CONTENTS

PRINCIPAL SYMBOLS, xx
PHYSICAL DATA, xxiii
NUMERICAL DATA, xxv

Part I

CHAPTER 1. INTRODUCTORY SURVEY OF EARLY INVESTIGATIONS, 1

1.1
1.2
1.3

1.4
1.5

1.6
1.7

1.8

Introduction, 1

Gaseous Conduction Produced by X-Rays, 1

Mobilities of Ions, 2

Measurement of Coefficients of Diffusion of Ions in Gases, 3

Early Theoretical Investigations of Diffusion and Dnft of

Ions in Gases, 4

1.5.1 Nernst-Townsend Formula, 4

1.5.2 P. Langevin’s Theoretical Investigation of Diffusion and
Drift, 5

The Discovery of the Electron, 7

The Atomic Charge and the Charge of a Gaseous lon, 8

1.7.1 Introduction, 8

1.7.2 Measurement of the Atomic Charge, 9

First Conclusive Demonstration that Gaseous Ions Carry the

Atomic Charge, 13



X CONTENTS

1.9

1.10

1.11

1.12

Ionization by Collision and the Parameter E/p, 13

1.9.1 Ionization by Collision, 13

1.9.2 The Parameter E/p, 15

Development of Swarm Techniques to Study the Motion of
Free Electrons with Small Energies in Gases, 16

1.10.1 Positive Ions, 18

1.10.2 Negative Ions, 19

Theoretical Investigations of the Motion of Free Electrons in

Gases, 23
Further Developments in Experimental Procedures, 27

CHAPTER 2. THE MAXWELL-BOLTZMANN EQUATION AND

2.1
2.2

2.3
2.4

2.5

2.6

2.7

2.8

CHAPTER 3.

3.1
3.2

RELATED TOPICS, 32

Introduction, 32
Collision Cross Sections for Particle Scattering: Concept of
Interacting Beams, 32
2.2.1 Elastic, Inelastic, and Superelastic Encounters, 38
(a) Elastic encounters, 39
(b) Inelastic encounters, 39
(¢) Superelastic encounters, 40
2.2.2 Momentum Transfer Cross Section, 40
Distribution Function and Velocity Space, 42
Resolution of Random Motion into an Aggregate of
Elementary Beams, 42
The Maxwell-Boltzmann Equation, 44
2.5.1 Introduction, 44
2.5.2 Formulation of the Maxwell-Boltzmann Equation, 44
The Maxwell-Boltzmann Equation for Velocity Shells, 46
2.6.1 Velocity Shells, 46
Adaptation of Maxwell-Boltzmann Equation to a Complete
Shell, 49
2.7.1 The Scalar Equation, 49
2.7.2 The Vector Equation, 52
Electron Motion in the Presence of a Magnetic Field, 59

RESTRICTED THEORY OF DRIFT AND DIFFUSION, 62

Introduction, 62
The Scalar Equation and Its Equivalent Forms, 63



3.3

3.4

3.5
3.6

3.7

3.8
3.9

CONTENTS X1

The Vector Equation: Resolution of W___ (¢) into a Drift

Velocity W(c) Due to ¢E and a Convective Velocity W (¢)
Due to grad,(nf,), 64

Uniform Stream of Electrons, 68

3.4.1 Formula for Distribution Function when All Encounters
Are Elastic, 68

3.4.2 Formula for Drift Velocity in the General Case, 69

Motion in Monatomic Gases, 70
Unit of Measurement for the Parameter £/ N, 74

Distribution Function when g, (¢) Is Proportional to a Power
of c and V?> C?, 74

3.7.1 The Most Probable Speed c,,, 76
3.7.2 Formula for the Mean Value of c*, 77

Differential Equation for n and Coefficient of Diffusion, 78
Discussion of Formulae for W and D /p, 81

3.10 The Ratio W/D when E/N Is Small, 83

3.11

Comment on the Approximate Solution of the Scalar
Equation, 85

CHAPTER 4. GENERAL THEORY OF DIFFUSION AND DRIFT IN A

4.1
4.2
4.3

4.4
4.5

4.6
4.7
4.8

UNIFORM AND CONSTANT ELECTRIC FIELD, 89

Introduction, 89
Isolated Travelling Group of Electrons, 90
Solution of Scalar Equation in a General Form, 96

4.3.1 Motion Without an Electric Field, 98
4.3.2 Motion in One Spatial Dimension, 103

4.3.3 Three-Dimensional Motion in a Uniform
Electric Field, 109

Extension of the Theory to a Steady Stream, 111

Number Density and Current, 113

4.5.1 Number Density, 113

4.5.2 Current Density, 113

4.5.3 Illustrative Example, 114

Inelastic Encounters, 113

Einstein’s Formula, 117

Thermodynamic Treatment of Anisotropic Diffusion in an
Electric Field, 119



X1l CONTENTS

CHAPTER 5.

5.1

5.2

5.3

54

5.5

CHAPTER 6.

6.1
6.2
6.3
6.4

6.5

THE THEORY OF SWARM METHODS FOR MEASURE-
MENT OF DRIFT VELOCITY W, CHARACTERISTIC
ENERGY eD/u, AND RELATED QUANTITIES, 121

Introduction, 121
J.1.1 General 121
5.1.2 Boundary Condition at a Metal Surface, 121
Measurement of Drift Velocity by Time-of-Flight
Methods, 124
53.2.1 Combined Effect of Diffusive Processes, 125
3.2.2 Contributions of Individual Diffusive Processes, 130
(a) The decay of the group, 130
(b) Flux across a geometrical plane due to
diffusion, 131
(¢) Back diffusion to the cathode, 131
(d) Daffusion to the second shutter, 132
The Theory of the Steady Stream from a Point Source, 133
5.3.1 Theory of Unimpeded Stream, 133
5.3.2 Some Properties of the Bessel K Functions, 136
3.3.3 Formula for the Current Ratio with a Circular Division
of the Anode, 138
5.3.4 Formula for the Current Ratio with Strip Division of the
Anode, 143
Distribution of Number Density n(r,7) in the Presence of a
Slight Degree of Ionization by Collision and of Loss of
Electrons by Attachment to Molecules, 146
5.4.1 Equation for n(r,t), 146
5.4.2 The Isolated Travelling Group, 150
5.4.3 Distribution of Number Density in a Stream, 152
Direct Measurement of the Coefficient of Diffusion, 158

THE INFLUENCE OF INELASTIC ENCOUNTERS, 163

Introduction, 163

Expressions for o_;(¢) and f,(c) in the Model Gas, 164

The Function f,(c), 168

The Scalar and Vector Equations for a Travelling Group, 169

6.4.1 The Scalar Equation, 169

6.4.2 The Vector Equation, 170

Contribution of Superelastic Encounters, 172

6.5.1 Formula for f,(c) when Superelastic Encounters Are
Significant, 175



6.6

6.7

6.8

6.9

CONTENTS X1ii

Formulation for Molecules with Several or Many Energy

States, 176

The Scalar and Vector Equations for nf, and nf, at an

Element of Volume dr, 178

6.7.1 The Scalar Equation, 178

6.7.2 The Vector Equation and the Working Scalar
Equation, 179

Formulae and Equations with the Energy €= 1 mc? as

Independent Variable, 181

6.8.1 Distribution Function f(¢), 181

6.8.2 The Mean Value of a Function ¢(¢), 181

6.8.3 Formulae for W and D, 182

6.8.4 Transformation of Equations, 182

Motion of Electrons when the Molecular Energy States Are

Closely Spaced and the ¢,  Are Small, 185

CHAPTER 7. THE METHOD OF FREE PATHS, 189

sl
1.2

1.3

7.4

7.5
7.6

Introduction, 189

Free Times and Free Paths, 190

7.2.1 The Mean Value of a Function ¢(t), 192
7.2.2 Special Cases, 193

Derivation of Formula for Drift Velocity W by the Method
of Free Paths, 195
7.3.1 The Interpretation of W as the Velocity of the
Centroid, 195
7.3.2 Derivation of Formula for W, 197
The Momentum of the Electrons of a Shell (c,dc) in the
Steady State of Motion, 204
7.4.1 Alternative Derivation of Formula for W(c), 206
The Velocity Distribution Function f;*(¢), 208

General Expression for Drift Velocity in the Unrestricted
Case, 210

CHAPTER 8. DIFFUSION AND DRIFT IN THE PRESENCE OF A

8.1
8.2

STEADY AND UNIFORM MAGNETIC FIELD, 214

Introduction, 214
Drift in Uniform and Constant Electric and Magnetic

Fields, 215



X1v CONTENTS

8.3

8.4
8.5

8.6

8.2.1 Special Case—Crossed Electric and Magnetic

Fields, 218
8.2.2 Magnetic Deflexion Coefficient y, 219
8.2.3 Special Case: w parallel to eE, 222
Daffusion in the Presence of a Magnetic Field, 223
8.3.1 Special Case: w Directed Along + Oy, 225
Distribution Function and Differential Equation for n, 226
Dastribution of Electron Number Density in a Steady Stream
from a Point Source in the Presence of Crossed Electric and
Magnetic Fields, 234
Principle of Experimental Methods, 241
8.6.1 Townsend’s Method (1912), 241
8.6.2 Method of Huxley and Zaazou (1949), 244

CHAPTER 9. MOTION IN A HIGH FREQUENCY ELECTRIC FIELD, 250

9.1 Introduction, 250
9.2 Time Constants of Momentum and Energy, 251
9.3 Dnft Velocity Under an Oscillating Electric Field Whose
Period Is Much Less than the Time Constant of Decay of the
Mean Electron Energy, 253
9.3.1 Special case: w,=w,=0, w,=w, 257
9.3.2 E Normal to w, 260
9.3.3 Rotating Electric Vector, 260
9.3.4 Limiting Forms of I _ and I, 261
9.3.5 Gyromagnetic Resonance, 262
94  Mean Value over a Cycle of the Product of Two Quantities
Oscillating Sinusoidally at the Same Frequency, 263
9.5 The Mean Power Communicated to an Electron, 264
9.6  The Distribution Function f(c), 268
Appendix A Maxwell’s Vector Representation of An
Encounter, 273
Appendix B Transference of Momentum and FEnergy from
Electrons to Molecules, 276
Appendix C Expansion of f(c,r,t) in Spherical Harmonics
when E and grad_(n) Are Not Parallel, 290
Part 11
CHAPTER 10. EXPERIMENTAL METHODS FOR MEASURING
ELECTRON DRIFT VELOCITIES, 297
10.1 Introduction, 297



CONTENTS XV

10.2 The Pulsed Townsend Discharge Technique, 298

10.3

10.4

10.5

10.6

10.7

10.8

Electrical Shutter Techniques, 304
10.3.1 Ion Mobility Experiments of Van de Graaff and of
Tyndall et al., 304
10.3.2 Application of “Four-Gauze” Method to Electron Drift
Velocity Measurements, 306
10.3.3 Experiments of Bradbury and Nielsen, 307
10.3.4 Later Experiments Using the Bradbury-Nielsen
Technique, 309
10.3.5 Experiments of Phelps and Others, 310
10.3.6 Interpretation of Results from Electrical Shutter
Experiments, 313
(a) Bradbury-Nielsen experiment, 315
(b) Experiments with square wave pulses of constant
duration, 316
(c) Experiments using variable drift distances, 316
Experiments Based on Detection of Photons from Drifting
Electron Groups, 316
Methods Dependent on Measurement of Arnival Time
Distributions, 319
High-Precision Measurements Using the Bradbury-Nielsen
Technique, 327
10.6.1 Design Criteria, 329
10.6.2 The Electric Field E, 329
10.6.3 The Gas Number Density N, 334
10.6.4 The Drift Distance h, 334
10.6.5 Measurement of the Effective Transit Time ¢, 336
10.6.6 The Gas Temperature T, 340
10.6.7 Gas Purity, 341
10.6.8 The Correction Factor Cf3, 344
10.6.9 Results, 346
Measurement of W in the Presence of lIonization and
Attachment, 347
10.7.1 Attachment but No Ionization, 348
10.7.2 Ionization but No Attachment, 349
(a) Electrical shutter experiments, 349
(b) Pulsed discharge experiments, 350
10.7.3 Simultaneous Ionization, Attachment, and
Detachment, 356
Measurements of W at Abnormally Large Gas Number
Densities, 358
Appendix 10.1, 364
Appendix 10.2, 367



XVl CONTENTS

CHAPTER 11. EXPERIMENTAL METHODS FOR DETERMINING
ELECTRON DIFFUSION COEFFICIENTS, 371

11.1 Introduction, 371

11.2 A Summary of the Progress Towards an Adequate Theory of
the Townsend-Huxley Lateral Diffusion Experiment, 373
11.2.1 Townsend’s Solution, 374
11.2.2 Huxley’s Solution, 376
11.2.3 The Solution of Hurst and Liley, 381
11.2.4 The Solution of Warren and Parker, 387
11.2.5 Parker’s Solution Allowing for the Spatial Variation of
the Energy Distribution Function, 388

11.2.6 Other Solutions Based on a Spatially Dependent
Energy Distribution Function, 396

11.2.7 Solutions Based on the Steady-State Differential
Equation for n Assuming Anisotropic Diffusion, 399

11.2.8 Lateral Spread of an Isolated Travelling Group, 401

11.3 Experimental Determination of D/u in the Absence of
[onization and Attachment, 404
11.3.1 Introduction: Early Measurements, 404
11.3.2 Experiments of Cochran and Forester, 405
11.3.3 Experiments of Warren and Parker, 405
11.3.4 Experiments of Cottrell and Walker, 409
11.3.5 Experiments of Crompton, Elford, and Others, 410

(a) Apparatus, 411

(b) Design criteria and determination of
experimental parameters, 415

(c) Factors determining the energy distribution
function, 420

(d) Measurement of the current ratios and the effect
of space charge repulsion, 420

(e) Results, 426

11.4 Measurements of D/u in the Presence of lonization and
Attachment, 427
11.4.1 Bailey’s Method, 428
11.4.2 Huxley’s Method, 432
11.4.3 Measurements of D /p when Ionization Is

Significant, 440

11.5 Direct Measurement of the Diffusion Coefficient D, 452
11.5.1 Cavalleri’s Method, 452
11.5.2 Measurements of Thermal Diffusion Coefficients by

Other Methods, 465



CONTENTS Xvii

11.6 Measurement of the Longitudinal Diffusion Coefficient
D,, 471
11.6.1 Experiments Based on the Analysis of Arrival-Time
Spectra, 471
11.6.2 Experiments Based on the Bradbury-Nielsen
Technique, 479
CHAPTER 12. EXPERIMENTAL DETERMINATIONS OF OTHER
ELECTRON TRANSPORT COEFFICIENTS, 485
12.1 Introduction, 485
12.2 Measurement of the Magnetic Drift Velocity W,,, 486
12.3 Measurements of the Attachment Coefficients a, and a,,, 491

12.3.1

12.:3.2

12.3.3

Steady-State Methods, 491

(a) Bailey’s method, 492

(b) Huxley’s method, 492

(¢) Methods employing electrical filters, 495

(d) Growth-of-current experiments, 497

Transient Methods, 501

(a) Doehring’s method, 501

(b) Method of Bortner and Hurst, 510

(¢) Methods based on the analysis of transient wave
forms, 515

(d) Single-avalanche methods, 517

Results and Conclusion, 518

CHAPTER 13. CROSS-SECTION DETERMINATIONS FROM ELECTRON
TRANSPORT DATA, 523

13.1

13.3
13.4

Introduction and Historical Synopsis, 523
13.2 Basic Principles and Early Methods of Analysis, 525

13.2.1

13.2.2

13.2.3

The Determination of an Effective Mean Value of g,
as a Function of ¢ when Only Elastic Scattering
Occurs: the Mean Value Technique, 527

Extension of the Mean Value Technique to Situations
in which the Druyvesteyn Formula Is Inapplicable: the
Methods of Townsend, Bailey, Huxley, and Others, 529
Energy Losses in Elastic and Inelastic Collisions, 532

Analysis of the Data from Microwave Experiments, 535
The Analyses of Bowe, Heylen, Phelps, Shkarofsky, and
Others, 541



Xviii CONTENTS

13.5 Analyses Based on Numerical Solutions of the Boltzmann
Equation, 546
13.5.1 Elastic Scattering, 548
13.5.2 Elastic and Inelastic Scattering, 557
(a) Solutions neglecting collisions of the second
kind, 560
(b) Solutions including collisions of the second
kind, 563
(¢) Fitting parameters, 564
(d) Summary of the characteristics of swarm
analyses, 566
(e) Rotational and vibrational excitation in
hydrogen, 568
(f) Cross sections for rotation, vibration, electronic
excitation, and ionization in nitrogen, 577
13.6 Beam-Swarm Techniques for Determining Attachment Cross
Sections, 583
13.7 Conclusion, 587

CHAPTER 14. COMPILATION OF EXPERIMENTAL RESULTS AND
DERIVED CROSS SECTIONS, 592

14.1 Introduction, 592
14.1.1 Experimental Data for Transport Coefficients, 592
14.1.2  Cross Sections Derived from Experimental Swarm
Data, 594
14.2 Format, 597
14.2.1 Statements of Accuracy, 597
14.2.2 Referencing, 597
14.2.3 Comments on the Values of ND, 598
14.3 Tabulated and Graphical Data, 599
14.3.1 Helium, 600
14.3.2 Neon, 604
14.3.3 Argon, 607
14.3.4 Krypton and Xenon, 612
14.3.5 Hydrogen and Deuterium, 615
14.3.6 Nitrogen, 627
14.3.7 Oxygen, 632
14.3.8 Air, 638
14.3.9 Carbon Dioxide, 640
14.3.10 Carbon Monoxide, 645



CONTENTS

14.3.11 Water Vapour, 648
14.3.12 Experimental Data for Other Gases, 651

AUTHOR INDEX, 655

SUBJECT INDEX, 661

X1X



	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11

