Contents

CHAPTER 1. BASIC CONCEPTS

1 The variables of fluid dynamics

1.1 Macroscopic variables

1.2 The thermodynamic variables

1.3 The flux variables

1.4 The pressure tensor

1.5 Ideal fluids

1.6 Anisotropic pressure in a magnetoplasma

1.7 The equation of motion for a simple fluid

1.8 A general balance equation

1.9 Diffusion

1.10 Motion of a fluid element

Mathematical note 1. The decomposition of second-order
tensors

1.11 The phase-space density

Exercises 1

Thermodynamic principles

2.1 Thermodynamic relations for a perfect gas
2.2 The second law of thermodynamics

2.3 Mixtures

2.4 Thermodynamic stability

2.5 Kinetic entropy

2.6 The equilibrium distribution function

2.7 Averages over velocity space
Mathematical note 2. Isotropic tensors

2.8 The Boltzmann distribution law

2.9 Phenomenological constitutive equations
Mathematical note 3. Isotropic tensors of the fourth order
2.10 Conservation laws for fluid mixtures

2.11 One-fluid equations for a mixture
Exercises 2

The electromagnetic field equations

3.1 Maxwell’s equations

3.2 Polarization; electromagnetic energy
3.3 The dielectric tensor

3.4 The cyclotron frequency

3.5 The plasma frequency

3.6 The Debye length

3.7 Magneto-ionic theory

O AN BRI -

10

13
14
15

16
18
21

23
23
25
26
27
30
31
32
33
35
36
37
38
41
43

45
45
46
49
50
50
52
53



CONTENTS

Mathematical note 4. Solution of a vector equation

3.8 The electromagnetic equations on long time- and length-
scales

3.9 Magnetohydrodynamics

Mathematical note 5. Laterally isotropic tensors

3.10 Variants of Ohm’s law

Exercises 3

Particle dynamics and transport

4.1 Velocity of a typical particle in a neutral gas

4.2 The distribution function

4.3 The viscous stress and heat flux

4.4 The BGK kinetic equation

4.5 Temperature-dependence of viscosity and thermal
conductivity

4.6 Particle diffusion in electric microfields

4.7 Transport in a plasma

4.8 Heat flux in strong magnetic fields

4.9 Heat flux in magnetic fields, with zero velocity gradients

4.10 Heat flux due to the rate-of-strain of a fluid element

4.11 The BGK kinetic equation for a magnetoplasma

4.12 Validity of the solution to the kinetic equation

Exercises 4

CHAPTER 2. MAGNETOHYDRODYNAMICS

General principles

5.1 The equations of mhd

5.2 Galilean transformations

Mathematical note 6. Convection of a flux element
5.3 The electromagnetic stress tensor and the Poynting vector
5.4 The diffusion and convection of magnetic field
5.5 The permanence of magnetic flux tubes
Mathematical note 7. Convection of fluid properties
5.6 Magnetostatics

Mathematical note 8. Cylindrical coordinates

5.7 Transition equations across surface layers

5.8 Boundary conditions

5.9 Hartmann flow

Exercises 5

Small amplitude waves

6.1 Mhd waves in an unbounded plasma
6.2 The group velocity

6.3 The dispersion relation for mhd waves

54

55
57
59
62
64

66
66
70
72
74

75
76
78
80
84
86
89
91
92

94

95

95

98

98
100
103
106
107
108
110
114
116
119
123

125
125
129
131



CONTENTS

6.4 The propagation of wave fronts

6.5 The damping of mhd waves

6.6 Waves in bounded plasmas

6.7 Transverse components; the external field

6.8 Boundary conditions for cylindrical magnetoplasmas
6.9 Experimental verification of the theory

Exercises 6

Magnetohydrodynamic stability

7.1 The Kelvin—Helmholtz and Rayleigh—Taylor instabilities

7.2 Experimental observations of the Rayleigh—Taylor
instability R

7.3 Interchange instabilities

7.4 Instabilities of a cylindrical plasma

7.5 Applications of the stability condition for a cylindrical
plasma

7.6 The energy principle

7.7 The stability condition

Mathematical note 9. The Euler—Lagrange equation

7.8 The relation between the energy principle and normal
mode analysis

7.9 Cylindrical plasma with a surface current sheet

7.10 Cylindrical plasma with a volume current

7.11 Resistive instabilities: the tearing mode

Exercises 7

CHAPTER 3. DYNAMICS OF CHARGED PARTICLES

Orbits of charged particles

8.1 Specific and generic particle velocities

8.2 Guiding centre drift

8.3 Forces representing magnetic field inhomogeneities
8.4 The grad-B drift

8.5 The field curvature drift

8.6 The equation of motion of the guiding centres

8.7 Alternative treatment using gyro-averages

8.8 Misconceptions in guiding centre theory

Exercises 8

Magnetic mirrors

9.1 Approximate invariance of the magnetic moment

9.2 Magnetically trapped particles

9.3 The longitudinal invariant

9.4 Trapping in tokamak magnetic fields

Mathematical note 10. Div and curl in local toroidal
coordinates

xi

134
137
141
145
148
151
156

158
159

163
166
169

172
175
178
180

182
185
187
190
195

196

197
197
199
201
205
207
208
210
212
215

217
217
220
222
223

223



xii

10

11

12

CONTENTS

9.5 Bounce time between reflection points in a tokamak field

9.6 Banana orbits

9.7 Parallel thermal diffusivity due to particles trapped in
tokamak fields

Exercises 9

Coulomb collisions

10.1 The Rutherford scattering cross-section

10.2 The Fokker—Planck equation

10.3 The superpotentials

10.4 The Lorentzian plasma

Mathematical note 11. Expansion of the distribution function

in tensor form

10.5 The electrical conductivity in a fully ionized plasma

10.6 The friction and diffusion coefficients with Maxwellian
scatterers

10.7 Relaxation times

Exercises 10

CHAPTER 4. TRANSPORT IN A MAGNETOPLASMA

Thermodynamic aspects of transport

11.1 The magnetoplasma as a thermodynamic system
11.2 The two-fluid system of equations

11.3 Irreversibility

11.4 The reciprocal relations

11.5 Magnetoplasma constitutive relations

11.6 Frame-indifference

11.7 The local form of the H-theorem

11.8 Kinetic constitutive equations

Exercises 11

Kinetic theory

12.1 Maxwell’s equation of transfer for dynamical quantities
12.2 The conservation equations

12.3 Boltzmann’s equation

'12.4 The trend to equilibrium

12.5 The Chapman-Enskog solution of Boltzmann’s equation

Mathematical note 12. Transformation of the velocity
reference frame

12.6 Kinetic theory for magnetoplasmas

12.7 The pressure tensor in a magnetoplasma

Mathematical note 13. Solution of a tensor equation

12.8 Ohm’s law in a magnetoplasma

12.9 The thermoelectric terms

227
228

231
234

236
236
239
241
244

245
247

249
252
256

258

259
259
261
264
266
269
271
273
276
278
279
280
282
284
287
289

289
293
296
297
299
304



13

14

15

16

CONTENTS

12.10 Braginskii’s transport formulae
Exercises 12 '

Second-order transport

13.1 Heat flux and viscous stress in zero magnetic field
13.2 The physical principles in second-order transport
13.3 Second-order theory for a magnetoplasma

Mathematical note 14. Transformation of D to the convected

frame
13.4 Heat flux in a magnetoplasma
13.5 The viscous stress tensor
13.6 Ohm’s law extended to second order
13.7 Turbulence and transport
13.8 When second-order terms dominate
Exercises 13

CHAPTER 5. MAGNETOPLASMA SHOCK WAVES

Shock waves as discontinuities

14.1 The jump conditions across an mhd shock wave
14.2 The thermodynamic constraint

14.3 Classification of mhd shocks

14.4 The momentum and energy surfaces
14.5 Thermodynamics of mhd shock waves
14.6 Shock wave calculations

14.7 The two types of fast shock wave

14.8 Perpendicular shock waves

14.9 Ionizing shock waves

Exercises 14

Shock wave stability

15.1 Perturbations of the shock discontinuity

15.2 Evolutionary conditions for normal disturbances
15.3 Structural stability

15.4 The eigenvalues

15.5 The effect of the Hall term

15.6 Structural degeneracy

Exercises 15

Shock wave structure

16.1 Large amplitude ‘hydromagnetic’ waves
16.2 Dissipative length-scales

16.3 First-order dissipative processes

16.4 The failure of first-order theory (collisionless shocks)

16.5 Anomalous resistivity due to plasma turbulence
16.6 Diffusion in a theta pinch

xiii

307
310

313
313
316
318

319
322
324
328
329
331
333

335.

336
336
339
340
344
346
348
350
353
355
359

360
360
363
364
367
369
373
375

377
378
381
383
387
389
391



Xiv

17

18

19

CONTENTS

16.7 Second-order dissipative length-scales *

16.8 Second-order shock structures observed in laboratory
plasmas

16.9 Double-structured shocks due to ion reflection

16.10 The shock-foot profile

16.11 The Earth’s bow shock

Exercises 16

CHAPTER 6. TRANSPORT IN TOKAMAKS

Tokamak physics

17.1 Basic tokamak variables

17.2 Global confinement times

17.3 Heating

17.4 Classical treatment of particle transport

17.5 Neo-classical transport

17.6 Tokamak microturbulence

17.7 Energy confinement time for ohmically heated plasmas
Mathematical note 15. Dimensional analysis applied to 7g
17.8 Energy confinement time for auxiliary heated plasmas
17.9 Other observations related to transport

Exercises 17

Thermal diffusion in tokamaks

18.1 The electron thermal diffusivity

18.2 'The electron energy confinement time

18.3 Comparison of experiment and theory for OH-plasmas
18.4 The radial dependence of the diffusivity

18.5 Electron thermal diffusivity at high poloidal beta

18.6 'The sawtooth oscillation: L and H-modes

18.7 Comparison of experiment and theory for NBI plasmas
18.8 The ion thermal diffusivity

Exercises 18

Collisional diffusion in tokamaks

19.1 The second-order viscous force

19.2  The radial component of plasma velocity

19.3 The plasma confinement time

19.4 The toroidal current and loop voltage relationship
19.5 Plasma confinement with neutral beam injection
19.6 The convection of energy

19.7 The toroidal momentum confinement time

19.8 The reversed-field pinch

19.9 Outline of a theory of RFPs

Exercises 19

393

395
396
401
404

. 407

408

411
412
416
420
423
426
430
431
432
435
437
440

443
443
445
448
450
451
455
456
457
458

461
461
464
465
468
471
472
472
475
480
483



CONTENTS

20 Tokamak instabilities
20.1 Sawtooth oscillations
20.2 The physics of sawtooth oscillations
20.3 The sawtooth period
20.4 Comparison of theory and experiment for the sawtooth
oscillation
20.5 Major disruptions
20.6 Tokamak stability theory: density limits
20.7 Stabilizing tokamaks
Exercises 20

Appendix: Al Physical constants in MKS units
A2 Frequencies, speeds, and lengths

References

Index

484
484
487
492

494
496
499
503
504

505
505

506
514



