a positive sign to the result.
If the numbers are opposite in sign, attach a negative sign
to the result.

EXAMPLES:
2)3) =6
(=2)(=3)=6
@2)(=3) = -6
(=2)3) = -6

Division. To divide two numbers, divide their absolute val-
ues. If both numbers are positive or both numbers are neg-
ative, attach a positive sign to the result. If the numbers
are opposite in sign, attach a negative sign to the result.

EXAMPLES:
8+2=4
-8+ -2=4
8+ (-2)=—4
—-8+2=-4

Order of Operation

Order-of-operation problems may occur when parenthe-
ses are not indicated. For example, evaluate 2 + 3 - 4.
Depending on whether addition or multiplication is per-
formed first, the answer might be 20 or 14. The answer
actually depends on the order of operation. Rules have
been established that make the correct result 14.

The difference between the unary minus sign (—)
and the subtraction sign (—) and the difference between
the unary plus sign (+) and the addition sign (+) must be
understood before order-of-operation rules can be learned.

A subtraction sign (—) is used between two numbers.

EXAMPLE:
7 — 8 (subtraction sign)

A unary minus sign (—) is used before one number.

EXAMPLE:
—7 (unary minus sign)

An expression can have both a subtraction sign and a
unary minus sign.

EXAMPLE:

—7 — 8 (The first is a unary minus, the second is a
subtraction sign.)

An addition sign (+) is used between two numbers.

EXAMPLE:
8 + 10 (addition sign)



A unary plus sign (+) is used before one number.

EXAMPLE:
+8

Rules for Order of Operation

1. Perform all operations inside grouping symbols (paren-
theses, radical symbols, fraction bar, brackets, etc.).
Exponentiation (raising to a power or roots)
Unary minus (—) or unary plus (+)

Ll A

Multiplication and division
5. Addition and subtraction

Operations are performed from the lowest level (#1) to the
largest level (#5). Operations on the same level are evalu-
ated left to right.

EXAMPLES:

2+3-4 (multiplication first)
N N

=2+12 (addition)
=14
8-6/—1[12+2 (multiplication and division first)
=48 — 6 (subtraction)
Y]
% (bar acts as grouping symbol)
- % (add numerator and add denominator first)
=3 (divide)
(—2)? (exponentiation first)
= -8
—(2)* (exponentiation first)
= —(16) (unary minus sign)
=-16
3(7 + 4) (add inside parentheses first)
=3 (multiply)
=33
2(l6_+ 1y (add inside parentheses first)
= 2|(7)| (exponentiation next)
=2-49 (multiply)
=98

Algebraic Expressions

An algebraic expression consists of letters and/or numbers
that are multiplied, divided, added, subtracted, or raised
to a power.

CHAPTER 1 Basic Mathematics 9

EXAMPLE:
3 +5¢ —7x =38
X+5
y—17

There are several rules for combining algebraic
expressions.

Distributive Law. The statement of the distributive law is:
albt+tc)=a-bta-c

EXAMPLE:
Tx+y) =7x+17y
713 +5 =7-3+7-5=21+35=56

p(x + 4) = px + 4p (The numeral is normally

written in front of the letter.)

If the addition sign were a subtraction sign, then:
alb—c)=a-b—a-c

EXAMPLE:
Ix—y)=7x—1y
713—-5=7-3-7-5
=21-35=21+(-35=-14
p(x —4) = px — 4p

Care needs to be taken when one or two negative signs
are involved.

EXAMPLE:
—Tx +y)=—7x+ (=7y) (distributive law)
=-Ix—-1y (the reverse defini-

tion of subtraction)

—7x —y) = —=7x — (=7y) (distributive law)

=-7x+7y (definition of
subtraction)
—7(—3 —=8) = (—7)(—=3) — (—=7)(8) (distributive
law)
=21 — (—56) (multiply)
=21+56 (definition of
subtraction)

=77

Addition and Subtraction of Like Terms. A like term is
a term with identical literal factors. A literal factor is a
factor denoted by a letter. Like terms may be added or
subtracted.
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EXAMPLE:

7x + 3x = 10x (like terms)

EXAMPLE:

7x + 3y = 7x + 3y (Unlike terms may

not be added.)

EXAMPLE:
7x — 3x = 4x
EXAMPLE:
—7x —3x = —7x + (—3x) (definition of
subtraction)
= —10x (combine like terms)
EXAMPLE:

—7x — (=3x) = —=7x + 3x (definition of

subtraction)

= —4x (combine like terms)

Parentheses. When an algebraic expression involves pa-
rentheses, the parentheses need to be removed in order
to simplify the expression.

EXAMPLE:
7x +y) +4(x +y)
=7x+7y+4x+ 4y
=11x+ 1y

(distributive law)
(combine like terms)

EXAMPLE:
Tx +y) — 4lx +y)
=T7(x +y) + (—4)(x +y) (definition of subtraction)
=T7x+ 7y + (—4x) + (—4y)
=3x + 3y

(distributive law)
(combine like terms)

EXAMPLE:
Tx —y) —4kx —y)
=7x—y) + (=4)x —y)

(definition of

subtraction)
=T7x — Ty + (—4x) — (—4y) (distributive
law)
=T7x + (=7y) + (—4x) + (4y) (definition of
subtraction)
= 3x + (—3y) (combine like terms)
=3x — 3y (reverse of definition of
subtraction)
EXAMPLE:
x=—=x=x+(=Ny—-x
=x+(=y) = (=x)
=x+(=y) +x
=2x—y

If an expression involves parentheses within parentheses,
then it is simplified from the innermost parentheses out.

EXAMPLE:

7 — [6x — (x — 4)]
=7 —[6x — x + 4] (remove innermost
parentheses)
=7 — [5x + 4] (simplify within parentheses)
=7—5x—4 (remove parentheses
[square bracket])
=3 — 5x (combine like terms)

Exponents. Definition:
_
n times

where a is the base and n is the exponent.

EXAMPLE:
3*=3-3-3-3=281

Laws of Exponents

Law L:am - an = an



EXAMPLES:

At @ =att3=a’

a-ad=a'*s =g

a"" ifm=n

1 az0
- ifn>m

Law 3: (ab)™ = a™b™

EXAMPLE:
(ab)* = a*b*

a m am
Law 4:| — | = ,
ORETT

EXAMPLE:
> 5
gl =&
)%

Law 5: (am)* = am'®

EXAMPLE:
(@) = a* 5= a®
Definition: a® = 1 fora # 0

EXAMPLE:
P =1
X0 =1
(5x)° =1
5XX=5:1=5

Definition: a™ = fora # 0

oL
aﬂ
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EXAMPLES:
_ 1
X 7= 7
1 1
et L
2 8

It can also be shown that:

Lza" fora # 0.

-n

a
EXAMPLES:
1
STZ = 52 =25
1
o

11

Multiplying Numbers in Scientific Notation. When mul-
tiplying two numbers in scientific notation, the Ns are
multiplied and the powers of 10 are added. This is simply
using the rule of exponents when the bases are the same.

EXAMPLE:
(2.4 X 10%(3.8 x 10™)
=(2.4-3.8) x 103"
=91 X 10"

Dividing Numbers in Scientific Notation. When dividing
two numbers in scientific notation, the Ns are divided and
the exponents are subtracted. This is another example of

using the rules of exponents.

EXAMPLE:
(8.3 X 10% + (2.7 x 10")
=83+ 27 x104"
=3.1X10"

Evaluating Algebraic Expressions

To evaluate an algebraic expression, replace each unknown
with the given value and then perform the indicated

operations.
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EXAMPLE: Evaluate 2a’ + 5bfora=3andb = 4.
2a? + 5b = 2(3)? + 5(4)
=2-9+20
=18 + 20
=38

Formulae are examples of equations where algebraic
expressions are evaluated.

EXAMPLES:
Convert 60.0°F to C.
The formula involved is C = 5/9(F — 32°).
Determine C when F = 60.0°.

C =5/9(F — 32°)

C = 5/9(60.0° — 32°) (substitute 60.0° for F)
C = 5/9(28°)

C =15.6°

Convert 20.0°Cto F.
The formula to use is F = 9/5C + 32°.
Determine F when C = 20.0°.

F = 9/5(20°) + 32°

F=36° + 32°
F = 68°
Equations

An equation is a statement that contains an equal sign. For
example, A = B is an equation. An equation can be either
a true or a false statement.

EXAMPLES:
5+3=17 (false statement)
5+3=38 (true statement)

Both of these statements are equations but only one is
true.

An equation that contains at least one unknown
(variable) is an open equation.

EXAMPLES:
X+5=7
3Xx+5=7— 2

An open statement becomes either true or false when
the unknown (variable) is replaced (substituted) with a
numeric value.

EXAMPLES:
Inx + 5 = 7, replace x with 3.
3 + 5 = 7 s a false statement.
Inx + 5 = 7, replace x with 2.
2 +5 = T7is a true statement.

The solution of an equation is that numeric value
which, when substituted in the equation, gives a
true statement. In the earlier example, 2 is the solution
to the equation.

There may be many solutions to an equation. For
example, in the equation x + 5 = x + 5, all numeric values
for x will give a true statement. This type of equation is
called an identity.

There may be no solutions to an equation. For exam-
ple, in the equation x + 5 = x + 6, there are no numbers
that, when substituted in the equation, give a true state-
ment. Therefore, there are no solutions to the equation.

Equivalence Principles. The principles of equivalence are
needed to solve equations. An equivalent equation is an
equation that has the same solution.

Addition and Subtraction Principle. If the same number is
added to each side or subtracted from each side of an equa-
tion, the equation remains equivalent.

EXAMPLE:
x—5=17
X—5+5=7+5 (add 5 to both sides)
x=12 (equivalent equation to
X—5=7)
EXAMPLE:
X+3=12 (subtract 3 from both sides)

X+3—-3=12-3 (equivalent equation to
x=9 x+3=12)

Multiplication and Division Principle. If the same non-
zero number is multiplied or divided by each side of the
equation, the equation remains equivalent.
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EXAMPLE: EXAMPLE:
X_56 Solve: 5a = 30 for a
5 5a = 30
X . . 5a 30
5. T = 5.6 (multiply each side by 5) T g (divide both sides by 5)
a==o6
x = 30 (equivalent equation) Check:
5a =30
5(6) = 30 (substitute 6 for a)
EXAMPLE: )
30 =30 (Statement is true.)
3x =12
x_12 (divide each side by 3)
3 3 EXAMPLE:
x=4 (equivalent equation) Solve: 7x — 5 = 3x + 7 for x
Ix—5=3x+17
To find a solution to an equation, the unknown (variable) X=5+5=3x+7+5 (add 5 to
must be isolated on one side of the equation. both sides)
7x =3x + 12
7Xx —3x=3x + 12 — 3x (subtract 3x from both
EXAMPLE: sides)
Solve: x + 7 = 12 for x =12
X+7=12 X _12
X+7-7=12-17 (subtract 7 from 4 4 (divide both sides by 4)
each side) Xx=3
X=5 Check:
Check: IXx—5=3x+7
X+7=12 73) —5=33) +7 (substitute 3 for x)
5+7=12 (substitute value for x) 21-5=9+7
12 =12 (Statement is true; therefore, 16 = 16 (Statement is true.)
5 is solution to equation.)
To solve an equation with parentheses, the parentheses
need to be eliminated using some correct procedure, usu-
ally the distributive law.
EXAMPLE:
Solve: % =18 for x EXAMPLE:
X - Solve: 7(x + 6) = 21 for x
6 7(x + 6) = 21 (distributive law)
6- % =6-18 (multiply both sides by 6) 7x +42 =21 (subtract 42 from each side)
X = 108 Ix = —21 (divide each side by 7)
Check: x=-3
X Check:
—=18 .
6 7(x + 6) = 21 (substitute —3 for x)
7(—=3 +6) =21
W _ 18 (substitute 108 for x) ( )
6 76) =21
18 =18 (Statement is true.)

21 =21 (Statement is true.)
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Sometimes a formula needs to be rearranged. This is just
like solving an equation for an unknown (variable).

EXAMPLE:
Solve for t when a = bt + ¢
a=bt+c
a—c=bt+c—c
a—Cc=ht
a—c bt
b b

(subtract ¢ from each side)
(divide by b)

a—c
b

Check:

a=bhbt+c

=i

a—c . —
. (substitute % for t)

a=a (Statement is true.)

Variation

Two types of variation will be discussed here—direct and
inverse.

Direct Variation. When one quantity is a multiple of
a second quantity, this represents direct variation. An
example of direct variation is y = kx, where k is the
constant of proportionality. Here y is a multiple of x,
making y directly proportional to x.

Another example is y = kx?, where k is the constant
of proportionality, making y directly proportional to the
square of X. Another way to think of direct variation is that
the quotient of the two quantities is always a constant. It
is possible, knowing the values for the quantities, to find
the constant.

Inverse Variation. When two quantities are multiplied and
their product is a constant, this represents inverse variation.

An example of inverse variation is y = k/x, where k
is the constant of proportionality. Here the product of x
and y is a constant, namely k. This is usually read as y is
inversely proportional to x.

Another example is y = k/x?, where k is the constant
of proportionality. Here the product of x* and y is a con-
stant. This is usually read as y is inversely proportional to
the square of x (or x2).

It is also possible to combine the two variations.
As an example, consider y = kx/z2. Here y is directly
proportional to x and inversely proportional to the
square of z.

UNITS OF MEASUREMENT

In order to quantify scientific phenomena, standard units
of measurement have been established. These units allow
scientists to describe quantities. In physics, the primary or
fundamental units of measurement are mass, length, and
time. These units, although they have the same meaning and
have been standardized by international organizations, are
measured by the use of two widely different systems. These
are the British (foot-pound-second) system, also called
the U.S. customary system, and the metric (MKS [meter-
kilogram-second] or CGS [centimeter-gram-second]) system.
Although most countries utilize the metric system of mea-
surement, attempts to switch to this system in the United
States have not been very successful. In the United States,
length is measured in inches and feet rather than meters and
kilometers. By combining one or more of the fundamental
units, scientists arrive at secondary or derived units. For
example, the area of an object is derived from the fundamen-
tal unit of length. The area of a rectangle is determined by
multiplying the lengths of the two sides of the object.

SI Units

In 1960, at the Eleventh General Conference of Weights
and Measures, the Systeme Internationale d Unites (SI)
was defined and officially adopted. This system of units,
used to measure various quantities, is now accepted as the
metric system. In the SI system, there are seven base units
(Table 1-2). All other units are derived from these units,
although some derived units are given special names. It is
important to become familiar with SI units because they
have been internationally adopted.

In addition, although the United States does not
use Sl/metric units for the public, all scientific inqui-
ries utilize the SI system. As noted earlier, the seven
base SI units are mass, length, time, electric current,
temperature, amount of substance, and luminous inten-
sity. Radiologically important derived units are the
coulomb per kilogram (C/kg), formerly the roentgen (R);
the gray (Gy), formerly the rad (radiation absorbed dose);
and the sievert (Sv), formerly the rem (radiation equiva-
lent man). These radiologic units are described in greater
detail in Chapter 8.

Fundamental Units

Mass. Mass is the amount or quantity of matter. The standard
unit of mass is the kilogram (kg). It is represented by a cylin-
der of platinum-iridium, which is kept in a vault at the Inter-
national Bureau of Weights and Measures in Paris, France.

Length. The unit of length is the meter (m). The meter
was defined in 1983 as the distance that light travels in a
vacuum in 1/299,792 485 s.
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Base Units
Mass kilogram kg
Length meter m
Time second s
Electric current ampere
Temperature kelvin K
Amount of mole mol
substance
Luminous intensity candela cd

Derived Units

Absorbed dose gray Gy rad

Charge coulomb  C esu

Electric potential ~ volt v

Dose equivalent sievert Sv rem

Energy joule J ft/lb

Exposure coulomb/  Clkg roentgen
kilogram

Frequency hertz Hz cycles per

second

Force newton N

Magnetic flux weber Wb

Magnetic flux tesla T gauss

density

Power watt W

Radioactivity bequerel  Bq curie

Time. The unit of time is the second (s). The second was
originally defined in terms of the rotation of the earth
on its axis (the mean solar day) but, like the meter,
the need for greater accuracy resulted in redefining
the unit. Time is now measured by the vibrations of
cesium-133 atoms. This method is sometimes called the
atomic clock.

Prefixes

The metric system uses prefixes to units to denote different
orders of magnitude, as shown in Table 1-3.

To convert from grams to kilograms or micrograms, or
to grams with any other prefix, the decimal point is moved.
If the prefix moves up the table, the decimal point is moved
to the left the number of exponent positions moved. If the
prefix moves down the table, the decimal point is moved
to the right the number of exponent positions moved.
Dimensional analysis can also be used.
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10" tera T
10° giga G
108 mega M
10° kilo k
102 hecto h
10 deca da
10" deci d
1072 centi C
1073 milli m
10°¢ micro u
10°° nano n
10" pico p
10" femto f
108 atto a
EXAMPLES:

23.4 g = 0.0234 kg (move the decimal

point 3 positions left)

23.4 g = 23,400 mg (move the decimal
point 3 positions right)
23.4 mg = 0.0000234 kg (move the decimal point 6

positions left)

23.4 kg = 2,340,000 cg  (move the decimal point 5

positions right)
Using dimensional analysis:

2B4g=2349—9

—2 = 0.0234 kg
1000 g

Some commonly used prefixes are shown in Table 1-4.

Conversion from one system to another is needed
from time to time. For example, 1 in. = 2.54 cm is the
conversion fact for changing inches to centimeters. See
the section on Dimensional Analysis under the math
review for the procedure to convert from one set of units
to another.

lII Commonly Used SI Prefixes

kilovolt kv 10% volts
centimeter cm 102 meter
milliampere mA 102 amp
milligray mGy 1073 Gy
nanosecond ns 10-° second
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basic review of arithmetic, algebra, and units of mea-

surement has been presented. The arithmetic review in-
cludes fractions, decimals, computation with values, powers of
10, scientific notation, and dimensional analysis. The algebra
review includes signed numbers, order of operation, algebraic
expressions, exponents, evaluating algebraic expressions,
equations, and variation. Both SI and British (U.S. customary)
units of measurement are introduced.

In order to quantify science, standard units of
measurement were established. The fundamental units

The Case of the
Mysterious Mammals

Answers to the case studies can
be found in'Appendix B.

W REVIEW QUESTIONS

4 1

—_ "t — =

7T 2

9 8
3. B71.1 — 182572 =
4. 725+ 0.25 =

of measurement are mass, length, and time. Units of
measurement were officially defined on an international
level through the adoption of the SI units. The seven
base SI units are mass, length, time, electric current,
temperature, amount of substance, and luminous
intensity. Radiologically important derived units are the
coulomb per kilogram (C/kg), formerly the roentgen (R);
the gray (Gy), formerly the rad (radiation absorbed dose);
and the sievert (Sv), formerly the rem (radiation equiva-
lent man).

5. Change 0.325 to a percent.

6. What are the significant digits of each of the
following:

a. 20.10

b. 192

c. 38.04

d. 2,700

e. 1,800.004



10.
11.
12.

13.

14.

Add the following numbers, leaving the results with
the correct number of significant digits if each num-
ber is assumed to be approximate.

a. 2.1+ 2824

b. 3.2 + 4.19

Change the following numbers to scientific notation:
a. 0.0081

b. 7,811.2

c. 0.00024

d. 78,432

Change the following numbers to ordinary notation:
a. 3.614 x 10?

b. 1.876 x 10~*

c. 1.823 x 10°

d. 5.67 x 10°

Convert 1,500 seconds to hours.

Convert 10 meters® to centimeters?

Simplify the following algebraic expressions:

a. 3x+y +72x+1)

b. —4(x + 2y) — 8(2x — y)

Simplify the following expressions, leaving the
answer with only positive exponents:

a. a’-b’-a*- b
b. (a')? - (a?)™3
Evaluate the expression for a = 5 and b = 3.

3
g (aZ _ b2)
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15. Evaluate the expression fora=2,b = —4,and c = 6.
3(a+b)—c

16. Solve forx:2x — 8 =4

17. Solve for x: 2(3x — 8) = 3(4 — x) + 6x

18. Solve for a: g -2
3 1
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KEY TERMS

amplitude
atom I have discovered something interesting, but I do not know whether or not

atomic mass number (A) my observations are correct.

atomic mass unit (amu) W. C. Rontgen to his friend Theodor Bovert
atomic number in early December 1895.

chemical energy
compound
electrical energy
electricity OBJECTIVES
electromagnetic energy
electromagnetic radiation (EM)

electromagnetic spectrum
electrons (e-) Differentiate between matter and energy.

Upon completion of this chapter, the student should be able to:
Describe the branches of science.

electron binding energy (E,) Describe the basic structure of matter.
electron volt (eV) Identify the various types of energy.

element Explain the basic concepts of atomic theory.

excitation Differentiate between the radiations along the electromagnetic

frequency spectrum.
heat

jon

Describe the wave and particle theories for electromagnetic radiation.

o Identify the properties of x-rays.
lonization

isotope
kinetic energy
K-shell
lambda

M theory
mass

mechanical energy
mixture

molecule
neutrons (n°)
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KEY TERMS (continued)

nu
nuclear energy
nucleons
nucleus

octet rule
period

photon
potential energy
protons (p*)
quantum
quarks
radiation

shell

string theory
substance
temperature
thermal energy
valence
wavelength
weight

Z number

MATTER AND ENERGY

Radiography is the recording of images created by the use
of x-ray energy. It is both an art and a science. In order
to perform the duties of a radiographer, it is necessary
to understand the art of the profession as well as the
science.

Science is the use of knowledge in an organized and
classified manner. The scientific method has been used
by men and women to understand the world in which we
live. This method systematically involves collecting facts,
studying their relationships, and arriving at conclusions
based on analysis. Natural science is the study of the
universe and its contents. It can be divided into two cat-
egories: (1) the study of nonliving matter, known as physi-
cal science; and (2) the study of living matter, known as
biological science. Radiographers learn about biological
science through a study of human anatomy and physiol-
ogy and about physical science through a study of x-ray
production and imaging processes.
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Physics is a branch of physical science that studies
matter and energy and their interrelationships. Matter is
defined as anything that has mass and occupies space.
Energy is the ability to do work.

Matter

Matter is a very general term used to describe the sub-
stance that comprises all physical objects. It has shape,
form, and it occupies space. A principal characteristic of
matter is mass. Mass is the quantity of matter contained in
an object. It is best described by its energy equivalence,
although the term weight is generally used to mean the
same thing. The force that an object exerts under the
influence of gravity is weight. An object may be weightless
in a zero-gravity environment, such as in space, but the
mass of that object would remain unchanged.

The unit of mass is the kilogram, which equals to
1,000 grams. The kilogram represents the weight of a stan-
dard piece of platinum-iridium kept at the International
Bureau of Weights and Measures in Paris, France. It is
equal to the mass of 1,000 cm?® of water at 0° Celsius (C)
or Centigrade.

The structure of matter has been studied throughout
history. In nature, matter is most commonly found as a
mixture of substances (Figure 2-1). A substance is defined
as a material that has a definite and constant composition.
When two or more substances are combined, they form a
mixture. For example, air is a mixture of oxygen, hydro-
gen, nitrogen, and a variety of other substances.

Mixture

FIGURE 2-1. Structure of matter.
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Substances may be either simple or complex. A simple
substance is known as an element and a complex substance
is known as a compound. An element is a substance that can-
not be broken down into any simpler substances by ordinary
means. There are 92 naturally occurring elements identified
on the periodic table of elements (Figure 2-2). Elements
include such substances as hydrogen, oxygen, carbon, cal-
cium, copper, silver, gold, lead, and barium. When two or
more elements are chemically united in definite proportion,
compounds are formed. Water and salt are both examples
of compounds. Water is formed by the chemical union of
two hydrogen atoms and one oxygen atom and is referred
to as H,O (Figure 2-3). Each element has an abbreviated
letter or letters to identify it. These abbreviations for the
elements are outlined on the periodic table. For example, in
the compound salt, the element sodium (Na) is chemically
combined with the element chlorine (Cl), in equal propor-
tions, to form sodium chloride (NaCl).

When broken down and examined in its purest form,
matter actually comprises very small invisible particles
known as atoms. An atom is the smallest particle of an
element that still possesses the chemical properties of
that element. When two or more atoms are chemically
united, they form a molecule, which is the smallest parti-
cle of a compound that still possesses the characteristics
of the compound. For example, in the compound water,
two hydrogen (H) atoms combine with one oxygen (O)
atom to form one water (H,0) molecule. With salt, one
sodium (Na) atom combines with one chlorine (Cl) atom
to form one sodium chloride (NaCl) molecule.

Atoms are tightly bonded to one another when a mol-
ecule is formed. These bonds cannot be broken by ordinary
physical means, such as crushing. Atoms and molecules are,
however, bound to one another by varying degrees of attrac-
tion. The degree of attraction between atoms or molecules
will determine if the substance is a solid, a liquid, or a gas. The
attraction is weakest with a gas and strongest with a solid. For
example, depending on the degree of molecular attraction,
water can exist in its usual state as a liquid, or it can exist as
a gas (steam) or a solid (ice). The state is determined by the
heat or thermal energy that the substance possesses.

Energy

Energy is defined as the ability to do work. The unit of
energy is the joule (J), named after the English physicist
who developed the standard. When energy is emitted and
transferred through matter, it is called radiation. Radia-
tion is a term applied to many forms of energy, such as
heat and light. When the burner on a stove is lit, it can
be described as radiating heat. A light bulb is capable of
radiating light. When any form of matter is struck by a
form of radiant energy, it is described as being exposed
or irradiated.

There is a unique relationship between matter and
energy. They are interchangeable. This relationship was
described in 1905 by the German-American physicist
Albert Einstein (1879-1955) in his well-known theory of
relativity. Einstein mathematically described the relation-
ship between matter and energy in the equation:

E = mc?
where: E = energy
m = mass
c = constant (the speed of light in a
vacuum)

At the basis of Einstein’s work is the Law of Con-
servation. This law states that the sum total of all mat-
ter and energy in the universe is a constant: matter and
energy cannot be created or destroyed but they can be
converted from one form to another. Although recent
research has demonstrated certain circumstances when
Einstein’s theory has been disproved, for practical pur-
poses it is essentially true.

ATOMIC THEORY

Matter comprises very small particles known as atoms. To
understand how small atoms really are, it has been esti-
mated that one teaspoon of water (about 1 cm®) contains
about three times as many atoms as the Atlantic Ocean
contains teaspoons of water.

Atoms can be subdivided into three basic subatomic
particles: protons (p*), neutrons (n°), and electrons (e~).

Historical Overview

The composition of the atom has been a topic of scientific
investigation for thousands of years. The Greeks theorized
that matter has four basic components: air, water, earth,
and fire. They named the smallest division of these com-
ponents the atom. This theory was accepted until the early
1800s when an English schoolteacher named John Dalton
(1766-1844) published his work on atomic theory. Dalton
concluded that all elements could be differentiated from
one another based on the characteristic of mass. He further
concluded that each of the elements comprises atoms that
behaved in an identical fashion during a chemical reaction.
During the mid-1800s, Russian scientist Dmitri Mendeleev
(1834-1907) developed the first periodic table of the ele-
ments. This table arranges the elements in order of ascend-
ing atomic mass and on the basis of the repetition of similar
chemical properties (Figure 2-2). More detailed information
on a specific element on the periodic table, including specific
characteristics, electron configurations, and electron binding
energies, can be found at http:/www.webelements.com.
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2 hydrogen atoms

1 oxygen atom

FIGURE 2-3. A water molecule is formed when two atoms of
hydrogen combine with one atom of oxygen.

Investigation of the structure of matter contin-
ued and, in 1911, English physicist Ernest Rutherford
(1871-1937) developed a model for the atom that con-
tained a central, small, dense nucleus, which possessed
a positive charge and was surrounded by a negative
cloud of randomly placed electrons, which had a nega-
tive charge. In 1913, Niels Bohr (1885-1962), a Danish
physicist, expanded on Rutherford’s work and proposed
a model for the atom that is considered the most rep-
resentative of the structure of matter. Bohr’'s atom is
likened to a miniature solar system where electrons
orbit around a central nucleus just as the planets revolve
around the sun.

Although the atom is far more complex than Bohr’s
simple model suggests, this model is still the most widely
used in explaining the composition of matter. One key dis-
tinction between Bohr’s model and an actual atom is that
electrons orbit the nucleus in many planes, whereas the
planets orbit the sun in essentially the same plane.

Bohr’s simple model was difficult to apply to ele-
ments with a high atomic number. Both Niels Bohr
and the Austrian physicist Erwin Schrodinger, working
with their associates, developed a theoretical approach
to understanding atomic behavior. Both Bohr and

Schrodinger were successful, but physicists primarily use
Schrodinger’s concept because it has been found to be
more convenient. This approach is the foundation of mod-
ern physics and is known as quantum or wave mechanics.

According to the principles of quantum mechanics,
orbital electrons are assigned probabilities for occupying
any location within the atom. The greatest probabilities
are associated with Bohr’s original model.

Basic Atomic Particles

The atom is best described as having a small, dense
center known as the nucleus, which is surrounded by
electrons that orbit it at various levels (Figure 2-4). The
nucleus contains two of the three basic particles of the
atom, protons and neutrons, which are responsible for
almost all of the mass of an atom. Protons and neutrons
together are referred to as nucleons. The third basic
particle, the electron, is located outside the nucleus
and has a relatively insignificant mass, 1/1,826 that of
a proton.

Electrons cannot be divided into smaller parts, but
protons and neutrons both comprise even smaller sub-
nuclear structures called quarks. There are new theories
that may explain them as well as find a way for quantum
physics and relativity theory to work together. The over-
all concept is being referred to as M theory. It postulates
that electrons and quarks may not be particles, but

FIGURE 2-4. A three-dimensional diagram of an atom of oxygen,
which contains eight protons, eight neutrons located within the cen-
ter nucleus, and eight electrons within orbital shells moving around
the nucleus.




instead may be extremely small loops of rapidly vibrat-
ing string like matter. One idea is that matter behaves
differently depending on the vibrations of the string (like
a guitar string playing many different sounds depending
on the position of the fingers on the frets, force applied
via finger or pick, and the shape and size of the body
of the guitar or the electronics in the pickup). In fact,
this concept is now being called string theory. There are
actually five different string theories and they require
the addition of several new dimensions in addition to
the four we know (as well as the need to invent new
forms of mathematics to figure out how they function).
Although this begins to sound like a science fiction story,
many physicists are beginning to agree that these new
theories may be the next frontier for research and hold
hope for better explanations about how matter behaves.
It is likely that our knowledge of radiation will expand
along with these theories throughout your career in the
radiologic sciences.

The subatomic particles possess electrical charges.
There are two types of electrical charges: positive and
negative. The proton is a positively charged particle and
the electron is a negatively charged particle. The neutron
contains no charge and is said to be electrically neutral.
When the number of positively charged protons equals
the number of negatively charged electrons, the atom is
neutral or stable. Because of its electrical nature, the atom
is dynamic and ever moving. It is in a constant, vibrating
motion because of the strong positive nuclear force field,
which is surrounded by the negatively charged spinning
and orbiting electrons.

Each of the elements has its own specific num-
ber of nuclear protons. This is the key characteristic
that distinguishes one element from another. The
number of nuclear protons in an atom is known as
the atomic number or Z number. The simplest element,
hydrogen, possesses only one proton and, therefore,
has an atomic number of 1. Helium comes next on the
periodic table and has two protons, giving it an atomic
number of 2. Lead has an atomic number of 82, indicat-
ing that within the nucleus of an atom of lead there
are 82 protons. The periodic table lists the elements
in ascending order according to the element’s atomic
number (Figure 2-2). In a neutral atom, the number of
protons is equal to the number of electrons. For exam-
ple, in a stable neutral atom of hydrogen, there is one
proton and one electron. In a stable atom of lead, there
are 82 protons and 82 electrons.

Although not a common occurrence in nature, when
an atom of a given element loses or gains a proton, that
atom becomes a different element. For example, if an
atom of carbon with atomic number 6 gains a proton,
the atom then becomes an atom of nitrogen with atomic

CHAPTER 2 Radiation Concepts 23

number 7. Atoms of one element do change to atoms of
another element during the natural process of radioactive
decay. Radium, with an atomic number of 88, decays over
a very long period of time to form the element radon,
which has atomic number 86. Radon is a naturally occur-
ring gas that is also radioactive. Recent studies have
found increased radon levels in homes around the coun-
try. Radon testing kits are now commercially available to
measure radon levels in the home.

Changes in the number of protons change the iden-
tity of the element completely, but this is not the case
with changes in the number of neutrons or electrons. If an
atom gains or loses neutrons, the result is an atom called
an isotope. Isotopes are atoms that have the same number
of protons in the nucleus but differ in the number of neu-
trons. Deuterium is an isotope of hydrogen. It contains the
same number of protons as hydrogen but also contains
one neutron.

If an atom gains or loses an electron, it is called an
ion and the atom is said to be ionized. The process of
adding or removing an electron from an atom is called
ionization. When an electron is removed from an atom,
the atom becomes a positive ion; that is, the atom pos-
sesses an extra positive charge. When an electron is
added to an atom, the atom becomes a negative ion; that
is, it possesses an extra negative charge (Figure 2-5). The
radiologic technologies use powerful beams of ionizing
radiation that have the ability to ionize atoms, thus chang-
ing the charges and force fields between atoms. This can
cause serious disruption of the metabolic relationships
in the body. This is why exposure of patients to ionizing
radiation requires an order from someone with a license
to practice medicine.

Atomic Mass

The mass of an atom is extremely small;, however, it is
important to understand the differences in the mass of
each of the basic particles of an atom. Each individual
particle has its own unique mass. As stated earlier, the
mass of an atom is almost entirely concentrated in the
nucleus. The mass of a proton is approximately 1.673 X
10-* kilograms, and the mass of a neutron is almost iden-
tical, at 1.675 X 10?7 kilograms. Although these numbers
seem remarkably small, they are still significantly greater
than the mass of an electron, at 9.109 X 10~ kilograms.
Protons have approximately 1,836 times the mass of
electrons, and neutrons have approximately 1,838 times
more. The mass of the particles of an atom is sometimes
described using the atomic mass unit (amu).

In order for science to be as exact as possible, scien-
tists defined an atomic mass unit as equal to one-twelfth
of a carbon 12 atom. The amu of a proton is approximately



24 UNIT I Creating the Beam

Positive ion

/6

/@é

\a/
©_

~

6 Protons
5 Electrons

Negative ion

9’

&// e
e_//

6 Protons
7 Electrons

FIGURE 2-5. The ionizations process. When an electron is either added to or removed from an atom, the atom is ionized. A neutral carbon atom
contains six protons and six electrons; a positive ion of carbon would contain more protons than electrons, and a negative ion of carbon would

contain more electrons than protons.

1.00728, a neutron has an amu of approximately 1.00867,
and an electron has an amu of approximately 0.000548.
When precision is not necessary, the mass of an atom is
described by an atomic mass number symbolized by the
letter A. The atomic mass number is equal to the number
of protons and neutrons in the nucleus. For our purposes,
each proton and neutron can be considered to have a
mass number of one and an electron to have a mass num-
ber of zero (Table 2-1).

Orbital Electrons

Each of the electrons around the nucleus is in continu-
ous motion. According to quantum mechanics, each of
these electrons resides in an orbit that may be described
as a “probability density.” The orbital describes the
region over which the electron is most likely to be at any
given time.

The distance from the nucleus determines the energy
level or shell the electron occupies. Each energy level has

m Atomic Particles

Proton 1 1.673 X 1027 1.00728 Positive
Neutron 1 1.675 X 1027 1.00867 Neutral
Electron 0 9.109 X 103"  0.000548  Negative

a certain electron binding energy (E,). The binding energy
of an electron is defined as that amount of energy needed
to remove the electron from the atom. If a free electron at
rest is assumed to have an energy of zero, then the total
energy of an orbital electron would be zero minus the
binding energy or the negative of the binding energy. The
closer an electron is to the nucleus, the more tightly it is
bound to its orbit or shell. The charge felt by any elec-
tron at various distances from the nucleus is termed the
shielded nuclear charge.

Certain forces are responsible for maintaining the
electron’s position and motion in its orbit. The stability
of this orbit is contributed to by two opposing forces:
the centrifugal force and the attractive electrostatic
force. The centrifugal force tends to cause the elec-
tron to fly out in space. The attractive electrostatic
force between the positively charged nucleus and the
negatively charged electron tends to cause the two to fly
together. These forces are exactly equal and opposite in
a stable orbital. The end result is an electron that is in
motion in a specific orbit around the nucleus. The closer
an electron is to the nucleus, the higher the electron
binding energy is and the more difficult it is to remove
the electron from the atom.

The orbital shell closest to the nucleus is called
the K-shell; the next shell is called the L-shell, then M-,
N-, O-, P-, and, finally, the Q-shell. These letters for the
shells are actually no longer used by chemists and physi-
cists. They identify the shells by the principal quantum
number (n). The first shell (K) is designated as n = 1.



The second shell (L) is n = 2, the third shell (M) isn = 3,
and so on. Two additional quantum numbers, the angular
momentum quantum number and the magnetic quantum
number, are further used by chemists and physicists
to describe more precisely the location of an electron
within an atom.

In a neutral atom, the number of protons and elec-
trons is equal. This means that each element has a differ-
ent number of orbital electrons. The element hydrogen
has only one proton and one electron. The electron of a
hydrogen atom orbits in the K-shell. There is a maximum
number of electrons that can occupy a given shell. The
maximum number is determined by the formula 2n?
where n equals to the shell or principal quantum num-
ber, starting with K as the first shell. According to this
formula, the maximum number of electrons in each of
the shells would be:

K = 2(1)2 =2

L=2@22=8

M= 2(3)* = 18
N = 2(4)2 = 32
0 = 2(5)2 = 50
P = 2(6)2 = 72
Q=272 =098

Electrons may begin to appear in the next shell
before a shell contains its maximum number of elec-
trons. For example, electrons may appear in the N-shell
before the M-shell has 18 electrons in it. This is because
the number of electrons in the outermost shell never
exceeds eight electrons. This is commonly referred to
as the octet rule. Atoms that contain exactly eight elec-
trons in their outermost shell are considered inert and
chemically stable. The specific electron configuration
will determine an element’s position within the groups
of the periodic table.

As the number of electrons and protons increases,
so does the binding energy of a given electron. This is
due to the increase in the positive charge in the nucleus.
This means that the electrons in atoms of high-atomic-
number elements are bound more tightly than the
electrons in atoms of lower-atomic-number elements.
The binding energy of electrons in the K-shell of lead is
much higher than the binding energy of the K-shell elec-
trons in hydrogen or oxygen. In addition, the binding
energy of an electron decreases as the distance from the
nucleus is increased (Figure 2-6). It takes more energy
to remove a K-shell electron from its path than it would
to remove an electron from a shell at a greater distance
from the nucleus, such as the L-, M-, or N-shell. This
will become important to remember when studying the
effect of x-rays on atoms.
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The binding energy of an electron is measured in
a unit called the electron volt (eV). This is the same unit
used to describe x-ray energies. The electron volt is the
energy one electron will have when it is accelerated
by an electrical potential of one volt. Because x-ray
and binding energies are great, the usual unit used to
express these energies is the kilo-electron volt (keV).
One keV equals to 1,000 electron volts.

The atomic configuration and the approximate bind-
ing energies of certain elements are important because
of their significance in radiology. These elements include
hydrogen (H), carbon (C), and oxygen (O) because they
are the principal elements that comprise the human body;
iodine (I) and barium (Ba), because these elements are
used as contrast media for a variety of radiologic examina-
tions; tungsten (W) and molybdenum (Mo), because they
are x-ray tube target materials; and lead (Pb), because it
is the element used for radiation protection devices. A dia-
gram of these elements shows that as the atomic number
of an element increases, the K-shell binding energy of the
element increases (Figure 2-7). This means that a K-shell
electron of lead (Pb) is more tightly bound and more dif-
ficult to remove from the atom than a K-shell electron of
smaller-atomic-number elements, such as hydrogen (H)
or oxygen (O).

To remove the K-shell electron from an atom of
tungsten or lead requires much more energy than would
be necessary to remove a K-shell electron from an atom
of hydrogen, carbon, or oxygen. When an electron is
removed from an atom, the atom is said to be ionized.
X-rays are capable of ionizing atoms. The x-ray energy
must be greater than the binding energy of the electron
in order for ionization to occur (Figure 2-8).

The Periodic Table

The present-day periodic table lists 118 elements
(Figure 2-2). The elements are listed in ascending
order based on the atomic number located above the
element’s symbol. The relative atomic mass of the
element is identified below the symbol. Each of the
elements is also arranged into one of seven horizontal
periods and one of eight vertical groups. The periods
represent elements with the same principal quantum
number or number of electron shells and the groups
represent elements with the same number of electrons
in the outermost shell. For example, each element
in the last group has eight electrons in its outermost
shell. These elements are chemically very stable
atoms.

The number of electrons in the outermost shell
of an atom determines the chemical combining
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FIGURE 2-6. The closer an electron is to the nucleus, the greater will be the binding energy of the electron.

characteristic or valence of the element. An element
that has only one electron in the outermost shell is
described as having a valence of +1 and would be
located in Group 1 on the periodic table. This element
will freely give up this electron to bind with another
element to form a compound. An element that has
seven electrons in its outermost shell has a valence
of —1 and would be located in Group 7. This element
will freely accept an electron to form a chemical bond
because atoms prefer the stable octet configuration.
An example of this bond, known as an ionic bond,

is the salt molecule. Sodium (Na), having a valence
of +1, can easily combine with chlorine (Cl), with a
valence of —1, to form sodium chloride (NaCl), salt
(Figure 2-9). The valence of an element determines
the way the atoms will combine in definite propor-
tions. Because of the element’s valence number, two
hydrogen atoms combine with one oxygen atom to
form water. Hydrogen has a valence of +1, whereas
oxygen has a valence of —2. Oxygen has room for two
hydrogen atoms and will share electrons, a type of
bond known as a covalent bond (Figure 2-10).
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X-ray photon

lonized carbon atom

Free
electron

FIGURE 2-8. An x-ray photon can interact with an electron and eject it from an atom. This removal of an electron results in the ionization of

the atom.

NaCl

1 Sodium atom

1e— in outer shell
valence of +1

1 Chlorine atom

7e— in outer shell
valence of —1

Sodium chloride (salt) NaCl molecule

FIGURE 2-9. An ionic bond is formed between sodium (Na) and chlorine (Cl) to form table salt, sodium chloride (NaCl).

TYPES OF ENERGY

Energy is the ability to do work. It exists in many dif-
ferent forms. Regardless of form, all types of energy pos-
sess an actual or potential ability to do work. Work is the
result of a force acting upon an object over a distance. It
is expressed in the equation work = force X distance.
When a force acts upon an object over a distance, energy
is expended. For example, when a book is lifted 1 foot

above a table, work is done and energy is expended. If the
same book is lifted 2 feet above the table, twice as much
work and energy are expended.

Mechanical

The result of the action of machines or physical
movement is referred to as mechanical energy. There
are two types of mechanical energy: potential and
kinetic. The energy that an object has because of its
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2 hydrogen atoms
1e— in outer shell
valence of —1

1 oxygen atom
6e— in outer shell
valence of -2

Water molecule (H>O)

FIGURE 2-10. A covalent bond is formed between two hydrogen atoms and one oxygen atom to form water (H,0).

position is called potential energy. It is stored, by vir-
tue of its position, in the object until it is converted
to another form of energy. A car located at the top of
a hill possesses more potential energy than the same
car located at the bottom of a hill. If the car’s brakes
are released, the potential energy is then converted to
kinetic energy as the car moves to the bottom of the
hill (and a lower energy state). The energy of motion is
kinetic energy. An object in motion is able to perform
work because it is moving. For example, the energy
of water as it moves in a river can be used to perform
work. When a dam is built across a river, the kinetic
energy of the moving water can be used to produce
electric energy. No electricity will be produced if the
water is not moving.

Chemical

The form of energy released during a chemical reaction is
called chemical energy. A battery operates using chemical
energy. The purpose of a battery is to convert chemical
energy into electrical energy.

Heat

The quality of heat, also called thermal energy, is the
result of the motion of atoms and molecules. The faster
the atoms and molecules within a substance are mov-
ing or vibrating, the greater the thermal energy of the
substance. The temperature is a measure of thermal

energy. As the temperature of a substance increases, the
motion of the atoms in the substance increases. When a
pan of water is placed on an electric burner, the electri-
cal energy is converted to heat energy, which raises the
temperature of the water and increases the motion of its
atoms and molecules.

Electrical

The result of the movement of electrons (electrical
charges) is electrical energy, or electricity. Electricity is the
study of resting or moving electrical charges. Numerous
appliances operate by the use of electrical energy. When a
lamp is turned on, a flow of electrons passes along a wire
in a light bulb. The light bulb is a device that converts elec-
trical energy to light, which is a form of electromagnetic
energy. In a toaster, electrical energy is converted to heat,
or thermal energy.

Nuclear

Energy stored in the nucleus of each atom that holds
the nuclear particles in a tight bond is referred to
as nuclear energy. A tremendous amount of energy is
stored in the nucleus of an atom. In the 1940s, sci-
entists working at the University of Chicago learned
how to control the release of this energy and, as a
result of this knowledge, developed the atomic bomb.
Today, nuclear power plants convert nuclear energy,
within a very controlled environment, to electricity.
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FIGURE 2-11. Overlapping sine waves, one representing an elec-
tric field and the other a magnetic field, illustrate electromagnetic
radiation.

Electromagnetic

A form of energy that is the result of electric and
magnetic disturbances in space (Figure 2-11) is called
electromagnetic energy. This type of energy travels
through space as a combination of electric and mag-
netic fields and is produced by the acceleration of a
charge. There are many familiar forms of electromag-
netic energy, including radio waves, microwaves, infra-
red light, visible light, and cosmic rays. X-rays are a form
of human-made electromagnetic energy that is created
in an x-ray tube when high-speed electrons are suddenly
stopped. Physically they are identical to gamma rays,
differing only in origin. Gamma rays originate from the
nucleus of radioactive materials, whereas x-rays origi-
nate in an x-ray tube.

ELECTROMAGNETIC

SPECTRUM

Electromagnetic radiation (EM) is a natural part of the
environment in which we live. Although the term may not
be a common one, we are all familiar with many forms of
this energy. The nature of electromagnetic radiation was
discovered in scientific experiments using visible light.
Visible light was shown to have both electric and mag-
netic properties and was, therefore, described as being
electromagnetic. Shortly after these investigations, other
forms of electromagnetic radiation, invisible to humans,
were studied and a theory to explain this form of energy
was proposed.

Electromagnetic radiation spans a continuum of
wide ranges of magnitudes of energy. This continuum
is termed the electromagnetic spectrum (Figure 2-12).
The electromagnetic spectrum details all of the vari-
ous forms of EM radiation. One of the common prop-
erties of all forms of EM radiation is velocity. The
velocity of EM energy is equal to the speed of light
(¢), which is 3 X 108 meters/second (186,400 miles per
second) in a vacuum.

Electromagnetic radiation with energies of approxi-
mately 10 eV and higher is capable of ionizing an atom
or molecule. Ultraviolet, x-ray, and gamma radiations are
all capable of ionization. When they interact with mat-
ter, they can remove an electron from an orbital shell.
Electromagnetic radiation is also capable of transferring
energy to an atom by a process known as excitation. In
the excitation process, electrons in an atom are moved
to a higher energy state without actually being removed
from the atom.

In studying EM radiation, scientists found that
under certain circumstances it behaved as a wave
and at other times it behaved as a particle. This dual
nature is known as the wave-particle duality of
radiation. To best understand x-rays, it is neces-
sary to consider them as both waves and particles
of energy.

Wave Theory

Electromagnetic energy travels through space in the form
of waves. Waves are disturbances in a medium. Ocean
and sound waves are examples of disturbances of the
mediums of water and air. When a rock is dropped into
water, waves result. During speech, sound waves are cre-
ated as disturbances in the air. Electromagnetic waves are
unique in that no medium is required. They can travel in
a vacuum.

All types of waves have an associated wave-
length, frequency, amplitude, and period. To illus-
trate the wave concept, a sine wave is used because
electromagnetic waves travel in the form of a sine
wave (Figure 2-13). Sine waves can be mathematically
described, but these definitions are beyond the scope
of this book. Instead, we will use the primary descrip-
tions of electromagnetic waves: wavelength and fre-
quency. The wavelength is the distance between any
two successive points on a wave. Wavelength is usu-
ally measured from crest to crest or trough to trough.
It is represented by the Greek letter lambda (\), the
character for length. Wavelengths vary from kilome-
ters to Angstroms. The Angstrom (represented by
the symbol A) is equal to 107* meters, which is one
ten-billionth of a meter. The Angstrom is of special
interest because the wavelength of diagnostic x-rays
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FIGURE 2-12. The electromagnetic spectrum.
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FIGURE 2-13. Two sine waves. With electromagnetic waves, if
wavelength decreases, frequency will increase.

is 0.1-0.5 A. The intensity of the wave defined by its
maximal height is described as amplitude.

The frequency is the number of waves that pass a par-
ticular point in a given time frame, or the number of cycles
per second. It is represented by the Greek letter nu (v), the

initial for number. The unit of frequency is the hertz (Hz)
or cycles per second (cps). The time required to complete
one cycle of the wave is called a period.

A relationship exists between the frequency, wave-
length, and velocity of a wave. This relationship is
expressed by the formula:

velocity = frequency X wavelength,
orc =v\

where: ¢ = constant (the speed of light)
v = the frequency
N\ = the wavelength

This is known as the wave equation. Recall that
with electromagnetic waves, velocity was a constant
equal to the speed of light. Because velocity is a
constant, an increase in frequency would result in
an associated decrease in wavelength and vice versa.
Therefore, frequency and wavelength are inversely
proportional.

Radiation along the electromagnetic spectrum will
vary according to the associated frequency and wave-
length. Low frequencies and long wavelengths are at the
bottom end of the spectrum with radio waves and micro-
waves, visible light is in the center of the spectrum, and
at the top of the spectrum are gamma and x-rays, with
associated high frequencies and short wavelengths.
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Particle Theory

When high-frequency electromagnetic radiation interacts
with matter, it behaves more like a particle than a wave.
With this model, electromagnetic radiation acts like a small
bundle of energy, known as a photon or quantum. The pho-
ton carries a specific amount of energy that is dependent on
frequency. Photon energy and frequency are directly
proportional. If the frequency of an x-ray is doubled, the
energy is doubled. This relationship was first described by
the German physicist Max Planck (1858-1947). The relation-
ship between photon energy and frequency is mathemati-

cally described in the formula:
E=hv
where: E = photon energy (eV)

h = Planck’s constant
(4.15 X 107 eV-s)
v = photon frequency (Hz)

From this formula, it is possible to calculate the fre-
quency of an x-ray when given the x-ray photon’s energy.

EXAMPLE: Whatis the frequency of a 72 keV
x-ray photon?

Answer:
E=hv
E
D=
h
72 keV
Y <10
4.15 % 10" eV-s
7.2 X10%eV

v=—2=2 " =
4.15 X107 eV-s
v =1.73X10" Hz

THE DISCOVERY OF X-RAYS

On November 8, 1895, the German physicist Wilhelm
Conrad Rontgen discovered an unusual phenomenon
while working in his laboratory at the University of
Wiirzburg. Rontgen had been repeating various experi-
ments with cathode rays, notably those of his colleagues
Hertz, Hittorf, Crookes, and Lenard. These investigators
had developed equipment for exploring the effects of
high-tension discharges in evacuated glass tubes. By
late 1895, this small group of physicists was beginning
to explore the properties of cathode rays outside the
tubes. Early in November of 1895, Réntgen was repeat-
ing an experiment with one of Lenard’s tubes in which
a thin aluminum window had been added to permit the

cathode rays to exit the tube. Lenard had supplied the
tube with a tightly fitting cardboard covering to pro-
tect the aluminum window from damage by the strong
electrostatic field necessary to produce the cathode
rays. This covering also prevented any visible light from
escaping. Rontgen had successfully repeated the experi-
ment and had observed that the invisible cathode rays
caused a fluorescent effect on a small cardboard screen
painted with barium platinocyanide when it was placed
very close to the aluminum window.

It occurred to Rontgen that the Hittorf-Crookes
tube, which had a much thicker glass wall than the Lenard
tube, might also cause this fluorescent effect. In the late
afternoon of November 8, he determined to test his idea.
He carefully constructed a black cardboard covering simi-
lar to the one he had used on the Lenard tube. He covered
the Hittorf-Crookes tube with the covering and attached
electrodes to the Ruhmkorff coil to generate an electro-
static charge. Before setting up the barium platinocyanide
screen to test his idea, Rontgen darkened the room to
test the opacity of his cardboard cover. As he passed the
Ruhmkorff coil charge through the tube, he determined
that the cover was light-tight and turned to prepare the
next step of the experiment. It was at this point that he
noticed a faint shimmering from a bench a meter away
from the tube. To be sure, he tried several more dis-
charges and saw the same shimmering effect each time.
Striking a match, Rontgen discovered the shimmering
had come from the location of the barium platinocyanide
screen he had been intending to use next.

Rontgen spent the next few hours repeating the
experiment again and again. He quickly determined that
the screen would fluoresce at a distance from the tube
much greater than in his previous tests. He speculated
that a new kind of ray might be responsible. November 8
was a Friday, and Rontgen took advantage of the weekend
to repeat his experiments and make his first notes. In the
following weeks, he investigated nearly all the known
properties of the rays, even eating and sleeping in his
laboratory.

Rontgen’s discovery of x-rays was no accident, and
he was not working alone. With the investigations he and
his colleagues in various countries were pursuing, the dis-
covery was imminent. The idea that he just happened to
notice the barium platinocyanide screen totally misrepre-
sents his investigative powers. He had planned to use the
screen in the next step of the experiment.

At one point while he was investigating the ability
of various materials to stop the rays, he brought a small
piece of lead into position while a discharge was occur-
ring. Imagine Rontgen’s astonishment as he saw the first
radiographic image, his own flickering ghostly skeleton,
on the barium platinocyanide screen. He later reported
that it was at this point that he determined to continue his



experiments in secrecy, because he feared for his profes-
sional reputation if his observations were in error.
Rontgen became the first radiographer when he
produced a series of four photographs to accom-
pany the first draft of his paper: the hand of his wife
(Figure 2-14), a set of weights, a compass, and a piece
of metal. Rontgen’s original paper, “On a New Kind of
Rays,” was published 50 days later on December 28.
It is translated in Appendix A. Rontgen assigned the
mathematical term for an unknown, X, to the rays he
discovered. In later years, they were officially given his
name to honor his work. Today, either term, x-rays or
Rontgen rays, is acceptable. Rontgen published a total

Courtesy of American College of Radiology, Chantilly, VA

FIGURE 2-14. The first x-ray image of the human hand. The
radiograph was taken by Rontgen of his wife’s hand.

he physical universe can best be understood through
physics—the study of matter and energy and their
interrelationships. Matter is the substance that comprises
all physical objects. The smallest subdivision of matter is the

atom, which comprises three basic subatomic particles: the
proton, the neutron, and the electron. Energy is the ability to
do work. There are many forms of energy, including x-rays,
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of three papers on x-rays between 1895 and 1897. His
investigative powers were so phenomenal that none of
his conclusions have yet been proven false. Rontgen
received many honors for his discovery, including, in
1901, the first Nobel Prize for physics. He died of carci-
noma of the bowel in 1923.

X-RAY PROPERTIES

When Rontgen began his study of the invisible x-rays, it
was unlikely that he would be able to identify all of the
properties of this new discovery. Rontgen’s investiga-
tion was so thorough, however, that no scientist since
has been able to add to the list of properties Rontgen
identified.
Through his use of the scientific method, Rontgen
found that x-rays:
1. Are highly penetrating, invisible rays that are a form
of electromagnetic radiation.
2. Are electrically neutral and, therefore, not affected
by either electric or magnetic fields.
3. Can be produced over a wide variety of energies and
wavelengths (polyenergetic and heterogeneous).
4. Release very small amounts of heat upon passing
through matter.

5. Travel in straight lines.

6. Travel at the speed of light, 3 X 10® meters per sec-
ond in a vacuum.

7. Can ionize matter.
8. Cause fluorescence (the emission of light) of certain
crystals.
9. Cannot be focused by a lens.
10. Affect photographic film.
11. Produce chemical and biological changes in matter
through ionization and excitation.
12. Produce secondary and scatter radiation.

which are a form of electromagnetic radiation. Matter and
energy cannot be created or destroyed but are interchange-
able, as described in Einstein’s theory of relativity (E = mc?).

The atom is best described as having a small, dense
center, known as the nucleus, that is surrounded by elec-
trons located within orbital shells. Protons and neutrons are
located within the nucleus and are responsible for almost all
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of the mass of an atom. The electron is located outside the
nucleus and has a relatively insignificant mass. Protons pos-
sess a positive charge, electrons possess a negative charge,
and neutrons are electrically neutral.

Each of the elements has its own specific number of

nuclear protons. This is the key characteristic that distin-
guishes one element from another. The number of nuclear
protons in an atom is known as the atomic number or Z num-
ber. The periodic table lists the elements in ascending order
according to the element’s atomic number.

% REVIEW QUESTIONS

What are the two major branches of natural science?
How do matter and energy differ?

Define an atom and a molecule.

What are the three basic subatomic particles?

What is ionization?

Sk

What is the formula used to determine the maximum
number of electrons that can be contained in a given
shell? How many electrons can be contained in the
N-shell?

7. The periodic table of elements arranges the elements
into periods and groups. How are the elements simi-
lar within each period and within each group?

8. How do radiations differ along the electromagnetic
spectrum?

9. List five types of energy.

10. For electromagnetic radiation, what is the relation-
ship between frequency and wavelength and between
frequency and photon energy?

11. List five properties of x-rays.
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KEY TERMS

admittance
alternating current (AC)
amp (A)

ampere (A)
atomic reactor
battery

circuit breaker
concentration
conductance
conduction band
conductors
contact

current

direct current (DC)
distribution
electrical circuit
electric current
electric fields
electrification
electromotive force (emf)
electrostatics
friction

fuse

gasses

generator
induction
insulators

inverse square law
ionic solution

Electricity

The experience of life itself is the real test ... for any ... profession.

W. C. Rontgen

OBJECTIVES

Upon completion of this chapter, the student should be able to:
Explain the atomic nature of electricity.
State the elementary laws of electrostatics.
Describe the methods of electrification.
Interpret the results of various electrostatic interactions.
Differentiate conductors from insulators.
Describe the basic factors of electrodynamics.

Calculate the effect of changes in voltage, amperage, and
resistance according to Ohm'’s law.

Calculate voltage, amperage, and resistance in simple series and
parallel circuits.

35
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KEY TERMS (continued)

laws of electrostatics
metallic conductor
milliamperage (mA)
movement

negative charge
ohm (Q)

parallel circuit
positive charge
potential difference
potentiometer
power loss formula
repulsion—attraction
resistance

rheostat
semiconductors
series circuit

solar converter
static discharge
superconductors
vacuum

valence energy band
volt (V)

voltage (V)

zero or ground potential

UNDERSTANDING ELECTRICITY

To control x-rays, it is necessary to understand how
they are produced. X-rays are produced when extremely
high-energy electricity creates high-speed electrons that
interact with matter. Electricity must be understood at
the subatomic level for this process to become clear. The
distribution and movement of electrons, along with their
associated charges, make up electricity. Understanding
atomic structure, including how electrons interact both
inside and outside of atoms, becomes the key to under-
standing electricity. It is the distribution and movement of
atomic charges that can cause forces to interact.

Atoms contain both kinds of electrical charges, the
positive charge of the proton, which is locked within the
nucleus by very strong forces, and the negative charge of

the electron, which is located outside the nucleus, bound by
relatively weak forces. Electrons may not be associated with
anucleus at all, in which case they are called “free” electrons.
In either case, the positive charge of the proton and the
negative charge of the electron are equal in strength.
Because electrons, with their negative charges, are free
to move between atomic orbital shells and even between
atoms, electricity concerns the distribution and movement
of electrons, and has little to do with the positively charged
protons locked within the atomic nucleus.

ELECTROSTATICS

The study of the distribution of fixed charges, or elec-
trons that are at rest is electrostatics. Just as all atoms
are charged (neutral, positive, and negative), objects
become charged by their composite individual atomic
charges. Some atoms include electrons in their outer
shells, or beyond the outer shell, but within the atom’s
sphere of influence, that are very easily removed. There
are instances, as when walking across a heavy rug in
winter, when electrons are easily transferred (literally
scooped up) onto another object. It is this type of dis-
tribution and redistribution of charged electrons that
makes up electrostatics.

The term electrification is used to describe the process
of electron charges being added to or subtracted from an
object. When one object has more electrons than another,
it also has more negative charges. Therefore, it can be con-
sidered to be negatively electrified, or to have a negative
charge. The concept of positive electrification, a positive
charge, is more complicated because protons, which carry
true positive charges, are not easily distributed. There-
fore, a positive charge usually refers to something with a
weaker negative charge, or fewer electrons. The so-called
positively electrified, or charged, object has a negative
charge; it is just a weaker negative charge than the object
with which it is being compared. It is less negative, and
therefore termed positive, by comparison. It is important
to remember that electrification is a relative term and that
nearly all objects have negative charges. When discuss-
ing electricity, the terms negative and positive refer
to the relationship between two objects, not to their
true atomic charges.

In conjunction with the idea that negative and
positive charges are relative to each other, another
concept is required in order to establish a neutral ref-
erence point. This is done by defining the earth as
zero or ground potential. Because the earth contains what
is essentially an infinite number of charges, both positive
and negative, in equal distribution, it is considered to be
neutral and is the reference point for discussing charges.
It has zero potential because the equally balanced charges



have no potential to perform work and release energy.
The symbol for ground is L

Laws of Electrostatics

Before attempting to understand how objects are
electrified, it is helpful to learn five fundamental
laws of electrostatics. These important laws have many
corollaries in physics and will be used again and again
throughout this book. The five laws are:

1. Law of repulsion-attraction (Figure 3-1). Like charges
repel; unlike charges attract.

2. The inverse square law (Figure 3-2). The force
between two charges is directly proportional to the
product of their magnitudes and inversely propor-
tional to the square of the distance between them. As
a charged object gets further away, the influencing
charge decreases because of the increased area it
affects. The law is expressed as:

Il _ ])22
IZ - D12
where: I, = old intensity

I, = new intensity
Dz

D,’ = new distance squared

old distance squared

FIGURE 3-1. Repulsion—attraction law: (A) neutral charge;
(B) repulsion of like charges; and (C) attraction of unlike charges.
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EXAMPLE: If an object has a charge of 4 coulombs at
4 mm, what will the charge be at 8 mm?

Answer:

|1 _ DZ2

IZ - D12

4coulombs (8 mm)’
X (4 mm)2

4_6

x 16

64x = 64

x =1 coulomb

In this example, as the distance doubled, the charge was
reduced to 25 percent of its original value. Although
this inverse square formula is usually sufficient for
radiographic needs, it is important to understand that
the true relationship of the force between two charges
is accurately expressed in Coulomb’s law:

_ kayq,

F R

where: F = electrostatic force in newtons
k = constant of proportionality (9 X 10°
for coulombs and meters)
q, and q, = charges in coulombs
R = distance in meters

This formula takes into account the true defini-
tion: the force between two charges (q, and q,) is

FIGURE 3-2. The inverse square law: If S is the source and D, is
twice the distance of D,, the area covered by the diverging field at
D, is four times the area covered at D,.
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directly proportional to the product of their mag-
nitudes (q, X q,), and inversely proportional to the
square of the distance between them [(q, X q,)/R*].
Ironically, although the French physicist Coulomb
(1736-1806) received the credit for development of
this law, the original inquiry was initiated by the
American scientist Benjamin Franklin (1706-1790).

3. Law of distribution (Figure 3-3). Charges reside on
the external surfaces of conductors and equally
throughout nonconductors. This law is a result of the
effect of the repulsion-attraction law, as electrons,
all with negative charges, attempt to repel each other
as much as possible. In a solid conductor, this results
in equal distribution on the surface, which is the
point where electrons can obtain maximum distance
from each other. In a nonconductor, such as a cloud,
charge movement is not facilitated and equal distri-
bution throughout the object results.

4. Law of concentration (Figure 3-4). The greatest con-
centration of charge will be on the surface where the
curvature is sharpest. If enough electrons congregate,
they can induce ionization of the surrounding air and
even discharge to the nearest point of lower concen-
tration. Therefore, x-ray tubes, which are subjected to
extremely high charges, must not have sharp or rough
edges where concentrations of electrons could occur
and discharge at the wrong moment or in an undesir-
able direction. Consequently, the interior components
of x-ray tubes are rounded and highly polished to
eliminate sharply curved surfaces.

FIGURE 3-3. The law of distribution of charge: As individual
electrons are repelled from one another, they distribute at the outer
limits of a conductor.

FIGURE 3-4. The law of concentration of charge: Because each
negative charge is repelled by all other negative charges, they tend to
concentrate at points of greatest curvature.

5. Law of movement. Only negative charges move along
solid conductors. Because the positive charges, the
protons, are tightly bound inside the atomic nuclear
field, only the electrons, which exist outside the
nucleus, are easily moved along conductors.

Electrification

Objects can be electrified by three methods: friction,
contact, and induction.

Friction. Electrification by friction occurs when one object
is rubbed against another and, due to differences in the
number of electrons available on each, electrons travel
from one to the other. Ideal conditions for electron transfer
occur during cold weather when low humidity removes sta-
bilizing electrons from the air, decreasing the resistance to
electron movement between objects. An example is a com-
mon trick that delights children—rubbing a balloon against
a wool sweater will permit the balloon to stick to a wall. In
low humidity, electrons will transfer from the wool to the
balloon, giving it a negative charge, which can cause it to
stick to a smooth wall with a relatively positive charge.
This is an example of opposites attracting one another. A
common example of like charges repelling one another
occurs when hair is electrified by friction during combing
in low-humidity conditions. The comb removes electrons
from the strands of hair, often accompanied by crackling
sounds, leaving each more positively charged. The strands
are then repelled by those adjoining, which now also have
stronger positive charges. The result is wild strands of hair
standing straight out from your head. The solution to the
problem is to increase the humidity, or the amount of water



in the air, causing a slight condensation on all surfaces. This
thin film of moisture becomes a pathway for the distribu-
tion of electrons. The use of a humidifier in a radiographic
darkroom during cold weather thus helps eliminate electro-
static discharges that can cause artifacts on film.

Contact. Electrification by contact occurs when two
objects touch, permitting electrons to move from one to
the other. This process is a simple equalization of charges,
with both objects having similar charges after the contact.
Walking across a woolen carpet in a room with low humid-
ity may cause shoes to scoop electrons from the carpet
fibers that are then distributed over the entire body. This is
an example of electrification by friction. However, when a
positively charged object with fewer electrons is touched,
the contact will cause electrons to move to the less nega-
tively charged object in an attempt to equally distribute the
charges. A metal doorknob or another person are examples
of positively charged objects that would attract electrons
from a person who had just walked across a rug. After the
contact, both objects would have a more equal distribution
of electrons. This is caused by the individual force fields of
the electrons satisfying the repulsion—attraction law over
the entire surface of the conductors. In many instances,
actual physical contact does not occur before the electrons
equalize. As soon as the oppositely charged objects are in
close proximity, the electrons often jump the gap in the form
of a static discharge. This occurs as soon as the difference in
charges becomes sufficiently great and the intervening dis-
tance sufficiently small. In most cases, the static discharge
releases excess energy in the form of light photons.

An electroscope is a simple device that illustrates
the laws of electrostatics. It consists of a rod connected
to a pair of thin, easily charged metallic leaves, which are
protected from air currents by a glass flask (Figure 3-5A).
When a charged object (such as the metallic rod shown
in Figure 3-5B) is brought into contact with the rod, the
excess electrons obey the third law of electrostatics and
distribute equally throughout the rod and leaves. The
resultant increase in the number of electrons present on
both leaves causes the two leaves to obey the first law
of electrostatics and, because they possess like charges,
repel each other. Consequently, it is possible to see the two
leaves move further apart.

If an electroscope is subjected to an intense beam of
ionizing x-ray photons, the air becomes ionized. The ion-
ized atoms draw electrons from the leaves, thus causing
the charge on the leaves to be reduced. Consequently, the
electroscope leaves relax and move closer together.

Induction. Electrification by induction is the most impor-
tant method because it is the one used in the operation
of electronic devices. Induction is the process of electri-
cal fields acting on one another without contact. Every
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FIGURE 3-5. Charging an electroscope by contact: Electrons distrib-
ute equally when they are permitted to move from one object (the
rod) to another (the electroscope) by contact.

charged body is surrounded by a force field, much like
the fields that surround individual atoms. Like atoms,
force fields are a result of the composite forces of the
charges residing within the object. These force fields are
called electric fields and they can cause induction. When
a strongly and a weakly charged object come close to
one another, the electrical fields will begin to act on one
another before contact occurs (Figure 3-6A). As can be
seen in Figure 3-6B, charges will migrate to one end of an
object as the force field interacts with them. However, as
seen in Figure 3-6C, when the stronger object is removed
before contact, the charges in the weaker object will
redistribute themselves as they were before the induction
occurred. This temporarily induced movement of charges
is useful in many electronic devices, such as motors, trans-
formers, and solenoids.

With an understanding of friction and induction electri-
fication, it becomes possible to understand one of the great-
est of natural phenomena—lightning. Lightning discharges
occur as the masses of atoms making up the water vapor in
clouds move rapidly through the atmosphere. Under condi-
tions where many electrons are available, such as when there
are numerous storm clouds, the movement of the water
vapor atoms tends to cause electrons to be picked up or lost.
As an individual cloud becomes predominantly positively or
negatively charged, it becomes a candidate for a huge elec-
trostatic discharge. Clouds often pick up electrons on their
upper edges and lose them on their lower edges and vice
versa. In these instances, the difference in charges makes the
cloud a candidate for a cloud-to-cloud discharge as soon as
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FIGURE 3-6. Charging an electroscope by induction: Electrons are induced to move away from the heavily charged rod (B) but return to their

normal distribution when the rod is removed (A and C).

the insulating effect of the vapor between the two surfaces
has been overcome. However, the most interesting part of
lightning is cloud-to-ground discharges. The ground often
develops a temporary opposite charge from the underside
of the cloud because of the induction effect of the cloud on
the ground. This causes the electrons to spread out, which
in turn tends to rapidly increase the difference in charges
between cloud and ground and can quickly overcome the
insulating effect of the air between the cloud and the ground.
The result is lightning discharges occurring much more
rapidly than if induction had not taken place. Lightning dis-
charges do not occur as a single transfer of electrons from
one area to another. Instead, vast numbers of electrons may
be transferred from cloud to ground, overloading the ground,
which in turn transfers electrons back to the cloud, which
again transfers them to the ground, over and over until the
charges are somewhat equally distributed. A short lightning
discharge often transfers electrons back and forth between
cloud and ground many times within a microsecond.

ELECTRODYNAMICS

Electrons that are moving in predominantly the same direc-
tion are often referred to as an electric current. Numerous
conditions encourage electron movement, thus permitting
the flow of electric current. A vacuum is a space from which
air has been removed. Because it has few atoms to oppose

electron flow, it is especially useful in permitting electrons
to reach the speed necessary to produce x-rays. Some gasses
(such as neon) will promote the drift of electrons from a
negative electrode (cathode) to a positive electrode (anode).
These gasses also promote the drift of positive ions toward
the negative cathode while negative ions move toward the
positive anode. An ionic solution can cause electrons to
migrate to positive or negative poles during electrolysis,
when they are subjected to an electric current.

Electrolysis becomes possible when two neutral atoms
with complementary valences (e.g., —1 and +1) are brought
together in a solution. They become ions in the solution
when the positive valence atom gives up an outer-shell
electron to the negative valence atom. The atom missing
an electron becomes a positive ion (because a negative
charge has been removed), whereas the one receiving the
electron becomes a negative ion (because a negative charge
has been added). When metallic rods are connected to a
battery and immersed in the solution, the negative pole
will attract the positive ions, whereas the positive pole will
attract the negative ions. This migration of electrons during
the electrolytic process comprises an electrical current.
A metallic conductor, such as copper wire, is the most
common pathways provided for the movement of elec-
trical current. The atoms of metallic conductors permit
valence electrons to drift. In common household wiring,
the actual physical movement is less than 1 mm per second
(Figure 3-7). The electrical current, as a whole, is similar to
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a tube filled with balls, as in Figure 3-8. If the tube is full and
a new ball is pushed into one end, a ball will drop instantly
from the far end, although each ball moved or drifted only
a short distance. Electrons move along a conductor with a
similar domino effect, resulting in movement of electrons at
the far end. This movement occurs extremely rapidly, nearly
at the speed of light (3 X 10% meters/second).

The movement of electrons is facilitated by materi-
als that easily permit electrons to flow. These materials
are called conductors and superconductors. Examples of
conductors are metals such as copper and aluminum. Con-
versely, electron movement is inhibited by materials that
resist the flow of electrons. These nonconducting materi-
als are called insulators. Examples of insulators are plastic,
rubber, and glass. The third classification of materials is
semiconductors. They have the ability to conduct under
certain conditions and insulate under others. The actual
conditions causing these changes in conductivity are com-
plex and are addressed later in this chapter. They result
primarily from changes in the energy states of atoms, caus-
ing outer-shell electrons to move in a particular direction
(Table 3-1).

An electrical circuit is a pathway (commonly cop-
per wire) that permits electrons to move in a complete
circle from their source, through resisting electrical devices
and back to the source. As in electrostatics, an electrical

TABL Properties of Conducting Materials

State Material Characteristics

Insulator Plastic, rubber, glass

Semiconductor Silicon, germanium

_ I

Ball Tube filled with balls

Ball

FIGURE 3-8. As when balls are pushed into a tube, each electron
needs to move only a short distance for the effect of current move-
ment to be achieved at the other end.

circuit must have an excess charge at one end and a com-
parative deficiency at the other to allow electrons to flow.
There are several sources of the excess electrons necessary
to cause current flow. Examples include a battery, which
converts chemical energy to electrical; a generator, which
converts mechanical energy to electrical; a solar converter,
which converts solar photons to electrical energy; and an
atomic reactor, which converts nuclear energy to electrical.
Solar converters remain expensive, and nuclear reactors,
although efficient on a large scale, continue to meet signifi-
cant public opposition. They operate by using the massive
energy of the atom to produce steam, which is then used to
run turbine generators.

Large energy difference between conduction and valence bands; resists electron flow.
Small energy difference between conduction and valence bands; conducts or resists,

depending on temperature and other conditions.

Conductor Copper, aluminum

Overlapping conduction and valence bands; conducts with minor resistance, varying

depending on temperature and other conditions.

Superconductor Titanium

Greatly overlapping conduction and valence bands; conducts with little or no electrical

potential; most current systems require extreme cold to function although research indi-
cates room-temperature superconductors may be developed soon.
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Describing Current Flow

Electrons move from the highest concentration to the low-
est. There is much confusion regarding how to describe
their movement because early pioneers in electrical phe-
nomena assumed that the moving charges were positive
when actually they were negatively charged electrons. The
negative pole is the source of electrons that move toward
the positive receiving pole. Consequently, conventional
electric current is described as going from positive
to negative poles, whereas electron flow is actually
from negative to positive poles.

It is important to specify whether descriptions are
of electrical current or electron flow, as they are exact
opposites. It may be useful to think of negative charges
moving in one direction as being equivalent to a positive
charge effect in the opposite direction. The importance of
these definitions will become apparent later in this text,
especially when discussing the interactions of both elec-
trical and magnetic forces.

The nature of the flow of electrons that make up an
electric current can be described in many different ways.
The most common factors used as descriptors are the
quantity of electrons flowing, the force with which they
travel, the amount of opposition to the current flow in the
circuit, and the direction of travel.

The direction of travel of the electrons is defined as
either direct current (DC), when all electrons move in the
same direction, or alternating current (AC), when electrons
move first in one direction and then reverse and move in
the opposite direction. Through the use of various electri-
cal devices, which we will investigate later, it is possible to
change the current from DC to AC and back, as necessary.

Current

The quantity, or number, of electrons flowing is sometimes
referred to as the current. It is useful to think of the mea-
surement of current as the number of electrons flowing
past a given point per unit of time (usually per second).
The French scientist André Ampere (1775-1836) did much
original work in defining electricity and magnetism. Con-
sequently, the unit of current bears his name. The ampere
is sometimes called the amp for short and is represented
by the symbol A. It consists of the movement of 6.24 X
108 electrons per second past a given point; therefore,
the technical definition is one coulomb of electrical charge
flowing per second (1 ampere = 1 coulomb/1 second).
Earlier, the drift of electrons was given as less than 1 mm
per second. The fact that 1 ampere flowing in a household
wire causes 6,240,000,000,000,000,000 electrons to move
less than 1 mm per second should help in understand-
ing the small size of electrons. Diagnostic radiographic

equipment utilizes milliamperage units to regulate the num-
ber of electrons available to produce x-ray photons. The
milliamperage (mA) is found on nearly all x-ray machines
and adjustment by the radiographer operating the equip-
ment will cause the number of electrons and the number of
x-ray photons produced to vary. The adjustment of an
x-ray machine to add an additional 100 mA (a common
increment) causes 6.24 X 10" more electrons per second
to pass through the x-ray tube.

EXAMPLE: |If an x-ray machine is operating at 0.01
second and the amperage is 100 mA, how many electrons
would move through the tube?

Answer:

(6.24 X 10" electrons/second) X 0.01 seconds = 6.24 X
10" (6.24 million billion or 6,240,000,000,000,000)

The word current is used to describe the presence of elec-
tron flow as well as to describe exactly how much current
is flowing. It is important to distinguish which use of the
word is intended.

Potential Difference

The force with which the electrons travel is a function of
the difference between the number of electrons in excess
at one end of the circuit and the deficiency at the other
end. The attempt of the unequal forces to balance is the
cause of the force of electron movement. Because the
difference is present while the source is connected into
the circuit, there does not have to be an actual flow
of current for the difference to exist. Therefore, the
simple potential for a difference is used to describe the
force, or strength of movement, behind electrons.

The potential difference is the best term to describe
the force or strength of electron flow. It should be
remembered that potential difference continues to exist
even when a switch is opened in a circuit, breaking the
actual flow of electrons (current). Because potential
difference is the prime force causing electrical devices
to convert electrical energy to mechanical, the term
electromotive force (emf) has also been used. Electromo-
tive force is actually the total maximum difference of
potential between the positive and negative ends of the
electron source, but it is not incorrect to use the term in
place of potential difference.

The unit of potential difference is the volt, represented
by the symbol V (named for the Italian physicist Alessandro
Volta [1745-1827]). The term voltage is also used to describe
potential difference. The technical definition of a volt is



1 joule (J) of work done on 1 coulomb of charge (1 volt = 1
joule/1 coulomb). A joule is the SI unit for both mechanical
energy and work.

Thus, for the reasons previously stated, the force
with which electrons travel can be described by the
terms potential difference, electromotive force (emf), and
voltage (V).

As the current flows along the circuit, the potential
difference is reduced because the closer the electrons
come to the deficient end of the circuit, the farther they
are from the excess end (the driving source) and the
closer they are to becoming part of the deficiency them-
selves. With this understanding of potential difference, the
concept of grounding electrical circuits for safety should
become clear. When equipment is properly grounded and
the radiographer, who is also grounded, comes in contact,
there is no potential difference. However, when equip-
ment is not properly grounded, the radiographer may
become a better path to ground. The passage of electrons
(voltage) through the radiographer may be shocking, to
say the least.

High voltage is extremely dangerous because there
does not have to be an actual flow of current for the
potential difference to exist. This means high potential
difference or voltage remains a hazard at all times (and
explains why warnings must be posted in these areas). All
that is required for a high difference in voltage to achieve
equalization is for a conductor to present itself. If this hap-
pens to be a patient who inadvertently uses a wet hand to
grasp a cracked high-voltage cable or a radiographer who
touches two connection points inside a control console,
the shocking result is the same.

Resistance

The amount of opposition to the current in the circuit is
called the resistance. Research into the interrelationships
of current, potential difference, and resistance was done
by the German physicist Georg Ohm (1787-1854). As a
result, the unit of resistance is called the ohm. It is repre-
sented by the symbol Q (omega). The technical definition
of an ohm is the resistance to a flow of current provided
by a column of mercury 106.3 cm long with a diameter of
1 mm? at 0°C. A practical definition of an ohm will be pro-
vided later, based on the interaction of several characteris-
tics of a conductor. Resistance and impedance are the
terms used to describe current opposition. There are
numerous factors that impede the flow of electrons, thus
increasing resistance. The primary factors for electrical cir-
cuits are the ability to conduct electrons, the length of the
conductor, the cross-sectional diameter, and temperature.

When the expression 1/R is used, the resistance of
a DC circuit is measured as conductance, whereas that of
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an AC circuit is measured as admittance. The SI unit for
conductance and admittance is the siemens, which is rep-
resented by the symbol S and is named after the English
electrical engineer Sir William Siemens (1823-1883),
brother of Werner von Siemens, founder of the German
electrical and x-ray equipment corporation.

The ability to conduct electrons has already been
discussed enough to define a conductor as a material
that permits electrons to flow easily, and an insulator
as one that inhibits their movement. The tendency of
an atom to permit electrons nearby or within one of the
orbital shells is the prime factor in determining con-
ductivity, semiconductivity, and insulation properties.
The valence energy band (the outermost and sometimes
next-to-outermost orbital shell) not only determines the
chemical properties of the atom, as discussed previ-
ously, but has much to do with conductivity as well.
Orbital shells lower or closer to the nucleus (and of less
energy) than the valence band are normally completely full
(Figure 3-9). Valence has much to do with the ability
of a material to conduct electrons. Any element with
one valence electron is a good conductor (e.g., copper,
silver, and gold). In addition, the farther the valence elec-
tron is from the nucleus, the better a conductor it is. For
example, gold is a better conductor than silver because its
valence electron is in the sixth shell, whereas silver’s is
in the fifth shell. Silver is a better conductor than copper
because copper’s valence electron is in the fourth shell.
Because copper has a higher melting point and is much
cheaper, it is more commonly used than silver or gold.

There is also an area beyond the valence band that is
referred to as the conduction band. The conduction band
is not an orbital shell but is within the force field (area of
influence) of the atom (see Figure 3-9). Conductors have
conduction bands that are populated by free electrons
and, in solid materials, they are able to move freely from
one atom’s conduction band to another atom’s conduction
band, as in Figure 3-9C. This is why many of the best con-
ductors are solids. Conversely, insulators have very poor
or nonexistent conduction bands. The number of electrons
in the conduction band is determined by the energy differ-
ence between the valence band and the conduction band.
Although the conduction band is always at a higher energy
level than the valence band, the energy required of an
individual electron to place it in the conduction band will
determine how many electrons can possibly exist there. In
fact, the difference between the energy levels required of
conduction band electrons as compared to valence band
electrons is the factor that differentiates conductors from
semiconductors from insulators. In Figure 3-9, the differ-
ences are shown as (C) a good conductor with overlapping
valence and conduction bands, (B) a semiconductor with
closely related bands, and (A) a good insulator with a wide
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FIGURE 3-9. The arrows demonstrate the difference between the energy levels of conduction and valence bands in an
(A) insulator, (B) semiconductor, and (C) conductor. Note that the conduction and valence bands overlap in a good conductor.

gap between the bands. Metals often have overlapping
bands with conduction bands, including portions of the
valence bands, thus placing large numbers of electrons
into the conduction bands. Therefore, metals, especially
silver and copper, make the best conductors. The best
insulators are materials with complex molecular struc-
tures, such as wood, plastic, glass, and rubber.

The length of the conductor has a directly propor-
tional relationship to resistance. In other words, as the
length of the conductor doubles, the resistance will also
double. Just as a short garden hose will spray water with
greater force than a long hose, so a short conductor will
permit a greater force of electrons, whereas a longer con-
ductor offers greater resistance.

The cross-sectional diameter of the conductor has an
inversely proportional relationship to resistance. In other
words, as the cross-sectional diameter doubles, the resis-
tance will be halved. A garden hose with a small diameter
will impede water flow more than a large-diameter hose,
just as a small-diameter conductor will resist electron
flow more than a conductor with a large diameter.

Finally, the temperature of the conductor can also
influence the resistance. Heat is simply a measurement of
the amount of atomic and molecular energy, often seen
as vibration. As temperature increases, atomic collisions
provide enough energy to some electrons to permit them
to jump into the atom’s conduction band. In conductors,
increased temperature increases free electron collisions,
and this in turn lessens electrical current flow. In insu-
lators, the increased number of collisions because of
increased temperature causes some electrons to lose
energy and fall back into the valence band, thus decreas-
ing the energy difference between the bands and conse-
quently decreasing the insulating ability of the material.

Semiconductors become more conductive as temperature
increases, for the same reason, with a resultant narrowing
of the gap between their already close bands.

An approximation of these relationships is shown in
Figure 3-10. A close examination of this figure illustrates
that increased resistance from heat is significant. In fact,
it becomes a major problem with the large heat-producing
transformers used in x-ray equipment, and unique meth-
ods have been adopted to overcome its effect. In addition,
extrapolation of the conductor curve to the left illustrates
that if conductors can be supercooled, as they are in

Insulator

Semiconductor

N

Conductor

Resistance

Temperature

FIGURE 3-10. The effect of temperature on conductors, semicon-
ductors, and insulators.




magnetic resonance imaging equipment, a significant
increase in conductivity can be achieved.

In recent years, superconductivity has been achieved
to reduce resistance to the point where current is
apparently flowing without potential difference. Table 3-1
provides information on the conductive properties of
materials important in electronics.

The total resistance is calculated as:

o oL
A

where: R = resistance in ohms
p = resistivity (a function of atomic structure
and temperature) (p is the Greek letter rho)
L = length in meters
A = area in square meters

This total resistance formula is the true technical defini-
tion of an ohm as a unit.

Ohm’s Law

Georg Ohm discovered a mathematical relationship
between the factors of current, potential difference, and
resistance that applies to all resistance circuits and is
known as Ohm'’s law. The law describes the relationship be-
tween current and potential difference as the current along
a conductor is proportional to the potential difference. It is
easier to remember this relationship as a formula:

\Y

I
where: V = potential difference in volts
I = current in amperes

This expression does not include the resistance factor,
which is a critical element. Therefore, Ohm’s law is usu-
ally expressed as the algebraic derivation with resistance
times current equal to potential difference, or:

V=IR

where: V = potential difference in volts
I = current in amperes
R = resistance in ohms

This version solves for voltage when the current and
resistance are known. Of course, Ohm’s law can also be
stated in its other forms to solve for unknown currents
and resistances:

I=—
R

and

=)
Il
—l<
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EXAMPLE: What is the amperage in a circuit of
20 volts and 10 ohms?

Answer:

| =VIR

| = 20 volts/10 ohms
| = 2 amperes

EXAMPLE: What is the voltage in a circuit of
100 amperes and 5 ohms?

Answer:

V=IR

V = 100 amperes X 5 ohms
V = 500 volts

EXAMPLE: What is the resistance in a circuit of
80 kilovolts and 200 milliamperes?

Answer:

R =V

R = 80 kV/200 mA

R = 80,000 volts/0.2 ampere
R = 400,000 ohms

A memory device used by many students is known
as an Ohm’s law triangle (Figure 3-11A). To determine
the correct formula for one of the variables in the Ohm’s
law equation, V = IR, simply write the variables as shown
(V over I and R), and then cover the variable to be solved
with a finger. For example, Figure 3-11B is to solve for
R. The correct relationship is given of V/I equals the
covered R. Moving a finger around the triangle produces
V/R=TandI X R =V as well.

It is useful to be able to calculate the total amount
of power used in an electric circuit. The unit of power
is the watt. Because the total amount of energy avail-
able in a circuit is determined by the current (amperage)
and potential difference (voltage), the watt is defined as
1 ampere flowing through 1 volt. Power is calculated with
the following formula:

P=1V

where: P = power in watts
I = current in amperes
V = potential difference in volts
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FIGURE 3-11. Ohm'’s law triangle.

Common household appliances tend to operate between
500 and 2,000 watts (most have labels indicating their
wattage ratings), and all circuits in buildings have watt-
age safety limitations. The use of equipment whose total
wattage ratings exceed the safety limit of the circuit will
cause the circuit to overload and shut down because of
excessive heat generation. Radiographic equipment capa-
bilities can be measured by the power rating, usually by
calculating the greatest possible energy output.

EXAMPLE: What is the power rating, in kilowatts,
of an x-ray generator capable of 800 milliamperes at
100 kilovolts?

Answer:

P=1IV

P = 800 mA X 100 kV
P = 0.8 A X 100,000V
P = 80,000 watts

P = 80 kilowatts

EXAMPLE: If a mobile x-ray machine operates
from a 110-V wall receptacle and is rated at a total
resistance of 12 Q, how much current does it draw
during exposure?

Answer:

EXAMPLE: How much power does this mobile x-ray
machine use?

Answer:
P=1IV
P=92AX 110V
P=1,012W

With this information, it is also possible to calculate the
expense of the power for a radiographic examination.

EXAMPLE: |If the power company charges
5¢ per kWhr, what is the cost of the power for
10 minutes of fluoroscopy at 5 mA and 100 kV?

Answer:

The power is calculated as:
P=1IV

P = 5mA X 100 kV

P = 0.005 A X 100,000 V
P =500 W

The total energy consumed is calculated as:

total energy = power X seconds
= 500 W X 10 minutes
= 500 W X 600 seconds
= 300,000 W s
=300 kW s

The total cost is calculated as:

total cost = total energy used X $0.05/kW hr
= 300 kW/second X $0.05/kW hr
= 0.08 kW/hr X $0.05/kW hr
= $0.004, or
= 0.4¢

The heat that is produced during the operation of electri-
cal equipment becomes of great concern as power use
increases. The importance of changes in resistance to
heat output can best be understood if the power formula,
P = 1V, is converted to what is sometimes called the
power loss formula, P = I?R. This is calculated from:

the power formula, P = IV

substituting IR for V

(because Ohm’s law states that V = IR)
resultingin P =1 X IR

or P = PR (watts).



This equation clarifies that power loss from current
heat is proportional to the resistance, and heat power loss
increases very rapidly with current increase. As illustrated
in the formula, heat power loss is proportional to the square
of the amperage. In other words, doubling the amperage
increases power loss by a factor of 4, and so forth.

i SERIES AND PARALLEL CIRCUITS

An electric circuit can be designed to send electrons
through various resistance devices by linking them one
after the other in a series circuit (Figure 3-12A) or by giving
each component an individual branch in a parallel circuit
(Figure 3-12B). The classic example of the difference is
illustrated by comparing strings of Christmas lights in
series versus parallel circuits. When a single series-wired
light burns out, it breaks the circuit and all the lights go
out. When a single parallel-wired light burns out, it breaks
the circuit in its parallel branch only and the other lights
continue to operate. Electrical devices use a wide variety
of both types of circuits, including complicated combina-
tions of both. The effect of each type of circuit on cur-
rent, potential difference, and resistance is summarized in
Table 3-2. The best way to understand the effects of both
series and parallel circuitry is to work through a series of
problems that demonstrate these differences.

EXAMPLE: What is the total current in a series
circuit with three resistances, each supplied with
10 amperes?

Answer:

=1 =1L=1

I, =10A=10A=10A
I, = 10 amperes
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A. Series circuit

B. Parallel circuit

FIGURE 3-12. (A) Series and (B) parallel circuits.

EXAMPLE: What is the total current in a paral-
lel circuit with three resistances, each supplied with
10 amperes?
Answer:
L=1+1L+1
l,=10A+10A+ 10A
I, = 30 amperes

Note that the series circuit supplies a current of 10
amperes, whereas the parallel circuit supplies 30 amperes.
Parallel circuits supply a greater total current than series
circuits when all other factors are the same. An interesting
phenomenon occurs when the effect on voltage is com-
pared, instead of current, using resistances.

ABL| ‘ a Effect of Circuit Type on Current, Potential Difference, and Resistance
(with an Example Circuit of Three Resistances)

Series Parallel

Current Same in each element, each element same
as total circuit, | =1, =1, = I,

Voltage Sum of all elements equals total circuit,
Vo=V, +V,+V,

Resistance Sum of all elements equals total circuit,

R, =R, + R, +R,

NOTE: A reciprocal ohm, as in 1/R, is known as a siemens (S).

Sum of all elements equals total circuit,
=1 +1 +I

Same in each element, each element same as total circuit,
Vt = V1 = V2 = V3

Sum of reciprocal of each element is inversely proportional
to the total, i=l+i+i
R RZ R3

t 1
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EXAMPLE: What is the total voltage in a series
circuit with three resistances, each supplied with
10 volts?

Answer:

Vo=V, +V,+V,
V=10V + 10V + 10V
V, = 30 volts

EXAMPLE: What is the total voltage in a paral-
lel circuit with three resistances, each supplied with

10 volts?

Answer:

V.=V, =V, =V,
V.=10V=10V=10V
V, = 10 volts

Note that the series circuit supplies 30 volts, whereas the
parallel circuit supplies 10 volts. Series circuits supply
greater total potential difference than parallel circuits
when all other factors are the same. The difference
between series and parallel circuits when the same resis-
tances are used is also notable.

EXAMPLE: Whatis the total resistance of a series
circuit with resistances of 2.5 Q, 4.2 Q, and 6.8 Q?

Answer:

R, =R, +R,+R,

R, =25Q+42Q+68Q
R =135Q

EXAMPLE: What is the total resistance of a
parallel circuit with resistances of 2.5 Q, 4.2 Q,
and 6.8 Q?

1 1 1

R1 =04S + 0245+0.15S

t
1
R

=0.785 S
t
—
0.785 S
R, =1.274Q

Note that the series circuit provides 13.5 Q of resis-
tance, whereas the parallel circuit has only 1.274 Q.
Parallel circuits offer less total resistance to electrical
current when all other factors are the same. In addition,
parallel circuits are not broken when a single resistance
is interrupted (as when a light bulb burns out). Series
circuits require all resistances to be operable, other-
wise there is no pathway for the current to take. It is
also interesting to calculate the effect of both circuit
types on amperage by figuring resistance and then
applying Ohm’s law.

EXAMPLE: What is the total amperage in a series
circuit with resistances of 2.5 Q, 4.2 Q, and 6.8 Q with
a potential difference of 10 volts?

Answer:
The total resistance is calculated as:

R, =R, +R, +R,
R, =25Q+42Q+68Q
R, =135Q

The total amperage is calculated with Ohm's law:
\%

R

10V

| =
13.5Q
| = 0.74 ampere

Note that the series circuit operates with a current of
0.74 ampere, whereas the parallel circuit operates with
a current of 7.9 amperes. Parallel circuits operate with
greater current when all other factors are the same. It is
also interesting to study the effect of both circuit types
on voltage by calculating resistance and then applying
Ohm’s law.



EXAMPLE: What is the total amperage in a parallel

circuit with resistances of 2.5 Q, 4.2 Q, and 6.8 Q and
a potential difference of 10 volts?

Answer:

The total resistance is calculated as:
1 1 1 1

R\ R1 RZ R3

LI R
R, 25Q 42Q 68Q

Ri:o.45+0.245+0.155
t
1 o795
R,
(1
0.795
R, =1.265 Q

The total amperage is calculated with Ohm's law:

_1ov
1.265Q
| = 7.9 amperes

EXAMPLE: What is the total voltage of a series

circuit with resistances of 2.5 Q, 4.2 Q, and 6.8 Q with
a current of 50 amperes?

Answer:
The total resistance is calculated as:

R, =R, +R, +R,
R,=25Q+42Q+68Q
R, =135Q

The total voltage is calculated with Ohm's law:

V=IR
V=50A%x135Q
V = 675 volts

EXAMPLE: What is the total voltage of a parallel

circuit with resistances of 2.5 Q, 4.2 Q, and 6.8 Q and
a current of 50 amperes?
Answer:
The total resistance is calculated as:
1 1 1 1

— = — L — L —
Rt R1 RZ R3
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11 1 1
—= + +
R, 25Q 42Q 68Q

Ri =045+0.24S +0.15S
t
1
— =10.785S
R,
Ro 1
0.7 S
R,=1274Q
The total voltage is calculated with Ohm's law:
V=1
V=50AX1274Q
V = 63.68 volts

Note that the series circuit operates at 675 volts, whereas
the parallel circuit operates at 64 volts. Parallel circuits
operate at lower voltage than series circuits when all
other factors are the same.

Parallel circuits are used for the electrical wiring of
buildings because the failure of a single device does not
break the electrical supply to other devices. As can be
seen from these problems, the addition of current-using
devices to a series circuit causes the voltage to drop, thus
reducing the potential difference to the other devices in
the circuit. In a series circuit of lights, for example, the
addition of more bulbs will cause all the bulbs to burn
dimmer. As more resistances are added to a paral-
lel circuit, total resistance drops, total amperage
increases, and total voltage remains unchanged.
The total resistance of a parallel circuit is always less
than the amount of the lowest resistor (usually about
half of the lowest resistor).

A disadvantage to parallel circuits is that with the
addition of resistances, the increasing amperage can short
circuit the entire system. This creates the possibility of
wires becoming hot enough to start a fire. To prevent this
from occurring, either a circuit breaker or a fuse is placed
in the line. These devices are constructed to permit the
breaking of the circuit before a dangerous temperature is
reached. Circuit breakers simply pop open and can be reset
once the cause of the problem has been located and re-
moved from the circuit. Fuses are constructed with a metal
tab that will melt when dangerously heated, thus breaking
the circuit. Fuses are not reusable and must be replaced.

A variable resistor called a potentiometer or rheostat
permits a variable contact to slide along a series circuit of
resistance coils. When resistors are connected in a series
circuit, Ohm’s law dictates that an increase in resistance
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will result in a decrease in voltage and vice versa if the
amperage remains unchanged. When a knob is connected
to the variable slide contact (as in a radio volume control),
a simple twist permits voltage and amperage regulation
(with a corresponding increase or decrease in speaker vol-
ume). Unfortunately, rheostats cause significant energy

he distribution and movement of electrons, along with their

associated charges, make up electricity. Electrostatics is the
study of the distribution of fixed charges that are at rest. When
one object has more electrons than another, it also has more
negative charges and is considered to have an overall negative
charge. A positive charge refers to something with a weaker
negative charge, or fewer electrons. The terms negative and pos-
tive refer to the relationship between two objects, not to their true
atomic charges. Because the earth contains what is essentially
an infinite number of charges, it is considered to be neutral,
or at zero ground potential. The five laws of electrostatics are:
(1) repulsion—attraction, (2) the inverse square law, (3) distribu-
tion, (4) concentration, and (5) movement. Objects can be electri-
fied by friction, contact, and induction.

The movement of electrons is facilitated by materials
that permit electrons to flow easily. These materials are
called conductors or superconductors. Nonconducting mate-
rials are called insulators, and materials that conduct under
certain conditions and insulate under others are known as
semiconductors.

An electrical circuit is a pathway that permits electrons to
move in a complete circle from their source, through resisting
electrical devices, and back to the source. Electrons move from
the highest concentration to the lowest. Conventional electric
current is described as going from positive to negative poles,
whereas electron flow is actually from negative to positive
poles. It is important to specify whether descriptions are of
electrical current or electron flow, as they are exact opposites.

The quantity of electrons flowing is referred to as the current
and is measured in amperes. The force with which the electrons
travel is referred to as the potential difference, electromotive
force, or voltage and is measured in volts. There does not have
to be current flow for voltage to exist. The opposition to the cur-
rent flow is referred to as resistance and is measured in ohms.

waste in heat, and the direct application of Ohm’s law
results in voltage changing when only an amperage change
is desired and vice versa. For these reasons, rheostats are
not practical in high-voltage situations. Their prime use is
to control current but they have never been adaptable to
high-voltage transformers.

The relationship between these factors is expressed in Ohm’s
law: V = IR. The resistance of metallic conductors is affected by
length, diameter, and temperature. When 1/R is used to express
resistance in an AC circuit, it is measured in siemens.

The valence energy band of an atom has much to do
with the ability of a material to conduct electrons. There is
also an area beyond the valence band that is referred to as
the conduction band. Conductors have conduction bands that
are populated by electrons that are able to move freely from
one atom'’s conduction band to another atom’s conduction
band. Insulators have widely separated valence and conduction
bands, whereas semiconductors have intermediate properties.

Circuits are known by several parameters. These include
the direction the electrons travel, which is defined as either
direct current (DC) or alternating current (AC). It is possible to
change the current from DC to AC and back, as necessary. The
total amount of energy in a circuit is described as the power
of the circuit and is measured in watts so that P = IV. Circuits
can be described as series or parallel, depending on how the
components are connected. The total resistance of a series circuit
is measured in ohms, as R = R, + R, + R,. The total resistance
of a parallel circuit is measured in siemens, as

1
+

2

Parallel circuits operate with greater current through
resistances, and they supply a greater total current from
the power supply than series circuits when all other factors
are the same. Parallel circuits are often used because the
failure of a single device does not break the electrical supply
to other devices. Circuit breakers and fuses prevent damage
to electrical components by permitting the breaking of an
overloaded circuit before a dangerous temperature is reached.
A potentiometer or rheostat is a variable resistor. =




! REVIEW QUESTIONS

State the five elementary laws of electrostatics.
Describe the three methods of electrification.

How are conductors different from insulators?

N

Explain the difference between conventional electri-

cal current and actual electron flow.

5. State the four basic factors that are used to
describe the nature of the flow of electrons in
electrodynamics.

6. What are the units used to describe potential differ-

ence, current flow, and opposition to current flow?

7. State Ohm’s law.
8. What is the potential difference in a circuit of 20

amperes and 10 ohms, 30 amperes and 6 ohms, and
100 mA and 5 ohms?

9. What is the power rating of an x-ray generator
capable of 1,000 mA at 110 kV?

10. What is the voltage in a parallel circuit of 20 amperes
with resistances of 6, 10, and 15 ohms?

11. What is the amperage in a series circuit of 110 volts
with resistances of 5, 10, and 20 ohms?
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KEY TERMS

air-core transformer
ammeter
armature

artificial permanent magnet

autotransformer
brushes

capacitor

closed-core transformer
coercivity
commutator ring
diamagnetic
dielectric

diode

dynamometer

eddy current loss
electromagnet
electromagnetic relay
farad (f)
ferromagnetic
Fleming's hand rules
flux density

full-wave rectification
galvanometer

gauss (G)

generator

half-wave rectification
hysteresis loss

IR loss

inductive reactance
lines of flux

lines of force

He expressed his satisfaction and, going back to Joachim, warned him to

draw in his breath and hold it until all was over. Joachim’s rounded back
expanded and so remained; the assistant, at the switch-board, pulled the
handle. Now, for the space of two seconds, fearful powers were in play—

streams of thousands, of a hundred thousand of volts.

Thomas Mann, Der Zauberberg (The Magic Mountain)

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Explain the atomic nature of magnetism.

Classify materials according to their magnetic properties.

State Fleming's hand rules of electromagnetics.

Explain how a solenoid and an electromagnet function.
Describe magnetic and electromagnetic induction.

List the types of movement that will produce electromagnetism.

State the factors that regulate the strength of electromagnetic
induction.

Explain self-induction.
lllustrate the generator and motor principles.

Explain the waveform produced by direct- and alternating-current
generators and motors.

Describe the function of a transformer.
Calculate voltage and amperage according to the transformer law.



KEY TERMS (continued)

magnet

magnetic dipole
magnetic domain
magnetic field

motor

mutual induction
natural magnet
nonmagnetic
open-core transformer
orbital magnetic moment
paramagnetic
permeability

primary coil
rectification

retentivity

rotor

secondary coil
self-induction
self-rectification
shell-type transformer
silicon-controlled rectifier (SCR)
sine wave

slip rings

solenoid

space charge cloud
spin magnetic moment
stator

step-down transformer
step-up transformer
tesla (T)

thermionic emission
thyristor

transformer
transformer law
voltmeter

weber (Wb)
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m  Discuss various factors affecting transformer
efficiency and construction.

®  Explain the function of an autotransformer and a
capacitor.

= Describe the function of a silicon-controlled rectifier
at the atomic level.

Describe the process of thermionic emission.

®  Explain the waveforms that are produced by half-
wave and full-wave rectification.

MAGNETISM

Magnetism is one of the fundamental forces. Materials
that have the ability to attract iron are classified as hav-
ing a strong magnetic force. To understand magnetism, it
is important to return to atomic structure for a detailed
examination of the effects of particle movement around
the nucleus. When a charged particle (electron or pro-
ton) is in motion, a magnetic force field perpendicular
to the motion will be created (Figure 4-1). In the case
of the negatively charged electrons orbiting the nucleus
of an atom, the closed loop of the orbit cancels all but
the field that is perpendicular to the plane of the motion
(Figure 4-2). This perpendicular magnetic force is called
orbital magnetic moment.

A magnetic effect is also established by charged
particles spinning on their axes. The effect created by

Magnetic field lines

FIGURE 4-1. Magnetic field created by a charged particle in
motion. The movement of a charged particle creates a magnetic field
perpendicular to the motion of the particle.
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the movement of these electrons and protons is called
spin magnetic moment. The disruption of this axial spin-
ning and the energy released as it reorients itself are the
physical basis that permits magnetic resonance imaging
(see Chapter 39).

Atoms having a significant number of electrons and
protons with their magnetic moments in the same direc-
tion, especially when the outer shells are involved, will
exhibit a net magnetic field in a distinct direction (see
Figure 4-2A). Groups of atoms with this net magnetic
field are known as a magnetic dipole or magnetic domain.
This is the basis of the domain theory of magnetism. It

has been theorized that 10** (1,000,000,000,000,000
or 1 million billion) atoms make up a single dipole.
This is not a standard number, as it has been shown
that dipoles vary in size and actually grow or shrink,
depending on local conditions. In nonmagnetic objects,
the magnetic dipoles are randomly arranged, essen-
tially canceling out each other. If an external force
field has the time or strength to orient enough of
the dipoles in the same direction and/or cause those
dipoles to grow in size, the object exhibits a uniformly
strong magnetic field and is referred to as a magnet
(see Figure 4-2B).
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C. Nonmagnetized

FIGURE 4-2. The concept of magnetism: (A) The spinning of an individual electron is the spin magnetic movement, and the magnetic field
created by the spin is the orbital magnetic moment (heavy arrows). Groups of atoms with most of the magnetic moment force in a single
direction form a magnetic dipole or domain. (B) When the magnetic dipoles or domains are in a predominant direction, a magnet is formed
with an external magnetic field. (C) When the magnetic dipoles or domains are not in a predominant direction, the object is not magnetized.




The force fields that are created when magnetic
dipoles orient to create a magnet are called lines of force,
lines of flux, or the magnetic field. These lines of force
flow not only through the magnet itself but also outside
the magnetic material, forming a three-dimensional field
surrounding the magnet (see Figure 4-2B). The stronger
the magnetic field, the more lines of flux. Placing small
iron filings on a surface under which a strong magnet is
placed will map out the magnetic lines of flux. Figure 4-3
illustrates the lines of flux emanating from the poles of
a bar and a horseshoe magnet. The ends of a magnet are
defined as the north and south poles; lines of force always
flow from north to south outside a magnet and from south
to north within a magnet (see Figure 4-2B). It is important
to remember that lines of force never intersect. In some
cases, they are described as being parallel. However,
many circumstances may cause, the magnetic field to con-
tract or expand. Under these conditions, the lines of force
bend closer or further from one another, making them no
longer truly parallel.

The stronger the magnetic field, the greater the num-
ber of lines of flux or the greater the flux density. Flux
density is determined both by field strength and by the
area in which the lines of flux are located.

field strength
area

magnetic flux =

There are two primary units used to measure the
strength of magnetic fields. The SI unit for magnetic
flux is the weber, represented by the symbol Wb (for
the German physicist Wilhelm Weber [1804-1891], who

FIGURE 4-3. Strong permanent magnets placed under a surface
containing loose iron filings will demonstrate magnetic lines of
flux as the filings orient to the magnetic field (forming the initials
of Indiana University Northwest). (Courtesy of Radiologic Sciences
Department, Indiana University Northwest.)
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proposed the basic theory of magnetism discussed
above). 1 Wb = 108 lines of flux. The units for magnetic
flux density are the tesla, represented by the symbol T
(for the American physicist Nikola Tesla [1857-1943]),
and the gauss, represented by the symbol G (for the
German mathematician Johann Gauss [1777-1855]).
1 tesla = 10,000 gauss. 1 T = 1 Wb/m? or 1 Wb per
square meter. The earth’s magnetic field averages
about 0.0001 T (1 G or 100,000 lines of flux per square
meter), whereas an ordinary household magnet (used,
e.g., to keep papers on a refrigerator) might have a
strength of 0.1 T (1,000 G or 10,000,000 lines of flux per
square meter). Modern magnetic resonance imaging
(MRI) equipment often operates in the range of 0.3-2 T
(3,000-20,000 G or 30,000,000-200,000,000 lines of flux
per square meter).

Because the earth itself is a magnet, with a north
and a south pole, lines of force, although relatively weak,
are present everywhere. This fact is used in the design of
a magnetic compass. The pointer is simply a small piece
of permanent magnet that will align itself with the earth’s
magnetic lines of force and indicate direction. Because
of this, a compass is a useful tool in detecting magnetic
lines of force, including those induced by electrons mov-
ing in electrical circuits and devices. Worth noting is the
fact that the earth’s true magnetic poles are not located
in Antarctica and the Arctic Ocean. Instead, the true
magnetic north pole is located in Canada’s far north,
whereas the true magnetic south pole is near Australia.
Both poles tend to drift to new locations as geological
conditions beneath the earth’s crust change.

Magnets can be classified by type of production
as natural, artificial permanent, and electromagnets.
A natural magnet is created when iron oxide (magnetite)
remains in the earth’s magnetic field for ages, slowly
orienting the magnetic dipoles in the same direction.
These natural magnets are called lodestones. They
were recognized by primitive man and investigated by
Greek academics. In some regions, entire mountains of
iron ore that have remained undisturbed for eons have
magnetic properties. Natives of Thunder Bay, Ontario,
delight in watching tourists follow signpost instructions
to place their cars in neutral gear at the bottom of a mag-
netic mountain’s gentle grade in hopes that the magnetic
field will pull their cars up the hill.

An artificial permanent magnet is manufactured
from a steel alloy called alnico, comprising aluminum,
nickel, and cobalt. While it is hot, alnico is subjected to
the field of a strong commercial magnet to permit easier
orientation of the magnetic dipoles. Upon cooling, the
magneticfield becomesrelatively permanent. Priorto the
20th century, experienced blacksmiths were easy to
spot because the tongs they used to handle heated
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metals had become magnetized. After many years of
standing in the same position (in orientation to the
earth’s magnetic lines of force), heating the tongs in
the forge, and then pounding the hot metal into shape
on the anvil, the tongs had become well-magnetized. A
request to see a horseshoe hanging from a rafter would
prove a smith’s experience when he used the magne-
tized tongs to easily lift it down.

An electromagnet is a temporary magnet produced
by moving electric current. Because the electrons com-
prising the flow of current create magnetic fields in
exactly the same manner as do the orbiting and spin-
ning atomic electrons, any flow of current produces a
magnetic field. When the current ceases flowing, the
magnetic field collapses, making these electrical mag-
nets temporary. It is possible to create a fourth type of
magnet by vibration.

The laws governing magnetism are similar to the
laws of electrostatics. However, only three laws are of
importance for this text:

1. Repulsion-attraction. Like poles repel; unlike poles
attract. In addition, like lines of force repel and unlike
lines of force attract, when placed within each other’s
force fields (Figure 4-4).

2. The inverse square law. The force between two
magnetic fields is directly proportional to the prod-
uct of their magnitudes and inversely proportional
to the square of the distance between them. Exactly
as with electrostatics, as an object gets further
away, the influencing field decreases because of the
increased area it affects.

3. Magnetic poles. Every magnet has two poles, a
north and a south, as discussed earlier. No matter
how much a magnet is divided, even into individual
moving electrons, both poles continue to exist.
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FIGURE 4-4. Repulsion—attraction of magnetic lines of force:
(A) Lines of force in the same direction will repel each other.
(B) Lines of force in opposite directions will attract each other.

Because the laws of electrostatics, magnetism,
and gravity have so many similarities, physicists have
searched since the 1860s for a mathematical theory to
relate the three forces into a unified field theory. Albert
Einstein worked unsuccessfully toward this goal until
he died, and the search continues to the present time in
the work of Stephen Hawking, among other prominent
theoretical physicists.

Magnetic Induction

When a nonmagnetized iron bar is brought within the lines
of force of a strong magnet, the dipoles will temporarily
align themselves with the lines of force passing through
the iron bar. If the bar is removed from the field after a
short time, the dipoles will return to their random orienta-
tion, thus leaving the bar unmagnetized. This process is
termed magnetic induction and operates like electromag-
netic induction. Instead of temporary repulsion of elec-
trons, magnetic poles are induced through the temporary
orientation of the dipoles.

The ease with which sensitive devices can be
magnetized or demagnetized by stray electrical fields
makes magnetic shielding desirable in many situa-
tions. Because there is no magnetic insulator, shield-
ing is accomplished by providing a highly permeable
ferromagnetic material, such as iron, through which
stray magnetic fields can be directed, thus protecting
sensitive devices from exposure to the stray field. This
technique is used to shield some magnetic resonance
imaging (MRI) units, although they require radio fre-
quency (RF) shielding as well.

Magnetic Classification
of Materials

The ease with which a material can be magnetized is
called permeability, whereas retentivity is the ability of
a material to stay magnetized. These two factors are
inversely proportional because if it is difficult to orient the
dipoles (low permeability), it is also difficult to disorient
them (high retentivity). The major classifications of the
magnetic properties of materials according to their rela-
tive permeabilities are:

1. Ferromagnetic (or simply magnetic) materials, such
as iron, cobalt, and nickel, are highly permeable and
greatly susceptible to induction. These materials
have a majority of their dipoles lying in the same
direction, thus setting up a natural magnetic field.
In addition, the material must permit the atoms
to be oriented, thus permitting the growth of mag-
netic dipoles in predominantly the same direction.
Specialized alloys such as alnico, permalloy, or



mumetal (some alloys, strangely enough, contain no
ferromagnetic elements) are designed to enhance
permeability and exhibit dramatically increased
magnetic field strength.

2. Paramagnetic materials, such as platinum and alumi-
num, have low permeability and weak attraction to
magnetic fields. These materials have only a slight
majority of dipoles in the same direction and there is
little tendency for the size of the dipoles to grow. MRI
contrast media are usually paramagnetic.

3. Diamagnetic materials, such as beryllium, bismuth,
and lead, are actually weakly repelled by all mag-
netic fields, including both north and south poles.
Strangely, water is slightly diamagnetic. This prop-
erty is so weak that it is easily obscured by other
types of magnetic induction.

4. Nonmagnetic materials, such as wood, glass, rubber,
and plastic, are not affected by magnetic fields
and cannot be magnetized. Nonmagnetic materials
most often comprise atoms locked into crystalline
or molecular patterns, thus forming ionic and cova-
lent bonds and eliminating the ability of electrons
to freely orient themselves to external magnetic
lines of force. This classification includes most
materials.

i ELECTROMAGNETISM

Electricity and magnetism are actually different aspects
of the same force, electromagnetism. Although the study
of magnetism dates to ancient times, and the study of
electricity to Queen Elizabeth I's physician, William
Gilbert (1540-1603), it was not until 1820s, when the
Danish physicist Hans Oersted (1777-1851) observed
the deflection of a compass during a classroom demon-
stration of electrical phenomena, that the relationships
between the two began to be established. Oersted’s dis-
covery, and subsequent investigations by many others,
permitted the generation, control, and practical use of
electricity and initiated the electronic revolution that
continues today.

Oersted’s experiment proves that when there is no
current flowing in the wire, the compass needle aligns
itself with the earth’s magnetic field (Figure 4-5). How-
ever, when current is flowing, the needle is deflected
toward the wire and when the current stops, the needle
returns to alignment with the earth’s field. This led
to the conclusion that any moving charge produces a
magnetic field. As was stated earlier in the section on
magnetism, this applies to even a single electron’s nega-
tive charge in orbit around an atom. A slightly different
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FIGURE 4-5. Qersted’s experiment: A compass placed near a wire
conductor will indicate the direction of the earth’s magnetic field
(A) when no current is flowing in the wire. Because flowing current
creates a magnetic field around the wire conductor that is stronger
than the earth’s field, the compass will indicate the direction of the
current-induced field while the switch is closed (B).

arrangement of Oersted’s experiment (Figure 4-6) per-
mits the mapping of the magnetic field surrounding the
flow of current.

The English scientist John Fleming (1849-1945)
developed a series of easily remembered aids to help
with the relationship between electricity and magnetism.
They are known as Fleming's hand rules. There are several
hand rules that are quite useful for remembering vari-
ous electromagnetic relationships. The rules are divided
into four groups: (1) hand-thumb rules along a conductor;
(2) hand-thumb rules for solenoid and electromagnet
poles; (3) hand generator effect rules; and (4) hand motor
principle rules. These are summarized in Table 4-1. Before
learning any of the rules, it is critical to remember that
hand rules that are based on current flow (conventional
current direction) and hand rules that are based on elec-
tron flow (actual direction of electron movement) will be
exact opposites. For example, the right-hand thumb rule
applies to conventional current flow. This is identical to
the left-hand thumb rule applied to actual electron flow.
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FIGURE 4-6. Relationship of induced magnetic field to direction of
current flow: A variation of Oersted’s experiment maps out the mag-
netic field induced by flowing current.

The hand-thumb rule for a straight conductor, the first
of the hand rules, applies to remembering the relationship
between the direction of current along a straight conductor
and the direction of the resulting magnetic lines of force

field. Fleming’s right-hand thumb rule for a straight conduc-
tor states that if the right hand is used to grasp a conducting
wire with the thumb in the direction of the current flow,
the fingers will indicate the direction of the magnetic field
lines of force surrounding the conductor (Figure 4-7). (If the

Direction of magnetic
field lines

FIGURE 4-7. Fleming's right-hand thumb rule for a straight
conductor: When the right hand is positioned so the thumb points
in the direction of conventional current flow, the fingers indicate the
direction of the induced magnetic field. Fleming’s left-hand thumb
rule does the same for actual electron flow.

0\ B M Fleming's Hand Rules for Electromagnetic Relationships

Conventional Current Flow

Electron Flow

Along a straight conductor
thumb = conventional current or electron flow

fingers = magnetic field
Solenoid and electromagnet poles
thumb = direction of north pole

fingers = conventional current or electron flow
Generator effect

thumb = movement of conductor or armature
index finger = magnetic lines of force field
middle finger = current or electron flow

Motor principle
thumb = movement of conductor

index finger = magnetic lines of force field

middle finger = current or electron flow

right-hand thumb rule
(see Figure 4-7)

right-hand thumb rule
(see Figure 4-9)

right-hand generator rule
(see Figure 4-12)

left-hand motor rule
(see Figure 4-18)

left-hand thumb rule
(left-hand version)

left-hand thumb rule
(left-hand version)

left-hand generator rule
(left-hand version)

right-hand motor rule
(right-hand version)




thumb points in the direction of actual electron flow, then
a left-hand thumb rule must be used to show the direction
of the magnetic field lines of force surrounding the conduc-
tor.) Table 4-1 compares this rule with the other hand rules.

SOLENOIDS AND
ELECTROMAGNETS

An interesting phenomenon occurs when conducting
wire is looped (Figure 4-8A). Using the right-hand
thumb rule to determine the direction of the magnetic
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lines of flux, it is apparent that inside the loop the
magnetic fields from both sides join to double the
magnetic flux density. If a series of loops are made,
creating a coil (Figure 4-8B), the flux density is greatly
increased. When current is flowing through this type
of coil it is called a solenoid. The flux density can
be increased further still by adding a ferromagnetic
core. This configuration is called an electromagnet.
The strength of solenoids and electromagnets is deter-
mined by the number of loops (or turns) of wire, the
current strength, and the permeability of the core. The
right-hand thumb rule can also be applied to a solenoid

A. Loop of conductor

B. A solenoid

FIGURE 4-8. A solenoid: (A) When a conductor is looped to form a coil, the magnetic fields from both sides join to double the magnetic field
strength inside the loop. (B) A solenoid is a helix coil through which current is flowing; it uses the coil loops to produce a greatly strengthened

magnetic field.
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or an electromagnet to determine the location of the
magnetic poles. If the fingers point in the direction of
the current, the thumb will point toward the north pole
(Figure 4-9). (If the fingers point in the direction of
actual electron flow, then a left-hand thumb rule must
be used for the thumb to point toward the north pole.)
Table 4-1 compares this rule with the other hand rules.

Both the solenoid and the electromagnet demon-
strate magnetic properties only while electric current is
flowing. If the current stops flowing, the magnetic proper-
ties vanish, and if the current is adjusted up or down, the
magnetic strength changes accordingly. The factors that
govern the effectiveness of solenoids and electromagnets
are the diameter of the coil, its length, and the current
passing along the coil. Electromagnets are used as remote
control devices in circuit breakers and in the temporary
locks, sometimes called detents, on radiographic equip-
ment. In a typical circuit breaker configuration, a wire
from the circuit to be protected is incorporated into an
electromagnet, which, when the current becomes dan-
gerously high, has been calculated to attract a movable
contact, which breaks the circuit.

Solenoids are often used as detent locks on the over-
head crane of x-ray tubes. The detent can be activated by
a switch at the x-ray tube controls. The switch activates
the magnetic properties of the solenoid, which in turn
attracts a metal latch or bolt. This temporarily locks
the tube to the center of the x-ray table or at the proper

FIGURE 4-9. Fleming's right-hand thumb rule applied to determine
the pole of a solenoid or electromagnet. When the fingers point in the
direction of the current, the thumb will point toward the north pole.

distance from the image receptor. An electromagnetic relay
is similar to circuit breakers. They are used to protect
radiographers from electrical shock by isolating control
buttons on the x-ray console from the actual circuit in
which high voltage is flowing.

Electromagnetic Induction

Once it became known that electrical current could gener-
ate a magnetic field, the obvious question was whether the
reverse was true. In fact, it was demonstrated by the English
physicist Michael Faraday (1791-1867) the year after Oer-
sted’s discovery. The simple presence of a magnetic field
is not sufficient to cause electrons to move along a wire.
Faraday discovered that the magnetic lines of force and the
wire must have a motion relative to each other to induce an
electrical current (Figure 4-10). There are three ways to cre-
ate the motion between lines of force and a conductor:

1. Move the conductor through a stationary, unchang-
ing-strength magnetic field.

2. Move magnetic lines of force through a stationary
conductor with an unchanging-strength magnetic
field.

3. Vary the magnetic flux strength from a stationary
magnet through a stationary conductor. As the flux
strength varies, the lines of force will expand and
contract, in effect causing the relative motion neces-
sary to induce current.

The exact definitions of magnetic flux strength
and lines of force are critical to understanding these
differences.

There are two primary laws that govern the induction
of current by magnetic fields. Faraday’s law (sometimes
called the First Law of Electromagnetics) states that four
factors regulate the strength of induced current when
magnetic lines of force and a conductor are in motion
relative to one another:

1. the strength of the magnetic field,

2. the speed of the motion between lines of force and
the conductor,

3. the angle between the magnetic lines of force and
the conductor, and

4. the number of turns in the conducting coil.

This law makes it possible to determine the direction in
which the induced current will flow. This application of the
law was established by the Russian scientist Heinrich Lenz
(1804-1865). Lenz’s law (sometimes called the Second Law
of Electromagnetics) states that induced current flow sets
up a magnetic field opposing the action that produced the
original current, or simply, that induced current opposes any
flux change.



A. Without relative motion

Magnet
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B. With relative motion

FIGURE 4-10. Faraday’s experiment: A meter will not
indicate current flow (A) until the magnetic lines of force from the
magnet and wire have a motion relative to one another (B).

These two laws apply to both forms of induction:
mutual induction and self-induction. When two coils are
placed in proximity and a varying current supplied to the
first coil (as an electromagnet) induces a similar flow in
the second coil, mutual induction occurs (Figure 4-11).
The coil supplied with current is called the primary coil,
whereas the coil in which the current is inducted is called
the secondary coil. The flow occurs in the secondary coil
because the primary current alternates. This follows the
rule that moving lines of force from a varying-intensity
current will induce electron flow in the wire through
which it passes. In this case, the secondary coil is cut by
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FIGURE 4-11. Mutual induction: A varying current supplied to the
primary coil induces a similar flow in the second coil. The constantly
expanding and contracting magnetic lines of force induced in the
primary coil provide the relative motion, with the secondary coil nec-
essary to induce current flow in the secondary coil.

the varying (and therefore moving) lines of force from the
current in the primary coil.

Self-induction is much more complicated, but is more
understandable when comparing a coil supplied with direct
current, where there is self-induction only at the turn-on
moment, with a coil supplied with alternating current,
where self-induction occurs regularly. Alternating current
is present when the electrons constantly change direction.
A coil supplied with alternating current permits a steady
flow of electrons and establishes an electromagnetic effect
for half the cycle. However, at the instant the current sup-
ply reverses, the previously established electromagnetic
north and south poles will induce an opposing potential
difference, thus attempting to induce against the incoming
supply of electrons. This tendency of an alternating current
is called inductive reactance and is measured in ohms of
resistance. Self-induction is useful when it is desirable to
permit direct current to flow while at the same time hinder-
ing alternating current.

Animportant relationship exists between the direction
of movement of a wire coil (the armature), the direction of
the magnetic lines of force field, and the direction in which
the induced current will flow. This relationship is best
remembered by the use of another hand rule (Figure 4-12).
Fleming’s right-hand generator rule states that if the thumb




62 UNIT I Creating the Beam

Current

FIGURE 4-12. Fleming's right-hand generator rule: When the
thumb points in the direction the conductor (or armature) is moving,
and the index finger points in the direction of the magnetic lines of
force field, the middle finger indicates the direction of conventional
current flow. Fleming's left-hand generator rule does the same for
actual electron flow.

points in the direction the conductor (or armature) is
moving, and the index finger points in the direction of the
magnetic lines of force field, then the middle finger will
indicate the direction of the conventional current. (If the
direction of actual electron flow is desired, then a left-hand
generator rule must be used.) Table 4-1 compares this rule
with the other hand rules.

Generators

A generator, or dynamo, is a device that converts
mechanical energy to electrical energy using Faraday’s
discovery of moving lines of flux in relationship to a
conductor to induce current. This process converts the
mechanical energy of the motion (any of the three ways)
to electrical energy. A simple generator comprises a con-
ductor and magnets arranged, as shown in Figure 4-13.
The conductor is an armature, set between opposing
magnetic poles so that it encounters the strongest lines
of force. If the armature is rotated by a strong source of
mechanical energy (such as a steam or water turbine),
the generator can produce massive amounts of electrical
energy. It is important to note the method that is used
to convey the electrical current from the armature to
the circuit. A set of slip rings and brushes permits the
circuit to remain stationary while the armature rotates
without breaking the electrical contact between them.
This allows the electrons to flow without interruption.
Each slip ring connects to one end of the armature wire
(see Figure 4-13).

To understand exactly how the current is produced,
it is necessary to follow the production step-by-step

Rotating shaft
(attached to turbine or
other source of mechanical

energy)

Slip ring

FIGURE 4-13. An AC generator: Mechanical energy rotates the
shaft to which the armature is attached. As the wires of the arma-
ture rotate, they cut through the magnetic lines of flux from the
magnets and produce electrical current. The slip rings and brushes
permit the armature to rotate while maintaining contact with the
wires of the circuit.

(Figure 4-14). Notice that the armature coil wire is
shown in cross section at the top, three-dimensionally in
the middle, and that the graph at the bottom represents
the voltage produced. It is important to understand the
relationship of the angle between this wire’s motion and
the lines of force between the stationary magnets. In
Figure 4-14A, the wire’s motion is parallel to the lines
of force. This produces no electromagnetic force (emf),
as shown on the graph. In Figure 4-14B, the rotation
of the armature has changed the wire’s motion until it
is at a 45° angle to the lines of force. Fleming’s right-
hand generator rule demonstrates that the conventional
electrical current is moving into the page (electron flow
would be out of the page). Because of the 45° angle,
the magnitude of the emf, although rising, has not yet
reached its peak. In Figure 4-14C, the motion of the wire
is 90° to the lines of force (the maximum angle), result-
ing in the peak emf. As the wire begins to turn back to
parallel in Figure 4-14D, the emf begins to drop back
toward zero. When the wire reaches a parallel position,
as in Figure 4-14E, the emf has returned to zero. As the
wire begins to move into a 270° position (which is a
90° position in the opposite direction), notice that the
relationship between the wire’s motion and the lines of
force has changed. Using Fleming’s right-hand genera-
tor rule again, it is simple to see that the conventional
electrical current has now reversed and is moving out
of the page (while the electron flow has reversed to
move into the page). It is at this point that alternating
current is produced. This has occurred because alternat-
ing current is produced when the wire’s motion relative
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FIGURE 4-14. The production of alternating current: Armature coil wire is shown in cross section (top). Three-dimensional view of generator
(middle). Graph of the voltage produced (bottom). See text for step-by-step description.

to the lines of force is reversed. In Figures 4-14F-I, the
rise to peak and drop back to zero emf is repeated but
in the opposite direction. This explains not only why
generator-produced current must be alternating but also
accounts for its pulsating nature.

The type of curve produced by an AC generator will
always appear as in Figure 4-14. It is called a sine wave
because it depends on the mathematical sine (a smooth
repetitive oscillation) between the plane of the armature
and a plane perpendicular to the lines of force. One
complete turn of the generator armature represents one
cycle. The sine wave illustrates one complete turn of
the armature as the distance between two correspond-
ing points. Note that this would be represented by the
distance between A and I in Figure 4-14. The frequency
of the sine wave is determined by the number of cycles
per second (cps). The unit of frequency is the hertz, rep-
resented by the symbol Hz. 1 cps = 1 Hz. American and
Canadian generators operate at 60 Hz. Most of the rest of
the world operates at 50 Hz.

- EXAMPLE: How many times per second do the
electrons in a 60-Hz alternating current change their
direction of movement?

Answer:
60 Hz X 2 directions = 120 changes per second

From Figure 4-14, it also becomes apparent that
the peak voltage is not the same as the average voltage
throughout the entire sine wave. The same is true of
amperage and resistance (Ohm’s law). This makes the
measurement of all factors very difficult in pulsating
alternating current because of the constant fluctuation
of the sine wave. This is solved by using the root mean
square (rms) values of the amperage and voltage. Root
mean square (rms) values of the total voltage and amper-
age in an alternating current are equivalent to the effect
that would be produced in a direct-current resistance by
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the same factors. Resistance in alternating currents is
calculated from a complicated series of factors, resulting
in measurement of the apparent total resistance. Apparent
total resistance of an alternating current is called imped-
ance, which is represented by the symbol Z. This permits a
revised version of Ohm’s law to be applied for alternating
current as:
-V

Z
where: I = rms amperage

V = rms voltage

7 = impedance

When using an x-ray machine, it is worth remembering
that the kilovoltage settings represent peak kilovoltage,
not average or rms values.

A direct-current generator is made by exchanging the
slip rings for a commutator ring, as shown in Figure 4-15.
A commutator is a single ring that is divided in half, with
each half connected to one end of the armature wire. The
single commutator’s two halves replace the pair of slip
rings. Instead of each end of the armature wire being con-
nected to its own slip ring, each end of the armature wire is

Increasing voltage

0° 90°

connected to half of the commutator ring. When a genera-
tor has its armature connected to a commutator, the sine
wave of the output is dramatically different from that pro-
duced by a pair of slip rings. Although the armature turns
exactly as in an alternating-current generator, the com-
mutator routes the current very differently. This current
produces a sine wave exactly as in an alternating-current
generator (Figures 4-15A-C). The use of Fleming’s right-
hand generator rule demonstrates that the conventional
electrical current is moving into the page (electron flow
would be out of the page). In Figure 4-15D, the wire has
begun to move toward the second phase of the cycle. As in
the alternating-current generator, the relationship between
the wire’s motion and the lines of force has changed. Using
Fleming’s right-hand generator rule again, it is simple
to see that the conventional electrical current has now
reversed and is moving out of the page (while the elec-
tron flow has reversed to move into the page). However,
it is extremely important to note that in Figure 4-15D, the
commutator ring has also changed the brush with which
it was in contact. This has the same effect as switching
the exiting connections on the armature wires. Although
Fleming’s right-hand generator rule demonstrates the
change in direction of current within the armature wire,

180° 270° 360°

Angle between conductor and magnetic

Time.

lines of flux

FIGURE 4-15. A DC generator: The slip rings have been exchanged for a commutator ring, with each half connecting to one end of the
armature wire. Although the armature turns exactly as in an AC generator, the commutator routes the current as shown on the graph. See text

for step-by-step description.




the commutator ring has also reversed the exiting con-
nections, thus keeping the current in the circuit flowing in
the same direction. It is at this point that direct current is
produced. Note that the direct current is not as steady as
would be expected with a battery source. Instead a pulsat-
ing direct current has been produced.

Multiple-coil direct-current generators are used in
place of the simple single-coil generators diagrammed in
Figures 4-14 and 4-15. These DC generators utilize numer-
ous coils and a commutator divided into a corresponding
number of segments, as shown in Figure 4-16A. This type of
generator produces a sine wave, as shown in Figure 4-16B.
The combined current generated never drops to zero and
has the advantage of a much steadier flow, although the
pulsations have not been completely eliminated.

Motors

A device that is supplied with electrical current to pro-
duce mechanical motion is called a motor. Motors have
essentially the same parts as generators and operate on
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FIGURE 4-16. Multiple coil, split commutator DC generator: More
than one coil, or armature, with a split commutator (A) will produce
DC current as shown in the graph (B).
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the same principles but in reverse. In addition, some of
the parts have been slightly redesigned and carry names
different from those in a generator.

The motor principle is a result of the interaction of
magnetic fields when an electric current is sent along a con-
ductor that is residing in a magnetic field. As current flows
through the conducting coil, a magnetic field is established,
according to Fleming’s right-hand thumb rule (Figure 4-17).
Because the conducting coil lies within the lines of force
from the stationary magnets, the induced lines of force will
be attracted in one direction (downward for the left wire
and upward for the right wire) while at the same time being
repelled in the other direction (upward for the left wire
and downward for the right wire). The net result is that the
conductor begins to move in the direction of the arrows.

Fleming’s left-hand motor rule states that if the index
finger points in the direction of the magnetic lines of force
field and the middle finger points in the direction of the
conventional current, the thumb will indicate the direc-
tion the conductor will move (Figure 4-18). (This would
be a right-hand motor rule if the direction of electron flow
is being considered.) Table 4-1 compares this rule with the
other hand rules.

Different motor configurations are required depend-
ing on whether alternating or direct current is supplied.
Direct-current motors use commutator rings. As with a DC
generator, the commutator is required in order to switch
the flow of current when the conducting coil begins to
reach a 180° position, where the induced and stationary
lines of force no longer attract or repel one another. When
the current flow is switched by the commutator ring,

FIGURE 4-17. The motor principle: Because the conducting wires
of the armature lie within the lines of force from the stationary
magnets, when current begins to flow through the armature, the
induced lines of force will be attracted downward for the left wire
and upward for the right wire while at the same time being repelled
in the other direction (upward for the left wire and downward for
the right wire). The net result is that the conductor begins to move in
the direction of the arrows.
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Motion

Current

FIGURE 4-18. Fleming's left-hand motor rule: If the index finger
points in the direction of the magnetic lines of force and the middle
finger points in the direction of the conventional current flow,

the thumb will indicate the direction the conductor will move.

(This would be a right-hand motor rule if the direction of actual
electron flow is being considered.)

the magnetic lines of force also reverse. Continuing this
switching of current flow results in the conductor continu-
ally being simultaneously repelled and attracted in a circle,
thus turning a shaft and supplying the mechanical motion
as a conversion of the applied electrical energy.

These direct-current motors use many turns of wire in
the conductor coil to increase the strength of the field. This
requires numerous pairs of stationary magnets to force the
conductor coil to cut the stationary lines of force as near
to 90° (the maximum inducing angle) as often as possible.

Alternating-current motors use slip rings. Unlike
direct-current motors, the incoming current switches
direction, making the commutator unnecessary. There are
two major types of alternating-current motors.

Synchronous alternating-current motors have con-
ducting coils that turn at the same speed as the genera-
tor armature supplying the current (or a multiple of the
armature’s speed). Synchronous motors are useful when a
steady speed is necessary, as in a timing device. They tend
to be relatively weak because insufficient motor principle
force is established at the conducting coil.

Alternating-current induction motors utilize a rotor
coil with the exterior magnetic field supplied by several
pairs of electromagnets, thus producing a strong magnetic
field, increasing the power of the motor and permitting it
to run at any desired speed. Instead of supplying current
to the coil in the magnetic field, an induction motor uses
a device called a rotor. A rotor consists of bars of copper
around an iron core (Figure 4-19). No commutator or slip
rings are required. Instead, a device called a stator is used.
A stator consists of pairs of stationary magnets (or, more
commonly, electromagnets) arranged around the rotor.

Stator electromagnets

Rotor wire
windings

FIGURE 4-19. Alternating-current induction motor: The rotor windings
obey the motor principle as they move perpendicular to the magnetic
lines of flux, in the direction of the arrows. The stator electromagnets
are supplied with multiphase current to activate them in sequential
pairs to maintain maximum perpendicular motor principle force.

The stator must be supplied with multiphase current. The
stator electromagnets are energized in sequence. As the
copper bars of the rotor reach a point where the motor
principle forces are equalized, the multiphase current
activates the next pair of electromagnets and the motor
principle forces pull the rotor around to the next position.
This continuing sequential energization causes the motor
principle forces to continually turn the rotor. Extremely
powerful induction motors are made by increasing the
strength and number of pairs of electromagnets; these
motors are popular for industrial and consumer uses.

Induction motors are used in rotating anode x-ray
tubes where the target anode is attached to the induction
motor rotor inside the glass vacuum tube. Because mag-
netic lines of force will pass through glass and a vacuum,
the electromagnets can be positioned outside the vacuum
tube, thus avoiding interference with the high voltages
required to produce x-rays.

The motor principle is also used in meters: a
galvanometer for direct current, when permanent magnets
are used, to indicate current, and a dynamometer for alternat-
ing current, when electromagnets are used (Figure 4-20A).
To a great extent, they are being replaced by digital meters
that provide numerical indications of current. When a meter
is connected in series, it measures current in amperes and
is called an ammeter (see Figure 4-20B). When connected in
parallel, it measures potential difference in volts and is called
a voltmeter (see Figure 4-20C).
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A. A galvanometer

B. Ammeter in circuit

C. Voltmeter in circuit

FIGURE 4-20. (A) A simple galvanometer uses an electromagnet to attract a coil of wire to which a needle is attached. When a scale is
calibrated, amperage or voltage can be measured. (B) Ammeter connection. (C) Voltmeter connection.

" CONTROLLING ELECTRICAL
CURRENT

Although nearly all electrical components in X-ray units
are now embedded in silicon chips on printed circuit (PC)
boards, transformers continue to operate as discussed
below, although they are much smaller than they were
20-30 years ago.

Although the concepts behind the operation of most
of these components are more easily understood when
presented from a hard-wired perspective, readers should
remember that these devices and circuits are now minia-
turized within chip technology.

Transformers

Alternating current, because of its changing direction,
constantly establishes, collapses, reestablishes, and re
collapses its surrounding magnetic field. This aspect can
be used to change electricity by combining electromag-
netic mutual induction with an application of Ohm'’s law to
form a device called a transformer. Transformers comprise
two coils placed near one another (but without electrical
connection). If current is supplied to one coil, the lines
of force that are induced will pass through the other coil
and induce a flow of electrons (see Figure 4-11). The coil
that is supplied with current is the primary, and the coil in
which current is induced is the secondary.

The number of turns of wire in the primary coil is
designed to be different from the number of turns of wire
in the secondary. This causes the induced current to be
different in the secondary coil. For example, the lines

of force induced by a single primary coil loop may cut
two loops of the secondary. In this case the voltage in
the primary would be induced in both secondary loops,
thus doubling the secondary voltage. When the voltage
is increased from primary to secondary, it is called a
step-up transformer. When the voltage is decreased from
primary to secondary, it is called a step-down transformer.
The transformer law expresses this phenomenon:

VS_NS
V N
p P

where: V = potential difference in volts
N = number of turns of wire in the coil
p = primary coil
s = secondary coil

EXAMPLE: If a transformer is supplied with 400 volts
to the primary coil, has 100 turns of wire on the pri-
mary coil, and 20,000 turns of wire on the secondary
coil, what will the voltage be in the secondary coil?

Answer:
Y _N
vV, N,
V., 20,000 turns

S

400V 100 turns
100 V, = 400 V x 20,000 turns
8,000,000
* 100
V, = 80,000 volts or 80 kilovolts.
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EXAMPLE: If a transformer has 120 turns of wire
on the primary coil, 80 volts in the primary coil, and
20 volts in the secondary coil, how many turns of wire
must there be in the secondary coil?

Answer:
N_N
v,ON
20V N

s

80V 120 turns

2,400 turns N,
80

N, = 30 turns

Transformers are used to change voltage. However,
Ohm’s law is in effect and the effect of the transformer
on amperage, voltage, and number of turns in the coils
can be calculated by combining the transformer law with
Ohm’s law:

L_%

I A%

P s
and

L_N

I N

p s

It is helpful to remember that voltage and number
of turns are directly proportional, whereas voltage and
amperage are inversely proportional. Therefore, the
number of turns and amperage must also be inversely
proportional. It is also important to note that a step-up
transformer increases voltage from primary to second-
ary while decreasing amperage. Conversely, a step-down
transformer decreases voltage from primary to second-
ary while increasing amperage. Because transformers
are designed to change voltages, the descriptive terms
step-up and step-down refer to the voltage change, not
the amperage change. You should remember that Ohm’s
law requires the consideration of resistance, and this is
indeed an important factor. However, this book will not
address that aspect. All transformers must operate on
alternating current to provide the establishing and col-
lapsing magnetic fields that induce the voltage changes
in the secondary coil.

Although transformer efficiency, the ability of a
transformer to avoid power loss, is usually above 95 per-
cent, a number of factors influence how much energy is
lost. Because the high-voltage transformer used in x-ray
equipment must step up voltage into the kilovolt range, it
uses large amounts of secondary coil windings. This mas-
sive amount of wire and the high induced voltage cause

several problems that greatly affect the efficiency of the
transformer.

1. I’R loss, sometimes called copper loss, is caused by
the inherent resistance to current flow that is found
in all conductors. The power lost due to this resis-
tance is proportional to the square of the current. It
is minimized by using low-resistance wire, such as
large-diameter copper, and by using high voltage and
low amperage. Lost power is given off as heat. This
is the reason why power transmitted long distances
between cities is carried on high-voltage power lines.
The high voltage permits low amperage and greatly
reduced I’R loss. Because high voltages are extremely
dangerous, they are carried on high towers. Step-
down transformers are used at receiving stations to
lower the voltage (and increase the amperage) to
make the power safe for use in buildings.

2. The hysteresis loss (lagging loss) in the core occurs be-
cause energy is expended as the continually changing
AC current magnetizes, demagnetizes, and remagne-
tizes the core material. Demagnetization leaves some
dipoles in the original orientation, and this residual
magnetism causes the remagnetic effort to lag, thus pro-
ducing more heat loss. The characteristic that requires
energy to carry out this constant reorientation of the
magnetic dipoles is called coercivity. Coercivity can be
minimized by using a core material such as silicon iron.

3. The eddy current loss in the core is a result of currents
opposing the cause that produced them, according to
Lenz’s law, as discussed earlier. They are produced in
any conducting material subjected to changing mag-
netic fields. Laminating the transformer core reduces
the eddy current loss by dividing the core into thin
layers. This reduces the strength of the eddy currents
(Figure 4-21).

These factors result in a great amount of heat build up,
which can be felt by placing your hand on the exterior of the
transformer cabinet in a diagnostic x-ray room. Although the
transformer is highly insulated and immersed in insulating
dielectric oil, there is a definite warmth to the cabinet after
the machine has been in use for a few hours. The size of the
x-ray transformer makes its efficiency an important factor.

There are numerous types of transformer configu-
rations. The simple arrangement of two coils of wire
in proximity to facilitate induction, which has been
used so far to explain transformer function, is called an
air-core transformer. If the primary and secondary coils are
filled with an iron core, the strength of the magnetic field is
greatly increased, forming an open-core transformer. Vari-
ous types of cores have been designed to enhance the lines
of force and thereby increase the magnetic field strength
(Figure 4-22). The field from an open core tends to diverge
as it forms the external lines of force. Closing the core
to form a closed-core transformer (by placing a top and
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A. Closed-core transformer

B. Nonlaminated core

C. Eddy currents

D. Laminated core

e

E. Eddy currents

FIGURE 4-21. (A) Closed-core transformer; (B) nonlaminated
core; (C) nonlaminated core eddy currents; (D) laminated core; and
(E) laminated core eddy currents.

bottom to the cores) will direct the lines of force from
primary and secondary cores toward each other and result
in a significant system net increase in field strength. The
shell-type transformer goes one step further by converging
both the inside and outside lines of force through an iron
core. In addition, a great efficiency is obtained by insulating
the wiring and wrapping the primary and secondary coils
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FIGURE 4-22. Various types of transformer core configurations:
(A) air core; (B) open core; (C) closed core; and (D) shell type.

atop one another, thus minimizing the distance between
coils and maximizing the coupling effectiveness of the
induction. X-ray generators use laminated core, shell-type
transformers, which are the most common type in use today.

Autotransformers

It is possible to construct a variable transformer, called
an autotransformer, by connecting both primary and
secondary coils in series instead of insulating them.
This also permits a single coil on a central core. Con-
nections are made along a single coil at different points
for primary and secondary. The primary side has a
selection of taps available to permit a variable number
of turns in the primary coil (Figure 4-23). When the con-
nections to the taps are attached to control buttons, an
effective means of changing voltage is available.

There are three important transformers in the x-ray
circuit (Figure 4-24). The autotransformer is used to vary
the incoming-line voltage to an appropriate level for the
high-voltage step-up transformer. The high-voltage step-up

FIGURE 4-23. An autotransformer.
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FIGURE 4-24. Three critical transformer locations in the diagnostic x-ray circuit. The autotransformer permits selection of the voltage
(by controls labeled kV on the console). The high-voltage transformer steps the incoming-line voltage up to the kV range before sending it to the
x-ray tube. The filament transformer steps the incoming-line voltage down to heat the x-ray tube filament.

transformer is used to raise the incoming-line voltage to the
kilovoltage range necessary for x-ray production. The filament
step-down transformer is used to decrease the incoming-line
voltage to the 5 to 15-volt and 3- to 5-ampere range used to
heat the x-ray tube filament.

Capacitors

A capacitor is a device capable of accumulating and storing
an electrical charge. A simple capacitor consists of two insu-
lated metal plates with opposite charges (Figure 4-25). The
charges on the plates are opposite, and therefore, an attrac-
tion force exists between them. However, the insulation
between the plates, which is called the dielectric, prevents
the charges from crossing over. Once the charges build up on
each of the plates, the plates become so full that they repel
any more current from flowing. The value of the dielectric is
determined by the insulating ability, as well as the plate size,
distance between the plates, and charge. The unit of capaci-
tance is named for Faraday, but has been shortened to farad.
It is represented by the symbol f and is expressed as:

C —
\Y
where: C = capacitance in farads
q = charge on either plate in coulombs
V = potential difference between plates in volts

vd

FIGURE 4-25. A simple parallel plate capacitor.

Because of the immense size of the coulomb, the
farad is very large, making the microfarad (pf) the more
common unit.

Capacitors must be charged to be operable; this is
done by applying a direct-current voltage. The capacitor
will accept a charge until it equals the DC voltage. When
discharged, the capacitor has the ability to deliver the
stored charge in short and easily controlled intervals. This
uniform direct current is especially useful in mobile x-ray
units, where it is convenient to have a battery charge a



capacitor, and then initiate a burst of high voltage for the
x-ray exposure. Capacitors are also used to supply a more
constant voltage to the x-ray tube in some stationary units.

RECTIFICATION

X-ray tubes operate best when receiving direct current.
In fact, there is a danger in supplying alternating current
because if a flow of electrons occurs in the wrong direc-
tion the tube may be damaged beyond repair. The process
by which alternating current is changed to pulsating direct
current is called rectification, and requires the use of one-
way electrical devices called rectifiers. Although solid-
state semiconductor diodes are most commonly used, it
is easier to understand the operation of a vacuum-tube
rectifier. Both of these devices create electrical “one-way
streets” by permitting electrons to flow easily in one direc-
tion while offering a high resistance to movement in the
other direction.

The operation of semiconductors was mentioned
earlier, in Chapter 3, during the discussion of conductor
valence bands. There are numerous types of semicon-
ductors but they all operate in the same manner. The
simplest to explain is the p-n junction semiconductor,
which comprises solid materials of two predominant
categories, n-type and p-type. The n-type materials have
loosely bound electrons that move freely between an
atom’s conduction bands. The p-type materials have elec-
tron traps made up of positively charged holes that tend
to attract and hold electrons instead of permitting them
to move freely to another atom. Both types of materi-
als are affected by slight amounts of impurities that are
intentionally added to change the conduction properties.
For example, arsenic has a valence that permits it to form
covalent bonds with silicon crystals, but it makes an extra
electron available for conduction, thus forming an n-type
material. Conversely, gallium also has a valence permit-
ting covalent bonding with silicon, but it leaves a need for
an additional electron, thus forming an electron hole and
a p-type material.

A rectifying semiconductor called a diode is made
by sandwiching a p-type crystal with an n-type to form
a p-n junction (Figure 4-26). When a potential difference
is established with the positive charge at the p side of
the junction and the negative charge at the n side of the
junction, the positive holes from the p side are attracted
to the junction, as are the available electrons from the n
side. This permits easy movement of electrons into the p
holes. In a diode, electrons flow from the n to the p side
of the p-n junction and conventional electrical current
moves from the p to the n side. When alternating current
reverses and the positive charge is at the n side of the
junction and the negative charge is at the p side of the
junction, the positive holes from the p side are repelled
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from the junction, as are the available electrons from
the n side. This makes movement of electrons from the
n side of the junction to the p side of the junction very
unlikely, as both the repulsion—attraction of the charges
and the distance between p holes and electrons are work-
ing against the electron movement. The result is that
no electrons move across the junction, thus creating a
one-way street for electrons. The electronic symbol for a
diode reflects this movement for conventional electrical
current (see Figure 4-26D). Remember that electron flow
will be opposite the direction of the arrow.

A thyristor, or silicon-controlled rectifier (SCR), is a
more complex semiconductor that has proven useful for
high-speed switching of the primary high-voltage x-ray
circuit. The term SCR is actually a General Electric trade
name for a specific type of thyristor. SCRs comprise two
p-type and two n-type layers, making three p-n junctions
(Figure 4-27). Both n-p-n-p and p-n-p-n sequences are pos-
sible. In either case, the third section serves as a gate. This
gate can change the polarity of the entire SCR by receiv-
ing a given charge. Rapid pulses of current to the gate
permit it to hold or release large amounts of current. The
SCR functions extremely rapidly in high-kilowattage x-ray
generators.

A valve tube was a vacuum tube that operated in the
same manner as a diode but was constructed like an x-ray
tube. Although they are no longer used in x-ray circuitry,
they are a useful example in learning how a modern diode
circuit functions. The difference between a valve tube
and an x-ray tube is that a valve tube operated at energies
below the range necessary to produce x-ray photons. The
cathode and anode were arranged to permit electrons to
jump without requiring the energy necessary to produce
x-rays (Figure 4-28). Current could flow from cathode to
anode because the jump to the massive anode was easy.
However, as electrons repelled one another, they spread
out over the entire surface of the anode and could not
develop sufficient repulsive force to jump to the cathode.
This made the tube a one-way street for electrons to move
from cathode to anode.

The cathode included a coil of small-diameter tung-
sten wire, called the filament, through which current was
passed. Of course the small diameter of the wire caused
a greatly increased resistance to the flow of electrons.
This resulted in heat increase to the extent that electron
movement actually ejected individual electrons from
the surface of the wire. Sometimes this phenomenon
is described as a boiling of electrons from the surface.
The result was the formation of an electron cloud (see
Figure 4-28B). This process is called thermionic emission
because the heat (therm) has caused ionization (ionic),
resulting in electrons being expelled (emission) from
the surface of the wire. This effect is sometimes called a
space charge cloud. It is important to note that the small
diameter of the cathode’s thin filament wire makes it
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FIGURE 4-26. The functioning of a p-n junction of a solid-state semiconductor diode.
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FIGURE 4-27. Silicon-controlled rectifier (SCR) n-p-n-p and p-n-p-n
junctions.

extremely fragile. At the high kilovoltages supplied to
x-ray tubes, a single electron striking the heated filament
would cause it to break, thus rendering the tube useless.
All modern x-ray machines use safety devices to prevent

the anode side of the tube from receiving electrons, even
during the opposing flow of alternating current.

The anode is a relatively large metallic surface, usu-
ally a cup, disk, or flat plate, depending on the desired
function of the tube. The shape of the anode varies
between a valve tube and an x-ray tube and this accounts
for the fact that x-ray tubes emit primarily x-ray-range
photons whereas valve tubes do not. Diagnostic x-ray
tubes utilize angled disks, whereas dental x-ray tubes and
other types of relatively low-voltage tubes use flat-plate
anodes. A valve-tube anode consists of a cold metallic cup
that surrounds the coiled filament (see Figure 4-28).

Valve tubes permit electrons to flow from cathode
to anode when a large enough potential difference exists
to cause the electrons of the thermionically emitted cloud to
be simultaneously repelled from the cathode and attracted
to the anode. This is done by creating a negative charge at
the cathode and a positive charge at the anode (Figure 4-29).
Remember that electron flow will always be from cathode
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FIGURE 4-28. Anode and cathode of a valve tube.

to anode and this means conventional electrical current will
always be from anode to cathode. It is important to note
that electrons cannot move from anode to cathode due to
the charges and to the shapes of the anode and cathode. The
anode is shaped much larger than the cathode filament, and
this causes the electrons to distribute themselves over the
entire surface as they follow the law of repulsion in regard
to one another (see Figure 4-29). With such a large distri-
bution surface, the electrons should not build up enough
repulsion or heat to make movement from anode to cathode
possible. When direct current causes the anode to remain
positive at all times, there is a force of attraction working
to keep the electrons on the anode. On the other hand, the
cathode is relatively small and carries a negative charge at
all times. The small size not only causes heating, but it also
restricts the flow of electrons so much that thermionic emis-
sion is enhanced. The negative charge works to encourage
thermionic emission by actively repelling the electrons from
the filament surface. Together these forces make the anode
very attractive to electrons, while making the cathode unde-
sirable. Consequently, as electron movement from cathode
to anode is made easy, movement from anode to cathode is
made extremely difficult. This creates a one-way street for
electron flow, just as in a diode.

Half-Wave Rectification

In both solid-state diodes and valve tubes, the forces create
an electronic one-way street and effectively suppress the
opposing half of the incoming current flow. This effect can
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Electron flow

FIGURE 4-29. Electron flow through an x-ray tube.

be used to protect an expensive and sensitive device, such
as an x-ray tube, from current that could potentially damage
it. A supply of alternating current to either type of rectifier
will result in a pulsating direct current due to the suppres-
sion of half of the incoming wave (Figure 4-30). This type
of suppression rectification is called half-wave rectification
because only half of the incoming alternating current is
being converted to pulsating direct current. The oppos-
ing half of the flow is simply ignored and not utilized.
The electrons simply cease moving and stop transferring
energy. In early radiography, this type of circuit was called
self-rectification (Figure 4-31). The danger was that over-
heating of the anode might cause thermionic emission. This
condition could result in electrons moving to the cathode
filament during the half of the alternating-current cycle
when the anode was negatively charged. This of course
would break the filament and destroy the x-ray tube. In even
the simplest of modern x-ray equipment, the x-ray tube is
protected from this occurrence by the addition of a single
rectifier on the anode side of the circuit (see Figure 4-30).
This protects the x-ray tube anode from receiving a negative
charge. In addition, if overheating should occur, the protect-
ing rectifier would be destroyed and could be replaced,
costing much less than it would to replace the x-ray tube.

Full-Wave Rectification

It is possible to convert the opposing half of the incom-
ing electron flow so that electrons are always moving
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FIGURE 4-30. Half-wave rectification with one diode rectifier on the anode side of the x-ray tube circuit. Note the waveforms that would result

if an oscilloscope was connected to the circuit.

FIGURE 4-31. Half-wave rectification without a diode rectifier (self-rectification).

in the same direction, instead of discarding half the
cycle by suppression. This is done through an inge-
nious arrangement of four rectifiers in a bridge circuit
called a full-wave rectification circuit (Figure 4-32). A
full understanding of the circuit requires following the

electron flow completely from the secondary coil of
the high-voltage step-up transformer to the x-ray tube
during both halves of the AC cycle. Figure 4-32 illus-
trates the electron flow by the sequence of numbered
arrows.
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Full-wave rectification circuit (1st half of electron flow)
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FIGURE 4-32. Full-wave rectification circuit from within a basic diagnostic x-ray circuit. (See text for description of electron flow.)

. Electron flow is induced from the secondary coil of
the high-voltage step-up transformer.

. Electron flow reaches the first circuit junction and

flows both ways.

. Electron flow on this path reaches the anode of valve
tube II and distributes over the large, unheated sur-
face, attempting to build up enough charge to jump
to the cathode.

. Electron flow on this path reaches the heated cath-

ode of valve tube I and easily jumps to the anode
(thus never permitting enough charge to accumulate
for the electron flow at arrow 3 to jump across valve
tube II).

. Electron flow reaches the second junction and flows
both ways.

6.

10.

11.

Electron flow on this path reaches the
anode of valve tube III and distributes over the large,
unheated surface, attempting to build up enough
charge to jump to the cathode.

Electron flow on this path moves without resistance
toward the x-ray tube.

Electron flow reaches the x-ray tube’s heated cath-
ode and jumps to the anode.

X-rays are produced as a result of the electrons strik-
ing the anode.

Electron flow from the anode moves without resis-
tance back toward the rectification circuit.

Electron flow reaches the third junction and flows
both ways.
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12. Electron flow on this path reaches the heated cath-
ode of valve tube II but cannot jump to the anode
because the anode is still loaded with the charge
moving at arrow 3. Because these are like charges,
they repel one another.

13. Electron flow on this path reaches the heated
cathode of valve tube IV and easily jumps to the
anode.

14. Electron flow reaches the fourth junction and flows
both ways.

15. Electron flow on this path reaches the heated cath-
ode of valve tube III but cannot jump to the anode
because the anode is still loaded with the charge
moving at arrow 6. Because these are like charges,
they repel one another.

Amagnetic force field surrounds all charged particles
when they are in motion. These force fields are mag-
netic lines of force. Electromagnets are temporary magnets
produced by moving electric current. The laws governing
magnetism are similar to the laws of electrostatics. Elec-
tromagnetic induction is an important phenomenon basic

to nearly all electrical devices. It is produced by movement
between magnetic lines of force and a conductor.

A generator is a device that converts mechanical energy
to electrical energy. Either AC or DC current can be produced
through the use of either slip rings or a commutator ring.
One complete turn of the generator armature represents
one cycle (1 Hz). A device that is supplied with electrical
current to produce mechanical motion is called a motor.

16. From this point on, electron flow on this path moves
without resistance toward the secondary coil of the
high-voltage step-up transformer. This completes the
circuit.

Following the same logic, to trace the current path
for the opposite half of the alternating-current cycle in
Figure 4-32 results in reorientation of the direction of elec-
tron flow. This is full-wave rectification and it produces
the sine wave shown in Figure 4-14.

Note that the x-ray tube will emit x-ray photons during
both halves of the full-wave rectified AC cycle. The double
efficiency of full-wave rectification permits a significant
increase in the power output capability of radiographic
equipment. This results in an ability to use higher milli-
amperage (mA) and kilovolts peak (kVp) settings. Conse-
quently, all modern x-ray equipment is full-wave rectified.

Motors have essentially the same parts as generators and
operate on the same principles, but in reverse. A meter may
be connected in parallel to measure current or in series to
measure voltage.

A transformer is used to change voltage through the use
of Ohm’s law. A capacitor is a device capable of accumulat-
ing and storing electrical charge. Rectification is the process
by which alternating current is changed to pulsating direct
current. Silicon-controlled rectifiers are solid-state semicon-
ductors that are used for high-speed switching of the primary
high-voltage x-ray circuit. Both self-wave and half-wave rec-

tification are infrequently used in modern x-ray equipment.

Diodes replaced valve tubes as one-way circuits that permit
full-wave rectification. =




1 REVIEW QUESTIONS

1. What is magnetism?
2. What is an electromagnet?

3. Explain the difference between electron flow and
conventional current flow.

4. What is indicated by the direction of the thumb,
index, and middle finger in one of Fleming’s hand
rules?

5. What are the three ways to induce electromagnetic
current flow in a conductor?

6. Name the four factors controlling the strength of
electromagnetically induced current.

7. What is the difference between a generator and a
motor?

8. Describe the functions of slip rings and of a commu-
tator ring.

9. How is an ammeter different from a voltmeter?
10. What is the function of a transformer?
11. State the transformer law.
12. What is the function of an autotransformer?
13. What is a diode?
14. What is rectification?

15. What components are necessary to produce a full-
wave rectified circuit?
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KEY TERMS

actual focal spot
anode

anode assembly
anode cooling charts
anode heel effect
cathode
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rotating anodes

rotor

The X-Ray Tube

. .. circumstances led me to the construction of experimental high vacuum
tubes with a heated tungsten filament as cathode and a tungsten disc as

anode. . . . The tube was then stable and controllable. . . .

W. D. Coolidge, “Experiences with the Roentgen-ray tube”

OBJECTIVES

Upon completion of this chapter, the student should be able to:
Draw a complete dual-focus cathode assembly.

Discuss the necessary characteristics of filament metals and
construction.

Describe the control of thermionic emission from the
filament.

Select exposure factors and techniques that will extend
tube life.

Explain the function and design of a grid-biased
focusing cup.

Draw a complete rotating anode assembly.
Discuss the characteristics of anode targets.



KEY TERMS (continued)

saturation current
space charge effect
stationary anodes
stator

target

tube rating charts
window

wiring

THE X-RAY TUBE

The electrical production of x-rays is only possible under
very special conditions, including a source of electrons, an
appropriate target material, a high voltage, and a vacuum.
The x-ray tube is the device that permits these conditions
to exist, and it is within the tube that x-ray photons come
into existence. The tube consists of a cathode and an
anode enclosed within an envelope, and then encased in a
protective housing (Figure 5-1). X-ray tubes, whose useful
life can be significantly extended by proper care and han-
dling by professional radiographers, can cost over $10,000.
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electromagnets

Armature

Rotating
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Molybdenum
neck and base

Bearing
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®  Explain the line-focus principle and its effect on
anode target design.

®  Explain the anode heel effect and its effect on
primary beam intensity.

®  Explain the production of off-focus radiation.

Describe the function of a rotating anode induction
motor, stator, and rotor.

®  Discuss the construction of the envelope and
protective housing.

®  Calculate safe exposures when provided with a
tube rating chart, anode cooling curve, and housing
cooling curve.

THE CATHODE ASSEMBLY

The cathode is the negative side of the x-ray tube. The
function of the cathode is to produce a thermionic
cloud, conduct the high voltage to the gap between
cathode and anode, and focus the electron stream as it
heads for the anode. The cathode is a complex device
and is referred to as the cathode assembly. This assem-
bly consists of the filament or filaments, focusing cup,
and associated wiring (Figure 5-2).

Tungsten anode

/—- Envelope

Filament
circuit

Filament

Electron beam

Ly

FIGURE 5-1. A rotating anode x-ray tube.
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FIGURE 5-2. A cathode assembly.

The Filament

The filament is a small coil of thin thoriated tungsten
wire. The wire is about 0.1-0.2 mm thick, and the coil
is 1-2 mm wide by 7-15 mm long. It is set in the cath-
ode assembly within the focusing cup (Figure 5-3).
Tungsten is the material of choice because of its high
melting point (3,370°C) and because it is difficult to
vaporize (turn into a gas). Rhenium (melting point of
3,170°C) and molybdenum (melting point of 2,620°C)
are also desirable materials. The high melting point
permits the filament to operate at the high tempera-
tures required of an x-ray tube. In addition, tungsten is
not easily vaporized. Vaporization produces particles
that deposit on other surfaces and reduce the vacuum
within the tube. The length and width of the filament
have a great effect on the ability of the particular x-ray
tube to image fine details.

Most diagnostic x-ray tubes have dual filaments,
known as a dual-focus arrangement (see Figure 5-3). The
wiring for dual filaments does not require separate ground
conductors. Instead a common ground is used (Figure 5-4).

As we have discussed previously, the function of the
filament is to provide sufficient resistance to the flow of
electrons so that the heat produced will cause thermionic
emission to occur. (A tungsten filament will not exhibit
significant thermionic emission below 2,200°C.) This pro-
cess causes electrons to leave the surface of the filament
wire and form a thermionic cloud. When the high voltage
is released at exposure, the entire cloud is available to be
driven toward the anode target where x-ray photons will
be produced. This provides many more times the number
of electrons than would be available from a cold cathode.

Not all of the electrons that are thermionically emit-
ted from the filament are driven to the anode or return
to the filament. A very small percentage of the electrons
are permanently vaporized from the filament and they
contribute to reducing the vacuum, thus making the tube

Photography courtesy of Dunlee, Division of Phillips

Medical Systems

FIGURE 5-3. Dual filaments in a focusing cup.

|
6

FIGURE 5-4. Dual-filament wiring.

gassy. Vaporized tungsten (from both filament and anode)
is also gradually deposited on the inner surface of a glass
envelope. This deposit causes old tubes to have a mirrored
appearance and can eventually cause high-voltage arcing
when sufficient current is attracted to a deposit during an
exposure. Arcing of this type immediately destroys the
tube. Evaporization deposits on the glass envelope also
cause increased filtration of the primary beam, and this
decreases tube efficiency. Tubes with a metal envelope
can be grounded to significantly reduce this problem.
Another major cause of tube failure is the breaking
of the filament itself. Filaments become increasingly thin
as vaporization continues. When about 10 percent of
the diameter has vaporized, a filament becomes subject
to breaking, exactly the way a tungsten light bulb fila-
ment will burn out. However, older tubes are much more



sensitive to rough handling and a thin filament that is
jarred can break prematurely. For this reason, radiogra-
phers must move tube units gently, never allowing them
to be heavily jarred by jamming against overhead stops
and detents.

When the x-ray machine is first turned on, a mild
current is sent to the filament. The filament remains
in this preheated mode until immediately prior to an
exposure. When the switch labeled rotor is activated
prior to an exposure, not only does the rotor begin to
turn but also a higher current is sent to the filament to
bring the thermionic cloud to the proper size for the
mA selected. This increase in filament heating is what
causes most of the vaporization of the filament. An ave-
rage diagnostic x-ray tube filament life is only about
6-9 hours (10,000-20,000 exposures) at this heating level.
One of the primary causes of premature tube failure is
the radiographer’s habit of holding the rotor switch prior
to making exposures. Every second the rotor switch
is depressed, life is removed from the filament. Rou-
tinely delayed exposures while the filament is enduring
maximum current can shorten tube life by 50-60 percent
(to 5,000-12,000 exposures).

Most tube manufacturers recommend that two-step
exposure switches be fully depressed in one motion.
All units have electronic interlocks that will not permit
the exposure to occur until the rotor has brought the
anode up to the proper speed. Holding the rotor switch
(and filament heat) can be justified in cases where the
patient is unable to cooperate. In these instances (such
as with pediatric patients), the rotor and filament must
be readied to permit an instant exposure to avoid patient
breathing and motion. Single-phase generators are usu-
ally capable of initiating exposure within 10 milliseconds
(0.01 second), whereas high-frequency generators may
be a quick 1 millisecond (0.001 second). Routine clinical
examinations seldom need to be timed closer than these
limitations.

Historical Notes. In the earliest days of radiography,
a cold cathode with an unheated filament was used. It
was not until the American physicist William D. Coolidge
(1873-1975) developed the Coolidge tube for the General
Electric Corporation in 1915 that the hot filament became
available. Prior to the development of the Coolidge tube,
the radiographer kept a selection of tubes of various mA
values on a rack, usually in the darkroom (Figure 5-5).
When a change of mA was required, the radiographer
disconnected the tube and replaced it with a different one
from the rack. Coolidge’s contributions to radiography
included not only the hot filament but also the focusing
cup, the imbedded anode target, and various anode cool-
ing devices (including the unique water-cooled tube).
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Photography courtesy of Phillip W. Ballinger

FIGURE 5-5. A selection of cold filament tubes as displayed at the
Deutsches Rontgen-Museum, Remscheid-Lennep, Germany.

The Focusing Cup

The focusing cup is a shallow depression in the cathode
assembly designed to house the filament (see Figure 5-2).
It is made of nickel and its purpose is to narrow the therm-
ionic cloud as it is driven toward the anode. Because all
electrons possess negative charges, their tendency is to
diverge rather than to travel in straight lines. The focus-
ing cup is provided with a low negative potential, which,
because of its geometry, focuses the electrons toward
one another in a convergence pattern (Figure 5-6). Most
x-ray tubes have the focusing cup at the same potential
as the filament. It is possible to decrease the size of the
focal spot by using a biased focusing cup. A biased focus-
ing cup maintains the cup at a more negative voltage than
the filament. This causes the exiting electron beam to be

Negative
charge
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000000 &,
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FIGURE 5-6. The geometry of the negative charge on the cathode
focusing cup.
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focused into a narrower stream as it heads toward the
anode. In mammographic x-ray tubes, focusing cup bias-
ing is used when the small focal spot is selected.

As more and more electrons build up in the area of
the filament, their negative charges begin to oppose the
emission of additional electrons. This phenomenon is
called the space charge effect and it limits x-ray tubes to
maximum mA ranges of 1,000-1,200.

The saturation current is another filament phenom-
enon that affects the efficiency of the x-ray tube. As kVp
increases, a greater percentage of the thermionically emitted
electrons are driven toward the anode. This relationship is
shown by a filament emission chart (Figure 5-7). The fila-
ment amperage curve flattens out when the kVp is driving
the entire thermionic cloud toward the anode. The filament
saturation current has been achieved when there are no fur-
ther thermionic electrons to be driven toward the anode. At
this point, an increase in kVp will not increase the tube mA.
Further mA increases must be achieved by increasing the
filament amperage. Close examination of a filament emis-
sion chart demonstrates that something must be done to
compensate for the tube mA increase when kVp is changed.
For example, an exposure at 100 kVp will produce a signifi-
cantly greater tube mA than the same exposure at 60 kVp.
The filament amperage must be adjusted to compensate
for these changes, and the x-ray circuitry is programmed to
do this automatically whenever factors are changed by the
operator.

Grid-Biased Tubes. In some applications, such as angi-
ography or capacitor discharge generators, it is desirable
to quickly regulate the flow of electrons producing x-ray
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FIGURE 5-7. A filament emission chart showing saturation as a
function of filament amperage, tube voltage, and tube current.
Source: Varian EIMAC.

photons. The addition of a positive or negative potential
difference (approximately 2,000 volts) at the focusing
cup causes the cup to attract or repel the thermionic
cloud. This very cleanly removes electrons from use for
x-ray production when the focusing cup charge is pulsed
from negative to positive in synchrony with another
device, and it becomes possible to regulate, pulse, and
synchronize x-ray production very precisely. These types
of tubes are sometimes called grid-pulsed, grid-biased, or
grid-controlled, and are also used in pulsed fluoroscopy.

i THE ANODE ASSEMBLY

The anode is the positive side of the x-ray tube and
has three functions: it serves as a target surface for
the high-voltage electrons from the filament, thereby
becoming the source of the x-ray photons; it conducts
the high voltage from the cathode back into the x-ray
generator circuitry; and it serves as the primary ther-
mal conductor. The anode target surface is where the
high-speed electrons from the filament are suddenly
stopped, resulting in the production of x-ray photons.
The entire anode is a complex device referred to as the
anode assembly. This assembly consists of the anode,
stator, and rotor (Figure 5-8) and serves as the path for
the high-voltage flow during exposure.

The Anode

Anodes are divided into two types: stationary anodes and
rotating anodes (Figure 5-9). Rotating anodes, developed
in 1936, turn during the exposure, thus presenting a
much larger target area. Modern rotating anodes permit
bombardment of a given area of the target for only 7-50
microseconds. The faster the anode rotates, the better
the heat dissipation. The use of stationary anode x-ray
tubes has become limited to low-power functions, such
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FIGURE 5-8. The anode assembly with anode, target, rotor, bearings,
and stator.
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FIGURE 5-9. A stationary and a rotating anode.
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as those of dental units. Nearly all units designed for
diagnostic radiography utilize rotating anodes because of
their greater efficiency.

The anode comprises several different metals, each
designed to contribute the maximum to the overall function
of the anode. Stationary anodes comprise rhenium-alloyed
tungsten imbedded in a 45° angled end of a copper rod.
Rotating anode disks range from 5 to 13 cm in diameter and
comprise molybdenum. The anode’s function as the source
of x-ray photons and as the primary thermal conducting
device is enhanced by the use of rhenium-alloyed tungsten
as the target focal track material (Figure 5-10). Tungsten is
the metal of choice for the source of x-ray photons for three
primary reasons:

1. High atomic number
2. High melting point
3. Heat-conducting ability

Tungsten’s atomic number (74) enhances the produc-
tion of diagnostic-range photons. During normal use, the

Tungsten-rhenium

Molybdenum

FIGURE 5-10. Rotating anode construction.

focal track reaches a temperature between 1,000°C and
2,000°C but the temperature can go higher if the tube load
increases. Because of tungsten’s high melting point, it can
withstand normal operating temperatures. Tungsten also
conducts heat very well. The rhenium provides greater
elasticity when the focal track expands rapidly due to the
intense heat. To assist in the dissipation of heat in heavy-
load situations, specialized anodes may have the anode
disk backed by a thicker layer of molybdenum or graphite.
Graphite-backed anodes can double heat-loading capabili-
ties without increasing bearing wear.

Specialized x-ray tubes for mammography utilize
molybdenum (atomic number 42) as the primary target
material due to its ability to emit a more uniform range of
lower-energy photons. The lower characteristic energy
photons permit a better soft tissue image. Molybdenum
also has a high melting point, as discussed earlier. These
tubes also utilize a specialized glass envelope window
made of beryllium because the glass used in most x-ray
tubes absorbs too much of the low-energy beam.

Normal use of a rotating anode will eventually vaporize
sufficient target focal track material to roughen or pit the
target area (Figure 5-11). Pitting reduces the efficiency of
the tube; the term pitted, or pitting, is often used to describe
an older tube’s focal track.

When first activating an x-ray unit, it is important to
use an anode warm-up procedure. These procedures are
specified by the tube manufacturers and are designed to
bring the anode heat from room temperature to near the
range of operation. The procedure also permits the heat
from the hot anode to serve as a vacuum pump to maintain
a strong vacuum inside the envelope. This is why x-ray
tubes should be warmed up regularly, even when the unit
is not being used for patients. A normal procedure might
require an average kVp and mA station for a 1-second
exposure to be followed by two more 2-second exposures.
Failure to follow the warm-up procedure can cause the
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FIGURE 5-11. Pitting of a rotating anode focal track from
extended use.

entire anode to crack if the molybdenum absorbs the heat
too rapidly and exceeds its expansion capability. Many
anodes are stress relieved (Figure 5-12). A stress-relieved
anode dissipates heat much more efficiently and does not
require an elaborate tube warm-up procedure.

The Target Area. The portion of the anode where the
high-voltage electron stream will impact is called by
various names: the target, the focus, the focal point, the
focal spot, or the focal track (although this last term has a
more specific definition, it is the target area). This is the
precise point at which the x-ray photons are created. The
target is considered to be a point source of x-ray pho-
tons and it is from this point that all tube-to-object and
image-receptor distances are measured. Some x-ray tube

FIGURE 5-12. The back of a stress-relieved anode.

housings have a line drawn on them to indicate the exact
level of the target within. All measuring devices have
their zero point at this level. This is why a tape measure
attached to the side or bottom of a tube collimator may
begin at 12 cm. It is attached 12 cm from the target but is
calculated to measure target-to-image-receptor distances.

Stationary anodes have a static target area. Rotating
anodes have a dynamic target area and are designed to
greatly increase the target area (see Figure 5-9). A rotating
anode can increase the target area up to 300 times, depend-
ing on the diameter of the anode disk. Rotating anodes
have much greater heat loading capacities than stationary
anodes. High-speed anodes have higher heating capacities
than regular-speed anodes (often 50 percent greater).

When discussing a rotating anode target area, the term
focal track is used to represent the circular path that will
be impacted by the electron beam. The terms target, focus,
Jocal points, and focal spot refer to the area of the focal
track that is impacted by the electron beam at one time. In
addition, the term actual focal spot is used to describe the
physical area of the focal track that is impacted. The term
effective focal spot is used to describe the area of the focal
spot that is projected out of the tube toward the object being
radiographed (Figure 5-13).

Line-Focus Principle. The line-focus principle is used to
reduce the effective area of the focal spot. This permits
the best resolution of detail while permitting as large an
actual area as possible (to increase thermal conductivity).
The effective focal-spot size is controlled by the size of
the actual focal spot (which is controlled by the length
of the filament) and the anode target angle. As the actual
focal-spot size increases, the effective focal-spot size also
increases (see Figure 5-13).

When the target angle is less than 45°, the effective
focal spot is smaller than the actual focal spot (Figure 5-14).
This is accomplished by the line-focus principle. This prin-
ciple can best be understood by holding a pencil straight up
and then sloping it toward oneself so that the pencil is seen
end on. The perceived dimensions of the pencil change as
the angle changes. In the x-ray tube, changing the angle of
the target changes the effective focal spot.

The most common diagnostic radiography target angle
is 12°. However, tubes are available with angles ranging
from 7° to 17°. When the angle is decreased, smaller focal
spots can be achieved. A disadvantage of extremely small
target angles is that the geometry of the angle can limit
the size of the primary beam field at short source-to-image
receptor distances (Figure 5-15). To cover a 14” X 17”7
field at 40”, a minimum of a 12° target angle is required. It
has been shown that at large heat loads, target angles can
decrease due to warping of the anode. In these instances,
the anode end of the primary beam field can be reduced
enough to cut off structures near the collimated edge.
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FIGURE 5-14. Use of the line-focus principle to obtain an effective focal spot smaller than the actual focal spot.
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FIGURE 5-15. Anode target angle as a function of maximum
primary beam field size.

A slight angle of the tube will compensate for this effect.
Target angles of less than 14° have been shown to produce
some degree of cutoff as they age. Some tubes have offset
filaments with two different focal tracks, which can be set
at different target angles.

X-ray tube focal spots are rectangular because the
line-focus principle applies only in the direction of the
angle. It does not apply horizontally across the anode focal
track because there is no angle in this direction. X-ray tube
targets must be narrow to maintain the small effective
focal-spot size in the horizontal direction, usually not over
2 mm. The line-focus principle permits the actual focal
spot’s vertical dimension to be as much as 6 mm to gain
the maximum thermal conductivity. The effective focal
spot’s vertical dimension is the one that is stated as the
focal-spot size.

The National Electrical Manufacturers Association
(NEMA) establishes standards for focal-spot size. These
standards provide tolerance ranges for 23 focal-spot
sizes. For example, a 1-mm focal spot is within tolerance
if it measures up to 1.4 mm in width and 2 mm in length.
It is important to remember that, in some instances,
focal spots may be considerably larger than their stated
size. Diagnostic tubes are available with focal spots of
0.1-3 mm. Occasionally, the term fractional focal spot is
used to refer to a very small focal spot, one that is a frac-
tion of a millimeter in size.

In normal usage, the term focal-spot size refers to
the effective focal-spot size. Most diagnostic x-ray tubes
have dual-focal spots to include one for fine detail studies
and the other for heavy tube loads. The small focal spot
will not permit the use of higher-mA stations. If the x-ray

unit allows the radiographer to choose the focal-spot size,
an exposure cannot be made with a high-mA station and
the small focal spot. Automatic systems link the focal-spot
size selection with the appropriate mA station. Therefore,
the radiographer should realize that the focal-spot size
may be mandated by the mA station. When a small focal
spot is desired, it is important to use only low-mA stations,
even though this may require a longer exposure time.

Focal-spot size increases, or blooms, as milliamperage
is increased. For example, the focal spot is slightly larger
during an exposure of 80 kVp, 800 mA, and 0.1 second than
it is during an exposure of 80 kVp, 100 mA, and 0.8 second.
Although originally considered to be a significant factor,
research has indicated that focal-spot blooming does not
have a resounding effect on recorded detail.

Anode Heel Effect. The use of the line-focus principle
causes a problem that is known as the anode heel effect
(Figure 5-16). Because of the geometry of an angled anode
target, the radiation intensity is greater on the cathode
side. As electrons bombard the target, x-rays are produced
and most are emitted at angles between 45° and 90° in the
direction of the electron travel. These are absorbed by the
anode itself or by the tube housing. Those photons that
are emitted from the surface of the target are emitted in all
directions. The intensity of the radiation that is emitted will
vary between the cathode end of the tube and the anode
end of the tube. This is because photons that are emitted
toward the anode end are more likely to be absorbed by
the target material itself than those that are emitted toward
the cathode end (Figure 5-17). This can cause as many as
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FIGURE 5-16. The anode heel effect.




FIGURE 5-17. A-F represent photons created in the target. A exits
at the anode end of the tube, whereas B exits at the cathode end

of the tube. Notice the greater distance that photon A must travel
through the target material itself as compared to photon B. Most pho-
tons are absorbed as in C. C is absorbed in anode D, which exits the
anode but is absorbed in the housing, and E, which is heading toward
the anode end but does not exit the anode. F exits at the cathode end
because it has a shorter distance to travel through the anode.

20 percent more photons at the cathode end of the tube and
25 percent fewer photons at the anode end (Figure 5-18).
A total variation of approximately 45 percent exists parallel
to the anode—cathode axis. No significant variation occurs
perpendicular to the anode—cathode axis.

The 45 percent variation is significant enough to
cause a visible difference in exposure during radiographic
examinations when large image receptor sizes are used at
short distances. The anode heel effect is the reason why
each radiographic table has a standard or natural head
end. The tube anode is established at the head of the table
to utilize the anode heel effect to best advantage. No signif-
icant variations will be seen in exposure from side to side.

Because the cathode end of the x-ray tube has a more
intense beam, it should be positioned toward the denser
(thicker) part of the body.

EXAMPLE: In which direction should the cathode
be placed for an anteroposterior examination of the
thoracic vertebral column?

Amnswer: Because the inferior thoracic region is
more dense, the cathode’s more intense beam should
be positioned inferiorly to help increase the exposure
in that region.
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FIGURE 5-18. Variation in intensity of x-ray emissions parallel and
perpendicular to anode—cathode axis. (Note: Arom Quality Control in
Diagnostic Imaging, by the Mayo Foundation, 7983, Rockville, MD:
Aspen. Reprinted by permission of the Mayo Foundation for Medlical
Education and Research. All rights reserved.)

The Stator

The induction-motor electromagnets comprise the stator
that turns the anode. The stator is the only part of cathode
or anode assemblies that is located outside the vacuum of
the envelope (see Figure 5-8). The electromagnetic effect
that causes the rotor to turn can function through the
envelope, permitting electrical isolation of the stator coils
from the high voltage of the exposure. The kilovoltage
range of the exposure would destroy the stator’s electro-
magnets. The switch labeled “rotor” that must be activated
prior to an exposure actually sends current to the stator,
which then causes the rotor to turn the anode. If the stator
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fails, the rotor will cease to turn the anode, resulting in the
immediate melting of a spot on the target because rotating
anode targets are not designed to absorb the heat of a high-
voltage exposure while stationary (Figure 5-19).

The Rotor

The rotor is located inside the stator and inside the enve-
lope. It comprises a hollow copper cylinder or cuff that is
attached to the anode disk by a molybdenum shaft. The cuff
is the true rotor that is affected by the electromagnetic field
of the stator, causing it to turn. Common rotating anodes
revolve at 3,200-3,600 revolutions per minute (rpm). High-
speed rotating anodes that operate at 10,000-12,000 rpm
are also available to assist in dissipating heat.

The inside of the rotor contains silver-plated steel ball
bearings around a shaft that is anchored to the envelope
(see Figure 5-8). The ball bearings use silver plating as a
high-temperature lubricant between the cuff and the anode
shaft. Liquids tend to produce gas at high temperatures, and
this would reduce the vacuum in the tube. When the rotor
switch is depressed prior to an exposure, the sound that is
heard from the tube is actually the sound of the ball bearings
turning at high speed. A new tube rotor with fresh bearings
should coast for about 60 seconds after a 3,000-rpm exposure
before stopping. When the coasting time slows to less than
20 seconds, the bearings are usually near binding.

FIGURE 5-19. Anode melt due to rotor-bearing failure.

High-speed anodes have a particular problem that
is caused by the tone produced by their rotating. At
between 5,000 and 7,000 rpm, the harmonics produced
by the rotating cuff are at a frequency capable of shat-
tering the glass envelope. Consequently, at the end of
an exposure, direct current is run through the stator
to quickly slow (or brake) the rotor safely through the
dangerous harmonic range. Another problem associated
with high-speed anodes is the gyroscopic effect pro-
duced by the centrifugal force of the rotation. This force
is great enough that if a high-speed anode tube housing
is quickly rotated from one position to another (e.g.,
from horizontal to vertical), the gyroscopic effect can
cause trauma to the anode disk and bearing, causing the
destruction of the tube. Usually the reversal of the sta-
tor prevents this problem, but constant rough handling
of this sort can cause undue wear on the rotor bearings.
Any rough or extremely fast movement of the housing
is not healthy for an x-ray tube and should be avoided.

A common cause of tube failure is bad bearings
caused by long use at high temperatures. Although
the molybdenum shaft that attaches the anode disk is
designed to conduct a minimal amount of heat, the ball
bearings eventually become imperfectly round. This leads
to a grinding noise and wobbling of the rotor. Rotor wob-
ble throws the focal track off center and tube efficiency
drops dramatically.

Another effect of stator or rotor failure is that the
electron stream overheats the target area of the anode
focal track. When the temperature exceeds the melt-
ing point of tungsten, melting will occur. Superheated
melted tungsten that drips onto the envelope will destroy
the tube.

Any tube is dangerous to use when these events
occur. A wobbling or melting anode disk can crack
from the heat of exposure. A cracked anode can divert
the electron and/or photon stream toward the envelope.
Either instance will crack the envelope, permitting
implosion of the vacuum, which can suck the insulating
oil into contact with the superheated anode assembly.
This can cause vaporization of the oil in a violent explo-
sion that can blow out the rubber expansion seals of
the housing, permitting hot oil to blow away from the
tube housing. Superheated oil is a severe hazard to the
patient, and the normal response should be emergency
removal of the patient from under the tube. In nearly
all instances, it is quicker to pull the patient from under
the tube than to release the locks necessary to manipu-
late the tube away from the patient. In an angiographic
laboratory or surgical situation, the breaking of sterile
aseptic technique would be justified. A blown tube is a
rare event and should never occur if proper tube load-
ing, quality control, and maintenance procedures are
followed.



i THE ENVELOPE

The entire cathode assembly and all of the anode assem-
bly except the stator are enclosed within a glass or metal
envelope commonly called the tube (Figure 5-20). A com-
mon glass envelope is made by sculpting several different
types of heat-resistant Pyrex glass together to form a tube
about 10” long, 6” in diameter at the center, and 2” in
diameter at the ends. The glass is joined to the metal of

Photo courtesy of Dunlee, Division of Phillips Medical Systems

FIGURE 5-20. A complete diagnostic x-ray tube with envelope,
cathode assembly, anode disk, and rotor. (A) Glass envelope.
(B) Metal envelope.
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the cathode assembly at one end and the anode assembly
at the other.

Envelope Construction

Metal envelopes are increasingly becoming more com-
mon. They prolong tube life because they eliminate the
problem of tungsten vaporization, as discussed earlier.
The vast majority of high-output x-ray tubes are now made
with metal envelopes.

The envelope is constructed around both the cath-
ode and anode assemblies and must be sealed tight to
maintain a high vacuum. At the point where the primary
x-ray beam exits the envelope, a window segment is
constructed. In some tubes, this is simply a thinner sec-
tion of the envelope to allow less absorption or scatter
of the photons. Some special application tubes have
other types of windows. For example, a molybdenum
target tube for mammography uses a special metallic
beryllium window to avoid attenuating the lower-energy
photons, as discussed earlier.

The Vacuum

The primary function of the envelope is to maintain the
vacuum between the cathode and anode. After construc-
tion, the air is removed from the tube until a pressure of
less than 1075 mm mercury (Hg) is achieved. This is done by
use of a vacuum pump through a special vent, which is then
permanently sealed. The removal of the air permits elec-
trons to flow from cathode to anode without encountering
the gas atoms of air and greatly increases the efficiency of
the tube’s operation.

Historical Notes. Rontgen discovered x-rays with a
Crookes or Hittorf tube, which did not enclose a vac-
uum but instead contained known volumes of various
gasses. Specialized tubes were quickly developed to
meet the increasing need for x-ray production, and the
vacuum tube was an early improvement. The x-ray pio-
neers simply placed the glass envelope within a leaded
glass bowl. This was convenient when tubes had to
be changed manually during the era of cold cathodes.
Rapidly increasing awareness of the biological effects
of ionizing radiation led to the development of metallic
housings for x-ray tubes.

i PROTECTIVE HOUSING

Modern x-ray tubes must be mounted inside a protective
housing (Figure 5-21). The housing controls leakage and
scatter radiation, isolates the high voltages, and provides
a means to cool the tube.
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FIGURE 5-21. A diagnostic x-ray tube housing.
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Control of Leakage Radiation and
Scatter Radiation

When x-ray photons are produced at the anode, they are
emitted isotropically (in all directions). The primary beam
consists of photons emitted through the window. The
remaining photons are unwanted and the tube housing
is designed to absorb them. The protective housing com-
prises cast steel and is capable of absorbing most of the
unwanted photons. The housing is usually lined with lead
for additional absorption only at the cathode end because
of the direction of the photons being emitted from the
anode. The housing is equipped with a window to permit
unrestricted exit for the useful photons from the enve-
lope window. Any photons that escape from the housing
except at the port are leakage radiation. Leakage radiation
must not exceed 100 mR/hr at 1 meter. The housing also
serves to cushion the x-ray tube from rough handling by
operators.

High-Voltage Isolation
and Tube Cooling

A special dielectric oil is used to fill the space between
the envelope and the tube housing. The dielectric prop-
erty of the oil insulates the high-voltage components from
the tube housing, which is handled by the radiographer.
In addition, the oil absorbs much of the heat that is pro-
duced by x-ray production. One end of the tube housing
is sealed with an expandable gasket to permit the oil to
expand as it is heated (see Figure 5-21). This gasket can

be blown out by an imploded tube that has vaporized
some of the insulating oil, thereby presenting a hazard
to the patient. Many tube housings include a small air
fan to remove heat from the housing itself. In tubes that
are subjected to extremely high loads, such as computed
tomography tubes, the oil may be routed through a recir-
culation system (heat exchanger) to further cool it. Under
no circumstances should anyone be in contact with a
tube housing during an exposure.

Off-Focus Radiation

An often overlooked factor that can cause serious deg-
radation of radiographic image quality is off-focus, or
extrafocal, radiation. Off-focus radiation comprises photons
that were not produced at the focal spot. It occurs when
the high-voltage electrons striking the focal spot produce
scattered electrons or photons. In some cases, these scat-
tered electrons or photons have sufficient energy remain-
ing that when they strike another object in the tube (the
cathode assembly, vaporized metal on a glass envelope,
off-target sites on the anode, etc.), they produce photons.
These photons are produced away from the focal spot and
are, therefore, considered off-focus. The tube housing will
absorb the majority of off-focus radiation but enough will
be produced at a proper angle that it will exit through the
tube window, housing port, and collimator (Figure 5-22).
These photons can cause ghosting of structures adjacent
to the edge of the primary beam (Figure 5-23). This is not
the result of scatter from the patient. Patient scatter is
not capable of creating a diagnostic image of anatomical
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FIGURE 5-22. The production of off-focus radiation.

FIGURE 5-23. Off-focus radiation producing an image of the nose
on a collimated sinus radiograph.

structures. Off-focus radiation may contribute as much as
25-30 percent of the total primary beam and is a special
problem in digital radiographic units, as it may be per-
ceived as primary beam, thus dramatically changing the
histogram during post-processing. All off-focus radiation
is of significantly lower energy than the primary beam
itself. X-ray tubes are available with a grounded metal
and ceramic envelope to absorb off-focus radiation. These
tubes may also use two sets of bearings to increase the
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heat-loading capacity. They have received limited accep-
tance because of their cost and the fact that they will not fit
most existing tube housings. However, they can increase
the total tube life by up to three times.

RATING CHARTS
AND COOLING CURVES

Three types of rating charts are available to help
radiographers avoid thermal damage to x-ray tubes:
radiographic tube rating charts, anode cooling charts,
and housing cooling charts. Radiographic rating charts,
sometimes called tube rating charts, are the most
valuable because they provide a guide regarding the
maximum technical factor combinations that can be
used without overloading the tube. All radiographic
tube rating charts plot milliamperage, kilovoltage,
and time (the three most important factors set by the
radiographer). Various manufacturers plot these fac-
tors in different ways (Figure 5-24). In most instances,
any combination of factors at or under the curve is
safe. However, the radiographer should verify this fact
by establishing that lower technical combinations lie
under the curve. (If both the x- and the y-axes have
lower values at the lower left corner of the chart, safe
factors are under the curves.) Each filament of each
tube has a unique radiographic tube rating chart. The
radiographer must ascertain that the correct chart for
the tube and filament is being used.

60 Hertz stator operation
Effective focal spot size—0.6 mm

150
140
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Maximum exposure time in seconds

FIGURE 5-24. Example tube rating chart for 1¢ full-wave rectification.
Source: Varian EIMAC.
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EXAMPLE: Is an exposure of 80 kVp, 0.1 second,
and 200 mA within the limits of the 1¢, 0.6-mm focal-
spot tube rating chart shown in Figure 5-24?

Amnswer: When the intersection of the 80-kVp and
0.1-second lines is located on the tube rating chart, it
is below the 200-mA line. Because the lower technical
combinations lie below the mA lines, this is within
limits.

Anode cooling charts permit the calculation of the
time necessary for the anode to cool enough for additional
exposures to be made (Figure 5-25). All cooling charts are
calculated in terms of radiographic heat units. A heat unit
is calculated as kVp X mA X time X rectification con-
stant. The heat unit (HU) constants are given in Table 5-1.
(Radiographic heat units are based on 1 kVp X 1 mA =
1 watt X 1 sec = 1 watt/sec X 0.71 rms voltage = 1 heat
unit. Technically, 1 radiographic heat unit = (.78 joule.)

EXAMPLE: How many heat units are generated by
an exposure of 80 kVp, 200 mA, and 0.2 second on a
1 rectified unit?
Answer:
80 kVp X 200 mA X 0.2 sec X 1.00 = 3,200 HU

EXAMPLE: How many heat units are generated by
an exposure of 70 kVp, 300 mA, and 0.15 second on a
high-frequency rectified unit?

Answer:
70 kVp X 300 mA X 0.15 sec X 1.40 = 4,410 HU

EXAMPLE: How many heat units are generated by
two exposures of 65 kVp, 400 mA, and 0.05 second on
a high-frequency unit?
Answer:

65 kVp X 400 mA X 0.05 sec
X 1.40 X 2 exposures
= 3,640 HU

EI Heat Unit Rectification Constants

10 1.00
High frequency 1.40

Anode cooling curve

350

300
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150

Heat units x 1,000

100
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0 ||I|.

0 2 4 6 8 10 12 14 16
Time in minutes

FIGURE 5-25. Example anode cooling chart.

To use the chart, the exposure factors must first be calcu-
lated in heat units. The length of time for the anode to cool
can then be calculated by the following steps:

1. Find the total heat units applied on the vertical
scale.

2. Read from the heat units over to the cooling curve
and then down to read the corresponding time.

3. Calculate the time necessary for the anode to cool to
any desired level and subtract the corresponding time
of the initial exposure. (Or make the corresponding
time of the initial exposure zero and calculate the time
necessary for the anode to cool to any desired level
from this point.)

For example, with the anode cooling chart in Figure 5-25,
if a series of exposures produces 200,000 HU, the cor-
responding time is 2 minutes. The anode will cool to
150,000 HU in 2.5 minutes, so it will take 0.5 minute for
the anode to cool from 200,000 HU to 150,000 HU. Simi-
larly, the anode will cool to 100,000 HU in 1.5 minutes,
to 50,000 HU in 4 minutes, and to room temperature (0)
in 13 minutes.



EXAMPLE: Use the anode cooling curve in
Figure 5-25 to calculate the length of time necessary
for the anode to cool to 50,000 HU after five expo-
sures of 80 kVp, 500 mA, and 0.5 second on a 1¢ unit.

Answer:

80 kVp X 500 mA X 0.5sec X 1 X 5
= 100,000 HU

50,000 HU = 6 minutes on cooling curve
100,000 HU = 3.5 minutes on cooling curve,
so 6 min — 3.5 min = 2.5 min to cool from
100,000 to 50,000 HU

A more practical application of an anode cooling curve is to
solve a problem regarding whether a desired exposure will
overload the anode. For example, again using Figure 5-25,
how long would it be after a load of 250,000 HU before a
series of exposures equal to 150,000 HU could be made?
Because the total HU capacity of the anode is 350,000 HU,
it must cool to 200,000 HU in order to take the additional
150,000 HU. The question becomes “How long will it take the
anode to cool from 250,000 to 200,000 HU?” It will take 0.75
minute (2-1.25 min), or 45 seconds, before the new series of
exposures can be made because 250,000 HU corresponds to
1.25 minutes and 200,000 HU corresponds to 2 minutes.

EXAMPLE: Use the anode cooling curve in Fig-
ure 5-25 to calculate the length of time necessary
for the anode to cool sufficiently from 350,000 HU to
accept a series of exposures totaling 150,000 HU on
a 1¢ unit.

Answer:

350,000 HU — 150,000 HU = 200,000 HU as level to
which anode must cool

350,000 HU = 0 minute

200,000 HU = 2 minutes

It will be 2 minutes (2—0 min) before the
series of exposures can be made.

After working through several of these problems for
most tube anodes, it becomes apparent that modern
x-ray tubes are designed to withstand most expo-
sures within the diagnostic range for average patients.
It is when a series of exposures must be made (as
occurs routinely in angiographic procedures) that most
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Housing cooling characteristics
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FIGURE 5-26. Example housing cooling chart.
Source: Varian EIMAC.

radiographic tube rating and anode cooling charts must
be consulted.

Housing cooling charts permit the calculation of
the time necessary for the housing to cool enough for
additional exposures to be made (Figure 5-26). As with
anode cooling charts, they are calculated in terms of
radiographic heat units. They are used in exactly the same
manner as an anode cooling chart. In actual practice, the
anode will usually reach its limits long before the housing.
However, there are instances, as when the forced-air fan
for the housing is not functioning, when these charts can
be useful.

RECOMMENDATIONS
FOR EXTENDING TUBE LIFE

There are many things that the professional radiographer
can do to extend the life of an x-ray tube. Warming up
the anode according to the manufacturer’s recommenda-
tions prevents thermal shock (cracking of a cold anode).
Cracking can occur when a nonstress-relieved anode
is unable to expand rapidly enough to absorb a room
temperature-to-operating heat level exposure. Holding
the rotor switch unnecessarily should be avoided. The
rotor switch increases the filament’s thermionic emis-
sion to exposure levels. Thermionic emission removes
the electrons from the filament, deposits vaporized
electrons on tube surfaces, and decreases the tube
vacuum, all of which can cause tube failure. In addi-
tion, the rotor switch causes stress to the rotor bear-
ings, which can also decrease tube life. To avoid these
problems, double-press switches should be completely
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depressed in one motion and dual switches should have
the exposure switch depressed first, followed by the
rotor switch. Lower-mA stations should be used when
possible because high mA increases filament therm-
ionic emission. The lower-speed rotor should be used
when possible because the high-speed rotor increases
rotor bearing wear. Repeated exposures near tube load-
ing limits should not be made, as total heat units may
approach anode or housing loading limits. Rotating the
tube housing rapidly from one position to another should
be avoided because the gyroscopic effect may crack or
otherwise damage the rotor. A tube should not be used
when loud rotor bearings can be heard (unless it has
been checked by a qualified service person) because a
wobbling anode disk can cause tube failure. These rec-
ommendations are summarized in Table 5-2.

X-ray production requires a source of electrons, an appro-
priate target material, a high voltage, and a vacuum.
The x-ray tube is the device that permits these conditions to
exist. It consists of a cathode and an anode enclosed within
an envelope and then encased in a protective housing.

The cathode is the negative side of the x-ray tube. The
function of the cathode is to produce a thermionic cloud, con-
duct the high voltage to the gap between cathode and anode,
and focus the electron stream as it heads for the anode.
The cathode assembly consists of the filament or filaments,
focusing cup, and associated wiring. The filament is a small
coil of thin, thoriated tungsten wire. The focusing cup serves
to narrow the thermionic cloud as it is driven to the anode.

The anode is the positive side of the x-ray tube. Anodes
are divided into two types: stationary and rotating. Anodes
are made using tungsten because of its high atomic num-
ber, high melting point, and good heat-conducting ability.
The anode assembly consists of the anode, the stator, and
the rotor. The portion of the anode where the high-voltage
electron stream impacts is called the target, focus, focal
point, focal spot, or focal track. The term actual focal spot
is used to describe the physical area of the focal track that
is impacted. The term effective focal spot is used to describe

m Recommendations for Extending

Tube Life
1. Warm up the anode following the manufacturer’s
recommendations.

2. Do not hold the rotor switch unnecessarily. Double-press
switches should be completely depressed in one motion.
Dual switches should have the exposure switch depressed
first, followed by the rotor switch.

. Use lower-mA stations when possible.
. Use a lower-speed rotor when possible.
. Do not make repeated exposures near tube loading limits.

S U1 B W

. Do not rotate the tube housing rapidly from one position to
another.

7. Do not use a tube when you can hear loud rotor bearings
(unless it has been checked by a qualified service person).

the area of the focal spot that is projected out of the tube
toward the object being radiographed.

The line-focus principle is used to reduce the effective
area of the focal spot. This permits the best resolution of
detail in as large an actual area as possible. The effective
focal-spot size is controlled by the filament size and the
anode target angle. When the target angle is less than 45°,
the effective focal spot is smaller than the actual focal spot.

The anode heel effect states that radiation intensity is
greater on the cathode side than on the anode side.

An often overlooked factor that can cause serious
degradation of radiographic image quality is off-focus or
extrafocal radiation. Off-focus radiation comprises photons
that were not produced at the focal spot.

Three types of heating charts are available to help
radiographers avoid thermal damage to x-ray tubes: radio-
graphic tube rating charts, anode cooling charts, and hous-
ing cooling charts. Radiographic rating charts, sometimes
called tube rating charts, are the most valuable because
they provide a guide regarding the maximum technical factor
combinations that can be used without overloading the tube.
There are many things a radiographer can do to extend the
life of an x-ray tube. =




1 REVIEW QUESTIONS

What conditions must exist for x-rays to be produced?
What are the basic parts of a cathode assembly?
What is the purpose of the focusing cup?

Explain the space charge effect.

Why is tungsten the best metal for the x-ray source?

Explain the line-focus principle.

NS oswh -

How does the anode heel effect affect radiation
intensity?

%

What is the advantage of a high-speed rotor?

©

Why is it necessary for a vacuum to exist within the
envelope?

10. Define leakage radiation.

11. How is off-focus radiation produced?

12. What is the function of rating charts and cooling
curves?

13. Define a heat unit.

14. Name five things a radiographer can do to extend the
life of an x-ray tube.
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HAPTER

KEY TERMS

automatic exposure control
automatic exposure device
C-arm tube suspension system
compression band

computed tomography units
diagnostic

exposure switch

filament circuit

fixed

floor suspension system

floor-to-ceiling suspension
system

footboard

handgrips

head units

incoming-line current

ionization chamber

main circuit

main switch

mains

mammography units

milliampere-second timer

minimum reaction (or response)
time

mobile systems

multiphase power

overhead suspension system

panoramic dental units
phototimer

Suspended in icy silence
I'look at myself from far off

Calmly, I feel free

Even though I'm not, now

Or ever:

The metal teeth of death bite
But spit me out

One more time:

When the technologist says
Breathe
I breathe.

Patricia Goedicke, “One More Time” Copyright ©1980 by the University of

Massachusetts Press

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Describe various diagnostic equipment, table, tube-support, and
ancillary equipment configurations.

State incoming-line current characteristics.
Describe the differences between single- and three-phase power.

Explain the functions of the basic components of the main and
filament x-ray circuits.

Discuss the differences between single-phase, three-phase, six- and
twelve-pulse, and high-frequency waveforms on generator output.



KEY TERMS (continued)

shoulder supports
simulator units
single-phase power
therapeutic

tilting

timer

tomography units
urologic units
voltage ripple

TYPES OF X-RAY EQUIPMENT

A vast number of uses for x-rays have been found in medi-
cine and this has led to the development of a wide variety
of categories and types of equipment (Figure 6-1). Medical
x-ray units can be classified as diagnostic or therapeutic.
Most diagnostic units are designed for specific proce-
dures, such as general radiographic procedures, cardiac
catheterization, head procedures, and fluoroscopy. All
of these units operate within the diagnostic x-ray range.
This range is approximately 10-1,200 milliamperes
(mA), 0.001-10 seconds, at a peak kilovoltage (kVp) of
approximately 25-150.

Tables

The radiographic table is designed to support the patient
in a position that will enhance radiographic examina-
tion. As any patient can attest, comfort is not the primary

MossStudio/Shutterstock.com

FIGURE 6-1. A typical diagnostic radiographic and fluoroscope room.
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®  Describe the function of capacitor discharge and
battery-operated mobile units.

m Differentiate phototimers from ionization chamber
automatic exposure controls.

®  Describe the placement and function of a phototimer
and an ionization chamber automatic exposure
control.

m  Describe potential problems that could be caused by
minimum reaction times.

m  Justify the use of backup time when using automatic
exposure controls.

purpose of the table, although some institutions permit
foam pads for lengthy examinations.

The tabletop must be uniformly radiolucent to easily
permit x-rays to pass through. Most tabletops use carbon
graphite fiber to reduce absorption of photons. Although
flat tops are most common, curved tops are also available.
Curved (or dished) tops are usually used for fluoroscopic
examinations. They are usually more comfortable for the
patient and permit the body part to be placed slightly
closer to an image receptor for a more accurate image.
Curved tops have two serious disadvantages. It is difficult
for the radiographer to maintain a patient accurately in
an oblique or lateral position on a curved top, and the top
is entirely useless as a level support surface for an image
receptor during tabletop radiography.

The tabletop must be easily cleaned, hard to scratch,
and without crevices where radiographic contrast media
can accumulate. It is sometimes necessary to remove
body fluids after an examination, and this must be pos-
sible to achieve in a quick and sanitary manner.

The table must include space for a tray to hold image
receptors and a radiographic grid. The tray is often called a
Bucky tray in honor of Dr. Gustav Bucky (1880-1963), the
inventor of the radiographic grid that is installed over the
image receptor. The grid installation usually consists of a
mechanism that will automatically move the grid during
exposure. Many units include automatic exposure control
sensors in the tray. Some tables use a stationary tray with
amovable tabletop. Others use a tray that is movable along
rails extending the length of the table with a stationary
tabletop. Still others use a tray and tabletop that are both
partially movable. Some tabletops are motor driven and
movable along their length. Others are floating tops that
can be moved along their length and width simultaneously
when an electromagnetic brake is released. The brake may
be controlled by hand, knee, or foot. Floating tops save
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radiographers significant amounts of time and effort, espe-
cially when positioning large patients.

Tables are available in fixed and tilting models. Fixed
tables do not permit tilting the patient’s head or feet down.
They are designed for diagnostic radiographic work only.
Tilting tables are sometimes described by their tilting
capability (e.g., 90-15 would indicate a table capable of
tilting 90° in one direction and 15° in the other direction).
Rooms designed to perform both diagnostic radiographic
and fluoroscopic (R & F) examinations are equipped with
tilting tables, although some rooms designed only for radio-
graphic examinations may also use them.

The table is usually at a height that reduces physical
strain on the radiographer, who must stretch and bend over
and around the table as the patient, ancillary equipment,
image receptor, and x-ray tube are positioned. This is usu-
ally 3040 inches or 75-100 cm from the floor. This is not
a safe or convenient height for patients and it causes prob-
lems for ambulatory patients who are not in good physical
condition. A primary concern for all radiographers must be
proper assistance to these patients when they are getting
onto and down from the table. Fixed tables are available
in adjustable models that can be lowered while a patient is
assisted onto the table and then raised to a working height.

Ancillary equipment for tilting tables includes a
footboard for patients to stand on when the table is upright.
The footboard is often used for gastrointestinal studies
when the patient begins the examination in an erect posi-
tion and is then brought horizontal during the procedure,
or vice versa. In these instances, it is critical to ascertain
that the footboard is securely in place and will support
the full weight of the patient. This is best done when the
table is horizontal by pulling hard on the footboard. Pro-
cedures requiring tilting the patient’s head down, such as
myelography, may require the use of shoulder supports to
keep patients from sliding off the table. In these instances,
handgrips give the patient an added feeling of security.

A compression band can serve three functions: restrain
patients who are unable to cooperate, compress abdominal
tissue for a more uniform subject density, and compress
the renal ureters to restrict the flow of urine to the blad-
der until they are released (which allows production of an
image with both ureters full of contrast media). A compres-
sion band should never be used as the sole restraint device.

Tube Supports

The tube-support system is designed to permit the x-ray
tube to be manipulated to the various locations necessary
to obtain examination procedure projections and to hold
the tube immobile during the exposure. Tube suspension
systems are available in numerous configurations, such as
overhead, floor-to-ceiling, floor, mobile, and C-arm. Over-
head supports are the most flexible and the most expensive.

The overhead suspension system, sometimes called
ceiling suspension, allows controls of longitudinal and
transverse positioning as well as vertical distance.

Each of these complex motions is locked into place
by a solenoid with a control placed where it can be easily
reached by the radiographer. Also included in the control
mechanisms are detents, or centering locks, to verify com-
mon tube positions (e.g. centered to the image receptor
in the Bucky tray or at a routine distance from the table
or upright Bucky unit). Unfortunately, each manufacturer
uses a different placement and labeling for these controls.
For this reason, it is helpful to practice manipulating the
controls prior to using the equipment to perform radio-
graphic procedures.

The floor-to-ceiling suspension system uses a pair of
rails, one on the ceiling and one on the floor, for longitu-
dinal positioning. Rooms with extremely high ceilings may
use an overhead rail suspended from a wall.

A floor suspension system uses a tube-support column
mounted on the floor. The system must be carefully counter-
balanced to avoid tipping. This is usually accomplished by
adding a counterweight to the back of the telescoping
tube arm and requires that both tube system and table be
installed further from the back wall than other systems.

There are many types of mobile systems as well. The
tube suspension systems for mobile units vary tremen-
dously but most are based on the floor suspension system.

A C-arm tube suspension system utilizes a C-shaped
arm to support the tube and image receptor (Figure 6-2).
The tube and image receptor are fixed to opposite ends of
the C-arm. When the clamp or lock holding the C-arm in

FIGURE 6-2. A C-arm tube suspension system.




position is released, it permits both tube and image recep-
tor to be rotated to a new position. C-arms (or U-arms) are
used in head units, mobile fluoroscopy units, and ceiling-
suspended angiography and surgical units.

Upright Units

An upright image receptor holder or Bucky unit is a
common and useful ancillary piece of equipment in any
radiographic room (Figure 6-3). Chest radiography should
routinely be done in an upright position and there are
numerous other procedures that are best done upright (e.g.,
acromioclavicular joints, abdominal obstructive proce-
dures, cervical spine, etc.). Upright image receptor holders
may or may not include a radiographic grid. Upright Bucky
units may include the same equipment as the Bucky tray
located in a table (movable radiographic grid, image recep-
tor tray, and automatic exposure control sensors).

Other Specialized Diagnostic
Equipment

Other types of equipment have been developed to meet
specialized needs. They include mammography units for
breast studies, tomography units with tubes that move in an

FIGURE 6-3. An upright Bucky unit.
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arc during exposure, panoramic dental units for combined
tomography offacialstructures, computed tomography units
for computerized sectional images, radiation therapy
simulator units to verify radiation therapy treatment set
ups prior to actual treatment, urologic units to facilitate
urological and genital studies, and units custom built to
nearly any specifications.

" POWER FOR X-RAY
GENERATION

A diagnostic x-ray generator comprises numerous basic
electrical devices. An x-ray circuit is established when
these devices are connected in a sequence capable of
accelerating electrons to the speed necessary to cause
the production of x-ray photons within an x-ray tube. The
incoming-line power may be modified in several ways to
establish these conditions.

Incoming-Line Current

Electricity is usually supplied to buildings in the United
States by 60-Hz alternating current with a nominal root
mean square (rms) voltage of 200-240. These are termed
nominal because, as users operate various resistances,
the voltages constantly fluctuate, as illustrated by Ohm’s
law. This power is called the incoming-line current
(sometimes called the mains) and is supplied in the form
of a three-phase power cycle. In the United States, each
carries 110-120 volts. With 60-Hz alternating current,
the three hot wires reverse their polarity 120 times per
second. Because the three lines are not in phase with
one another, using incoming current from all three hot
wires produces a potential difference that is less than
the sum of the three single phases.

Single-Phase Power

A single-phase power permits the potential difference to
drop to zero with every change in the direction of cur-
rent flow (Figure 6-4A) and is represented by the sym-
bol 1®. In a full-wave rectified circuit (direct pulsating
current), this means the x-ray tube is experiencing no
potential difference and is producing no x-ray photons
120 times each second on a 60-Hz line (see Figure 6-4B).
With the 60-Hz line, an exposure of 0.1 second with a
single-phase full-wave rectified unit results in 12 inter-
vals of no photon production (Figure 6-5). In addition,
the photons produced during the low-voltage periods
are of such low energy that they may not exit the tube,
or they do not contribute to the radiographic image
because they are absorbed before reaching the image
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receptor. The rms voltage of a single-phase sinusoi-

. dal wave is usually given as 70.7 percent of the peak
] voltage.

5

|

A

EXAMPLE: What is the approximate rms voltage
of a single-phase sine wave with a peak of 80 kVp?

N Answer:
W rms voltage = 70.7% peak kVp

=
[0}
3 ‘ T rms voltage = 70.7% X 80 kVp
= rms voltage = 56.6 kVp
B
FIGURE 6-4. Single-phase power: (A) incoming line; (B) full-wave Obviously, this is not as efficient as desired. A solution is
rectified. to combine several waveforms of current slightly out of

step with one another to create multiphase power.
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FIGURE 6-5. The difference between the photons produced inside the x-ray tube during an exposure and the photons emitted from the tube

during the same exposure. (A) X-ray production during an exposure of 0.1 second with a 1® full-wave rectified circuit. (B) Emission of photons from
an x-ray tube during an exposure of 0.1 second with a 1 full-wave rectified circuit.




Multiphase Power

Multiphase power is produced by the generator and is
the common form in which power is supplied to users by
power companies. Multiphase power will be illustrated by
a description of three-phase power, which is generated as
shown in Chapter 4 by Figure 4-16 and is represented by
the symbol 3®. As each wave peak begins to drop toward
zero, the overall potential difference is boosted back to
peak by the next phase wave. The result is that the sum
of the phasing never drops to zero (Figure 6-6A). When
full-wave rectification is applied, the net voltage produces
a voltage ripple. Three-phase current produces a voltage
ripple of 3 pulses per half cycle, which is 6 pulses per Hz
and 360 pulses per second (see Figure 6-9).

Whenever any of the phases is at zero, the other two
phases are of equally opposite values so that the sum of
the three currents is always zero. This fact is used in con-
necting the generator windings to combine the current.

i A BASIC X-RAY CIRCUIT

The basic x-ray circuit can be divided into the main
circuit and filament circuit. The main circuit supplies the
x-ray tube with properly modified power. Its purpose is
to produce x-rays. The filament circuit supplies the fila-
ment of the x-ray tube with properly modified power. Its
purpose is to create the appropriate thermionically emit-
ted electron cloud at the filament. These two circuits are
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FIGURE 6-6. (A) Three-phase incoming-line current. (B) Full-wave
rectified three-phase current.
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distinct from each other although they are interconnected
(Figure 6-7).

The Main X-Ray Circuit

The main x-ray circuit modifies the incoming-line power
to produce x-rays by a sequence of devices, as shown in
Figure 6-8. The circuit must boost the voltage to the range
necessary to produce x-rays and to permit the radiog-
rapher to adjust the amperage, voltage, and length of
exposure, as well as incorporate appropriate circuitry to
increase the efficiency of x-ray production.

The main switch and circuit breakers are usually
enclosed in an electrical power box. The exposure switch is
simply a connection that permits current to flow through the
circuit. The timer circuit is intended to end the exposure at
an accurately measured, preset time. For this reason, when-
ever the exposure switch is depressed, it must be held until
both the audible and visible indicators (usually a buzzer and
a light) have ceased. For example, if a radiographer is accus-
tomed to making short exposures of less than 0.5 second, fail-
ure to hold the exposure switch for a 2.5-second exposure of
alarge abdomen would prematurely terminate the exposure.

The Exposure Switch

The exposure switch also activates the rotating anode of the
xray tube. The anode must be tuming at a sufficiently high
speed to avoid melting of the target area by the high-kilovoltage
exposure. To avoid the possibility of error, all x-ray units that
utilize rotating anodes have circuitry that prevents an exposure
until the anode is turning at the correct speed. It is usually con-
venient to combine the anode rotor and the exposure switch
in a two-step button, although separate anode and exposure
switches can also be used. Therefore, most exposure switches
are depressed halfway to activate the anode rotation and then
depressed completely to initiate the x-ray exposure. Tube man-
ufacturers recommend that these buttons be depressed com-
pletely in one motion. This helps to extend the life of the x-ray
tube. If separate switches are used, the rotor (or prep) switch
should be activated first, followed by the exposure switch.

Incoming-

line Main circuit
current N

Filament circuit

FIGURE 6-7. Main and filament circuits.
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Main x-ray circuit

Primary (low voltage) side

Secondary (high voltage) side
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FIGURE 6-8. The complete basic x-ray circuit: (1) main breaker; (2) exposure switch; (3) autotransformer; (4) timer circuit; (5) high-voltage
step-up transformer; (6) four-diode rectification circuit; (7) filament circuit variable resistance; (8) filament step-down transformer; (9) x-ray tube;

and (10) rotor stator.

The exposure switch must be attached to the control
console in such a manner that it is impossible for the
operator to be exposed. In addition, the equipment must
be designed to prohibit the x-ray tube from being manipu-
lated into a position where it could expose the user. On
mobile equipment, the switch must be on a cord with a
minimum length of 6 feet. This is to permit the radiog-
rapher to move as far as possible from the x-ray tube
during an exposure. All exposure switches must be of the
“dead-man” type, in which x-ray exposure may occur only
while the switch is depressed. Release of the switch must
terminate the exposure. This prevents the exposure from
continuing when the operator enters the radiation area.

The Timer Circuit

Electronic timers are capable of accurate exposures as
short as 0.001 second with only a 1-msec delay. This level
is set by the variation of the timer controls on the console
unit by the radiographer.

Milliampere-Second Timers. A milliampere-second timer
is used in some capacitor discharge units to monitor the
product of mA and time on the secondary side of the high-
voltage step-up transformer. When the desired mAs level
is reached, these timers interrupt the circuit to stop the
exposure. Because the high-voltage capacitor, timer, and

x-ray tube are operating on the same circuit, mAs value
remains constant even when there is a slight fluctuation
in the capacitor charging current.

Automatic Exposure Control Timers. An automatic
exposure control (AEC) or automatic exposure device
is also used, as described later in this chapter. The
autotransformer, which is controlled by the kVp selec-
tors on the control console, modifies the incoming-line
voltage in anticipation of the kilovoltage that will be pro-
duced by the step-up transformer. Some units divide the
kVp adjustments into major and minor regions. Usually
amajor adjustment will change in units of 10 kVp, whereas
minor adjustments will change in units of 1 or 2 kVp.

The Filament Circuit

The filament circuit modifies the incoming-line power to
produce the thermionic emission from the filament wire of
the x-ray tube by a sequence of devices (see Figure 6-8). The
incoming line must be modified to about 3-5 amperes and
5-15 volts. The filament circuit’s supply is drawn directly
from the main circuit’s supply. Current control devices
regulate the amperage supplied to the filament in the x-ray
tube. This control device can be adjusted by the radiogra-
pher at the control console. It is not labeled by the actual
amperage it controls. Instead, it is marked in increments



representative of the mA that will be available at the fila-
ment when the high-voltage supply is released at exposure.
Filament circuits are usually adjustable to the equivalent
of mA ratings of 50, 100, 200, 300, 400, 500, 600, 800, 1,000,
and 1,200. Not all equipment will have all mA settings and
some may have other unusual settings, as discussed in the
section on timers. Most 1® units do not go beyond 500 mA.
Specialized tomographic equipment generators may also
include 10-, 15-, 20-, 25-, 30-, and 40-mA stations.

Many units include a meter at this point to provide
an accurate reading of the amperage delivered. After regu-
lation, the current is then sent to a step-down transformer
that modifies it to the appropriate amperage that will reach
the filament itself. A very slight shift in the quantity of
electrons in the thermionic cloud around the filament can
have a dramatic effect on the quantity of x-ray photons
produced when the kilovoltage exposure occurs. There-
fore, filament circuits also incorporate several types of
current stabilization devices, including frequency compen-
sators, voltage stabilizers, and space charge compensators.

The main and filament circuits are combined to form
the complete basic x-ray circuit (see Figure 6-8). The
radiographer adjusts the various factors from a control
console, which must be located in a radiation-shielded
location outside the radiographic exposure room. All of
the radiographer-operated controls are located on the
low-voltage side of the circuit to protect operators from
high-voltage shock hazards. The controls that are likely to
be located on this console are included in Table 6-1.

i GENERATORS

The generator provides the power to create x-rays. Several
designs of x-ray generators of varying complexity and cost
exist, including single-phase, multiphase, high frequency,
as well as capacitor discharge and battery-operated gen-
erators for mobile units.

Single-Phase Generators

Single-phase generators are present in some older equip-
ment. With full-wave rectification, they produce a voltage
ripple of 2 pulses per hertz or 120 pulses per second. This
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produces two usable pulses per cycle (1@ 2P waveform)
with a ripple of 100 percent. This means the voltage in the
tube drops to zero twice per period or cycle. These rela-
tionships are shown in Figure 6-9.

Multiphase Generators

When full-wave rectification is applied to 3® current, it pro-
duces a voltage ripple of 6 pulses per hertz or 360 pulses per
second. This produces six usable pulses per cycle, which
is known as a three-phase, six-pulse (3® 6P) waveform.
Three-phase, six-pulse power produces a ripple of 13-25 per-
cent. This means the voltage in the x-ray tube never falls
below 75-87 percent of the peak kilovoltage setting on the
console. These relationships are shown in Figure 6-9. A full-
wave rectified, three-phase, six-pulse waveform produces
approximately 35 percent more average photon energy than
a full-wave rectified, single phase. Similar changes occur
with high-frequency equipment, which can operate as high
as 10,000-12,000 Hz. This will become an important point to
remember when setting technical factors.

Generator power ratings are determined by the great-
est load the generator is capable of sending to the x-ray
tube. Power is calculated as voltage times amperage. The
unit of power is the watt, so V X A = W. This formula
applies to 3@ generators. Because 1® generators have a
lower average photon emission energy, the formula must
be corrected by using a constant. For a 1d generator, the
power rating formula is V X A X 0.7 = W. Because x-ray
generators operate in the kilovoltage and milliamperage
range, their power ratings are stated in kilowatts.

EXAMPLE: What is the power rating for a 3®
generator capable of delivering 150 kVp at 1,000 mA
to the tube?

Answer:

VXA=W

150 kV X 1,000 mA = W
150,000V X 1.0 A = 150,000 W
= 150 kW

ABL ‘:I Common Diagnostic X-Ray Console Controls

Control Factor

Electrical Device and Location in Circuit

kVp selection kVp level

mA selection Filament current

Time selection Length of exposure

Rotor switch Speed of rotating anode

Exposure switch Moment of exposure

Autotransformer (between incoming line and exposure switch)

Variable resistor (in filament circuit between incoming line and
step-down transformer)

Timer circuit (between exposure switch and step-up transformer)
Stator (separate circuit from stator of anode motor)
Switch (between autotransformer and timer circuit)
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FIGURE 6-9. The relationships between (A) relative value radiation output and approximate ripple; (B) tube kVp and approximate ripple; and
(C) tube average mA. Each relationship is shown for one cycle of 1® 2P, 3® 6P, 3d® 12P, and high-frequency generator configurations.

These ratings serve as a guideline for comparing the
capability of various generators. Generator power often
varies as kilovoltage changes, so a high-power genera-

EXAMPLE: What is the power rating for a 1®
generator capable of delivering 120 kVp at 300 mA

to the tube? tor at 150 kVp may not be as powerful when the kVp is
Answer: lowered into the middle diagnostic range.
VXAXO07=W

120 kV X 300 mA X 0.7 =W High Frequency

120,000V X 0.3A X 0.7 = 25,200 W High-frequency generators use AC and DC power con-
= 25.2 kW verters to change the incoming-line voltage frequency

from 60 Hz to thousands of Hz. The upper limit of the



high frequency generators is actually somewhere below
1 MHz (Figure 6-10A). When a high-frequency current is
supplied with full-wave rectified power, a 12- to 13-kHz
waveform can be produced. An oscillator or inverter
unit controls the pulses sent through the circuit, send-
ing them at a much higher frequency (closer together),
as shown in Figure 6-10B. When this wave is applied
to the x-ray tube, the peak kilovoltage is achieved in
about 10 percent of the time necessary for 3® genera-
tors and with only 3-4 percent voltage ripple. Figure 6-9
illustrates the complex conversions used in a high-fre-
quency generator to create the various waveforms prior
to achieving the final multipulsed radiation beam. Full-
wave rectified high-frequency generator ripple ranges
from 4 to 15 percent, depending on the total load. These
relationships are shown in Figure 6-9. Because of the
higher-frequency current, transformers for these units
are significantly smaller.

60 Hz

8.3 ms
A
I\ kV
6 Pulse
2.78
(&
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Capacitor Discharge Mobile Units

It is also possible to operate an x-ray tube with the power
generated from the discharge of a high-voltage capacitor.
The capacitor operates exactly as explained in Chapter 4
but in the kilovoltage range necessary to produce x-rays.
In these units, depression of a charge button causes the
rectification circuit to charge a capacitor instead of the
x-ray tube. A signal indicates readiness when the capaci-
tor charges to the appropriate level, and depression of the
exposure switch triggers a discharge to the x-ray tube.
The disadvantage of a capacitor discharge unit is
that the capacitor may continue to discharge after the
usable exposure. Figure 6-11A shows the charging curve,
the exposure period, and the discharging curve. Expo-
sure begins at the peak voltage and then decreases (see
Figure 6-11B). This is sometimes called wavetail cut-
off. Capacitor discharge units provide an rms voltage

600 Hz 6.5 kHz

—| |=—1 Pulse < 0.1 ms

Multi-pulse

Faster
regulation

—={|=— 0.1 ms

Courtesy of Siemens Medical Solutions USA, Inc.

FIGURE 6-10. High-frequency waveforms: (A and B) conversion of 1 2P to 3® 6P to high frequency; (C and D) comparison of time interval

necessary to reach peak kV on 3® 6P and high-frequency generators.
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FIGURE 6-11. (A) Capacitor discharge unit waveform; (B) wavetail
cutoff,

significantly lower than the peak voltage. The ending kV
is approximately 1 kV per mAs lower than the initial kVp.
Therefore, the rms voltage is about 0.5 kV/mAs lower than
the initial kVp. Because capacitors discharge more slowly
as potential difference decreases, considerable residual kV
may exist after the desired exposure time. This can create
a leakage of radiation, although several devices help avoid
the problem. Grid-biased x-ray tubes can be used to cut
the photon emission at a set time by reversing the charge
polarity of a wire grid in front of the filament. Additionally,
the tube collimator can be designed to automatically close
its lead shutters after the desired exposure, thus stopping
radiation leakage.

Capacitor discharge units are most commonly used
for mobile equipment. The capacitor circuit is supplied
from batteries that are charged from line current. This
permits the unit to be mobile without having to be plugged
into a wall outlet. Instead, the batteries can be recharged
periodically when the unit is parked.

Battery-Operated Mobile Units

Mobile units are also available that operate on battery-sup-
plied AC current. The batteries supply nonpulsating direct
current to a rotary converter, which provides current
similar to 3® 12P or even greater frequencies. Compared
to capacitor discharge machines, these units have the

obvious advantage of 3® exposure consistency, higher rms
voltage, and no leakage possibility. They also have all the
advantages of mobility, with recharging capabilities, and
for these reasons they have become extremely popular.

When comparing the various types of generators, it
is most important to evaluate the radiation output from
the tube, as this is the factor that influences both patient
exposure and image quality. Figure 6-9 assists in this pro-
cess by illustrating the various transformations that occur
in the x-ray tube milliamperage and kilovoltage as well as
the all-important relative values of radiation output.

i AUTOMATIC EXPOSURE CONTROLS

All AECs do exactly what their name indicates; they are
programmed to terminate the radiographic exposure time.
It is important to remember that AECs do not control any
factor except time. Milliampere-seconds and kVp remain
under the control of the radiographer.

Although antiquated, the term phototimer is often
used to refer to all automatic exposure controls AECs.
They are also referred to as automatic exposure devices,
and the acronyms AEC and AED occasionally appear in
professional literature.

All AECs function by measuring a preset quantity of
radiation and breaking the timer circuit when a dose suf-
ficient to produce the desired exposure has been reached.

lonization Chambers

An ionization chamber AECs (Figure 6-12) use a thin,
parallel-plate chamber, which is positioned immediately
above the image receptor. Because thin, parallel-plate
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FIGURE 6-12. lonization chamber AEC circuit.




chambers are only about 5 mm in thickness, they do not
cause an appreciable shadow on the image (Figure 6-13).
It is critical that the exact size, shape, and position of the
ionization chamber be known to the radiographer. It is
possible to image the location of the ionization chambers
by using an automated AEC exposure at the lowest kVp
possible.

Minimum Reaction Time

All AECs have a minimum reaction (or response) time,
which is determined by the length of time necessary
for the AEC to respond to the radiation and for the gen-
erator to terminate the exposure. This delay is caused
primarily by the turn-off delay in the high-voltage cir-
cuits. Old phototimers had a minimum reaction time
of 0.05 second or less. Modern ionization chambers
with SCRs may have a minimum reaction time of less
than 0.001 second. AECs are sometimes incapable of
terminating exposures quickly enough, especially with
extremely high-speed image receptors during high-
kVp chest radiography. In this instance, radiographic
technology has outstripped itself and either a manual
time or a slower image receptor must be used, although
some manufacturers use an exposure-monitoring cir-
cuit to terminate low-dose-rate exposures quickly.

FIGURE 6-13. Parallel-plate ionization chamber AEC.

[ Electrode
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Imaging small body parts with an AEC may not be
possible. If such an image is overexposed, the AEC should
be turned off and a manual exposure should be used.

Backup Time

Nearly all units equipped with automatic exposure permit
(and may have electronic interlocks that require) a manual
backup time to be set. There are numerous reasons why
an automatic exposure control may be improperly set. For
example, if one forgets to activate the AEC in a wall unit,
this may leave an AEC in a table unit waiting for exposure
by a tube that is directed toward the wall (and through a
patient). Because the wall AEC is not receiving any radia-
tion dose, the exposure would not cease until the tube over-
load protector activated. Not only is this an expensive waste
of tube life, but the radiographer error causing excessive
radiation dose to the patient is completely unwarranted.
The fact that the image would be overexposed, requiring
it to be repeated, adding to the patient’s dose again, simply
makes matters worse. Backup times cannot exceed the
tube limit and should be set at 150 percent of the antici-
pated manual exposure mAs. According to U.S. Public Law
90-602, generators must terminate the exposure at 600 mAs
for exposures above 50 kVp and 2,000 mAs for exposures
below 50 kVp (primarily during mammography).
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Medical X-ray units can be classified as diagnostic or
therapeutic. Diagnostic units operate within a range of
10-1,200 milliamperes (mA), 0.001-10 seconds, and at a
peak kilovoltage (kVp) of approximately 25—150.

Radiographic equipment includes a wide variety of
units with different tube stand configurations, including
ceiling suspension, floor-to-ceiling, floor mounted, and
C-arms. Nearly all x-ray equipment operates from an incom-
ing line of 210-220 volts.

The basic x-ray circuit can be divided into the main
and filament circuits. The main circuit supplies the x-ray
tube with properly modified power, and the filament cir-
cuit supplies the filament of the x-ray tube with properly
modified power. The basic circuit includes the exposure

The Case of the Unidentified
Flying Object in the Skull

Answers to the case studies can
be found in'Appendix B.

switch, timer, high-voltage step-up transformer, and recti-
fier circuit.

Although waveforms differ depending on incoming line
and rectification, differences occur in both voltage ripple and
the interval between initiation of the exposure and the peak
kilovoltage.

Generator power ratings are determined by the greatest
load the generator is capable of sending to the x-ray tube.
Power is expressed in watts and varies by incoming-line cur-
rent and rectification.

Although often called phototimers, automatic exposure
controls (AECs) today are almost always ionization cham-
bers. When using an AEC, problems may be avoided by con-
sidering the minimum reaction time and the backup time. =




1 REVIEW QUESTIONS

1. Name three types of diagnostic radiographic tube-
support systems.

2. What are the two types of incoming-line current?

3. How many pulses are there per Hz for 1® and 3®
power?

4. What device in the x-ray circuit controls kVp, mA,
time, and rectification?

5. What is the difference between an ionization cham-
ber and a phototimer?

6. What factor determines the minimum reaction time?

7. Why is backup time necessary when using an auto-
matic exposure control?
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KEY TERMS

backup time
minimum response time The art of using AECs is the art of positioning.

—Richard Carlton

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Explain why the art of automatic exposure control is the art of
positioning.

Accurately identify configuration size, shape, and position for various
brands of ionization chambers.

Describe how to modify image receptor exposure when using an
automatic exposure control.

Describe various common problems with subject density and subject
contrast when using AECs.

Explain the effect of collimation on AEC image quality.

Provide solutions to problems with minimum response time and
backup time.

Explain how to modify the suggested technical factors on an
anatomically programmed control unit.

Discuss the advisability of the creative use of AECs.




i HISTORICAL NOTES

The operation of ionization chamber automatic exposure
controls (AECs) is discussed in Chapter 6, X-Ray Equip-
ment. It is important to remember that although the term
phototiming may be used in clinical practice, the generic
terms automatic exposure control (AEC) and automatic
exposure device (AED) refer to both antique phototiming
devices and the ionization chambers currently in use. The
term phototiming actually refers to the use of ionization
chambers. Ionization chambers serve to measure the
exposure to the receptor. In nearly all instances, the prin-
ciples are applicable to phototimers as well as ionization
chambers.

AECs have been popular since their introduction
by Russell H. Morgan in 1942. He designed the first pho-
totimer for use with mass chest screening photofluoro-
graphic units.

The ionization chamber is designed for a single
purpose, best illustrated by the proper term for the
device—automatic exposure control. The single func-
tion of an AEC is to eliminate the need for the radiog-
rapher to set an exposure time. The radiographer loses
control over time, and as a result mAs, when using an
AEC. All other factors are preprogrammed by the ana-
tomically programmed radiography system, but these
systems can be overridden and the mA and kVp can be
set manually when the radiographer determines adjust-
ments to the technical factors may improve the image.
This is especially true when kVp needs to be adjusted
to increase or decrease the quantity of scatter radiation
produced.

Radiographers can fall into the habit of depending
on AECs to produce diagnostic images in situations for
which they were never designed. When using an AEC, it
is critical that the location of the ionization chamber be
determined, and the precise positioning of tissue over that
location be achieved. These factors can be remembered
by thinking of the use of AECs as another of the radio-
graphic arts based on professional expertise and a sound
technical understanding,.

i IONIZATION CHAMBERS

The most critical element in using AECs is the exact posi-
tion of the ionization chambers because positions differ
for various brands and models of equipment (Figure 7-1).
Automatic exposure devices provide diagnostic-quality
exposures only for structures positioned directly above
the ionization chambers. Therefore, the most important
fact to remember when using automatic exposure devices
is that the art of using AECs is the art of positioning.
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Experienced radiographers become extremely adept,
often to the point of being artistic, in carefully positioning
exactly the right amount of tissue over the chambers.

Tonization chamber AECs are usually used in a
three-chamber configuration. The most common rela-
tionship of the three chambers is with the center cham-
ber at the center of the image receptor with right and
left chambers slightly higher. This configuration places
the center chamber below the duodenum and transverse
colon for most abdominal examinations, thus eliminat-
ing problems with gastric and bowel gas being placed
over the chamber. This configuration also places the
right and left chambers away from the mediastinum and
completely within the lobes of the lungs during chest
radiography. As long as the exact chamber locations are
known, this configuration will not affect phototiming
ability during other examinations.

Determining Configurations

Determining the location of the AEC chambers can be a
difficult task. Some manufacturers provide plastic inserts
for collimators that project an image of the chamber
location, size, and shape with the positioning light beam
(Figure 7-2). These inserts are accurate for only the speci-
fied SID (usually printed in a corner of the insert). When
projection inserts are not provided, the radiographer must
be capable of determining the location, size, and shape.
This can be accomplished by producing an image without
a body part as the subject, exposed at very low kVp for
maximum contrast (see Figure 7-1).

Controlling Configurations

AEC consoles permit various combinations of the ion-
ization chambers to be activated in order to control the
exposure. Most units permit any single cell or all three
cells to be activated. Some units permit other combina-
tions to be utilized, for example, right and left chambers
together or all three at once. These options provide the
radiographer with seven different combinations of the
three chambers. In these situations, often termed aver-
aging, the signals from the cells are sent to a special
operational amplifier, which sums the voltages received
from each cell and divides by the number of cells that
have been activated. When the appropriate voltage for
a diagnostic-quality exposure is reached, the exposure
is terminated by the operational amplifier. When more
than one cell is activated, the cell receiving the most
radiation will contribute the greatest electrical signal
and, therefore, have the most influence on overall expo-
sure. For example, if three cells are activated and an
abdomen is positioned so that barium is over one cell
and normal tissue over the other two cells, the resultant



112 UNIT I Creating the Beam

52 kVp 4 mAs
16:1 grid 200 RS

72" SID
3.12 mR

40 kVp
10:1 grid

5.1 mAs
200 RS

40" SID
9.66 mR

FIGURE 7-1. Automatic exposure control ionization chamber con-
figurations. (A) An image of a configuration with square ionization
chambers. The middle cell is centered to the image receptor, whereas
the outside cells are placed high. (B) An image of a configuration
with both square and circular chambers (outlined in pencil). The
middle cell is square and centered to the image receptor, whereas the
outside cells are round and high. (C) Actual square ionization cham-
ber configuration. The middle cell is centered to the image receptor,
whereas the outside cells are high. Note the wire leads to each
jonization chamber. (By permission of Mayo Foundation for Medical
Education and Research. All rights reserved.)

image will be slightly overexposed because the opera-
tional amplifier was dividing the incoming voltage by
all three cells but only two cells were contributing to
the signal. If the cell under the barium was the only
one activated, the image would be greatly overexposed,
probably to the backup time limit, because insufficient
radiation was received to terminate the exposure. Cell
selection is, therefore, determined by the radiographer
based on knowledge of anatomy and positioning.

Density Controls

All AEC systems permit the adjustment of the amount
of radiation necessary to send the exposure termination
signal. These controls regulate the image receptor expo-
sure but often have different labels, depending on the
manufacturer. Typical AEC density control labels are
-3,—-2,-1,0,1,2 3, or %4, %, N, 1%, 15. Most labels use
the center control as the normal density (0 and N in the
two examples) and permit both increases and decreases.
Some units use a single density control, whereas others

use a major and a minor control. Major controls operate
large exposure changes, whereas minor controls oper-
ate fine adjustment.

The density controls should not be used to compen-
sate for patient part thickness or kVp changes. The
AEC system is designed to calculate this compensation
automatically. Proper use of the density controls is
accomplished when the configuration of the ionization
chamber cells cannot be adapted to the necessary
positioning; for example, when an image is produced that
is slightly overexposed for the lung fields and a decrease
in exposure is desired even though the patient and
ionization chambers are properly positioned.

Exposure Technique Charts

Automatic exposure controls require the use of exposure
technique charts that specify the technical parameters to
be used. The only difference from non-AEC charts is that
cell locations are given but time settings are eliminated, as
the AEC fulfills that function automatically.



FIGURE 7-2. Projection of AEC locations from collimator position-
ing light.

POSITIONING SKILLS

The AEC will produce a diagnostic exposure for whatever
tissue is placed directly over the chamber. When the radiog-
rapher possesses good positioning skills, the vast majority
of AEC exposures will produce diagnostic-quality results.
Poor positioning skills result in an increased repeat rate
when using AECs. There are numerous instances when
variables in tissue density and contrast may complicate the
precise location of the tissue of interest over the ionization
chamber. Knowledge of when these instances are likely to
occur and the experience to adequately compensate for
them are important. When not enough of the structure of
interest is positioned over the activated ionization chamber,
the AEC cell will attempt to produce a diagnostic-quality
exposure for whatever is over it (Figures 7-3 and 7-4).

The skilled radiographer detects the majority of these
conditions through careful observation of the patient and
consideration of the patient’s history. A proper clinical
history can reduce the number of repeated images and
produce excellent images.

Subject Density
and Contrast Problems

AEC problems with subject density and contrast occur
whenever an unexpected subject density is present or
when an expected subject density is lacking. For example,
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Radiographs courtesy of Arlene Adler and Richard R. Carlton

FIGURE 7-3. Improper positioning over AEC cell. Although this lateral
cervical spine is underexposed, note that the region at the center of the
image receptor, where the AEC cell was activated, is a nearly perfect
exposure.

FIGURE 7-4. Improper AEC cell selection. Although this PA chest is
overexposed, note that the region at the center of the image recep-
tor, where the AEC cell was activated, is a proper exposure for the
thoracic spine.

fluid in the lungs causes increased subject density and
contrast, for which the AEC would remain on longer, mak-
ing an aerated lung overexposed for diagnosis. A case of
emphysema would produce the opposite result.

Radiographs courtesy of Arlene Adler and Richard R. Carlton
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Collimation

Collimation of the primary beam is another important
consideration when using AECs. Attempts to tightly col-
limate should be avoided near ionization chamber locations.
If the primary beam is collimated from an activated chamber,
the chamber operates as if the tissue is extremely dense. The
resulting long exposure will create an overexposed image.

The use of wider collimation can also create prob-
lems because the full primary beam will produce scatter
radiation that may undercut the patient (Figure 7-5). This
undercutting scatter will cause the AEC to terminate
the exposure while some areas of the image are still
underexposed.

Timing Problems

The minimum response time and the proper use of a
backup time are important considerations when using
AECs. The minimum response time is the length of time
necessary for the AEC to respond to the ionization and
send a signal to terminate the exposure. Modern AECs
have a minimum response time in the region of 0.001 sec-
ond. However, the use of extremely high-speed systems
for smaller part sizes can cause problems when AECs need
less than 0.001 second to produce a diagnostic-quality

: y Table
| ) ——— ——
P -

Image
receptor

A

exposure. In these instances, mA should be decreased to
permit longer AEC time.

The backup time establishes the maximum exposure
time for the system in order to prevent overexposure. It
should be set at 150 percent of the anticipated manual
exposure time, although U.S. public law requires that
generators automatically terminate AEC exposures at
600 mAs or 60 kilowatt seconds (kWs) (kVp X mA X time)
above 50 kVp, and 2,000 mAs below 50 kVp. When the
backup time is too short, it will terminate the exposure
before the AEC signal, thus producing an underexposed
image. In these instances, the backup time should be
increased to a level where the AEC is terminating the
exposure at the proper time.

Anatomically Programmed
Radiography

Anatomically programmed radiography (APR) units com-
bine an AEC system with an exposure system that is
computerized to correspond to anatomical procedures.
The control console permits the choice of an anatomical
region (e.g., the chest) and the projection (e.g., PA). This
choice results in the computer entering the suggested aver-
age technique (e.g., 120 kVp, 600 mA, with the right and

FIGURE 7-5. Undercutting scatter. (A) The uncollimated primary beam produces scatter that undercuts the patient and causes the AEC
to prematurely terminate the exposure. (B) An image that is overexposed in the upper right quadrant due to undercutting. (Reprinted with
permission from the American Society of Radiologic Technologists from “Automatic Exposure Control: A Primer,” Radiologic Technology, 59(5),

1988, p. 425, radiograph courtesy of Seymour Sterling.)




he ionization chamber is designed for a single purpose,

best illustrated by the proper term for the device—
automatic exposure control. The single function of an AEC
is to eliminate the need for the radiographer to set an
exposure time. The radiographer loses control over time, and
as a result mAs, when using an AEC. All other factors are
preprogrammed by the anatomically programmed radiogra-
phy system.

When using an AEC, it is critical that the location of the
ionization chamber be determined and that the precise posi-
tioning of tissue over that location be achieved. AEC locations
differ for various brands and models of equipment. Automatic
exposure devices provide a diagnostic-quality exposure only
for structures positioned directly above the ionization cham-
bers. AECs are usually used in a three-chamber configuration.
The most common relationship of the three chambers is with
the center chamber at the center of the image receptor with
right and left chambers slightly higher.

AEC consoles permit various combinations of the
ionization chambers to be activated in order to control the

left ionization chambers activated). The radiographer may
override the suggested technique when patient condition,
pathology, or other factors make it desirable to do so.

Creative Positioning

The experienced radiographer often becomes extremely
adept at positioning exactly the right amount of tissue over
the chambers. Experienced radiographers should remem-
ber that a manual technique will always provide a precisely
repeatable exposure, whereas an AEC exposure leaves
the radiographer guessing. More important, digital radiog-
raphy systems rely on consistent use of the programmed
parameters for image processing. Attempting to subvert
this process only leads to additional difficulties, poor-quality
images, and overexposure of patients.

Care must be taken when AEC cells are not com-
pletely covered by tissue. The most common compensa-
tion in this circumstance is to deactivate the uncovered
cell. However, if no cell is covered by normal tissue
for the area of interest, deactivation is not the answer.
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exposure. When more than one cell is used, the signals
from the cells are sent to a special operational amplifier
that sums the voltages received from each cell, divides by
the number of cells that have been activated, and then
terminates the exposure.

All AEC systems permit the adjustment of the amount
of radiation necessary to send the exposure termination
signal. These controls regulate the image receptor expo-
sure but often have different labels, depending on the
manufacturer. Typical AEC density control labels are —3,
—2,—1,0,1, 2,3, 0or Ya, 2, N, 1%, 1%2. Some units use
a single density control, whereas others use a major and a
minor control.

Problems can result with the use of AEC devices when
variations occur in subject density or contrast. Collimation
must also be used consistently to ensure proper results. The
AEC's minimum response time can also cause exposure prob-
lems when very fast systems are used. Backup times should
be set at 150 percent of the expected manual technique
time. =

In these instances, creative techniques must be used. For
example, if a cell is covered by an appropriate percent-
age of tissue, it may react with an appropriate exposure.
These techniques require much experience and should
not be attempted by inexperienced radiographers.

¥ REVIEW QUESTIONS

1. What is the principal function of the automatic expo-
sure control?

2. What are the typical number and configuration of the
ionization chambers?

3. What is the purpose of an operational amplifier?
4. When should the density controls be used?

5. How can changes in subject density result in AEC
problems?

6. How can collimation affect AEC image quality?
7. Define minimum response time.
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CHAPTER 8

KEY TERMS

bremsstrahlung interactions
characteristic cascade
characteristic interactions
characteristic peak

incident electrons

target interactions

X-Ray Production

I did not think, I investigated.

Professor Wilhelm Riontgen to Sir James Mackenzie-Davidson during his only

recorded interview, when asked what he thought when he discovered x-rays

OBJECTIVES

Upon completion of this chapter, the student should be able to:

State the percentage of electron energy that is converted to x-ray
photon energy in the x-ray tube.

Describe a bremsstrahlung target interaction.

Describe a characteristic target interaction.

Identify factors affecting characteristic K-shell photon production.
Explain the shape of the x-ray photon emission spectrum curve.

117
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i CONDITIONS

X-ray photons are produced when the high-speed elec-
trons from the cathode strike an anode target. The fact
that they are human-made is the primary difference
between x-rays and gamma rays (which are products of
nuclear radioactive decay). An understanding of how
x-ray photons are created from the atoms of the target
material permits the radiographer to assert full control
over the production of the primary beam.

The electrons that form the thermionic cloud around
the filament arrive at the anode target (~2 cm distant) trav-
eling at nearly half the speed of light. A true understanding
of the force contained in a kilovoltage-level exposure can
be obtained by realizing that these electrons were accel-
erated from zero to half the speed of light in about 2 cm.
These incoming electrons are called incident electrons and
are represented in drawings by a solid arrow. In contrast,
photons are represented by a wave arrow.

When incident electrons strike the target, they trans-
fer their tremendous kinetic energy to the atoms of the tar-
get material and this interaction produces x-ray photons.
The greater the mass or speed of the incident electrons,
the greater the quality (energy) and quantity (number) of
photons produced. This process occurs through two very
different target interactions.

i TARGET INTERACTIONS

All target interactions occur within 0.25-0.5 mm of the sur-
face of the target. After giving up their energy to the target
atoms, the electrons slow down enough to be conducted
through the anode and the remainder of the high-voltage
circuit. However, the incident electrons often experience
1,000 or more interactions before reaching this state.

Creating the Beam

Heat Production

The target interactions that produce the x-ray photons
consist of less than 1 percent of the total kinetic energy
of the incident electrons. Over 99.8 percent of the kinetic
energy of the incident electrons is converted to heat. This
is the reason why so much technical research has gone
into the development of the thermal aspects of x-ray
tubes. In spite of the cost and performance capabilities
of modern x-ray tubes, they are tremendously inefficient
because they waste over 99 percent of the energy they
use. This is true only in the range of diagnostic x-rays.
As the kinetic energy of the incident electrons increases,
so does the efficiency of photon production. By the time
the therapeutic MeV range is reached, the majority of the
energy is producing photons of heat.

Because they have such high kinetic energy, incident
electrons seldom transfer enough energy to the outer
shells of target atoms to cause ionization. Instead, they
transfer enough energy to excite the outer-shell electrons
to the point where they will emit infrared radiation as
heat. These electrons then return to their normal state—
where they will be re-excited again and again, each time
emitting infrared radiation as heat.

There are two types of target interactions that can
produce diagnostic-range x-ray photons: bremsstrahlung
interactions and characteristic interactions. The interaction
that will occur depends on the electron kinetic energy
and the binding energy of the electron shells of the atom.
Tungsten and rhenium are used as target materials in an
effort to provide appropriate-atomic-number atoms and
a maximum number of similar electron-shell binding
energies.

Bremsstrahlung Interactions

Bremsstrahlung interactions are named by the German
word for braking or slowing. The abbreviation brems
is also used. Brems interactions may occur only when
the incident electron interacts with the force field of the
nucleus. The incident electron must have enough energy
to pass through the orbital shells and approach the nucleus
of the atom. Because atomic nuclei have a positive charge
and the incident electron has a negative charge, there is
a mutual attraction between them. When the incident
electron gets close to the nucleus, the powerful nuclear
force field is much too great for the electron to penetrate.
Instead, the force field causes the incident electron to
slow down (or brake) and then it diverts the electron’s
course. As a result, the electron loses energy and changes
direction. The energy that is lost during the braking (or
bremsstrahlung) is emitted as an x-ray photon. These
emissions are called bremsstrahlung photons and their
energy is exactly the difference between the entering and
exiting kinetic energy of the electron (Figure 8-1). The
amount of kinetic energy lost by the incident electron
in a brems interaction is determined by the distance
the electron is from the nucleus. At larger distances,
very little kinetic energy is lost, resulting in low-energy
brems radiation. At closer distances, more energy is lost,
resulting in higher-energy brems radiation. The incident
electron can also have a direct impact with the nucleus,
resulting in the loss of all of the electron’s kinetic energy.
Because of the relatively small size of the nucleus, the
chance of a direct impact is very low.

These energies are individually unpredictable and
can range from the total value of the incident electron
(which could be as high as the peak kilovoltage) to such
a minimal amount of energy that it is nearly immeasur-
able. Statistically, it is possible to predict the energies



quite accurately by a study of the x-ray emission spec-
trum, as will be discussed later in this chapter. Only
when the incident electron loses all of its excess kinetic
energy would the electron drift away to join the current
flow. A single incident electron can cause numerous
brems interactions in many different atoms before losing
enough energy to become included in the current flow.

Characteristic Interactions

Characteristic interactions may occur only when the
incident electron interacts with an inner-shell electron
(Figure 8-2). The incident electron must have enough
energy to knock an inner-shell electron from orbit, thereby
ionizing the atom. The incident electron will usually con-
tinue but in a slightly different direction. More important
is the fact that the electron hole that has been created
in the inner shell makes the atom unstable. An electron
from another shell will immediately drop into the hole.
This dropping of an electron from an outer, higher-energy
state into an inner, lower-energy state results in the energy
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FIGURE 8-1. The bremsstrahlung interaction in a tungsten atom.
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difference between the two shells being emitted as an
x-ray photon. These emissions are called characteristic
photons because their energy is exactly the difference
between the binding energy of the outer and inner shells
between which the electron dropped. After an outer-shell
electron has dropped to fill the hole, another electron will
drop to fill the hole it left and so on until only the outer-
most shell is missing an electron. This process is called a
characteristic cascade and it can produce numerous x-ray
photons for each electron that leaves the atom.

The first electron that was knocked from position in
an inner orbital shell often has sufficient energy that it,
too, may cause further interactions before it loses enough
energy to become part of the current flow. Of course,
this will also contribute to the total number of photons
created.

Unlike brems photons, characteristic photon ener-
gies are so predictable that the science of x-ray spec-
troscopy uses measurements of these photon energies to
determine what types of atoms make up the sun, stars,
and other celestial bodies.

Moderate energy
bremsstrahlung
x-ray photon

Low energy
bremsstrahlung
x-ray photon
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A tungsten atom, with its high atomic number of 74,
has sufficient electron shells to produce relatively high-
energy characteristic photons. Tungsten has a total of
74 electrons, with 2 electrons in the K-shell, 8 in L, 18 in
M, 32 in N, 12 in O, and 2 in the P-shell (see Figure 2-6).
The binding energies of the electrons in these shells are
69.5 keV for the K-shell electrons, 12.1 keV for L-shell
electrons, 2.8 keV for M, 0.6 keV for N, and 0.08 keV for
the O-shell electrons. The electron that drops into the hole
may be from any shell further away from the nucleus. Of

Incident
electron

O-shell

M-shell

course, the further out the dropping electron’s original
position, the greater the energy imparted to the charac-
teristic photon.

Characteristic photons can be created from incident
electron ionization of any shell and hole filling from any
shell. For example, K-shell ionizations can result in char-
acteristic photons from electron drops between shells L
and K, M and K, N and K, and so on. Characteristic pho-
tons can also result from L-shell ionizations with elec-
tron drops between shells M and L, N and L, and so on.

Electron
ejected
leaving
a hole

K-shell (59.0 keV photon)

L-shell (9.6 keV photon)

Characteristic
x-ray photons

FIGURE 8-2. The characteristic interaction in a tungsten atom. Only the K-shell characteristic photon has sufficient energy to be a part of the

useful beam.




A wide variety of characteristic photon energy levels are
thus produced (Table 8-1). The filling of a hole from an
adjacent shell results in a lesser-energy photon than non-
adjacent shell transitions. For example, a K-shell vacancy
filled by an L-shell electron will result in a weaker charac-
teristic photon than the same vacancy filled by an M-shell
electron. That is the result of the lower binding energy
for the M-shell electrons. In addition, within each shell
there are discrete energy states for individual electrons.
As a result, slightly different energies can result from an
L to K transition depending on the specific energy state
of the electron involved in the transition. Note that only
electron drops into the K-shell will produce characteris-
tic photons within the diagnostic x-ray range. Character-
istic photons from the other shells (L, M, N, etc.) have
energies that are too low to be significant in diagnostic
radiology.

A single incident electron can cause a variety of
interactions in many different atoms before losing enough

[A l;il Characteristic Photon Emissions

from X-Ray Target Materials

K-Shell Characteristic L-Shell Characteristic

Photons Photons

Lto K 59.0 keV

M to K 67.2keV  Mtol 9.6 keV
N to K 69.1keV Ntol 11.0 keV

Effective energy 69.5 keV  Effective energy 12.1 keV
K-Shell Characteristic Photons

Lto K 17 keV

M to K 20 keV

Effective energy 18 keV

Anode focal spot Electrons in tube
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energy to become included in the current flow (Figure 8-3).
Remember, most of these interactions will result in the
production of heat.

EMISSION SPECTRUM

Within the diagnostic x-ray range, most photons are pro-
duced by bremsstrahlung target interactions. Character-
istic photons will not comprise any of the useful beam
until the kVp is above 70 because removal of a K-shell
electron from tungsten requires 69.5 keV. Between 80
and 100 kVp, about 80-90 percent of the primary beam
is produced by brems interactions and 10-20 percent by
characteristic interactions.

As mentioned previously, the K-shell emissions are
the only ones within the diagnostic x-ray range, although
the L-shell emissions form a similar group and the M- to
P-shell emissions form a third group. Both brems and
characteristic emissions combine to form the complete
primary beam spectrum (Figure 8-4). The L-shell charac-
teristic emissions are included within the total spectrum,
but when filtration is added to the tube these photons
do not have sufficient energy and are absorbed by the
filter. The K-shell emissions form a characteristic peak
at their effective energy range of 69 keV. This charac-
teristic peak is worthy of special note as it can cause
strange results for the radiographer who is operating
the x-ray tube slightly above the K-shell peak and needs
a slight decrease in radiation output. A slight decrease
that sets the tube potential directly on the 69-keV K-shell
peak would greatly increase the tube output instead of
decrease it, as anticipated. Modern x-ray equipment is
capable of somewhat overcoming these fluctuations by
programmed switching and the use of tungsten alloys
(such as molybdenum) in the target to smooth out char-
acteristic peaking. However, characteristic peaks are a
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FIGURE 8-3. Sample paths of interactions for
incident electrons striking the tube target.
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point of consideration, not only in the target material but
also in the construction of x-ray tabletops, grids, image
receptors, and any other object through which the pri-
mary beam must pass. The kilovoltage peak of the expo-
sure is the maximum possible energy for any photon that
exits the x-ray tube.

EXAMPLE: Atwhat maximum kV was the exposure
made that produced the graph in Figure 8-4?

Answer:

As the maximum brems photons were at 80 keV, the
kVp was set at that level.

What is interesting about Figure 8-4 is that it clearly
demonstrates an often overlooked fact about radiographic
exposures. The average primary beam photon has a keV
energy of only about 30—40 percent of the kVp.

The emission spectrum for a mammographic
molybdenum target is quite different from that of a
tungsten target. The K-shell characteristic peak is about
18 keV and the average photon energy range is between 20
and 40 keV, which is perfect for soft tissue visualization.

It is very useful to examine the effect on the primary
beam emission spectrum of various factors under the
control of the radiographer. When mA, time, or mAs
is changed, all of which control the quantity (number)
of electrons striking the target, the result is a change in

FIGURE 8-4. The x-ray emission spectrum with a
tungsten target. This graph is the result of an exposure
made with 2.8-mm Al/Eq filtration at constant potential,
producing 17.8 mP/mAs at 30 in. (75 cm). The effective
photon energy was 31 keV. (Courtesy of Raymond P Rossi,
University of Colorado Health Science Center.)

400 mA

200 mA

# of x-ray photons

0O 10 20 30 40 50 60 70 80
X-ray photon energy (keV)

FIGURE 8-5. The effect of mA changes on the x-ray emission
spectrum.

the amplitude of the emission graph (Figure 8-5). Note
that each point on the higher curve represents exactly
twice the number of photons on the lower curve. When
kVp, which controls the quality (energy) of electrons
striking the target, is changed, the result is a change
in the number of higher-energy photons as well as in
the amplitude of the emission graph (Figure 8-6). Note
that there are more higher-energy photons on the higher
curve, as well as an increase in the number of photons
(seen in the increased amplitude). There was no increase
in the total number of electrons striking the target. The
increase in amplitude represents more emitted photons
due to the higher energy of each incident electron strik-
ing the target.
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FIGURE 8-6. The effect of kVp on the x-ray emission spectrum.

The x-ray emission spectrum is affected by the
quantity and composition of the materials through which
it must pass to exit the x-ray tube and housing. This is
the filtration, which is the subject of Chapter 11. As the
x-ray beam passes through the filtering materials, some
of the lower-energy photons are absorbed. This decreases
the intensity of the beam but at the same time increases
the average photon energy. Increased filtration decreases
image receptor exposure, and vice versa.

X-ray photons are produced when the high-speed elec-
trons from the cathode strike an anode target. When
incident electrons strike the target, they convert their tremen-
dous kinetic energy to the atoms of the target material and
this interaction produces x-ray photons. The greater the mass
or speed of the incident electrons, the greater the quality
(energy) and quantity (number) of photons produced.

The two target interactions that produce x-ray photons
are bremsstrahlung (brems) and characteristic interactions.
Less than 1 percent of the total kinetic energy of the incident
electrons produces these interactions. Over 99 percent of the
kinetic energy of the incident electrons is converted to heat.

Brems interactions occur when the incident electron
interacts with the force field of the nucleus. This force field
causes the incident electron to slow down (or brake), and
then it diverts the electron’s course. As a result, the electron
loses energy and changes direction. The energy that is lost
during the braking is emitted as a bremsstrahlung photon,
and the photon energy is exactly the difference between the
entering and exiting kinetic energy of the electron.

Characteristic interactions occur when the incident
electron interacts with an inner-shell electron. The incident
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1f = single phase, hf = high frequency.

FIGURE 8-7. The effect of generator phase on the x-ray emission
spectrum.

The generator phasing also has an effect on the
emission spectrum. As the efficiency of x-ray production
increases, the emission spectrum changes (Figure 8-7).
As generator phasing efficiency increases, the x-ray beam
increases in intensity, and there is also an increase in the
average photon energy. Decreased phasing efficiency
decreases both intensity and average photon energy.

electron knocks out an inner-shell electron and continues
in a slightly different direction. An electron hole is cre-
ated in the inner shell, making the atom unstable. An
electron from another shell will immediately drop into the
hole, which results in the emission of an x-ray photon.
This emission is called a characteristic photon because
the energy is exactly the difference between the binding
energy of the outer and inner shells between which the
electron dropped.

Within the diagnostic x-ray range, most photons are
produced by bremsstrahlung target interactions. An x-ray
emission spectrum graph illustrates the relationship between
the two target interactions within the primary beam. The
average primary beam photon has a keV energy of only
about 30—40 percent of the kVp.

When mA, time, or mAs is changed, all of which control
the quantity (number) of electrons striking the target, the
result is a change in the amplitude of the emission spectrum
graph. When kVp is changed, which controls the qual-
ity (energy) of electrons striking the target, the result is a
change in the number of higher-energy photons, as well as
in the amplitude of the emission spectrum graph. =
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I REVIEW QUESTIONS

1. What is the approximate percentage of electron en-
ergy that is converted to x-ray photon energy in the
x-ray tube?

2. The majority of the electron energy in the x-ray tube

is converted to what form of energy?

Describe a bremsstrahlung target interaction.

Describe a characteristic target interaction.

What is a characteristic cascade?

S ke W

What is the average keV of the primary beam as com-
pared to the kilovoltage peak?

7. What effect does increasing mAs and kVp have on
the total x-ray emission spectrum?
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Protecting
Patients and
Personnel

A critical skill of the radiographer is the ability to
protect both patients and other personnel from exces-
sive exposure to ionizing radiation. This includes the
radiographer as well. A thorough knowledge of basic
radiation physics, personnel monitoring procedures,
and advanced procedures for reducing exposure are
expected of all radiographers.

Prior to beginning to function in a clinical setting,
the radiographer must learn the basics of radiation
protection concepts and equipment. The critical
skill is the ability to apply this information to the
radiation protection procedures for patients and
personnel.

The chapters on filtration and the prime factors
explain how to shape and mold the beam to minimize
radiation exposure while obtaining maximum diagnos-
tic information. X-ray interactions open the door to
exactly what occurs to the biological systems that are
being imaged as well as laying groundwork for future
understanding of problems in image production.

Finally, advanced procedures for minimizing
patient exposure and beam restriction are covered
to provide the practicing radiographer with real clinical
skills that will achieve the theory presented in this unit.
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One aspect of the wide use of the x-rays perturbed Rontgen greatly. From
laboratories in the United States, England, Germany, and France came

more and more reports of a peculiar skin reaction similar to a sunburn in
persons working with the rays, some of these reactions being particularly
serious. . . . It distressed Rontgen to believe that these effects were due to

X-rays . . .

Otto Glasser from the biography Dr. W. C. Rontgen

OBJECTIVES

Upon completion of this chapter, the student should be able to:

m  Describe the nature of ionizing radiation.

Identify the types of biological effects of ionizing radiation.
Identify the principal sources of ionizing radiation.

Define the quantities and units used for measurement of radiation.

Describe devices used to detect and measure radiation, including field
survey instruments and personnel monitoring devices.



THE BASICS OF RADIATION

PROTECTION PRINCIPLES
AND PRACTICE

In medical applications, exposure to ionizing radiation
carries with it both a benefit and a risk. The benefit of
information from an x-ray examination regarding the clini-
cal management of the patient examination is weighed
against the small, but nonetheless finite, risk when a phy-
sician requests the examination. The diagnostic benefit of
aradiologic procedure often far outweighs the risk result-
ing from the associated x-ray exposure. The information
about the clinical condition of a patient received by the
physician from a radiologic examination is an essential
part of the practice of modern medicine.

It is the responsibility of the radiographer to ensure
that each patient receives the minimal dose of radiation
that will produce a diagnostic image consistent with the
requirements of the examination. Radiographers must
also ensure that all individuals are properly protected
from unnecessary radiation exposure.

The Nature of lonizing Radiation

Ionizing radiation is capable of creating positively and
negatively charged particles when it interacts with matter.
It arises from both natural and human-made sources and
has the ability, as a consequence of its interactions with
matter, to affect the various organs and tissues within the
body. The energy possessed by ionizing radiation is capa-
ble of displacing atomic electron bonds and breaking the
electron bonds that hold the molecules of matter together,
resulting in chemical changes that can lead to metabolic
changes in the body with resulting harmful effects.
Ionizing radiation is grouped as either particulate
radiation or electromagnetic radiation. Particulate radia-
tions include high-energy electrons, neutrons, and pro-
tons that produce ionization in matter by direct atomic
collisions. Two principal types of particulate radiation
are associated with radioactive decay, alpha particle and
beta particle. An alpha particle contains two protons and
two neutrons and, as a result, is equivalent to a helium
nucleus. Alpha particles are emitted from the nuclei of
very heavy elements as they undergo radioactive decay.
Compared to other types of particulate radiation, alpha
particles have great mass and a positive charge. The
energy of an alpha particle is transferred over a very short
range in matter. In air, alpha particles can travel about
5 cm. As a result, alpha particles from external sources are
essentially harmless. Beta particles are identical to elec-
trons, with the exception of their origin. Beta particles are
emitted from the nuclei of radioactive material, whereas
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electrons exist in shells around the nucleus. Beta particles
are negatively charged and very light. As a result, they
travel farther in matter than alpha particles. Beta particles
are capable of traveling approximately 10-100 cm in air.

Electromagnetic radiation includes x-rays and
gamma rays, which produce ionization in matter by other
types of interactions. X-ray and gamma rays are essen-
tially the same with the exception of their origin. Gamma
rays are emitted by the nuclei of radioactive materials,
whereas x-rays are human-made in an x-ray tube. For elec-
tromagnetic radiation in the medically useful x-ray energy
range (<200 keV), the transfer of energy from the photon
to matter, resulting in ionization, occurs by processes
known as photoelectric absorption and Compton scattering.

During such interactions with matter, photon energy
is transferred by a two-step process. First, the incident
photon interacts with an atom, causing an electron to
be set in motion, which results in kinetic energy being
released in the material. Second, the absorption of the
released Kkinetic energy from the electron occurs via
excitation and ionization. The excitations and ionizations
that occur along the tracks of the charged particles set
in motion give rise to biological damage in tissue. The
biological damage may be a result of a direct interac-
tion between the charged particle set in motion by the
photons, in which cellular macromolecules are directly
excited or ionized, or may be a result of an indirect inter-
action, in which the absorption of radiation occurs in a
water molecule, producing highly reactive species such as
free radicals, which diffuse from the site of origin and sub-
sequently cause biological damage. For x-rays and gamma
rays, approximately two-thirds of the biological effects on
tissue are the result of indirect actions.

Biological Effects
of lonizing Radiation

Exposure to ionizing radiation affects various organs and
tissues in the body, and may result in a finite probability for
radiation-induced disease in persons exposed to the radia-
tion, and in their descendants. Health effects are known to
be influenced by radiation characteristics and biological
factors and include cancer induction, genetically deter-
mined ill health, nonspecific life shortening, developmen-
tal abnormalities, and degenerative diseases. The effects
from the exposure to ionizing radiation may be classified
as either somatic or genetic.

Somatic effects may become evident in the irradiated
individual. Such effects are not usually to be expected
in individuals exposed in the course of their work in
the medical environment. To demonstrate a radiation
response in humans within a few days to weeks, the dose
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must be quite high. Among the somatic effects of radia-
tion are skin erythema, cataracts, and radiation-induced
malignancies.

Genetic effects do not produce any significantly observ-
able effect in the exposed individual, but may appear in
the descendants of the exposed individual. They may not
manifest in the children of the exposed individual, but may
lie dormant for several generations and, eventually, may be
eliminated completely from the genetic pool. Such effects
result from alterations in the reproductive cells that can lead
to defects in the offspring. Detectable radiation-induced
mutations can result if the individual’'s reproductive cells
have been exposed to an appreciable amount of radiation.
It is unlikely that any worker in the medical environment
would be exposed to ionizing radiation at a level high enough
to cause the transmission of appreciable genetic effects.

Among the many factors that will influence the
effect of exposure to ionizing radiation are the total dose
received, the rate at which the dose was received, the
age at exposure, the type of radiation, the sensitivity of
the irradiated cells, and the portion of the body that was
irradiated.

When x-rays were initially investigated, scientists
were unaware of any harmful effects of their use and a
number of the early radiation workers suffered injuries that
are easily prevented today. Injuries from exposure were
reported in Europe within the first year of investigation of
x-radiation. In 1904, the first radiation fatality, a radiation-
induced cancer, was reported in the United States. Over
the next decade, blood disorders such as leukemia and
anemia, cancerous skin lesions, and cancer deaths were
reported among radiation workers and linked to x-ray
exposure. As a result of the high rate of documented
radiation-related injuries, the British X-Ray and Radium
Protection Committee was formed in 1921 to study ways
to reduce radiation exposure to patients and medical
personnel. The International Commission on Radiological
Protection was established in 1928, and in 1929, the
Advisory Committee on X-Ray and Radium Protection
evolved into the National Council on Radiation Protection
and Measurements (NCRP) in the United States.

The goal of radiation protection is to limit human
exposure to ionizing radiation to a degree that is reason-
able and acceptable in relation to the benefit gained from
the activities that involve the exposure, thereby reducing
the likelihood of occurrence of somatic and genetic effects.

Sources and Magnitude
of lonizing Radiation Exposure

Everyone is exposed to sources of ionizing radiation.
Some individuals will be exposed to a wide variety of such
sources, whereas others will be exposed to only a few. The

sources include those of natural origin, either undisturbed
by human activities, or that have somehow been affected
by human activities and human-made sources. The NCRP
regularly collects data to assess the ionizing radiation expo-
sure to the U.S. population. NCRP Report No. 160, Ioniz-
ing Radiation Exposure of the Population of the United
States (2009), replaced the data presented in the previous
NCRP Report No. 93, Ionizing Radiation Exposure of the
Population of the United States (1987). The data presented
in NCRP Report No. 93 detailed radiation exposure in the
early 1980s and NCRP Report No. 160 details radiation
exposure from 2006. The report categorizes radiation expo-
sure into the following five major areas:

1. exposure from ubiquitous background radiation,
including radon in the home;

2. exposure to patients from medical procedures;

3. exposure from consumer products or activities
involving radiation sources;

4. exposure from industrial, security, medical, and edu-
cational and research radiation sources; and

5. exposure to workers resulting from their occupations.

Ubiquitous background radiation includes external expo-
sure from space, such as solar particles and cosmic radia-
tion, external exposure from terrestrial radiation from
naturally occurring radioactive sources in the ground,
radionuclides naturally present in the body, and inhaled
radionuclides of natural origin, such as radon, the com-
mon name for the radionuclide *?Rn, and thoron, the
common name for the radionuclide ?°Rn. Human expo-
sure to these natural sources varies depending on local-
ity and other circumstances. When human exposure
to natural sources increases as a result of a human’s
actions, deliberate or otherwise, the natural sources are
enhanced.

Human-made sources of radiation result from vari-
ous human-made materials and devices, and include such
sources as x-rays and radiopharmaceuticals used for
medical procedures; consumer products and activities,
such as building materials, commercial air travel, ciga-
rette smoking, and combustion of fossil fuels; industrial,
security, medical, and educational and research activities;
and occupational exposures.

Exposure from medical procedures to the U.S. popu-
lation in Report No. 160 separates out five different
sources to further detail the extent of the exposures. These
five categories are computed tomography, conventional
radiography and fluoroscopy, interventional fluoroscopy,
nuclear medicine, and external-beam radiotherapy.

Figure 9-1 shows the distribution of the collective
effective dose (S) (person-Sv) and the effective dose per
individual in the U.S. population (E})(mSv) as reported
in the 2006 data. The collective effective dose (S) is the
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FIGURE 9-1. Comparison of collective effective dose (S) and effec-
tive dose per individual in the U.S. population (Eus as reported in
NRCP (1987a) and in this report (annual values for percent are
rounded to the nearest 1%) (NRCP Report No. 160).

product of the mean effective dose for a population and
the number of persons in the population. The population
of the United States in 2006 was 300 million.

Table 9-1 details the comparison of the exposures
collected in 2006 to the exposures collected in the early
1980s. The total effective dose per individual has signifi-
cantly increased from the early 1980s to 2006 as the result
of the increased use of ionizing radiation for medical proce-
dures. In the early 1980s, the total £, was 3.6 mSv, and the
2006 data shows a total E ¢ of 6.2 mSv. This increase can be
attributed almost exclusively to the change in medical pro-
cedure exposures, which rose from 0.53 mSv in the early
1980s to 3.00 mSv in 2006. This reflects a percentage change
from 15 percent of the total in the early 1980s to 48 percent
of the total in 2006. Although the increased use of ionizing
radiation for medical procedures has had tremendous ben-
efits to the population and has resulted in saved lives, there
is an increased awareness for searching for ways to reduce
this dose, particularly in computed tomography.
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QUANTITIES AND UNITS
RELEVANT TO RADIATION

PROTECTION

Various quantities, units, and radiation dosimetry concepts
have been developed and defined to quantify the amount
of radiation received by individuals. Historically, the quan-
tities and units associated with radiation dosimetry have
included the roentgen (R), used for specifying exposure;
the rad (radiation absorbed dose), used for specifying
energy absorbed; and the rem (radiation equivalent in
man), used for specifying biologically equivalent dose.

Other radiation quantities of importance are the
kerma, used to describe the kinetic energy released per unit
mass; the air kerma, used to describe the kinetic energy
released per unit mass of air; integral dose, used to describe
the total radiation energy imparted to matter; effective dose,
used to measure the radiation and organ-system-specific
damage in man; and activity, used to measure the amount
of a radioactive material as it undergoes decay.

In 1948, the International Committee for Weights and
Measures was charged with developing an international
system of units based on the metric system. The committee
developed the Systéme Internationale d'Unites, or SI units.
In recent years, the international system of units has been
adopted for radiation protection, and within this system
of units, the older units are no longer applicable. Although
the National Council on Radiation Protection and Measure-
ment (NCRP) adopted the SI units for use with ionizing
radiation in 1985, traditional units are still very much in use.
The following discussion will serve to review the conven-
tional and more familiar units, and SI units. Table 9-2 pro-
vides conversions between conventional units and SI units.

Exposure

The roentgen (R) represents a unit of exposure in air
and was defined as the quantity of x-rays or gamma rays
required to produce a given amount of ionization (charge)
in a unit mass of air. One roentgen creates 2.08 X 10° ion
pairs per cubic centimeter of air to produce a total ion
charge of 2.58 X 107* coulomb (C) per kilogram (kg).
The roentgen is limited to the measurement of exposure
in air only and is not applicable to photons of energy
above 3 Mev or to particulate radiations. The roentgen
has no direct equivalent or special unit in the SI system of
units and is no longer used. Exposure may be expressed
directly in C/kg, or its equivalent Ckg™!.

Absorbed Dose

The rad was developed as a unit of absorbed energy
or dose and is applicable to any material. The rad was



130 UNIT Il Protecting Patients and Personnel

PSR M Comparison of Collective Effective Dose(S) and Effective Dose per Individual in the U.S. Population
(E,, as Reported in NCRP (1987a)) and in This Report (Annual Values for Percent Are Rounded to

the Nearest 1%)

This Report [for 2006]

Exposure S Eie
Category (person-Sv) (mSv)
Ubiquitous background 933,000 3.1
Radon and thoron® 684,000 2.28
Other 249,000 0.83
Medlical 899,000 3.00
CT (2006) 440,000 1.47
Conventional radiography 100,000 0.33
and fluoroscopy (2006)
All diagnostic (1980)
Nuclear medicine 231,000 0.77
Interventional fluoroscopy (2006) 129,000 0.43
Consumer 39,000 0.13
Industrial, security, medical, 1,000 0.003
educational, and research
Occupational 1,400 0.005°
Total 1,870,000 6.29

NCRP (1987a)? [for the early 1980s]

Percent of Percent of
Total S
SorEy (person-Sv)?
50 690,000 3.0 83
37 460,000 2.0 55
13 230,000 1.0 28
48 123,000 0.53 15
24
5
91,0004 0.39 11
12 32,000 0.14 4
7
2 12,000-29,000 0.05-0.13 <2
0.05 200° 0.001 0.03
0.08 2,000 0.009 0.3
835,000 3.6

°The quantities used in NCRP (1987a) were expressed in H,.
®Radon plus thoron for 2006; radon only for the early 1980s.

‘ncluded 3,700 person-S, from CT and 4,200 person-S, from interventional fluoroscopy [listed as “other” in NCRP (1987a)].

%Values differ slightly from those reported in NCRP (1989a) and Table 4.19.
¢Consisted of the nuclear fuel cycle and miscellaneous environmental sources.
"The values of £, are 1.1 mSv for 2006 and 2.3 mSv for the early 1980s.
9Rounded values.

NCRP Report No. 160, courtesy NCRP.

1y Conversions between Conventional

and SI Units

roentgen 2.58 X 10°* coulomb/kilogram
rad 0.01 gray

rem 0.01 sievert

curie 3.7 X 10" becquerel

Column A amount multiplied by Column B equals
Column C amount.

Column C amount divided by Column B equals
Column A amount.

defined as 100 ergs of energy absorbed in 1 gram of
absorbing material. In the SI system of units, the rad
has been replaced by the gray (Gy), which is defined
as 1 joule (J) of energy absorbed in each kilogram
(kg) of absorbing material. One gray is equivalent to

100 rads; therefore, 1 rad equals 10 mGy. This unit is not
restricted to air and can be measured in other absorbing
materials.

Kermal/Air Kerma

The rad is also a unit of kerma, an acronym for kinetic
energy released in matter. As radiation passes through
matter, it interacts and the energy carried by the pho-
tons is transformed to kinetic energy of charged par-
ticles, such as the electrons in the photoelectric and
Compton interactions. The energy imparted directly to
the electrons, per unit mass, is the kerma. Some of the
kerma may be radiated away as bremsstrahlung, if any
of these electrons interact with the nuclei of the atoms
in the matter. In these instances, kerma and absorbed
dose would not be identical. At diagnostic energies,
however, practically no brems is produced in the tissues
and, as a result, kerma will equal dose. The SI unit for
the kerma is the gray.

Air kerma is the kinetic energy released per unit mass
of air. X-ray tube outputs and inputs to image receptors



are sometimes described in air kerma. An air kerma of
1 c¢Gy (1 rad) corresponds to an exposure of about 1 R.

Integral Dose

The integral dose describes the total amount of energy
imparted to matter. It is a product of the dose and the
mass over which the energy is imparted. For example,
when a patient has a CT scan of the abdomen, the dose
per section (irradiated volume) might be 1 rad (10 mGy).
Regardless of the number of scan sections, the dose to the
irradiated volume would be defined as 1 rad (10 mGy). If
the patient has 20 scan sections, the integral dose would
be approximately 20 rad (200 mGy).

Equivalent Dose

Different types of radiation, such as alpha and beta parti-
cles, and neutrons, produce different degrees of biological
damage, as compared to gamma or x-radiation. To account
for the fact that the same absorbed dose of radiation may
result in different biological responses for different types
of radiation, a unit known as the rem (radiation equivalent
in man) was developed. The rem is the conventional unit
for equivalent dose (H,). In NCRP Report No. 116, Limita-
tions of Exposure to Ionizing Radiation (which replaces
NCRP Report No. 91), the term equivalent dose replaces
the previously used term, dose equivalent (H), in defining
dose limits. These two terms are conceptually different.
Dose equivalent (H) is based on the absorbed dose at a
“point” in tissue and equivalent dose (H,) is based on the
average absorbed dose in the tissue or organ.

Equivalent dose (H_R) is the product of the average
absorbed dose (D,R) in a tissue (T) due to radiation (R)
and a radiation weighting factor (W), previously known
as the quality factor (Q), which is particular to specific
types of radiation, and accounts for the biological effec-
tiveness of the specific radiation. The radiation weighting
factor for gamma or x-radiation equals 1. This means that
1 rad equals 1 rem for gamma or x-radiation. For alpha
particles, however, the radiation weighting factor is 20.
This means that 1 rad equals 20 rem for alpha particle
absorption. In the SI system of units, the rem has been
replaced by the sievert (Sv), which is defined as the prod-
uct of the absorbed dose in gray and the radiation weight-
ing factor. One sievert is equal to 100 rem, and 1 rem is
equal to 10 mSv.

Effective Dose

Effective dose (E) is the sum of the weighted equivalent
doses for all irradiated tissues and organs. It takes into
account the fact that not all tissues are equally sensi-
tive to the effects of ionizing radiation. As was seen with
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equivalent dose and dose equivalent, in NCRP Report
No. 116, Limitations of Exposure to lonizing Radiation,
the term effective dose (E) replaces the previously used
term, effective dose equivalent (H), in defining dose limits.

Because exposure received from ionizing radiation is
rarely uniform over the whole body, the concept of effec-
tive dose is used to compare the detriment from irradia-
tion of a limited portion of the body with the detriment
from irradiation of the entire body, and employs weighting
factors for the relative risks associated with irradiation of
various body tissues. The effective dose is defined as the
sum over specified tissues of the products of the equiva-
lent dose in a tissue (T) and the weighting factor for that
tissue.

Activity

Activity (A) describes the quantity of radioactive mate-
rial. It is expressed as the number of radioactive atoms
that undergo decay per unit time. The unit of activity
has traditionally been the curie (Ci). The curie is defined
as 3.7 X 10" disintegrations per second (dps). One
curie is a very large amount of radioactive material. In a
typical nuclear medicine procedure, activities from 0.1 to
30 millicuries (mCi) are used. The SI unit for activity is the
becquerel (Bq). The becquerel is defined as 1 dps.

Further information regarding the international sys-
tem of units and its application in radiation protection
and measurements may be found in NCRP Report No. 82,
SI Units in Radiation Protection and Measurements.
A comparison between SI units and conventional ones is
displayed in Table 9-3.

DETECTION AND

MEASUREMENT OF
IONIZING RADIATION

Numerous different dose-measuring devices, known as
dosimeters, are employed for detection and measure-
ment of radiation exposure from x-rays. A dosimeter
may be classified as either a field survey instrument or a
personnel monitoring device.

Field Survey Instruments

Numerous portable field survey instruments are available
for use in radiation detection and measurement. They
include the Geiger-Mueller (GM) survey instruments, scin-
tillation detection devices, and ionization chamber instru-
ments. Regardless of the type, field survey instruments
should be calibrated at least annually.
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1A Ec M Comparison between Sl and Conventional Units

Symbol
Symbol Expression  Expression Special Using Symbol for Value of
for in in Symbols Name for Special Conventional Conventional Conventional
Quantity Quantity Sl Units for Sl Units SI Units Name Unit Unit Unit in SI Units
Activity A 1 per second g~ becquerel Bq curie Ci 3.7 X 10" Bq
Absorbed D joule per kg gray Gy rad rad 0.01 Gy
Dose kilogram
Dose H joule per kg sievert Sv rem rem 0.01 Sv
Equivalent kilogram
Exposure X coulomb per Clkg roentgen R 2.58 X 10 Clkg
kilogram
Geiger-Mueller Survey Instruments. Geiger-Mueller sur- Electrometer
vey instruments or counters are primarily used to detect ..
the presence of radiation rather than provide exact :s' Ibe /
measurements. A GM counter is a gas-filled detector. It - el
consists of a volume of gas between two electrodes. lon-
. - . . Anode (+)
izing radiation produces ion pairs in the gas that can be | |
collected and measured. GM counters are very efficient at | | |
detecting charged particles, such as beta particles, but are Power
relatively inefficient at detecting x- and gamma radiations. Cathode (-)

GM counters are most commonly used in nuclear medi-
cine as radioactive contamination survey instruments.

Scintillation Detection Devices. Scintillation detectors
combine the use of a scintillator with a device that can
convert light to an electric signal. Scintillators are materi-
als that emit visible or ultraviolet light when exposed to
ionizing radiation. In a scintillation detector, this light is
converted to an electric signal and is measured. The most
common applications for scintillation detectors are in
gamma cameras in nuclear medicine.

lonization Chamber Instruments. Ionization chamber
instruments are commonly employed for the measure-
ment of the primary and secondary radiation beam for
purposes of evaluation of equipment performance, envi-
ronmental exposure assessment of scatter and leakage
radiation, and for measurement of patient exposure. An
ionization chamber works on the principle that when
radiation interacts with air electrons, positive ions are
produced, giving rise to an electrical charge that can be
measured.

A typical ionization chamber dosimeter consists of
a chamber with a known volume of air and an electrode
(Figure 9-2). A small voltage is applied between the elec-
trode and the wall of the chamber, so the electrode is
positive and the chamber wall is negative. As x-ray pho-
tons pass through the chamber, they ionize the air. The
free electrons from these ionizations are attracted to the
positive electrode, where they can be measured with an
electrometer. The intensity of the signal that is produced

FIGURE 9-2. An ionization chamber dosimeter. The chamber
encloses a known volume of air, inside of which a chargeable elec-
trode is positioned to attract electrons freed by the ionization of the
gas by the radiation. The difference in the electrode’s charge before
and after exposure is measured by an electrometer and displayed in
radiation units.

on the electrode is proportional to the radiation exposure
that occurred in the air volume of the chamber. This rela-
tionship can be displayed on a digital readout in R or C/Kg
units. Ionization dosimeters can be designed to measure
specific ranges of radiation intensity.

Personnel Monitoring Devices

Individuals who are regularly exposed to ionizing radi-
ation should be supplied with personnel monitoring
devices that will provide an estimate of the exposure they
received. Personnel monitoring is recommended when-
ever a possibility exists that an individual will receive
more than 1/10 of the recommended dose limit as a result
of his or her occupational activities. A personnel moni-
toring device measures the quantity of exposure it has
received. It is not a radiation protection device.

When only one personnel monitoring device is issued,
it should be worn on the anterior surface of the body,
between the chest and waist level. When a lead apron is
worn and only one personnel monitoring device is issued,



it is recommended that it be worn outside the apron at
the collar level. Because of the considerable controversy
regarding the proper location of the dosimeter when a lead
apron is worn, the local radiation safety officer should be
contacted for specific guidance. It is important that all per-
sons wear their dosimeters at the same locations.

An additional dosimeter, usually designated as a
whole-body dosimeter, may be worn in addition to the col-
lar dosimeter when the potential for significant exposure
to the thyroid or eyes exists. This dosimeter is usually
positioned near the waist, under the lead apron, and may
be used in conjunction with the collar dosimeter to deter-
mine the effective dose. The whole-body dosimeter and
collar dosimeter must never be interchanged.

The most common types of personnel monitoring
devices are the optically stimulated luminescence (OSL)
dosimeter, film badge dosimeter, thermoluminescent
dosimeter (TLD), and pocket dosimeter.

Optically Stimulated Luminescence (OSL) Dosimeter.
The most common type of radiation monitoring device is
the optically stimulated luminescence (OSL) dosimeter.
The OSL dosimeter measures radiation that passes through
a thin strip of aluminum oxide (Al,0,). A laser light is
used to stimulate the aluminum oxide, which becomes
luminescent in proportion to the amount of radiation expo-
sure it has received.

The OSL dosimeter has distinct advantages over both
the film badge and the TLD. It can report doses along a
wide range, from as low as 1 mrem, with a precision of
+1 mrem. In addition, it can undergo complete reanalysis
to confirm the radiation exposure received with no loss of
information. It also has excellent long-term and environ-
mental (temperature and humidity) stability.

Laudauer, Inc. offers the Luxel® OSL Dosimeter
with a variety of color-coding options for both depart-
ment/series and exchange frequencies. The Luxel®
dosimeter is a self-contained packet that contains an
aluminum oxide strip, located between three filters and
an open window (Figure 9-3). The open window and the
copper and tin filters are used to determine the energy
levels of the exposure to the dosimeter. The imaging
filter is used to determine whether the exposure was a
static or dynamic exposure. A static image indicates that
the dosimeter was not moving at the time of exposure.
This may imply that the dosimeter was not worn during
the time of exposure and an accidental exposure may
have occurred. A dynamic exposure image will have a
blurred appearance and indicates that the dosimeter
was being worn during the time of exposure and the
dose is valid.

Film Badge Dosimeter. Film badge dosimeters are usu-
ally issued on a monthly basis, and consist of two pieces
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Courtesy of Landauer Inc.

FIGURE 9-3A. The Luxel dosimeter.

Al,O5 detectqr Aluminum filter
Copper/AIum|.num Imaging filter
filter Plastic filter

Open window

Courtesy of Landauer Inc.

FIGURE 9-3B. The Luxel filter pack.

of film having different sensitivities to x-rays and con-
tained within a light, tight envelope. This film packet is
placed within a holder, which contains a number of dif-
ferent filter elements held in a fixed position with respect
to the film. Printed on the front of the film packet is the
name of the individual, the beginning date for which the
film badge is issued, and other coded information.

When the badge is exposed to ionizing radiation,
the film emulsion darkens in proportion to the degree of
radiation exposure received. The resultant optical density
can be measured with a densitometer and calibrated to
the degree of radiation exposure received.

The filters in the film badge holder provide a means
of determining the energy of the incident radiation.
Because the absorption of radiation by a specific thick-
ness of given material will depend on the energy of the
radiation, the measurement of the relative film densities
under the different filters provides a means of estimating
the energy of the exposing x-ray beam. Typically copper,
cadmium, and aluminum are used as filtering metals.
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Film badges are capable of measuring exposures
over the range of approximately 10 mrem (0.1 mSv) to
2,000 rem (20 Sv), and are most commonly used to mea-
sure the total body exposure of the individual. Readings of
less than 10 mrem (0.1 mSv) are generally not detectable
and may be reported as minimal (M).

Thermoluminescent Dosimeter (TLD). Personnel moni-
toring devices using thermoluminescent dosimeters con-
tain small chips of a thermoluminescent material, usually
lithium fluoride (LiF). When exposed to radiation, a por-
tion of the absorbed energy is stored in the crystal struc-
ture of the LiF chips in metastable states. This absorbed
energy will remain in these states for long periods of
time. If the LiF chips are heated, the absorbed energy is
released as visible light. The heating and measurement of
the LiF chips are carried out in a device called a reader,
and the amount of measured light is proportional to the
absorbed radiation dose. TLDs provide approximately the
same measurement range as film badges, and can be used

Electroscope
Cap with
window

Supporting
insulator

0 20 40 60 80

as whole-body badges or collar badges. Because of their
small size, TLDs are commonly used for monitoring expo-
sure to the extremities in the form of ring badges.

Pocket Dosimeter. Although technically known as
direct reading conductive fiber electroscopes, there
are now electronic personal dosimeters available. Both
types of devices look like large pens or flash drives.
These devices provide immediate personal dosimetry,
which is useful especially in interventional radiology
laboratories, where waiting several months for read-
ings is not reasonable. Figure 9-4 shows the older direct
reading conductive fiber electroscope type. When irra-
diated, ionization of the air in a small chamber occurs,
which partially neutralizes a previously positively
charged electrode (quartz fiber on a wire frame), caus-
ing a hairline fiber to move on an exposure scale. The
amount of ionization and the movement of the fiber are
proportional to the radiation exposure to the chamber.
Older devices required a charging unit and the pocket

MILLIROENTGEN
50 10 150

120 140 160 180

Wire
element
(frame)

Electrode

Gamma or X-ray
(ionization)

FIGURE 9-4. Cross section of a pocket ion chamber (dosimeter).

Lenses

Dosage scale Eyepiece

Courtesy of Bushberg, J. T., Seibert, J. A, Leidholdt, E. M., Boone, J. M. [1994]. The essential physics of medical

imaging. Baltimore: Lippincott, Williams & Wilkins.




dosimeter had to be returned to this unit for a reading.
The newer electronic personal dosimeters utilize a simi-
lar system of ionization of air in a small chamber, but the
readout occurs digitally, and can be read from a display
on the side of the dosimeter.

Care of Personnel Monitoring Devices. The proper care
and handling of personnel monitoring devices is essential
to obtaining accurate results. The personnel monitoring
device must be worn only by the individual to whom it is
assigned, must be worn in the proper location for the pre-
scribed time period, and must be turned in for processing
when due.

The OSL dosimeter has distinct advantages because
it can report a wide range of doses, from as low as 1 mrem
with precision, and it has excellent long-term environmen-
tal stability.

Both film badge dosimeters and TLD dosimeters may
be adversely affected by heat, humidity, mechanical pres-
sure, inadvertent exposure to light, and prolonged delay
between exposure and processing. Exposure from the
rear or from oblique angles may also result in inaccurate
results.

Generally, groups of personnel dosimeters are pro-
vided with a control that must be stored in an unexposed
area at the facility, and returned with the group for pro-
cessing. This control provides an unexposed level against
which the personnel dosimeters are evaluated.

Personnel monitoring devices should not be worn
during medical or dental exams, and should never be
intentionally exposed to the primary radiation beam. Indi-
viduals should be aware of the exposure they receive by
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reviewing their exposure readings on the reports posted
in the facility on a routine basis. Should any aspect of
the reported exposure be unclear or cause concern, the
individual should seek the counsel of the facility radiation
safety officer.

Dosimetry Reporting

After each wear date period, the dosimeters are returned
to the company’s laboratory for analysis. Wear date
periods can range from weekly to biweekly to monthly
to bimonthly to quarterly. A report is generated for
the facility and includes a wide variety of information
(Figure 9-5). For the Luxel® OSL dosimeters, Landauer,
Inc. provides participant identification information,
the type of dosimeter used, the radiation quality that
exposed the dosimeter (e.g., x or gamma photons,
beta, neutrons), and the radiation exposures that were
received. The radiation exposure is expressed as the
dose equivalent in millirem for the wear period, a
quarterly accumulated dose equivalent, a year-to-date
dose equivalent, and a lifetime dose equivalent for each
participant. In addition, for each column, exposures
are provided for deep dose, lens of the eye dose, and
shallow dose equivalents. The deep-dose equivalent
applies to the external whole-body exposure at a tis-
sue depth of 1 cm, the eye dose equivalent applies to
the external lens of the eye at a tissue depth of 0.3 cm,
and the shallow-dose equivalent applies to the external
exposure of the skin at a tissue depth of 0.007 cm. Par-
ticipants should check their dosimetry report for each
wear period.
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Exposure to ionizing radiation carries with it both a benefit
and a risk. With few exceptions, the diagnostic benefit of
a radiologic procedure far outweighs the minimal risk result-
ing from the x-ray exposure. The information received by the
physician from a radiologic examination about the clinical
condition of the patient is an essential part of the practice of
modern medicine.

lonizing radiation is any form of radiation that pos-
sesses energy capable of displacing atomic electron bonds
and breaking the electron bonds that hold the molecules of
matter together. The potential biological damage from the
ionization process is the reason for the need to understand
proper radiation protection practices. lonizing radiation
comes from two major sources: natural background radiation
and human-made radiation.

The biological effects of radiation exposure are either
somatic, occurring in the individual exposed, or genetic,
occurring in the descendants of the individual exposed. It is

¥ REVIEW QUESTIONS

1. Explain the differences between alpha and beta
particles.

2. Differentiate between somatic and genetic effects.

3. What are the primary sources of ionizing radiation?
Give examples of each.

4. What are the three basic quantities of radiation mea-
surement and their associated conventional and SI
units?

What is the kerma?

Describe the function of a GM survey instrument.

List three types of personnel monitoring devices.

A

Explain the function of the filters in a dosimeter.
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KEY TERMS

ALARA
deterministic effects

dose limits

occasionally exposed workers
occupationally exposed workers
primary barrier

protective device

radiation workers

secondary barrier

stochastic effects

structural protective barrier

Rontgen almost from the beginning had conducted all his experiments in
his big zinc box.... Then he had added a lead plate to the zinc between
the tube and himself, and in doing so he had unknowingly protected
himself completely. With an accurate appreciation of the import of these
unexplained effects, Rontgen foresaw the suffering consequent to the

careless handling of the rays.

Otto Glasser from the biography Dr. W. C. Rontgen

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Differentiate between the various advisory groups and regulatory
agencies involved in developing radiation protection standards.

Explain the concept of dose limits related to the use
of radiation.

Describe the ALARA concept.

Explain the basic principles of reducing exposure
to radiation.

Describe techniques used to minimize radiation exposure
to patients and personnel.

Discuss the precautions that should be taken to minimize potential
fetal exposures.
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i ADVISORY GROUPS
AND REGULATORY AGENCIES

A number of different organizations and agencies are
involved in the development of standards for radiation
protection and the establishment of regulations for the
protection against the hazards that can result from the use
of ionizing radiation.

The advisory groups that have shared in the establish-
ment of radiation protection standards include: the Inter-
national Commission on Radiological Protection (ICRP),
the National Council on Radiation Protection and Measure-
ments (NCRP), the National Academy of Sciences Advisory
Committee on the Biological Effects of Ionizing Radiation
(NAS-BEIR), and the United Nations Scientific Committee
on the Effects of Atomic Radiation (UNSCEAR).

The ICRP was formed in 1928 and has an interna-
tional membership. It provides a variety of perspectives
on radiologic health issues. In 1929, the ICRP established
the National Committee on Radiation Protection and
Measurements, which was later chartered by Congress in
1964 as the National Council on Radiation Protection and
Measurements (NCRP). The NCRP is a nonprofit organiza-
tion that is charged with collecting, analyzing, developing,
and disseminating information in the public interest, and
recommendations about radiation protection and radiation
measurements, quantities, and units. It works cooperatively
with the ICRP and other agencies to accomplish its mission.

The NAS-BEIR and UNSCEAR are two additional
advisory groups that study and report on the risks from
exposure to ionizing radiation.

In addition to the advisory groups, there are a num-
ber of regulatory agencies responsible for protecting the
public and occupationally exposed individuals from the
effects of ionizing radiation. Regulatory agencies carry
the force of law and can inspect facilities, issue fines,
and revoke radiation use authorizations. Two such agen-
cies are the U.S. Nuclear Regulatory Commission (NRC)
and the U.S. Food and Drug Administration (FDA). The
NRC has been given the regulatory authority for spe-
cial nuclear materials and by-products. In a number of
instances, the NRC has entered into agreements with the
states to oversee and enforce the regulations. In these
agreement states, it becomes the state’s responsibility to
enforce NRC regulations. The FDA regulates radiophar-
maceuticals, as well as the performance and radiation
safety requirements of commercial x-ray equipment.

The two primary sources of radiation protection
standards in the United States are the NRC, which is a U.S.
federal agency charged with licensing facilities and con-
trolling the use of radioactive materials, and the NCRP, an

advisory group that makes recommendations for radiation
protection. Both sources are used when setting radiation
protection policies and procedures. The NRC regulations
are available on the Internet at www.nrc.gov, and the
NCRP reports are available at www.ncrp.com.

i LIMITING EXPOSURE
TO IONIZING RADIATION

It is important to set limits for the protection of the radiation
worker and the general public because of the known bio-
logical effects of exposure to ionizing radiation. The primary
purposes for establishing dose limits are to limit the risks of
stochastic effects and to prevent deterministic effects (also
known as nonstochastic effects). Stochastic effects are
those for which no threshold dose of radiation exists, such
as cancer and genetic effects. They are random in nature.
Regardless of dose, some will experience an effect. As dose
goes up, the chance of experiencing an effect also goes up.
Deterministic effects, such as cataracts, skin erythema, and
sterility, are those for which a threshold dose is assumed. As
dose increases, the severity of the effect increases. Although
the dose has to be high to demonstrate the effect, once that
dose is reached, the probability of demonstrating the effect
is very high.

For radiation protection purposes, individuals may
be divided into two groups. First are those classified as
radiation workers, who incur, as an occupational risk, a
certain likelihood of exposure to ionizing radiation in the
course of their normal duties. The second group includes
members of the general public.

Radiation workers may be further classified as
occupationally exposed workers and occasionally exposed
workers. Occupationally exposed workers are individuals
who have a significant potential for exposure to radiation
in the course of their employment. Occasionally exposed
workers are individuals whose duties may occasionally
bring them into areas where radiation exposure may
occur. Both occupationally exposed workers and occa-
sionally exposed workers should receive instruction and
training regarding hazards of radiation exposure and
radiation protection practices.

Dose Limits

Radiation exposure limits pertinent to the protection of
radiation workers are known as dose limits and are speci-
fied for both whole-body exposure and for exposure to cer-
tain tissues and organs. Several terms have been used to
describe dose limits, including maximum permissible dose,
dose equivalent limits, and equivalent dose limits. Prior to
1987, the term maximum permissible dose (MPD) was



used to describe dose limits; this is no longer acceptable
terminology because no dose is considered permissible.

Dose equivalent limits and cumulative effective
dose equivalent replaced MPD, and this philosophy was
described in NCRP Report No. 91, Recommendations
on Limits for Exposure to Ionizing Radiation. In
1993, NCRP Report No. 116, Limitation of Exposure to
ITonizing Radiation, replaced NCRP Report No. 91. This
report follows the same basic framework to dose limits
as the previous report, but incorporated some changes as
provided in ICRP Publication 60. Of particular note is the
change in terminology, from effective dose equivalent
limits (Report No. 91) to effective dose limits (Report
No. 116), and dose equivalent limits for tissues and organs
(Report No. 91) to equivalent dose limits for tissues and
organs (Report No. 116). Equivalent dose (H,) replaces
the previously used term, dose equivalent (H), in defining
dose limits. These two terms are conceptually different.
Dose equivalent (H) is based on the absorbed dose at a
point in tissue and equivalent dose (H,) is based on the
average absorbed dose in the tissue or organ.

Currently recommended values for occupational
and public dose limits are given in Table 10-1, and reflect
the recommendations of the NCRP as put forth in Report
No. 116. The effective dose limit for whole-body exposure
of a radiation worker is 5 rem (50 mSv) per year.

The cumulative effective dose (E) limit is age in rem,
which is determined in SI units by the formula:

E=10mSv X N
where: E = effective dose limit

N = age in years

EXAMPLE: Whatis the dose limit for a 19-year-old
radiation worker?

Answer:
E=10mSv X N
E=10mSv X 19

E = 190 mSv (19 rem)

EXAMPLE: Whatis the dose limit for a 35-year-old
radiation worker?

Answer:
E=10mSv X N
E = 10 mSv X 35

E = 350 mSv (35 rem)
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II;II Effective Dose Limit

Recommendations

Occupational Exposures
Effective dose limits

50 mSv
10 mSv X age (1 rem X age)

Annual (5 rem)
Cumulative

Dose equivalent annual limits for tissues and organs

Lens of eye 150 mSv (15 rem)

Skin, hands, and

feet 500 mSv (50 rem)
Public Exposures (Annual)
Effective dose limit

Continuous or

frequent exposure 1 mSv (0.1 rem)

Infrequent exposure 5 mSv (0.5 rem)
Equivalent dose limits for tissues and organs

Lens of eye 15 mSv (1.5 rem)

Skin, hands, and

feet 50 mSv (5 rem)
Embryo/Fetus Exposures (Monthly)
Equivalent dose limit 0.5 mSv (0.05 rem)
Education and Training Exposures (Annual)
Effective dose limit 1 mSv (0.1 rem)
Dose equivalent limit for tissues and organs

Lens of eye 15 mSv (1.5 rem)

Skin, hands, and

feet 50 mSv (5 rem)

Adapted from NCRP Report No. 116, Limitations of Exposure to lonizing
Radliation, Table 19.1.

Irradiation at the upper level of the dose limits is not to
be considered as desirable and, in every case, efforts to
reduce exposures to the lowest possible level should be
taken.

Individuals not classified as radiation workers
are considered members of the general public. For
purposes of protection of these individuals, the level of
recommended dose limits, exclusive of any exposure
received as the result of a medical procedure, has been
established as one-tenth of the effective dose limit for
radiation workers—that is, 0.5 rem (5 mSv) per year
for infrequent exposure, and one-fiftieth of the effec-
tive dose limit for radiation workers, which is 0.1 rem
(1 mSv) per year for continuous exposure. Individuals
in education and training have the same effective dose
limit (for continuous or frequent exposure) as the gen-
eral public, that is, 0.1 rem (1 mSv).



142 UNIT Il Protecting Patients and Personnel

Nuclear Regulatory
Commission (NRC)

The NRC regulations for radiation protection are known
by their Code of Federal Regulations (CFR) No. 10CFR20.
Unlike the NCRP, which is an advisory body, the NRC is
a U.S. federal government agency and its regulations are
law in the United States. NRC licensees are required to
implement these standards. The standards for occupa-
tional dose limits for adults are shown in Table 10-2.
The most critical of the NRC regulations is the whole-
body exposure regulation that limits exposure to 500 mSv
(50 rem)/year to any organ or 50 mSv (5 rem)/year whole
body. Moreover, worthy of note are the regulations for
exposure to the extremities, lens of the eye, and preg-
nancy (which is discussed in detail later in this chapter).

Maintaining Exposure as Low as
Reasonably Achievable (ALARA)

A basic philosophical principle of radiation protection con-
cerning the use of ionizing radiation emphasizes the need
to maintain exposure to ionizing radiation at a level As Low
As Reasonably Achievable (ALARA), with economic and
societal factors being taken into consideration. This prem-
ise has been accepted by advisory and regulatory agencies
and requires that radiologic personnel take on the respon-
sibility of minimizing the exposure to their patients and
any other individuals involved in a radiologic procedure.
Implementation of the ALARA principle is achieved by
application of the basic principles of radiation protection
and a thoughtful approach to all work involving exposure
to ionizing radiation.

i PROTECTION OF PERSONNEL

When radiological procedures are performed, there is
a possibility that individuals other than the patient will
receive some radiation exposure. Although the patient
should be the only person exposed to the primary

beam, others involved in the procedure may be exposed
to radiation scattered from the primary beam or to leak-
age radiation from the x-ray tube. This occurs particularly
during fluoroscopy, mobile examinations, interventional
special procedures, and cardiac catheterization. For most
radiographic exposures, personnel should be behind
protective barriers. Radiologic personnel should not be
involved in holding patients who are unable to cooperate
during an x-ray exposure. Immobilization devices should
be used or, if absolutely necessary, assistance should be
requested from the patient’s family or friends.

Figure 10-1A and B represent diagrams of two
iso-exposure curves that illustrate the percentage of
scattered radiation that personnel are exposed to dur-
ing a single exposure of 20 mAs to a chest phantom.
The curves represent the percentage of the exposure
to the skin at various distances from the patient using
two different kilovoltages (60 kVp and 80 kVp) and two
different field sizes (20 X 20 cm and 28 X 32 cm). The
effect of kVp is illustrated in Figure 10-1A for the trans-
verse plane. The effect of beam restriction (collimation)
is shown in Figure 10-1B for the coronal plane. In both
instances, an obvious reduction in exposure to scattered
radiation occurs as the distance away from a patient
increases. In addition, the amount of scatter around a
patient is affected to a greater extent by changes in col-
limation rather than changes in kVp.

Principles of Personnel
Exposure Reduction

Reduction of an individual’s exposure to ionizing radia-
tion may be accomplished by application of three basic
principles: (1) reduce the amount of ¢ime spent in the
vicinity of the radiation source while it is operating;
(2) increase the distance between the radiation source
and the individual to be protected; and (3) interpose a
shielding material, which will attenuate the radiation
from the source. These three basic principles are some-
times referred to as the three cardinal rules of radiation
protection.

ABL ‘ I;E Occupational Dose Limits for Adults—NRC Regulation IOCFR20

Whole-body definition
Extremities definition
Whole-body exposure limits
Lens of the eye

Skin of the whole body
Extremities

150 mSv (15 rem)/yr
500 mSv (50 rem)/yr

Embryo/fetus/pregnancy 5 mSv/term (0.5 rem or 500 mrem)

Head, trunk, gonads, arms above elbow, legs above knee
Arms, elbows, and below; legs, knees, and below
Most limiting of: 500 mSv (50 rem)/yr to any organ or 50 mSv (5 rem)/yr whole body

500 mSv (50 rem)/yr applied to each extremity
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FIGURE 10-1. The iso-exposure curves represent the percentage of the exposure to the skin at various distances from the patient using two dif-
ferent kilovoltages (60 kVp and 80 kVp) and two different field sizes (20 X 20 cm and 28 X 32 cm). The effect of kVp is illustrated in (A) for the
transverse plane. The effect of beam restriction (collimation) is shown in (B) for the coronal plane. (Reprinted with permission from P Cartwright

(1992), Distribution and relative intensity of scattered radiation. Radiography Today, 58(664), 12-13.)
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Time. X-ray imaging equipment produces radiation only
during the actual exposure used to form the image dur-
ing a procedure. The time of exposure on a per-image
basis is very short (typically much less than 1 second)
during radiographic procedures. During fluoroscopic
procedures, which are used when dynamic information
is required, the x-ray source may be on (usually intermit-
tently) for several minutes to as long as an hour or more.
To minimize exposure to radiation, individuals should
reduce the amount of time they spend in the vicinity of an
operable radiation source. The simplest way to do this is
to ascertain whether their presence is needed during the
procedure. Whenever possible, individuals should remain
behind protective barriers.

Distance. Increasing the distance between the individual
and the source of radiation is an effective method to
reduce exposure to radiation. As distance from the source
of radiation is increased, the radiation level will decrease
significantly. Maximizing the distance from an operable
source of radiation is a particularly effective method of
exposure reduction during mobile radiographic and fluo-
roscopic procedures.

The amount of exposure reduction can be calculated
using the inverse square law, which describes the relation-
ship between distance and radiation intensity. The inverse
square law states that the intensity of radiation at a given
distance from a point source is inversely proportional to
the square of the distance. For example, if the distance
between the individual and the source of radiation is
doubled, the exposure to the individual will be reduced
by a factor of 4 (2%); if the distance between the individual
and the source of radiation is tripled, the exposure to
the individual will be reduced by a factor of 9 (3%). The
relationship between distance and radiation exposure is
explained in further detail in Chapter 12.

Shielding. Shielding is used when neither time nor
distance is effective in achieving the desired degree
of reduction in exposure. By interposing any material
between the source of radiation and the point at which
it is desired to reduce the exposure, a certain reduction
in exposure will be achieved. The degree of exposure
reduction will depend on the physical characteristics of
the material (atomic number, density, and thickness).
For fixed x-ray imaging facilities, the most common
materials are lead and concrete. Such facilities are
designed in accordance with specific recommendations
(NCRP Report No. 49), depending on the configuration
of the equipment, its intended use, and the surrounding
area. Additional devices, such as mobile shields, lead-
equivalent aprons, and lead-equivalent gloves should be
used when it is not possible to take advantage of fixed
structural barriers.

Protective Barriers

During the design of fixed x-ray imaging facilities, it is
necessary to ensure that the layout of the equipment
and shielding of the room are such that the expo-
sure to personnel and members of the public within
adjacent areas is within the recommended equivalent
dose limits. This is accomplished through the use of a
structural protective barrier made of materials having
effective x-ray attenuating properties, and of thicknesses
sufficient to reduce exposures to the desired levels. Com-
monly used materials include lead sheet, concrete, lead
glass, steel, and leaded acrylic.

Protective barriers are classified as either a primary
barrier or a secondary barrier. Primary barriers can be
struck by the primary or useful beam exiting the x-ray
tube. Secondary barriers can only be struck by scat-
tered and leakage radiation. The primary beam cannot
be directed at secondary barriers. Secondary barriers are
always thinner than primary barriers.

The design of structural shielding for x-ray imag-
ing facilities is treated in detail in NCRP Report No. 49,
Structural Shielding Design and Evaluation for Med:i-
cal Use of X-Rays and Gamma Rays of Energies Up to
10 MeV. Barrier requirements are dependent on the type
of equipment, its layout within the room, the occupancy
of adjacent areas, and other factors. Such shielding should
always be designed by a qualified diagnostic radiological
physicist.

Protective Devices

When it is not possible for personnel to remain behind a
protective barrier, it is the radiographer’s responsibility to
ensure that a protective device is worn by all personnel,
including physicians, nurses, aides, and so forth. These
situations arise frequently during fluoroscopy and some
mobile procedures. The most common protective devices
are lead aprons and lead gloves. Special devices include
leaded glasses and thyroid shields.

During fluoroscopy and mobile radiography, person-
nel should always wear a protective apron. Lead gloves
should also be worn if the hands will be in close proxim-
ity to the primary beam. Protective aprons and gloves are
usually made of lead-impregnated vinyl within the range of
0.25-1 mm of lead equivalency. The greater the lead equiva-
lence, the greater the protective ability and the weight of
the item. Aprons vary in weight from a few pounds to over
20 pounds, depending on design and lead content. For
example, a lead apron that wraps completely around the
body, extending from shoulders to knees with a 1-mm lead
equivalent, will possess a significant weight. This weight
can be a serious consideration if personnel are expected
to wear the apron for long periods of time. The protective



aprons must possess a minimum of 0.5-mm lead equivalent
if the peak energy of the x-ray beam is 100 kVp. Most depart-
ments use aprons with 0.5-mm lead equivalent to provide
personnel with a balance between protection and weight.
Lead gloves usually possess 0.25 mm of lead equivalency.

i PROTECTION OF THE PATIENT

Proper radiation protection of the patient is achieved
through both medical and technical decisions. Medical
decisions lie with the patient and are based on the profes-
sional judgment of physicians and other practitioners of
the healing arts in consultation with the patient.

Technical decisions include a number of factors that
affect the amount of radiation a patient receives during a
diagnostic x-ray examination. Many of these factors are
under the direct control of the radiographer. It is a radiog-
rapher’s responsibility to understand these factors and to
minimize patient exposure while producing a satisfactory
diagnostic image.

Although it is desirable to minimize the exposure to a
patient undergoing a radiologic procedure, it must be kept
in mind that the goal of any radiologic imaging procedure
is to provide information about the medical condition of
the patient to aid in clinical management. Overzealous
attempts to reduce patient exposure may significantly
compromise the information to be obtained from the
examination. Keeping these concepts in mind, the follow-
ing principles should be applied to minimize exposure to
the patient.

Beam Limitation

The size of the x-ray beam should always be restricted to
the area of clinical interest and should never exceed the size
of the image receptor. Proper collimation not only reduces
patient dose but also improves the overall quality of the
radiographic image because less scatter radiation is created
with smaller field sizes. Ideally, evidence of proper collima-
tion, as demonstrated by an unexposed border on all sides
of the radiographic image, should be present.

Technique Selection

Technique factors for a given examination should be selected
to minimize dosage to the patient. High-kVp/low-mAs tech-
niques are preferred to decrease patient dose. However, the
selected kVp should be chosen so that the required contrast
in the radiographic image is not compromised as a result of
a more penetrating x-ray beam or because of an increase in
the amount of scatter radiation reaching the image receptor,
which can impair image quality. Tube current and exposure
time should be chosen to minimize the degrading effects of
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anatomical motion. Proper technical factor selection is the
responsibility of the radiographer. This decision must take
into account the information needed to make a proper diag-
nosis. It is important to remember that increasing kVp alone
does not decrease patient dose but instead will increase
patient dose. To reduce patient dose, the increase in kVp
must be accompanied by a reduction in mAs to maintain an
acceptable exposure.

Distance also has an impact on patient dose. Expo-
sure decreases as distance increases. For this reason,
routine procedures traditionally done at 40" are now rec-
ommended to be done at 44-48".

Filtration

Filters are placed at the x-ray port to selectively absorb
low-energy photons that would be absorbed by the patient
and not contribute to the image. These low-energy pho-
tons would be absorbed by the patient, resulting in an
increase in the patient dose. Specialized filtration is also
available. It allows for additional exposure reduction by
the selective removal of photons from the beam.

Aluminum is the most common filtering material
used and filtration is expressed in terms of the thickness
of aluminum equivalency (Al/Eq). The NCRP recommends
a minimum total filtration of 2.5 mm Al/Eq for x-ray equip-
ment operating above 70 kVp. A renewed interest in copper
filtration has initiated new research that is showing patient
exposure decreases between 25 and 44 percent. When fil-
tration is increased, technical factors need to be increased
to compensate for the reduction in exposure associated
with the filtration. Despite the need to increase techni-
cal factors to maintain exposure, the overall dose to the
patient decreases with the use of filtration.

Grids

Radiographic grids are placed between the patient and the
image receptor to preferentially absorb scatter radiation.
Because grids absorb primary as well as scatter radiation,
technical factors must be increased to produce an image
of acceptable exposure. This increase in technical factors
results in an increase in patient dose, but image quality is
significantly improved. The lowest possible grid ratio con-
sistent with effective scatter removal should be utilized to
keep patient dose as low as reasonably achievable.

Gonadal Shielding

Shielding the gonads (ovaries or testes) is especially
important to minimize the possibility of any genetic effect
on the future children of an exposed individual. Special
attention should be paid to shielding the gonads of chil-
dren and adults of childbearing age.



146 UNIT 1l

Protecting Patients and Personnel

A

FIGURE 10-2. Gonadal shields: (A) flat shield, (B) shadow shield.

Proper collimation is important when decreasing
gonadal dose, but special gonadal shields should be used
any time the gonads are within 4-5 cm of the primary
beam. The three basic types of gonadal shields are fla¢
contact shields, shaped contact shields, and shadow
shields (Figure 10-2).

Flat contact shields are usually made of various sizes
of lead-impregnated vinyl and are placed between the
patient’s gonads and the source of radiation. During fluo-
roscopy, the shield usually needs to be placed underneath
the patient because that is where the source of radiation
is most often located. Flat contact shields may need to be
secured in place to ensure correct placement for a variety
of patient positions.

Shaped contact shields are cup-shaped and designed
to enclose the male gonads. These shields provide maxi-
mum protection in a number of patient positions.

Shadow shields are mounted to the tube and are
placed in the x-ray beam near the collimator. The collima-
tor’s light field must be precise for accurate shield place-
ment. The device is adjusted to cast a shadow over the
patient’s gonads.

Image Receptors

The response (speed) of the image receptor should be as
high as possible, consistent with the required information
of the radiologic procedure. Both digital image and film-
screen image receptor systems reduce patient dose by
reducing the quantity of x-ray photons needed to create
an image. Digital systems convert x-ray photons either
directly to electronic image signals or to light, whereas
intensifying screens convert x-ray photons to light pho-
tons, which expose film within a cassette. The response or
speed of the image receptor is influenced by the sensitiv-
ity of the materials that make up the receptor.

With digital systems, it becomes the responsibility
of the department to establish exposure ranges based on

the image quality desired for a particular examination.
A wide range of patient exposures can produce accept-
able images, and it is the technologist’s responsibility to
keep the patient dose for a given exam as low as pos-
sible without compromising image quality. Gross over- or
underexposure errors are not as obvious to the eye but do
significantly affect image quality and require repeating the
procedure. All digital radiography systems have a method
for evaluating the image receptor exposure, although this
varies from vendor to vendor.

Projection

The projection used for a particular exam will have an
impact on patient dose to specific body tissues. For exam-
ple, the lens of the eye receives a greater dose during antero-
posterior (AP) projections of the cranium than it does if the
posteroanterior (PA) projection is used. Or, a contrast-filled
bladder will serve as a gonadal shield for females if the
exposure is made with the patient in the AP projection, but
will not shield the ovaries in the PA projection.

Repeat Images

Any time an image must be repeated, patient dose
increases as a direct result of the exposure from the poor
image. Radiographers must possess a complete under-
standing of the entire radiographic process to minimize
repeat exposures. Images generally need to be repeated
for such reasons as improper exposure factor selection,
poor positioning (tube/part/image receptor alignment),
poor patient instruction, or improper post processing.
Images should only be repeated when the quality com-
promises the diagnostic information of the procedure.
It is important for the radiographer to communicate effec-
tively with the patient and provide the patient with clear
instructions during the procedure to minimize the possi-
bility of needing to repeat the exposure.



Patient Exposure Estimates

Estimates of the exposure received by patients undergoing
radiographic procedures should be available. These esti-
mates should be developed for the average patient based on
standard technique charts and measured exposure charac-
teristics of the radiological imaging equipment. Chapter 14
provides information on calculating the patient exposure
for a given procedure and describes ways in which the
radiographer can minimize the exposure to the patient.

Equipment

All radiologic imaging equipment should be surveyed
periodically by a diagnostic radiologic physicist to assess
its radiation safety characteristics. Such surveys should
normally be conducted in conjunction with scheduled pre-
ventive maintenance and performance surveys and should
be performed at least annually. The results of such surveys
should be documented. Any deficiencies should be cor-
rected prior to returning the equipment to clinical service.

i RADIATION EXPOSURE
AND PREGNANCY

A situation deserving special consideration is the pos-
sibility of radiation exposure during the early weeks of
pregnancy, generally before the woman is aware of her
condition. The dose to the fetus is of concern, particularly
in the early stages of development when certain tissues
and organs are especially sensitive to radiation. Studies
summarized in the report BEIR V, suggest the fetus may be
particularly radiosensitive during the period of 8-15 weeks
postconception. As a result, care must be taken to reduce
radiation exposure to any pregnant individual, including
pregnant (or potentially pregnant) patients and pregnant
personnel. It is currently recommended by the NCRP
that the monthly equivalent dose limit (excluding medical
exposure) for the embryo not exceed 0.05 rem (50 mrem,
0.5 mSv), once the pregnancy becomes known.

NCRP Report No. 54, Medical Exposure of Pregnant
and Potentially Pregnant Women, discusses the risks
associated with fetal exposure: This risk is considered to
be negligible at 5 rad or less when compared to other risks
of pregnancy, and the risk of malformations is significantly
increased above control levels only at doses above 15
rad. Therefore, the exposure of the fetus to radiation aris-
ing from diagnostic procedures would very rarely be the
cause, by itself, for terminating a pregnancy. According to
NCRP Report No. 54, if there are reasons, other than the
possible radiation effects, to consider a therapeutic abor-
tion, such reasons should be discussed with the patient by
the attending physician, so that it is clear that the radiation
exposure is not being used as an excuse for terminating
the pregnancy.
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Pregnant Radiation Worker
Exposure Standards

There are two sets of standards that are applied to pregnant
radiation workers. These standards include students under
the definition of those who are occupationally exposed to
ionizing radiation because students in radiologic sciences
programs are classified as students by occupation, and the
exposure occurs during duties in their occupation.

The two standards complement one another. The
NRC is a U.S. federal agency charged with licensing facili-
ties and controlling the use of radioactive materials. The
NCRP is an advisory group that makes recommendations
for radiation protection.

NRC regulations state that the dose equivalent to
the embryo/fetus during the entire pregnancy, due to the
occupational exposure of a declared pregnant woman,
cannot exceed 5 mSv (0.5 rem or 500 mrem). The NCRP
recommends that fetal exposure be restricted to an
equivalent dose limit of 0.5 mSv (0.05 rem or 50 mrem)
per month. These two limits are complementary as a nor-
mal human gestation spans a 10-month period. Therefore,
0.5 mSv (0.05 rem) for 10 months equals 5 mSv (0.5 rem)
for the entire gestational period. The specific citations
(which are often referred to in pregnancy policies and
state regulations) are NRC regulation 10CFR20.1208 and
NCRP Reports No. 54, No. 116, and No. 128, with the pri-
mary recommendation issued in Report No. 116.

Declaring Pregnancy. Pregnant radiation workers are
referred to in U.S. federal regulations as “declared preg-
nant” because a woman has the right to choose whether
or not to declare her pregnancy (this was established in a
U.S. Supreme Court decision in the case of United Auto
Workers vs. Johnson Controls). The government currently
interprets this as including the right to revoke her declara-
tion at any time. In addition, a female worker can legally
declare pregnancy without documented medical proof
and there is no limit on how frequently or for how long a
duration a person can declare she is pregnant.

Although the idea of declaring and undeclaring a preg-
nancy may sound bizarre, it is legitimate in the light of legal
decisions that give women the right to choose for their
embryo/fetus. This concept requires women to make a
decision as to what radiation regulations will be applied to
a pregnancy. Therefore, the NRC requires a voluntary dec-
laration of pregnancy to be in writing, dated, and include
the estimated month of conception. In addition, NRC
regulation 10CFR19.12 requires that instructions to women
assigned to radiation exposure areas must include explana-
tion of the right to declare or not declare pregnancy status
as well as requiring that all information in NRC Regulatory
Guide 8.13 be discussed. This mandatory guide has details
about the risk of radiation exposure in order to permit
women to make an informed decision about declaring a
pregnancy. The guide is downloadable at www.nrc.gov.
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ALARA and Pregnancies

It has become common practice to assign declared
pregnant women to areas where exposure is likely to
be lower. This approach is now being discouraged in
compliance with ALARA concepts of keeping all occu-
pational exposure as low as reasonably achievable. The
rationale is that any displacement of normal duties places
additional radiation exposure burden on fellow workers,
both male and female, which they may find unaccept-
able. Therefore, reassigning declared pregnant women
to lower-exposure areas causes increased risk to others.

In addition, because some women are not aware of
pregnancy until after the most sensitive first trimester has
passed, it is very possible that another as-yet-undeclared
pregnant woman could be assigned additional time in a
high-exposure area, thus increasing risk to her embryo/
fetus at the worst possible time.

Some authors are recommending that if institu-
tions choose to reassign declared pregnant women
in opposition to recommended ALARA guidelines, all
workers (or students) must clearly understand the ram-
ifications of such a policy. To avoid legal complications,
it is recommended that all occupationally exposed per-
sons in the institution agree to the policy in writing, and
that this documentation includes specific statements
indicating agreement to be placed in higher-exposure
areas from time to time, as necessary to accommodate
those women who have declared pregnancy.

The authors of this book recognize the controversial
nature of these recommendations and acknowledge that
administrative ethical beliefs about abortion are often
linked to pregnancy policies in institutions. However,
we believe that radiologic sciences professionals should
have a part in the determination of these policies as it is
their bodies and future children that are at risk. Informed

t is important to set limits for the protection of the radia-
tion worker and the general public because of the known
biological effects of exposure to ionizing radiation. Occupa-
tional radiation exposure limits pertinent to the protection of
radiation workers are known as dose equivalent limits and
are specified for both total body exposure and for exposure

to certain tissues and organs.

To minimize dose to personnel, the basic principles
of time, distance, and shielding should be applied. There
are two types of fixed x-ray installation protective barriers.

decisions cannot be made without the information we
have supplied here.

The Pregnant Patient

To minimize the possible exposure to an embryo in the
earliest days of a pregnancy, a guideline known as the
10-day rule was recommended by a number of advisory
agencies. This guideline stated that elective abdominal
x-ray examinations of fertile women should be postponed
until the 10-day period following the onset of menstrua-
tion, as it would be improbable that a woman would
be pregnant during these 10 days. Based on the current
understanding of radiobiology, this rule is now considered
obsolete, primarily because the egg for the next cycle
reaches maximum sensitivity during the 10-day period.
The application of this guideline within the radiology
department has always proven difficult.

It is now the general belief that postponement of
abdominal x-ray examinations is not necessary when
the physician requesting the examination has considered
the entire clinical state of the patient, including the pos-
sibility of pregnancy. The potential pregnancy status of
all female patients of childbearing age should always
be determined; in the event of known pregnancy, steps
should be taken to minimize exposure to the fetus. One
way to ensure against irradiating a woman in the early
stages of pregnancy is to institute elective scheduling for
nonemergency procedures. In many departments, female
patients of childbearing ages are asked to provide the
date of their last menstrual period (LMP). If there is a
concern about a possible pregnancy, the patient’s exam
may be rescheduled. If a radiologic exam on a pregnant
patient is deemed necessary, a diagnostic radiological
physicist should perform calculations to estimate the
actual fetal dose.

Primary protective barriers are designed to protect against
the direct exposure to the primary x-ray beam. Secondary
protective barriers are designed to protect against exposure
from scatter and leakage radiation. When it is not possible
for personnel to remain behind a protective barrier, protec-
tive devices, such as lead aprons and lead gloves, should
be worn.

To minimize patient dose while creating a diagnostic
image, the radiographer must understand the factors that
have a significant relationship to patient dose, such as beam




limitation, technique selection, filtration, grids, gonadal
shielding, image receptors, and repeat images.

Care must be taken to reduce radiation exposure to
any pregnant individual, including pregnant (or potentially
pregnant) patients and pregnant personnel. It is currently
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recommended by the NCRP that the equivalent dose limit
(excluding medical exposure) for the embryo-fetus not
exceed 0.05 rem (0.5 mSv) in any month, once the preg-
nancy becomes known. =

% REVIEW QUESTIONS

1. What are the roles and responsibilities of the various
advisory groups?

2. What is the annual effective dose limit for whole-body
exposure of a radiation worker?

3. Whatis the cumulative effective dose limit for a
28-year-old radiation worker (in rem and mSv)?

4. Explain the ALARA concept.

5. What are the three basic principles used for minimiz-
ing an individual’s exposure to ionizing radiation?

6. What is the difference between a primary and sec-
ondary protective barrier?

7. How can a radiographer minimize radiation expo-
sure to the patient?

8. What is the equivalent dose limit for the embryo/
fetus per month?

9. According to NRC regulations, how does a woman
declare herself pregnant?
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KEY TERMS

added filtration

compensating filter the bones gleam out of the dark. like the ghost of a fern in stone here are

compound filter Spinelamt ribs:

filter Celia Gilbert, “X-Ray”
half-value layer (HVL)

inherent filtration
K-edge filter
Thoraeus filter OBJECTIVES

total filtration
trough filter Upon completion of this chapter, the student should be able to:

wedge filter Define filtration, inherent filtration, added filtration, compound
filtration, compensating filtration, and total filtration.

Explain the concept of half-value layer equivalency measurements of
lE

Appraise various types of filters for specific clinical situations.
Describe the effect of filtration on the entire x-ray beam.
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FILTRATION

Filtration is the process of eliminating undesirable
low-energy x-ray photons by the insertion of absorbing
materials into the primary beam. When inserted properly,
filtration permits the radiographer to shape the photon
emission spectrum into a more useful beam. Filtration
is sometimes called hardening the beam because it
removes the low-energy (soft) photons (Figure 11-1). The
primary reason for filtration is the elimination of photons
that would cause increased radiation dose to the patient
but would not enhance the radiographic image.

At 20 keV, about 45 percent of the incident pho-
tons will penetrate 1 cm of soft tissue but only about
0.0006 percent will penetrate 15 cm. At 50 keV, 3.5 per-
cent of the incident photons (a significant percentage)
will penetrate 15 cm. Significant soft tissue penetration
occurs between 30 and 40 keV. Although they con-
tribute to the patient dose, low-energy photons have
insufficient energy to exit the patient and make any
contribution to the image. Therefore, their elimination
is desirable.

MEASUREMENT

Any material designed to selectively absorb photons
from the x-ray beam is called a filter. In diagnostic radi-
ology, filtration is typically added between the source
and the patient. Aluminum is the most common filter
material used, although other materials, such as glass,
oil, copper, and tin, are used as or become filters in
various instances. Aluminum is considered the standard
filtering material and all filtration can be expressed
in terms of the thickness of aluminum equivalency
(AIVEq). For example, the attachments, mirror, and plas-
tic of a collimator might be the equivalent of 0.5 mm of
aluminum (Figure 11-2). This would be expressed as
0.5 mm Al/Eq.

Filtration is also expressed in terms of half-value
layer. The half-value layer (HVL) is that amount of absorb-
ing material that will reduce the intensity of the primary
beam to one-half its original value. It is an indirect measure
of the total filtration in the path of the x-ray beam. Half-
value layers are usually expressed in terms of aluminum
filtration equivalency; for example, HVL = 2.0 mm Al/Eq.
The federal government specifies the minimum HVLs for
all diagnostic x-ray tubes. Table 11-1 outlines this require-
ment as specified in Title 21 of the Code of Federal Regu-
lations (21 CFR 1020.30). If the HVL is at the appropriate
level, the total filtration in the x-ray tube is adequate to
protect the patient from unnecessary radiation.
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FIGURE 11-1. Effect of filtration on the x-ray beam.
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FIGURE 11-2. Total filtration of the x-ray beam.

TYPES OF FILTRATION

Filtration occurs at various points between the x-ray tube
and the image receptor. It is either inherent in the design of
the tube or added between the tube and the image receptor.

Inherent Filtration

Filtration that is a result of the composition of the tube and
housing is often called inherent filtration because it is a part
of these structures. The thickness of the glass envelope of



Minimum Half-Value Layer (HVL)
Requirements for X-Ray Systems
in United States (Title 21 of 21
CFR 1020.30)

X-Ray Tube Voltage (Kilovolt Peak)

Below 51 30 0.3
40 0.4

50 0.5

51t0 70 51 1.2
60 13

70 1.5

Above 70 71 2.1
80 23

90 2.5

100 2.7

110 3.0

120 3.2

130 3.5

140 3.8

150 4.1

the tube, the dielectric oil that surrounds the tube, and the
glass window of the housing all contribute to the inherent
filtration. A typical x-ray tube might have a total inherent
filtration of 0.5-1 mm Al/Eq. Most of the inherent filtration
comes from the window of the glass envelope.

Because of this, mammographic tubes with special
molybdenum targets that are designed to produce lower-
energy photons for soft tissue imaging often have special
beryllium (atomic number 4) windows in the glass enve-
lope to eliminate the majority of the inherent filtration.
Beryllium windows can reduce the inherent filtration to
0.1 mm Al/Eq (see Chapter 38).

As tubes age they become gassy, the anode begins
to pit, and the glass envelope may gain a mild coating of
vaporized metal. All of these factors will cause an increase
in the inherent filtration, thus reducing the tube efficiency.
This is the reason why HVL testing of tubes is a recom-
mended quality control procedure for evaluation of tube
efficiency and age.

Added Filtration

Any filtration that occurs outside the tube and housing and
before the image receptor is considered added filtration. Fil-
tration materials are selected to absorb as many low-energy
photons as possible while transmitting a maximum number
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of high-energy photons. Aluminum, with an atomic number
of 13, functions very well as a low-energy absorber.

The collimator device also adds filtration to the
beam and is considered to be added filtration. Collimators
average 1 mm Al/Eq, most of which comes from the silver
on the mirror situated in the beam. The mirror is designed
to reflect the collimator light to simulate the primary
beam field size for positioning purposes. This addition to
the inherent filtration is why mammographic units often
do not use collimators. The filtering effect would cause
absorption of the low-energy photons that are desirable
for soft tissue imaging.

Compound Filtration

A compound filter uses two or more materials that comple-
ment one another in their absorbing abilities. Most com-
pound filters are constructed so that each layer absorbs the
characteristic photons created by the previous layer. For this
reason, a compound filter is also referred to as a K-edge filter.
Compound filters place the highest-atomic-number material
closest to the tube and the lowest-atomic-number material
closest to the patient. The final layer is usually aluminum,
which has an atomic number of 13.

Although aluminum is the most common filtering
material, copper, with an atomic number of 29, functions
well for slightly higher energies. When a copper filter is
used, it must be backed by an aluminum filter to absorb
the 8-keV K-shell characteristic radiation produced by the
copper. Copper filters should be at least 0.25 mm thick and
backed with a minimum of 1 mm of aluminum.

There has recently been renewed interest in cop-
per filters for digital diagnostic imaging, especially with
pediatric patients. Although original research related
to copper filters dates back to 1959, this renewed inter-
est is due to digital imaging allowing higher kVps to be
utilized. Current research is indicating a decrease in
entrance surface dose (ESD) between 25 and 44 percent.

A good example of acompound filter is the Thoraeus filter
used in radiation therapy. This filter combines tin, copper,
and aluminum, in that order. Tin has the highest atomic
number (50) and is placed first in the beam. Next, a copper
filter is added to absorb the 29.3-keV characteristic photons
created by the tin. Finally, aluminum is added to the copper
to absorb copper’s characteristic photons, which would only
contribute to increasing patient dose. The 1.5-keV K-shell
characteristic radiation produced by the aluminum filter is
absorbed in the air between the filter and the patient.

Compensation Filtration

A compensating filter is usually designed to solve a prob-
lem involving unequal subject densities. The goal is to add
an absorber to compensate for unequal absorption within
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the subject, thus making the overall absorption of the
primary beam more equal. This helps in producing a more
uniform image receptor exposure. Compensating filters
can be made of aluminum, leaded plastic trademarked
under the name ClearPb™, or plastic. Even an ordinary
saline solution bag can be a useful compensating filter.

The two most popular compensating filters are the
wedge filter and the trough filter (sometimes called a double
wedge). The thicker portions of the filter are matched to
the less-dense patient body parts (Figure 11-3). A wedge
filter can be useful for procedures on the thoracic spine, the
feet (Figure 114), and the lower extremities, particularly
during venography and femoral angiography. A trough filter
is useful to even the density differences between the medi-
astinum and the lungs on a chest radiograph.

It is also possible to custom design filters by several
methods. Aluminum, ClearPb™, or plastic pieces may be
attached by magnets or rods underneath the collimator
to permit movement into or out of the primary beam.
The advantage of the ClearPb™ is its ability to use the
collimator light to project the filter position onto the
patient’s body. Some plastic filters, such as the boomer-
ang filter, are designed to be placed under the patient.
Radiologists may object to the use of compensating
filters on the justifiable grounds that they cast artifacts
onto the radiographic image.

Explorations have been made into the use of various
heavy elements, including some of the rare earths, to utilize
K-shell characteristic production to enhance energy ranges

Wedge filter

FIGURE 11-3. Compensating filters.

that are especially useful. For example, studies have been
done using rare earths to increase photon emissions at
the energies needed by iodine contrast agents. Difficulties
in making these filtration techniques practical have kept
them from becoming popular. However, very good results
have been obtained for mammography by using a 0.05-mm
molybdenum filter and operating the tube at a constant
35 kVp.

Total Filtration

The total filtration is equal to the sum of inherent and
added filtration and does not include any compound
or compensating filters that may be added later. The
thickness of the added filtration varies depending on
the anticipated uses of the equipment. The percent-
age of photons attenuated decreases as photon energy
increases, even when filtration is increased (Table 11-2).
Note that aluminum filters of 1-3 mm absorb significant
percentages of photons below the diagnostic range
while permitting the vast majority to pass. The National
Council on Radiation Protection and Measurements
(NCRP) recommends minimum total filtration levels for
diagnostic radiography, as shown in Table 11-3. These
filtration levels are commonly used in the United States
and correspond to International Council on Radiation
Protection (ICRP) recommendations. The importance
of the reduction in patient dose, as shown in Table 11-4,
must not be overlooked.

b _

N
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Trough filter
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A B

FIGURE 11-4. (A) AP foot without a compensation filter. (B) AP foot with a compensating filter.

A 'In Percent Attenuation J ; Ilf.tlecomme:dedl Minimum Total
of Monochromatic Radiation iltration Levels

by Various Thicknesses

of Aluminum Filtration Below 50 kVp 0.5-mm aluminum
50 to 70 kVp 1.5-mm aluminum
Above 70 kVp 2.5-mm aluminum
Tmm 2mm 3mm 10 mm Adapted by permission from Table 3-1, National Council on Radiation Protection
10 100 100 100 100 and Measurement, 1989, NCRP Report No. 102, Medical X-Ray, Electron Beam and
Gamma-Ray Protection for Energies Up to 50 MeV (Equipment Design, Performance and
20 58 82 92 100 Use). Bethesda, MD: NCRP.
30 24 42 56 93
40 (A= T A EFFECT ON OUTPUT
50 8 16 22 57
60 6 12 18 43 Not only does filtration reduce the patient exposure dose
80 5 10 14 39 by eliminating low-energy photons from the primary x-ray
100 4 3 1 35 beam, but it also removes a portion of the useful beam.

This will have an effect on image receptor exposure. To
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compensate for the loss of exposure when filtration is
increased, techwical factors must be increased to main-
tain the same image receptor exposure.

Note that in Table 11-4 the decrease in patient dose
compares very favorably with the increase necessary
to maintain image receptor exposure. In other words,

although the exposure needs to be increased to maintain
exposure, there is a greater decrease in overall exposure
to the patient.

Beyond 3.0-mm/Al filtration, a point of diminishing
returns is reached. The reduction in entrance skin expo-
sure (ESE) does not warrant the tube loading increase.

1\ IR EM'® Comparison of Patient Exposure with Filtration

Aluminum Filtration Entrance Skin

Decrease in

Increase in Exposure Required to

in mm Exposure in mR

60 kVp, 18 cm PELVIS

None 2,380
0.5 1,850
1.0 1,270
3.0 465
85 kVp, 18 cm PELVIS

None 1,225
0.5 860
1.0 684
3.0 287

Exposure Dose

Maintain Same Exposure

22% 14%
47% 17%
80% 52%
30% 0%
44% 12%
77% 34%

Source: E. Dale Trout, J. P. Kelley, & G. A. Cathey, 1952, "The Use of Filters to Control Radiation Exposure to the Patient in Diagnostic Roentgenology,” American Journal of

Roentgenology, 67, 942.

Filtration is the process of eliminating undesirable x-ray pho-
tons by the insertion of absorbing materials into the primary
beam. Any material designed to selectively absorb photons
from the x-ray beam is called a filter. Aluminum is the most
common filter material used. It is considered the standard
filter material and all filtering in diagnostic radiography can be
expressed in terms of the thickness of aluminum equivalency
(Al/Eq). The half-value layer (HVL) is that amount of absorbing
material that will reduce the intensity of the primary beam to
one-half its original value.

Filtration occurs at various points between the x-ray
tube and the image receptor. It is either inherent in the
design of the x-ray tube or added between the tube
and the image receptor. Filtration that is the result of
the composition of the tube and housing is often called

inherent filtration because it is a part of these structures.
Any filtration that occurs outside the tube and housing
and before the image receptor is considered added filtra-
tion. The collimator device adds approximately 1 Al/Eq to
the beam.

The compound filter uses two or more materials that
complement one another in their absorbing ability. A com-
pensating filter is usually designed to solve a problem involv-
ing unequal subject density. Two common compensating
filters are the wedge and the trough. Total filtration is equal
to the sum of inherent and added filtration.

Not only does filtration reduce the patient exposure
by eliminating low-energy photons, but it also removes a
portion of the useful beam and can therefore affect image
receptor exposure. =




1 REVIEW QUESTIONS

1. What is filtration?

2. What is the standard filter material used in diagnostic
radiography?

3. Define half-value layer.

4. What is inherent filtration?

5. When more than one filtering material is used, as in
a compound filter, how are the materials arranged in
relationship to the x-ray source?

6. What are the two most common compensating
filters?

7. What is total filtration?

8. How does filtration affect patient dose and beam
intensity?
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KEY TERMS

15 percent rule

direct square law

exposure index (El)

exposure maintenance formula
milliamperage (mA)
milliamperage-second (mAs)
penetrability

prime factors

x-ray quality

X-ray quantity

The Prime Factors

X-ray technic, like x-ray equipment, has passed through an evolutionary
stage from the beginning, in 1896, to the present time, and the end is not

yet in sight.

E. C. Jerman, 1926

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Explain the relationships between milliamperage (mA), exposure time,
mAs, and x-ray emission.

Calculate mAs when given mA and exposure time, mA when given
mAs and exposure time, and exposure time when given mAs and mA.

Explain the relationship between kVp and x-ray emission.
State the 15 percent rule.

Calculate the new kVp value needed to maintain image receptor
exposure when changes are made in mAs, using the 15 percent rule.

Explain the relationship between distance and x-ray emission.
State the inverse square law.
Calculate x-ray emission (mR) when distance is changed.

Calculate the mAs needed to maintain image receptor exposure
when changes are made in distance, using the exposure
maintenance formula.



THE PRIME FACTORS

The emission of x-ray photons from an x-ray tube is con-
trolled by a number of factors. Those factors related to
tube design and construction have been covered in previ-
ous chapters and include tube housing, target material,
filtration, and voltage waveform. Three principal factors
that affect x-ray emission are under the direct control of
the radiographer. These are called the prime factors. They
are milliamperage-second (mAs), kilovoltage (kVp), and
distance (d).

The x-ray beam can be described in terms of both
its quantity and its quality. X-ray quantity is a measure of
the number of x-ray photons in the useful beam. It is also
called x-ray output, intensity, or exposure. Recall that
the unit of measurement of x-ray quantity is the roentgen
(R). The factors that directly affect x-ray quantity are
milliamperage-second (mAs), kilovoltage (kVp), distance
(d), and filtration. X-ray quality is a measurement of
the penetrating ability of the x-ray beam. Penetrability
describes the distance an x-ray beam travels in matter.
High-energy x-ray photons travel farther in matter than
low-energy photons and are, therefore, more penetrat-
ing. Highly penetrating x-rays are termed hard x-rays
and low-penetrating x-rays are called soft x-rays. X-ray
quality is numerically represented by the half-value layer
(HVL). The half-value layer of an x-ray beam is that thick-
ness of absorbing material needed to reduce the x-ray
intensity (quantity) to half its original value. The fac-
tors that directly affect x-ray quality are kilovoltage and
filtration.

The factors that control the quantity and/or qual-
ity of x-ray emission are the prime factors and filtration
(Table 12-1). Filtration is not something the radiographer
controls from exposure to exposure.

MILLIAMPERAGE-SECOND

The milliamperage (mA) is a measurement of x-ray tube
current—the number of electrons crossing the tube from
cathode to anode per second. Recall that an ampere is equal

A .EI Factors Affecting X-Ray Emission

Milliamperage-second Kilovoltage
Kilovoltage Filtration
Distance

Filtration
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to an electric charge of 1 coulomb flowing through a conduc-
tor per second. The coulomb is equal to 6.3 X 10'® electron
charges. Therefore, an ampere equals a flow of 6.3 X 10
electrons per second and a milliampere would equal 6.3 X
10* electrons per second. As mA increases, so does the num-
ber of electrons that are able to cross the tube to reach the
x-ray target. Milliamperage is divectly proportional to tube
current. As the mA doubles, so does the number of electrons
able to cross the tube. The number of electrons reaching
the target is also controlled by the length of time the tube
is energized. Remember that mA is the number of electrons
per second. This means that changes in the length of time of
exposure will affect the total number of electrons flowing
from cathode to anode. X-ray exposure time is measured in
seconds. Generally, exposure times are less than 1 second
and these values may be expressed in decimals, fractions, or
milliseconds (ms). Like mA, exposure time is divectly pro-
portional to the number of electrons crossing the tube and
1s, therefore, directly proportional to the number of x-rays
created. This is the x-ray quantity.

The number of x-rays that will be created at the target
is a product of the number of electrons crossing the tube
(tube current) and how long the electrons are allowed to
cross (exposure time). The milliamperage-second (mAs)
is the unit used to describe the product of tube current
and exposure time. This simple relationship is described
by the equation mA X s = mAs. Milliamperage-second
(mAs) is the primary controller of x-ray quantity. X-ray
quantity is directly proportional to mAs. This means that
as mAs doubles, x-ray exposure (measured in roentgens)
doubles; as mAs triples, x-ray exposure triples, and
so forth.

If an x-ray control panel is set at 100 mA and 0.05
(1/20 or 50 ms) second, the mAs would be 100 X 0.05 or
5 mAs. If either the mA or the exposure time is doubled,
the mAs will double, that is, 200 mA at 0.05 second equals
10 mAs, as does 100 mA at 0.1 (1/10 or 100 ms) second.
This means that numerous possible settings on the x-ray
control can all yield the same x-ray exposure. For exam-
ple, 10 mAs can be set using any of the following technical
factors:

50 mA X 0.2 (1/5 or 200 ms) second = 10 mAs
100 mA X 0.1 (1/10 or 100 ms) second = 10 mAs
200 mA X 0.05 (1/20 or 50 ms) second = 10 mAs

Obviously, numerous other possibilities exist as well.
Because mA and exposure time can be manipulated to
achieve the same maAs, it is best to think in terms of mAs
when establishing technical factors. It is important, for
technical factor conversions, that the technologist be able
to manipulate the mA and time to arrive at the proper mAs
for a particular examination.
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EXAMPLES: Given the following mA and exposure
time values, calculate the mAs.

200 mA X 0.083 second = mAs
100 mA X 2/5 second = mAs
300 mA X 200 ms = mAs
Answers:

200 mA X 0.083 second = 16.6 mAs
100 mA X 2/5 second = 40 mAs
300 mA X 200 ms = 60 mAs

EXAMPLES: Given the following mAs and mA
values, calculate the exposure time.

75 mAs = 100 mA X
15 mAs = 300 mA X
Answers:

75 mAs = 100 mA X 0.75 (3/4 or 750 ms) second
15 mAs = 300 mA X 0.05 (1/20 or 50 ms) second

second
second

EXAMPLES: Given the following mAs and expo-
sure time values, calculate the mA.

60 mAs = 0.3 (3/10 or 300 ms) second X mA
75 mAs = 0.15 (3/20 or 150 ms) second X mA
Answers:

60 mAs = 0.3 (3/10 or 300 ms) second X 200 mA
75 mAs = 0.15 (3/20 or 150 ms) second X 500 mA

Image Receptor (IR) Exposure
Relationship to mAs

In a digital imaging environment, the digital image recep-
tor (IR) records the image that is then displayed on a
monitor for viewing. Although the term density might be
used to describe the level of brightness on the monitor
(how light or dark the image is), the relationship of this
brightness level does not correspond to the IR exposure.
Brightness on the monitor is controlled separately and is
the better term to use when describing how light or dark
an image on a monitor appears. The key relationship is
simply the IR exposure and the term density is better used
when discussing the amount of silver deposited in a hard-
copy film image, which is seldom used anymore.
Radiographic density is the degree of blackening of
an x-ray film. It is created by deposits of black metallic
silver within the emulsion of an x-ray film that has been
exposed to light or x-ray and then processed. On the

resulting radiographic image, the densities are the direct
result of an x-ray exposure to the film and intensifying
screens. In a film-screen imaging environment, density
was the term that was routinely used to express the
impact of IR exposure to the film.

With a digital imaging system, exposure to the IR
must be assessed by reviewing a numeric exposure value,
known as the exposure index (IE). These values vary from
vendor to vendor (e.g., S number, exposure index), and it
is critical to understand and assess these values for every
image. There is a definite relationship between these
exposure value numbers and the IR exposure. If these
numbers are outside of the acceptable range provided
by the vendor, then the image has been underexposed or
overexposed and must be repeated. Digital systems do not
automatically correct for a radiographer’s error in select-
ing an appropriate mAs. Recall that as mAs is increased,
x-ray exposure will also increase proportionally. Regard-
less of the type of image receptor being used, insufficient
mAs will result in an underexposed image and excessive
mAs will cause an overexposed image.

When using a film-screen system, if the exposure to
a film is increased, the density to that film will increase
until the point where the film reaches its maximum
density (D__ ). Because density is primarily determined
by the amount of exposure a film receives, and because
exposure is directly proportional to mAs, mAs is used
as the primary controller of radiographic film density
and image receptor exposure. As mAs increases, x-ray
exposure increases proportionally, and radiographic
density also increases. The direct proportional relation-
ship between mAs and exposure is used to calculate
mAs changes necessary to maintain consistent film
density/IR exposure when one or more technical factors
are altered.

Radiographic film density should remain unchanged
aslong as the total exposure to the film remains unchanged.
If the mAs used to create one image is the same as the mAs
used to create a second image of the same structure, then
both images should have the same film density. As long
as mAs is constant, any combination of mA and exposure
time values will create the same density/IR exposure.
The radiographs in Figure 12-1A and 12-1B illustrate this
point. Remember, accurate results will depend on using
equipment that is properly calibrated. Equipment testing
is an important part of a quality control program for the
radiology department.

Milliamperage-second (mAs) is the primary con-
trolling factor that will affect the x-ray quantity and the
resultant IR exposure. The appropriate mAs must be
selected to achieve an acceptable radiographic image.
While automatically programmed systems typically rec-
ommend a mAs, the radiographer is in control of the
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60 kVp
No grid

3.2 mAs
400 RS

40" SID
5.10 mR

60 kVp 3.2 mAs 40" SID
No grid 400 RS 5.04 mR

60 kVp
No grid

6.4 mAs
400 RS

40" SID
10.20 mR

FIGURE 12-1. These three radiographs demonstrate the effect

of mAs on image receptor exposure. These images were exposed
using radiographic film so the changes are visible. With digital
systems, these images would typically all be displayed the same.

El values need to be checked to assess proper exposure. Although
the mA and time may vary, if the mAs remains unchanged, then IR
exposure will be the same. A and B have the same mAs although
A was exposed at 80 mA and 0.04 sec, whereas B was exposed at
160 mA and 0.02 sec. When the mAs is doubled, the exposure to
the image receptor doubles (C). (Radiographs courtesy of Arlene Adler and
Richard R. Carlton.)
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mAs selection. The equipment often exerts automatic
control when the radiographer is using an automatic
exposure control system or a computerized exposure
system.

KILOVOLTAGE

Kilovoltage (kVp) controls both the quantity and quality
of the x-ray beam. Increasing the kilovoltage on an
x-ray control panel will cause an increase in the speed
and energy of the electrons applied across the x-ray
tube. The space charge compensator corrects for the
increase in speed of the electrons to maintain a constant
number of electrons/second. The increased energy of the
electrons results in the production of x-ray photons with
greater energy. As x-ray photon energy increases, the
penetrating ability of the photon increases. Kilovoltage
affects the quantity of the x-ray beam because more
interactions occur at the target as kVp increases, and it
affects the quality of the x-ray beam because each elec-
tron has more energy, resulting in a beam with greater
penetrability.

The quantity (intensity) of x-ray photons increases
very quickly with increases in kVp. X-ray quantity is
approximately directly proportional to the square of
the ratio of the change in kVp. This means that as kVp is
doubled, the amount of x-ray photons increases approxi-
mately four times. Although this can be mathematically
expressed, this formula would have no practical applica-
tion because it does not take into account the fact that
changes in kVp have a significant effect on the penetra-
bility of the beam and the quantity of scatter radiation
produced.

IR Exposure Relationship to kVp

Both the quantity and quality of the x-ray beam will vary
significantly with changes in the kilovoltage applied
across the x-ray tube. As a result, kVp has a tremendous
impact on IR exposure (Figure 12-2A and 12-2B). In
addition, because changes in kilovoltage create changes
in beam penetrability, kVp is the primary controller of
the differences in densities/IR exposures. This is known
as contrast. An increase in kVp causes an increase in
penetrability, which will result in an image with less
contrast. For the present discussion, the effect of kVp
on IR exposure will be detailed. Contrast is discussed
in Chapter 27.

Research was done to determine a practical formula
to take into account kVp’s effect on both x-ray quantity
and quality. This resulted in the 15 percent rule. The intent
of this rule was to provide a guide for radiographers to

maintain exposure to the image receptor when kVp is
changed. This is intended to maintain IR exposure. The
15 percent rule states that an increase in kVp by
15 percent will cause a doubling in exposure, the
same effect as doubling the mA or doubling expo-
sure time. The reverse is also true. If kVp is decreased
by 15 percent, exposure will be reduced by one-half. If
maintaining the exposure is desired, decreasing the kVp
by 15 percent should be accompanied by a doubling of
the mAs (see Figure 12-2B and 12-2C), and increasing
kVp should be accompanied by cutting the mAs in half.
Because both the amount and penetrability of x-ray
photons increase with increases in kVp, the effect of
changes in kVp will vary from low kVp to high kVp. In
other words, a smaller change in kVp will have a greater
impact on x-ray emission in the lower-kVp ranges than in
the higher-kVp ranges. For example, 15 percent of 40 kVp
is 6, whereas 15 percent of 80 kVp is 12. Exposure will
nearly double when kVp is changed from 40 to 46 kVp. At
80 kVp, an increase in 12 kVp is needed to approximately
double the exposure.

EXAMPLE: A radiograph of the pelvis is produced
using 25 mAs at 70 kVp. What kVp would be needed
to double the exposure?

Answer:

15 percent of 70 kVp = 10.5 kVp
70 + 10.5 = 80.5 or 81 kVp

EXAMPLE: An acceptable radiograph of the knee is
produced using 10 mAs at 60 kVp. If the kVp is increased
by 15 percent to 69 kVp, what mAs would be needed to
maintain the exposure?

Answer:
Half of 10 mAs or 5 mAs

Because kVp is expressed as a whole number,
answers should be rounded to the nearest whole number.

Although kVp has a tremendous impact on expo-
sure to the image receptor, kVp adjustments should not
be used to control IR exposure. The selection of a kVp
range for specific radiographic procedures is determined
by the desired contrast for the image. This is discussed
in Unit V.
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70 kVp 1.0 mAs 40" SID 60 kVp 1.0 mAs 40" SID
No grid 400 RS 410 mR No grid 400 RS 2.34 mR

FIGURE 12-2. These three radiographs demonstrate the effect of
decreasing kVp on IR exposure. These images were exposed using
radiographic film, so the changes are visible. With digital systems,
these images would typically all be displayed the same. El values
need to be checked to assess proper exposure. A and B show the
effect of increasing kVp on IR exposure. In C, IR exposure is main-

60 kVp 2.0 mAs 40" SID tained by applying the 15 percent rule.
No grid 400 RS 4.42 mR
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i DISTANCE

The intensity of x-rays varies greatly with changes in dis-
tance. Just as the intensity of light from a light bulb will
decrease the further one moves from the source, so will
x-ray photons spread out from their source at the x-ray
tube target. As a result, the x-ray intensity will decrease as
the distance from the tube is increased. The measurement
of the x-ray intensity is obtained using a dosimeter. X-ray
intensity (exposure) is measured in roentgens (R) or, more
commonly in diagnostic radiology, in milliroentgens (mR).

From the point of origin of the x-ray beam at the tube
target, the beam begins to diverge. The x-ray photons are
most concentrated at the target and from there they spread
out in all directions. Those photons that exit the tube port
constitute the primary, useful beam. As the useful beam
spreads and widens, x-ray intensity or quantity begins to
diminish. The actual number of photons created remains
unchanged but the distribution of the photons varies with
the distance. The farther from their source, the lower will
be the quantity of photons within a given area.

The relationship of x-ray quantity to distance is
described in the inverse square law. The inverse square law
states that the intensity of radiation at a given distance from
the point source is inversely proportional to the square of
the distance. The inverse square law requires an under-
standing of some basic rules of geometry. In Figure 12-3,
the diverging lines represent the x-ray beam diverging from
a collimated source. At a distance of 36 inches (D)), the
x-ray beam covers a square area (abcd). Each side has a
given dimension (X) so the area of square abcd would equal
x times x, or x2 If the distance is increased to 72 inches
(D,), the sides of the second square (ABCD) are now twice
as long, or 2x. The area of square ABCD would be 2x times
2x, or 4x% A doubling of the distance has increased the
area of the square by four times.

X-ray photons falling in square abcd are spread out
over an area four times as large by the time it reaches
square ABCD. The number of photons remains the same,
but they are now spread over an area four times larger.
A dosimeter in square abcd would measure four times
more than a dosimeter in square ABCD. For example, if a
dosimeter in square abcd measures 100 mR, a dosimeter
in square ABCD would measure 25 mR, or four times less.

Thus, the intensity or quantity of photons decreases
with increased distance for a given area, which is an
inverse relationship. More specifically, the relationship
is inversely proportional to the square of the distance
change. If the distance increases by a factor of three,
the intensity, in mR, would decrease by a factor of 3% or
nine times.

Point
source

FIGURE 12-3. The inverse square law states that the intensity of
radiation at a given distance from a point source is inversely propor-
tional to the square of the distance. The lower surface area (ABCD)
is twice as far from the source of radiation and is four times (2?) the
surface area of the upper surface area (abcd).

The inverse square law can be used to calculate
changes in intensity that occur as a result of changes in
distance. The mathematical expression of the law is:

I, D’
I, D}
where: I = original intensity (mR)

I, = new intensity (mR)

)
Il

original distance
D, = new distance
The formula can also be expressed as:

IlDl2 = IZD22

In order to calculate any of the four factors, three of
the four must be known. The equation can then be rear-
ranged to place the unknown factor alone on one side of
the equal sign.

EXAMPLE: AnXx-ray exposure of 240 mR is recorded
at a distance of 20 inches. If the same technical factors
are used, what will the exposure be if the distance is
increased to 40 inches?

(continues)



(continued)
Answer:
20 _ 40°

L, 202
| = 240 X 20?
2 402

_ 240 X 400
Z 1,600
l, = 60 mR

EXAMPLE: Anx-rayexposure of 400 mR is recorded
at a distance of 72 inches. If the same technical factors
are used, what will the exposure be if the distance is
decreased to 40 inches?

Answer:
40 _ 40°
I, 72
L= 400 X 72°
2 402
_ 400 X 5,184
2 1,600
l, = 1,296 mR

The inverse square law should be used when calculat-
ing the relationships between distance and x-ray inten-
sity (mR).

IR Exposure Relationship
to Distance

Because distance has an effect on x-ray intensity,
it will in turn affect IR exposure. As the distance increases,
intensity decreases, which causes a decrease in IR expo-
sure (Figure 12-4A and 12-4B). The reverse is also true.
As the distance decreases, intensity and IR exposure
increases.

A practical application of the inverse square law
is found in a formula that is used to compensate for the
IR exposure changes that occur when distance is changed.
The formula is sometimes known as the exposure
maintenance formula and is based on the principle of the
inverse square law. This formula is a direct square law.
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A direct relationship is necessary to compensate for the
changes in intensity and IR exposure.

Because mAs is the primary controller of x-ray
intensity and IR exposure, mAs can be adjusted to
compensate for changes in distance. For example, an
acceptable chest image results from an exposure taken
using four mAs at 100 kVp at a 72-inch distance. A second
image must be taken supine at a 36-inch distance. If the
same technical factors are used, the inverse square law
tells us that when the distance is decreased by a factor
of 2, the intensity (exposure) will increase by a factor of
4. The second image will be overexposed if the techni-
cal factors are not adjusted. The mAs can be adjusted
to compensate for the distance change. The exposure
maintenance formula can be used to determine the
compensation necessary for any change in distance (see
Figure 12-4B and 12-4C). It is a direct square law because
mAs should increase proportionally to the square of
the change when distance increases, and mAs should
decrease proportionally to the square of the change
when distance is decreased. In the previous example, if
the distance decreases by a factor of two (72 inches to
36 inches), the mAs should be reduced by a factor of 22,
or 4. The new mAs would be 1/4 the original, or one mAs.
Four mAs at 72 inches will produce the same exposure
as 1 mAs at 36 inches, provided all other factors remain
the same.

The exposure maintenance formula is:

) 1

mAs

2

where: mAs, = original mAs
mAs, = new mAs

2
D, = original distance

D, = new distance
The same formula can be expressed as:

~ mAs, XD/

mASZ DZ
1

These formulas have very direct applications to radi-
ography because they provide the radiographer with a
means for adjusting mAs to maintain IR exposure when
changes are made in distance for a given radiographic
procedure. Remember that there is no relationship
between distance and mAs; changes in distance do not
cause changes in mAs. The radiographer must adjust the
mAs to compensate for distance changes.
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60 kVp 2 mAs 36" SID 60 kVp 2.0 mAs 72" SID
No grid 400 RS 5.64 mR No grid 400 RS 121 mR

FIGURE 12-4. These three radiographs demonstrate the effect of
distance on IR exposure. These images were exposed using radio-
graphic films, so the changes are visible. With digital systems, these
images would typically all be displayed the same. El values need to
be checked to assess proper exposure. A and B show the effect of
increasing distance on film density. In C, the exposure is maintained
by applying the exposure maintenance direct square law. (Radiographs
courtesy of Arlene Adler and Richard R. Carlton.)

60 kVp 8 mAs 72" SID
No grid 400 RS 6.02 mR




EXAMPLE: An acceptable radiograph of the abdo-
men is taken using 25 mAs at 80 kVp at a distance
of 40 inches. A second radiograph is requested to
be taken at 56 inches. What mAs should be used to
produce an acceptable radiograph if the distance is
increased to 56 inches?

Answer:
2
mAs, = 25 ><256
40
25X 3,136 |
2 1,600 \
mAs, = 49 mAs ‘

Changes in distance will create changes in the x-ray
intensity and the image receptor exposure. The exposure
maintenance formula can be used to compensate for the
effect that changes in distance will have on the image recep-
tor exposure of the radiographic image. The radiographs of
Figure 12-4A and 12-4C demonstrate the application of the
direct square law for exposure maintenance.

IMAGE QUALITY FACTORS

With digital image detector systems, the traditional rela-
tionship that existed with film-screen imaging between
the image quality properties of density and contrast to
mAs, kVp, and distance does not exist. It is possible to

Prime factors are under the direct control of the radiographer
and have a significant impact on x-ray photon emission
from the tube. The prime factors are milliamperage-second
(mAs), kilovoltage (kVp), and distance (d). X-ray emission can
be described in terms of both its quantity (amount) and quality
(penetrability). X-ray quantity is affected by mAs, distance, kVp,

and filtration. X-ray quality is affected by kVp and filtration.
Milliamperage-second (mAs) is directly proportional to
the number of x-ray photons created in the tube. Kilovoltage
affects both quantity and quality, and its relationship to x-ray
emission is not as easily described. Kilovoltage is approximately
proportional to the square of the ratio of the change in kVp.
Therefore, if kVp is doubled, the x-ray quantity would increase
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change the mAs, kVp, and distance and have no effect on
the brightness or contrast on the display monitor. This
topic is covered in more detail in Unit IV that discusses
image analysis. In digital image receptor systems, bright-
ness and contrast are controlled primarily through post-
processing parameters.

Despite the ability to control brightness and contrast
through post-processing parameters, it is still critical to
provide the digital image receptor with an appropriate
exposure for a given procedure. Digital image receptors
can respond to a wide range of exposures, from as low as
0.01 mR up to 100 mR. Extremely low and extremely high
exposures do not produce acceptable image quality. Most
acceptable images can be produced using approximately
1-mR exposure to the receptor. Manufacturers often
establish exposure indicator systems based on this fact.

Setting the appropriate mAs, kVp, and distance is the
responsibility of the radiographer. These prime factors
control the exposure to the image receptor. The radiogra-
pher should select the kVp based on the desired contrast,
and adjust mAs to provide the appropriate total exposure
to the receptor. Appropriate kVp selection is just as impor-
tant with digital systems because the selected kVp will
control subject contrast (signal differences to the digital
detector). Distance is generally set based on the desired
beam geometry. It can be used to adjust exposure but this
is not generally done. Once a distance is selected based
on a given procedure (e.g., chest radiography done at
72 inches and rib radiography done at 40 inches distance),
mAs can be appropriately adjusted to maintain an accept-
able exposure to the image receptor.

by a factor of four. This does not, however, take into account
the increased penetrability of the beam with increasing kVp. As
a result, IR exposure is more significantly affected. To maintain
exposure with changes in kVp, the 15 percent rule can be
applied. The 15 percent rule states that an increase in kVp by
15 percent will cause an approximate doubling of the expo-
sure. To maintain IR exposure, if kVp is increased by 15 per-
cent, the mAs must be reduced to one-half its original value.
The distance from the actual focal spot to the image receptor
is the third prime factor. The quantity of x-ray photons is in-
versely proportional to the square of the distance. As distance
increases, exposure will decrease in an inverse proportion to
the square of the change in the distance. =
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The Case of Lumpy

Answers to the case studies can
be found in'Appendix B.
(Courtesy of Dr. Marion Frank.)

¥ REVIEW QUESTIONS

1. What are the three prime factors that affect x-ray
emission?

2. What is the unit of measurement for x-ray quantity?

&

Define an ampere.

4. What is the relationship between mAs and IR
exposure?

5. What effect does increased kVp have on the speed

and energy of the electrons in the x-ray tube?

6. What is the relationship between kVp and IR
exposure?

7. State the inverse square law.

8. What is the relationship between distance and IR
exposure?
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CHAPIER 1

KEY TERMS

annihilation reaction
attenuation

backscatter radiation
characteristic cascade
characteristic photon
coherent scatter

Compton effect

Compton (or recoil) electron
Compton scattered photon
Compton scattering
negatron

pair production
photodisintegration
photoelectric absorption
photoelectron

positron

radiation fog

scattering

secondary radiation

Perhaps no single field of investigation has contributed more to our

knowledge of atomic structure than has the study of x-rays.

Arthur H. Compton, preface to the first edition
of X-Rays and Electrons

OBJECTIVES

Upon completion of this chapter, the student should be able to:
u  Define attenuation.
= Explain the interactions between x-rays and matter in the following:
photoelectric absorption
coherent scattering
Compton scattering
pair production
photodisintegration

u  Describe the relationship between x-ray interactions and technical
factor selections.

169
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X-RAY INTERACTION WITH
MATTER

When an x-ray beam passes through matter, it undergoes
a process called attenuation. Attenuation is the reduction
in the number of x-ray photons in the beam, and subse-
quent loss of energy, as the beam passes through matter
(Figure 13-1).

Attenuation is the result of x-ray photons interacting
with matter and losing energy through these interactions.
Although some photons will pass through matter and
not interact, an x-ray photon can interact with the whole
atom, an orbital electron, or directly with the nucleus.
This will depend on the energy of the photon. Low-energy
photons are most likely to interact with the whole
atom, intermediate-energy photons generally interact with
orbital electrons, and very-high-energy photons, such as
those used for radiation therapy, are capable of interact-
ing with the nucleus. In the diagnostic x-ray range, the
interactions are most commonly with orbital electrons.

To fully understand x-ray interactions with matter, it
is important to recall the structure of the atom. The center

of the atom is a positively charged nucleus containing
protons and neutrons. The negatively charged electrons
are in orbital paths around the nucleus. The energy
required to remove an electron from a shell is termed the
binding energy of the shell. The K-shell electrons possess
the highest binding energy for a given atom and binding
energies decrease progressively for successive shells. Not
only is the binding energy characteristic of a given shell,
it is also specific to a given atom. K-shell electrons are
more tightly bound to the nucleus in high-atomic-number
elements. For example, the binding energy for the K-shell
of tungsten (Z = 74) is approximately 70 keV, whereas the
binding energy for the K-shell of calcium (Z = 20) is only
about 4 keV. The average atom in the soft tissue of the
body has an approximate K-shell binding energy of only
0.5 keV. Therefore, the higher the atomic number of an
element, the more energy will be required to remove a
K-shell electron from the atom.

Because electrons that are farther from the nucleus
are not bound as tightly, they require less energy to remove
them from their orbit. Therefore, they possess a greater total
energy. Electrons that are closer to the nucleus are bound
more tightly and require more energy to remove them from

Incident x-rays

Surface

1cm
2cm
3cm
4 cm

ARER 5em

6cm
7 cm

3 i 8cm

9cm
10cm

FIGURE 13-1. An x-ray beam undergoes attenuation as it passes through matter.




their position. If a free (unbound) electron is assumed to
possess a total energy (ability to do work) of zero, then a
bound electron would have a total energy of zero minus the
binding energy. The farther an electron is from the nucleus,
the higher the total energy of the electron will be. This
means that K-shell electrons possess less (more negative)
total energy than outer-shell electrons. As a result, when an
outer-shell electron moves into an inner shell, it will release
energy equal to the difference between the binding energies
of the two shells.

Electrons in the K-shell have the lowest energy total
with the highest binding energy, and with each successive
shell, total electron energies increase and binding ener-
gies decrease. These concepts are particularly important
to the understanding of x-ray interactions with matter.

There are five basic interactions between x-rays and
matter:

1. Photoelectric absorption
2. Coherent scattering

3. Compton scattering

4. Pair production

5. Photodisintegration

With each of these interactions, the x-ray photons either
interact and change direction, a process called scattering,
or are absorbed by the atom. When a photon is absorbed,
all of the energy of the photon is transferred to the matter
and the photon no longer exists. If a photon interacts and
scatters, the photon still exists but usually possesses less
energy than before the interaction. Partial energy from
the photon is transferred to the matter during the interac-
tion and the lower-energy photon then continues along its
new path until again it either interacts and scatters or is
absorbed. One photon may scatter several times before it
is finally absorbed completely by the matter. The likeli-
hood of one interaction occurring over another varies,
depending on the incident photon’s energy and the atomic
number of the matter. Certain interactions, pair produc-
tion and photodisintegration, for example, occur only at
very high photon energy ranges, while coherent scatter is
most predominant in very low photon energy ranges.

PHOTOELECTRIC ABSORPTION

The photoelectric absorption results when an x-ray photon
interacts with an inner-shell electron. This interaction is
most likely to occur when the incident x-ray photon pos-
sesses a slightly greater energy than the binding energy of
the electrons in the inner (K or L) shells. The incident pho-
ton ejects the electron from its inner shell and is totally
absorbed in the interaction (Figure 13-2). The result is an
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Incident
photon

Photoelectron

K-shell vacancy

L-shell
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radiation

K-shell
characteristic
radiation

FIGURE 13-2. The photoelectric absorption interaction.

ionized atom, because of the missing inner-shell electron,
and an ejected electron, called a photoelectron. The photo-
electron travels with kinetic energy, which is equal to the
difference between the incident photon and the binding
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energy of the inner-shell electron. This is mathematically
expressed in the equation:

E=E +E,

= energy of the incident photon
E = binding energy of the electron

E,. = Kkinetic energy of the photoelectron

The incident photon needs an energy that is slightly
greater than the binding energy of the electron for the inter-
action to occur. Because most of the atoms of the body are
elements with a very low atomic number, the binding ener-
gies of the K-shell electrons are very low. For example, the
K-shell binding energy for carbon is approximately 0.28 keV
and oxygen is 0.53 keV. The K-shell binding energies of ele-
ments that are important in diagnostic radiology are listed
in Table 13-1. Most photoelectric interactions in the body
result in the majority of the incident photon energy being
given to the kinetic energy of the photoelectron. The pho-
toelectron is matter, not just energy, and, therefore, will not
travel far. It is usually absorbed within 1-2 mm in soft tissue.
Despite the localized absorption, this is still a significant
way in which x-ray energy can create biological changes.

The ionized atom is in an unstable state with an
inner-shell electron missing. The vacancy is instantly
filled by an electron from the L-shell or, less commonly,
from an M-shell or free electron. In the vast majority of
cases, the electron transfers from an outer shell to an
inner shell and, as it does, it releases energy in the form
of a characteristic photon, known as secondary radiation.
This secondary radiation is produced in the same man-
ner as characteristic radiation is produced at the x-ray
target—electron transfer from one shell to another.
When it is created at the x-ray target, it is consid-
ered primary radiation. When characteristic radiation

K-Shell Binding Energies of
Radiologically Significant Elements

Hydrogen 1 0.016
Carbon 6 0.284
Oxygen 8 0.53
Aluminum 13 1.56
Calcium 20 4.04
Molybdenum 42 20.0
lodine 53 33.2
Barium 56 37.4
Tungsten 74 69.5
Lead 82 88.0

is produced in irradiated matter outside of the x-ray
target, it is termed secondary radiation. Remember that
outer-shell electrons possess a higher energy level than
inner-shell electrons. Therefore, when an outer-shell
electron moves into an inner shell, it has excess energy
to release. This electron transfer process continues from
shell to shell until the atom returns to a normal state and
is no longer a positive ion. This process of each shell
filling lower shells with a corresponding emission of
photons is called a characteristic cascade. The energy
of each photon of a characteristic cascade will be char-
acteristic of the difference in energy in the two shells
between which it dropped.

Because of the predominance of low-atomic-number
elements comprising the human body, the secondary radia-
tion produced is of extremely low energy, and is, therefore,
often absorbed in the body. Secondary radiation energies
are significantly higher for elements such as iodine and
barium, which are commonly used as contrast agents in
radiology.

There are three basic rules that govern the possibility
of a photoelectric interaction:

1. The incident x-ray photon energy must be greater
than the binding energy of the inner-shell electron.
A 30-keV x-ray photon will not be able to remove the
K-shell electron from an atom of iodine, which has a
binding energy of 33.2 keV, or barium, which has a
binding energy of 37.4 keV.

2. A photoelectric interaction is more likely to occur
when the x-ray photon energy and the electron bind-
ing energy are nearer to one another. Of course, the
x-ray photon energy must always be greater, but a
40-keV photon is more likely to interact by way of the
photoelectric effect with an atom of iodine (K-shell
E, = 33.2keV) or barium (K-shell E, = 37.4 keV) than
would a 100-keV x-ray photon. As photon energy
increases, the chance of a photoelectric interaction
decreases dramatically. The actual relationship is
expressed as an inverse proportion to approximately
the third power of the photon energy (photoelec-
tric effect = 1/[energy]®). A significant change is,
therefore, seen in the percentage of photoelectric
interactions that will occur when using low-kVp
techniques versus high-kVp techniques. Table 13-2
demonstrates that at 50 kVp, the percent of photon
interactions that undergo photoelectric absorption
is 50.45 percent, with scatter interactions occurring
at 49.55 percent. As the kVp increases, the percent
of photon interactions by photoelectric absorption
decreases. At 130 kVp, photoelectric absorption
accounts for only 24.78 percent of the interactions
with matter. These concepts become very important
to the radiographer when establishing appropriate
technical factors for specific body tissues.
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m Percentage of Photon Interactions, Attenuation, and Transmission Characteristics in Soft Tissue

Based on Effective Photon Energies
kvp 50 70
HVL (mm Al) 1.59 2.11
Mean Photon Energy (keV) 31.3 40.0
Effective Photon Energy (keV) 27.0 30.0
% of Photon Interactions by

—Scattering (with coherent) 49.55% 62.70%
—Photoelectric 50.45% 37.30%
% Attenuation
5-cm Tissue 91.45% 84.28%
10-cm Tissue 99.27% 97.53%
15-cm Tissue 99.94% 99.61%
20-cm Tissue 99.99% 99.94%
% Transmission
5-cm Tissue 8.55% 15.72%
10-cm Tissue 0.73% 2.47%
15-cm Tissue 0.06% 0.39%
20-cm Tissue 0.01% 0.06%

80 90 110 130
2.35 2.60 3.12 3.67
41.1 44.2 49.7 54.5
31.0 33.0 35.0 38.0
63.95% 66.70% 69.77% 75.22%
36.05% 33.30% 30.23% 24.78%
83.45% 81.67% 79.70% 76.34%
97.26% 96.64% 95.88% 94.40%
99.55% 99.38% 99.16% 98.67%
99.93% 99.89% 99.83% 99.69%
16.55% 18.33% 20.30% 23.66%
2.74% 3.36% 4.12% 5.60%
0.45% 0.62% 0.84% 1.33%
0.07% 0.11% 0.17% 0.31%

Courtesy of Raymond P. Rossi, University of Colorado Health Science Center.

3. A photoelectric interaction is more likely to occur
with an electron that is more tightly bound in its
orbit. Binding energies of the electrons are greater
in high-atomic-number elements than in low-atomic-
number elements. In addition, inner-shell electrons
have higher binding energies than outer-shell electrons
in a given atom. With low-atomic-number elements,
most interactions will occur with the K-shell electron.
Because high-atomic-number elements bind their
electrons more tightly, interactions will occur with the
K-, L~, and M-shells. In fact, the incident x-ray photon
often does not possess sufficient energy to remove a
K-shell electron. For example, the K-shell binding energy
for lead is 88 keV. X-ray photons below this level are
incapable of removing the K-shell electrons but can be
absorbed through photoelectric interactions with L- or
M-shell electrons. The probability of a photoelectric
interaction increases dramatically as the atomic
number increases. The relationship is approximately
proportional to the third power of the atomic number
(photoelectric effect = [atomic number]®). Because
bone has an effective atomic number that is higher
than that of soft tissue, photoelectric interactions are
more likely to occur in bone than in soft tissue. It is for
this reason that radiography is so spectacularly useful
in demonstrating the bones of the body.

i COHERENT SCATTERING

The coherent scatter is an interaction that occurs between
very-low-energy x-ray photons and matter. It is also called
classical scatter or unmodified scatter. There are actually

two types of coherent scattering: Thomson scattering and
Rayleigh scattering. Thomson scattering involves a single
electron in the interaction, whereas Rayleigh scattering
involves all of the electrons of the atom in the interaction.
Both types have the same basic interaction results.

When a very-low-energy photon, below approxi-
mately 10 keV, interacts with the electron(s) in an atom, it
may cause the electron(s) to vibrate at the same frequency
as the incident photon. The vibrating or excited atom
immediately releases this excess energy by producing a
secondary photon that has the same energy and wave-
length as the incident photon but that travels in a direction
different from the initial photon (Figure 13-3). The result
is a scattered photon that possesses the same energy,
frequency, and wavelength as the initial photon but that
is traveling in a different direction. Because there is no
energy transferred in the interaction, the atom is not ion-
ized in the process.

Coherent scattering occurs in a very low x-ray energy
range, which is generally outside the usual range for diag-
nostic imaging. A very small amount of the scatter radia-
tion reaching the receptor is produced by this process
and, as a result, this interaction has little significance to
diagnostic imaging.

" COMPTON SCATTERING

Compton scattering occurs when an incident x-ray pho-
ton interacts with a loosely bound outer-shell electron,
removes the electron from its shell, and then proceeds in
a different direction as a scattered photon (Figure 13-4).
This interaction was described by the American Nobel
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FIGURE 13-4. The Compton scatter interaction.

laureate physicist Arthur H. Compton (1892-1962) in 1922
and is known as the Compton effect. Part of the energy
of the incident photon is used to remove the outer-shell
electron and impart kinetic energy to it. The dislodged
electron is called a Compton (or recoil) electron. The pho-
ton that exits the atom in a different direction is called a
Compton scattered photon. It possesses less energy than the
incident photon and, therefore, has a lower frequency and
longer wavelength.

The energy transfer in the Compton effect is math-
ematically expressed in the equation:
E=E+E +E_
where: E, = energy of the incident photon
E, = energy of the Compton scattered photon
E, = electron binding energy of the Compton
electron
E,, = Kinetic energy given to the Compton
electron

The incident photon energy is divided between the
ejected electron and the scattered photon. The scattered
photon retains most of the energy because little energy
is needed to eject an outer-shell electron, due to its low
binding energy. The scattered photon will continue to
interact with atoms until it is eventually absorbed pho-
toelectrically. The recoil electron is available as a free
electron to fill a shell hole created by another ionizing
interaction.

The amount of energy retained by the scattered
photon is dependent on the initial energy of the photon
and its angle of deflection from the recoil electron. The
higher the initial energy of the photon, the greater the
energy of the scattered photon. Scattered photons can be
deflected at any angle from the recoil electron, just as a
cue ball is deflected after it strikes a second ball in a game
of billiards. At a deflection of 0°, no energy is transferred
because the photon is proceeding in its original direction.
As the angle of deflection increases to 180°, more energy
is imparted to the recoil electron and less energy remains
with the scattered photon (Figure 13-5).
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A = coherent scatter
B =0.05 MeV (50 KeV) Compton
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FIGURE 13-5. The distribution of photons in Compton scatter, along with various angles of deflection.

When a scattered photon is deflected back toward
the source, it is traveling in the direction opposite to the
incident photon. These photons are called backscatter
radiation. Most photons will scatter in amore forward direc-
tion, especially when incident photon energy increases.

In Figure 13-5, the innermost ring represents the
highest energy level and the scattered photons are all
deflected in a forward direction. The third inner ring
represents a typical x-ray exposure with an average effec-
tive photon energy of 50 keV. Although small numbers
of photons are undergoing backscatter, the majority of
the scatter is projected in a forward direction toward
the image receptor. For this reason, scatter has a serious
impact on image quality.

Scattered Compton photons possess an energy high
enough to create a radiation hazard and to impair image
quality. Scatter radiation emitted from the patient is the
primary cause of occupational radiation exposure to
the radiographer and is, therefore, the primary reason

for wearing protective devices, such as lead aprons and
gloves, and for providing protective shielding for the
x-ray room. Scatter also adds unwanted exposure to the
radiographic image. These unwanted exposures, caused
predominantly by scattered photons and less commonly
by secondary photons, are called radiation fog. Because
scatter is coming from all directions, the scattered
photons that strike the image receptor place an expo-
sure on the receptor that is unrelated to the patient’s
anatomy. Radiographic grids are devices designed to
remove unwanted scatter and improve radiographic
image quality.

PAIR PRODUCTION

In a pair production interaction, the energy of the x-ray pho-
ton is converted to matter in the form of two electrons. For
this interaction to occur, a very-high-energy photon with
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an energy of at least 1.02 MeV is required. This is because
the energy equivalent of the mass of one electron at rest
is equal to 0.51 MeV. During this interaction, a high-energy
incident photon comes close to the strong nuclear field and
loses all its energy in the interaction. This energy is used
to create a pair of electrons, one with a negative charge, a
negatron, and the other with a positive charge, a positron
(Figure 13-6). Because a negative electron is common in
nature, it is quickly absorbed by other nearby atoms. A posi-
tron, because of its unique configuration, with some of the
characteristics of a proton, is extremely volatile. It comes to
rest and combines with a negative electron nearly instanta-
neously. When these two particles combine, they disappear
and give rise to two photons moving in opposite directions
and each possessing energies of 0.51 MeV. This process is
called the annihilation reaction because matter is being con-
verted back to energy. Pair production requires a minimum
incident photon energy of 1.02 MeV but doesn’t become a
significant interaction until approximately 10 MeV. There-
fore, it does not occur in the diagnostic x-ray imaging range.

PHOTODISINTEGRATION

The photodisintegration is an interaction between an
extremely high-energy photon, above approximately
10 MeV, and the nucleus. In this interaction, the high-energy

FIGURE 13-6. The pair production interaction.

photon strikes the nucleus and all of its energy is absorbed
by the nucleus, thereby exciting it. The excited nucleus
responds by emitting a nuclear fragment (Figure 13-7).
Because of the high-energy level needed to cause this
interaction, it is not relevant to diagnostic imaging,.

EFFECT ON TECHNICAL
FACTOR SELECTION

Of the five interactions between x-ray and matter, only
two interactions have a significant impact on an x-ray
image. These two interactions, photoelectric absorption
and Compton scattering, must be considered by the radiog-
rapher when technical factors are selected.

It is important to remember that in the diagnostic
x-ray range the majority of the x-ray beam is attenuated
and only a small percentage of photons exit to create the
image. Refer to Table 13-2. For a 10-cm tissue exposed at
50 kVp, 99.27 percent of the beam will be attenuated and
0.73 percent of the beam will be transmitted to interact
with the image receptor. At 130 kVp, the same 10-cm
tissue will attenuate only 94.40 percent of the beam and
5.60 percent of the beam will be transmitted. Obviously,
it would be necessary to reduce the overall number of
photons (mAs) when the kVp is increased, if the radiog-
rapher wants to maintain the same exit dose to the image
receptor.

0.51 MeV

photon
)
Free electron
—\\\\\ Annihilation
. reaction
Posnrcy

0.51 MeV

photon

Negatron




FIGURE 13-7. The photodisintegration interaction.
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Nuclear
fragment

As kVp increases, the total number of photons that are
transmitted without interaction increases. This means that
the probability of photoelectric and Compton interactions
decreases with increasing kVp. A shift does occur, however,
in the percentages of photoelectric versus Compton interac-
tions with increased kVp. The percentage of photoelectric
interactions decreases with increased kVp and the percent-
age of Compton interactions increases with increased kVp.
As aresult, as kVp increases, there is an increased percent-
age of scatter and a decreased percentage of absorption
of the attenuated beam. For example, in Table 13-2, for a
5-cm tissue exposed at 50 kVp, 91.45 percent of the beam is
attenuated and 8.55 percent is transmitted. At 130 kVp, the
same 5-cm tissue will attenuate only 76.34 percent of the
beam and 23.66 percent will be transmitted. At 50 kVp, of
the 91.45 percent that was attenuated, 50.45 percent of the
interactions were photoelectric absorption and 49.55 per-
cent were scatter. At 130 kVp, the overall percent of attenu-
ation decreases (76.34 percent), but most of the interactions
are now scatter interactions (75.22 percent) instead of pho-
toelectric absorption (24.78 percent).

In the human body, Compton scattering is the pre-
dominant interaction through most of the diagnostic x-ray
range. Photoelectric interactions predominate in two cir-
cumstances: (1) In the lower-energy ranges (256-45 keV)
produced by 40-70 kVp, and (2) when high-atomic-num-
ber elements are introduced, such as the contrast agents
iodine and barium. Iodine and barium serve as useful
contrast agents because they absorb a greater percentage
of the photons through photoelectric interactions. These
differences in absorption between the contrast agents

and the soft tissues are responsible for creating the visible
radiographic image.

Figure 13-8 shows the percent attenuation by pho-
toelectric absorption on the scale on the left, and the
percent attenuation by Compton scatter on the scale on
the right. In the diagnostic x-ray range, for bone and soft
tissue, photoelectric absorption predominates at lower
energies and then Compton scatter begins to predomi-
nate. For high-atomic-number materials, such as sodium
iodine (Nal), barium, and lead, photoelectric absorption is
the predominant if not exclusive interaction. For this rea-
son, as stated, iodine and barium serve as useful contrast
agents and lead serves as a useful material for radiation
protection.

When just comparing body tissues, in soft tissue
(water), interactions are about 50/50 photoelectric absorp-
tion versus Compton at approximately 26 keV. In bone,
interactions are about 50/50 photoelectric absorption
versus Compton at approximately 45 keV (Figure 13-9).

When the photoelectric effect is more prevalent,
the resulting radiographic image will possess high con-
trast. High-contrast images have great differences in IR
exposure levels with fewer gray shades in between. This
high contrast is the result of the complete absorption of
the incident photons without the creation of undesirable
scatter to fog the image. High-contrast images can be
created by selecting low-kVp/high-mAs technical factors
and through the introduction of contrast agents. In both
of these instances, the photoelectric effect will be more
predominant. Remember that as the percentage of photo-
electric interactions increases, so does the absorption of
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Percent Compton scatter

Nuclear
medicine

Diagnostic
radiology

100

Percent photoelectric
absorbtion

FIGURE 13-8. Percent contribution of photoelectric (left scale) and Compton (right scale) attenuation processes for various tissue as a function
of energy. When diagnostic energy photons interact with low-Z materials (e.g., soft tissue), the Compton process dominates.
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FIGURE 13-9. The relative percentages of photoelectric absorption and Compton scatter in water and bone.

radiation by the patient. This increases the likelihood of
biological effects. Therefore, high-contrast, low-kVp/high-
mAs techniques tend to result in higher patient doses. It
is important to note that with digital imaging systems,
histogram and look-up table (LUT) will affect the final
image contrast that is displayed.

When Compton interactions prevail, the result-
ing radiographic image will possess lower contrast.

Low-contrast images have very small differences between
IR exposure levels, with more gray shades in between.
Low-contrast images can be created by using high-
kVp/low-mAs techniques because Compton interactions
predominate as kVp increases. Scatter from Compton
interactions is a significant cause of the lower-contrast
images. However, low-contrast, high-kVp/low-mAs tech-
niques tend to reduce patient dose.



As an x-ray beam passes through matter, it undergoes
attenuation, which is the reduction in the number of
x-ray photons in the beam as it passes through a given thick-
ness of matter. Attenuation is the result of x-rays interacting
with matter by way of one of five types of interactions.

The five basic interactions between x-ray and matter
are photoelectric absorption, coherent scattering, Compton
scattering, pair production, and photodisintegration. Only
two interactions are significant within the diagnostic range
of x-rays. These are photoelectric absorption and Compton
scattering. Photoelectric absorption results when an x-ray
photon interacts with an inner-shell electron. The incident
photon is completely absorbed by the ejection of the elec-
tron, which then possesses kinetic energy and is called
a photoelectron. The atom is ionized in the process and
extremely unstable. The void in the inner shell is filled by
the transfer of an electron from an outer shell. As the elec-
tron moves into the inner shell, it releases a photon, which
is characteristic for a given atom. Characteristic photons

¥ REVIEW QUESTIONS

Define attenuation.

Describe the photoelectric absorption interaction.
Describe the coherent scatter interaction.
Describe the Compton scatter interaction.

What is backscatter?

What are the two interactions that have a significant
impact on the radiographic image?

A

7. What type of radiographic contrast will result if the
prevalent interaction is photoelectric absorption?

8. What type of radiographic contrast will result if the
prevalent interaction is Compton scatter?

9. How do changes in technical factor selections impact
x-ray interactions?
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created in irradiated material by way of the photoelectric
effect are called secondary radiation.

Compton scattering is an interaction between an x-ray
photon and an outer-shell electron. The incident photon
gjects the outer-shell electron (Compton or recoil electron).
The incident photon loses energy and as a result changes
direction or scatters. The scattered photons have sufficient
energy to interact again and again. Scatter radiation is the
reason for wearing radiation protection devices and for
shielding x-ray rooms. Scatter also adds unwanted expo-
sures to the receptor, which impairs image quality.

Image contrast is affected by the most predominant
x-ray interaction. High-contrast images will result when
the photoelectric effect is prevalent, and low-contrast
images will result when Compton scatter is more common.
In addition, patient dose is increased when photoelectric
interactions prevail. As kVp increases, more photons are
transmitted without interaction, and patient dose decreases
as a result. m
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CHAPTER 14

KEY TERMS

approximate entrance skin
exposure
entrance skin exposure

Minimizing Patient
Exposure

I became acquainted very early with the destructive effect of roentgen rays
upon living tissue. In fact, it was only a few months after the announcement
of Rontgen’s discovery that I required medical care for a roentgen burn

covering most of the back of one hand.

W. D. Coolidge, “Experiences with the Roentgen-ray tube”

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Explain the relationship of entrance skin exposure to other
measurement points.

Calculate mR/mAs from a calibration exposure total.

Calculate total entrance skin exposure when given subject part
thickness, SID, kVp, mAs, and an mR/mAs chart.

Describe typical entrance skin exposures for common radiographic
procedures.

Discuss methods of reducing patient dose through effective
communication.

Describe various methods of reducing patient dose through effective
positioning.

Explain the interrelationship of the prime factors.

Evaluate various exposure factors for the most effective methods of
reducing patient dose under various clinical conditions.

Describe an effective method of minimizing patient dose by considering
radiation risk factors.

Describe an effective method of maximizing patient diagnostic
information by emphasizing radiation benefit factors.

Analyze various approaches to discussing radiation risk versus benefit
with patients, physicians, and radiologists.
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CHOOSING EXPOSURE FACTORS

A predominant concern of radiographers is how to reduce
the radiation dose to the patient. This concern is reflected
in every decision made, especially when choosing expo-
sure factors. The conscientious radiographer can reduce
the patient dose by at least 50 percent, and sometimes
more, in most examinations, by choosing appropriate
exposure factors.

Although exposure and dose are often used inter-
changeably, exposure (roentgen) refers to radiation
intensity in air, whereas dose (rad) is a measure of the
radiation absorbed as a result of a radiation exposure.
Dose is used to identify the irradiation of patients. Expo-
sure (R) is used to calculate entrance skin exposure
(ESE) in irradiated patients. Patient dose is usually esti-
mated by conducting phantom experiments.

One of the most important characteristics of the
professional is the ability to decide when it is appro-
priate to tip the radiation benefit versus risk issue in
favor of the risk, by reducing the patient dose while
compromising the diagnostic quality of the image, and
when to tip the issue in favor of the benefit by increas-
ing the patient dose, while maintaining the diagnostic
quality of the image. There are circumstances that dic-
tate when each choice should be made, and this chapter

attempts to lay the foundation necessary to make these
decisions.

ESTIMATING APPROXIMATE

ENTRANCE SKIN EXPOSURE

Figure 14-1 illustrates a typical radiographic examination
with the exposure indicated at various points. It is obvious
that the maximum exposure received by the patient is not
at the area of interest but at the skin entrance to the body.
This is known as the entrance skin exposure and is calcu-
lated at the minimum SOD. Note that the minimum SOD
is not equal to the SOD of the area of interest and that the
entrance skin receives a greater exposure. Although radio-
biologists and physicists often discuss organ doses and
gonadal doses, the entrance skin exposure is the most com-
mon expression to approximate patient exposure because
it is safer to assume a maximum effect when attempting to
minimize exposure to ionizing radiation.

Diagnostic Radiography
mR/mAs Charts

Exposure to patients can be estimated by recording mR/
mAs when the x-ray unit is calibrated. This is calculated
by recording a reading for any average exposure and then

Location Exposure
|
X Exiting collimato 1,727 mR
-~ MinimumSOD [/ Xiting cofimator
/ \
/ \
/ \
SOD of y \
SID —= area / Y
of interest 4 \
/ \\
/ \ — Entrance to skin 247 mR
Entrance to organ 21.4 mR
of interest
Exit skin 9.5 mR
Exit table 6.6 mR
Exit grid 1.9 mR
Exit IR 0.7 mR

FIGURE 14-1. Exposures at various locations in the imaging process.

22-cm Abdomen

147 x 17" Primary beam field
80 kVp, 40 mAs, 40” SID
8:1, 80 LPI grid




dividing the reading in mR by the total mAs used. The
expression mR/mAs represents the formula itself. The
mR/mAs measurements are usually recorded for an SID
of 40" (100 cm). To estimate the entrance skin exposure,
the inverse square law must be applied to determine the
exposure for the source-to-entrance skin distance.

The mR/mAs readings vary according to the kVp
used, with higher kVp producing greater mR/mAs. Con-
sequently, mR/mAs readings should be recorded for each
kVp range within the normal expectations of the unit. A
typical mR/mAs chart is shown in Table 14-1.

A quick estimate of entrance skin exposure can be
made from this chart, as shown in the following example.

EXAMPLE: What is the approximate entrance skin
exposure for a 20-cm AP abdomen produced at 80 kVp
and 20 mAs on the unit for the chart in Table 14-1?

Answer: Table 14-1 indicates that 80 kVp =
3.5 mR/mAs. The exposure required 20 mAs, so the
exposure at 100 cm = 3.5 mR/mAs X 20 mAs and the
exposure at 100 cm = 70.0 mR.

SID = SOD + OID
100 cm = SOD + 20 cm
SOD = 100 cm — 20 ¢m

SOD = 80 cm
mR, _ sop’
mR, SID?

70mR _ (80 cm)’
mR, (100 cm)?
70mR 6,400 cm?
mR, 10,000 e’
mR, X 6,400 cm? = 70 mR X 10,000 cm?
_ 70 mR X 10,000 cm?

mR,

6,400 cm’
700,000
mR, =
6,400
mR, = 109.4 mR

EXAMPLE: Whatis the total approximate entrance
skin exposure for an intravenous pyelogram of a
24-cm abdomen if an AP preliminary scout; 5-min AP;
10-min AP, RPO, and LPO; 15-min PA; and 30-min AP
radiographs of the abdomen were produced at 70 kVp
and 15 mAs on the unit for the chart in Table 14-1?
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Answer: Table 14-1 indicates that 70 kVp =
2.5 mR/mAs. Each exposure required 15 mAs, so the
approximate entrance skin exposure = 2.5 mR/mAs
X 15 mAs and the approximate entrance skin expo-
sure = 37.5 mR per exposure; 37.5 per exposure X
7 exposures = 262.5 mR = 0.2625 R.

SID = SOD + 0OID
100 cm = SOD + 24 cm
SOD = 100 cm — 24 cm

SOD = 76 cm
R, _ sop’
mR SID?

2

2625mR _ (76 cm)?
mR, (100 cm)?

262.5 mR _ 5,776 cm’
mR, 10,000 cm’

mR, X 5,776 cm’ = 262.5 mR X 10,000 cm?

_ 262.5 mR X10,000 an’

mR,

5,776 cm’
2,625,000
mR2 =L
5,776
mR, = 454.5 mR

Fluoroscopic R/min Charts

Approximate entrance skin exposure for fluoroscopic
equipment is measured in R/min. Estimation of approxi-
mate entrance skin exposure is calculated in the same
manner.

“II A Typical mR/mAs Chart

SID = 40" (100 cm)

50 0.9
60 1.7
70 2.5
80 3.5
90 4.5
100 5.6
110 6.9

120 7.9
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EXAMPLE: What is the approximate entrance

skin exposure for a fluoroscopic examination of the ab-
domen performed for 5.5 min at 110 kVp at 1.7 R/imin?

Amnswer: The exposure required 5.5 min, so the
approximate entrance skin exposure = 1.7 R/min X
5.5 min and the approximate entrance skin exposure
= 9.35R = 9,350 mR.

EXAMPLE: What is the total approximate entrance

skin exposure for a fluoroscopic examination of an 18-cm
abdomen performed for 7 min and 45 sec at 110 kVp
at 1.7 R/min and then followed by an AP at 10 mAs,
left lateral at 25 mAs, and LPO projection at 20 mAs
of the stomach at 120 kVp on the unit for the chart in
Table 14-1?

Answer: The exposure required 7.75 min, so the
approximate entrance skin exposure = 1.7 R/min X
7.75 min and the approximate entrance skin exposure
= 13.175 R = 13,175 mR. The total mAs for the
three projections = 10 mAs + 25 mAs + 20 mAs =
55 mAs. Table 14-1 indicates that 120 kVp = 7.9 mR/
mAs, so the approximate entrance skin exposure =
7.9 mR/mAs X 55 mAs and the approximate entrance
skin exposure = 434.5 mR; 13,175 fluoro mR + 434.5
diagnostic mR = 13,609.5 mR = 13.61 R.

SID = SOD + 0OID
100 cm = SOD + 18 cm
SOD = 100 cm — 18 cm

SOD = 82 cm

mR, _ SOD’

mR,  SID?

13,6095 mR _ (82 cm)?
mR, (100 cm)?

13,609.5mR _ 6,724 cam’
mR, 10,000 cm’
mR, X 6,724 cm” = 13,609.5 mR X 10,000 cm?

_ 13,609.5 mR X 10,000 cm?
6,724 cm’

mR,

MR, — 136,095,000
: 6,724

mR, = 20,240 = 20.24 R

TYPICAL ENTRANCE SKIN
EXPOSURE

Numerous studies have been done regarding the exposure
delivered to patients during diagnostic radiographic exami-
nations. Diagnostic radiography is by far the greatest source
of ionizing radiation exposure for the public. It is estimated
that 15 percent of the radiation exposure received by the
general public is a result of diagnostic radiographic exami-
nations. Table 14-2 shows the average patient exposure
guides for entrance skin exposure as published by the Con-
ference of Radiation Control Program Directors. Within an
acceptance range of +20 percent, this guide is considered
to be the standard for current practice in the United States.

Radiography of the lumbar spine, pelvis, and hip has
the highest ESEs. These examinations deserve special
attention from radiographers because careful consider-
ation of the need for the examination, positioning, patient
instructions, technical factors, and shielding can result in
significant reduction in the total dose to the patient.

Flouroscopic systems in the United States are
under a limit set by the Food and Drug Administration
(FDA) for entrance exposure (kerma in the SI system)
at 10 centigrays per minute (10 cGy/min), which is
11.5 R/min. High-level control mode fluoroscopy is
limited to an entrance exposure (kerma) of 20 cGy/min,
which is 23 R/min.

REDUCING PATIENT DOSE WITH
COMMUNICATION

Radiographers often overlook the importance of gain-
ing the trust and confidence of the patient. This is
accomplished by a professional approach that includes
technical competence, empathy for the patient, and
effective communication and questioning skills. When
the patient has confidence in the radiographer, there
is a higher probability that detailed instructions will be
followed, which helps to reduce motion and degradation
of positioning.

REDUCING PATIENT DOSE WITH
POSITIONING

An effective method of reducing patient dose is through
accurate and effective positioning. Avoidance of repeated
exposures far outweighs all other methods. However,
once positioning skills have been developed to a degree
of competence, several positioning details may further
reduce the total dose.



CHAPTER 14 Minimizing Patient Exposure

LRy Medical ESE Values for Selected Radiographic Exams

Patient Thickness Median ESE 3rd Quartile ESE
Projection (cm) (mR) (mR)
Chest (PA) 23 No 183 9 13
23 Yes 183 13 18
Pediatric chest (PA) 15-month-old/ No 4 5
11-kg infant Yes 8 10
Pediatric chest (AP) 15-month-old/ No 5 9
11-kg infant Yes 8 14
Abdomen (AP) 23 Yes 102 271 396
Lumbar spine (AP) 23 Yes 102 342 477
Full spine (AP) 23 Yes 183 260 (200 Speed)
145 (400 Speed)
Cervical spine (AP) 13 Yes 102 135 (200 Speed)
95 (400 Speed)
Skull (Lat) 15 Yes 102 145 (200 Speed)
70 (400 Speed)
NOTES:
o Patient thickness corresponds to the dimensions of the average adult patient as clinically validated by the NEXT program.
o All measurements were made in air, without backscatter.
o The ESE values may be converted to entrance air kerma (mGy) by multiplying by 0.00876 mGy/mR.
o Chest data source: 1994 NEXT Chest Radiography Survey.
o Pediatric chest data source: 1998 NEXT Pediatric Chest Survey (preliminary data).
o Abdomen and lumbar spine data source: 1995 NEXT Abdomen and Lumbosacral Spine Survey (hospital data only).
o Full spine, cervical spine, and skull projections are based on data for manual mode techniques only collected by the H-7 Committee prior to the 1992 edition of this

manual. ESEs are not necessarily inversely proportional to imaging system speed.
e For the full spine projection, if the facility used a wedge filter, the exposure was measured in the center of the x-ray field with the filter in the beam.
(Reprinted with permission from Patient Exposure and Dose Guide-2003. Conference of Radiation Control Program Directors, Inc., Frankfort, KY: CRCPD Publication
E-03-2, 2003.)

Source: Patient Experience and Dose Guide - 2003. Conference of Radiation Control Program Directors, Inc., Frankfort, KY: CRCPD Publication E-03_2, 2003.

tissue density through compression both contribute to a
reduction of patient dose.

REDUCING PATIENT DOSE
WITH TECHNICAL FACTORS

The radiographer can significantly reduce the approxi-
mate entrance skin exposure to the patient by judicious
selection of technique exposure factors. Studies have
shown that over 50 percent of repeated exposures
are the result of improper technical factor selection.
Table 14-3 illustrates the effect each of the major techni-
cal factors has on patient dose. In most instances, when
a technical factor is varied, other factors will be modi-
fied to maintain image receptor exposure. Therefore,
the important information is not the direct result of the

Radiographic Projection

Some organs are especially sensitive to the effects of
radiation, for example, the thyroid, the female breast, the
kidneys, and the lens of the eye. Increased recorded detail
and decreased distortion result when the area of interest
is placed as close to the image receptor as possible. In
most instances, a significant reduction in the total dose is
achieved because this positioning also places the organ as
far from the entrance exposure as possible. For example,
a PA chest reduces the dose to the breast, an AP abdomen
reduces the dose to the kidneys, and a PA skull reduces
the dose to the lens of the eye. Deviation from these pro-
jections should occur only when unusual circumstances
dictate an alternate projection.

Immobilization

Proper immobilization is a necessary part of achieving
satisfactory recorded detail and diminishing the need for
repeat exposures. Elimination of motion and decreased

technical factor change, but the result of compensation
to maintain image receptor exposure or other compo-
nents of image quality.
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LSRRl Effects of Radiographic Exposure Variables on Patient Dose

Variable Is Increased
without Compensation

Effect of Patient Dose When:
Variable Is Increased but Image Receptor

Exposure Is Maintained by Compensating

Kilovoltage +
Milliamperage ¥
Time 4
Distance

SID =

SOD =

oID 4
Focal spot size 0
Filtration =
Field size 1

Gonadal shielding —

Subject part density +
Grid ratio 0
Intensifying screens 0
Film speed 0
Film processing
Developer time 0
Developer temperature 0
Developer replenishment 0

with kVp Only with mAs Only

NA -
4

+

+ +
NA NA
- +

varies varies

NA NA
4 4
+ +

Interrelationship of the Prime
Factors

The radiation intensity from a diagnostic x-ray unit will
vary in a direct relationship with mAs, directly with the
square of kVp, and inversely with the square of the dis-
tance. This total relationship is often expressed as:

(mAs)(kVp)®
d2
At the image receptor, the kVp is more likely to be
kVp? or kVp*. Although this formula includes only the
three primary factors, it is useful to understand that they
are interrelated and can all be used to influence the total
dose.

Kilovoltage Range

When kVp is increased without compensating for
other factors, patient dose is increased. Therefore, a
decrease in kVp is desired when attempting to reduce

patient dose. However, when an increase in kVp is
compensated for by a decrease in mAs to maintain
image receptor exposure, a significant reduction in
patient dose is achieved. Selection of the highest pos-
sible kilovoltage consistent with image quality is
the best method of using exposure factors to reduce
patient dose. With fixed kilovoltage systems, care
must be taken to achieve an optimal kVp that is within
acceptance limits. Because fixed kVp technique sys-
tems tend to utilize higher optimal kVp levels, they
usually reduce patient entrance skin exposures. A
comparison of approximate ESE levels with the two
systems is illustrated in Table 14-4.

Remember that generator phase also has an effect
on kilovoltage output. Although an increase in the num-
ber of pulses from the generator would seem to increase
the patient dose because of the increased average
photon energy, there is actually a substantial decrease
in patient ESE (from 40 to 60 percent) because of the
decrease in the percentage of lower-energy photons
from the x-ray tube. The lower-energy photons tend to



be absorbed in the body instead of being transmitted
to the image receptor, thus contributing to patient ESE
without adding any information to the image receptor.
This is clearly shown in Figure 14-2.

Milliamperage and Time

When mAs is decreased, patient dose is also
decreased. When an increase in mAs is compensated
by a decrease in kVp, patient dose will increase. An
inverse relationship exists between mAs and kVp in
maintaining image receptor exposure. To decrease
patient dose, mAs should be maintained at the lowest
possible level because there is a direct relationship
between mAs and exposure. Digital imaging systems
tend to lower average patient ESE as compared to
older film-screen based systems.

ABLE "II Comparison of Approximate

Entrance Skin Exposures with Fixed
and Variable kVp Technique Systems

Variable—56 kVp, 5 mAs = 12.8 mR
Fixed—65 kVp, 2.5 mAs = 9.5 mR

Variable—68 kVp, 40 mAs = 175.1 mR
Fixed—80 kVp, 20 mAs = 135.4 mR

Variable—102 kVp, 20 mAs = 222.0 mR
Fixed—120 kVp, 10 mAs = 156.3 mR

These examples would produce equivalent receptor exposures.
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Distance

Distance cannot be discussed alone because SID,
SOD, and OID have differing relationships to patient
ESE. When SID or SOD is increased, patient ESE
decreases. One study found a 10 percent decrease
in patient ESE between an SOD of 40 and 50 inches.
When kVp is used to compensate for image recep-
tor exposure, the ESE will decrease but the use of
mAs for compensation will usually increase the total
ESE. In most instances, when OID decreases, SOD
increases, and this will reduce patient ESE. This
holds true regardless of whether kVp or mAs is used
to compensate for the air-gap technique and exposure
changes. Because patient ESE decreases when SID
increases, it is now recommended that 44-48-inch
distances become standard.

Focal Spot Size

Focal spot size has no appreciable effect on patient dose.

Filtration

An increase in filtration will reduce the ESE, even when
kVp is compensated to maintain image receptor expo-
sure. However, when mAs is used to compensate for lost
image receptor exposure, the result is often an increase
in the total ESE. This applies only to the small filtration
increases used in diagnostic radiography, usually not

700

600

500

Entrance skin exposure
S

60 70 80

90 100 110 120

kVp

FIGURE 14-2. The effect of kVp on entrance skin exposure. This graph clearly illustrates that increased kVp causes photon energy to be carried

through the object.
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more than 0.5-mm AI/Eq. Any significant increase in
filtration (1.0 mm Al/Eq or more) would have an overall
ESE reduction effect.

Field Size

When the primary-beam field size decreases, the patient
dose also decreases. An increased field size will increase
the total dose even when mAs or kVp is adjusted to com-
pensate for image receptor exposure changes because a
greater tissue area is irradiated. An increase in the primary
technical factors is necessary to compensate for lost scat-
ter radiation exposure when the field size is decreased.
Although this appears to increase dose, the elimination of
a greater percentage of tissue from the beam is a greater
protective method than the increased factors. Modern
x-ray tube collimators utilize two sets of shutters or leaves
to eliminate most of the off-focus radiation.

Gonad Shielding

Gonad shielding is extremely effective in reducing dose
to the gonads. There are three major types of gonad
shields: flat contact, shadow contact, and shaped con-
tact. Flat contact shields are positioned over the gonads
at the skin surface. Shadow shields are positioned in
the primary beam immediately below the collimator.
Shaped contact shields are worn by the patient to sur-
round the gonads. Gonadal shielding is one of the fine
arts of radiography. The radiographer who is competent
in the specifics of gonadal anatomy can easily satisfy
the concerns of the radiologist or supervisor who has
experienced suboptimal shielding that caused repeated
exposure to the patient. Properly placed gonadal shields
significantly reduce patient dose, whereas improp-
erly placed gonadal shields can increase patient dose
through repeated projections. Consequently, consistent
gonadal shielding becomes a measure of the competency
of the radiographer.

Gonadal shields should be used routinely for all
patients with reproduction capabilities. The only excep-
tion to this rule should be projections that require infor-
mation in the gonadal region. It is critical to locate the
exact location of the ovaries or testicles prior to using
gonadal shields. Most projections of the pelvic region do
not permit the use of gonadal shields. This includes IVU,
abdominal, colon, and bony pelvic projections. Hip projec-
tions do permit careful gonadal shielding.

Subject Part Density

A decrease in subject part density will decrease scatter pro-
duction and reduce the patient dose. When compensation

for lost scatter is made by increasing mAs or kVp, a reduc-
tion in total dose holds true.

Grids

Using grids results in an increase in patient dose as
opposed to non-grid procedures, in order to main-
tain image receptor exposure. When the grid ratio is
decreased, and exposure is maintained by decreases
in mAs or kVp, a significant dose reduction can be
achieved. The use of a grid of unnecessarily high ratio
causes routine increases in patient dose, as mAs or kVp
is increased to maintain exposure.

Film-Screen Image Receptor
Systems

Film. Using higherspeed film results in a decrease in
patient dose as opposed to slower-speed film. Film lati-
tude becomes wider as speed and contrast decrease.
Consequently, a narrow latitude film is desirable when
attempting to reduce patient dose. This approach requires
radiographers to be extremely accurate in selecting techni-
cal factors.

Film Processing. Developer time, temperature, and
replenishment cannot be effectively increased to reduce
patient dose. Film processing is a system that must be
maintained at an optimal level to ensure satisfactory
image quality.

Digital Image Receptor
Systems

With digital image receptor systems, it is still critical to
provide the digital image receptor with an appropriate
exposure for a given procedure. Digital image receptors
can respond to a wide range of exposures, from as low
as 0.01 mR up to 100 mR. Extremely low and extremely
high exposures do not produce acceptable image qual-
ity. Most acceptable images can be produced using
approximately 1-mR exposure to the receptor. Setting
the appropriate technical factors is the responsibil-
ity of the radiographer. These prime technical factors
control the exposure to the image receptor. The radiog-
rapher should select the kVp based on the desired con-
trast and adjust mAs to provide the appropriate total
exposure to the receptor. Because of the wide exposure
latitude allowed with digital systems, radiographers
should be especially careful not to use higher exposure
doses than necessary, even though these exposures
may produce an acceptable image through the post pro-
cessing parameters.



i DISCUSSING RADIATION RISK VERSUS
BENEFIT WITH PATIENTS

The radiographer is often in the position of discussing
radiation risk versus benefit with patients. To the attend-
ing physician, and sometimes even to the radiologist,
the radiographer must represent the patient’s interest in
reducing dose. At the same time, the radiographer must
represent, to the patient, the physician’s interest in maxi-
mizing diagnostic information.

Minimizing Patient Dose
by Emphasizing Risk

The patient’s interest in reducing the total dose must
be represented even when the patient does not express
such an interest. Some patients even express an opposite
interest, as often occurs with minor complaints, such as
lung congestion or a sprained ankle, when the patient
arrives in the physician’s office, a clinic, or an emergency
department with a request for an x-ray examination. When
patients assume this attitude, the physician may prescribe
an x-ray examination as a placebo. Most medical ethicists
consider the prescription of a procedure for the purpose of
deceiving the patient, or a procedure known to be without
specific efficacy, to be unethical. This includes unneces-
sary radiographic examinations, which are known to be
potentially detrimental.

In such a situation, the radiographer should perceive
an obligation to act in such a way as to eliminate the
request for the examination or at least to reduce the num-
ber of exposures. Through demonstration of professional
competence, the radiographer can obtain the stature nec-
essary to permit consultation regarding modification or
elimination of examination requests.

Part of gaining this type of respect is the ability to
make well-considered judgments on when to advocate
reductions in patient dose and when to advocate addi-
tional examinations. These judgments require all the
radiographer’s knowledge of anatomy, physics, radiation
biology, positioning, pathology, imaging equipment, and,
especially, clinical experience. For example, a radiog-
rapher should advocate an additional projection of the
abdomen when an erect radiograph for an abdominal
obstruction series fails to demonstrate the top of both
hemidiaphragms. Conversely, the radiographer is acting
professionally when advocating the elimination of sepa-
rate wrist projections when both hand and wrist examina-
tions have been requested, but there is visible trauma only
to the hand, the patient has no complaint of wrist pain,
and the clinical history does not indicate a high probabil-
ity of referred stress to the wrist joint.
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For examinations that are of questionable need, the
radiographer is within professional rights to inform the
patient of his or her right to refuse an examination. Under
no circumstances should this be perceived by the radiog-
rapher as cause to inform the patient that an examination
is not needed or to give a personal opinion regarding
medical treatment or diagnosis. The radiographer must
have an introductory background in medical law in order
to make judgments of this type. For example, minors,
persons who have had their civil rights suspended (such
as persons in the custody of law enforcement officers),
mentally incompetent persons, and some other categories
of patients do not have the right to refuse examinations.

The selection of patients for x-ray examinations has
been the focus of considerable study, particularly when
the chest, lumbar spine, and skull are involved. Patients
can be divided into asymptomatic and symptomatic
groups when determining which should be exposed to
radiation. Asymptomatic patients should be examined
only when there is significant cause, after considering
the incidence and severity of the condition, the detection
reliability of the examination, and the usefulness of the
examination in treatment. The most common examples
of asymptomatic patients are those undergoing screen-
ing procedures. Although mass chest and lumbar spine
screening are now discouraged, mammography screening
is encouraged for women of certain age groups. Symptom-
atic patients are more likely to require x-ray examination
but should fit two major criteria: the examination must
be capable of providing the desired information, and the
information, even if negative, is expected to contribute
to the management of the patient. The radiographer has
a responsibility to contribute to these criteria whenever
possible, primarily through history-taking. When circum-
stances that appear to routinely violate these principles
are encountered, the radiographer should consider with-
drawing from participation in the examinations.

Maximizing Diagnostic
Information by Emphasizing
Benefit

While advocating a reduction of patient dose, the radiog-
rapher must simultaneously impress on the patient the
physician’s primary concern of maximizing diagnostic
information. This includes establishing credibility with
the patient by demonstrating competence in answering
questions, taking a medical history, manipulating the
x-ray equipment, exhibiting a professional demeanor, and
myriad other details. Established credibility permits the
radiographer to convince the patient to follow breathing
instructions, endure an additional uncomfortable projec-
tion, or permit a repeated exposure.
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The benefit of radiographic procedures has been an
unquestionable aspect of medicine since Rontgen’s dis-
covery in 1895. Although this is generally accepted by the
public, some patients have a heightened anxiety about
exposure, and there are periodic increases in publicity
that cause concern over medical radiation exposures.
These issues must be addressed by the radiographer as
the primary professional contact with the patient. The
radiographer has a responsibility to advocate medically
necessary examinations and to assure the patient that
the benefit outweighs the risk.

The primary duty of the radiographer on this issue
is to provide the patient with sufficient information to
permit the patient to make an informed decision regard-
ing the examination. This can be a very sensitive topic
and must be approached in a thorough and professional
manner. One of the best accepted methods of providing
this information to the patient is through comparison of
relative radiation risks. Table 14-5 illustrates comparative
risks of chest x-ray examinations to other radiation risks
that are common public knowledge. Another effective
method of illustrating relative radiation risk is through a
catalog of risks, such as the extract shown in Table 14-6.

I‘E Gross Comparison of Relative

Radiation Levels*

50—100 chest examinations/
year

0.1-500 chest examinations/

Natural background

Diagnostic radiology

I‘I: Estimated Loss of Life Expectancy

due to Various Causes

Being unmarried—male 3,500
Cigarette smoking—male 2,250
Being unmarried—female 1,600
Cigarette smoking—female 800
Dangerous job 300
Motor vehicle accidents 207
Alcohol (U.S. average) 130
Accidents at home 95
Average job 74
Radiation job 40
Accidents to pedestrians 37
Safest job 30

Natural radiation
Medical x-rays

Nuclear imaging

study?

50-1,000 chest examina-
tions/study"

Buying a small car 7,000
Coast-to-coast drive 1,000
Coast-to-coast flight 100
Smoking a cigarette 10
Calorie-rich dessert 50
Non-diet soft drink 15

Diet soft drink 0.15
Crossing a street 0.4
Extra driving 0.4/mile
Not fastening seat belt 0.1/mile
1 mrem of radiation 1.5

30,000 chest examinations
in one day

Start of acute
radiation syndrome

Lethal dose (LD50,) 300,000 chest examinations

in one day

100,000-1,000,000 chest
examinations in a few weeks

Radiation therapy (small
volumes of tissue)

Ultrasound This scale does not apply
NMR This scale does not apply
*Due to differential tissue distributions and sensitivities, such estimates are

intended to be rough comparisons (50—-100 chest examinations will have different
biologic effects from that resulting from 100—-200 mrads of natural background).

1 PA chest examination = 5 millirad average tissue dose in thorax, which
corresponds to a whole-body equivalent dose of 2 millirads.

“Dependent on examination types and techniques.

Does not properly account for doses received in those tissues in which the radio-
nuclide concentrates.

Source: Joseph P. Whalen & Stephen Balter, 1984, Radiation Risks in Medical
Imaging, Chicago: Yearbook Medical Publishers, Inc.

Source: Bernard L. Cohen & I-Sing Lee, 1979, “A Catalog of Risks,” Health Physics
36, 707-722.

When a patient requests information about the exact
dose for a particular examination, the radiographer has an
obligation to attempt to provide that information. However,
it is important that the patient have a basic understanding
that only an approximate entrance skin exposure can be
provided. The radiographer should inform the patient that
the entrance skin exposure is the maximum exposure and
that the actual dose to the area of interest would be signifi-
cantly less.

The Center for Devices and Radiological Health
of the United States Food and Drug Administration
has advocated the use of radiation record cards for
patients. Proposals have been made for credit-card-style



cards with magnetic record tapes for running totals of
approximate entrance skin exposures. There are cur-
rently x-ray units available with printout capability so
this information can be given to patients upon request.
As the public becomes more informed about the poten-
tial risks of medical radiation exposure, additional
developments in this arena can be expected.

predominant concern of radiographers is how to reduce

the radiation dose to the patient. This concern is
reflected in every decision that is made, especially when
choosing technique exposure factors. The conscientious
radiographer can reduce the patient entrance skin exposure
by at least 50 percent in most examinations by choosing
appropriate exposure factors.

The maximum dose received by the patient is not at the
area of interest but at the skin entrance to the body. This is
known as the entrance skin exposure and is calculated at
the minimum SOD. Exposure to patients can be estimated
by recording mR/mAs when the x-ray unit is calibrated.
This is calculated by recording a reading for any average
exposure and then dividing the reading in mR by the total
mAs used. The expression mR/mAs represents the formula
itself. The mR/mAs measurements are usually recorded for
an SID of 40” (100 cm). To estimate the entrance skin expo-
sure, the inverse square law must be applied to determine
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The patient has the right to refuse radiographic
examination. The radiographer is bound by professional
duty to respect this right and to advocate it to physi-
cians, including radiologists, if necessary. As long as the
patient has the right to refuse treatment, proceeding with
an examination under protest from the patient may place
the radiographer at risk of malpractice action (usually as
assault and battery).

the exposure for the source-to-entrance skin distance. For
fluoroscopy, the estimated exposure is calculated in R/min
instead of mR/mAs.

Radiographers can reduce the dose to the patient
through their communication skills, their positioning skills,
and through proper selection of technical exposure factors.
Technical factors include the kVp, mA, exposure time, dis-
tance, filtration, field size, gonadal shielding, subject part
density, grids, and film-screen and digital image detector
systems.

The radiographer is often in the position of discussing
radiation risk versus benefit with patients. To the attending
physician, and sometimes even to the radiologist, the radiog-
rapher must represent the patient’s interest in reducing the
dose. At the same time, the radiographer must represent to
the patient the physician’s interest in maximizing diagnostic
information. =
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1 REVIEW QUESTIONS

1. What is the relationship between entrance skin
exposure and other measurement points?

2. What is the mR/mAs for a calibration exposure of
80 kVp at 40 mAs that produces a total exposure of
86 mR?

3. What is the total exposure for a patient measuring
26 cm when the SID is 40" for an exposure of 70 kVp
and 35 mAs and the mR/mAs at 70 kVp is 2.6 at 40"?

4. How can patient dose be reduced through effective
communication?

5. How can patient dose be reduced through effective
positioning?

6. What changes should be made in kVp, mA, time, and
distance if each is the only factor changed to reduce
patient dose?

7. What are the variables, other than the prime factors,
that can be used to reduce patient dose?

8. What risk factors could be mentioned to answer a
patient’s inquiry about the dose for an examination?

9. What diagnostic benefits could be mentioned to
answer a patient’s inquiry about the need for an
examination?

10. Describe an approach to discussing radiation
risk versus benefit with patients, physicians, and
radiologists.
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CHAPTER 1

KEY TERMS

collimator

Tell the world to wait
till we set the record straight

penumbra

positive beam limitation
(PBL) device X-ray vision
baby, I can see thru you

Moon Martin, Pete Sinfield, and Terry Taylor, “X-Ray Vision,”
JSfrom Mystery Ticket

OBJECTIVES

Upon completion of this chapter, the student should be able to:

m  |dentify the factors that affect the amount of scatter radiation
produced.

w  Discuss the primary methods used by radiographers to control the
amount of scatter radiation reaching the image receptor.

Explain the purpose and construction of beam-restricting devices.

m  Compare the advantages and disadvantages of the various
beam-restricting devices.

m  Describe the effect of beam restriction on image quality and patient
dose.



CONTROLLING SCATTER

Scatter radiation is produced during a Compton interaction.
In this interaction, a primary photon interacts with an outer-
shell electron and changes direction, thereby becoming a
scattered photon. Scattered photons are not a part of the
useful beam, and will impair image quality by placing expo-
sures on the image receptor that are unrelated to patient
anatomy. In order to provide the best possible image, the
radiographer must try to minimize the amount of scatter
radiation reaching the image receptor. This can be best
accomplished by restricting the x-ray beam and by using a
grid. Proper beam restriction will keep the total amount of
tissue irradiation to a minimum and has great importance
in both improving image quality and reducing patient dose.

As the beam is restricted, fewer primary photons are
emitted from the tube and collimator, and fewer scattered
photons are created. In addition, the decrease in the num-
ber of primary photons results in a decrease in the dose to
the patient. The only way to improve image quality once
scattered photons have been created is to try to decrease
the numbers that are allowed to interact with the image
receptor. Grids are devices that are placed between the
patient and the image receptor to absorb scatter radiation.

The principal factors that affect the amount of scat-
ter produced are (1) kilovoltage and (2) the irradiated
material. In order to control the amount of scatter pro-
duced, it is important to understand how kilovoltage and
the irradiated material affect scatter production.

Kilovoltage

Kilovoltage affects the penetrability of the beam. As kVp
increases, fewer photons undergo interaction with matter
and more pass through the patient to interact with the
image receptor. For the photons that undergo an interac-
tion, photoelectric absorption and Compton interactions
are predominant in the diagnostic x-ray range. Although
the total number of photons that undergo interaction
decreases with increased kVp, a shift is seen in the per-
centage of photoelectric versus Compton interactions
as kVp increases. As the kilovoltage increases, the per-
centage of x-rays that undergo a Compton interaction
increases and the percentage of photons that undergo
photoelectric absorption decreases. Because Compton
interactions create scatter, as kilovoltage increases, the
percentage of primary photons that will undergo scat-
tering also increases. At the same time, the percentage
of primary photons that are absorbed photoelectrically
decreases, resulting in a reduction in patient dose.

If kilovoltage is increased with no other change
in the technical factors selected for a given exposure,
the end result will be an increase in the transmission of
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photons and therefore an increase in the exit dose from
the patient. More radiation will reach the image receptor.
This increase in kilovoltage will also result in an increase
in the percent and amount of scatter radiation produced.
Table 13-2 illustrates this point. At 50 kVp with a 10-cm
tissue, for every 1,000 photons, 990 photons (approxi-
mately 99 percent) will be attenuated and 10 photons
(approximately 1 percent) will be transmitted. Of the 990
attenuated photons, approximately one-half interact by
photoelectric absorption and one-half by Compton scatter
(495 interactions each). At 130 kVp with a 10-cm tissue, for
every 1,000 photons, 940 photons (approximately 94 per-
cent) will be attenuated and 60 photons (approximately
6 percent) will be transmitted. Of the 940 attenuated pho-
tons, approximately 25 percent (235 photons) interact by
photoelectric absorption and 75 percent (705 photons) by
Compton scatter.

In radiography, the kilovoltage level is selected based
predominantly on the size of the part being examined.
When kilovoltage is increased without any other changes
in technical factors, more scatter will result. If, however,
the increase in kilovoltage is accompanied by a reduction in
mAs to maintain the same exit dose, the overall result will
be a decrease in the amount of scatter produced. Overall
less photons are needed to create an acceptable image.

An x-ray image is created when some photons pass
through the patient unaffected and others are absorbed
photoelectrically. This difference is the basis for varying
levels of image receptor exposure. When more photons
pass through unaffected, the result is greater image
receptor exposure. When more photons are absorbed
photoelectrically, the result is less image receptor expo-
sure. Scattered photons from Compton interactions are
of no use in demonstrating the structures of interest.
They merely add unwanted exposure to the image recep-
tor that does not correspond to any particular structure.
Much of the overall image receptor exposure is created
by scattered photons. Image quality is improved when the
amount of scatter reaching the image receptor is reduced.

Irradiated Material

The amount of scatter created during an interaction is
affected by the volume and atomic number of the material
being irradiated. The volume of irradiated material is con-
trolled by field size and patient thickness (Figure 15-1).
As the volume of irradiated tissue increases, the
amount of scatter increases. Volume increases as the field
size increases or as the patient thickness increases. Larger
field sizes, such as with 14" X 17" (35 X 43 cm) image recep-
tors, allow for more photons to interact with tissue, thereby
creating more scatter. Larger body parts have more tissue
to interact with the photons, resulting in greater scatter pro-
duction. In order to decrease scatter, the smallest possible
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FIGURE 15-1. The amount of scatter increases with increased field
size and patient thickness.

field size should be used. It is for this reason that beam
restriction is an important part of scatter reduction and, of
course, of patient protection. Patient thickness cannot be
significantly altered by the radiographer, but certain tech-
niques, such as the use of compression bands, can be useful
in slightly reducing patient thickness.

The atomic number of the irradiated material also
has an impact on the amount of scatter produced because
higher-atomic-number materials have a greater number of
electrons within each atom and photons have a greater

chance of striking an electron, creating an absorption
interaction. Therefore, the higher the atomic number of a
material is, the greater will be the number of photoelectric
absorption interactions, and the less scatter. Bone absorbs
more radiation and scatters less than soft tissue. For
this same reason, high-atomic-number materials, such as
iodine, barium, and lead, absorb more radiation through the
photoelectric interaction than low-atomic-number materi-
als do. These photoelectric absorption interactions create
the high contrast seen when contrast media are used.

Of the factors affecting the amount of scatter pro-
duced, the kilovoltage and the field size are under the
direct control of the radiographer. Kilovoltage levels must
be selected based on the area being radiographed, and the
smallest possible field size should always be used. Beam
restriction is therefore important to image quality. Remem-
ber, however, that when the beam is restricted, less scatter
radiation will reach the image receptor and, as a result,
technical factors may need to be increased to compensate
for the reduction in the overall image receptor exposure.
For example, the technical factors used for an AP pro-
jection of the abdomen using a 14" X 17" (35 X 43 cm)
image receptor would be insufficient to produce a good
image of the same patient’s bladder imaged on an 8" X 10"
(18 X 24 cm) receptor. Technical factors would typically
need to be increased 25-50 percent to compensate for this
type of reduction in the field size.

i BEAM RESTRICTORS

The foremost method of restricting the primary beam field
size is the use of a device known as a collimator. Aperture
diaphragms and cones/cylinders are also devices that
historically were used to restrict the beam, but are not in
common use today.

Collimator

The collimator is the most commonly employed beam
restrictor in radiography. A collimator permits an infinite
number of field sizes (Figure 15-2). It also has the advan-
tage of providing a light source for the radiographer as an
aid in properly placing the tube and central ray.

A collimator consists of sets of lead shutters at right
angles to one another that move in opposing pairs. Each
set moves symmetrically from the center of the field.
These lead shutters can be adjusted to correspond to an
infinite number of square or rectangular field sizes.

The shutters serve to regulate the field size and, in addi-
tion, have two other purposes. The bottom shutters reduce
penumbra along the periphery of the beam because of their
greater distance from the focal spot. The penumbra is a geo-
metric unsharpness around the periphery of the image, also
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known as edge unsharpness. It is the result of x-ray photons
being created in all areas of the focal spot rather than at just
a single point. Primary photons diverge from the tube at
varying angles and intersect with the structures of interest
at varying angles when creating the image. Reducing penum-
bra will improve the sharpness of the recorded image edge.
This concept is described in further depth in Chapter 28. The
upper shutters of the collimator help in reducing the amount
of off-focus (stem) radiation reaching the image receptor by
absorbing this radiation before it exits the tube. Recall that
off-focus radiation originates within the x-ray tube but not
at the focal spot. Off-focus radiation can result in images,
similar to shadows of the patient, beyond the exposed field
of radiation (see Figure 6-23). These shadows are often
believed to be caused by scatter radiation. However, scatter
will never create an image of a specific anatomical structure.

The collimator offers the radiographer a light field
that outlines the exposure field and provides a crosshair
to identify the center of the beam. Some units also provide
an outline of the size and location of the automatic expo-
sure control (AEC) chambers. The light field is provided

by mounting a mirror in the path of the x-ray beam at a
45° angle. A light source is then placed opposite the mir-
ror and the light is projected through the collimator. The
light source and the x-ray source must be equidistant from
one another to ensure that the light field and the x-ray
field are the same size. Improper positioning of the mirror
or the light can result in improper alignment of the light
field to the exposure field. Collimator accuracy should be
checked on a regular basis as a part of the department’s
quality control program.

Most collimators are equipped with an accessory
known as a positive beam limitation (PBL) device. PBL
automatically collimates the beam to the size of the image
receptor. When an image receptor is placed in the Bucky
tray and secured in position, sensing devices determine
the size and placement of the image receptor. The sens-
ing devices activate an electric motor that drives the
collimator lead shutters into proper position. When oper-
ating properly, automatic collimators should leave a small
unexposed border on all four sides of the exposed image.
However, it is possible to override the PBL devices so that
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the field size can be controlled by the radiographer. This
allows the radiographer to collimate to a field that is less
than the image receptor size. The field size should never
be greater than the size of the image receptor. When using
a flat panel detector, it is important to remember to col-
limate to only the area of interest.

The use of a collimator results in some filtration
of the x-ray beam because the primary beam is passing
through the mirror in the collimator. The added filtration
is usually equivalent to approximately 1 mm of aluminum.
Because collimators result in increased filtration of the
x-ray beam, their use during low-kVp radiography (such
as mammography) is restricted.

Proper collimation is the responsibility of the radiog-
rapher. Under no circumstances should the exposure
field exceed the size of the image receptor. Automatic
collimation helps to ensure that the exposure field does
not exceed the size of the image receptor, but the radiog-
rapher should always limit the field to the part being
examined. By so doing, image quality can be improved and
patient dose can be minimized.

Aperture Diaphragm
and Cones/Cylinders

The aperture diaphragm is a flat sheet of metal, usually
lead, with an opening cut in the center and attached to the
x-ray tube port. This is the simplest of all beam-restricting
devices and different diaphragms are needed to accom-
modate different receptor sizes and different distances.
Cones and cylinders are essentially circular aperture dia-
phragms with metal extensions. A cone has an extension
that flares or diverges, with the upper diameter smaller
than the bottom flared end, and a cylinder does not flare.
Although rarely used, cones remain the most effective
means of scatter control. Aperture diaphragms and cones/
cylinders have the principal disadvantage of a fixed field
size and are rarely used today.

ANCILLARY DEVICES

Beam restrictors may be made for a very specific purpose.
Ancillary devices are generally designed with a special
need in mind. Examples include lead blockers and lead
masks. These devices are tailored for a specific use during
a given procedure. They are designed to restrict the beam
to a specific shape for a particular examination.

A lead blocker is simply a sheet of lead-impregnated
rubber that can be cut to any size or shape. Placement of
a lead blocker on the radiographic table during radiogra-
phy of the lower spine in the lateral position will help to
absorb the scatter that is produced in the soft tissue of

the patient’s back (Figure 15-3). A lead blocker may also
be helpful when placed on the radiographic table above
the level of the shoulder during positioning for AP projec-
tions of the shoulder joint. Lead blockers are most helpful
when examining large patients, because the amount of
scatter increases with increases in the size of the patient.
Early digital imaging systems would often have problems
processing images created with lead blockers. Most digi-
tal systems now can avoid these problems. However, it is
wise to check the vendor’s information for recommen-
dations prior to attempting to use a lead blocker with a
digital image receptor.

A lead mask is usually cut to correspond to the par-
ticular field size desired and is then secured to the end
of the collimator. Lead masks in the shape of a keyhole
were sometimes used during cerebral angiography to help
improve image quality by reducing scatter.

Image recepto

A
X-ray tube
/ \
/ \
/ \
/ \
/ \
/ Y Table top
Lead blocker ,/ k

\/--[ \
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FIGURE 15-3. The use of a lead blocker for radiography of the
lower spine (A), and cutaway view of absorption of scatter (B).




In order to provide the best possible image, the radiographer
must try to control the amount of scatter radiation reaching
the image receptor. The principal factors that affect the amount
of scatter produced are (1) kilovoltage and (2) the irradiated
material. As kilovoltage increases, the percentage of primary
photons that will undergo scattering also increases. As the

volume of irradiated tissue increases, the amount of scatter
produced is increased. Volume will increase as the field size
increases or as the patient thickness increases. The atomic
number of the irradiated material also has an impact on the
amount of scatter produced. Higher-atomic-number materials
have a greater number of electrons within each atom. Photons
have a greater chance of being absorbed by these materials.
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The collimator is the most commonly employed beam
restrictor in radiography because it permits an infinite number
of field sizes using only one device. It also has the advantage
of providing a light source for the radiographer as an aid in
properly placing the tube.

Proper collimation is the responsibility of the radiog-
rapher. Under no circumstances should the exposure field
ever exceed the size of the image receptor. In addition, the
radiographer should always limit the field to the part being
examined. By so doing, image quality will be improved and
patient dose minimized. =

% REVIEW QUESTIONS

1. Why does beam restriction reduce scatter radiation
production?

2. What are the two principal factors that affect the
amount of scatter produced?

3. How does the atomic number of a material affect the
amount of scatter produced?

4. How does a collimator restrict the primary beam
field size?

5. What is PBL?
6. How does beam restriction affect patient dose?
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Creating
the Image

Creating the image that appears on the radiograph
occupies the majority of the radiographer’s time and
requires a great deal of skill. The ability of the radiolo-
gist to make a diagnosis depends on the radiographer’s
ability to create a diagnostic-quality image. This ability
is predicated on a thorough knowledge of the scientific
basis by which the image is produced, as well as clinical
experiences.

This unit introduces the important aspects of vision
and perception. Understanding how the information
from the radiographic image will be transmitted to the
brain of the viewer is critical to understanding exactly
how to manipulate the image to maximize the diagnos-
tic information it conveys. Producing quality images
requires knowledge of the concept of the patient as
a beam emitter, the proper use of the grid, and a
basic understanding of older film-screen imaging and
processing. Current technology using digital image
receptors is detailed in the next unit, and together with
this unit, an essential understanding of these factors is
important to the professional radiographer in order to

create a diagnostic image.
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cone cells
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edge enhancement
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She is so tall, so slender, and her bones—
Those frail phosphates, those carbonates of lime—
Are well produced by cathode rays sublime,

By oscillations, amperes and by ohms.

Her dorsal vertebrae are not concealed

By epidermis, but are well revealed.

Around her ribs, those beauteous twenty-four,

Her flesh a halo makes, misty in line,

Her noseless, eyeless face looks into mine,

And I but whisper, “Sweetheart, je t'adore.”

Her white and gleaming teeth at me do laugh.

Ah! Lovely, cruel, sweet (radio)graph!

Lawrence K. Russell, Life, 1896

OBJECTIVES

Upon completion of this chapter, the student should be able to:

= Draw a cross-sectional image of a human eye with appropriate
anatomical structures identified.

m  Explain the physiological function of the eye during photopic and
scotopic vision.

m  Discuss the inefficiency of the medical imaging process.

Describe the boundary effect, Mach effect, eye motion, veil glare, and
the effect of viewing distance on visual perceptions.

m  State why pattern recognition is the domain of the radiologist.



(continued)

Discuss the concept of controlling the radiographic
image in space

Apply the concept of three-dimensional thinking to
clinical practice.

Identify numerous creative uses of radiography in
medicine, technology, and art.

IMAGE PERCEPTION

At one time or another we have all been fooled by
visual misperceptions. A common example is shown in
Figure 16-1. Misperceptions of any type can be danger-
ous in clinical radiography. An important method of
overcoming misperception is the elimination of precon-
ceived ideas about an image. A mental erasing of these
opinions is necessary to permit high-quality viewing of
radiographic images. This is a skill that is cultivated by
radiologists until it becomes part of their routine diag-
nostic procedure. Radiographers observe the diagnostic
reporting of images by radiologists with amazement
at first, but with increasing confidence as experience
adds knowledge about the potential pathological mean-
ing of various radiologic signs. Radiographers should
strive toward developing an understanding of the
perceptual problems that radiologists encounter when

FIGURE 16-1. "The Lady and the Chalice” can be seen either as a
pair of black faces in silhouette or as a white vase. This picture was
devised by E. Rubin in 1915 and remains popular as a method of
demonstrating perceptual differences.
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attempting to interpret radiographic images. Through
this understanding the radiographer can work toward
producing images with patterns that provide maximum
assistance to the radiologist in the diagnostic process.

Visual Anatomy

Because radiography depends entirely on images, it is
helpful to be introduced to the complexities of visual per-
ception. The mechanics of image perception are mostly
unknown. It is little understood exactly how the eye per-
ceives images and transmits them to the brain. Even less
is known about how the brain neurologically processes
the information.

The human eye is anatomically designed to gather
light, focus it, convert it to nervous impulses, and transmit
it to the brain for processing. The aqueous humor, cornea,
iris, and lens gather and focus the light (Figure 16-2).
The specialized cells of the retina, especially the fovea
centralis (or macula lutea), convert the image to nervous
impulses, and the optic nerve transmits the impulses to
the brain for processing. With corneal malfunction, such
as myopia and hyperopia, the most common problems
requiring corrective lenses, a distinct loss of detail is per-
ceived because the incoming light is not properly focused
on the retina. This is easily perceived, and well-established
means are available for correction. Image conversion and
processing problems are not as easily perceived and these
deserve some elementary study.

Visual Physiology

It is often uncertain whether conversion and processing
problems are caused by the light-sensitive cells located in
the retina or by mental misperceptions due to neurological
processing. Sufficient research has been done at least to
outline some of the factors that may cause misperceptions.
Understanding that these factors exist and how they can
prejudice perception can assist greatly in reducing visual
problems.

An excellent example of misperception is the ten-
dency to stare at an object that is difficult to see. Although
this may be a good method of mental concentration, it
does nothing to improve the visual quality of the image.
In fact, it does the opposite. The length of time the human
visual system can integrate (acquire information) is only
0.2 second. If the image does not provide enough informa-
tion to be converted and processed in that time, the visual
system will reset itself and reacquire information for the
next 0.2 second. Therefore, when insufficient information
is provided to the radiologist due to improper illumina-
tion, or distracting reflected light, only an improvement
in the quality and quantity of light photons available will
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FIGURE 16-2. The human eye.

Optic nerve

Retina

improve the visual image. The image does much to resolve
the integration time problem. Because the monitor can
integrate information for a considerable length of time
and then hold that information, it permits the human brain
to integrate much more visual information than if the
image were viewed as it was acquired from the patient.

Rod and Cone Cells

Human image conversion occurs in the rod cells and
cone cells located in the retina. Both of these types of
cells contain photosensitive pigments that will respond to
light by sending an electrical potential to specialized nerve
cells. These bipolar cells emit neurological impulses when
excited by light photons. The two types of cells are so dif-
ferent in their receiving and sending abilities that neuro-
physiologists tend to consider them as two separate visual
systems. The cells are only about 1 pm in diameter and
are concentrated to 100,000 per mm?. There are approxi-
mately 7,000,000 cones, which are located only at the
fovea centralis. There are approximately 120,000,000 rods
covering the remainder of the retina.

Photopic Vision

Photopic (daylight) vision is controlled by the cones. Cone
cells require relatively bright light to function (a minimum
of approximately 100 light photons). Cone cells contain one
of three different light-sensitive pigments, each of which is
sensitive to a different range of photon wavelength (color

of light). The cones are most sensitive to yellow light. Color
blindness is a condition that occurs when there is a lack of
cones sensitive to a particular color or colors.

Because most of the cones are located at the fovea
centralis in high concentration, daylight vision is sharply
focused. Therefore, visual acuity is improved in daylight.
The sparse concentration of cones in the retina outside the
fovea centralis accounts for poor peripheral vision in day-
light. Cones are also able to detect changes in brightness
far better than rod cells. This permits much greater rec-
ognition of grayscale differences, or contrast, and results
in what is called greater contrast perception (Figure 16-3).

Scotopic Vision

Scotopic (night) vision is controlled by the rods. Rod
cells are sensitive to low light levels (they may respond
to as few as 15 photons) but cannot function in bright
light. Rod cells cannot distinguish wavelength, although
they are more sensitive to green light. As a result, humans
are unable to perceive colors in extremely low-light
situations. Rod cells function by photosensitization of
rhodopsin, also known as visual purple, because it is most
sensitive to blue-green wavelengths. When exposed to
vast quantities of light photons, rhodopsin is oversensi-
tized and becomes bleached out. The rod cells then regen-
erate rhodopsin at the rate of 50 percent every 7 minutes.
This is the reason a bright light causes temporary blind-
ness in both humans and animals. Because there are no
rods in the fovea centralis, dim-light vision is entirely
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peripheral and, therefore, difficult to bring into sharp
focus. In addition, rods are not as concentrated because
they are spread over a much greater area than cones. For
these reasons, radiologists realize that dim objects are
best viewed peripherally. Rods function better when the
image information is changing. Slow scanning with an old
fluoroscopic unit, night binoculars, or when walking in a
dark room will increase visual acuity.

Inefficiency of the Medical
Imaging Process

Few radiographers realize exactly how inefficient the
entire imaging process is. An early fluoroscopic image
study showed that although the x-ray tube was emit-
ting 5,000,000 photons per second per mm? amplified
over 5,000 times by the fluoroscopic intensification
screen, only 65 photons contributed to the final impulses
received by the brain. This is a conversion efficiency
of 0.00005 percent (1 out of 2,000,000 photons) from
the fluoroscopic screen and 0.001 percent (1 out of
100,000 photons) from the tube output.

Threshold Detection

The threshold detection is a visual phenomenon involving
the perception of extremely small or faint details. This is
more than an issue of the resolution, or fineness of the
details, in the image. It also involves minimizing back-
ground exposure and other artifacts, known as visual noise.

Boundary Effect. A boundary effect occurs because the
visual system has difficulty perceiving contrast differences
that are distant from one another. When a distinct bound-
ary between various attenuation areas can be achieved
(this is actually contrast), adjacent differences as small as
2 percent can be perceived under high illumination (such
as a radiographic view box). When the boundary is indis-
tinct, a difference of up to 20 percent may be required.
Less intense light levels also affect this perception ability.

There is a rule of thumb in radiography that image
receptor exposure changes should be at least 25-33 per-
cent to be visible. This is because two radiographs of
differing grayscales are seen quite distant from one
another. If a change of this magnitude formed an adjacent
boundary, it would be strikingly apparent. Surrounding
attenuation areas have an effect on the perception of
nearby structures. This results in confusion when judging
absolute and relative levels of image receptor exposure
and contrast from one image to another.

Another aspect of the boundary effect concerns the
length of the boundary line. A subtle exposure difference
along the length of a long boundary may be perceived,
but when it is shortened the boundary may no longer be
perceived. As yet there is no explanation for this phe-
nomenon but radiologists can best observe extremely
subtle exposure differences when they form a long
boundary. They may fail to see diagnostic information
when exposure differences are widely separated or form
short boundaries. In these instances, it is important for
the radiographer to attempt to provide better perception
through higher contrast.
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Mach Effect. Part of the boundary effect may be explained
by a phenomenon called the Mach effect. The retina con-
tains neural connections that inhibit impulses under certain
conditions. One of these conditions is extremely bright
light; another is a dramatic change in impulse intensity. The
Mach effect occurs when the eye perceives a boundary.
Each time there is a change in exposure, there is a change
in the intensity of the impulses sent to the brain. When the
beginning of the new intensity level is inhibited by the neu-
ral connectors, the impulses to the brain are transmitted as
shown in the graph in Figure 16-4B. For exposure differ-
ences as shown in the step wedge in Figure 16-4A, the end
result is a response as shown in Figure 16-4C. This creates
an effect known as edge enhancement. Edge enhancement
compresses the entire grayscale while making the bound-
ary appear more distinct than it really is. For example, in

A
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3 attenuation

C

% ‘ change

5 Optical nerve
response

R s -

Distance

FIGURE 16-4. The Mach effect: (A) actual attenuation differences;
(B) comparison of actual attenuation changes to optical nerve
response; and (C) optical nerve response from A.

Figure 16-56 many of the lighter steps appear to be lighter
just before the edge of the next darker step. This perceptual
illusion is the Mach effect. Although this makes it easier to
perceive the edges, radiologists are concerned about the
possibility of a small detail being lost because its exposure
is overwritten by edge enhancement. Figures 16-5 and 16-6
have the same light-to-dark grayscale. Note that the lack of
a distinct boundary line causes a difference in perception
of the range of visible exposures.

Eye Motion. Contrast perception is dramatically in-
creased when the eye uses a scanning motion, as when
reading a book. Because the photosensitive cells in the
eye can integrate a limited amount of information, eye
movement maintains a constantly changing neurological
signal, thus avoiding saturation of the optical nerves.

Veil Glare. Veil glare occurs when the intensely bright
light floods the eye directly. This occurs in unexposed
areas of the image and between images. The bright light
scatters inside the eye and reduces contrast perception,
much as Compton scatter does within the patient.

Viewing Distance. Data concerning threshold detection
indicate that results change when the viewing distance
is changed. This occurs because of the changes in
intensity due to the inverse square law and because the
physiological processing of the image changes when the
angle of the incident light photons changes. In addition,
the fovea centralis creates a blind spot at a viewing
distance of about 9 inches. Therefore, radiologists often
vary their viewing distances when addressing areas of
perceptual difficulty.

Pattern Recognition

Pattern recognition involves perceiving combinations of
details that can be defined and classified toward a diagnosis.
This is the area radiologists often study the hardest. Just as
it is difficult to identify a picture of a familiar face when it
is shown upside down, so is it important that radiologists be
presented with images in a routine manner. For example,
radiographs are universally viewed as if the viewer were fac-
ing the patient (the patient’s left is on the viewer’s right, etc.).

Pattern recognition involves comparing mental images
of patterns—anatomical, physiological, pathological, and
histological—to arrive at a diagnostic opinion. Because of
the complexities between the visual system and the mental
capability to store and recall image patterns from memory,
and because of the lack of scientific knowledge about how
the brain processes information, pattern recognition is a
weak area of research and no data can be provided to help
the radiographer assist the radiologist. Pattern recognition
is the true domain of the radiologist who has the requisite
medical knowledge to be competent in this area.
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FIGURE 16-5. Optical step wedges. Note the prominent Mach effect through the lighter attenuation areas of the upper step wedges.

FIGURE 16-6. A continuous grayscale produced with a continuous
sloping aluminum step wedge.

CONTROLLING THE IMAGE
IN SPACE

One of the challenges to the radiographer is to place the
patient so that the area to be imaged is in a position that
will enhance the quality of the image. It is helpful to visu-
alize the object of radiographic interest (kidney, scapula,
sinus, etc.) as floating in space within the body of the
patient. The skill of the radiographer lies in manipulating
the object to the correct position in relationship to the
x-ray beam and image receptor. This is the art of control-
ling the image in space.

Thinking Three-Dimensionally

The radiographer must be capable of controlling the
image in space in an artistic manner. This is one of the
critical elements of professionalism. It is important to
view images from a perspective of thinking three-dimen-
sionally. This concept is extremely valuable in forming
perceptual ability. The experienced radiographer can see

an incredible amount of beauty in the radiographs that
are produced every day. Just as the barium-coated finger
(Figure 16-7) is easily perceived in three dimensions, so
are most radiographs viewed in this manner by radiog-
raphers. The magnification of structures some distance
from the receptor places them further away in perspec-
tive; finely detailed structures seem to move closer, and
each image assumes a three-dimensionality usually not
noticed by the novice.

Radiographic positioning requires a solid knowledge
of the shape and location of skeletal and soft tissue struc-
tures and an in-depth understanding of their anatomical
relationship to one another.

FIGURE 16-7. A three-dimensional effect. Reprinted by permission
of the publisher from Squire’s Fundamentals of Radiology, Fifth Edition,
edited by Robert A. Novelline, p. 12, Cambridge, MA: Harvard University
Press. (Copyright © 1975, 1982, 1988, 1997 by the President and Fellows of
Harvard College.)
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The human body is a three-dimensional object, but
radiographic images possess only two dimensions—length
and width. Consequently, conventional radiographic
images are missing a critical diagnostic element—the
dimension of depth. This can only be compensated for by
never settling for a single radiographic view of any struc-
ture. At least two images, as close to 90° angles to one
another as possible, are required to view all three dimen-
sions. Although computed tomography is capable of creat-
ing three-dimensional images, these take time, need special
processing procedures, and are expensive to create.

The dimensional views required for all radiographic
examinations are anterior-posterior, medial-lateral, and
superior-inferior. All radiographic images will demon-
strate two, but never all three, of these perspectives.
For example, a posteroanterior (PA) chest radiograph
demonstrates the medial-lateral dimension and the supe-
rior-inferior dimension, but not the anterior-posterior
dimension. The dimension that describes the entrance
and exit of the central ray, which is used to describe the
projection, is the dimension not visualized. In situations
where superimposition makes PA and lateral projections
useless, two oblique positions at 90° angles from one
another can be used to achieve the same effect.

An important skill that must be developed by the
radiographer is the ability to mentally visualize the chang-
ing and moving of overlying anatomical structures from
any angle in order to provide an image free of superim-
position. Artistic techniques should be understood, such
as making exposures while the patient is breathing, thus
using patient motion to blur superimposing structures
from the image (i.e., to blur ribs from the lateral projec-
tion of the thoracic vertebral column).

i RADIOGRAPHY AS AN ART FORM

Radiography is an art form. In the century since its discov-
ery, it has been used to investigate an incredible variety
of animals and objects. Examples of radiography as a
technical and purely creative art form abound. Numerous
radiographers have not only taken pride in the quality of
their clinical abilities but also extended their technical
skills into artistic expressions of creativity.
Radiographers can become technically artistic; inno-
vative adaptations of routine procedures should be con-
sidered technical artistry. For example, it is technically
artistic to reverse angles to produce a diagnostic-quality
modified image of a fractured clavicle on a trauma patient
who cannot be moved due to thoracic injuries, or to lower
the tube and support an image receptor under a wheelchair
patient’s foot so that it is unnecessary to move a weak
patient with a full leg cast onto a radiographic table.

Artistic Radiography

William Conklin, a South Carolina radiographer artist,
achieved national acclaim for his radiography/photog-
raphy of sea shells (Figure 16-8). Conklin’s work has
appeared in National Geographic and is in the perma-
nent collection of the Smithsonian Institution. Radiogra-
phy has often been used to produce a unique perspective
of flowers, fruit, and other plants, as well as of shells
and fish.

Nondestructive Testing

The entire industrial radiography field, known as nonde-
structive testing (NDT) radiography, is unknown to many
medical radiographers. The intent of NDT radiography is
to assist in the examination and assessment of materials
such as castings, welds, and others through noninvasive
techniques.

Biological Research

Radiography has proven an invaluable tool in biologi-
cal research, not only in medical studies but also in
monitoring animal functions. For example, the study of
birds and bats in flight is greatly enhanced by high-speed
radiography.

Veterinary Radiography

Veterinary medicine and dentistry also use radiography
to accomplish many diagnoses. Figure 16-9, a canary with
an egg, is an example of veterinary radiography. This type
of radiography is also used in zoos. Radiographers have

FIGURE 16-8. “Scotch Bonnet,” by William A. Conklin, RT FASRT.
(With permission of William A. Conklin, Inner Dimension, 1571 Marshall Avenue,
Orangeburg, SC 29115.)




Courtesy of Dr. Marion Frank.

FIGURE 16-9. Canary with an egg.

been called on to examine all types of animals, from live
venomous snakes to passive house pets to million-dollar
race horses.

Forensic Radiography

Forensic medicine uses radiography in a wide variety
of ways. Grenz rays (5-30-kVp x-rays) are used, as are
diagnostic x-rays. Grenz rays are emitted by specially
designed tubes with minimal inherent filtration. They are
useful for demonstrating objects as diverse as the ink on
money when counterfeiting is suspected, the contents of
envelopes and packages, fingerprints, and art forgery.

Art Restoration

Grenz ray radiography has also proven useful during res-
toration of paintings and other art objects. Radiography
can detect images under existing paint, frame, and canvas
construction and different types of paint and brush styles
(Figures 16-10A and 16-10B).

Archaeological Radiography

Radiography has become a useful archaeological tool,
especially in the examination of fragile mummified
remains. Numerous reports of such investigations have
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Courtesy of Gerald Conlogue, Gulf Coast Community College.

FIGURE 16-10A. A Grenz ray radiograph of a section of
“Intemperance” by Hieronymus Bosch.

FIGURE 16-10B. “Intemperance” by Hieronymus Bosch. (Reprinted
with permission from Yale University Art Gallery, The Rabinowitz Collection.)

been published. Among these publications are reports
of radiographic discoveries of jewelry, diseases, mur-
ders, dietary habits, and the remains of a baboon that
had been assumed to be a royal child (Figure 16-11) at
the National Museum in Cairo; Peruvian mummies with
ceramic pots in the chest; computed tomography images
of the royal mummies in Egypt that reveal pathologies
previously unsuspected; and many other aspects of
imaging of ancient artifacts.
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poetry The shadow advances
every time Antonio moves—
Radiographic images themselves inspire many of us. The when a nurse positions his body,
physician poet Jack Coulehan was inspired by a chest when he takes a sip of ice,
radiograph to compose this poem: when he shakes with a cough,
The Old Man with Stars Tnside Him moist and diminished.
I see in that delicate shadow
I'look at the X-ray, a cloud of gas
a shadow of pneumonia at the galaxy’s center,
deep in this old man’s chest, a cloud of cold stunned nuclei
and watch Antonio shake beginning to spin,
with a cough that traveled here spinning and shooting
from the beginning of life. a hundred thousand
As he pulls my hand to his lips embryos of stars.
and kisses my hand, I listen to Antonio’s chest
Antonio tells me, for a man where stars crackle from the past
whose death is gnawing at his spine, and hear the boom
pneumonia is a welcome friend of blue giants newly caught.
who reaches in between his ribs I hear the snap
without a sound and puff! of white dwarves coughing, shooting.
a cloud begins to squeeze The second time Antonio
so delicately kisses my hand
the great white image of his heart. I feel his dusky lips
reach out from everywhere in space.
Ilook at the place
his body was

and see inside Antonio, the stars.

(Reprinted with permission from Midwest Poetry Review,
© Jack Coulehan 1988)

FIGURE 16-11. A female hamadryas baboon mummy found buried with MAkare, a member of an ancient Egyptian priesthood family, who was
pregnant at the time of her death. (Reprinted with permission from “X-Raying the Pharaohs,” by James E. Harris and Kent R. Weeks.)




SUMMARY

nderstanding visual perception is an important aspect of

clinical radiography. This understanding helps overcome
misperceptions about an image.

The human eye is designed to gather light, focus it,
convert it to nerve impulses, and transmit it to the brain for
processing. Image conversion occurs in the rod and cone cells,
which contain photosensitive pigments that will respond to
light. Photopic (daylight) vision is controlled by the cones, and
scotopic (night) vision is controlled by the rods.

Threshold detection is a visual phenomenon involving the
perception of extremely small or faint details. The boundary
effect occurs because the visual system has difficulty perceiv-
ing contrast differences that are distant from one another.
When attenuation areas are adjacent, small differences can be
perceived. Part of the boundary effect can be explained by the
Mach effect. When the eye perceives a boundary, a change
occurs in the intensity of the impulses sent to the brain. This
change in intensity creates an effect known as edge enhance-
ment, which makes the boundary appear distinct. Contrast

For some unexplained reason, this
patient’s lower hips and pelvis
disappeared. Why?

Answers to the case studies can
be found in'Appendix B.
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perception is dramatically increased by eye motion or scan-
ning the image. Veil glare occurs when bright lights, such as
a view box, flood the eye. Viewing distance has an effect on
threshold detection.

Pattern recognition involves perceiving combinations of
details that can be defined and classified toward a diagnosis.
It helps the radiologist compare mental images of patterns
with medical knowledge.

Radiographers need to think three-dimensionally. Radio-
graphic images possess two dimensions and, as a result, at
least two images as close to 90° angles to one another as pos-
sible are required to view all three dimensions. It is considered
technical artistry when radiographers use innovation to adapt
a routine procedure.

Radiography is an art form that has been used to
investigate a wide array of animals and objects. It is used in
nondestructive testing, biological research and veterinary and
forensic radiography, art restoration, and archeological radi-
ography, and has even been the subject of poetry.
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1 REVIEW QUESTIONS

1. What is the anatomical function of the human eye?

2. What is the difference between photopic and scoto-
pic vision?

3. Explain the boundary effect.

4. What is the Mach effect?

5. How is pattern recognition used by the radiologist in
making a diagnosis?

6. Why is it important for the radiographer to produce
two images as close to 90° angles to one another as
possible?

7. Name three examples of the use of radiography as an
art form.
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CHAPTER 1

KEY TERMS

abscess

acromegaly

active osteomyelitis
additive condition
aerophagia

anorexia nervosa
aortic aneurysm
ascites

aseptic necrosis
atelectasis

atrophy

bowel obstruction
bronchiectasis
calcified stones
carcinoma
cardiomegaly
chronic osteomyelitis
cirrhosis

congestive heart failure
degenerative arthritis
destructive condition
edema

emaciation

emphysema
empyema

fibrosarcoma

gout

hemothorax
hydrocephalus
hydrothorax
hyperparathyroidism

You don'’t look different, but you have changed. I'm looking through you,

you're not the same.

John Lennon and Paul McCartney “I'm Looking Through You,” from Rubber Soul
(Provided by Rockmine, the Internet’s largest

rock music resource www.rockmine.com)

OBJECTIVES

Upon completion of this chapter, the student should be able to:
m  Explain the process of attenuation.
m  Describe the basic composition of the human body.

u  Describe the effect of the human body on the attenuation of the x-ray
beam.

= Explain the relationship of the subject (patient) to the image receptor
exposure, contrast, spatial resolution, and distortion of the recorded
image.

®  Explain the effect that a pathological condition can have on radiation
absorption.
Describe the effect of pathology on the radiographic image.

Differentiate between pathological conditions that result in increased
attenuation versus those that result in decreased attenuation of the
x-ray beam.

®  |dentify pathological conditions that result in an increased attenuation
of the x-ray beam.

® |dentify pathological conditions that result in a decreased attenuation
of the x-ray beam.

213
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KEY TERMS (continued)

multiple myeloma
osteitis deformans
osteoblastic metastases
osteochondroma
osteolytic metastases
osteomalacia
osteoporosis
Paget's disease
pathology

pleural effusions
pneumoconiosis
pneumonectomy
pneumonia
pneumonitis
pneumothorax
pulmonary edema
sclerosis

subject contrast
subject density
subject detail
subject distortion
tuberculosis
tumor

ATTENUATION

Attenuation is the reduction in the total number of x-ray
photons remaining in the beam after passing through a
given thickness of material (see Figure 13-1). It is the result
of xrays interacting with matter and being absorbed or
scattered. The amount of attenuation is determined by the
amount and type of irradiated material. X-rays are attenuated
exponentially. This means that they are reduced by a certain
percentage for each given thickness of material they pass
through. Theoretically, then, the number of x-rays passing
through an absorber will never reach zero. This is because
each succeeding thickness of material reduces the number
of photons by only a fraction of the previous amount.

As an x-ray beam passes through a patient, the beam is
attenuated. The thicker the body part being radiographed,
the greater the attenuation will be. In order to provide a
sufficient number of x-ray photons for interaction with

IEI Basic Substances Comprising the

Human Body
Air 7.78 1.29
Fat 6.46 916
Water 7.51 1,000
Muscle 7.64 1,040
Bone 12.31 1,650

the image receptor, the original quantity and quality of the
photons must be increased with increased body part thick-
ness. The incident beam is significantly altered as it passes
through the patient. The beam emitted from the patient
contains the radiologically significant information needed
by the radiologist to make a diagnosis.

In the diagnostic x-ray range, attenuation is the result
of either photoelectric absorption or Compton scattering.
Photoelectric absorption provides radiologically signifi-
cant information, whereas Compton scatter contributes
no useful information. Scatter is the primary contributor
to personnel exposure when in the radiographic or fluo-
roscopic room.

Attenuation is also affected by the type of absorber.
Higher-atomic-number materials (such as lead and
barium) attenuate a greater percentage of the beam than
low-atomic-number materials (such as hydrogen, carbon,
and oxygen). This is due to the presence of a greater num-
ber of electrons with which photons may interact. Bone
produces less image receptor exposure because it attenu-
ates the x-ray beam more than soft tissue. This is pre-
dominantly because of the presence of calcium in bone,
which has a higher atomic number than the majority of
the elements found in the human body. The effective
atomic numbers of the important materials comprising
the human body are listed in Table 17-1.

The density of the absorbing material also has an
impact on attenuation. Densityisthe quantity of matterper
unit of volume measured in kilograms per cubic meter. It
describes how tightly the atoms of a given substance
are packed together. For example, the molecules in
most solids are more tightly packed than the same mol-
ecules when they are in their liquid state. Bone tissue
is a denser substance than lung tissue. Table 17-1 lists
the densities of the important materials comprising the
human body. Because density and atomic number affect
attenuation, it is important to understand the basic
composition of the human body, particularly in terms
of the average atomic number and density of the major
substances.



THE HUMAN BODY AS AN
ATTENUATOR

The patient is the greatest variable the radiographer faces
when performing a radiographic procedure. The human
body comprises a variety of organic and inorganic sub-
stances. At the atomic level, the body consists primarily
of hydrogen, carbon, nitrogen, and oxygen. These ele-
ments have atomic numbers of 1, 6, 7, and 8, respectively.
Calcium, found in concentrated amounts in bones and
teeth, has an atomic number of 20.

The composition of the human body determines its
radiographic appearance (Figure 17-1). Although human
anatomy and physiology are quite complex, when study-
ing the absorption characteristics of the body, four major
substances account for most of the variations in x-ray
absorption: air, fat, muscle, and bone (Figure 17-2).

Reprinted with permission of Dr. Marion Frank.

FIGURE 17-1. An antique full-body radiograph.
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Radiographs courtesy of Arlene Adler and Richard R. Carlton

FIGURE 17-2. A radiograph of the abdomen demonstrating (1) air
in the stomach and colon; (2) fat around the kidneys; (3) muscle to
the right and left of the spine (psoas muscle); and (4) ribs, spine,
and pelvis.

Air

Air has an effective atomic number of 7.78, which is
greater than either fat or muscle. Despite the slightly
higher effective atomic number, air has a significantly
lower tissue density. As a result, air will absorb fewer
photons as they pass through it. Because air absorbs
fewer photons than other body substances, more photons
reach the image receptor, thus producing a greater image
receptor exposure. Air is naturally present in the lungs,
the sinuses, and, in small amounts, in the gastrointestinal
tract. On a typical image of the abdomen, air can usually
be seen in the stomach and colon.

Fat

Fat is similar to muscle in that they are both among the
soft tissue structures in the body. The soft tissue struc-
tures have effective atomic numbers and tissue densities
that are very similar to those of water. For this reason,
water is sometimes used to simulate soft tissue for experi-
mental purposes. Fat has an effective atomic number that
is slightly less than muscle’s. In addition, fat has less tissue
density than muscle. Muscle cells are more closely packed
than fat cells. The amount of fatty tissue varies consider-
ably between patients. Although this is also true of muscle
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tissue, the variations are generally less pronounced and
therefore have less effect on the overall attenuation of the
beam. On a radiograph of the abdomen, the kidneys can
often be outlined because of the perirenal fat capsule that
surrounds them.

Muscle

Like fat, muscle is a soft tissue. Muscle, however, has
a slightly higher effective atomic number and a greater
tissue density than fat. As a result, muscle is a greater
attenuator of the beam. On an image of the abdomen, it is
often easy to distinguish the psoas muscle on each side of
the spine because of the increased absorption of radiation
by these muscles.

Bone

The skeletal anatomy is easily seen radiographically because
of the calcium content of bone. Calcium has a higher atomic
number than most of the elements found in the human body.
As aresult, bone has the highest effective atomic number of
the four basic substances. It also has the greatest tissue den-
sity and, as a result, absorbs radiation at a greater rate than
any of the soft tissues or air-filled structures. This absorp-
tion means that fewer photons will reach the image receptor
and less image receptor exposure will be produced. On an
image of the abdomen, the lower ribs, spine, and pelvis are
all very easily distinguished because of the increased x-ray
absorption that occurs in bone.

i THE PATIENT’S RELATIONSHIP
TO IMAGE QUALITY

The patient has an impact on all properties affect-
ing radiographic quality: image receptor exposure,
contrast, spatial resolution, and distortion. These are
described in detail in Chapters 26-29. The relationships
between these factors and the patient (subject) are
termed subject density, subject contrast, subject detail,
and subject distortion.

Subject Density

The various tissues in the human body are responsible
for the differing exposures to the image receptor. Sub-
ject density refers to the impact the subject (patient) has
on the resultant radiographic image receptor exposure.
Image receptor exposure will be altered by changes in the
amount and/or type of tissue being irradiated. In other
words, thicker and denser body parts absorb more radia-
tion, thus producing less image receptor exposure, and
vice versa.

Subject Contrast

Radiographic contrast is the difference in adjacent exposure
levels of a recorded image. The differences in image recep-
tor exposure are the result of differences in the absorption
of the x-ray beam as it passes through the patient. Subject
contrast is the degree of differential absorption resull-
ing from the differing absorption characteristics of the
tissues in the body. Subject contrast is dependent on the
specific characteristics of an individual patient’s tissues.

When there is little difference in the absorption char-
acteristic of the given body tissues within a part being
examined, as in mammography, subject contrast will be
low. When there is a greater difference in the absorption
characteristics of the body tissues within a part being
examined, as in the chest with the lungs, heart, and spine,
subject contrast is high.

Subject Detail

One of the primary factors that affects the sharpness or
detail of an image is the distance between the structure
of interest and the image receptor. Because anatomi-
cal structures are located at varying distances from the
image receptor, the spatial resolution of the structures
s dependent on their position within the body, and also
on the body’s placement in relationship to the receptor.
The overall size and placement of the patient have a
great impact on the overall spatial resolution. With larger
patients, there is a greater distance between the anatomi-
cal structures and the image receptor. This results in less
sharpness of the structure of interest. Conversely, greater
sharpness will result when the anatomical part is closer
to the image receptor, as is the case with thinner patients.
Specific positions have been established to place the
anatomical structures of interest in as close proximity to
the image receptor as possible. For example, chest radi-
ography is typically performed in the PA projection, and
in the left lateral position to place the heart closer to the
image receptor.

Subject Distortion

Distortion is the misrepresentation of the size or shape of
the structure of interest. Because of the way in which certain
structures lie within the body, unless the patient is posi-
tioned specifically to demonstrate a particular structure,
it may not be accurately represented on the image receptor.
For example, to properly demonstrate the apophyseal joints
of the lumbar spine, the patient should be in the oblique
position. In the AP projection of the lumbar spine, these
joints will be distorted. Distortion, in the form of magnifica-
tion, also occurs because various anatomical structures sit
at varying levels.



PATHOLOGY AND RADIATION
ABSORPTION

As radiation passes through the patient, it undergoes
attenuation or absorption of the x-ray photons. The
patient is the greatest variable the radiographer faces
when trying to select adequate exposure factors for a spe-
cific procedure. Attenuation will vary, depending on the
thickness and the composition of the patient’s tissues. As
an added dilemma, the radiographer must also realize that
pathological conditions can affect the overall thickness
and composition of the patient’s tissues. The radiographer
must first be aware of the variations between normal body
tissues and then be concerned about possible additional
variations as a result of a specific disease process.

The study of pathology is the medical science that is
concerned with all aspects of disease, including the struc-
tural and functional changes caused by a disease process.
Disease will often bring about changes in body tissues that
can be viewed radiographically and interpreted by the radi-
ologist. If this were not true, radiography would be of no
use in diagnosing disease. These changes may be structural
and/or functional in nature and they may or may not have an
impact on the degree of radiation absorbed by the patient.
Certain diseases can increase or decrease tissue thickness or
alter tissue composition (change the effective atomic num-
ber or density of the tissue). When this occurs, the disease
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will affect the degree of radiation absorption for that specific
body tissue. Two common pathologies of the chest demon-
strate the differences in radiation absorption (Figures 17-3A
and 17-3B). In Figure 17-3A, the patient has pneumonia,
which causes air-filled lung tissue to fill with fluid. Fluid
will absorb more radiation than air. In Figure 17-3B, the
patient has emphysema. With emphysema, normal lung tis-
sue is destroyed and the air sacs become enlarged. A greater
amount of air is then present in the lungs, which results in
less attenuation of radiation.

Radiographers must have an understanding of pathol-
ogy in order to properly select the technical factors for a
procedure. Properly reading the x-ray requisition, taking
an adequate patient history, and close observation of the
patient are the essential responsibilities of the radiogra-
pher. Fulfilling these responsibilities reduces the need to
repeat an image, due to the patient’s condition. For exam-
ple, it may be necessary to adjust the technical factors if
a chest x-ray is requested for a patient with emphysema.
By taking a good history, the radiographer can determine
how long the patient has had the condition and what signs
and symptoms the patient has exhibited. By observing
signs, such as shortness of breath or prolonged exhala-
tion, the radiographer can assess the extent of the disease.
Of course, disease conditions are not always known prior
to performing the examination. This is one of the primary
reasons that a repeat exposure may be necessary, even
though there was no error in judgment on the part of the

FIGURE 17-3. (A) The patient has bilateral pneumonia, resulting in an increase in radiation absorption. (B) The patient has severe emphysema,
resulting in a decrease in radiation absorption. (Radiographs courtesy of Arlene Adler and Richard R. Carlton.)
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radiographer. As an individual gains clinical experience,
his or her assessment skills improve and he or she is able
to make better judgments concerning the presence and
extent of disease.

If a disease causes the affected body tissue to
increase in thickness, effective atomic number, and/
or tissue density, there will be a greater attenuation
of the x-ray beam. As more photons are absorbed
by the body tissues, fewer will be available to reach
the image receptor to create an adequate exposure.
These diseases are harder to penetrate and are called
additive conditions because they require increasing
technical factors to achieve the proper image recep-
tor exposure. There is an inverse relationship between
additive conditions and image receptor exposure.
This means that when additive conditions are present,
image receptor exposure will decrease, as the extent of
the disease increases.

If a disease causes the affected body tissue to
decrease in thickness, effective atomic number, and/or
tissue density, there will be less attenuation of the x-ray
beam. As more photons are able to pass through the body
tissues, more will be available to reach the image recep-
tor. These diseases are easier to penetrate and are called
destructive conditions. They require decreasing the expo-
sure to achieve the proper image receptor exposure. There
is a direct relationship between destructive conditions and
image receptor exposure. This means that when destruc-
tive conditions are present, the image receptor exposure
will increase, as the extent of the disease increases.

A disease influences radiation absorption when it
alters the overall number or types of atoms comprising
the affected tissue. For example, if a person sprains
an ankle, one of the body’s responses to the injury

A

is swelling or edema at the site. The ankle becomes
enlarged because there is an increase in blood and
serous fluid around the ankle joint. The body tissue
increases in thickness, but, in this example, the opacity
of the tissue is generally the same. Blood and serous
fluid have approximately the same opacity as the soft tis-
sue around the ankle. What is occurring at the molecular
and atomic level is an increase primarily in the num-
ber of water molecules (hydrogen and oxygen atoms),
which comprise most of blood and serous fluid. If there
are more water molecules present around the ankle, a
greater number of x-ray photons will interact with that
tissue, resulting in increased radiation absorption and
decreased exposure to the image receptor. Technical
factors must be increased to compensate for an increase
in the thickness of the part. Proper measurement of the
body part and the use of technique charts will ensure
that the correct technical factors are selected.

The extent to which a body part is affected by dis-
ease will determine if technical factors must be adjusted.
For example, no change in technical factors is necessary
to visualize a small, localized tumor in the lung or a
small kidney stone. If, however, the tumor is large and
diffuse, or the kidney stone causes severe hydronephro-
sis, adjustments in the technical factors may be required
to adequately visualize the pathology (Figures 17-4A
and 17-4B). It is important to remember that the degree

FIGURE 17-4. (A) When a tumor is smaller and more localized, there is less need for technical factor adjustments. (B) Tumors that are larger and
more diffuse throughout both lungs require greater technical factor adjustments. (Radiographs courtesy of Arlene Adler and Richard R. Carlton.)




or extent of the pathology is critical in determining the
technical factor adjustments. If the technical factors
must be adjusted, the change must be enough to make a
noticeable difference in image receptor exposure. With
digital systems, it is important to assure that the image
remains within the acceptable exposure index range by
appropriately adjusting the technical factors for a given
pathology. A wider range of patient exposures can be
displayed as acceptable images, and it is the radiogra-
pher’s responsibility to keep the patient dose for a given
exam as low as possible without compromising image
quality.

Many diseases do not affect the thickness or opacity
of body tissues, but can be diagnosed by way of radi-
ography simply because of the structural or functional
changes that they produce. These diseases generally do
not require an adjustment in the selected technical fac-
tors. Examples include ulcers, diverticula, and simple
fractures (provided there is minimal swelling). There are
many diseases that do not affect the thickness or alter
the composition of the body tissues, and therefore, cause
no radiographically evident structural or functional
changes. These conditions generally do not require radi-
ography; they are usually diagnosed through laboratory
testing. Diseases such as diabetes mellitus, anemia, and
meningitis are examples.

INCREASED ATTENUATION
(ADDITIVE) CONDITIONS

Many disease processes will result in an increase in
thickness, effective atomic number, and/or density of the
body tissue. Recall that the body tissues vary in thick-
ness (the femur is thicker than the humerus) and in
composition (bone has a higher effective atomic number
and greater tissue density than muscle). These diseases
absorb more radiation and require the radiographer to
increase technical factors to compensate for the changes
in the body tissues. The extent of the disease also plays
an important role in technical factor adjustment. The
technical factor adjustments will vary, depending on the
degree to which the body tissues are affected. Because of
this, each patient will be different and must be examined
individually.

No magic formula exists to adjust technical fac-
tors to compensate for a pathological problem. The
radiographer must carefully review the requisition,
obtain a patient history, and then examine the patient.
By following these steps, the radiographer can make a
judgment concerning the necessary technical adjust-
ment to be made. Experience is particularly valuable in
determining the proper changes to be made. As a gen-
eral rule, additive conditions will require an increase in
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kilovoltage to adequately penetrate the thicker, more
opaque body parts. Remember that an increase of
15 percent in kVp will approximately double the expo-
sure to the image receptor. An increase of 5-15 percent
in kilovoltage will compensate for most additive patho-
logical conditions. Automatic exposure control (AEC)
systems will compensate for most pathological changes
by adjusting the exposure automatically. However, the
compensation will be the result of increased mAs rather
than increased kVp.

Some of the common conditions that cause an
increase in attenuation and may therefore require an
increase in technical factors are outlined. A summary of
the conditions is provided in Table 17-2.

lm Summary of Pathology Problems

Multiple Sites Multiple Sites
Abscess Anorexia Nervosa
Edema Atrophy
Tumors Emaciation
The Chest The Chest
Atelectasis Emphysema
Bronchiectasis Pneumothorax
Cardiomegaly
Congestive Heart

Failure
Empyema
Pleural Effusions
Pneumoconiosis
Pneumonia
Pneumonectomy
Pulmonary Edema
Tuberculosis (advanced/

miliary)
The Abdomen The Abdomen
Aortic Aneurysm Aerophagia
Ascites Bowel Obstruction
Cirrhosis

Calcified Stones

The Extremities

The Extremities

and Skull and Skull
Acromegaly Active Osteomyelitis
Chronic Osteomyelitis Aseptic Necrosis
Hydrocephalus Carcinoma
Osteoblastic Degenerative Arthritis
Metastases Fibrosarcoma
Osteochondroma Gout

Paget's Disease Hyperparathyroidism
Sclerosis Multiple Myeloma

Osteolytic Metastases
Osteomalacia
Osteoporosis
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Conditions Affecting
Multiple Systems

Certain diseases can occur in a wide variety of body sys-
tems and, as a result, they may be present at various sites.
Whenever an x-ray requisition indicates the presence of
any of the following conditions, it may be necessary to
increase technical factors for the procedure.

Abscess—an encapsulated infection increases tissue
thickness and may alter composition, particularly in
the lungs.

Edema—swelling causes an increase in tissue thick-
ness and may alter composition, if it occurs in the
lungs.

Tumor—an abnormal new growth in tissue results in
an increase in tissue thickness and may alter composi-
tion, particularly in the lungs or bones, or when calci-
fication results.

Conditions of the Chest

The chest is a common site for pathological conditions,
and chest radiography is a common diagnostic procedure.
It may be necessary to increase technical factors for a
procedure whenever an x-ray requisition indicates the
presence of any of the following conditions.

Atelectasis—a collapse of the lung results in airless-
ness of all or part of the lung tissue. This causes lung
tissue density to increase.

Bronchiectasis—the chronic dilatation of the bronchi
can result in peribronchial thickening and small areas
of atelectasis. This causes an increase in lung tissue
density.

Cardiomegaly—an enlargement of the heart causes
an increase in thickness of the part.

Congestive heart failure—when the heart is in
failure, the cardiac output is diminished. This results
in backward failure, or increased venous congestion
in the lungs. Lung tissue density is increased and the
heart is enlarged as well.

Empyema—pus in the thoracic cavity causes an
increase in tissue density.

Pleural effusions (Hemothorax, Hydrothorax)—
when the pleural cavity fills with either blood or serous
fluid, it displaces normal lung tissue. This results in an
increased tissue density within the thoracic cavity.

Pneumoconiosis—the inhalation of dust particles
can cause fibrotic (scarring) changes. When healthy
lung tissue becomes fibrotic, the density of the tissue
increases.

Pneumonectomy—the removal of a lung will cause
the affected side to demonstrate an increase in IR expo-
sure because normal air-filled lung tissue is removed.

Pneumonia (pneumonitis)—inflammation of the
lung tissues causes fluid to fill in the alveolar spaces.
Fluid has much greater tissue density than the air nor-
mally present.

Pulmonary edema—when fluid fills the interstitial
lung tissues and the alveoli, tissue density increases.
This is a typical complication of congestive heart
failure.

Tuberculosis (advanced and miliary)—an infection
by a mycobacteria causes the inflammatory response,
which results in an increase in fluid in the lungs. If the
mycobacteria were inhaled, it generally begins as a local-
ized lesion (usually upper lobes), which can spread to a
more advanced stage. If the infection reaches the lungs
by the bloodstream, it has a more diffuse spread (miliary
TB). Increased tissue density results in both advanced
and miliary TB (Figure 17-5).

Conditions of the Abdomen

Abdominal conditions usually cause the abdomen to
distend. It may be necessary to increase technical fac-
tors for a procedure when an x-ray requisition indicates

Radiographs courtesy of Arlene Adler and Richard R. Carlton.

FIGURE 17-5. This patient has miliary tuberculosis with broncho-
pneumonia. These are both additive conditions, resulting in increased
radiation absorption.




the presence of any of the following conditions. Most
technical factor changes, however, will be the natural
result of the noted increase in abdominal size when
measuring patient thickness.

Aortic aneurysm—a large dilatation of the aorta will
result in increased thickness of the affected part.

Ascites—fluid accumulation within the peritoneal cav-
ity causes an increase in tissue thickness. The free fluid
has a unique “ground glass” appearance radiographically.

Calcified stones—stones are most commonly found
throughout the abdomen in such organs as the gall-
bladder and the kidney. Calcium may be deposited,
which causes an increase in the effective atomic
number of the tissue.

Cirrhosis—fibrotic changes in the liver cause the
liver to enlarge and ascites can result. The result is
an increase in the thickness of the liver and the entire
abdomen.

Conditions of the Extremities
and Skull

Conditions that result in new bone growth are termed
osteoblastic. These conditions generally require an
increase in technical factors. It may be necessary to
increase technical factors for a procedure whenever an
x-ray requisition indicates the presence of any of the
following conditions.

Acromegaly—an overgrowth of the hands, feet, face,
and jaw as a result of hypersecretion of growth hor-
mones in the adult will result in an increase in bone
mass.

Chronic osteomyelitis—a chronic bone infection
results in new bone growth at the infected site.

Hydrocephalus—a dilatation of the fluid-filled cere-
bral ventricles causes an enlargement of the head,
resulting in an increased thickness.

Osteoblastic metastases—the spread of cancer to
bone can result in uncontrolled new bone growth.

Osteochondroma—a tumor arising in the bone and
cartilage will result in an increased thickness of the
bone.

Paget’s disease (osteitis deformans)—an increase
occurs in bone cell activity, which leads to new
bone growth. The result is increased bone thickness,
with the pelvis, spine, and skull most often affected
(Figure 17-6).

Sclerosis—an increase in hardening as a result of a
chronic inflammation in bone. This increases the den-
sity of the bone tissue.
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Radiographs courtesy of Arlene Adler and Richard R. Carlton.

FIGURE 17-6. Paget’s disease is an additive condition, resulting in
increased radiation absorption.

DECREASED ATTENUATION
(DESTRUCTIVE) CONDITIONS

Various disease processes can result in a decrease in
thickness, effective atomic number, and/or density of the
body tissue. These conditions cause the absorption of
less radiation and require the radiographer to decrease
technical factors to compensate for the changes in the
body tissues. Recall also that the extent of the disease
plays an important role in technical factor adjustment. As
a general rule, compensations for destructive conditions
can be made by decreasing the mAs. Remember that a
decrease of 50 percent in mAs will reduce the exposure to
the image receptor by half. A decrease of 25-50 percent in
mAs will compensate for most of these pathological condi-
tions. AEC systems will compensate for most pathological
changes by adjusting the exposure automatically.

Some of the common conditions that cause a
decrease in attenuation, and may therefore require a
decrease in technical factors, are outlined. A summary of
the conditions is provided in Table 17-2.

Conditions Affecting Multiple Sites

Certain diseases can occur in a wide variety of body sys-
tems and, as a result, they may be present in various sites.
Whenever an x-ray requisition indicates the presence of
any of the following conditions, it may be necessary to
decrease technical factors for the procedure.
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Anorexia nervosa—a psychological eating disorder
that results in an extreme weight loss. Overall body
thickness is reduced.

Atrophy—a wasting away of body tissue with
diminished cell proliferation, resulting in reduced thick-
ness of a specific part or the entire body.

Emaciation—a generalized wasting away of body tis-
sue, resulting in reduced thickness of the body.

Conditions of the Chest

The chest is a common site for pathological conditions
and chest radiography is a common diagnostic procedure.
It may be necessary to decrease technical factors for a
procedure when an x-ray requisition indicates the pres-
ence of the following conditions.
Emphysema—the overdistention of the lung tissues
by air will result in a decrease in lung tissue density.
Pneumothorax—free air in the pleural cavity dis-
places normal lung tissue and results in decreased
density within the thoracic cavity (Figure 17-7).

Conditions of the Abdomen

Abdominal conditions usually cause the abdomen to dis-
tend. This distention may be the result of the accumula-
tion of fluid (in which case technical factors need to be

Radiographs courtesy of Arlene Adler and Richard R. Carlton.

FIGURE 17-7. A large, right-sided pneumothorax is a destructive
condition, resulting in decreased radiation absorption.

increased) or air. Distention of the abdomen from air will
require a decrease in technical factors. Whenever an x-ray
requisition indicates the presence of the following condi-
tions, it may be necessary to decrease technical factors for
the procedure because of the presence of air.
Aerophagia—a psychological disorder resulting in
abnormal swallowing of air. The stomach becomes
dilated from the air and overall tissue density decreases.

Bowel obstruction—an obstruction in the bowel
results in the abnormal accumulation of air and fluid. If
a large amount of air is trapped in the bowel, the over-
all density of the tissues is decreased (Figure 17-8).

Conditions of the Extremities
and Skull

Conditions that result in the destruction of bone tissue are
termed osteolytic. These conditions result in a loss of bone
mass or calcium within the bone. They alter the composi-
tion of the bone by decreasing the effective atomic number
and/or the tissue density. The result is areas of radiolu-
cency, which are easier to penetrate than normal bone.
Approximately 50 percent of the bone substance must
be lost before changes can be seen radiographically. As a
result, these conditions must generally be extensive before
technical factor changes are necessary.

Radiographs courtesy of Arlene Adler and Richard R. Carlton.

FIGURE 17-8. An obstruction of the large bowel is a destructive
condition, resulting in decreased radiation absorption.




Active osteomyelitis—with a bone infection, there
is initially a loss of bone tissue (containing calcium),
resulting in a decrease in the thickness and composi-
tion of the part.

Aseptic necrosis—death of bone tissue results in a
decrease in composition and thickness of the part.

Carcinoma—malignancies in bone can cause an
osteolytic process, resulting in decreased thickness
and composition of the part.

Degenerative arthritis—inflammation of the joints
results in a destruction of adjoining bone tissue, which
decreases the composition of the part.

Fibrosarcoma—this malignant tumor of the metaphy-
sis of bone causes an osteolytic lesion with a “moth-
eaten” appearance. The result is reduced bone
composition.

Gout—during the chronic stages of this metabolic dis-
ease, areas of bone destruction result in punched-out
lesions that reduce the bone composition.
Hyperparathyroidism—oversecretion of the parathy-
roid hormone causes calcium to leave bone and enter
the bloodstream. The bone becomes demineralized and
composition is decreased.

Multiple myeloma—this malignant tumor arises from
plasma cells of bone marrow and causes punched-out
osteolytic areas on the bone. Often many sites are
affected and reduced bone tissue composition results.
Osteolytic metastases—when some malignancies
spread to bone they produce destruction of the bone,
resulting in reduced composition.

Osteomalacia—a defect in bone mineralization
results in decreased composition of the affected bone.

ttenuation is the reduction in the total number of x-ray
photons remaining in the beam after passing through
a given thickness of material. It is the result of x-rays inter-
acting with matter and being absorbed or scattered. The
amount of attenuation will be determined by the amount

and type of irradiated material.

The patient is the greatest variable that the radiogra-
pher faces when performing a radiographic procedure. The
composition of the human body determines its radiographic
appearance. When studying the absorption characteristics
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Osteoporosis—a defect in bone production due to
the failure of osteoblasts to lay down bone matrix
results in decreased composition of the affected bone

(Figure 17-9).

Radiographs courtesy of Arlene Adler and Richard R. Carlton.

FIGURE 17-9. This patient has a severe bone deformity from

a fracture that resulted in chronic osteomyelitis and diffuse
osteoporosis. The chronic osteomyelitis is an additive condition
(seen around the fracture site) and the osteoporosis is a destructive
condition, resulting in a decrease in radiation absorption throughout
the remaining bone.

of the body, four major substances account for most of the
variations in x-ray absorption: air, fat, muscle, and bone.

The patient has an impact on all of the properties that
affect radiographic quality: image receptor exposure, con-
trast, spatial resolution, and distortion. The relationships
between these factors and the patient (subject) are termed
subject density, subject contrast, subject detail, and subject
distortion.

The presence of a pathological condition can greatly
affect the degree of radiation absorption. Radiographers
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must have an understanding of pathology in order to prop-
erly select the technical factors for a procedure. Properly
reading the x-ray requisition and taking an adequate patient
history are essential responsibilities of the radiographer.
Fulfilling these responsibilities reduces the need to repeat an
image, due to the patient’s condition.

If a disease causes the affected body tissue to increase
in thickness, effective atomic number, and/or tissue density,
that disease will result in a greater attenuation of the x-ray
beam. As more photons are absorbed by the body tissues,
fewer will be available to reach the image receptor to create
adequate exposure. These diseases are harder to penetrate

The Case of the
Injured Animal

This animal was brought to the
radiographic laboratory, dead on
arrival. What type of animal is it

and what was the cause of death?

4 s
Answers to the case studies
can be found in-Appendix B.
(Radiograph courtesy of Ron
Cramer, Mary Rutan Hospital,
Bellefontaine, Ohio.)

and are called additive conditions, because they require
adding to the exposure to achieve the proper image receptor
exposure.

If a disease causes the affected body tissue to decrease
in thickness, effective atomic number, and/or tissue density,
that disease will result in less attenuation of the x-ray beam.
As more photons are able to pass through the body tissues,
more will be available to reach the image receptor to create
the required exposure. These diseases are easier to penetrate
and are called destructive conditions. They require decreas-
ing the technical factors to achieve the proper image recep-
tor exposure. =




10.

11.

1 REVIEW QUESTIONS

How does atomic number affect attenuation?

. How does tissue density affect attenuation?

What elements comprise the majority of those found
in the human body?

What are the differences between air, fat, muscle, and
bone with respect to their attenuation and the resul-
tant image?

How does the patient affect each of the factors of
image quality?

Why do some pathological conditions affect the atten-
uation of the x-ray beam?

Why is it important that radiographers have an under-
standing of pathological conditions?

What is the relationship between additive condi-
tions and attenuation and destructive conditions and
attenuation?

Why should the radiographer take a good clinical his-
tory and closely observe the patient?

Describe how the following additive conditions may
affect the radiographic image:

edema

. congestive heart failure
pneumonia

. ascites

> a0 o

Paget’s disease

Describe how the following destructive conditions
may affect the radiographic image:

a. atrophy
. emphysema
pneumothorax

. degenerative arthritis

° a0 o

osteoporosis
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@HAPTER 18

KEY TERMS

criss-cross grid
cross-hatched grid
focused grid

grid

grid cutoff

grid frequency

grid ratio

grid replacement software
linear grid

parallel grid

We . . . hope that roentgenologists . . . may become convinced of the
serious role played by object-secondary rays, to the end that it will soon be
practicable for every roentgenologist to rid himself of their nuisance in his

every-day work.

Hollis E. Potter, “The Bucky Diaphragm Principle Applied

”

to Roentgenography

OBJECTIVES

Upon completion of this chapter, the student should be able to:
u  Describe the purpose of the grid.

m  Explain the construction of a grid, including grid materials, grid ratio,
grid frequency, and lead content.

Describe the various grid patterns.
Differentiate between parallel and focused grids.
Differentiate between the uses of a stationary and a moving grid.

Explain the process of grid selection for specific radiographic
procedures.

®  Explain the relationship of grid selection to patient dose and image
receptor exposure.

®  Calculate changes in technical factors to compensate for changes in
grid selection.

m  Describe methods for evaluating the performance of a grid.

Discuss common errors that are made when using a grid and the
effects of these errors on the radiographic image.

Describe other scatter reduction methods.
®  Explain the use of grid replacement software.



i PURPOSE OF THE GRID

A grid is a device used to improve the contrast of the
radiographic image. It does this by absorbing scatter
radiation before it can reach the image receptor. When an
x-ray beam passes through the body, one of three things
will occur with the primary photons that originated at the
target. They will (1) pass through the body unaffected, (2)
be absorbed by the body, or (3) interact and change direc-
tion (Figure 18-1).

The photons that pass through the body unaffected
will interact with the image receptor to create the image.
These are the photons responsible for creating the con-
trast (differences in the image receptor exposures) on
the image. These differences exist because some photons
pass through the body while others are absorbed. Absorp-
tion of photons occurs as the result of photoelectric inter-
action. This interaction results in the complete absorption
of the primary photon and the production of a secondary
photon. The secondary radiation created by this interac-
tion is, with few exceptions, very weak and is quickly
absorbed in the surrounding tissues.

Primary radiation that interacts and, as a result of
this interaction, changes direction is known as scatter
radiation. The interaction that produces scatter radiation
is known as a Compton interaction. These interactions can
result in photons that are strong enough to be emitted by

[

Image receptor

FIGURE 18-1. When x-rays interact with the patient, they
will (1) pass through unaffected; (2) be absorbed; or
(3) interact and change direction (scatter).
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the patient and interact with the image receptor. Because
these photons have changed direction, they are no longer
able to record exposures on the image receptor that relate
to the patient’s anatomy. The exposures that they add to
the image receptor are of no diagnostic value. Scattered
photons contribute to the overall image receptor expo-
sure. An important point to remember is that the percent-
age of Compton interactions increases with increased
kVp. In extreme cases, particularly at high kVp exposures,
these scattered photons can reduce image contrast.

Because the patient is the source of the scatter that is
degrading the image, it is logical to assume that the patient
will also control the quantity of scatter produced. Scatter
increases with increases in the volume of the tissue irradi-
ated and decreases with increased atomic number of the
tissue. The volume of tissue that is irradiated is controlled
by the thickness of the patient and the exposure field size.
Although the thickness of the patient is predetermined
(but can sometimes be reduced by compression), the field
size can be kept to a minimum by collimation. The atomic
number of the tissue will also affect the quantity of scatter.
The greater the atomic number of the tissue, the less will
be the quantity of scatter created. For example, less scat-
ter is produced in bone than in soft tissue, because bone
absorbs more photons photoelectrically. This is the result
of changes in the number and types of atoms that are pres-
ent for interaction. In summary, the amount of scatter
radiation increases with (1) increases in patient thick-
ness, (2) larger field sizes, and (3) decreases in atomic
number of the tissue. (This is discussed in further detail in
Chapter 15.)

Because a grid is designed to absorb the unwanted scat-
ter radiation, it is necessary to use a grid with thicker, larger
body parts and with procedures that require higher-kVp
techniques. As a general rule, a grid is employed when:

1. body part thickness exceeds 10 cm
2. kVp is above 60

A grid is a thin, flat, rectangular device made by
placing a series of radiopaque lead strips side by side
and separating the strips by an interspace material that
is radiolucent. The lead strips are of very thin foil and
the interspace material is thicker and usually made of
aluminum. These strips are then encased in a plastic or
aluminum cover to protect them from damage.

The very first grid was made in 1913 by the American
radiologist Gustav Bucky (1880-1963). Dr. Bucky’s first
grid consisted of wide strips of lead spaced 2 cm apart and
running in two directions, along the length of the image
and across the image (Figure 18-2). This crude design
created an image of the grid that was superimposed on
the patient’s image. Despite having to view the anatomy
through this checkerboard pattern, the original grid did
remove scatter and improve contrast.
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Courtesy of Smithsonian Institution’s Division of Science, Medicine, & Society

FIGURE 18-2. Dr. Bucky's original grid.

In 1920 Hollis Potter (1880-1963), a Chicago radiolo-
gist, improved Dr. Bucky’s grid design. Dr. Potter realigned
the lead strips so they would run in only one direction,
made the lead strips thinner and therefore less obvious on

oL R ER M Grids for Use in Digital Imaging

the image, and then designed a device (now known as the
Potter-Bucky diaphragm) that allowed the grid to move
during the exposure. By moving the grid, the lead strips
became blurred and were no longer visible on the image.
All these improvements resulted in a practical grid device,
which significantly improved contrast without impairing
the view of the patient’s anatomy.

GRID CONSTRUCTION

Various grids are available today (Table 18-1). The choice
of the proper grid for a particular clinical procedure
requires an understanding of a grid’s function. Grid con-
struction involves the selection of materials, grid ratio,
and grid frequency.

Grid Materials

A grid is a series of radiopaque strips that alternate with
radiolucent interspace strips. These strips are bonded
firmly together and then sliced into flat sheets. The radi-
opaque strips are needed to absorb the scatter radiation
and must therefore be made of a dense material with

Focused/ Interspacer Lines Inch/ Weight Thickness Positioning

Ratio Linear Parallel L EYEGE] (g/cm?) (mm) Latitude

17:1 L F/P AL 178170 0.97 3.1 Chest Very narrow

12:1 L F/P AL 200/80 0.67 1.6 General Narrow

12:1 L F/P AL 178170 0.72 1.6 General Narrow

10:1 L F/P AL 200/80 0.58 1.4 General Moderate

10:1 L F/P AL 178/70 0.61 1.4 General Moderate

8:1 L F/P AL 200/80 0.48 1.2 Mobile Wide

8:1 L F/P AL 178/70 0.51 1.2 Mobile Wide

6:1 L F/P AL 200/80 0.39 1.0 Mobile Very wide

6:1 L F/P AL 178170 0.41 1.0 Mobile Very wide
Grids for Analog (Film) and Reciprocating Buckys

15:1 L F/P AL 103/40 1.30 3.4 Chest Very narrow

12:1 L F/P AL 103/40 1.06 2.8 General Narrow

12:1 L F/P AL 85/34 1.26 3.4 General Narrow

10:1 L F/P AL 103/40 0.90 24 General Moderate

10:1 L F/P AL 85/34 1.07 2.9 General Moderate

8:1 L F/P AL 103/40 0.74 2.0 Mobile Wide

8:1 L F/P AL 85/34 0.88 24 Mobile Wide

6:1 L F/P AL 103/40 0.58 1.6 Mobile Very wide

6:1 L F/P AL 85/34 0.68 1.9 Mobile Very wide
Grids For Mammography Use

5:1 L F Fiber 31 lines cm Reciprocating mammo Bucky

Courtesy of Leo Reina, Reina Imaging, Inc., Crystal Lake, IL.



a high atomic number. Lead is the material of choice
because it is relatively inexpensive and is easy to shape
into very thin foil.

The interspace material must be radiolucent. In other
words, it allows radiation to pass easily through it. Several
organic and inorganic materials have been tried, but only
two are commercially available—aluminum and plastic
fiber. Ideally, this material should not absorb any radiation.
However, in reality, it does absorb a small amount. Alumi-
num is more commonly used than plastic fiber because it
is easier to use in manufacturing and is more durable. Also,
because it has a higher atomic number than fiber, it can
provide additional absorption of low-energy scatter. With
its higher atomic number, aluminum also increases the
absorption of primary photons. This can be a disadvantage,
especially with low-kVp techniques where this absorption
would be greater. Fiber interspace grids are preferred when
using low-kVp techniques where their application can con-
tribute to lower patient dose, such as in mammography.

Grid Ratio

Grid ratio has a major influence on the ability of the grid to
improve contrast. It is defined as the ratio of the height of the
lead strips to the distance between the strips (Figure 18-3).
This is expressed in the formula:

Grid ratio = —
where: h = lead strip height

D = interspace width

If the height of the grid is a constant, decreasing the dis-
tance between the lead strips would result in an increase
in the grid ratio. Conversely, if the height of the grid is a
constant, increasing the distance between the lead strips

Interspace —\ Grid lead strip

Grid ratio =

h
D

FIGURE 18-3. Grid ratio is the height of the lead strips divided by the
width of the interspace.
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EXAMPLE: If the lead strips are 3 mm high and are
separated by an interspace of 0.25 mm, what is the
grid ratio?

Answer:

grid ratio = 30
0.25

grid ratio = 12:1

would result in a decrease in grid ratio. An inverse rela-
tionship exists between the distance between the lead
strips and grid ratio when the height of the grid strips
remains the same.

Higher grid ratios allow less scatter radiation to
pass through their interspace material to reach the
image receptor. Figure 18-4 demonstrates the effect of
grid ratio on the maximum angle possible for a scat-
tered photon to pass through the grid. The higher the

8:1 Grid

Maximum
angle

16:1 Grid

Maximum
angle

FIGURE 18-4. Grid ratio affects the amount of scatter absorbed
by determining the maximum angle of a scattered ray that can get
through the grid. The smaller the angle, the less scatter reaches the
image receptor.
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grid ratio, the straighter the scattered photon has to
be in order to pass through the interspace material.
Scattered photons, therefore, have to be more closely
aligned to the direction of the primary photons in order
to reach the image receptor. This means that higher
grid ratios are more effective at removing scatter. For
the same reason, higher-ratio grids require greater
accuracy in their positioning and are more prone to
grid errors.

Grids are sometimes rated according to their weight
instead of ratio. This is usually expressed in terms of
grams per square centimeter (g/cm?) or occasionally in the
United States as grams per square inch (g/in?).

Grid Frequency

Grid frequency is defined as the number of grid lines per
inch or centimeter. Grids are made with a range in fre-
quency from 60 to 200 lines/inch (25-80 lines/cm). Most
commonly used grids have a frequency of 85-103 lines/
inch (33-41 lines/cm). In general, grids with higher
grid frequencies have thinner lead strips (Figure 18-5).
Very-high-frequency grids of approximately 178-200
lines/inch (70-80 lines/cm) are recommended for
stationary grids used with digital image receptor sys-
tems to minimize the possibility of seeing the grid lines
on the image.

By combining information about grid ratio and fre-
quency, one can determine the total quantity of lead in
the grid. It is the grid’s lead content that is most important
in determining the grid’s efficiency at cleaning up scat-
ter. Lead content is measured in mass per unit area, or
grams per square centimeter. In general, the lead content
is greater in a grid that has a higher grid ratio and lower
grid frequency. As the lead content of a grid increases,
the ability of the grid to remove scatter and improve
contrast increases.

10:1 Grid
10:1 Grid
B 8 Line/inch

FIGURE 18-5. Grid frequency is the number of grid lines per inch
or centimeter. Grids A and B have the same grid ratio, but A has a
higher grid frequency than B.

" GRID PATTERNS

Grid strips can be made to run in one or two directions.
Grids with lead strips running in only one direction are
called linear grids. Grids may also be made by placing two
linear grids on top of one another so the grid lines are run-
ning at right angles. These grids are termed criss-cross or
cross-hatched (Figure 18-6). Dr. Bucky’s original grid was
made using this pattern.

Linear grids are more commonly used in clinical prac-
tice because they can be used when performing procedures
that require tube angulation. Linear grids allow the radiog-
rapher to angle the tube only along the direction that the
lines are running. For most grids, this is along the long axis.
In a grid located in a typical x-ray table, the grid strips run
along the long axis of the table, which allows for angling
the tube toward the head or feet of the patient. Angula-
tion across the long axis (toward the patient’s right or left
side) would result in the primary beam being directed into
the lead strips. If the primary beam is angled into the lead,
the lead will absorb an undesirable amount of primary
radiation, resulting in a problem known as grid cutoff. When
criss-cross grids are used, no tube tilt is permitted, as any
angulation would result in grid cutoff because lead strips are
running in both directions. As a result, criss-cross grids have
limited applications in radiography.

Grids are also sometimes classified according to the
direction the grid lines run within the grid. Most grid lines
run in the direction of the long axis of the grid, but it is pos-
sible to obtain short-axis grids, which have grid lines run-
ning across the short axis of the grid. Short-axis grids are
useful for mobile chest procedures to decrease the change
of grid cutoff when the image receptor is placed crosswise.

i GRID TYPES

Grids are manufactured with either a parallel or a focused
design. Parallel grids are made with the lead and inter-
space strips running parallel to one another. This means

Criss-cross
grid pattern

Linear
grid pattern

FIGURE 18-6. A linear versus a criss-cross grid pattern.




that if the grid lines were extended into space they would
never intersect. Focused grids are designed so that the
central grid strips are parallel and as the strips move away
from the central axis they become more and more inclined
(Figure 18-7).

The focused design results in a grid with lead strips
designed to match the divergence of the x-ray beam. If
these lead strips were extended, the strips would inter-
sect along a line in space known as the convergence line.
The distance from the face of the grid to the points of
convergence of the lead strips is called the grid radius.
For the grid to be properly focused, the x-ray tube must
be located along the convergence line. Each focused
grid will identify the focal range within which the tube
should be located. For example, grids are made with
short, medium, or long focal ranges, depending on the
distance for which they are designed. Short-focal-range
grids (14-18 inches or 36-46 cm) are made for use in
mammography; long-focal-range grids (60-72 inches or
152-183 cm) are used for chest radiography. Focused
grids with lower grid ratios allow for greater latitude in
the alignment of the tube with the grid. With higher grid
ratios, proper alignment of the grid with the tube is more
critical.

Parallel grids are less commonly employed than
focused grids. Because the strips do not try to coincide
with the divergence of the x-ray beam, some grid cut-
off will occur along the lateral edges, especially when
the grid is employed at short SIDs. The parallel grid is
best employed at long SIDs because the beam will be a
straighter, more perpendicular one (Figure 18-8).
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FIGURE 18-7. A focused grid is designed to match the divergence
of the x-ray beam. The grid radius is the distance from the face of
the grid to the points of convergence of the lead strips.
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FIGURE 18-8. Parallel grids function best at long, as opposed to
short, SID.

A grid is used either in a stationary position or mounted
in a Potter-Bucky diaphragm to move it during exposure.
Most radiology departments have a supply of stationary
grids, in various sizes, that can be mounted to the front
of an image receptor. These are generally made approxi-
mately one inch larger than the image receptor size they
are intended to cover. Stationary grids are used primarily
in mobile procedures or for upright or horizontal beam
views. When grids are used in a stationary fashion, grid
lines on the image will usually be noticed on close inspec-
tion. This is especially true with low-frequency grids. High-
frequency grids, like those used for digital imaging, have a
minimal visual effect.

The most common use of the grid is for procedures
using the Potter-Bucky diaphragm (usually called the
Bucky). This device is mounted below the tabletop of
radiographic and radiographic/fluoroscopic tables and
holds the image receptor in place below the grid. It can
move the grid during the exposure so that grid lines will
be blurred and therefore not evident on the image. These
grids are approximately 17" X 19" (43 X 48 cm), large
enough to cover a 14" X 17" (35 X 43 cm) image receptor
placed either lengthwise or crosswise in the Bucky tray.
The direction in which the grid moves is important if it is
to accomplish the job of blurring the grid lines. The lead
strips of the grid run along the long axis of the table. To
blur the lead lines, the grid must move at a right angle to
the direction of the lines. This means that it will be moving
back and forth across the table and not from top to bottom.

There are two movement mechanisms used today.
The movements are described as reciprocating and
oscillating. With the reciprocating grid, a motor drives
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the grid back and forth during the exposure for a total
distance of no more than 2-3 cm. With the oscillating
grid, an electromagnet pulls the grid to one side and
then releases it during exposure. The grid oscillates in a
circular motion within the grid frame.

i GRID SELECTION/
CONVERSIONS

Selecting the best grid to use for a specific radiographic
procedure is a complex process. Most procedures that are
done with a grid use a moving grid mounted in a table or
upright holder. Grid choice must be made in the equip-
ment purchase phase of quality control. Once a grid is
selected and mounted in the Potter-Bucky diaphragm, it
is not easily changed. Purchase decisions are generally
made by the department administrator in collaboration
with the radiologist.

Grids absorb scatter and scatter adds exposure to the
image receptor. The more efficient a grid is at absorbing
scatter, the less exposure will be received by the image
receptor. Therefore, compensations must be made to
increase this exposure. This is generally accomplished by
increasing mAs, which, in turn, results in greater patient
dose. The better the grid cleans up scatter, the greater will
be the dose given to the patient to achieve an adequate
exposure. The amount of mAs needed can be calculated
using the following formula:

Grid conversion  mAs with the grid
factor (GCF) mAs without the grid

This formula is referred to as the Bucky factor, as well
as the grid conversion factor. Grid-conversion factors
(GCFs) increase with higher grid ratios and increas-
ing kVp. Because grids vary in respect to their ratio, fre-
quency, and lead content, it would be useful to check the
grid conversion factor for each of the common grids used
in a department. Table 18-2 offers a guide to grid conver-
sion factors for commonly purchased grids.

m Grid Conversion Factors

Grid Ratio 60 kVp 85 kVp 110 kVp
No grid 1 1 1
5:1 3 3 3
8:1 3.75 4 4.25
12:1 4.75 5.5 6.25
16:1 5.75 6.75 8

Adapted with permission from Characteristics and Applications of X-Ray Grids,
Liebel-Flarsheim division of Sybron Corporation, Cincinnati, Ohio. Approximate
values based on clinical tests of pelvis and skull.

EXAMPLE: A satisfactory chest radiograph is produced
using 5 mAs at 85 kVp without a grid. A second image
is requested using a 12:1 grid. Using Table 18-2, what
mAs is needed to produce a second satisfactory image?

Answer:
mAs with the grid

GCF =
mAs without the grid
55= lmAs
5
X =5.5 X 5mAs
X = 27.5 mAs

When converting from one grid ratio to another, the
following formula is used:

mAs,  GCF,
mAs,  GCF,
where: mAs, = original mAs
mAs, = new mAs
GCF, = original grid conversion factor

GCF, = new grid conversion factor

EXAMPLE: A satisfactory abdominal image is pro-
duced using an 8:1 grid, 35 mAs, and 85 kVp. A second
image is requested using a 12:1 grid. Using Table 18-2,
calculate what mAs is needed to produce a second
satisfactory image?

Answer:
mAs,  GCF
mAs,  GCF,
H_4
X 55
4X =192.5
X = 48 mAs

i GRID PERFORMANCE
EVALUATION

The efficiency of a grid in cleaning up or removing scatter
can be quantitatively measured. The International Com-
mission on Radiologic Units and Measurements (ICRU)
Handbook 89 defines two criteria for measuring a grid’s
performance: selectivity and contrast improvement ability.



Selectivity

Although grids are designed to absorb scatter, they also
absorb some primary radiation. Grids that absorb a
greater percentage of scatter than primary radiation are
described as having a greater degree of selectivity. Selec-
tivity is identified by the Greek sigma (2) and is measured
by using the following formula:

% primary radiation transmitted
% scatter radiation transmitted

Selectivity =

The better a grid is at removing scatter, the greater will
be the selectivity of the grid. This means that a grid with a
higher lead content would have a greater selectivity.

Contrast Improvement Ability

The best measure of how well a grid functions is its abil-
ity to improve contrast in the clinical setting. The con-
trast improvement factor is dependent on the amount
of scatter produced, which is controlled by the kVp and
volume of irradiated tissue (see Chapter 27). As the
amount of scatter radiation increases, the lower will be
the contrast and the lower the contrast improvement
factor. The contrast improvement factor (K) can be
measured using the following formula:

_ Radiographic contrast with the grid
Radiographic contrast without the grid

Convergence point

Grid

Image receptor
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If K = 1, then no improvement in contrast has occurred.
Most grids have contrast improvement factors between
1.5 and 3.5. This means that contrast is 1.5-3.5 times better
when using the grid. The higher the K factor, the greater
the contrast improvement.

GRID ERRORS

Poor images can result from improper use of the grid.
Errors in the use of the grid occur mainly with grids that
have a focused design. This is because focused grids are
made to coincide with the divergence of the x-ray beam.
The tube must be centered to the focused grid and aligned
at the correct distance. Additionally, a focused grid has a
tube side and a receptor side based on the angulation of
the grid strips. Proper tube/grid alignment is essential to
prevent the undesirable absorption of primary radiation
known as grid cutoff.

Off-Level

An off-level grid error occurs when the tube is angled
across the long axis of the grid strips. This can be the
result of improper tube or grid positioning (Figure 18-9).
Improper tube positioning results if the central ray is
directed across the long axis of the radiographic table.
Recall that it is only possible to angle along the long
axis of the table with a linear grid and it is not pos-
sible to angle at all with a criss-cross grid. Improper

Convergence point

Image receptor

FIGURE 18-9. An off-level grid error can occur with a parallel or focused grid. A linear grid can be off-level in one direction, whereas a
criss-cross grid can be off-level in both directions (across and along the grid).
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grid positioning most commonly occurs with stationary
grids being used for mobile procedures or decubitus
views. If, for example, a patient is lying on a grid for a
mobile abdominal procedure and the patient’s weight
is unevenly distributed on the grid, the grid may not be
properly aligned to the tube.

An off-level grid error can occur with a focused grid
and it is the only positioning error possible with a parallel
grid. Care must always be taken when aligning the tube to
the grid, especially when using stationary grids, to avoid
this error. When this error occurs, there is an undesirable
absorption of primary radiation, which results in a radio-
graph with a decrease in exposure across the entire image
(Figure 18-10).

Off-Center

The x-ray tube must be centered along the central
axis of a focused grid to prevent an off-center (off-
axis or lateral decentering) grid error (Figure 18-11).
The center grid strips are perpendicular and become
more and more inclined away from the center. This
design coincides with the divergence of the x-ray beam
from the tube. If the central ray is off-center, the most
perpendicular portion of the x-ray beam will not corre-
spond to the most perpendicular portion of the grid. The
result is a decrease in exposure across the entire image
(Figure 18-12).

The greater the degree of lateral decentering, the
greater the grid cutoff.

75 kVp
15:1 grid

15 mAs
400 RS

40” SID
63.4 mR

Courtesy of Arlene Adler and Richard R. Carlton

FIGURE 18-10. A radiograph illustrating an off-level grid error.
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FIGURE 18-11. An off-center grid error.

15 mAs
400 RS
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66.1 mR

75 kVp
15:1 grid

Courtesy of Arlene Adler and Richard R. Carlton
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FIGURE 18-12. A radiograph illustrating an off-center grid error.

Off-Focus

A focused grid is made to be used at very specific dis-
tances identified as the focal range labeled on the front
of the grid. When a grid is used at a distance other than
that specified as the focal range, an off-focus error
results (Figure 18-13). For example, if a grid has a
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FIGURE 18-13. An off-focus grid error occurs when the grid is used at distances less than or greater than the focal range.

focal range of 36-44 inches (91-112 cm) and it is used
at 72 inches, severe grid cutoff will occur. Off-focus
errors result in grid cutoff along the peripheral edges
of the image (Figure 18-14). Higher grid ratios require
greater positioning accuracy to prevent grid cutoff.

Upside-Down

A focused grid has an identified tube side based on the way the
grid strips are angled. If the grid is used upside-down, severe
peripheral grid cutoff will occur (Figure 18-15). Radiation will
pass through the grid along the central axis where the grid
strips are most perpendicular and radiation will be increas-
ingly absorbed away fromthe center (Figure 18-16). Itisimpor-
tant that the technologist check the tube side prior to using
a focused grid.

The Moire Effect

The Moire effect is a grid error that occurs with digital
image receptor systems when the grid lines are cap-
tured and scanned parallel to the scan lines in the
imaging plate readers. This error occurs with grids
used in a stationary fashion for examinations such as
mobile radiography or translateral hip images. In order
for the Moire pattern to demonstrate on the image,
the grid lines must be running in the same direction as
the movement of the laser beam that is scanning the

75 kVp
15:1 grid

15 mAs
400 RS

40” SID
69.3 mR

Courtesy of Arlene Adler and Richard R. Carlton

FIGURE 18-14. A radiograph illustrating an off-focus grid error taken
at less than the recommended focal range distance.

imaging plate (Figure 18-17). Most imaging plates are
scanned across the short axis of the plate, and, most
often, grid lines run parallel to the long axis of the
imaging plate. In these instances, the Moire pattern will
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FIGURE 18-15. An upside-down grid error.

75 kVp
15:1 grid
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40” SID
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Courtesy of Arlene Adler and Richard R. Carlton

FIGURE 18-16. A radiograph illustrating an upside-down grid error.

not demonstrate. To prevent this grid error, it is recom-
mended that high-frequency grids of 103 lines per inch
or greater be used for digital image receptor systems
when a stationary grid is needed.

Courtesy of Barry Burns, MS.R [R], DABR, UNC, Division of
Radiographic Science

FIGURE 18-17. The Moire effect.

AN ALTERNATE SCATTER
REDUCTION METHOD—

THE AIR-GAP TECHNIQUE

In addition to the use of a grid, there are a number
of other methods that can be employed to reduce
the amount of scatter reaching the image receptor.
Remember, the most important way to improve image
quality is to decrease the amount of scatter initially
being created. This is best done by restricting the pri-
mary beam. Collimating to the size of the area being
examined is critical to image quality. Even with the
use of close collimation, it is still necessary to reduce
scatter reaching the image receptor when radiograph-
ing larger body parts or when using higher kVps. The
grid is the primary device employed to reduce scatter.
The body part may also be compressed to decrease the
amount of scatter created.

The air-gap technique is an alternative to the use of
a grid. It has primary applications in magnification radi-
ography and, to a lesser extent, in chest radiography. The
technique involves placing the patient at a greater object
image receptor distance (OID), thus creating an air gap
between the patient and the image receptor. By moving
the patient away from the image receptor, the amount of
scatter reaching the image receptor will be reduced. As
stated earlier, the patient is the source of the majority
of scatter. Although the same amount of scatter will be
created during the exposure, less of the scatter will reach
the image receptor if the patient is moved farther away
(Figure 18-18). The result is improved contrast without
the use of the grid. The primary disadvantage of the air-
gap technique is the loss of sharpness that results from
increased OID.
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FIGURE 18-18. The air-gap technique reduces the amount
of scatter reaching the image receptor.

Gould and Hale evaluated contrast improvement
between the use of a grid and the air-gap technique, show-
ing that a 10-inch (25-cm) air gap has the same degree of
clean-up of scatter as a 15:1 grid for a 10-cm body part. This
same grid was shown to be more effective at eliminating
scatter than the air gap with a thicker (20-cm) body part.

USE OF GRIDS WITH DIGITAL

IMAGE RECEPTORS

Radiographic grids are important to optimum image
quality when using digital image receptors. Much of the
grid impact on image quality has to do with the science
behind the digital technologies, as well as the recep-
tor speeds being used, particularly with flat-panel DR
detectors. Grids are used to improve radiographic image
contrast by intercepting scatter and secondary radia-
tion before they reach the image receptor. In film-screen
imaging, the reduction in secondary and scatter radia-
tion greatly improved visible radiographic contrast and
image quality. An increase in kVp produced more scatter/
secondary radiation, which reduced image contrast. The
use of a grid removed a portion of this scatter/secondary
radiation from the remnant beam and improved radio-
graphic contrast.
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When digital receptors are used, increasing kVp
values is strongly recommended. Generally, kVp values
are increased 10-15 kVp when digital systems are uti-
lized, with a correlating reduction in mAs values, based
upon the 15 percent rule. Using the 15 percent rule, an
increase in kVp can be offset with a 50 percent reduction
in mAs. With digital technologies, the traditional rules of
kVp/contrast and mAs/radiographic density do not apply,
and the amount of scatter is primarily controlled by the
amount of exposure, expressed as milliamper-seconds
(mAs), not kVp. As mAs is increased, the total amount
of scatter/secondary is increased, as expected. However,
image contrast remains unchanged, due to the LUTs.
Similarly, as mAs is decreased, scatter is reduced with no
effect upon image contrast. However, a mAs value that
is too low introduces noise and quantum mottle. Noise
degrades image quality by reducing the spatial resolution,
making interpretation very difficult, and is one of the big-
gest complaints interpreting physicians have with digital
image quality.

Total scatter production is affected by the degree of
collimation and part thickness, and since collimation to
the anatomy of interest is encouraged, there is a further
reduction in scatter when proper collimation is utilized.
The combination of lower mAs values with tighter col-
limation, naturally reduces the total amount of remnant
radiation and the associated signal produced in the recep-
tor. Therefore, improper use of radiographic grids is more
pronounced with digital imaging, since there is less expo-
sure to work with (Figure 18-19).

Patient thickness greater than 10 cm and kVp values
higher than 60 kVp require the use of grids. While these
guidelines still apply with digital receptors, an additional
consideration is grid placement and alignment. With
digital receptors, proper alignment is critical for several
reasons. Because the mAs values are lower, there is less
exposure latitude in terms of mAs, and any grid cutoff
due to misalignment makes its impact more pronounced.
With analog imaging systems, small amounts of grid-cutoff
were not as consequential, and therefore, generally not a

Courtesy of Randy Griswold

FIGURE 18-19. Example of grid artifact from improper alignment.




238 UNIT Il Creating the Image

problem. With digital receptors, even the smallest amount
of cut-off negatively impacts image quality with the cre-
ation of image noise, artifacts, and inaccurate exposure
indicator values. Figure 18-20 demonstrates the impact
of grid cut-off due to poor alignment. Clearly, grid cutoff
reduces image fidelity and affects interpretability. There-
fore, proper grid alignment is essential, particularly when
performing mobile radiography.

An additional consideration is the relative system
speed (RS) of the digital systems. Most CR systems are set
to produce excellent image quality at radiation exposures
comparable to a 300400 RS analog, film-screen system.
Many of the flat-panel DR systems are set to operate at
RS speeds ranging from 600 to 800 RS. Newer systems
and better detectors are even faster, in an effort to reduce

Images curtesy of Dennis Bowman

FIGURE 18-20. Images of a phantom positioned for a lateral
lumbar spine, using the same SID and technique. (A) Image
acquired with a perpendicular CR. (B) Image acquired with a
5-degree tube angle, displaying change in exposure. (C) Image
acquired with a 10-degree tube angle, displaying additional
change in exposure.

Vendor Name
Philips Healthcare
Carestream
Toshiba/Canon
Fuji Medical
Konica Medical

FIGURE 18-21. Grid substitution products.

patient dose. In these systems, the patient dose is signifi-
cantly reduced due to the lower mAs values, which offer
less exposure latitude for improper grid placement and
exposure technique errors.

Grid Replacement Software

The vendor community has long recognized a chief
complaint of image quality that centers around improper
grid usage, particularly with alignment. In an effort to
lessen the dependence upon grids for good image qual-
ity, they have designed grid replacement software
programs that produce images appearing to have been
taken using a grid, when in fact, one was not used. This
is not to be confused with grid suppression software,
which is designed to remove visible grid lines from an
image taken with a grid.

There are a number of manufacturers now advo-
cating their grid replacement software for situations
when proper grid usage is not possible or inadequate
(Figure 18-21). One manufacturer has designed their
system to simulate a 6:1 grid ratio image to enhance
image contrast (Figure 18-22). Although the design of
these tools is closely guarded by the vendor, all have
the same design attempt: to produce an image that looks
grid-like when one was not used. While all vendors
agree that grid replacement software products are not
intended to replace grids in all situations, these pro-
grams provide additional image post processing capa-
bilities, reduce patient exposure, and improve image
quality. Additionally, use of grid replacement software
increases efficiencies, particularly in non-routine set-
tings, such as intensive care unit and trauma. Therefore,
the radiographer has a responsibility to understand
proper usage and application of these features in daily
performance.

Product Name
SkyFlow
SmartGrid
Scatter Correction
Virtual Grid
Intelligent Grid

Courtesy of Randy Griswold
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C

FIGURE 18-22. The application of Grid Replacement Software product from Konica Minolta Inc.: (A) PA chest without a grid; (B) PA chest with

grid replacement software simulating the use of 6:1 grid; (C) PA chest with a 6:1 grid.
Source: Konica Minolta, Inc.

grid is a tool used by the radiographer to improve image
contrast. Grids are made of lead strips alternating with
an interspace material, which is usually made of aluminum.
Grids are constructed with a specific grid ratio and frequency.
The grid ratio and frequency are important in determining the

total lead content of the grid. Generally, grids with higher grid
ratios and lead content are more efficient at removing scatter.
This can be quantitatively studied by measuring the selectivity
and contrast improvement ability of the grid.

Grids absorb scatter and scatter adds exposure to the image
receptor. The more efficient a grid is at absorbing scatter, the

less image receptor exposure. Therefore, compensation must
be made to increase exposure. This is generally accomplished by
increasing the mAs, which, in turn, results in greater patient dose.
The better the grid is at cleaning up scatter, the greater is the dose
given to the patient to achieve adequate exposure.

Grids are manufactured in either a linear or criss-cross
pattern, with either a parallel or focused design. They can
be used in either a stationary manner or may be placed in a
device that moves the grid and thereby blurs the grid lines.

An alternative to the use of a grid is the air-gap tech-
nique or the new grid replacement software applications. =
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The Case of the White
Snakes

Answers to the case studies can
be found in‘Appendix B.

3 REVIEW QUESTIONS

Why does a grid improve contrast?
As a general rule, when should a grid be used?
How is a grid constructed?

Define grid ratio.

Uk W=

What type of grid pattern has lead strips running in
only one direction?

*

How is a focused grid designed?

N

As the ability of a grid to clean up scatter increases,
what is the effect on patient dose and image receptor
exposure?
8. Explain how to evaluate the performance of a grid.
9. How is the contrast improvement of a grid measured?
10. How does an off-level grid error occur?
11. How does the air-gap technique improve contrast?

12. Explain the effect grid replacement software applica-
tions have on the reduction of visible scatter radiation.
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KEY TERMS

adhesive

afterglow

average gradient
base

base plus fog
characteristic curve
clearing agent
clearing time
coating

contrast

conversion efficiency
crystal production

D log E curve
definition
densitometer

detail

developing

Dmax

drying

emulsion with crystals

fixing

fluorescence

gamma

gradient point

Hurter and Driffield (H&D) curve
intensification factor
intensifying screen

Any discussion relating to the rationale of radiographic exposure should

begin with the understanding that the characteristics and the exposure

response of x-ray film are the foundations of an exposure system.

Arthur W. Fuchs, from the Jerman Memorial Lecture at the 1950

Annual Meeting of the American Society of X-Ray Technicians

OBJECTIVES

Upon completion of this chapter, the student should be able to:

Describe the components of radiographic film.

Discuss latent image formation.

Explain the four primary steps involved in processing a radiograph.
Define sensitometry as it is applied to radiography.

Explain the function of a densitometer.

Describe the critical elements of a D log E curve.

Define the primary characteristics of film.

Explain the purpose of radiographic intensifying screens.

Analyze the effect of phosphor crystal size, layer thickness, and
concentration on intensifying-screen resolution.

Explain radiographic film-screen combination relative speed
numbering systems.

Describe various methods of measuring resolution, including a basic
description of line pairs per millimeter, line spread function, and
modulation transfer function.



KEY TERMS (continued)

k-shell absorption edge
latitude

line pairs per millimeter (Ip/mm)
line spread function (LSF)
luminescence

mixing

modulation transfer function (MTF)
opacity

optical density numbers
orthochromatic
panchromatic
penetrometer

phosphor layer
phosphorescence
protective coat
reflective layer

relative speed
resolution

resolving power
reversal

ripening

screen lag

sensitivity speck
sensitometer
sensitometric curve
sensitometry

sharpness

silver bromide

silver chloride

silver iodide

silver iodobromide
solarization

spectral emission
speed exposure point
speed point

step wedge
straight-line portion
supercoat

washing
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i RADIOGRAPHIC FILM

Photosensitive film is no longer the most common radio-
graphic image receptor. By the turn of the 21st century,
digital imaging began to predominate throughout radiog-
raphy. Consequently, this chapter is an overview of the
radiographic film, intensifying screen, and film processing
procedures for those who may need to utilize them. Film
was the first image receptor chosen by Rontgen and it
continues to be used for some applications, including out-
side developed nations, where it remains useful for nearly
all types of medical imaging.

Radiographic and photographic films are very similar
in nature and both derive from early experiments in record-
ing light images. The discovery of photography cannot be
assigned to one person. A permanent photographic process
was discovered about 1816 by the French inventor Joseph
Niepce (1765-1833) who collaborated with the French art-
ist Louis Daguerre (1787-1851). Simultaneously, between
1835 and 1840, the English photographer William Fox Talbot
(1800-1877) developed the process that was given the name
photography.

Photographic materials are photosensitive, or
capable of responding to exposure by photons. Both
radiographic and photographic films are sensitive to the
wavelengths and energies that comprise most of the
electromagnetic spectrum of both light and x-rays (see
Figure 2-12), although it is possible to manufacture film
that is insensitive to portions of the spectrum.

. CONSTRUCTION OF
RADIOGRAPHIC FILM

Diagnostic radiographic film is manufactured by coating
both sides of a base material with an emulsion containing
photosensitive crystals. The complete construction of
diagnostic radiographic film includes the base, adhesive,
emulsion with crystals, and supercoat (Figure 19-1). The
total thickness of the film varies with the manufacturer,
from 175 to 300 pm (0.007 to 0.012 in.).

Base

The film base was originally composed of a glass plate.
Glass plates coated with emulsion were used in photog-
raphy from soon after its discovery until World War I
(circa 1914) (Figure 19-2). Polyester was introduced in
the 1960s and is still used as a radiographic film base. It is
usually 150-200 pm (0.006-0.008 in.) thick.

The film base must be flexible yet tough, stable,
rigid, and uniformly lucent. It must be flexible to permit
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FIGURE 19-1. Cross-sectional view of diagnostic radiographic film.

Reprinted with permission from the American College

of Surgeons, Chicago, IL.

FIGURE 19-2. Glass plate radiograph of Theodore Roosevelt taken
at Mercy Hospital in Chicago on October 15, 1912, after he was
shot in the chest during an assassination attempt in Milwaukee.

easy handling in the darkroom and to make good con-
tact with the cassette pressure pads. It must be stable
so that it does not change its dimensions during the
heating and immersion in chemicals required for pro-
cessing. It must be rigid enough to be conveniently
placed onto a viewbox (radiographic illuminator). Most
important, it must be uniformly lucent so that it permits
the transmission of light without adding artifacts to the
diagnostic image.

Adhesive

A thin coating of adhesive is applied to the base material
before it is coated with the emulsion. This substratum
coating is designed to glue the emulsion to the base and
prevent bubbles or other distortion when the film is bent

during processing or handling, or when it is wet and
heated during development.

Emulsion

The emulsion is composed of gelatin in which photosen-
sitive silver halide crystals are suspended. It is spread in
an extremely even coating that, depending on the manu-
facturer, ranges from 5 to 10 pm (0.0002-0.0004 in.) of
thickness on each side of the base. The purpose of the
gelatin is to act as a neutral lucent suspension medium
for the silver halide crystals that must be separated from
one another to permit processing chemicals to reach
them. Gelatin serves as a nonreactive medium through
which chemicals can diffuse to reach the silver halides.
The gelatin also distributes the crystals evenly over the
surface of the film, thus preventing clumping of silver
halides.

The silver halides used in radiographic film are
silver bromide, silver iodide, and silver chloride. Modern
silver halides are 95-98 percent silver bromide, with the
remainder usually consisting of silver iodide. This has led to
the term silver iodobromide as a generic specification of the
silver halide crystals.

Supercoat

The supercoat is a layer of hard, protective gelatin
designed to prevent the soft emulsion underneath from
being physically or chemically abused by scratches,
abrasions from stacking, and skin oils from handling. It
is usually designed to be antistatic as well. The super-
coat is extremely strong and, when combined with the
tough base material, makes it nearly impossible to tear
a radiograph.



Manufacturing

Radiographic film is manufactured in four stages:
crystal production, ripening, mixing, and coating.

Crystal Production. Silver bromide crystal production is
accomplished, in total darkness, by combining silver nitrate
and potassium bromide in the presence of gelatin. The
silver halide crystals are flat and roughly triangular in
shape. Although different types of film emulsions require
different size crystals, they are all very small, about 1 pm
(0.00004 in.) on each side. A cubic millimeter contains
over half a billion (>500,000,000) crystals.

Each crystal is a cubic lattice (or matrix) of silver,
bromine, and iodine atoms (Figure 19-3). A conventional
crystal contains approximately 10'° (10,000,000,000) atoms.
They are bound together by moderately strong ionic bonds
with the silver positive (Ag*) and the bromine or iodine
negative (Br- or I). The crystal structure permits both free
silver atoms and free electrons to drift through the lattice.
This ability is the key to the formation of the latent image.

It is thought that the halide ions (bromine and
iodine) tend to cluster on or near the surface of the crys-
tal while the silver ions form the center. This results in
silver halide crystals having negatively charged surfaces
and positively charged interiors.

The silver halide crystals must have an impurity
added, usually gold-silver sulfide, to form sensitivity specks.
The gold-silver sulfide may adhere to the surface of the
crystal or even be partially incorporated into its structure.

Sensitivity
speck

FIGURE 19-3. Cubic lattice arrangement of ions in a silver halide
crystal. The surfaces are primarily negative bromine and iodine
halides, whereas the interior is primarily positive silver. Note the free
silver atoms and the sensitivity speck.
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There can be a few or many specks, but they must be
present to provide film sensitivity. During latent image
formation, the sensitivity specks serve as electrodes to
attract the free silver ions. During development, the bro-
mide concentrations will serve as ion pumps to assist in
the deposition of silver, thus amplifying the image.

Ripening. Ripening is the period during which silver
halides are allowed to grow. The size of the crystals
determines their total photosensitivity, so the longer the
ripening period, the larger the crystals (or grains) and the
more sensitive the emulsion.

Mixing. The mixing process follows ripening. Numerous
additives are mixed into the emulsion.

Films are often classified as panchromatic or
orthochromatic, according to their sensitivity to the color
of light. Panchromatic films are sensitive to all colors,
whereas orthochromatic films are not sensitive to the red
spectrum. This sensitivity is controlled by the dyes that are
added during this stage.

Coating. The coating process requires extremely precise
and expensive coating equipment. First, the adhesive
layer is applied to the base, then the emulsion, and, finally,
the supercoat. The emulsion is applied to 40-inch-wide
(102-cm) sheets of film, which are stored on rolls, cut to
size, and packaged for the consumer. Standard film sizes
are shown in Table 19-1.

m Standard Radiographic Film Sizes

35 X 91 cm 14 X 36 inches

40 X 40 cm

35 X 43 cm 14 X 17 inches

35 X 35cm 14 X 14 inches

30 X 40 cm

30 X 35cm

28 X 35 cm 11 X 14 inches

25 X 30 cm 10 X 12 inches

24 x 30 cm

24 X 24 cm 9.5 X 9.5 inches

20 X 40 cm

20 x 25 cm 8 x 10 inches

18 X 24 cm

18 X 43 cm 7 X 17 inches
5 X 12 inches

15 X 30 cm 6 X 12 inches

6.5 X 8.5 inches

Bold sizes are in routine use at most institutions.

NOTE: In most cases, the metric and English sizes are not equivalent; they are
similar but not exactly interchangeable.



246 UNIT Il Creating the Image

LATENT IMAGE FORMATION

The photons that reach the emulsion are primarily light
photons from the intensifying screens that are in contact
with the film. However, x-ray photons are also involved
in the production of the image. This deposits energy from
the photon within the lattice of the silver halide crystals.
The latent image is the unseen change in the atomic
structure of the crystal lattice that results in the production of
a visible image. Although there is still much that is unknown
about the exact mechanisms that control the formation of the
latent image, the theory proposed by Gurney and Mott in 1938
remains almost unchallenged. Their theory accounts for sen-
sitivity specks being essential to the image formation process.
The arrangement of the silver and halide ions, free
silver ions, and sensitivity specks (see Figure 19-3) has

been simplified to illustrate the Gurney-Mott theory
(Figure 19-4) of latent image formation. The process
begins when an incident photon (light or x-ray) interacts
with one of the halides (bromine or iodine). The ejected
electron is freed to wander and may eventually be
attracted and trapped by a sensitivity speck, giving the
speck a negative charge. The negatively charged sensi-
tivity speck attracts a free silver ion. The silver ion neu-
tralizes the sensitivity speck (thus resetting the “trap”).
This process is known as the ionic stage and is repeated
several times until a clump of silver atoms rests at the
sensitivity speck. A single incident photon may free thou-
sands of electrons for deposition at sensitivity specks.
However, not all freed silver is deposited at sensitivity
specks. At least three silver atoms must be deposited for
a visible clump of black metallic silver to be formed by
chemical development of the image.
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FIGURE 19-4. Latent image formation according to the Gurney—Mott theory.

A—A bromine ion absorbs an incident light photon and frees an electron.

B—The freed electron is trapped at the sensitivity speck, giving it a negative charge.
C-The negatively charged sensitivity speck attracts a free silver ion.

D-The silver ion neutralizes at the sensitivity speck.

E—Repetition of the process deposits several silver atoms at the sensitivity speck.




i TYPES OF FILM

The first radiographs were exposed to x-ray photons
only. Once the technology had been developed to use
the x-rays to produce light at the intensifying screen, the
dose reduction resulted in intensifying-screen film (usu-
ally called screen film) becoming predominant in medical
radiography.

Intensifying-Screen Film

Commonly called screen film, this type of film is avail-
able in a variety of speeds, contrast ranges, latitudes, and
resolutions.

The primary differences are in speed (sensitivity of
the silver halides), which is controlled by the size of the
crystals and the thickness of the emulsion layer. Contrast,
latitude, and resolution tend to be linked to speed. Larger
crystals and thicker emulsions usually provide lower con-
trast, wider latitude, and less resolution.

i FILM STORAGE AND HANDLING

Proper storage and handling of film is an important part
of radiography if film is part of the operation.

Basic Storage and Handling

Attention must be given to the age of the film, heat, humid-
ity, light, radiation, and handling. All film is sold with
an expiration date stamped on the box. Photosensitive
materials are constantly absorbing photons of both heat
and background radiation and, over time, this exposure
can reach a level where the fog on the film interferes with
image quality. Rotation of new stock must be established
to observe expiration dates.

Film should be stored at a temperature of 20°C (68°F)
or lower at all times. It is possible to arrest the aging process
by freezing film. However, this must be done with the film
in vacuum-sealed containers and the film must be brought
to room temperature in advance of use and before breaking
the moisture-proof seal. Failure to do this will destroy the
film when atmospheric moisture condenses on the cool film
surface, creating waterspot artifacts.

Darkroom safelighting permits film handling with the
convenience of limited visibility. All film must be protected
from exposure to ionizing radiation. Lead lining of film stor-
age areas will eliminate this problem. Handling of film is often
overlooked as a source of problems. Film should be stored
on end, not flat. Film boxes should be opened carefully, and
under no circumstances should a film, paper interleaf, or
cardboard insert be removed quickly. Abrasion artifacts can
occur from quick movement over film and under pressure.

CHAPTER 19 Film and Screens Imaging and Processing 247

Even at the proper humidity, quick movement can cause
static discharge with artifact exposure from the resulting
light. Chemical fumes can also cause film fog. Film should
not be stored near cleaning solutions, formaldehyde, or other
strong chemicals.

i FILM IDENTIFICATION

All radiographs should be permanently identified with
medical record information. This includes the date of
the exposure, the full name of the patient, the institu-
tion where the exposure was made, the referring physi-
cian, the patient identification number, and any other
important information. The identification information
is usually added to the film by a light exposure after
the radiographic exposure in the darkroom after the
film has been removed from the cassette but before
it is processed. Most radiographic cassettes have a
lead blocker space in one corner to prevent the film
from being exposed to x-rays in that small area. This
reserves the space for identification information to
be “flashed” by light. This information, like the radio-
graph, becomes part of the legal medical record and
should be treated as such. Additionally, a method of
identifying right and left sides of the patient should be
required. Many institutions use lead markers, although
film punches and blocker placement systems can also
be used.

Depending on institutional policy, it may or may
not be acceptable to change the identification informa-
tion if it is recorded incorrectly. Some institutions permit
changes to be made with wax pencil, stickers, or punches,
whereas others require that the radiograph be repeated.
The radiographer is nearly always held responsible for
recording the identification information correctly.

i FILM PROCESSING

The primary purpose of radiographic processing is to
deposit enough black metallic silver at the latent image
sites in film to permit the formation of a permanent
visible image. The development of the latent image can
be accomplished manually or with automatic process-
ing equipment. During radiographic film processing,
radiographers should follow recommendations and can
apply their knowledge of both manual and automatic
processing with the modifications provided by the
manufacturer’s information inserts that are packed with
the chemicals.

Processing of a radiograph involves four pri-
mary steps: developing, fixing, and two archiving
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steps—washing and drying. Developing and fixing are
accomplished in solutions that combine numerous
chemicals. Archiving involves a two-step process of
washing and drying the radiograph for use as a medical
record.

i DEVELOPING

Developing is the first step in wet processing a film. At
this stage, silver is deposited at the latent image sites
and an image becomes visible. The deposition of silver
amplifies the density of the image. X-ray developers are
capable of amplifying the image by a factor of 10%-10°
within 3-4.5 minutes. The silver ions of the latent image
are stabilized and more silver is added to the site until a
visible silver clump is formed. The action of the developer
is controlled by the immersion time, solution temperature,
and chemical activity. The developer temperature is espe-
cially critical. A difference is visible with a fluctuation of
only 0.5° F.

Reducing Agents

Reducing agents provide electrons to the silver ions
attached to the sensitivity specks of the silver halide
crystals (the latent image). Silver halides have negative
exteriors (where bromine and iodine ions are located)
and positive interiors (where silver ions are located).
This arrangement effectively prohibits the reducing
agent from supplying electrons to the silver ions because
the bromine and iodine ions repel electrons. However,
when a sensitivity speck has attracted silver ions, a gate
exists through which the interior of the crystal can be
supplied with electrons. When a silver ion obtains an
extra electron, it is converted to a stable black metal-
lic silver atom. Reduction is actually the process of the
reducing agents giving up electrons to neutralize the
positive silver ions.

Activator

The action of the reducing agents is enhanced by
maintaining the developer solution in an alkaline state
by using an activator, usually sodium carbonate. The
activator also assists the reducers in reaching the silver
halides by causing the gelatin to swell and become more
permeable.

Restrainer

A restrainer, usually potassium bromide, is also added to
the developer to restrict the reducing action. It does this
by permitting overactive reducers to attack it, instead of
unexposed silver halides.

Preservative

Sodium sulfite is used as a preservative agent to help
decrease the oxidation of the reducing agents when they
are combined with air. The attraction of air for the reducers
is so strong that developer solutions remain effective for
only a few weeks after mixing,.

Hardener

The hardener controls the swelling of the gelatin to pre-
vent scratches and abrasions to the emulsion during pro-
cessing. It also maintains uniform film thickness to assist
in transport through an automatic processor.

Solvent

The chemicals are suspended in water as a solvent. The
water used for mixing chemistry should be filtered to
remove impurities.

Contamination

The developer is the only solution that is dramatically
affected by contamination. Only 0.1 percent fixer in
a developer tank will destroy the ability of the reduc-
ing agents. Films processed in contaminated developer
appear extremely gray (they exhibit extremely low con-
trast). Because the fixer tank is usually adjacent to the
developer, it is easy for splashing to occur. The most
common cause of contamination is splashing, which
occurs during lifting or when replacing the fixer transport
rack. Special splash guards are supplied with automatic
processors, and they should always be used. Developer
contamination requires total dumping, washing, refilling,
and seasoning of the developer tank. When cleaning a
processor, the fixer tank should always be filled first. If
splashing occurs, it is a simple matter to reclean the devel-
oper tank before it is filled.

Evaporation of solutions can also cause contamina-
tion. Contamination can occur if fixer condensation drips
into the developer tank. Individual evaporation covers for
both developer and fixer tanks should be in place at all
times. When a processor is shut down, excessive conden-
sation can occur as it cools. To prevent contamination,
the processor lid should be propped open whenever the
processor is not in use.

i FIXING

If afilm is exposed to light after development, the unreduced
silver halides will be converted to black metallic silver. This
is seen as a slow blackening of the film, which obscures the



image. Undeveloped silver halides must be removed from
the emulsion to permanently fix the image before exposure
to light for viewing. This important step is accomplished by
using a clearing agent that bonds with the unexposed silver
halides and removes them from the emulsion. The primary
agent of the fixer is the clearing agent.

Clearing Agent

Nearly all fixer solutions use ammonium thiosulfate as the
clearing (fixing) agent (also known by the term “hypo”).
Ammonium thiosulfate uses silver in the emulsion to
form ammonium thiosilversulfate. Within 5-10 seconds
after the clearing agent has begun to function, the film
can be exposed to full room light for inspection without
damage to the image. If the fixer has not completely
cleared the film of unexposed silver halides, the film will
have a milky appearance. The clearing time is defined
as twice the time necessary for the milky appearance
to disappear. In a 90-second automatic processor, the
clearing time is usually 15-20 seconds, whereas manual
processing may take 2-3 minutes.

Activator

The activator maintains an acidic pH (4.0-4.5) to enhance
the functioning of the clearing agent. It also serves as a
stop bath to keep the reducing agents from continuing to
function when the film is immersed in the fixer.

Preservative

The fixer dissolves silver from the ammonium thiosilver-
sulfate, thus permitting it to continue to remove silver
from the emulsion.

Hardener

The hardener serves the same purpose as in the developer—
prevention of scratches and abrasions to the emulsion dur-
ing processing and maintenance of a uniform thickness of
the film during transport. Insufficient hardener will cause
films to exit the processor with moist, softened surfaces.

Solvent

Water (which should be filtered and treated) is used as
the solvent.

Depletion

After a time, the fixer solution will become saturated
with silver ions from the emulsion. The silver ions in the
fixer can be reclaimed through various silver recovery
processes.
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i ARCHIVING

The archiving process is composed of two steps: washing
and drying. Archiving prepares the film for long-term stor-
age as a medical record by protecting it from deterioration
by chemicals, fading, and physical forces.

Washing and Drying

The washing process uses water to remove as much of the
fixer and developer solutions as possible. It is followed by
drying, which is done by forcing hot air over both sides of the
film as it begins its exit from the processor. The air tempera-
ture ranges from 120°F to 150°F (43-65°C). The hot air sets
a final hardening to the emulsion and seals the supercoat.

Storage

Proper storage is a critical part of the archiving process.
The length of time an original radiograph is stored is usu-
ally 5-7 years, depending on institutional policies and
applicable laws. Films taken of minors and cases involved
in litigation may be retained much longer (sometimes
permanently). Processed radiographs should be stored at
about 70°F (23°C) and 60 percent humidity.

Automatic Processing

Radiographic films were manually processed from the dis-
covery of radiography until Eastman Kodak introduced the
first continuous roller automatic processor in 1957.

i DARKROOM

The darkroom is the lightproof laboratory used for loading
and unloading cassettes and feeding film into the auto-
matic processor. Film is twice as sensitive after exposure
and must be handled carefully to avoid trauma to the film
surface.

Safelights

Radiographic film is designed to be insensitive to spe-
cific wavelengths of orange-red light. This permits the
use of low-level illumination within this wavelength to
make work in the darkroom easier. The amount of light
is controlled by the type of filter, wattage of the light
source, and distance from the working surface. Not all
films are insensitive to the same wavelengths, and some
may require special lighting or no-light conditions.

A safelight test calculates how long a film may be
handled before fogging becomes a problem. Darkroom
walls and floors should be light colored to increase the
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amount of light in the darkroom. If light is safe at its
first reflection, it loses intensity and remains safe on
additional reflections. When benches and flooring are
light colored, it is much easier to locate films and other
objects.

Pass Box

Film cassettes are passed into the darkroom through a
pass box, or cassette hatch, which is a lightproof con-
tainer set in the darkroom wall. Most pass boxes have two
sides, one labeled “exposed,” the other “unexposed,” and
both have interlocking lightproof doors. The interlock-
ing doors are designed to prevent both doors from being
opened at once, allowing light into the darkroom.

Darkroom ventilation should be a primary concern.
Chemical fumes must be vented directly to the outside
of the building. Failure to do so can result in toxic fumes
being picked up by ventilation systems.

[ SILVER RECOVERY SYSTEMS

Sufficient silver is dissolved in the fixer solution
to make recovery before discarding feasible from a
financial standpoint and to prevent toxic heavy metal
pollution of the environment. In the United States, the
Water Control Act of 1972, Resources Conservation-
Hazardous Waste Act of 1976, Clean Water Act of 1984,
and the Resource Conservation and Recovery Act of
1986 all affect the disposal of heavy metals into the
public environment. In essence, these laws require that
the best available methods be used to clear silver from
fixer overflow solutions prior to disposal. In addition,
they limit liquid waste to a toxic level of 5 parts per
million (ppm). A permit is required for dumping more
than 27 gallons (U.S.) per month into a public sewer
and any amount into the ground. Even shipping the
waste to a treatment plant requires a permit. Compli-
ance with these regulations is the reason commercial
firms are usually employed to handle silver recovery.

The fixer may accumulate silver at the rate of as
much as 100 mg/m? of film processed. This is well above
the dumping limits allowed by law in the United States.
In fact, the fixer is as valuable, if not more valuable, after
processing than before.

About half of the silver in the film remains in the
emulsion after processing. The other half is dissolved into
the fixer solution. Much of this silver may be removed
from the fixer by diverting the overflow through a silver
recovery system before discarding. It is estimated that
about 10 percent of the purchase price of film may be
recovered, depending on the type of recovery system used
and the market price for silver.

There are several types of silver recovery units,
including electrolytic, metallic replacement, chemical
precipitation, and resin. All of these units operate by pro-
viding electrons that can be used by the silver in the fixer
solution to form black metallic silver. They differ in the
method by which the electrons are provided and by the
process used to refine the metallic silver.

Film

The film itself retains half the silver (about 0.1 troy ounce
per pound [0.45 kg]) and this can also be recovered.
Unexposed (green) film has twice the amount of silver as
processed film.

i SENSITOMETRY

The measurement of the characteristic responses of film
to exposure and processing is termed sensitometry and it is
accomplished by exposing and processing a film and then
measuring and evaluating the resulting densities. Sensito-
metric methods are useful to evaluate technical factor expo-
sure systems, films, intensifying screens, and processing
equipment, and to maintain technical exposure factor charts.

i SENSITOMETRIC EQUIPMENT

Either a penetrometer or a sensitometer is required to
produce a uniform range of densities on a film, and a
densitometer is required to provide an accurate reading of
the amount of light transmitted through the film.

Penetrometer

A penetrometer is a series of increasingly thick, uni-
form absorbers. They are usually made of aluminum
steps, although tissue-equivalent plastic is sometimes
used (Figure 19-5). A penetrometer is referred to as a
step wedge because of its shape. It is used to produce a
step wedge on radiographic film by exposure to x-rays
(Figure 19-6). Because of the vast number of variables
in x-ray-generating equipment, the use of a penetrometer
is not recommended for quality control monitoring of
film processors. However, it is an excellent method for
monitoring both x-ray equipment and film/intensifying-
screen combinations because it reproduces the variables
associated with a clinical situation.

Sensitometer

A sensitometer is designed to expose a reproducible,
uniform, optical step wedge onto a film (Figure 19-7).
It contains a controlled-intensity light source (a pulsed
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A

FIGURE 19-5. Two basic types of penetrometers or step wedges: (A) aluminum and (B) tissue equivalent plastic. (Courtesy of Fluke Biomedical.)
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FIGURE 19-6. A density curve produced from graphing the exposures of a penetrometer exposure. (A) The exposure. (B) The graph.

stroboscopic light is best) and a piece of film with a stan-
dardized optical step wedge image (a step tablet). The
controlled light source reproduces the same amount of
light each time it is triggered. Voltage fluctuations and
other factors that might cause the intensity to vary are
controlled by circuits that supply an exact quantity of
power to a capacitor that discharges to the stroboscopic
light when triggered. The optical step wedge absorbs a
calibrated amount of this light, leaving a uniform and
reproducible light penetrometer to expose any film placed

in the sensitometer over the optical step wedge. The opti-
cal step wedge should not be touched because hands
leave a film of oil that interferes with the light intensity.
Optical step wedges (step tablets) are available in
11- and 21-step versions. The 11-step wedges usually
increase density 100 percent (by a factor of two) per step.
The 21-step wedges usually increase density 41 percent
(by afactor of 1.41 times [which is \/5 ]) per step. Because
the rigid control of the densities produced on the film
eliminates other variables, sensitometer-produced step
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wedges are perfect for processor quality control moni-
toring. Very slight density differences can be detected
by sensitometric equipment. When a film is processed,
there is a tendency for exhausted reducing agents and
bromine ions to be carried backward on the emulsion as
it is driven through the rollers of an automatic processor.
For this reason, sensitometric film strips should be fed
into automatic processors with either the long axis of
the step wedge parallel to the entrance rollers or with the
light edge entering the processor first.

Sensitometric strips are also produced electronically
by most laser and dry imaging systems (when images are
transferred to film) as well as by most Picture Archiving
and Communications Systems (PACS) systems for use
in calibrating the sensitometric response of flat-panel
monitors.

Densitometer

A densitometer is an instrument that provides a readout
of the amount of blackening (density) on a film. A den-
sitometer consists of a calibrated uniform light source, a
stage for placing the film to be measured, a light aperture
to control the amount of light from the source, a sen-
sor arm with an optical sensor, a readout display, and a
calibration control (Figure 19-8). Density readings are
accomplished by comparing the amount of light emitted
by the light source with the amount of light transmitted
through the film. To do this, the densitometer must be
calibrated before each reading by recording the amount of
light the light source is emitting. This is done by pushing
the sensor arm so that the sensor is in contact with the
light source (this eliminates the inverse square law fac-
tor) and by using the calibration control to set the readout
display at zero. This calibrates or zeroes the densitometer

FIGURE 19-8. A densitometer.

and prepares it for a reading. When a film is placed on
the stage and the sensor arm is pushed down into contact
with the film, the densitometer can calculate the differ-
ence between the calibration intensity and the intensity of
light the film is transmitting.

Because films are sensitive to a wide range of expo-
sures, their densities are best visualized if the range is
compressed into a logarithmic scale. When using a loga-
rithmic scale with a base of 10, an increment of 0.3 repre-
sents a doubling of exposure. This is because the log of
2 is 0.3. The numbers that are displayed by a densitom-
eter are known as optical density numbers. They can be
expressed with the term OD in front of the number (e.g.,
OD 1.5). They are calculated using the following formula:

I
OD = log,, >
It

where: OD = optical density number
I, = intensity of the incident light
I, = intensity of the transmitted light

This formula can be stated as the log of the intensity
of the incident light divided by the intensity of the light
transmitted through the film. Radiographic film densities
range from OD 0.0 to 4.0.

The ability of a film to stop light is termed opacity.
Opacity is calculated using the following formula:

I

j— o

opacity = 1
t

where: I = intensity of the incident light
I, = intensity of the transmitted light



Note that density is the log,, of opacity (density = log,, of
opacity). Table 19-2 shows both the opacity and optical
density numbers for various percentages of light transmit-
ted within the radiographic film density range of 0.0 to 4.0.
For example, if a region of a radiograph has an OD of 1.0,
this means only 10 percent or 1/10 of the incident light is
transmitted through the radiograph in this region. The opac-
ity of the region would be 10. If the OD number is increased
to 1.3, the opacity is doubled (to 20) and the percentage of
light transmitted through the film is halved (to 5 percent or
1/20). Increments of 0.3 changes in OD numbers represent a
doubling or halving of opacity.

THE D LOG E CURVE

Sensitometry is normally shown as a graphic relationship
between the amount of exposure and the resultant density on
the film (Figure 19-9). The horizontal exposure axis (x axis)
is compressed into a logarithmic scale and the vertical
optical density axis (y axis) is shown as a logarithmic scale
(OD numbers are logarithmic). Consequently, the curves
are known as density log exposure, or D log E curves. They
are also called characteristic curve, sensitometric curve, and
Hurter and Driffield (H&D) curves after the two photographers

m Example Opacities, Optical Density

Numbers, and Light Transmission

Percentages
1 0.0 100
2 0.3 50
4 0.6 25
8 0.9 12.5
10 1.0 10
20 13 5
40 1.6 25
80 1.9 1.25
100 2.0 1
200 23 0.5
400 2.6 0.25
800 2.9 0.125
1,000 3.0 0.1
2,000 3.3 0.05
4,000 3.6 0.025
8,000 3.9 0.0125
10,000 4.0 0.01
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FIGURE 19-9. A typical D log E (characteristic, sensitometric, or
H&D) curve. (A) Base plus fog; (B) toe; (C) straight-line portion;
(D) shoulder; (E) D

max”

who first described the relationships in 1890. The impor-
tant elements of a typical D log E curve are the base plus
fog, toe, straight-line portion (gamma), shoulder, and maxi-
mum density (D__).

The base plus fog (b+f) (see Figure 19-9A) is the den-
sity at no exposure, or the density that is inherent in the
film. It includes the density of the film base, including its
tints and dyes, plus any fog the film has experienced. Radio-
graphic film base density ranges around OD 0.05-0.10.
Processing the film usually adds about OD 0.05-0.10
in fog density. The total base plus fog is seldom below
OD 0.10 but should not exceed OD 0.22. Fog may be
caused by heat, chemical fumes, light, and x-radiation.
Over time, the natural amounts of these radiations will
produce a slight density that is sometimes called age fog.
Most of the fog level will be produced by the chemical
processing system. This includes the hyperactivity of the
developer solution, primarily caused by the high tempera-
ture at which automatic processors operate.

Phenidone is the reducing agent that controls the
subtle gray tones early in the development process. This
region of the curve is known as the toe (see Figure 19-9B)
and is predominantly controlled by phenidone.

The straight-line portion of the curve is that portion
between the toe and shoulder (see Figure 19-9C). It is usu-
ally fairly straight because the film is reacting in a linear
fashion to exposure in the range of its primary sensitivity,
which is in this region. The range of diagnostic densities var-
ies from a low of OD (.25-0.50 to a high of OD 2.0-3.0. The
majority of diagnostic-quality information on a radiograph
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FIGURE 19-10. Solarization or reversal of duplicating film.

will measure between OD 0.5 and OD 1.25. These densities
are within the straight-line portion of the curve.

Hydroquinone is the reducing agent that controls
the heavy black tone later in the development process.
This region of the curve is known as the shoulder (see
Figure 19-9D) and is entirely controlled by hydroquinone.

D, is the maximum density the film is capable of
recording (see Figure 19-9E). It is the highest point on the
D log E curve. It represents the point where all the silver
halides have a full complement of silver atoms and cannot
accept more. Additional exposure beyond D will result
in less density because silver atoms attached to sensitivity
specks will be ionized again, reversing their charge and
causing them to be repelled from the speck. This process
of reversal, or solarization, reduces the intensity of the
latent image and will produce less density. The true D log
E curve is bell-shaped (Figure 19-10).

FILM CHARACTERISTICS

The primary characteristics of film are classified as
resolution, speed, contrast, and latitude. Sensitometry per-
mits analysis of speed, contrast, and latitude within the
normal exposure ranges of the film. Extremely long or
high-intensity exposure can overload the silver halide crys-
tals and cause a phenomenon known as reciprocity failure.
Although films are designed to handle a wide range of expo-
sures, when unusual circumstances require large expo-
sures, films may deviate from their expected performance.

Resolution

Resolution is the ability to accurately image an object. It is
also called detail, sharpness, definition, and resolving power.
Resolution is measured by the ability to see pairs of

lines. The unit of resolution is line pairs per millimeter,
expressed as Ip/mm.

Film resolution is determined by the size of the
silver halide crystals. Smaller crystals will darken a
smaller area of the film, whereas larger ones will darken
larger areas. Information that is smaller than an individual
silver halide crystal cannot be visualized. An inverse
relationship exists between film resolution and crystal
size (the smaller the crystals, the higher the resolution;
the larger the crystals, the lower the resolution). Silver
halide crystals are sometimes called grains, thus the term
graininess for poor resolution. Although film graininess
can sometimes be seen, radiographic film-screen system
resolution is generally controlled by the size of the inten-
sifying-screen phosphors, not the size of the silver halide
crystals in the film emulsion.

Speed

The amount of density (degree of blackening) a film
produces for a given amount of exposure is the film
speed. It is determined by the film’s sensitivity to
exposure. The position of the toe determines how soon
the straight-line portion will begin, and this indicates
the overall speed of the film. Figure 19-11 illustrates the
effect of the toe and shoulder on the overall position of
the curve.

Film sensitivity is determined primarily by the size
of the silver halide crystals. However, the number of
sensitivity specks and the thickness of the emulsion
layer also have an effect. Larger crystals will receive
more photons because of the greater area they cover.
Larger crystals will darken a greater area of the film
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FIGURE 19-11. The effect of film speed on D log E curves.




than smaller crystals with the same exposure. There-
fore, film speed and crystal size are directly related (the
larger the crystals, the faster the film speed; the smaller
the crystals, the slower the film speed). Film speed and
the number of sensitivity specks are also directly related
for the same reason.

A thicker emulsion layer will place more crystals
in a given area. Each incoming photon may interact
with more than one crystal, so when more crystals are
stacked on top of one another in the same area, the
same number of photons will produce more film den-
sity. Therefore, film speed and thickness of emulsion
layer are directly related (the thicker the emulsion,
the faster the film speed; the thinner the emulsion, the
slower the film speed).

Screen films are capable of responding to (pro-
ducing visible densities for) exposures as low as
1 mR and as high as 1,000 mR. In Figure 19-11, film A
produces all density levels with less exposure than film B
requires for the same density. This demonstrates that film
A is more sensitive to exposure, or faster. Film B is less
sensitive, or slower.

The speed point of a film is that point on the D log E
curve where a density of OD 1.0 + b+f is achieved. The
American National Standards Institute (ANSI) specifies
x-ray film speed as the exposure required to reach OD
1.00. However, many users add base plus fog to this stan-
dard. The speed exposure point is the log exposure that
will produce the speed point for a given film. Film A in
Figure 19-11 has a speed exposure point of 1.5, and film B
has a speed exposure point of 2.0.

In clinical radiography it is important to be able to
adjust technical factors from one film to another. The
radiographer must be able to calculate the difference in
exposure that will produce a diagnostic-quality image
on a new film when the proper factors are known for a
previous one. In Figure 19-11, film B would require a log
exposure of 2.0 to produce OD 1.0. Film A would require
a log exposure of 1.5 to produce the same density. The
difference in film speed is calculated as:

antilog (log E, -1og E,)

where: log E, = log exposure of 1st film
log E, = log exposure of 2nd film

EXAMPLE: What is the difference in speed between
film A and film B in Figure 19-11?

Answer:

antilog(log E, — log E)) =
antilog(2.0 — 1.5) =
antilog(0.5) = 3.16

Film A is 316 percent faster than film B.
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Relative speeds have been assigned by film manu-
facturers to assist radiographers in relating films to one
another as they are used in film and intensifying-screen
combinations (film-screen combinations). Relative film-
screen speed can be determined by using the reciprocal of
the exposure required to produce a given density:

1

exposure in R needed to produce
speed point density (OD 1.0 + b + f)

relative speed =

EXAMPLE: \What is the relative speed for a film that
requires an exposure of 5 mR to produce the speed
point density?

Answer:
1
exposure in R needed to produce
speed point density (OD 1.0 +b + f)

relative speed =

Relative speed = 1
5mR

Relative speed = 1 _ 200
0.005R

Relative speeds are also used as a baseline for digital
imaging systems. This is discussed in chapter 23. Film
speed is affected by immersion time, solution tempera-
ture, and chemical activity. The immersion time in a
high-speed automatic processor may be as short as
20-25 seconds. The longer the film is subjected to the
chemical action of the developer solution, the greater
is the amount of black metallic silver deposited on
the latent image sites through the reduction process
(Figure 19-12). Film speed is most affected by developer
solution temperature (Figure 19-13). Only 0.5°C will cause
a visible change in film density. The chemical activity of
the developer solution will also increase the development
of density. Determination of the proper time, temperature,
and activity for a particular developer and film is done
by graphing speed, contrast, and base plus fog levels for
various activity concentrations (Figure 19-14). This is how
the manufacturer arrives at the recommended time and
temperature for optimal results.

Contrast

Contrast is the difference between adjacent densities.
This concept can be confusing when one tries to under-
stand the difference between density and contrast.
There is a relationship between contrast and density
because contrast consists of the difference between
adjacent densities. For the same film type, a change in
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FIGURE 19-12. The effect of developer solution immersion time on
film speed.

density will affect contrast visible on a film only when
above or below the straight-line portion of the D log E
curve.

Contrast is controlled by the level of activity of the
developer. The developer, which establishes the shoulder
of the D log E curve and the position of the shoulder,
affects the slope of the straight-line portion of the curve
(Figure 19-15).

Contrast is defined by the slope of the straight-line
portion of the D log E curve, but, because the straight-line
portion is actually a curve, it is important to define the
point at which the slope is measured. A gamma is simply
a measure of the slope of the straight line portion of the
curve at the speed point (OD 1.0). In practice, a gamma
may be read with the speed point in the center, top end, or
bottom end, as long as all comparative readings are done
from the same reference point. Contrast differences can-
not be appreciated unless they are measured from identi-
cal reference points.

The slope can be read as “rise over run” (Figure 19-16).
More sophisticated measurements, such as the trigonomet-
ric tangent of the slope, are also used. The slope of any
portion of the D log E curve can be calculated, and this is
known as a gradient point. Gradient points must have their
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FIGURE 19-13. The effect of developer solution temperature on
film speed.

OD values stated—for example, a gradient of 1.75 at OD
0.80. Gradient points are sometimes known by their loca-
tion: toe gradient, middle gradient, and upper gradient. The
toe gradient is calculated between OD 0.25 and OD 1.00.
The middle gradient is calculated between OD 1.00 and OD
2.00. The upper gradient is calculated between OD 2.00 and
OD 2.50. Overall radiographic film contrast is more com-
monly defined by the average gradient of the straight-line
portion of the D log E curve between OD 0.25 + b + f and
OD 2.50 + b + f. Opinions differ on whether b + f should be
added to average gradient calculations. The average gradi-
ent is calculated as:

. AD
average gradient = —or
AE

DZ_DI
E, —E

2 1

average gradient =

where: D, =0D0.25+b +f
=0D250+Db+f
E, = exposure that produces D,
= exposure that produces D,

Note: AD is a constant of OD 2.25 (OD 2.50-0.25).
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FIGURE 19-14. Determination of optimal development time and
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FIGURE 19-15. Comparison of film contrast.

Figure 19-17 illustrates the difference between vari-
ous gradient points and the average gradient. Most radio-
graphic film average gradients are between 2.5 and 3.5.
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FIGURE 19-16. Average gradient from a D log E curve.
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FIGURE 19-17. Average gradient and gradient point calculations
from a D log E curve. The slopes of points A-B, A-C, and A-D are
quite different.

The important part of the D log E curve is that
portion between the toe and the shoulder (the diag-
nostic range of the film). In this central straight-line
portion, the density is approximately proportional to
the log relative exposure. This is because a straight
line will always have a constant ratio. If the slope of
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the straight-line portion is at a 45° angle, the average
gradient will measure 1.0. In this example, a doubling of
exposure will result in a doubling of the opacity. (Note
that the term doubling of density is not used because
density is a log number. A change of 0.3 in density
reflects a doubling or halving of opacity.) A common
misnomer in film-screen radiography is that doubling
the exposure will double the density. This is not true for
typical radiographic film-screen systems. However, it is
true for most digital imaging systems.

Radiographic films have a slope steeper than 45°.
In these films, when exposure is doubled, opacity is
increased by more than a factor of 2. Because of the
steepness of the slope (and the average gradient above
1.0), radiographic films amplify exposure by producing a
greater proportion of density per exposure increase. Dou-
bling the radiographic exposure will produce more than
a doubling of radiographic opacity.

Toe and shoulder gradients are less than a 45° angle
(<1.0) and therefore not only fail to amplify the contrast
but actually decrease it. This is one reason why extremely
light or dark areas on radiographs are not acceptable for
diagnosis.

A contrast index is often used in quality control to indi-
cate contrast. Because the definition of average gradient
depends on comparable densities, when the density itself
shifts, a different measure must be established. A contrast

0506 09 1.2 1.5 1.8 2.1 2.4 27 3.0 3.3 3.6
A Log relative exposure ———>

Contrast index (do—d1)

B

index is simply two density points that are subtracted from
each other. It gives a measure of the difference between
set densities, which represents the contrast. (Contrast is
defined as the difference between densities.)

The relationship between density and contrast is
complex. To understand how density affects contrast, it is
important to realize that the changes in average gradient
between the toe and shoulder of the D log E curve are actu-
ally changes in contrast. When insufficient or excessive
density causes the range of visible densities on the radio-
graph to change, contrast is affected. For example, the
film used for the data in Figure 19-18 achieved a maximum
optimal contrast with an OD of 1.2-1.5. For OD measure-
ments above or below this range, contrast is decreased.
For radiographic films under most conditions, contrast is
maximized when the density range is within the range of
diagnostic densities (a low of OD 0.12-0.50 and a high of
OD 2.0-3.0). When the diagnostic densities are below or
above this range, the contrast will be decreased. For film-
screen systems, this occurs because the slope of the range
of diagnostic densities has moved into the toe or shoulder
of the D log E curve. For digital systems, because there is
no toe or shoulder, the result is a straight line throughout
the exposure range.

The contrast must exist within the diagnostic range
of the film if it is to be visualized; in other words, within
the straight-line portion of the curve.
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FIGURE 19-18. (A) Density ranges (1-6) from D log E curve of film measured for contrast index. (B) Contrast index for the density ranges
(1-6) measured from Figure A. Note that the maximum contrast (range 4) is essentially the straight-line portion of the curve. Contrast is
decreased for toe and shoulder measurements but is maximized for the straight-line portion of the D log E curve (OD 1.2—1.5). (Also note this
range corresponds to the speed point [0D 1.2].) (Courtesy of Barry Burns, UNC Division of Radiologic Science.)




Latitude

For clinical radiographic purposes, latitude is the range of
exposures that will produce densities within the diagnos-
tic range (Figure 19-19). Latitude can be recorded as the
width of the range of exposures that will produce diag-
nostic-range densities according to the following formula:

latitude = Eh - E1

where: E, = OD 2.50 exposure point
E, = OD 0.25 exposure point

when: E, = high exposure point

E, = low exposure point

EXAMPLE: What is the latitude for film A in
Figure 19-19?

Answer:

latitude = E, — E,

latitude = 1.8 - 1.1

latitude = 0.7
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FIGURE 19-19. Comparison of film latitude. The range of relative
exposure is indicated for each film.
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The latitude for film B can be calculated to be 1.0. Film A
has a narrow latitude, whereas film B has a wider latitude.
Because a wide-latitude film permits considerable varia-
tion in the exposure while still exhibiting densities within
the diagnostic range, it is sometimes called a forgiving
film. The use of a narrow-latitude film for routine radiog-
raphy requires greater exposure accuracy.

Latitude and contrast are inversely related. As
contrast increases, latitude tends to decrease. This
affects the overall shape of the D log E curve. Latitude
changes whenever there is a change in the average gra-
dient of the D log E curve. Speed could change without
altering the average gradient and latitude. A difference in
film speed usually results in different contrast and lati-
tude because it is rare for the entire D log E curve to shift
the same degree. With a film-screen system, the toe and
shoulder will usually not shift exactly the same amount
and this causes a change in the slope of the straight-
line portion of the curve (which changes contrast and
latitude). With a digital imaging system, because there
is no toe or shoulder, the exposure response remains a
straight line. The relationships of speed, contrast, and
latitude to patient dose are listed in Tables 19-3 and 19-4.

A Relationship between Contrast,
Latitude, and Patient Dose

high narrow high
low wide low

Al Relationship between Speed and
Patient Dose

slow high
fast low

" INTENSIFYING SCREENS

An intensifying screen is used to amplify the incom-
ing x-ray beam and reduce patient radiation dose.
Introduced in 1896 by the American inventor Thomas
Edison (1847-1931), intensifying screens produce large
quantities of light photons when struck by x-rays. In
this manner, they intensify the latent imaging power of
the beam, even though less than 33 percent of the x-ray
photons that strike the cassette interact with the intensi-
fying screen. Over 99 percent of the latent film image is
formed by this light, with less than 1 percent contributed
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by x-ray photons. This permits a great reduction in the
amount of radiation necessary to produce a diagnostic-
quality image. Intensifying screens are normally used
in pairs with duplitized film, although there are special-
ized cassettes that are designed for a single screen with
single-emulsion film.

i CONSTRUCTION OF INTENSIFYING
SCREENS

Intensifying screens are composed of radiolucent plastic,
coated with phosphors that will emit light when struck
by x-ray photons. They are designed to be mounted in
pairs inside the top and bottom of a lightproof cassette
so that a sheet of radiographic film can be sandwiched
tightly between them. A screen consists of a base, a
reflective layer, a phosphor layer, and a protective coat
(Figure 19-20).

Base

The base is usually made of polyester plastic 1 mm
thick, although cardboard and metal have been used. It
must be flexible yet tough, rigid, chemically inert, and
uniformly radiolucent. It must be flexible to permit it
to achieve good contact with the film. It must be rigid
enough to stay in place in the top and bottom of a cas-
sette. It must be chemically inert so that it does not
react with the phosphor and interfere with the conver-
sion of x-ray photons to light. It also must not react
with air or chemicals in a manner that would cause
discoloration.

Reflective Layer

The base material is not transparent to light. In fact, a spe-
cial layer of reflective material, such as magnesium oxide
or titanium dioxide, is used to reflect light toward the film.
When a phosphor is struck by an x-ray photon, it will emit
light isotropically (in all directions) (Figure 19-21A). When
areflective layer is added (Figure 19-21B), nearly twice as
much light is reflected toward the film. This increase in
light striking the film assists in creating the latent image
and decreases the radiation dose to the patient.

Phosphor Layer

The active layer of the intensifying screen is the phos-
phor layer. Phosphors are materials that are capable of
absorbing the energy of an incident x-ray photon and
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FIGURE 19-21. Intensifying-screen reflective layer redirection of
isotropic light emission to film.
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FIGURE 19-20. Cross-sectional view of a typical radiographic intensifying screen.




then emitting light photons. Rontgen discovered x-rays
when he observed the luminescence of the phosphor
barium platinocyanide from a piece of cardboard in his
laboratory. This phosphor layer varies from 150 to 300
pm, depending on the speed and resolving power of the
screen.

Protective Coat

A coating of protective plastic about 256 pm thick is
applied on top of the phosphor layer. The coating protects
the phosphor layer from abrasions and stains during the
loading and unloading of films.

i PHOSPHORS

Phosphors must have a high atomic number, high
conversion efficiency, appropriate spectral emission, and
minimal phosphorescence.

Atomic Number

A high atomic number is desirable to increase the prob-
ability of an incident x-ray photon interaction. Because
x-ray photons are of high energy, a high atomic num-
ber is required to permit photoelectric and Compton
interactions.

Conversion Efficiency

The ability of the phosphor to emit as much light per x-ray
photon interaction as possible is a measurement of the
screen speed. As this conversion efficiency increases, the
radiation dose to the patient decreases. A typical conver-
sion efficiency would produce 1 X 10° light photons per
incident 50-keV x-ray photon for a rare-earth screen.

Spectral Emission

The spectral emission is an indication of the precise wave-
length of light emitted by the phosphor. It is important
that the spectral emission match with the sensitivity of the
film to ensure maximum latent image formation.

Luminescence

The luminescence is the ability of a material to emit light
in response to excitation (usually by increased outer-elec-
tron-shell energy levels). Because of the narrow energy
band within which these interactions occur, luminescent
materials emit light with wavelengths that are character-
istic of the particular luminescent material. This results
in light emissions of a characteristic color. Fluorescence
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and phosphorescence are the two types of luminescence.
The fluorescence occurs when the light is emitted within
the time it takes an electron to complete one orbit of the
affected shell electrons (within 1 nanosecond). Phospho-
rescence occurs when the light is emitted for a period lon-
ger than that necessary for one orbit of the affected shell
electrons. In other words, fluorescence is instantaneous
emission whereas phosphorescence is delayed emis-
sion, sometimes considerably delayed. Phosphorescence
occurs when the phosphor continues to emit light after
the incident x-ray photon energy has dissipated. Maxi-
mum fluorescence and minimal phosphorescence are
desirable because delayed emission of light may permit
the film to be removed from the cassette before the maxi-
mum latent image formation has occurred. Additionally, if
another film is loaded into the cassette it may be faintly
exposed to a previous image.

Delayed phosphorescent emission is called screen lag
or afterglow and is common in older intensifying screens
with exhausted phosphors. The normal life of intensifying-
screen phosphors is 5-7 years.

Roughly 50,000 photons per mm? must exit the
object being examined to produce a radiographic image.
The intensifying screens must produce enough light
from these photons to create the latent image in the film
emulsion.

Several phosphors have been used in radiography
since Rontgen’s discovery: zinc sulfide, barium lead sul-
fate, calcium tungstate (CaWO,), and a family of hybrid
rare earths, including gadolinium, lanthanum, and yttrium.
Calcium tungstate was used by Edison and it predomi-
nated as the best phosphor until the late 1970s, when the
rare earths were introduced.

Rare Earths

Rare earths are the preferred phosphor materials because
they have greater absorption abilities, intensification fac-
tors, and conversion efficiency. Older calcium tungstate
screens had an x-ray-to-light conversion efficiency of
about 5 percent, as compared to rare-earth conversion
efficiencies of 15-20 percent. The rare-earth screens use
phosphors with atomic numbers of 57-71. These elements
are known as rare earths because they are difficult to iso-
late. Gadolinium and lanthanum were the most common
rare earths used for radiographic intensifying screens.

i CHARACTERISTICS OF
INTENSIFYING SCREENS

Intensifying screens exhibit the same types of
characteristics as films. Consideration must be given to
screen resolution, speed, contrast, and latitude.
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Resolution

Resolution is the ability to accurately image an object.
Intensifying-screen resolution is controlled by the size of
the phosphor crystals, the thickness of the layer, and the
concentration (packing density) of the crystals, exactly
as silver halide size and distribution affect film resolu-
tion. Smaller crystals and a thinner layer increase reso-
lution but decrease screen speed. Larger crystals and
a thicker layer decrease resolution but increase screen
speed (Figure 19-22). Phosphor crystal size and layer
thickness are both inversely related to resolution and
directly related to screen speed. A greater concentra-
tion of crystals will increase both resolution and screen
speed. Phosphor concentration is directly related to res-
olution and screen speed. Intensifying-screen phosphor
crystals are much larger than the silver halide crystals in
the film emulsion. In radiographic film and intensifying-
screen combinations, the screen resolution always pre-
dominates over the film resolution.

Measurement. Under ideal conditions, the naked eye
can resolve approximately 10-20 lp/mm. Direct exposure
nonscreen radiographic film can resolve up to 100 Ip/mm,
detail-speed 