




Fundamentals of Ionizing Radiation Dosimetry





Fundamentals of Ionizing Radiation
Dosimetry

Pedro Andreo, David T. Burns, Alan E. Nahum,
Jan Seuntjens, and Frank H. Attix



Authors

Prof. Pedro Andreo, FInstP, CPhys
Karolinska University Hospital
171 76 Stockholm
Sweden

Dr. David T. Burns, FInstP
Bureau International des
Poids et Mésures
Pavillon de Breteuil
92312 Sèvres Cedex
France

Prof. Alan E. Nahum, FIPEM
Visiting Professor
Physics Department
University of Liverpool
United Kingdom

Prof. Jan Seuntjens, FCCPM, FAAPM,
FCOMP
McGill University
Medical Physics Unit
Cancer Research Program
Research Institute
McGill University Health Centre
1001 Décarie Blvd
Montreal QC H4A 3J1
Canada

Frank H. Attix†

Cover Credits
The cover image was kindly provided by
Dr Jörg Wulff.

†Deceased

All books published by Wiley-VCH are
carefully produced. Nevertheless, authors,
editors, and publisher do not warrant the
information contained in these books,
including this book, to be free of errors.
Readers are advised to keep in mind that
statements, data, illustrations, procedural
details or other items may inadvertently
be inaccurate.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication
Data
A catalogue record for this book is avail-
able from the British Library.

Bibliographic information published by
the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek
lists this publication in the Deutsche
Nationalbibliografie; detailed
bibliographic data are available on the
Internet at <http://dnb.d-nb.de>.

© 2017 Wiley-VCH Verlag GmbH & Co.
KGaA, Boschstr. 12, 69469 Weinheim,
Germany

All rights reserved (including those of
translation into other languages). No part
of this book may be reproduced in any
form – by photoprinting, microfilm, or
any other means – nor transmitted or
translated into a machine language
without written permission from the
publishers. Registered names, trademarks,
etc. used in this book, even when not
specifically marked as such, are not to be
considered unprotected by law.

Print ISBN: 978-3-527-40921-1
ePDF ISBN: 978-3-527-80823-6
ePub ISBN: 978-3-527-80824-3
Mobi ISBN: 978-3-527-80822-9

Typesetting SPi Global Private Limited,
Chennai, India
Printing and Binding

Printed on acid-free paper



v

Contents

Preface xix
Quantities and symbols xxiii
Acronyms xxxix

1 Background and Essentials 1
1.1 Introduction 1
1.2 Types and Sources of Ionizing Radiation 1
1.3 Consequences of the Random Nature of Radiation 4
1.4 Interaction Cross Sections 6
1.5 Kinematic Relativistic Expressions 9
1.6 Atomic Relaxations 11
1.6.1 Radiative and Non-radiative Transitions 13
1.6.2 Transition Probabilities and Fluorescence and Auger Yields 16
1.6.3 Emission Cross Sections 22
1.7 Evaluation of Uncertainties 22
1.7.1 Accuracy and Precision –Error and Uncertainty 22
1.7.2 Type A Standard Uncertainty 24
1.7.3 Type B Standard Uncertainty 25
1.7.4 Combined and Expanded Uncertainty 26
1.7.5 Law of Propagation of Uncertainty 26

Exercises 28

2 Charged-Particle Interactions with Matter 29
2.1 Introduction 29
2.2 Types of Charged-Particle Interactions 31
2.2.1 Elastic Interactions 32
2.2.2 Inelastic ‘Soft‘ Collisions 33
2.2.3 Inelastic ‘Hard‘ Collisions 34
2.2.4 Inelastic Radiative Interactions 35
2.3 Elastic Scattering 36
2.3.1 Single Elastic Scattering (Rutherford) 36
2.3.2 Screening Angle 38
2.3.3 Overview of Other Single Elastic ScatteringTheories 41
2.3.4 Multiple Elastic Scattering 43



vi Contents

2.3.4.1 The Gaussian Approach: Multiple Small-Angle Scattering
Theory 44

2.3.4.2 Molière’s Theory 47
2.3.4.3 Goudsmit – SaundersonTheory 51
2.3.5 Scattering Power 54
2.4 Inelastic Scattering and Energy Loss 55
2.4.1 Single Inelastic Scattering 56
2.4.1.1 The GOS, the OOS, and Dielectric Response

Functions 58
2.4.2 Multiple Inelastic Scattering: Electronic Stopping Power 61
2.4.3 Stopping Number 66
2.4.4 The I-Value (Mean Excitation Energy) 68
2.4.5 Shell Corrections 71
2.4.6 Density Effect Correction (Polarization) 73
2.4.7 Important Features of the Stopping Power Formula 77
2.4.7.1 Dependence on the Stopping Medium 79
2.4.7.2 Dependence on Particle Energy 81
2.4.7.3 Dependence on Particle Charge 81
2.4.7.4 Dependence on Particle Mass 82
2.4.7.5 Relativistic Scaling Considerations 82
2.4.7.6 Other Aspects 82
2.4.8 Electronic Stopping Power for Electrons and Positrons 84
2.4.9 Accuracy of Stopping-Power Calculations 86
2.4.10 Impact Ionization 88
2.4.11 The Bragg Peak 90
2.4.12 Restricted Electronic Stopping Power 91
2.4.13 Energy Loss Straggling 94
2.5 Radiative Energy Loss: Bremsstrahlung 95
2.5.1 Radiative Stopping Power 98
2.5.2 Radiation Yield 101
2.5.3 Radiation Length 102
2.6 Total Stopping Power 103
2.6.1 The Bragg Additive Rule for Compounds 103
2.7 Range of Charged Particles 104
2.7.1 Continuous-Slowing-Down Range and Range Straggling 105
2.7.2 Detour Factor 106
2.8 Number and Energy Distributions of Secondary Particles 106
2.8.1 Number and Energy of Knock-On Electrons 108
2.8.2 Number and Energy of Bremsstrahlung Photons 109
2.9 Nuclear Stopping Power and Interactions by Heavy Charged

Particles 112
2.10 TheW -Value (Mean Energy to Create an Ion Pair) 114
2.10.1 Calculation ofW from the Energy Balance 115
2.10.2 Direct Calculation from Cross Sections 116
2.10.3 Calculation from the Slowing-Down Spectrum 117
2.10.4 Concluding Remarks 118



Contents vii

2.11 Addendum–Derivation of Expressions for the Elastic and Inelastic
Scattering of Heavy Charged Particles 119

2.11.1 QuantumMechanics Formalism for Elastic Scattering 120
2.11.1.1 Partial-Wave Analysis (PWA) 123
2.11.2 QuantumMechanics Formalism for Inelastic Scattering (Bethe

Theory) 126
2.11.2.1 Stopping Power 131
2.11.3 Classical Treatment of Elastic and Inelastic Scattering 134
2.11.3.1 Elastic Scattering 135
2.11.3.2 Inelastic Scattering 135
2.11.3.3 Stopping Power 136

Exercises 139

3 Uncharged-Particle Interactions with Matter 143
3.1 Introduction 143
3.2 Photon Interactions with Matter 143
3.3 Photoelectric Effect 145
3.3.1 Kinematics 146
3.3.2 Cross Section 147
3.4 Thomson Scattering 154
3.5 Rayleigh Scattering (Coherent Scattering) 157
3.6 Compton Scattering (Incoherent Scattering) 161
3.6.1 Kinematics 162
3.6.2 Cross Section 166
3.6.3 Binding Effects and Doppler Broadening 172
3.7 Pair Production and Triplet Production 178
3.7.1 Kinematics 179
3.7.2 Cross Section 181
3.7.2.1 Pair Production 181
3.7.2.2 Triplet Production 187
3.7.2.3 Total Pair-Production Cross Section 188
3.8 Positron Annihilation 188
3.8.1 Kinematics 189
3.8.2 Cross Section 191
3.9 Photonuclear Interactions 191
3.9.1 Cross Section 192
3.10 Photon Interaction Coefficients 193
3.10.1 Photon Attenuation Coefficient 194
3.10.2 Photon Energy-Transfer Coefficient 195
3.10.2.1 Photoelectric Effect 196
3.10.2.2 Compton Scattering 198
3.10.2.3 Pair and Triplet Production 200
3.10.3 Photon Energy-Absorption Coefficient 202
3.10.4 Uncertainties in Photon Interaction Data 203
3.11 Neutron Interactions 204
3.11.1 General Aspects 205
3.11.2 Elastic Scattering 206



viii Contents

3.11.3 Inelastic Scattering 209
3.11.4 Neutron Capture 210
3.11.5 Nuclear Spallation 211
3.11.6 Neutron-Induced Fission 211

Exercises 211

4 Field and Dosimetric Quantities, Radiation
Equilibrium – Definitions and Inter-Relations 215

4.1 Introduction 215
4.2 Stochastic and Non-stochastic Quantities 215
4.3 Radiation Field Quantities and Units 216
4.3.1 Particle Number and Radiant Energy 216
4.3.2 Flux and Energy Flux 217
4.3.3 Fluence and Energy Fluence 217
4.3.4 Fluence Rate and Energy-Fluence Rate 218
4.3.5 Planar Fluence 218
4.4 Distributions of Field Quantities 219
4.4.1 Energy Distributions 219
4.4.2 Angular Distributions – Particle Radiance and Energy Radiance 220
4.4.3 Distributions in Energy and Angle 220
4.5 Quantities Describing Radiation Interactions 220
4.5.1 Cross Section 221
4.5.2 Interaction Coefficients for Uncharged Particles 222
4.5.3 Interaction Coefficients for Charged Particles 224
4.5.4 Related Quantities –G(x),  , andW 227
4.6 Dosimetric Quantities 229
4.6.1 Quantities Related to the Transfer of Energy 229
4.6.2 Quantities Related to the Deposition of Energy 232
4.6.3 Summary of the Definitions of Fundamental Dosimetric

Quantities 233
4.7 Relationships Between Field and Dosimetric Quantities 233
4.7.1 Photons 234
4.7.2 Neutrons 236
4.7.3 Charged Particles 237
4.8 Radiation Equilibrium (RE) 239
4.9 Charged-Particle Equilibrium (CPE) 242
4.9.1 CPE for Distributed Radioactive Sources 243
4.9.2 CPE for External Sources of Uncharged Particles 244
4.9.3 Restricted CPE for External Sources of Charged Particles

(RCPE) 247
4.10 Partial Charged-Particle Equilibrium (PCPE) 248
4.10.1 PCPE and Relationships between Dose, Kerma, and Electronic

Kerma 248
4.11 Summary of the Inter-Relations between Fluence, Kerma, Cema, and

Dose 252
4.12 Addendum–Example Calculations of (Net) Energy Transferred and

Imparted 252



Contents ix

4.12.1 Energy Transferred 252
4.12.2 Energy Imparted 255

Exercises 256

5 Elementary Aspects of the Attenuation of Uncharged
Particles 259

5.1 Introduction 259
5.2 Exponential Attenuation 259
5.2.1 Simple Exponential Attenuation 259
5.2.2 Exponential Attenuation for Plural Modes of Absorption 261
5.3 Narrow-Beam Attenuation 261
5.4 Broad-Beam Attenuation 263
5.4.1 Broad-Beam Geometries 266
5.5 Spectral Effects 270
5.6 The Build-up Factor 271
5.7 Divergent Beams–The Inverse Square Law 273
5.8 The ScalingTheorem 276

Exercises 277

6 Macroscopic Aspects of the Transport of Radiation Through
Matter 279

6.1 Introduction 279
6.2 The Radiation Transport Equation Formalism 280
6.2.1 Quantities Entering into the Formalism 281
6.2.2 The Transport Equation 282
6.3 Introduction to Monte Carlo Derived Distributions 286
6.4 Electron Beam Distributions 287
6.4.1 Fluence Distributions 287
6.4.2 Dose Distributions 291
6.4.3 Dose Distributions at Interfaces 295
6.5 Protons and Heavier Charged Particle Beam

Distributions 296
6.5.1 Fluence Distributions 296
6.5.2 Dose Distributions 298
6.6 Photon Beam Distributions 301
6.6.1 Fluence Distributions 301
6.6.2 Dose Distributions 304
6.6.3 Dose Distributions at Interfaces 307
6.7 Neutron Beam Distributions 309
6.7.1 Fluence Distributions 309
6.7.2 Dose Distributions 311

Exercises 313

7 Characterization of Radiation Quality 315
7.1 Introduction 315
7.2 General Aspects of Radiation Spectra. Mean Energy 316



x Contents

7.3 Beam Quality Specification for Kilovoltage x-ray Beams 318
7.3.1 x-ray Filtration 319
7.3.2 x-ray Beam Quality Specification 321
7.4 Megavoltage Photon Beam Quality Specification 326
7.5 High-Energy Electron Beam Quality Specification 331
7.6 Beam Quality Specification of Protons and Heavier Charged

Particles 335
7.7 Energy Spectra Determination 339
7.7.1 Approaches for the Calculation of Energy Spectra 339
7.7.2 Analytical Models for Inverse Determination of Spectra 342
7.7.3 Experimental Methods 345

Exercises 346

8 The Monte Carlo Simulation of the Transport of Radiation
Through Matter 349

8.1 Introduction 349
8.2 Basics of the Monte Carlo Method (MCM) 350
8.2.1 Random Numbers 350
8.2.2 Probability Distributions and Inverse Sampling 351
8.2.3 Sampling by Rejection 352
8.2.4 Sampling from Common Distributions 353
8.2.5 Numerical Integration Using MCM 356
8.2.6 Uncertainty, Timing, and Efficiency 357
8.2.7 Combining Results from Several Monte Carlo Runs 359
8.3 Simulation of Radiation Transport 359
8.3.1 Generation of Particle Tracks 361
8.3.2 Analogue Monte Carlo Simulation 362
8.3.3 Condensed-History Monte Carlo Simulation 365
8.3.4 Geometry 369
8.3.5 Variance Reduction Techniques 371
8.4 Monte Carlo Codes and Systems in the Public Domain 379
8.5 Monte Carlo Applications in Radiation Dosimetry 386
8.5.1 Radiation Sources and Generators 387
8.5.2 Detector Simulation 389
8.5.3 Calculation of Dosimetric Quantities 391
8.6 Other Monte Carlo Developments 393

Exercises 394

9 Cavity Theory 397
9.1 Introduction 397
9.2 Cavities That Are Small Compared to Secondary Electron

Ranges 399
9.2.1 The Stopping-Power Ratio Concept 400
9.2.2 Evaluation of the Bragg –Gray Stopping-Power Ratio 401
9.2.3 Spencer –Attix Cavity Theory 404
9.2.4 When Does a Cavity Behave in a Bragg –Gray Manner? 409
9.2.5 Kilovoltage x-ray Qualities 411



Contents xi

9.2.6 Electron Beams 412
9.3 Stopping-Power Ratios 413
9.3.1 Variation of Stopping-Power Ratios with Electron Energy 413
9.3.2 Water/Air Stopping-Power Ratios in Megavoltage Beams 415
9.3.2.1 Differences Between sBGw,air and sSAw,air; Depth Dependence 415
9.3.2.2 Electrons –Dependence on Beam Energy and Depth 420
9.3.2.3 Photons –Dependence on Beam Quality and Depth 420
9.3.3 Stopping-Power Ratios for Non-gaseous Detectors in

Charged-Particle Beams 422
9.4 Cavities That Are Large Compared to Electron Ranges 423
9.5 General or Burlin Cavity Theory 425
9.6 The FanoTheorem 429
9.7 Practical Detectors: Deviations from ‘Ideal’ Cavity Theory

Conditions 431
9.7.1 General Philosophy for Bragg –Gray Detectors 432
9.7.2 Corrections for Non-Bragg –Gray Detectors 434
9.8 Summary and Validation of Cavity Theory 435
9.8.1 Key Expressions for fmed,det,Q 435
9.8.2 Photons of 1 MeV in Water –Consistency of Different Cavity

Integrals 435
9.8.3 Transition in Detector Behavior from Bragg –Gray toward ‘Large

Cavity’ 438
Exercises 440

10 Overview of Radiation Detectors and Measurements 443
10.1 Introduction 443
10.2 Detector Response and Calibration Coefficient 444
10.3 Absolute, Reference, and Relative Dosimetry 445
10.4 General Characteristics and Desirable Properties of Detectors 447
10.4.1 Reproducibility 449
10.4.2 Dose Range 450
10.4.2.1 Dose Sensitivity 450
10.4.2.2 Background Readings and Lower Range Limit 450
10.4.2.3 Upper Limit of the Dose Range 451
10.4.3 Dose-Rate Range 452
10.4.3.1 Integrating Dosimeters 452
10.4.3.2 Dose-Rate Meters 453
10.4.4 Stability 453
10.4.4.1 Before Irradiation 453
10.4.4.2 After Irradiation 454
10.4.5 Energy Dependence 454
10.4.5.1 Specification 454
10.4.5.2 Air-Kerma Energy Dependence 455
10.4.5.3 Absorbed-Dose Energy Dependence 457
10.4.5.4 Intrinsic Energy Dependence 458
10.4.5.5 Modification of the Energy Dependence 459
10.5 Brief Description of Various Types of Detectors 460



xii Contents

10.6 Addendum–The Role of the Density Effect and I-Values in the
Medium-to-Water Stopping-Power Ratio 467
Exercises 471

11 Primary Radiation Standards 473
11.1 Introduction 473
11.2 Free-Air Ionization Chambers 474
11.2.1 Parallel-Plate Design and Operating Principle 474
11.2.2 Correction Factors for Free-Air Chambers 477
11.2.2.1 Ion Recombination, Polarity, and Field Distortion 477
11.2.2.2 Photon Scatter and Fluorescence 477
11.2.2.3 Electron Loss 477
11.2.2.4 Diaphragm Corrections 478
11.2.3 Alternative Free-Air Chamber Designs 478
11.2.3.1 Cylindrical Chamber 478
11.2.3.2 Wide-Angle Free-Air Chamber 480
11.3 Primary Cavity Ionization Chambers 481
11.3.1 Operating Principle 481
11.3.2 Correction Factors for Cavity Chambers 483
11.3.3 A Cavity Standard for Absorbed Dose 483
11.4 Absorbed-Dose Calorimeters 484
11.4.1 Overview 484
11.4.2 Graphite Calorimeters 485
11.4.3 Water Calorimeters 487
11.5 Fricke Chemical Dosimeter 488
11.6 International Framework for Traceability in Radiation

Dosimetry 490
11.6.1 The BIPM and Traceability to the SI 490
11.6.2 The CIPMMRA and the KCDB 490
11.7 Addendum–Experimental Derivation of Fundamental Dosimetric

Quantities 491
11.7.1 Derivation ofWair/e 492
11.7.2 Derivation of G(Fe3+) 492

Exercises 493

12 Ionization Chambers 497
12.1 Introduction 497
12.2 Types of Ionization Chamber 498
12.2.1 Cavity Chambers 498
12.2.1.1 Wall Thickness 499
12.2.1.2 Wall Materials and Insulators 500
12.2.2 Parallel-Plate Chambers 501
12.2.3 Transmission Monitor Chambers 503
12.3 Measurement of Ionization Current 504
12.3.1 General Considerations 504
12.3.1.1 Electrometers 505
12.3.1.2 General Precautions 505



Contents xiii

12.3.2 Charge Measurement 506
12.3.2.1 Measurement Principle 506
12.3.2.2 Capacitors 507
12.3.3 Current Measurement and Electrometer Calibration 508
12.3.4 Correction for Influence Quantities 508
12.3.4.1 Air Temperature 509
12.3.4.2 Air Pressure 510
12.3.4.3 Air Humidity 510
12.3.4.4 Polarity Effect 512
12.4 Ion Recombination 513
12.4.1 The Saturation Curve 514
12.4.2 Initial Recombination and Diffusion 515
12.4.2.1 Two-Voltage Method 516
12.4.3 General (or Volume) Recombination 517
12.4.3.1 Pulsed Radiation 518
12.4.3.2 Continuous Radiation 520
12.4.4 Niatel Method to Separate Initial and General Recombination 522
12.4.5 Free-Electron Collection 523
12.5 Addendum–Air Humidity in Dosimetry 524
12.5.1 Density of Humid Air 524
12.5.2 Influence of Humidity on Dosimetric Quantities 527

Exercises 531

13 Chemical Dosimeters 533
13.1 Introduction 533
13.2 Radiation Chemistry in Water 533
13.2.1 Early Events 533
13.2.2 Chemical Stage 535
13.2.3 G(x)-Values and Primary Product Concentrations 535
13.3 Chemical Heat Defect 538
13.4 Ferrous Sulfate Dosimeters 539
13.4.1 Determination of the Fe3+ (Ferric Ion) Concentration 541
13.4.2 Temperature-Dependent Aspects of Fricke Dosimetry 543
13.4.3 Composition of the Solution 543
13.4.4 Irradiation Vials 544
13.4.5 Energy Dependence of the Fricke Dosimeter 544
13.4.5.1 Absorbed Dose to Water from Absorbed Dose to Fricke 545
13.4.5.2 Energy Dependence of G(Fe3+) 546
13.5 Alanine Dosimetry 547
13.5.1 Signal Readout and Dose to Alanine 552
13.5.2 Temperature Effects, Humidity Effect, and Linearity 554
13.5.3 Energy Dependence of the Alanine Dosimeter 555
13.6 Film Dosimetry 556
13.6.1 Radiographic Film 556
13.6.1.1 Chemical Processing 557
13.6.1.2 Optical Density of Film 558
13.6.1.3 Processing Conditions 560



xiv Contents

13.6.1.4 Energy Dependence 560
13.6.1.5 Dose-Rate Dependence 561
13.6.1.6 Film Packaging and Air Traps 561
13.6.1.7 Nuclear Track Emulsions 562
13.6.2 Radiochromic Film 562
13.6.2.1 Film Structure 563
13.6.2.2 Measurement Principle 563
13.6.2.3 Radiochromic Film Calibration 564
13.6.2.4 Energy Dependence 566
13.7 Gel Dosimetry 568
13.7.1 Fricke Gels 568
13.7.2 Polymer Gels 569
13.7.3 Radiation Chemical Yield of Gels 570
13.7.4 Gel Readout Techniques 571
13.7.4.1 Magnetic Resonance Relaxometry 571
13.7.4.2 X-ray Computed Tomography Imaging 573
13.7.4.3 Optical Computed Tomography Imaging 573
13.7.5 Energy Dependence 574

Exercises 574

14 Solid-State Detector Dosimetry 577
14.1 Introduction 577
14.2 Thermoluminescence Dosimetry 577
14.2.1 TheThermoluminescence Process 577
14.2.1.1 Materials 577
14.2.1.2 Randall –Wilkins Theory 579
14.2.1.3 Trap Stability 580
14.2.1.4 Intrinsic Efficiency of TLD Phosphors 582
14.2.2 TLD Readers 582
14.2.3 TLD Phosphors 583
14.2.4 TLD Forms 586
14.2.5 Calibration of Thermoluminescent Dosimeters 587
14.2.5.1 Form 587
14.2.5.2 TLD Linearity and Dose-Rate Dependence 587
14.2.5.3 TLD Energy Dependence 587
14.2.6 Advantages and Disadvantages of TLDs 589
14.2.6.1 Advantages 589
14.2.6.2 Disadvantages 590
14.3 Optically-Stimulated Luminescence Dosimeters 591
14.3.1 OSLDMechanism 591
14.3.2 OSLD Readout 593
14.3.3 OSLDMaterials 594
14.3.4 OSLD Energy Dependence 595
14.4 Scintillation Dosimetry 596
14.4.1 Introduction 596
14.4.2 Light Output Efficiency 597
14.4.3 Scintillator Types 598



Contents xv

14.4.4 Light Collection and Measurement 600
14.4.4.1 Scintillator Enclosure 600
14.4.4.2 Light Pipe or Fiber 601
14.4.4.3 PM tube or photodetector 604
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Preface

The first edition of Frank Herbert Attix’s widely acclaimed book Introduction
to Radiological Physics and Radiation Dosimetry was published in 1986 and
reprinted in 2004. An update of its contents, taking into account the substantial
developments in dosimetry in the 30 years since its first appearance, was con-
sidered essential. For the present authors it has been a formidable challenge to
maintain the high level and quality, raising the former as appropriate, consistent
with the current state of knowledge and the various applications. Other recent
books of a comparable level are E. B. Podgorsak’s Radiation Physics for Medical
Physicists (Springer, 2010), B. J. McParland’s Nuclear Medicine Radiation
Dosimetry – AdvancedTheoretical Principles (Springer, 2010), and N. J. Carron’s
An Introduction to the Passage of Energetic Particles through Matter (Taylor and
Francis, 2007).
The scope of this second edition, which we abbreviate to FIORD (from Fun-

damentals of IOnizing Radiation Dosimetry) can be stated as follows: Given a
(ionizing) radiation field from whatever source, be it a radionuclide, an x-ray
generator or an accelerator, this book will enable the reader to understand the
principles/essentials/fundamentals of the determination of the physical quantity
of interest from the interaction of the radiation field with the medium. In this
context, we often refer to absorbed dose as a surrogate of the quantity fluence,
although it should be understood that energy transfer from a radiation field can
manifest itself in ways other than dose. The text is pitched at senior undergrad-
uate or graduate level, and for the latter a number of advanced topics have been
included as addenda to some of the chapters.
We concur with the sentiment expressed by Attix et al. (1966) in their edition

of the classic text Radiation Dosimetry, “Although the present work is called a
second edition, it is in many respects a new start.” Compared with the first edi-
tion, a major change in FIORD is the order of the different chapters; for example,
the description of particle interactions with matter (Chapters 2 and 3) is placed
before the definition of radiation quantities (Chapter 4). Radiation interactions
are covered at a somewhat higher level than that of the first edition, the rationale
being the extended use of theMonte Carlo (MC)method (Chapter 8) in radiation
dosimetry today, as most MC codes include certain interaction types and details
not considered in the majority of books at undergraduate level. More generally,
this edition contains everything the student and the practising radiation physi-
cist might need to know about the interactions of radiation with matter in order
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to understand the theory and practice of radiation dosimetry as covered here.
Following the description of the interactions of single particles, Chapters 5 and
6 are devoted to what we choose to call ‘macroscopic aspects,’ i.e. the interac-
tion of radiation fields and beams with matter.This is followed by the descriptors
commonly used to characterize beam quality (Chapter 7), mostly of application
in radiation therapy and radiodiagnostics. Cavity theory (Chapter 9) provides the
grounds for the theoretical aspects of dosimetry, which is followed by a general
overview of radiation detector principles (Chapter 10). The description of the
primary measurement standards in current use for the absolute determination
of air kerma and absorbed dose (Chapter 11) is followed by separate chapters
on the most important types of radiation detectors used for dose determination,
namely ionization chambers (Chapter 12), chemical dosimeters (Chapter 13),
and solid state detectors (Chapter 14). Practical applications of dosimetry in the
different areas are covered in subsequent chapters: reference dosimetry for radi-
ation therapy and dosimetry protocols are dealt with from a general perspective
(Chapter 15), complemented by the current status of dosimetry for small and
composite photon beams (Chapter 16), which, at the time of writing, is a topic
of considerable research. This is followed by the dosimetry of kilovoltage x-ray
beams used in diagnostic radiology and interventional procedures (Chapter 17).
The dosimetry of radionuclide sources in Chapter 18 follows very closely the orig-
inal text of the first edition, being complemented by the fundamentals of the
dosimetry of unsealed (e.g., for nuclear medicine) and sealed (for brachytherapy)
sources. Finally, Chapter 19 provides an update on the dosimetry of neutron
beams, nowadays far less frequently employed.
It should be noted that extensive data tables are not provided in the printed

edition; the tabulated data are mostly restricted to fundamental constants and
data. The reason for this approach is that direct internet access to most of the
data needed for numerical calculations, including periodic updates, makes data
retrieval more dynamic. For this purpose internet links are provided throughout
the various chapters. The most commonly-used practical data, including those
less accessible on the web, are however made available via an internet site
provided by the editor (http://www.wiley-vch.de/ISBN9783527409211). We
consider that the book should not include a compendium of data replacing those
in original references. Instead, the use of a large number of figures that provide
information on the trends and dependencies of the data has been preferred.
As the book is addressed also to graduate and practising physicists, the authors

have opted for the use of in-text citations to references in a style following that
of many scientific journals. The large number of ‘classic’ references given is an
attempt to address the apparent shortening of ‘scientific historical memory,’
resulting in the link to important original sources being progressively lost. Some
sections therefore include reviews of certain topics with a sufficient number
of references to map the evolution of these topics. The comprehensive list of
references makes liberal use of international publications, for example, from
the International Commission on Radiation Units and Measurements (ICRU)
and the International Atomic Energy Agency (IAEA), in an attempt to provide a
global view of radiation dosimetry. This view also justifies the prominent use of
internationally accepted symbols for the various quantities.

http://www.wiley-vch.de/ISBN9783527409211
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This second edition is dedicated to the memory of Frank H. Attix, one of
the great pioneers in radiation dosimetry and an important contributor to
this book. The authors wish to express their gratitude to colleagues who have
provided suggestions for improvements to various chapters of the book, in
particular F. Ballester, H. Bouchard, D. Emfietzoglou, C. Kessler, B. Mijnheer,
J. Perez-Calatayud, F. Salvat, A. Sanchez-Crespo, J. Sempau, and S. Vynckier.
Finally, we thank our respective families for their patience and understanding
during this seemingly never-ending task.

June 23, 2016 Pedro Andreo
David T. Burns
AlanE.Nahum
Jan Seuntjens
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Quantities and Symbols1

Roman letter symbols

A, a

A atomic mass, mass number (nucleon number)
distance between the reference plane and the collector of a
free-air ionization chamber

 activity of a radionuclide
̃ time-integrated activity (MIRD, formerly called cumulated

activity)
L activity per unit length
app apparent activity
m specific (or mass) activity
AF absorbed-dose fraction (radionuclide point isotropic source)
AFm specific absorbed-dose fraction
a surface area

B, b

B magnetic field vector
B buildup factor in broad photon beams, also denoted by B(𝜇 r),

B(k, r) or B(k, 𝜃)
Bmed backscatter factor in kV x-ray beams in medium ‘med’
BMol Molière’s expansion parameter
Bm magnetic field strength
b impact parameter

number of bits in the integer representation of computer data
(computer word length)

1 Some Roman and Greek symbols that appear with more than one description are used in rather
independent sections; thus, there should be no confusion in their meaning. Symbols appearing only
once in the text, for example, in a single equation – usually related to a change of variable – or
general mathematical functions – for example, the gamma function Γ(x)–have not been included in
the list.



xxiv Quantities and Symbols

C, c

C electrical capacitance
cema

CΔ restricted cema
C(𝛽) shell correction in the stopping-power expression
Ci concentration of species i (radiation chemistry)
CK CT air-kerma index
Cw,c composite conversion factor in graphite calorimetry
CTDI CT dose index
c speed of light in vacuum
cm specific heat capacity of a material ‘m’
corgan,𝔮 organ dose conversion coefficient calculated for the quantity 𝔮

D, d

D absorbed dose
Ddet,Dmed absorbed dose to the radiation-sensitive volume of a detector, or

to a medium ‘med’
Dw,Q(z) absorbed dose to water at a depth z in a beam of quality Q
Dpl,Q(zeq-pl) absorbed dose to plastic at the equivalent depth zeq-pl
Dx absorbed dose due to a radionuclide disintegration of type x
D mean absorbed dose
DIsoE isoeffective absorbed dose by protons and heavier charged

particles
DSSD(z) absorbed dose at depth z with constant SSD (DSDD(z) for constant

SDD)
Dfield

w,Qfield
absorbed dose to water in a specific field

Dpb(z, r) dose distribution of a pencil beam as a function of depth and
radius

Dbb(z,R) central-axis depth–dose distribution of a broad beam of radius R
d collision diameter in particle interaction (closest distance of

approach)
d distance (as a generic variable)

electrode separation in a free-air ionization chamber
d80 depth of the 80% depth dose for a photon beam
d𝜎∕dΩ differential cross section per unit solid angle
d𝜎∕dE differential cross section per energy
d𝜎∕dΩ dE double differential cross section, per unit solid angle and per

energy
%dd(10) percent depth dose at a depth of 10 cm (photon beam quality

specifier)
%dd(10)x as above, in the absence of electron contamination, that is, filtered

by 1 mm Pb

E, e

E electrical field vector
E kinetic energy of charged particles
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Etot total energy of charged particles (rest energy plus kinetic energy)
E+
,E− positron and electron kinetic energy

Ea kinetic energy of the recoil atom in photon interactions
En neutron kinetic energy
Etrap energy depth of TLD trap
E mean energy of a spectrum
EΦ,EΨ,EKair

mean energy of a spectrum averaged over a fluence, energy
fluence, and air-kerma spectrum, respectively

Ez mean energy of an electron spectrum at the depth z (E0 at the
surface)

Eabs energy absorbed (water calorimetry)
Eheat energy appearing as heat (water calorimetry)
Eh Hartree energy
Ei mean energy of an i-type particle emitted in a nuclear transition
E
𝛽max

maximum energy of a beta decay spectrum
E
𝛽

mean energy of a beta decay spectrum
Ep plasma energy of a medium (also denoted by ℏ𝜔p)
E(xn) expected value of x, that is, the nth moment of f (x)
E∕A specific energy (heavy charged particles)
e elementary charge, absolute value of the electron charge

F, f

F atomic form factor
Felec calibration factor of an electrometer
FGS Goudsmit–Saunderson angular distribution for multiple elastic

scattering
FMol Molière’s angular distribution for multiple elastic scattering
Fk fraction of a detector signal produced by photons of energy

between k and k + dk
F(r, 𝜃) anisotropy function for a radioactive line source
F(x) cumulative probability distribution function (CPD)
F(E, r) scaled absorbed dose kernel (radionuclide point isotropic source)
F
𝛽

Fermi function in beta decay
f efficiency of charge collection in an ionization chamber

enhancement factor of a gas (humid air)
fd field size at the distance d (SSD or SDD) in MV photon beams
fi oscillator strength of the i-shell of an atom
ffel free-electron efficiency of charge collection
fref conventional broad reference beam (10 cm × 10 cm)
fmsr machine-specific reference (msr) field)
fpcsr plan-class-specific reference (msr) field)
f (Q,W ) generalized oscillator strength (GOS)
f (W ) optical oscillator strength (OOS)
f (x) probability distribution function (PDF) of a continuous variable x
fC(Z) Coulomb correction factor
fE(𝛽) Elwert factor (in bremsstrahlung)
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f
𝜇

detector signal fraction by photons with attenuation coefficient
between 𝜇 and 𝜇 + d𝜇

fm,F factor to correct for different radiation interaction coefficients in
Fricke dosimetry

fmed,det,Q generic cavity-theory factor (fmed,det = Dmed∕Ddet) for radiation
quality Q

G, g

G chamber geometric factor (recombination in pulsed and
continuous radiation)

G(x) radiation chemical yield; related to the G-value
G(Fe3+) radiation chemical yield of ferric ions in a Fricke dosimeter
GL(r, 𝜃) geometry function for a radioactive line source; GP(r) for a point

source
 generic quantity
g radiative fraction; related to radiation yield, Y (E)
ge free-electron Landé factor
g
L
(r) radial-dose function for a radioactive line source; g

P
(r) for a point

source

H, h

H Hamiltonian operator
HI homogeneity index of a radiotherapy dose distribution
HVL half-value layer of a kV x-ray spectrum
HVL1,HVL2 first and second half-value layers
Hi heat of formation for species i (radiation chemistry)
h relative humidity
hd heat defect (water calorimetry)
hi homogeneity index of a kV x-ray spectrum (HVL1∕HVL2)
hn+γ for a neutron detector, response to the photons in a mixed n + γ

field relative to its response in a photon calibration beam
hni for a neutron-insensitive detector, response to the photons in a

mixed n + γ field relative to its response in a photon calibration
beam

ḣT TLD heating rate (K s−1)
ℏ reduced Planck’s constant

I, i

I, Imed mean excitation energy of a medium (known as the I-value)
IE first ionization energy of an atom
I𝓁 intensity of a light beam
i ionization current measured by a detector

J, j

J particle current density (vector fluence rate)
J IA Compton profile
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Jair specific charge (charge per unit mass of air)
j phase-space current density (also termed energy distribution of

vector particle radiance, angular current density, or directional
flux)

K, k

K kerma
Kel electronic kerma (also known as collision kerma, Kcol)
Krad radiative kerma
Kair,E air-kerma spectrum or differential air kerma
Kair(t) air kerma attenuated by an absorber of thickness t
[Kair,Q]med air kerma at the quality Q determined in medium ‘med’
Kair,e entrance-surface air kerma
Kair,i incident air kerma
K̇air air-kerma rate
K̇R reference-air-kerma rate of a radioactive source
Krel(𝜃) correction factor to account for relativistic and spin effects

(in 𝜎elast)
Kscr(𝜃) correction factor to account for the screening by atomic electrons

(in 𝜎elast)
kV kilovoltage (tube potential), for x-ray spectra produced by

electrons with energies in the keV range
k wave number (k = p∕ℏ)
k photon energy
k mean energy of a photon spectrum
kB Boltzmann constant
keff effective photon energy of a spectrum
kmax maximum photon energy of a spectrum
ki correction factors for ionization chamber measurements (generic)
ka correction factor for photon attenuation in a free-air ionization

chamber
kan correction factor for the axial non-uniformity of the electrical field

within an ionization chamber
kcav correction factor for the perturbation of the electron fluence in an

ionization chamber
ke electron-loss correction factor in a free-air ionization chamber
kfl fluorescence correction factor in a free-air ionization chamber
kh correction factor for air humidity
khd correction factor for heat defect in a water calorimeter
kht correction factor for heat transfer in a water calorimeter
kn+γ for a neutron detector, response to the neutrons and photons in a

mixed n + γ field relative to its response in a photon calibration
beam

kni for a neutron-insensitive detector, response to the neutrons and
photons in a mixed n + γ field relative to its response in a photon
calibration beam
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kp perturbation correction factor for non-water materials in a water
calorimeter

ks correction factor for recombination (or saturation)
ks,fel correction factor for free-electron recombination (or saturation)
ksc correction factor for photon scattering in a free-air ionization

chamber
kppth photon threshold energy for pair production
ktpth photon threshold energy for triplet production
kwall correction factor for photon attenuation and scattering in an ion

chamber wall
kP correction factor for pressure
kT correction factor for temperature
k+, k− mobility of positive and negative ions (recombination in pulsed

radiation)
kw,plQ plastic phantom dose conversion factor to water
kQ,Q0

beam quality correction factor; kQ if Q0 = 60Co γ rays

kffield, frefQfield,Qref
correction factor to account for the difference between the
conventional broad reference beam fref (10 cm × 10 cm) and the
msr or the pcsr field

kfclin, ffieldQclin,Qfield
output correction factor for a beam clin relative to themsr field or
to the pcsr field

L, l

 optical path length in a Fricke dosimeter
L orbital angular momentum operator
L length of the region from which charge is measured in a free-air

ionization chamber
length of a radioactive source line

L(𝛽) stopping number
LΔ(E) linear energy transfer (LET)
(LΔ∕𝜌)med

det Spencer–Attix stopping-power ratio med/det, also denoted by
sSAmed,det

l length, scattering length
𝓁 orbital-angular-momentum quantum number
𝓁 mean chord length of a convex volume

M, m

air molar mass of dry air
vap molar mass of water vapor
M atomic molar mass
Mfi matrix element of an interaction
Mair,Q detector reading in air, corrected for influence quantities, in a

beam of quality Q
Mw,Q(z) detector reading at a depth z in water, corrected for influence

quantities


