Contents

1 Electromagnetic Wave Propagation in a Cold Plasma, 1

1.1 Introduction, 1

1.2 Plasma oscillations and the plasma frequency, 2

1.3 Electromagnetic wave propagation (no magnetic field), 4

1.3.1
1.3.2

1.3.3
1.3.4

1.3.5

Elementary case neglecting collisions, 4

Conductivity with collisional damping: Lorentz
conductivity, 6

Propagation in a Lorentz plasma (no magnetic field), 6
Low-loss plasmas (v < wp): .the three frequency
regions, 7

The critical electron density, 12

1.4 Wave propagation with magnetic field, 12

1.4.1

1.4.2
1.4.3

1.4.4

1.4.5
1.4.6
1.4.7
1.4.8
1.4.9

Wave propagation along the magnetic field: circularly
polarized waves, 12

Faraday rotation of angle of polarization, 19
Arbitrary direction of propagation: coordinate
systems, 20

Magnetic field at angle 6 with respect to propagation:
Appleton’s equation, 21

Wave polarization, 24

Propagation across the magnetic field, 25

The conductivity tensor, 29

Conductivity in rotating coordinates, 31

Summary of principal waves, 34

xi



xii - Contents

1.4.10 Propagation at an oblique angle: the QL and QT
approximations, 38
1.4.11 Index, velocity, and ray surfaces, 45
1.4.12 Refractive index contour maps, 49
1.5 Ion motion effects, 50
1.5.1 Conductivity with ion motions, 51
1.5.2 Principal waves including ion motions, 52
1.5.3 Oblique propagation with ion motions, 56

2 Collision Processes, 57

2.1 Introduction, 57
2.2 Elementary considerations of collision processes, 58
2.2.1 Collision cross sections and frequencies, 58
2.2.2 Velocity dependence of cross sections, 62
2.3 Effect of collisions on electron motion, 64
2.4 Analysis of particle interactions, 66
' 2.4.1 Boltzmann equation, 67
2.4.2 Elementary Boltzmann theory of plasma conductivity,
69
. 2.4.3 Effective collision frequency, 71
2.5 Coulomb interactions, 76
2.5.1 Debye shielding, 76
2.5.2 Coulomb collisions, 79
2.5.3 Effective coulomb collision frequencies, 82
2.5.4 The logarithmic term, 85
2.6 Nonlinear effects, 89
2.6.1 Criterion for linearity, 89
2.6.2 Breakdown, 91
\/2.6.3 Luxembourg effect, 91
2.6.4 Other nonlinearities, 92
2.6.5 Incoherent scattering, 93

3 Waves in Warm Plasma, 95

3.1 Introduction, 95
3.2 Magnetic permeability of a plasma, 96
3.3 Hydromagnetic calculation of plasma waves, 98
3.3.1 Moment equations, 98
3.3.2 Hydromagnetic dispersion relations, 100
3.4 Kinetic (Boltzmann) theory of waves, 104
3.4.1 Propagation along the field, 108
3.4.2 Propagation across the field, 111

Contents xiii

3.4.3 No magnetic field, 112

3.4.4 Plasma or electrostatic waves, 112
3.5 Landau damping and wave absorption, 113
3.6 Relativistic plasmas, 115

4 Wave Propagation Through Bounded Plasmas, 117

4.1 Introduction, 117
4.2 Simple adiabatic analysis of a plasma slab, 120
4.2.1 Average electron density, 120
4.2.2 Adiabatic measurement of density profile, 123
4.2.3 Reflections from cutoffs and resonances, 125
4.3 The slab with sharp boundaries, 127
4.4 Inhomogeneous plasmas, 130
4.4.1 ‘Isotropic inhomogeneous plasmas, 133
4.4.2 Anisotropic inhomogeneous plasmas, 136
4.5 The geometrical optics of a uniform cylindrical plasma column,
137
4.5.1 Transmission loss by refraction, 137
4.5.2 Other sources of loss, 141
4.6 The antenna problem, 141
4.6.1 Fresnel zones, 142
4.6.2 Collimation, 146
4.6.3 Optimization of antennas, 148
4.6.4 Validity of the geometrical-optics, slab model, 150

5 Guided Wave Propagation, 155

5.0 Introduction, 155
5.1 Measurements on plasmas contained in resonant cavities, 155
5.1.1 Measurement of plasma admittance, 158
5.1.2 Measurement of plasma density and collision fre-
quency, 159
5.1.3 Special cavity modes for high density plasmas, 162
5.1.4 Experimental techniques, 163
5.2 Waveguides containing plasmas, 163
5.3 The w-B diagram, 167
5.4 Nonuniform plasma in a waveguide, 168
5.5 Spacecharge waves, 170
5.5.1 Spacecharge waves in a cold, drifting plasma, 171
5.5.2 Spacecharge waves in plasma columns of finite
radius, 174



xiv Contents

5.6

i

5.5.3 Spacecharge waves in a plasma column in a magnetic
field, 179
5.5.4 Surface spacecharge waves on a drifting plasma
column, 182 :
Spacecharge waves in a warm plasma, 183
5.6.1 No magnetic field, 183
5.6.2 Spacecharge waves in a warm, magnetized plasma, 188

\\ 6 Microwave Propagation Experiments, 192

6.1

6.2

6.3

6.4
6.5

6.6
6.7

Transmission-attenuation and reflection experiments, 192
6.1.1 Microwave circuits for transmission and reflection
measurement, 192
6.1.2 Transient plasmas, 194
Frequency diversity, 197
6.2.1 Frequency diplexers, 199
6.2.2 Polarization diplexers, 200
Phase-shift measurements, 200
6.3.1 Microwave interferometer, 200
6.3.2 Rf modulation envelope, 204
6.3.3 ““Fringe-shift” or zebra-stripe interferometer, 206
6.3.4 Polar plot display, 210
Density distribution: profile measurements, 212
Magnetic field effects, 219
6.5.1 Ordinary and extraordinary waves; density profiles,
220
6.5.2 Faraday rotation, 223
6.5.3 Whistler mode propagation, 225
6.5.4 Propagation at angle 8 to magnetic field, 227
6.5.5 Doppler-shifted gyrofrequency in drifting plasmas,
228
Propagation through fluctuating plasmas, 229
Microwave scattering experiments, 232
6.7.1 Incoherent scattering, 232
6.7.2 Scattering from plasma fluctuations, 234
6.7.3 Scattering from small plasma columns, 240

7 Microwave Radiation from Plasma, 242

7.1
7.2
7.3

Introduction, 242

Strict blackbody radiation, 242

Bremsstrahlung in a transparent medium, 245
7.3.1 Radiation by a single electron, 246

7.4

7.5

7.6

7.7

7.3.2
7.3.3
7.3.4
7.3.5
7.3.6
1.3.7

Contents xv

The Gaunt factor, 248

Quantum considerations, 250

Electron shielding, 252

The Gaunt factor and In4, 253

Summary of microwave bremsstrahlung, 254
Atom bremsstrahlung and total radiation, 256

Radiation transport and the gray body, 257

7.4.1
7.4.2
7.4.3
7.4.4

Energy flow in an inhomogeneous medium, 257

The Einstein coefficients, 259

The partially transparent plasma, 261

Correlation of emission and conductivity theories, 262

Radiation from a slab and Kirchhoff’s law, 263

7.5.1
7.5.2
7.5.3

Effect of antenna gain, 264
Surface reflection, 266
Kirchhoff’s law, 270

Cyclotron radiation, 272

7.6.1
7.6.2
7.6.3
7.6.4
7.6.5
7.6.6

Total radiation, 272

Radiation anisotropy (nonrelativistic), 273
Line shape (nonrelativistic), 274

Radiation by a single relativistic electron, 275
Spectrum (relativistic), 276

Effect of collective electron motion, 278

Cerenkov radiation, 280
7.8 Coherent radiation, 285

8 Plasma Radiation Experiments, 287

8.1

Radiation from dense plasmas: blackbody radiation, 287
8.2 Radiation from a plasma in a magnetic field, 291

8.2.1
8.2.2

8.2.3

Magnetic mirror radiation experiments, 292
Absorption-radiation experiment in a pulsed mirror
machine, 293

Absorption-radiation measurements in a waveguide
or cavity, 297

8.3 Swept-frequency radiometers, 299
8.4 Radiation of nonthermal origin, 299

8.4.1
8.4.2

Instability-generated radiation, 300
Nonthermal cyclotron radiation, 302

9 Microwave Hardware and Techniques, 305

9.1

Transmission lines, 305
9.1.1. Waveguide considerations, 305



xvi Contents

9.1.2 Open waveguide transmission lines, 310
9.1.3 Free-space radiation, 312
9.2 Special components, 313
9.2.1 Phase shifters, 314
9.2.2 Hybrid junctions, 315
9.2.3 Polarization and frequency diplexers, 316
9.2.4 Filters, 318
9.2.5 Circular polarizers, 319
9.2.6 Resonant cavities, 324
9.3 Antennas and radiators, 329
9.3.1 Horns, 329
9.3.2 Lenses, 331
9.3.3 Dielectric rod antennas, 334
9.3.4 Reflecting antennas, 336
9.3.5 Slot radiators, 338
9.3.6 Antenna pattern measurements, 341
9.4 Signal sources, 344
9.4.1 Klystrons, 344
9.4.2 Traveling wave oscillators and amplifiers, 344
9.4.3 Magnetrons, 345
9.4.4 Tunnel diodes, 345
9.4.5 Harmonic generators, 345
9.5 Signal detection, 346
9.5.1 Video crystal detectors, 346
9.5.2 Superheterodyne receivers, 349
9.5.3 Parametric mixer-amplifiers, 351
9.5.4 Miscellaneous receiver systems, 352
9.5.5 Microwave radiometers, 353
9.5.6 Measurement of receiver performance, 355
9.6 Vacuum system considerations, 356
9.6.1 Vacuum materials, 356
9.6.2 Transmission-line windows, 357
9.6.3 Movable probes, 360
9.6.4 Microwave absorbers, 361
9.7 Circuitry considerations, 362
9.7.1 Electronic circuits, 362
9.7.2 Circuit interference and stray pickup, 364

10 General Plasma Diagnostic Techniques, 366

10.1 Tabulation of some useful diagnostic techniques, 366
10.2 Optical and infrared probing, 368

Contents xvii

10.3 Conductivity probes, 374

10.4 Langmuir probes, 378
10.4.1 Single Langmuir probe, no magnetic field, 378
10.4.2 Single probe with a magnetic field, 383
10.4.3 Single probe: miscellaneous effects, 384
10.4.4 Double floating probes, 384
10.4.5 Double probes, no magnetic field, 384
10.4.6 Double probes in a magnetic field, 385
10.4.7 Double probes: miscellaneous effects, 386

10.5 Plasma wave and resonant probes, 386

10.6 Magnetic probes, 387 '

10.7 Ballistic probes, 387

10.8 Optical spectroscopy, 388
10.8.1 Constituent identity and state, 388
10.8.2 Stark broadening, 388
10.8.3 Doppler broadening, 389
10.8.4 Doppler shift, 390

10.9 Bremsstrahlung and recombination continuum, 391

Appendix A Review of Electromagnetic Wave Propagation, 392

A.1 Basic relations for a linear medium, 392
A.1.1 Complex dielectric constant or conductivity, 394
A.1.2 Complex propagation constants, 396
A.2 Microscopic relations, 400
A.2.1 The microscopic field in a dielectric, 401
A.2.2 The microscopic field in a plasma, 402
A.3 Propagation in an anisotropic medium, 403

Appendix B Tensor and Matrix Algebra, 406

B.1 Vectors, tensors, and matrices, 406
B.2 Addition, multiplication, and inversion of tensors, 408

General References, 411
References for Chapters 1-8, 412
References for Chapter 9, 430
References for Chapter 10, 435
Subject Index, 439



