
PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

Contents

Preface to the Second Edition vii

Preface to the First Edition ix

1. Introduction 1

1.1 Radiation and Particle Interactions . . . . . . . . . . . . . . . . . . 2
1.2 Particles and Types of Interaction . . . . . . . . . . . . . . . . . . 4

1.2.1 Quarks and Leptons . . . . . . . . . . . . . . . . . . . . . . 6
1.3 Relativistic Kinematics . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.3.1 The Two-Body Scattering . . . . . . . . . . . . . . . . . . 9
1.3.2 The Invariant Mass . . . . . . . . . . . . . . . . . . . . . . 11

1.4 Cross Section and Differential Cross Section . . . . . . . . . . . . . 13
1.4.1 Atomic Mass, Weight, Standard Weight and Atomic Mass

Unit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.5 Classical Elastic Coulomb Scattering Cross Section . . . . . . . . . 16
1.6 Detectors and Large Experimental Apparata . . . . . . . . . . . . 20

1.6.1 Trigger, Monitoring, Data Acquisition, Slow Control . . . . 22
1.6.2 General Features of Particle Detectors and Detection

Media . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
1.6.3 Radiation Environments and Silicon Devices . . . . . . . . 29

2. Electromagnetic Interaction of Radiation in Matter 31

2.1 Passage of Ionizing Particles through Matter . . . . . . . . . . . . 32
2.1.1 The Collision Energy-Loss of Massive Charged Particles . . 32

2.1.1.1 The Barkas–Andersen Effect . . . . . . . . . . . . 42
2.1.1.2 The Shell Correction Term . . . . . . . . . . . . . 44
2.1.1.3 The Density Effect and Relativistic Rise . . . . . 46
2.1.1.4 Restricted Energy-Loss and Fermi Plateau . . . . 49
2.1.1.5 Energy-Loss Formula for Compound Materials . . 52

2.1.2 Energy-Loss Fluctuations . . . . . . . . . . . . . . . . . . . 53

xi



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

xii Principles of Radiation Interaction in Matter and Detection

2.1.2.1 δ-Rays, Straggling Function, and Transport Equa-
tion . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.1.2.2 The Landau–Vavilov Solutions for the Transport
Equation . . . . . . . . . . . . . . . . . . . . . . . 56

2.1.2.3 The Most Probable Collision Energy-Loss for
Massive Charged Particles . . . . . . . . . . . . . 59

2.1.2.4 Improved Energy-Loss Distribution and Distant
Collisions . . . . . . . . . . . . . . . . . . . . . . . 60

2.1.2.5 Distant Collision Contribution to Energy
Straggling in Thin Silicon Absorbers . . . . . . . 67

2.1.2.6 Improved Energy-Loss Distribution for Multi-
Particles in Silicon . . . . . . . . . . . . . . . . . . 68

2.1.3 Range of Heavy Charged Particles . . . . . . . . . . . . . . 70
2.1.4 Heavy Ions . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

2.1.4.1 Nuclear Stopping Power . . . . . . . . . . . . . . 77
2.1.5 Ionization Yield in Gas Media . . . . . . . . . . . . . . . . 83
2.1.6 Passage of Electrons and Positrons through Matter . . . . 85

2.1.6.1 Collision Losses by Electrons and Positrons . . . . 85
2.1.6.2 Most Probable Energy-Loss of Electrons and

Positrons . . . . . . . . . . . . . . . . . . . . . . . 87
2.1.6.3 Practical Range of Electrons . . . . . . . . . . . . 91

2.1.7 Radiation Energy-Loss by Electrons and Positrons . . . . . 95
2.1.7.1 Collision and Radiation Stopping Powers . . . . . 104
2.1.7.2 Radiation Yield and Bremsstrahlung Angular

Distribution . . . . . . . . . . . . . . . . . . . . . 105
2.1.7.3 Radiation Length and Complete Screening

Approximation . . . . . . . . . . . . . . . . . . . . 114
2.1.7.4 Critical Energy . . . . . . . . . . . . . . . . . . . 117

2.2 Multiple and Extended Volume Coulomb Interactions . . . . . . . 118
2.2.1 The Multiple Coulomb Scattering . . . . . . . . . . . . . . 119
2.2.2 Emission of C̆erenkov Radiation . . . . . . . . . . . . . . . 124
2.2.3 Emission of Transition Radiation . . . . . . . . . . . . . . 130

2.3 Photon Interaction and Absorption in Matter . . . . . . . . . . . . 136
2.3.1 The Photoelectric Effect . . . . . . . . . . . . . . . . . . . 138

2.3.1.1 The Auger Effect . . . . . . . . . . . . . . . . . . 144
2.3.2 The Compton Scattering . . . . . . . . . . . . . . . . . . . 146

2.3.2.1 The Klein–Nishina Equation for Unpolarized
Photons . . . . . . . . . . . . . . . . . . . . . . . 150

2.3.2.2 Electron Binding Corrections to Compton and
Rayleigh Scatterings . . . . . . . . . . . . . . . . . 157

2.3.2.3 The Thomson Cross Section . . . . . . . . . . . . 161
2.3.2.4 Radiative Corrections and Double Compton Effect 162



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

Contents xiii

2.3.3 Pair Production . . . . . . . . . . . . . . . . . . . . . . . . 163
2.3.3.1 Pair Production in the Field of a Nucleus . . . . . 164
2.3.3.2 Pair Production in the Electron Field . . . . . . . 176
2.3.3.3 Angular Distribution of Electron and Positron

Pairs . . . . . . . . . . . . . . . . . . . . . . . . . 179
2.3.4 Photonuclear Scattering, Absorption and Production . . . 179
2.3.5 Attenuation Coefficients, Dosimetric and Radiobiological

Quantities . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
2.4 Electromagnetic Cascades in Matter . . . . . . . . . . . . . . . . . 197

2.4.1 Phenomenology and Natural Units of Electromagnetic
Cascades . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

2.4.2 Propagation and Diffusion of Electromagnetic Cascades in
Matter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199
2.4.2.1 Rossi’s Approximation B and Cascade Multiplica-

tion of Electromagnetic Shower . . . . . . . . . . 199
2.4.2.2 Longitudinal Development of the Electromagnetic

Shower . . . . . . . . . . . . . . . . . . . . . . . . 202
2.4.2.3 Lateral Development of Electromagnetic Showers 207
2.4.2.4 Energy Deposition in Electromagnetic Cascades . 213

2.4.3 Shower Propagation and Diffusion in Complex Absorbers . 214

3. Nuclear Interactions in Matter 217

3.1 General Properties of the Nucleus . . . . . . . . . . . . . . . . . . 217
3.1.1 Radius of Nuclei and the Liquid Droplet Model . . . . . . 220

3.1.1.1 Droplet Model and Semi-empirical Mass Formula 221
3.1.2 Form Factor and Charge Density of Nuclei . . . . . . . . . 223
3.1.3 Angular and Magnetic Moment, Shape of Nuclei . . . . . . 226
3.1.4 Stable and Unstable Nuclei . . . . . . . . . . . . . . . . . . 227

3.1.4.1 The β-Decay and the Nuclear Capture . . . . . . 230
3.1.4.2 The α-Decay . . . . . . . . . . . . . . . . . . . . . 231

3.1.5 Fermi Gas Model and Nuclear Shell Model . . . . . . . . . 235
3.1.5.1 γ Emission by Nuclei . . . . . . . . . . . . . . . . 239

3.2 Phenomenology of Interactions on Nuclei at High Energy . . . . . 240
3.2.1 Energy and A-Dependence of Cross Sections . . . . . . . . 241

3.2.1.1 Collision and Inelastic Length . . . . . . . . . . . 242
3.2.2 Coherent and Incoherent Interactions on Nuclei . . . . . . 246

3.2.2.1 Kinematics for Coherent Condition . . . . . . . . 246
3.2.2.2 Coherent and Incoherent Scattering . . . . . . . . 249

3.2.3 Multiplicity of Charged Particles and Angular-Distribution
of Secondaries . . . . . . . . . . . . . . . . . . . . . . . . . 255
3.2.3.1 Rapidity and Pseudorapidity Distributions . . . . 258

3.2.4 Emission of Heavy Prongs . . . . . . . . . . . . . . . . . . 262



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

xiv Principles of Radiation Interaction in Matter and Detection

3.2.5 The Nuclear Spallation Process . . . . . . . . . . . . . . . 267
3.2.6 Nuclear Temperature and Evaporation . . . . . . . . . . . 269

3.3 Hadronic Shower Development and Propagation in Matter . . . . . 274
3.3.1 Phenomenology of the Hadronic Cascade in Matter . . . . 275
3.3.2 Natural Units in the Hadronic Cascade . . . . . . . . . . . 278
3.3.3 Longitudinal and Lateral Hadronic Development . . . . . . 280

4. Radiation Environments and Damage in Silicon Semiconductors 287

4.1 Radiation Environments . . . . . . . . . . . . . . . . . . . . . . . . 289
4.1.1 High-Luminosity Machines Environments for Particle

Physics Experiments . . . . . . . . . . . . . . . . . . . . . 289
4.1.1.1 Ionization Processes and Collider Environments . 293
4.1.1.2 Non-Ionization Processes, NIEL Scaling Hypothe-

sis and Collider Environments . . . . . . . . . . . 294
4.1.2 Space Radiation Environment . . . . . . . . . . . . . . . . 297

4.1.2.1 Solar Wind and Heliospheric Magnetic Field . . . 300
4.1.2.2 Extension of the Heliosphere and the Earth

Magnetosphere . . . . . . . . . . . . . . . . . . . . 313
4.1.2.3 Propagation of Galactic Cosmic Rays through

Interplanetary Space . . . . . . . . . . . . . . . . 319
4.1.2.4 Solar, Heliospheric and Galactic Cosmic Rays in

the Interplanetary Space . . . . . . . . . . . . . . 331
4.1.2.5 Trapped Particles and Earth Magnetosphere . . . 335

4.1.3 Neutron Spectral Fluence in Nuclear Reactor Environment 342
4.1.3.1 Fast Neutron Cross Section on Silicon . . . . . . . 343
4.1.3.2 Energy Distribution of Reactor Neutrons and

Classification . . . . . . . . . . . . . . . . . . . . . 345
4.2 Relevant Processes of Energy Deposition and Damage . . . . . . . 346

4.2.1 NIEL and Displacement Damage . . . . . . . . . . . . . . . 346
4.2.1.1 Knock-on Atoms and Displacement Cascade . . . 350
4.2.1.2 Neutron Interactions . . . . . . . . . . . . . . . . 355
4.2.1.3 Interactions of Protons, α-particles and Heavy-

Isotopes . . . . . . . . . . . . . . . . . . . . . . . 356
4.2.1.4 Electron Interactions . . . . . . . . . . . . . . . . 360
4.2.1.5 Damage Function . . . . . . . . . . . . . . . . . . 362

4.2.2 Radiation Induced Defects . . . . . . . . . . . . . . . . . . 370
4.2.3 Ionization Energy-Loss and NIEL Processes . . . . . . . . 376

4.2.3.1 Imparted Dose in Silicon . . . . . . . . . . . . . . 377
4.2.3.2 Ionization Damage . . . . . . . . . . . . . . . . . 380

4.3 Radiation Induced Defects and Modification of Silicon Bulk and
p− n Junction Properties . . . . . . . . . . . . . . . . . . . . . . . 381
4.3.1 Displacement Damage Effect on Minority Carrier Lifetime 382



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

Contents xv

4.3.2 Carrier Generation and Leakage Current . . . . . . . . . . 385
4.3.3 Diode Structure and Rectification Down to Cryogenic

Temperature . . . . . . . . . . . . . . . . . . . . . . . . . . 387
4.3.3.1 Rectification Property Up to Large Fast-Neutron

Fluences at Room Temperature . . . . . . . . . . 387
4.3.3.2 Large Radiation Damage and p− i− n Structure

at Room Temperature . . . . . . . . . . . . . . . . 392
4.3.3.3 I − V Characteristics Down to Cryogenic

Temperature . . . . . . . . . . . . . . . . . . . . . 393
4.3.4 Complex Junction Impedance and Cryogenic Temperatures 398
4.3.5 Resistivity, Hall Coefficient and Hall Mobility at Large

Displacement Damage . . . . . . . . . . . . . . . . . . . . . 405
4.3.6 AFM Structure Investigation in Irradiated Devices . . . . . 416

5. Scintillating Media and Scintillator Detectors 419

5.1 Scintillators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 419
5.1.1 Organic Scintillators . . . . . . . . . . . . . . . . . . . . . . 420
5.1.2 Inorganic Scintillators . . . . . . . . . . . . . . . . . . . . . 423

5.2 The C̆erenkov Detectors . . . . . . . . . . . . . . . . . . . . . . . . 426
5.2.1 Threshold C̆erenkov Detectors . . . . . . . . . . . . . . . . 429
5.2.2 Differential C̆erenkov Detectors . . . . . . . . . . . . . . . 433
5.2.3 Ring Imaging C̆erenkov (RICH) Detectors . . . . . . . . . 434

5.3 Wavelength Shifters . . . . . . . . . . . . . . . . . . . . . . . . . . 435
5.4 Transition Radiation Detectors (TRD) . . . . . . . . . . . . . . . . 437
5.5 Scintillating Fibers . . . . . . . . . . . . . . . . . . . . . . . . . . . 440
5.6 Detection of the Scintillation Light . . . . . . . . . . . . . . . . . . 442
5.7 Applications in Calorimetry . . . . . . . . . . . . . . . . . . . . . . 448
5.8 Application in Time-of-Flight (ToF) Technique . . . . . . . . . . . 448

6. Solid State Detectors 451

6.1 Basic Principles of Operation . . . . . . . . . . . . . . . . . . . . . 452
6.1.1 Unpolarized p− n Junction . . . . . . . . . . . . . . . . . . 454
6.1.2 Polarized p− n Junction . . . . . . . . . . . . . . . . . . . 457
6.1.3 Capacitance . . . . . . . . . . . . . . . . . . . . . . . . . . 459
6.1.4 Charge Collection Measurements . . . . . . . . . . . . . . . 461
6.1.5 Charge Transport in Silicon Diodes . . . . . . . . . . . . . 462
6.1.6 Leakage or Reverse Current . . . . . . . . . . . . . . . . . 474
6.1.7 Noise Characterization of Silicon Detectors . . . . . . . . . 476

6.2 Charge Collection Efficiency and Hecht Equation . . . . . . . . . . 477
6.3 Spectroscopic Characteristics of Standard Planar Detectors . . . . 481

6.3.1 Energy Resolution of Standard Planar Detectors . . . . . . 485
6.4 Microstrip Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . 486



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

xvi Principles of Radiation Interaction in Matter and Detection

6.5 Pixel Detector Devices . . . . . . . . . . . . . . . . . . . . . . . . . 491
6.5.1 The MediPix-type Detecting Device . . . . . . . . . . . . . 492
6.5.2 Examples of Application: Particle Physics . . . . . . . . . 494

6.5.2.1 Electrons and Photons . . . . . . . . . . . . . . . 496
6.5.2.2 Neutrons . . . . . . . . . . . . . . . . . . . . . . . 496
6.5.2.3 Muons, Pions and Protons . . . . . . . . . . . . . 498
6.5.2.4 α-Particles and Heavier Ions . . . . . . . . . . . . 499
6.5.2.5 Charge Sharing . . . . . . . . . . . . . . . . . . . 499

6.6 Photovoltaic and Solar Cells . . . . . . . . . . . . . . . . . . . . . . 503
6.7 Neutrons Detection with Silicon Detectors . . . . . . . . . . . . . . 508

6.7.1 Principles of Neutron Detection with Silicon Detectors . . 509
6.7.1.1 Signal in Silicon Detectors for Thermal Neutrons 512
6.7.1.2 Signals in Silicon Detectors by Fast Neutrons . . . 518

6.7.2 3-D Neutron Detectors . . . . . . . . . . . . . . . . . . . . 521
6.8 Radiation Effects on Silicon Semiconductor Detectors . . . . . . . 522

6.8.1 MESA Radiation Detectors . . . . . . . . . . . . . . . . . . 522
6.8.1.1 Electrical features of Planar MESA Detectors . . 524
6.8.1.2 Spectroscopic Characteristics of MESA Detectors 526

6.8.2 Results of Irradiation Tests of Planar MESA Detectors . . 527
6.8.3 Irradiation with Low-Energy Protons and Violation of

NIEL Scaling in High-Resistivity Silicon detectors . . . . . 531

7. Displacement Damage and Particle Interactions in Silicon Devices 539

7.1 Displacement Damage in Irradiated Bipolar Transistors . . . . . . 541
7.1.1 Gain Degradation of Bipolar Transistors and Messenger–

Spratt Equation . . . . . . . . . . . . . . . . . . . . . . . . 544
7.1.2 Surface and Total Dose Effects on the Gain Degradation of

Bipolar Transistors . . . . . . . . . . . . . . . . . . . . . . 550
7.1.3 Generalized Messenger–Spratt Equation for Gain

Degradation of Bipolar Transistors . . . . . . . . . . . . . 551
7.1.4 Transistor Gain and Self-Annealing . . . . . . . . . . . . . 554
7.1.5 Radiation Effects on Low-Resistivity Base Spreading-

Resistance . . . . . . . . . . . . . . . . . . . . . . . . . . . 555
7.2 Single Event Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 558

7.2.1 Classification of SEE . . . . . . . . . . . . . . . . . . . . . 560
7.2.2 SEE in Spatial Radiation Environment . . . . . . . . . . . 562
7.2.3 SEE in Atmospheric Radiation Environment . . . . . . . . 563
7.2.4 SEE in Terrestrial Radiation Environment . . . . . . . . . 564
7.2.5 SEE produced by Radioactive Sources . . . . . . . . . . . . 565
7.2.6 SEE in Accelerator Radiation Environment . . . . . . . . . 568
7.2.7 SEE Generation Mechanisms . . . . . . . . . . . . . . . . . 569

7.2.7.1 Direct Ionization . . . . . . . . . . . . . . . . . . . 569



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

Contents xvii

7.2.7.2 Indirect Ionization . . . . . . . . . . . . . . . . . . 571
7.2.7.3 Linear Energy Transfer (LET) . . . . . . . . . . . 572
7.2.7.4 Sensitive Volume . . . . . . . . . . . . . . . . . . 573
7.2.7.5 Critical Charge . . . . . . . . . . . . . . . . . . . 573

7.2.8 SEE Cross-Section . . . . . . . . . . . . . . . . . . . . . . . 577
7.2.8.1 Calculation of SEU Rate for Ions . . . . . . . . . 579
7.2.8.2 Calculation of SEU Rate for Protons and

Neutrons . . . . . . . . . . . . . . . . . . . . . . . 581
7.2.9 SEE Mitigation . . . . . . . . . . . . . . . . . . . . . . . . 584

8. Ionization Chambers 585

8.1 Basic Principle of Operation . . . . . . . . . . . . . . . . . . . . . . 585
8.2 Recombination Effects . . . . . . . . . . . . . . . . . . . . . . . . . 587

8.2.1 Germinate or Initial Recombination . . . . . . . . . . . . . 587
8.2.2 Columnar Recombination . . . . . . . . . . . . . . . . . . . 588
8.2.3 The Box Model . . . . . . . . . . . . . . . . . . . . . . . . 589
8.2.4 Recombination with Impurities . . . . . . . . . . . . . . . . 590

8.3 Example of Ionization Chamber Application: The α-Cell . . . . . . 592
8.3.1 The α-Cell . . . . . . . . . . . . . . . . . . . . . . . . . . . 592
8.3.2 Charge Measurement with the α-Cell . . . . . . . . . . . . 594
8.3.3 Examples of Pollution Tests Using the α-Cell . . . . . . . . 600

8.4 Proportional Counters . . . . . . . . . . . . . . . . . . . . . . . . . 603
8.4.1 Avalanche Multiplication . . . . . . . . . . . . . . . . . . . 603

8.5 Proportional Counters: Cylindrical Coaxial Wire Chamber . . . . 605
8.6 The Geiger–Mueller Counter . . . . . . . . . . . . . . . . . . . . . 609

9. Principles of Particle Energy Determination 611

9.1 Experimental Physics and Calorimetry . . . . . . . . . . . . . . . . 611
9.1.1 Natural Units in Shower Propagation . . . . . . . . . . . . 615

9.2 Electromagnetic Sampling Calorimetry . . . . . . . . . . . . . . . . 615
9.2.1 Electromagnetic Calorimeter Response . . . . . . . . . . . 615
9.2.2 The e/mip Ratio . . . . . . . . . . . . . . . . . . . . . . . 618

9.2.2.1 e/mip Dependence on Z-Values of Readout and
Passive Absorbers . . . . . . . . . . . . . . . . . . 622

9.2.2.2 e/mip Dependence on Absorber Thickness . . . . 626
9.2.3 e/mip Reduction in High-Z Sampling Calorimeters:

The Local Hardening Effect . . . . . . . . . . . . . . . . . 627
9.3 Principles of Calorimetry with Complex Absorbers . . . . . . . . . 631

9.3.1 The Filtering Effect and how to tune the e/mip Ratio . . . 634
9.3.2 e/mip Reduction by Combining Local Hardening and

Filtering Effects . . . . . . . . . . . . . . . . . . . . . . . . 637
9.4 Energy Resolution in Sampling Electromagnetic Calorimetry . . . 640



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

xviii Principles of Radiation Interaction in Matter and Detection

9.4.1 Visible Energy Fluctuations . . . . . . . . . . . . . . . . . 640
9.4.1.1 Calorimeter Energy Resolution for Dense Readout

Detectors . . . . . . . . . . . . . . . . . . . . . . . 642
9.4.1.2 Calorimeter Energy Resolution for Gas Readout

Detectors . . . . . . . . . . . . . . . . . . . . . . . 646
9.4.2 Effect of Limited Containment on Energy Resolution . . . 650

9.5 Homogeneous Calorimeters . . . . . . . . . . . . . . . . . . . . . . 654
9.5.1 General Considerations . . . . . . . . . . . . . . . . . . . . 654
9.5.2 Energy Measurement . . . . . . . . . . . . . . . . . . . . . 657

9.6 Position Measurement . . . . . . . . . . . . . . . . . . . . . . . . . 664
9.7 Electron Hadron Separation . . . . . . . . . . . . . . . . . . . . . . 668
9.8 Hadronic Calorimetry . . . . . . . . . . . . . . . . . . . . . . . . . 669

9.8.1 Intrinsic Properties of the Hadronic Calorimeter . . . . . . 669
9.8.1.1 The e/h, e/π, h/mip and π/mip Ratios . . . . . . 670
9.8.1.2 Compensating Condition e/h = e/π = 1 and

Linear Response . . . . . . . . . . . . . . . . . . . 674
9.9 Methods to Achieve the Compensation Condition . . . . . . . . . . 678

9.9.1 Compensation Condition by Detecting Neutron Energy . . 680
9.9.2 Compensation Condition by Tuning the e/mip Ratio . . 686

9.10 Compensation and Hadronic Energy Resolution . . . . . . . . . . . 696
9.10.1 Non-Compensation Effects and the φ(e/π) Term . . . . . 701
9.10.2 Determination of Effective Intrinsic Resolutions . . . . . . 704
9.10.3 Effect of Visible-Energy Losses on Calorimeter Energy

Resolution . . . . . . . . . . . . . . . . . . . . . . . . . . . 705
9.11 Calorimetry at Very High Energy . . . . . . . . . . . . . . . . . . . 708

9.11.1 General Considerations . . . . . . . . . . . . . . . . . . . . 708
9.11.2 Air Showers (AS) and Extensive Air Showers (EAS) . . . 711
9.11.3 Electromagnetic Air Showers . . . . . . . . . . . . . . . . . 714

9.11.3.1 Longitudinal Development . . . . . . . . . . . . . 714
9.11.3.2 Lateral Development . . . . . . . . . . . . . . . . 715

9.11.4 Hadronic Extensive Air Showers . . . . . . . . . . . . . . . 716
9.11.5 The Muon Component of Extensive Air Showers . . . . . . 720

10. Superheated Droplet (Bubble) Detectors and CDM Search 721

10.1 The Superheated Droplet Detectors and their Operation . . . . . . 723
10.1.1 Neutron Response Measurement . . . . . . . . . . . . . . . 727
10.1.2 Alpha-Particle Response Measurement . . . . . . . . . . . 732
10.1.3 Radon Detection . . . . . . . . . . . . . . . . . . . . . . . . 735
10.1.4 Spontaneous Nucleation . . . . . . . . . . . . . . . . . . . . 736
10.1.5 Signal Measurement with Piezoelectric Sensors . . . . . . . 736

10.2 Search of Cold Dark Matter (CDM) . . . . . . . . . . . . . . . . . 737
10.2.1 Calculation of the Neutralino–Nucleon Exclusion Limits . . 738



PRINCIPLES OF RADIATION INTERACTION IN MATTER AND DETECTION - (2nd Edition)
© World Scientific Publishing Co. Pte. Ltd.
http://www.worldscibooks.com/physics/6872.html

January 9, 2009 10:21 World Scientific Book - 9.75in x 6.5in ws-book975x65˙n˙2nd˙Ed

Contents xix

10.2.1.1 Spin-Independent or Coherent Cross Section . . . 739
10.2.1.2 Spin-Dependent or Incoherent Cross Section . . . 742
10.2.1.3 Calculation of 〈Sp〉 and 〈Sn〉 in Nuclei . . . . . . . 747
10.2.1.4 Shell Models Calculation and Validation of 〈Sp〉

and 〈Sn〉 . . . . . . . . . . . . . . . . . . . . . . . 752
10.2.2 The PICASSO Experiment, an Example . . . . . . . . . . 753

11. Medical Physics Applications 755

11.1 Single Photon Emission Computed Tomography (SPECT) . . . . . 757
11.2 Positron Emission Tomography (PET) . . . . . . . . . . . . . . . . 769
11.3 Magnetic Resonance Imaging (MRI) . . . . . . . . . . . . . . . . . 773

11.3.1 Physical Basis of MRI . . . . . . . . . . . . . . . . . . . . . 774
11.3.2 Forming an Image . . . . . . . . . . . . . . . . . . . . . . . 776

11.3.2.1 Spin-Echo . . . . . . . . . . . . . . . . . . . . . . 776
11.3.2.2 Gradient-Echo . . . . . . . . . . . . . . . . . . . . 778
11.3.2.3 Space Positioning . . . . . . . . . . . . . . . . . . 778
11.3.2.4 Flows . . . . . . . . . . . . . . . . . . . . . . . . . 779
11.3.2.5 Functional MRI . . . . . . . . . . . . . . . . . . . 780

11.4 X-Ray Medical Imaging with MediPix Devices . . . . . . . . . . . 780
11.4.1 The Contrast . . . . . . . . . . . . . . . . . . . . . . . . . . 781
11.4.2 The Modulation Transfer Function . . . . . . . . . . . . . 781
11.4.3 The Detective Quantum Efficiency . . . . . . . . . . . . . . 782

Appendix A General Properties and Constants 785

A.1 Conversion Factors . . . . . . . . . . . . . . . . . . . . . . . . . . . 786
A.2 Physical Constants . . . . . . . . . . . . . . . . . . . . . . . . . . . 798
A.3 Periodic Table of Elements . . . . . . . . . . . . . . . . . . . . . . 802
A.4 Electronic Structure of the Elements . . . . . . . . . . . . . . . . . 804
A.5 Isotopic Abundances . . . . . . . . . . . . . . . . . . . . . . . . . . 807
A.6 Commonly Used Radioactive Sources . . . . . . . . . . . . . . . . . 809
A.7 Free Electron Fermi Gas . . . . . . . . . . . . . . . . . . . . . . . . 810
A.8 Gamma-Ray Energy and Intensity Standards . . . . . . . . . . . . 813

Appendix B Mathematics and Statistics 817

B.1 Probability and Statistics for Detection Systems . . . . . . . . . . 818
B.2 Table of Integrals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 829

Bibliography 831

Index 883




