Table of Contents

Editor’s Foreword x1
Preface xiil
1 Introduction 1

1.1 The Science of Plasma Confinement . . . . . ... .. 1
1.2 Goalsand Synopsis . . . . ... .. ... ... ..., 2
1.3 Confinement Demands of Controlled Fusion . . . . . 3
1.4 Magnetized Plasma Confinement . .. ... ... .. 7
0
7

1.5 Character of Toroidal Confinement . . ... .. ... 1
1.6 Understanding Confinement . . . ... ... ..... 1
2 Review of Fundamentals 19
2.1 Tensor Calculus . .. ... ............... 19
2.2 Lagrangian and Hamiltonian mechanics . . . . . . .. 26
2.3 Maxwell-Lorentz equations . . . . ... ... ..... 29
2.4 Charged Particle Motion . . . . . ... ... ..... 33
3 Confined Plasma Equilibrium 45
3.1 FluxSurfaces . ... ... ... ... ........ 45
3.2 Magnetic Flux Coordinates . . . . ... ... ..... 52
3.3 Applications of Flux Coordinates . . ... ... ... 57
3.4 Special Cases of Flux Coordinates . . . . . ... ... 62
3.5 Scalar Pressure Equilibrium . .. ... ... ... .. 66
3.6 Explicit Force Balance . . . ... ... ... ..... 71
3.7 Ampére’sLaw . .. . ... ... ... o 74
3.8 Tensor Pressure Equilibrium®* . . ... ... ..... 78
3.9 Magnetic Field . . ... ................ 81
3.10 Plasma Current . . . ... ... ... .. .. ..... 82
3.11 Equilibrium Electric Field . .. . ... ... ..... 87
3.12 Large Aspect Ratio Approximation . . ... .. ... 89
313 Summary . . . . ... .. 96

XV



Xvi

Kinetic Description of a Magnetized Plasma

4.1 General Kinetic Equation . . . . . ... ... ... ..
4.2 Drift-kinetic Equation . . . ... ... ... .. ...
4.3 Gyrokinetic Equation™ . . . ... ... ... .....
4.4 Guiding-center Phase Space . . . ... ........
4.5 Application: Flow of a Magnetized Plasma . . . . . .
46 Summary. . . . ... ...

Coulomb Collisions

5.1 General Collision Operator . . . . ... ... .....
5.2 Coulomb Operator . ... ... ............
5.3 Application: The Equilibrium Distribution . . . . . .
54 Summary . . . ... ...

Fluid Description of Magnetized Plasma

6.1 Moments of Distribution Function . . . . . ... ...
6.2 Moments of Kinetic Equation . . ... ... .. ...
6.3 Small Gyroradius Ordering . . . . ... ... .. ...
6.4 MHD Closure . .. .... ... ... ... .....
6.5 Generalization of MHD . . . . . . ... ........
6.6 Application of the Drift Model: Drift Waves . . . . .
6.7 Summary . . . ... ...

Stability of Confined Plasmas

7.1 General Stability Considerations . . . . ... .. ...
72 Ideal MHD Waves . . . .. ... ............
7.3 Shear-Alfvén Law . . ... ... ............
7.4 Flute Reduction . . . ... .. .. .
7.5 Cylindrical Reduced MHD . . . . ... ... ... ..
7.6 Ideal MHD Stability* . . . ... ... ... ......
7.7 Asymptotic Matching . . . ... .. ... ... ...,
7.8 Boundary Layer Theory . ... ............
7.9 Kinetic Effects™ . . . ... ... ... . ...
7.10 Ballooning Representation . . . . ... .. ... ...
7.11 Ideal Stability . . . . ... ... ............
7.12 Model Equation® . . ... ... .. ... .......
7.13 Non-Ideal Stability* . . . . . .. ... .. .......
714 Summary . . . . ... ...

Collisional Transport

8.1 Introduction: Classical Perpendicular Transport . . .
8.2 Fluid Evolutionina Torus . . . . ... ........
8.3 Axisymmetric Geometry . ... . ... ... .. ...
8.4 Entropy Production® . .. ... ... ... ... ..
8.5 Tokamak Transport: Basic Features . .. ... ...

Contents

105
105
113
123
134
144
152

157
157
163
176
185

191
191
194
199
211
218
228
235

241
241
245
247
252
260
272
279
282
291
298
303
307
314
314

321

321

327
332
338
342

Contents

8.6 Tokamak Transport: Analysis and Results® . . . . .

87 Summary . . . . . . ..o
9 Nonlinear Processes
9.1 MagneticIslands . . .. ... ... .. ... ...,
9.2 Coherent Nonlinear Islands®* . . . ... ... .. ...
9.3 Multiple Helicity Fields: Island Overlap Criterion . .
9.4 Anomalous Particle Transport . . . . ... ... ...
9.5 Ambipolarity and Rotation®* . . . . .. .. ... ...
9.6 Summary. . . ... ...

xvii

351
370

375
375
382
386
391
394
398



