 TURBULENT TRANSPORT
N MAGNETIZED PLASHAS

Wendell Horton

\\:GWorld Scientific



Published by

World Scientific Publishing Co. Pte. Ltd.

5 Toh Tuck Link, Singapore 596224
USA office: 27 Warren Street, Suite 401-402, Hackensack, NJ 07601

UK office: 57 Shelton Street, Covent Garden, London WC2H 9HE

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

TURBULENT TRANSPORT IN MAGNETIZED PLASMAS
Copyright © 2012 by World Scientific Publishing Co. Pte. Ltd.

All rights reserved. This book, or parts thereof, may not be reproduced in any form or by any means, electronic
or mechanical, including photocopying, recording or any information storage and retrieval system now known
or to be invented, without written permission from the Publisher.

For photocopying of material in this volume, please pay a copying fee through the Copyright Clearance Center,
Inc., 222 Rosewood Drive, Danvers, MA 01923, USA. In this case permission to photocopy is not required from

the publisher.

ISBN 978-981-4383-53-0

Printed in Singapore.



Foreword

Contents

1. Basic Concepts and Historical Background

1.1 Space and Astrophysics . . . .. ... L 0oL
1.2  World War II, Teller 1952 . . . . . . . . . ... .. ... ...
1.3 Controlled Nuclear Fusion . . . . . . .. ... ... ... . ....
14  Magnetic Confinement Conditions for Nuclear Fusion . . . . . . .
1.5  Nature of Plasma Turbulence . . . . .. .. ... ... .. ....
1.6 Breakthrough with Tokamak Confinement . . . . . .. .. .. ..
1.7  Confinement Records Set in Early Tokamaks . . . .. ... ...
1.7.1  First generation tokamaks: Ormak, PLT, Alcator, ATC
and TFR . . . .. ... . . oo
1.7.2 TFTR and the D-T fusion plasmas . . .. .. ... ...
1.7.3  Third-generation tokamaks with international growth . . .
1.8 JET Record Fusion Power Experiments . . . . .. .. .. .. ..
ReJEremens ¢ 5 1 s ¢ pe BB BB E T E 3 § £ 5§ 55 35 FAg @ e ww 0

2. Alfvén and Drift Waves in Plasmas

2.1
2.2
2.3
2.4
2.5

2.6
2.7
2.8

Low-Frequency Wave Dispersion Relations . . . . . . ... .. ..
Reduction of the Kinetic Dispersion Relation . . . .. .. .. ..
Drift Waves . . . . . . . . . e
Kinetic Alfvén Waves . . . . . . . . ... .

Coupling of the Drift Wave, Ion-Acoustic and Shear Alfvén

Waves . . . . e
2.5.1  Electrostatic drift waves . . . . .. ... ... ... ...
Drift Wave Eigenmodes in a Sheared Magnetic Field . . . . . ..
Symmetries of the Drift Wave Eigenmodes . . . . . . . . . . . ..
Outgoing Wave Boundary Conditions . . . . ... .. ... ...
2.8.1 Localized ion drift modes . . . . . . . ... ... ... ..

vii

-1 oo N

13
14

16
17
17
22
25



Turbulent Transport in Magnetized Plasmas

2.9  Ion Acoustic Wave Turbulence . . . . ... ... .. ... .. ...
2.9.1 Electromagnetic scattering measurements of ion acoustic
WAVES © « . v e e e e e e e e e e e
2.9.2  Laser scattering experiment in Helium plasma . . . . . ..
2.9.3 Probe measurements of the two-point correlation
functions . . . .. ...
2.9.4  Probe measurements of the spectrum and anomalous
TeSiStivity « « ¢ ¢ s v n s v s v s v e e m v e @ e s s o8 s s s s
2.9.5 Drift wave spectral distributions . . . . . ... ... L.
2.9.6  Microwave scattering experiments in PLT . . . . .. .. ..
2.10 Drift Waves and Transport in the TEXT Tokamak . . . .. .. ..
2.11 Drift Waves in Stellarators. . . . . . . . ... ..o
References . . . . . . e

Mechanisms for Drift Waves

3.1  Drift Wave Turbulence . . . . .. ... .. ... ... .. ... ..
3.2 Drift Wave Mechanism . . . . . . ... .. .. ... ... .. ...
3.3 Energy Bounds for Turbulence Amplitudes . . . .. ... ... ..
3.3.1 Density gradients . . . . . .. .. ...
3.3.2 Temperature gradients . . . . .. .. ... ... .. .. ..
3.3.3  Drift wave eigenmodes in toroidal geometry . . . . .. ..
3.3.4  The effect of magnetic and E, shear on drift waves .
3.4  Weak Turbulence Theory for Drift Waves . . . . ... ... .. ..
3.5 Ion Temperature Gradient Mode . . . . . .. ... ... ... ...
3.6  Drift Waves Paradigms: Hasegawa-Mima and Hasegawa-Wakatani
Models. . . . . . . . . .
References . . . . . . . e

Two-Component Magnetohydrodynamics

4.1  Collisional Transport Equations . . . . . . .. . ... ... ... ..
4.2 Current, Density and Temperature Gradient Driven Drift Modes .
4.2.1 Ion acoustic waves and the thermal mode . . . . . . . . ..

4.2.2  Jon temperature gradient instability . . . . ... .. .. ..

4.3  Closure Models for Coupled Chain of Fluid Moments . . . . . . ..
4.3.1 Closure models for the chain of the fluid moments . . . . .

4.4  Pressure Gradient Driven Instabilities . . . . . .. ... ... ...
4.4.1  Scale invariance properties arising from an Ohm’s law with
electron inertia . . . . . . . .. ... Lo

4.42  Scaling of correlation length and time . . . . . . .. .. ..

4.4.3 Magnetic flutter thermal transport . . . . . ... ... ..

4.44  Electron inertia Ohm’slaw . . . . . .. ... ... ... ..

4.5 Momentum Stress Tensor Stability Analysis . . . . . .. ... ...

65

65
67
68
68
69
71
77
79
82

86
90



=~

4.6

Contents

Kinetic Ballooning Mode Instability . . ... ... ... . ... ..

References . . . o . i e e

Laboratory Experiments for Drift Waves

5.1  Basic Laboratory Experiments for Drift Waves with Uniform
Temperature Profiles . . . . . .. .. .. ... . 0L
5.2  Discovery of Drift Waves in Early Q-Machine Experiments . . . . .
References . . . wwwewwd s s: 5 ¢t BuasE@@® 88 8 £ {85 1 55 %
Magnetohydrodynamics and Magnetic Confinement Geometries
6.1  The MHD-Magnetohydrodynamic Model . . . . . . . . .. .. ...
6.1.1 MHD equations . . .. .. .. .. ... ...
6.1.2 Comservation formof MHD . . . . . . . .. .. ... ... .
6.1.3 MHD stable plasmas . . . .. ... ... ... .. .....
6.1.4 Interchange stability condition . . . . . .. ... ... ...
6.1.5 Plasma energy functional of MHD . . . . . .. .. .. ...
6.1.6 Limitations of the MHD model . . . . . . . .. .. .. ...
6.2  Double Adiabatic Pressure Tensor for Anisotropically Heated
Plasmas . . . . . . . . o
6.3  Ballooning Interchange Modes and the Trapped Particle
Instability . . . . . . .
6.4  Experimental Discovery of the Trapped Particle Instabilities . . . .
6.5  Discovering the Trapped Particle Instability . . . . . .. .. .. ..
6.5.1  Parallel particle dynamics . . . . .. .. ... ... .. ..
References s awwm 215833 5 8 s BB B EH € £ 1§ F R EE FEEEE DA

Laboratory Plasma Experiments for Waves and Transport

7.1
7.2

7.3

Laboratory Plasma Drift Waves in Cylinders . . . . .. .. .. ..
Helimak Confinement . . . . .. . . . ... ... ... ... ....
7.2.1  Helimak geometry and plasma dynamics . . . . .. .. ..
7.2.2 Magnetized jet: the unbounded case . . . . . .. . ... ..
7.2.3 Magnetized jets in Helimak . . . . .. ... ... ... ...
7.2.4  The slab model for the Helimak . . . . .. ... .. .. ..
7.2.5 Linear dynamics in Helimak . . . ... ... .. ... ...
Toroidal Octupoles and Field Reversed Configurations . . . . . . .
7.3.1  Toroidal geometry with helical magnetic fields . . . . . ..
7.3.2  Density of rational surfaces and the KAM tori . . . . . ..
7.3.3  Dynamical limitations of the MHD model and the fluid
moments closure problem . . . . ... ..o L0
7.3.4  Reduction of the toroidal plasma dynamics . . . . . . . ..

Referemees . . . . s s 5 3¢ s nwseam 8 i §¢§: 3 Frmpms=s 8 i3

xi

114
116

119

122
125
127

128

128
129
131
134
137
138
138

140

144
145
146
148
150



xii

10.

Turbulent Transport in Magnetized Plasmas

Turbulence Theory for Drift and Alfvén Waves 184
8.1  General Considerations: Analogs with Geophysical Fluids . . . . . 184
8.2  Noalinear Drift Wave Models . . . . . .. ... .. .. ... . ... 188

8.2.1 Consequences of sheared flows on the drift wave power

spectrum . . . ... Lo e 191

8.3  lon Temperature Gradient Induced Transport . . . . . . . . . ... 192
8.4  Nonlinear Three-Mode Interactions and Drift-Wave

Turbulence in a Tokamak Edge Plasma . . .. .. ... ... ... 193
8.5  Inmertial Spectral Ranges in 2D and 3D Turbulence . . .. . . . .. 196
References . . . . . .. o 199
Impurity Transport Studies 202
9.1  Drift Wave Eigenmodes with Active Impurity Components . . . . 204

9.1.1 Eigenmodes and the quasilinear fluxes with impurities . . . 206
9.2  The Three-Component Fluid Equations . . . . . ... .. ... .. 210

9.2.1 Reduction of three-component fluid equations . . . . . . . 211

9.2.2  Trapped electron mode (inside the SOL) . .. .. .. ... 213

9.2.3  Spectral expansion of the nonlincar fields for impurity

turbulence . . . ... ..o Lo e 215

924 Application to ITER. . . . . . ... ... ... ... .... 216
9.3  Impurity Transport in High-Density Regimes . . . .. .. ... .. 217
9.4  Trace Impurity Transport Studies in the Texas Experimental

Tokamak (TEXT) . . . s s sssaoes o085 s3:353::5: ;3 217
9.5  Thermalization of Impurities and the Collisional Fluxes . . . . . . 221
9.6  Scandium and Titanium Transport with Ionization and

Recombination . . . .. .. .. .. ... L o 223
9.7 Mass Flows and Transport of Impurities in the Tokamak . . . . . . 225
Referemces . . . . . . e 228
Coherent, Structures in Plasmas 230

10.1 Kelvin-Helmholtz Instability and Vortices in Magnetized Plasma . 230

10.2  Drift Wave Models for LAPD . . . . ... ... ... . ... .... 232
10.2.1 The vorticity probe . . . . . ... .o 238
10.2.2 Vorticity probe measurements on the Kelvin-Helmholtz

instability . .. ... . o oo 241
10.2.3 Kelvin Helinholtz turbulence with drift waves . . . . . . . 244

10.3 Experimental Measurement of Vorticity Dynamics Studies and the
Reynolds Stress « : s swmmewm s6 8 4 ¢ 6 26 855 853 5 5880 245

10.4 Electromagnetic Vortices . . . . . . . . . . ... 248
10.4.1 Basic considerations of Alfvén-drift wave vortices . . . . . 248
10.4.2 Special solutions for vortex boundary value problems . . . 249

10.4.3 Drift Alfvén wave vortices . . . . . . . .. .. .. ..., 253



11.

12.

13.

Contents

xiii

10.4.4 Electromagnetic electron skin depth vortices and electro-
magnetic short-wavelength drift vortices . . .. ... ... 259
10.4.5 Comparisons of the electromagnetic vortices . . . . . . . . 262
References . . . . . . . 264
Fluctuating Magnetic Fields and Chaotic Orbits 266
11.1 Kinetic Theory Formulas for the Fluctuating Electromagnetic
Fields . . . .. . 267
11.2 Requirements for Self-Consistent Fields . . . .. ... ... .. .. 271
11.2.1 Dispersion relation for two-temperature Maxwellian
distribution . . . . .. ... oo L 272
11.2.2 Electromagnetic dispersion relation for cross-field beam
injected plasma . . . .. . ... 274
11.2.3 Anisotropy-driven growth rates . . . . ... ... ... .. 275
11.3 Quasilinear Fluctuation Diffusion Tensor . . . . . . . . . .. .. .. 276
11.4 Electron Diffusion from Magnetic Flutter in Tokamaks . . . . . . . 277
11.4.1 Polarization relations for low-frequency electromagnetic
fluctuations . . . . .. ..o 277
11.4.2 Qualitative picture of anomalous transport due to
magnetic fluctuations . . . . . .. .. ... L. 278
11.4.3 Electron thermal transport from magnetic fluctuations
in the fluid approximation . . .. .. .. ... ... .. .. 283
11.4.4 Kinetic theory of transport due to magnetic fluctuations . 286
References . . . . . . . 290
Toroidal Confinement Systems 292
12.1 Toroidal System with High Temperature Plasmas . . . . .. .. .. 292
12.2  Helical Toroidal Systems: LHD, Heliotrons, and Stellarators . . . . 293
12.3 Neoclassical Dynamics and Transport in Toroidal Systems . . . . . 296
12.4 Large Helical System Fields and Transport . . . ... ... .. .. 298
12.4.1 Fluctuations in the ballooning mode representation . 298
12.4.2 Drift waves in the ballooning representation . . . . . . .. 299
12.5 Toroidal Alfvén Eigenmodes . . . . . . . . ... ... ... .. ... 301
References . . . . . . . . e e 305
Temperature Gradient Driven Instabilities 308
13.1 Ion Temperature Gradient Instabilities . . . . . . ... ... .. .. 308
13.2  Mechanism of the Ion Temperature Gradient Instabilities . . . . . 311
13.2.1 Nyquist analysis . . . . . . . . .. .. ... .. ..., . 316
13.2.2 Full 3 x 3 electromagnetic ion temperature gradient

modes . . . . ..



xiv

14.

15.

Turbulent Transport in Magnetized Plasmas
13.2.3 Limiting cases of the electromagnetic ITG dispersion
relation . . ... Lo e 319
13.2.4 Ton temperature gradient and trapped electron transport . 319
13.3  Analytical TEM-ITG Drift-Wave Model . . . . .. .. .. ... .. 320
13.3.1 Nonadiabatic electron response functions . . . . . .. . .. 321
13.4 Internal Transport Barriers for ITG/TEM Models . . .. ... .. 325
13.5 The Weiland ITG/TEM Transport Model . . . .. .. .. .. ... 330
References . . . . ... 335
Electron Temperature Gradient Driven Turbulence 338
14.1 Electron Transport and the Critical Temperature Gradient . . . . 338
14.2  Electron Temperature Gradient Transport . . . . . . . .. .. ... 345
14.2.1 Two-space scales for electron transport . . .. .. ... .. 347
14.2.2 Nonadiabatic ion response . . . . .. .. ... .. ... .. 348
14.3 Electron Thermal Transport in TCV . . . . . ... ... ... ... 349
14.4 ECRH Driven Discharges . . . . . .. .. .. .. ... ....... 352
14.5 Electron Temperature Gradient Turbulence Modeling . . . . . . . 356
14.6 Validation Analysis of the Electron Transport Modeling . . . . . . 361
14.7 LHCD Driven Discharges and Anisotropic Electron Phase-Space
Distribution Functions . . . . . . . .. .. ... ... ... .. ... 362
14.7.1 Comparison of T, and q. gradients . . . . .. ... .. .. 364
14.7.2  Kinetic dispersion relation for LHCD plasma . . . . . . . . 365
14.7.3 Hydrodynamic-FLR limit of PYHCP _function . . . . . . . . 365
14.7.4 Analytic quasilinear RF velocity diffusivity . . . . . . . .. 367
14.7.5 High-power LHCD plateau model F, . . . ... ... ... 368
References . . . . . .. 371
Magnetic Reconnection Instabilities 376
151 IntroduGtion . . : « s o m s w e m ¢ ¢ ¢ 6 2 ¢ 5 ¢ 5 5 8 ©38 8.5 55 5 5 s 376
15.1.1 Nonlinear dynamics of the sawtooth events . . . . . . . .. 380
15.2 Effects of Drift Wave Turbulence on Magnetic Reconnection . . . . 385
15.2.1 Two-component fluid simulations . . . .. ... ... ... 386
15.2.2 Magnetic islands caused by turbulence . . .. .. ... .. 387
15.2.3 Formation process of magnetic islands . . . . . .. .. ... 389
15.2.4 Mixing of the eigenmode parities . . . . . . .. .. .. ... 390
15.3 Equilibrium and MHD Equations . . . . . . . ... ... ... ... 392
15.3.1 Electron viscosity or hyper-resistivity . . . .. ... .. .. 392
15.3.2 Linear eigenmodes . . . . . . ... ... 393
15.4 Double Tearing Mode in Plasmas with Anomalous Electron
VISEOSILY : : « : ¢ s ¢ e wmwE B G E 4 08 8 8 £ 53 (68 BBaPs 393
15.5 Two-Space-Scale Analysis and Dispersion Relation . . . . ... .. 396

15.5.1 Stable double kink modes . . . . . . . . ... ... ... .. 397



16.

17.

Contents

15.5.2 Growth from resistivity and electron viscosity . . . . . ..
15.6 Numerical Eigenmodes of Resistive Viscous Tearing Modes
15.7 Magnetic Reconnection Instabilities . . . .. .. ... ... .. ..
15.8 Turbulent Impulsive Magnetic Energy Release from Electron

Scale Reconnection . . . . . . . . . . ...

15.8.1 Electron scale magnetic reconnection model . . . . . . ..
15.9 Rotating Magnetic Island and Locked Modes . . . . . . . ... ..
Referemces . . . . . . . e e

Ignition Physics in Multiscale Plasma Turbulence

16.1 Ignition and Confinement Simulations for Compact High-Field
Tokamaks . . . . . . . .. e
16.2 Turbulent Transport in Ignition Experiments . . . . . ... .. ..
16.2.1 Tokamak confinement time based on the L-mode
database . . . .. .. ... oL
16.2.2 TImproved confinement regimes with peaked density
profiles: LOC, SOC and I0OC regimes . . . . ... ... ..
16.2.3 Dynamics of reversed magnetic shear confinement in fast
current tramp discharges . . . . . .. ... ... .
16.2.4 High-confinement H-modes . . . . . . . .. ... ... ...
16.2.5 Turbulent heat diffusivity in the JETTO and MMM
transport codes . . . ... ..o oo
16.3 Simulations with the JETTO and MMM95 Transport Codes
16.3.1 Sawtooth Modeling . . . . . . .. . .. .. ... ... ..
16.3.2 Sawtootheffects . . . . . . . ... ... ... ...
16.3.3 RF powerscan . . . . . . . . . ... ... ... ... ....
Heferemee wowwmma ¢ 0 65835 88383388 Fcapumoms s s 0

Rotational Instabilities

17.1
17.2

Rotation in Cylinders . . . . . . . . .. . .. ... ... ... ...
Rotation in Cylindrical Plasma . . . . . .. .. .. .. .. .. ...
17.2.1 Solid body rotation eigenmodes . . . . . . .. ... .. ..
17.2.2 Rotational instabilities in central cells of mirror machines
and cylindrical plasmas . . . . . . ... .. .00
17.2.3 Shear Alfvén wave stabilization of the rotational
instabilities . . . . . . .. ... Lo Lo
17.2.4 Wave energies and the variational principle for determining
plasma stability . . . .. . ... . o 0oL
17.2.5 Rotation in tokamaks: transport and stability . . . . . ..
17.2.6 Improved confinement modes . . . . . . . ... ... ...

References . . . . . . . . e

XV

397

. 403

405
406
408
414
415

420

420
427

428

429

432
432

433

. 434

435
436
437
440

448

450



xvi

Turbulent Transport in Magnetized Plasmas

18. Transport Simulations with Multiscale Codes for Internal

Transport Barrier Formation 461
18.1 Multi-Mode Models . . . . . .. . . ... 464
18.2 Electron Thermal Transport Barriers in Tokamaks . . . . . .. .. 466
18.3 Predictive Transport Simulations of Internal Transport

Barriers Using the Multimode Model . . . . . . . ... ... .. .. 467
18.3.1 Dynamic behavior of ITBs . . . ... ... .. ... .. .. 470
18.3.2 Weak magnetic shear OS and reversed magnetic shear
NCS confinement . . . . . . . . ... 471
18.3.3 Statistical analysis of the simulation profiles . . . . .. .. 473
References . . . . . . .. 475
19. Gyrokinetic Simulations of Drift Wave Turbulence 478
19.1 Benchmark of Simulation Codes on Masgsively Parallel
Machines of the 2000-2010 Era . . . . . . . . . .. .. ... . ... 481
19.2 Gyrokinetic Toroidal Code . . . . . . . . .. ... oL 484
19.2.1 Kinetic electrons and electromagnetic turbulence . . . . . . 484
19.2.2 Perturbative (§f) and nonperturbative (full-f)
simulation, : : s s s omema 18 § 0 85 g6 v £ 5 85 v 485
19.2.3 General toroidal geometry and experimental plasma
profiles . . . . .. L L 485
19.2.4 Versions and development path of the GTC gyrokinetic
code . . ... 486
19.2.5 Non-diffusive transport of trapped electron mode
turbulence . . . . . ... o 486
19.2.6 Turbulence spreading and non-local transport in reversed
shear plasmas . . . . . . . ... ... oL 487
19.2.7 Vlasov (Continuum) Gyrokinetic Simulations . . . . . . . . 487
19.3 Energetic Particle Transport . . . . . . ... ... ... ... ... 488
19.4 Momentum Turbulent Transport . . . . .. .. .. .. ... .... 488
19.5 Wave-Particle Decorrelation as the Transport Mechanism in
ETG Turbulence . . . . . . . . . . . . 489
19.5.1 Statistical theory of particle noise-induced transport in
PIC simulation . . . . . .. ... . ... ... ... ... 489
19.5.2 Global simulation of ITG modes with profile effects . . . . 489
19.6 GEM Code Development Path . . .. . .. .. .. ... ... ... 490
19.7 Outlook for Future of Toroidal Magnetic Confinement
Systems and Nuclear Fusion Power Reactors. . . . . . .. ... .. 490
References . . . . . . e 491
Index 497



