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Reception in the Alumni lLounge - Wisconsin Center
April 14 - 6:00 - 10:00 PM

WELCOME - 8:30 - 8:40 AM -~ (Memorial Union Theater)
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1985 SHERWOOD THEORY CONFERENCE
ANNUAL CONTROLLED FUSION THEORY CONFERENCE
APRIL 15-17, 1985

SUNDAY, APRIL 14, 1985

6:00 PM = 18:00 PM REGISTRATION Wisconsin Center

6:04 PM = 16148 PH RECEPTION Wisconsin Center - Alumn{ Lounge

MONDAY, APRIL 15, 1985

9:09 AM REGISTRATION Wisconsin Center

800 AM
8:35 AM WELCOME (J. L. Shohet) Memorial Unfon Theater

8:30 AM

IA REVIEW SESSION 8:35 - 9:35 AM Memorial Unfion Theater (Chair: E. J. Caramana)

Lie Algebrafc Methods for Computing Charged Particle Beam Transport. A. Dragt.

18 MIRRORS 9:45 ~ 12:15 Wisconsin Center - Lakeshore Room {(Chair: T. B. Kaiser)

Plasma Response To Drift-Pump Fields In Tandem Mirrors. Y. J. Chen, D. E. Baldwin, J. A. Byers,
R, H. Cohen, T. B. Kaiser, W. M. Nevins, L. D. Pearistein, and H. Ramachandran.
Axisymmetric Mirror Plasma Stable To MHD and Aifven lon-Cyclotron Modes. G. R. Smith, H. L. Berk, and
L. L. LoDestro. :
On the Construction of Optimal 3-D MHD Equilibrium Configurations. M. P. Bernardin and J. A. Tataronis.
Stability of a Hot Electron Symmetric Tandem Mirror With Thermal Barrier. K. T. Tsang.
Oscillation Center Theory and Ponderomotive Stabilization of Mirrors. P. L. Simflon.

1P POSTER SESSION 9:45 ~ 11:00 AM Wisconsin Center -~ Alumni Lounge and Robert P. Lee Lounge

Ballooning Stability Boundaries with Plasma Compression. D. J. Sigmar, W. A. Cooper, and S. P. Hirshman.
Coherent CO0-2 Laser Scattering For Alpha Particle Detection. L. Vahala, G. Vahala, and D. Sigmar.
Analytic F-Theta Curves for Reversed Field Pinches. K. M. Ling and D. A. Baker.

Stability of An Axisymmetric Mirror With An Energetic Ion Component. J. F. Krall, C. E. Seyler, and

R. N. Sudan.
Trapped Electron Effects On Electrical Conductivity and Runaway Production. M. G. McCoy, G. D. Kerbel,

and R. W. Harvey.
Optimization of Neutral Beam Injection Inte ATF. J. A. Rome and R. N. Morris.

3 D Nonlinear MHD Simulation In Toroidal Geometry. W. Kerner, H. Welter, D. Biskamp, and D. S. Harned.
Wave-Induced Current and Heating In a Non-Homogeneous Plasma. Y. P. Pao.

Highly-Elongated Ideal Free-Boundary Magnetohydrostatic Equilibria. H. St John, F. J. Helton, and

R. W. Moore. '

Singular Finite Element Methods For Finite Beta Plasmas. A. D. Miller and R. L. Dewar.

Energetic Electron Effect on MHD Modes In Tokamaks. J. Y. Hsu, M. S. Chu, J. S. Kim, and K. K. Lee.
Strong Damping of Electron Cyclotron Waves in Nearly Parallel Stratified Plasmas. D. B. Batchelor,

A. Fruchtman, K. S. Riedel, and H. Weitzner.,

Artificial Intelligence Methods For Facilitating Large~Scale Scientific Computations. N. T. Gladd and

N. A. Krall.
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Solution of the Electron’s Fokker-~Planck Equation for Tandem Mirror Trapped Particle Modes. H. L. Berk.
Ponderomotive Force Pumping of Tandem Mirror Thermal Barriers. J. F. Santarius and J. D, Callen.
Kinetic Theory of ICRF Stabilization of Interchange~Ballooning Modes. D. A. D'Ippolito and J. R. Myra.
Lower=-Hybrid Current Drive In the Presence of an Ohmic Electric Fileld. V. Fuchs, M. M. Shoucri,

A, Bers, and R. A, Cairns. '

Fokker=Planck Calculations For JET ICRF Heating Scenarfos. J. Scharer, J. Jacquinot, and P. Lallta.
Simulation of Plasma Relaxation. D. D, Schnack and D, C. Barnes.

Dynamo Model For the Reversed-Field Pinch In the Small Flow and Resistivity Limit. D. Dobrott,

D. €. Barnes, and D. D. Schnack.

Alpha Particle Destabilization of Ballooning Modes In Tokamaks For Various Energy Distributions.

D. A, Spong,-D. J. Sigmar, D. E. Hastings, W. A. Cooper, and K. T. Tsang.

Half~Coalescence of the m = 1, n = | Magnetic Island: A More General Formulation. M. N. Bussac,

R. Pellat, J. L. Soule, and M. Tagger.

Numerical Calculation of Neoclassical lon Thermal Conductivity and Viscosity. S. K. Wong.

A New Three-Dimensional MHD Equilibrium Code. A. Reiman and H. Greenside.

Modifted Convective Cells In Plasmas. D. Jovanovic, H., L. Pecseli, and J. J. Rasmussen.

10 POSTER SESSION 11:85 -~ 12:20 Wisconsin Center - Alumni{ Lounge and Robert P, Lee Lounge

Energy Transduction In Pellet~Injected Plasmas. F. J. Mayer.
A Preliminary Examination of ICRF Heating Theory on ATF. R. J. Kashuba and D. E. Driemeyer.
Numerical Solution of the Fokker-Planck Equation For Ripple Transport In Stellarators. W. N. G, Hitchon
and H. E. Mynick.
ICRF Wave Coupling Propagation and Heating In Large Tokamaks. H. Romero, N. T. Lam, and J. Scharer.
Alpha~Particle Behavior In Stellarator Reactors. D. Ho and R. M. Kulsrud.
Resistive Ballooning Modes in a High Temperature Plasma. J. W. Connor, R. J. Hastie, and T. J. Martin.
Three-Dimensional Tandem Mirror Equilibria With Finite Larmor Radius Effects. L. D. Pearistein and
B. McNamara.
Double Adiabatic Compression of Field~Reversed Configurations. R. L. Spencer.
Inductive Inhibition of Cold-Plasma Stabilization of Mirror-Confined Plasmas. G. E. Guest, R. L. Miller,
and M. Z. Caponi.
Stability of Islands to Antisymmetric Perturbations in Tokamaks. A. Y. Aydemir.
Application of Low Frequency Electromagnetic Variational Form To Trapped Particle Modes With Azimuthal
Rotation. DB. Lane and H. Berk.
Toroidal Viscosity and Ambipolarity In the Neoclassical Theory of Axisymmetric Tori. P. J. Catto.
Transport Code Simulations with a Comprehensive Drift-Ballooning Model. R. R. Dominguez, W. Pfeiffer,

and R. E. Waltz.
Axisymmetric Stability Studies of a Divertor Limited Bean~Shaped Tokamak. N. Pomphrey, S. C. Jardin,

and M. Okabayashi.

Comparison of Various Thermal Conduction Models On ithe Prediction of Density Limits In Tokamak
Discharges. P. N. Guzdar and J. Q. Dong.

Numerical Simulation of Transport In a Field Reversed Configuration; Comparison With Exper iment.
D. E. Shumaker.

Modeling Ambipolar Potential Formation Due To ICRF Heating Effects On Electrons. J. W. Jdohnson,
J. D. Callen, and N. Hershkowitz.

The Spectrum of Resistive Viscous MHD. K. Riedel.

Evolution Of A Tokamak Close To the Beta Limit. J. S. Kim, M. S. Chu, and J. K. Lee.

Direct Implicit Particle Simulation of Tandem Mirror Transport. B. I. Cohen, M. E. Stewart, and
C. K. Birdsall, .

High Frequency Modes In Toroidal Plasmas. P. Detragiache, B. Coppi, S. C. Cowley, R. M. Kulsrud, and
F. Pegoraro.

Ion-Viscosity Effects On m = 1 Modes. F. Porcelli and B. Coppil.
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The Computation of Single Heliecity RFP Ohmic States. G. Marklin,
A Magnetic and Inertial Hybrid Fusion. A. Hasegawa.
Strong Interaction of Resonant Particles With Wavepackets, J. R. Cary.

1C MHD EQUILIBRIUM AND STABILITY 2:00 ~ 5:38 PM Wisconsin Center ~ Lakeshore Room (Chairt D, C. Barnes)

JET MHD. J. A. Wesson.

Toroidal Minimum-B Equilibria and Related Configurations, C., M., Bishop and J. B. Taylor.

Controlled Evolution of Highly-~Elengated Tokamak Plasmas. S. C. Jardin, F. Hofmann, and F. B. Marcus.

High~Beta Tokamak Stability of Toroidal Plasmas With Elliptical and D~Shaped Cross~Sections. J. Rem,
J. P. Goedblved, G. M, D. Hogewelj, and R. Kleibergen.

Stability of M = 1 Configuration To Reflection Symmetry Breaking Modes. W. Park and D. A. Monticello.

Beam lon Excitation of Baliooning Modes in Tokamaks. J. W. Van Dam and M. N. Rosenbluth.

m = 1 Convection Cells In Tokamak Plasmas. R, Denton, J. F. Drake, and R. G. Kleva.,

IR POSTER SCSSION 2:00 ~ 3:30 PM Wisconsin Center - Alumni Lounge and Robert P. Lee Lounge

HHigh Beta Tandem Mirror Stability. R. P. Freis, D. Dobrott, and §. Kendrick.

Stability of Anisotropic Pressure Tokamak Equilibria to Ideal MHD Ballooning Modes. C. M. Bishop and
R. J. Hastie.

Tokamak Lquilibria with Poloidal Pressure Variation and Mass Flow. P. J. Morrison, R. D. Hazeltine, and
J. A, Tataronis.

MHD Stability of Plasmas with Aligned Mass Flow. M. Mond and J. A. Tataronis.

Iron Core Field Perturbations and Mirnov Oscillations on LT-4 Tokamak. R. L. Dewar, R. D. Parker, and
H. J. Gardner.
Resistive MHD Stability of Low Aspect Ratio Tokamaks. T. C. Hender, J. A. Holmes, B. A. Carreras, and
L. A. Charlton.

Nonlinear MHD Calculations In Toroidal Geometry. L. A. Charlton, B. A. Carreras, H. R. Hicks,

J. A. Holmes, and V. E. Lynch.

Parametric Decay Process of Inhomogencous Plasmas in the lon Cyclotron Range of Frequencies. S. C. Chfu.
Study of the Effect of Localized ECH On Transport and Stability In Plasmas. A. H. Kritz, H. Hsuan,

A. Cavallo, D. McCune, D. R. Mikkelsen, P. H. Rutherford, and R. B, White.

Analytic Mirror Equilibria With New Long-Thin Terms. D. L. Goodman and J. P. Freidberg.

Low-n Teokamak Ripple Transport, and Its LEffect on Rotational Dawmping. H. E. Mynick.

Numer ical Comparison of Strong Langmuir Turbulence Modelis. M. M. Shen and D. R. Nicholson.

A One-Dimensional Theory For Lower lybrid Current Drive. R. A. Cairns, V. Fuchs, M. M. Shoucri,

K. Hizanidis, and A. Bers.

Effect of Shear and Torus Curvature on m=2 Modes In 1=2 Stellarator Configurations. F. Herrnegger and
J. L. Johnson.

Injection of Large Pellets in TFTR: Theory Issues. W. A. Houlberg and H. C. Howe.

Elimination of the Stabilizing Effect of Finite Larmor Radius on Ballooning Modes in Tokamaks and Tandem
Mirrors. M. Kotschenreuther and H. L. Berk.

Parallel Viscosity In A Tandem Mirror. K. D. Siebert and J. D. Callen.

Heat Transport By LElectrostatic Microturbulence In the Edge Regions of the Caltech Research Tokamak.
P. C. Liewer, S. J. Zweben, and R. W. Gould.

Eigenmode Structure and ICRF Heating and Stabilization of Axially Symmetric Systems. C. Litwin,

N. Hershkowitz, and J. D, Callen.

Finite Ion—gyroradius Corrections to the Toroidal Tearing Mode. C. T. Hsu, R. D. Hazeltine, and

P. J. Morrison.

Local Power Conservation For Linear Wave Propagation In An Inhomogeneous Plasma. R. Sund, J. Scharer,
and B. McVey.
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1R22. Neoclassical Tearing Instabilities In Tokamaks. W. X. Qu and J. D. Callen.
~AR23. MHD Modelling with the Hall Term. F. Kazeminejad, J. N. Leboeuf, F. Brunel, and J. M. Dawson.

1R24. MNonlinear Radial Propagation of Drift Wave Turbulence. M, Prakash and C. K. Chu.

1R25. Analytical Study of Lnergetic Ions Slowing Down In Plasmas. F. Najmabadi.

1R26. Stellarator Expansion Studies of Heliotron-E. J. L. Johnson, G. Rewoldt, and 6. Kuo~Petravic.

1R27. Investigations of Long=-Thin Mirror Equilibria With the Full 3-0 Method As Computed By VEPEC.
D. V. Anderson and B, Lane.

1R28. Heat Pulse Propagation On TFTR. E. Fredrickson, J. Bell, J. D. Callen, K. H111, R. Izzo, K. McGuire,
D. R. Mikkelsen, N. Sauthoff, and N. Zarnstorff.

1S POSTER SCSSION 4:00 ~ 5:38 PM Wisconsin Center - Alumni Lounge and Robert P. Lee Lounge
1S1, Effects of Turbulent Density Fluctuations on Neutral Transport. A. K. Prinja and P. C, Liewer.

1S2. Runaway Of Runaway Discharges Through Avalanching. R. Jayakumar and He H., Fleischmann.

1S3. Lagrangian Varfational=Principle Derivation OF a Gencral Theorem For Beat-Resonant Mode Coupling, With

Appl. To A Nonneutral Plasma., C. Oberman, J. D. Crawford, and A. N. Kaufman.
154. Lower Hybrid Wave Scattering By Random Density Fluctuations In Inhomogeneous plasmas. W. Grossmann and

R. Spigler.
1S5. Relaxation of Finito Beta Toroidal Plasmas. VY. C. Kwok, G. Bhattacharjee, and A. H. Glasser.
1S6. Durivation of Scaling Laws for Trapping Rates of Passing lons in a Mirror Cell. R. S. Devotio,

L. L. LoDestro, and A. A. Mirin.
1S7. Electron Distribution Functions Produced by lligh Power ECRH. M. R. O’Brien, D. F. H. Start, and

A. Bolleau.
“¥38. Anomalous Time Behavior of Entropy In a Non-Maxwellian Plasma. I. Jechart.
Modulation of Small Scale Turbulence By Sawtooth Relaxations In the TEXTOR Tokamak - Observation and

Interpretatfon. A. Boileau, H. W. H. Van Andel, M. Von Hellerman, G. Hasselberg, and A. Rogister.

1518, Viscosity Tensor and Toroidal Momentum Confinement of Strongly Rotating Tokamak Plaswma. D. J. Sigmar
and W. M. Stacey.

1. Parameter Studies of Fluid Model Wall Plasma Flows. G. Sowers, L. Montierth, and R. L. Morse.

1S12. Tandem Mirror Electron Confinement From Weak To Strong ECRH. T. D. Rognlien, Y. Matsuda, and

J. J. Stewart, Jr..

. Electron Rate Equations and Potentials In ECRH-Driven Tandem-Mirror End Cells. R. H. Cohen.

1S14. Simulation of Loss of Plugging In TMX-U Using the TREQ Code. J. M. Gilmore and M. E. Rensink.

Calculation of Sloshing-Ion Buildup In the TMX-U End Cell. R. A. Jong and Y. Matsuda.

1516. Comparison of Proposed Ignition Experiments and Plasma Theory Issues. B. Coppl.

1817, Are Tokamak Disruptions Caused By MHD Clump Instability?. D. Tetreault.

1S18. Monte Carlo Simulations of Particle Transport In Stellarators. C. D. Beidler, W. N. G. Hitchon,
H. E. Mynick, and J. L. Shohet.

1S19. RF Stabilization of Interchange Modes In Mirror Plasmas By Resonant Sideband Coupling. J. B. McBride,

V. Stefan, and N. A, Krall.
1S2#. Feedback Control of Magnetic Islands In Tokamaks. R. B. White, P. H. Rutherford, W. Park, and

H. P. Furth.
Hé%l. Theory of Energetic Trapped Particle-Induced Resislive Ballconing Modes. H. Biglari and L. Chen.
WUs22. Nuger1c51 S{mu]ations of “Turbulent Trapping” and the Bump-On-Tail Instability. K. Theilhaber, D. Pesme,
and G. Laval.
1823. Equilibrium and Stability of Highly Elongated Tokamaks. R. W. Moore, M. S. Chu, F. J. Helton,
F. W. McClain, and H. St John.
1S24. Spectrum of Ion-Temperature Gradient Driven Turbulence and Particle Transport In Tokamaks. G. S. Lee
" and P. H. Diamond. .
'9@25. Particle Simulation of the lon Mixing Mode in a Sheared Magnetic Field. R. D. Sydora, J. N. Leboeuf,
G. S. Lee, and P, H. Diamond.
1S26. Linear Modes and Nonlinear Vortex States In Inhomogecneous Rotating Plasmas. W. Horton, J. Liu,

J. D. Meiss, and N. Zabusky.
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1827, Betatron Modified Ion-Acoustic Instability of the Bennett Equilibrium. U. Krishnamurthi, A. Sen,
A. S, Sharma, and A, K. Sundaram.

TUESDAY, APRIL 16, 1985

2A REVIEW SESSION 8:37 - 9:36 AM Memorial Union Theater {(Chair: D. A. Monticello)

2A1. Survey of H~Mode Experiments and Comparison with Theory. F. Wagner.

2B MHD AND TRANSPORT 9148 ~ 12:10 AM Wisconsin Center ~ Lakeshore Room (Chair: P. N. Guzdar)

2B1, Ideal MHD Beta-Limits and Scaling Laws. J. Manickam.

2B2., Explosive Coalescence of Magnetic Islands. T. TaJima and J.~1. Sakai.

2B3, Suberitical MHD Turbulence. R. E. Waltz.

2B4. Energy Confinement Time Due Te Ballooning Modes In the Large Power Limit. J. P. Freidberg,
S. P. Hakkarainen, and D. J. Sigmar.

2B5. Neoclassical MHD Instabilities and Transport In Tokamaks. J. D. Callen and K. C. Shating.

2P POSTER SESSION 9:40 ~ 18:55 AM Wisconsin Center - Alumni Lounhge and Robert P. Lee Lounge

2P1. Nonlinear Wave-Particle Interactions At Cycloiron larmonics With Collisfonal Decorrelation.
M. D. Carter, D. B. Batchelor, and J. D. Callen.
2P2. A New Short Wavelength Mode. Y. C. Lee, J. Q. Dong, P. N. Guzdar, and C. S. Liu.
2P3. Effect of Electron Tail On Ion Bernstein Modes. J. L. Milovich, B. D. Fried, and G. J. Morales.
2P4. Simulation of High-Beta Tokamak Start-Up. X. L. Li, G. A. Navratil, and C. K. Chu.
2P5., Influence of Openings on Nuclear Characteristics of a Fusion Reactor Blanket. J. S. Brzosko,
B. V. Robouch, and L. Ingrosso. .
2P6. Vacuum Ripple Fields For lmproved MHD Stability. L. L. LoDestro.
2P7. Resonance Absorption vs RF Stabilization. J. A. Byers.
2P8. A Model of the Plasma-Sheath Region Including Secondary Electron Emission and Ion Reflection.
L. A. Schwager and C. K. Birdsall.
2P9. Reversed Field Pinch Calculations Using A Reduced Set of Equations. J. A. Holmes and B. A. Carreras.
2P1¥. Fast Wave Heating In Tokamak and Stellarator Magnetic Fields. E. F. Jaeger, D. B. Batchelor, and
H. Weitzner.
2P11. Lower Hybrid Current Ramping In the Presence Of Runaway Electrons and Nonlinear Wave Instabilities.
V. S. Chan, C. S. Liu, and Y. C. Lee.
2P12. Helically Symmetric Resistive Equilibria For RFP. Y. Z. Agim and J. A. Tataronis.
2P13. Neoclassical Transport In Tokamaks With Divertors. F. L. Hinton.
2P14. The LCstablishment of the Llectrostatic Field in a Stellarator. J. L. Shohet and W. N. G. Hitchon.
2P15. Correlation Function and Spectral Density Distribution For the Stocliastic Motion. L. Bromberg and

A. B. Rechester.
2P16. Nearly Perpendicular Wave Propagation At the Fundamental Electron Cyclotron Resonance. K. Imre and

H. Weitzner. .
2P17. Stability Thresholds for Long Wavelength Precessional Modes in Bumpy Torus Experiments. Y. Z. Zhang

and H. L. Berk
ZPYé/ New Energy Source for Hot Particle Modes. H. V. Wong, lI. L. Berk, and K. T. Tsang.
ZPLS/ Numerical Investigation of Trapped Particies and Ballooning Modes in Tokamaks. ©D. P. Stotler and

H. L. Berk.

2P§é< Energy Confinement Time of Tokamak Plasma With Auxiliary Heating. T. Ohkawa.

2P21. Ray Tracing of Fast Magnetosonic Waves In Tokamaks Including Mode Conversion Effects.. C. K. Phillips,
r D. Q. Hwang, D. G. Swanson, and L. Ratzan.

2P€é< Theory Of the Rippling Instability In Toroidal Devices. A. Rogister.
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200,
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2014,
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2012,
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2015,

2Q24.
2Q21.
2Q22,
2Qz23.
2Q24,

2Q25.

2C1.
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Neutral Gas Modeling In STM and TMX-U, B. 1., Hauss and T. K. Samec.
The Cyclotron Maser Instability In Relativistic Plasmast: Wave Growth aand Saturation. P. L. Pritchett.
Equilibrium of Axisymmetric Plasmas With Flow. VY. Baransky and C, K. Chu.,

20 POSTER SESSION 11189 - 121156 Wisconsin Center -~ Alumni! Lounge and Robert P. Lee Lounge

Magnetic Reconnection of a Reststive Doublet In the Adtabatiec Limit, M. E. Kress and H. Grad.
Large Sawteeth And Minor Disruptions. J. F. Drake and R. G. Kleva.
Construction of A Variational Principle For the Steady-State Two-Dimensional Fokker=Planck Equatfon With
Strong RF Diffustfon. 8. P. Hakkarainen and J. P. Fretdberg.
Fokker-Planck Calculations of Coulomb Collisional Effects On Kinetic Regime Wall Plasmas. L. Montierth,
Ww. A, Neuman, J. D, McCullen, and R, L. Morse.
Sensitivity of the Structure of Kinetic Regime Wall Plasmas To Their (Multitude OFf) Physical Parameters.
V. A, Neuman, J. D, McCullen, and R. L. Morse.
Power Balance Curves and Ignition via Ohmic Heating Alone in an OHTE Device. R. A. Scardovelli and
G. H., Miley.
Modelling of Current Ramps and Sawtooth Oscillationsz on TEXT. D. W. Ross, W. H. Miner, and J. C. Wilay.
Ton Thermal Transport in the TEXT Tokamak. V. H. Miner, D. W, Ross, A. A. Ware, and J, C. Viley.
Evolution of Twisted Magnetic Flelds. E. G. Zwoeibel and A, H. Boozer.
Stabilization of Free Boundary Kinks By External Conductors. M. S. Chance, C. Z. Cheng, J. Manickam,
M. Okabayashi, A. Miller, and H. Fishman.
Neoclassical Transpotrt Theory in the Banana-Plateau Regime in Nonaxisymmetric Toroidal Plasmas I.
K. C. Shaing, S. P. Hirshman, and J. D. Callen.
Renormalization Group Theory Techniques In Turbulence. M. Hossain, Y. Zhou, and G. Vahala.
Trapped Particles With Favorable and Unfavorable Drift. S, Yoshikawa.
Helicity and lelicity Injection. J. M. Finn and T. M. Antonsen, Jdr..
MNMow of Plasmwa and Magnetlc Nlux Toward A Wall With Application To Fileld-Reversed Theta Pinches.
L. C. Steinhauer.
Study of ICRFF Spectroscopy As An Alpha Paricle Diagnostic. M. Rosenberg, N. A. Krall, and K. G. Moses.
Ballooning Modes In Fluid Dynamics. E. Hameiri. .
Resistive Ballooning Modes In Helical Axis Stellarators With Longitudinal Mass Flow. M. C. DePassier

and W. A. Cooper.
Gyrokinetic Particle Simulation of Ion Temperature Gradient Drift Instabilities. W. W. Lee and

W. M. Tang.

Effects of Localized Modes On Ion Heat Transport. R. Englade, B. Coppi, and S. Migliuolo.

A Class of Analytical Solutions For Reversed Pinch Type Configurations. C. Chu and W. Bard.

Monte Carlo Calculations In Elmo Bumpy Square. J. S. Tolliver and C. L. Hedrick.

Nonlinear Dynamics of Magnetic Islands in High Temperature Tokamak Plasmas. R. Carrera,

R. D. Hazeltine, and M. Kotschenreuther.

A Numerical Study of Finite Gyroradius Effects on Linear Tearing Modes. J. Q. Dong, Y. C. Lee, and
P. N. Guzdar.

Trapped-Electron Transport Via Microinstabilities. VY. Hu and F. W. Perkins.

2C RFC/RFP 7:38 -~ 10:99 PM Wisconsin Center - Lakeshore Room {(Chair: D. S. Schnack}

Kinetic Stabilization of the Internal Tilt Instability (n=1 Ballooning Mode) in Field-Reversed

S Configurations. J. L. Schwarzmeier, H. R. Lewis, D. C. Barnes, and C. E. Seyler.
c2. %8

e
2C3.

2C4.

awtooth Oscillations and Gas Puffing in the ZT-4UM Reversed-Field Pinch. K. A, Werley, R. A. Nebel,

M. M. Pickrell, and G. A. Wurden.
Driven, Force-Free, Helical, Ohmic, Steady States. L. Turner and S. C. Prager.

Self-Consistent Dynamo In Reversed Field Pinches. A. Bhattacharjee and E. Hameiri.



-
2C5, Near Term Tokamak Ignitfon Experiments. C. E. Wagner.

2R POSTER SCSSION 7:30 ~ B:45 PM Wisconzin Center =~ Alumni Lounge and Robert P. Lee Lounge

2R1. Interaction Of Fast Waves With Energetfic Particles In A High-Density Tokamak. D. K. Bhadra and

P. L. Andrews.
2R2. Rigorous Bounds On Plasma Transport. R. A. Smith and J. A. Krommes.
2R3, ICRF-Driven Radial Diffusion of Energetic Tail Ions In Toroidal Geometry. C. 8. Chang.
2R4, Bifurcation Theory For Tearing Modes. E. K. Maschke and B. Saramito.
2R5, Ohmic Ignitfon of an Elongated Tokamak. R. W. Harvey, M. S. Chu, P. A, Politzer, and T. Yamagishi.
(2R6.' Simulation of ICRH. I. Gledhill and J. M. Dawson.
2R7. Energy Confinement In a High Current Reversed Fteld Pinch. Z. G, An, G, S. Lee, and P. H. Diamond.
2R8, Neoclassical Scaling Law For Tandem Mirror Transport. J. R. Myra, P. J. Catto, and G. L. Francis.
2R9., Plasma Flow Through Magnetic Mirrors. E. Zawaideh, F, Najmabadi, and R. W. Conn.
Analytical Theory of Nonlinear m=1 Island Growth. R. D. llazeltine, J. D. Meiss, and P. L. Morrison.
Ballooning Mode Stabilization By Large Gradients In Normal Magnetic Curvature. D, A, Skinner.
Cyclotron Resonance Induced Diffusfon. T. Tajima and S. Riyopoulos.
Formation and Heating of a Field~Reversed Configuration In A Coaxial Slow Source. D. C. Barnes and
D. D. Schnack.
Nonlinear Multiple-Helicity Calculations of Impurity-Gradient-Driven Turbulence in Tokamaks. L. Garcta,
B. A. Carreras, and V. E. Lynch.
Impurity Gradient Driven Turbulence and Particle Confinement In Tokamaks. T. S. Hahm, P. W. Terry, and
P. H. Diamond.
Quasilinear Theory of Cyclotron Instability In the Presence of Electron Cyclotron Resonance Heating.
R. E. Aamodt and B. Hafizi.
Details of Tokamalk Ballooning Stability with Energeiic Particles. H. Dominguez, J. W. Van Dam, and
M. N. Rosenbluth.
2R18., Calculation of the Fully Relativistic Dielectric Tensor In the EC Range. S. Tamor.
2R19, Pellet Ablation In A Helical Reversed Field Pinch. J. C. DeVeaux.
2R28H. Effects On Stability Of Ballooning and Tearing Modes By ECH In the DIII Tokamak. P. L. Andrews and
PR, V. S. Chan.
ZRZIT\ Numer ical Resistive MHD Simulation On Long Time Scales. D. S. Harned and D. D. Schnack.

2. Theory of Fishbone Oscillations. F. Porcelli and B. Coppi.

2R23. Numerical Solutions of ICRF Fields In Axisymmetric Mirrors. M. W. Phillips.
2R24, The Application of Lie Transform Perturbation Methods To llamiltonian Field Theories. B. M. Boghosian.
2R25. MHD Stabilization of High Beta Mirror Plasma Partifally Enclosed By Conducting Wall. X. Z. Li and

B. Lane.

™

)(;S IPOSTER SESSION 9:00 ~ 18:15 PM Wisconsin Center - Alumni Lounge and Robert P. Lee Lounge

S
251. Tearing and Ballooning Stable High Beta Tokamaks. M. S. Chu, J. M. Greene, F. J. Helton, J. S. Kim,
J. K. Lee, and R. W. Moore.
252. Nonlinear Interaction of Dissipative Trapped Particle Modes and Drift Waves With RF Flelds In the Ion
Cyclotron Range of Frequencies. V. Stefan, N. A. Krall, and J. B. McBride.
(E?Ej:}Flux Regeneration in ZT-40M at High Theta and its Relation to the MHD Model. R. A. Nebel and
sty K. A. VWerley.
<gS4:$ Nonlinear Evolution of Collisional Drift Instabilities. J. F. Federici, W. W. Lee, and W. M. Tang.
ST Model Calculations On the Tilt Stabilization of Large-Orbit Rings By Angular Momentum. K. Kupfer and
H. H. Fleischmann.
286. Nonlinear Ion Motion and Stochasticity Induced By ICRF In the Center Cell of a Tandem Mirror. B. Hafizt.
2S7. The Nonlinear Behavior of the Line Tied Interchange. S. C. Cowley, R. M. Kulsrud, and D. Ho.



-g-

238, Monte Carlo Modeling of ICRH Experiments In $TM and TMX-U. T. K. Samec.

259, Rate Equations For A Tandem Mirror Plasma. W. M. Nevins, B. M, Boghostan, R. P, Freis, J. M. Gilmore,
and M. E. Rensink,

2518. Nonlinear MID Studies of the CTX Spheromak. A. A. Mirin and A. G. Sgro.

2S11. FRC Diffusion Modelling: New Approaches. 8. Hamasaki and N. A. Krall.

2812. Resistive Ballooning Modes Driven By Anomalous Transport Effects. A. K. Sundaram.

2513. Determination of the Axlal Structure of the Trapped Particle Mode In Tandem Mirrors Via Halo Coupling.
A. K. Sen.

2514, Covarfant Dynamics of Guiding-Center Plasma, Of Oscillation-Center Plasma, and Of Dissipative Plasma.
A. N. Kaufman, P. L. Similon, and B. M. Boghosian.

2515. Self-Consistency Constraints on Turbulent Electromagnetic Relaxattion and Transport In Collisionless
Plasma. P. W. Terry, T. S. Hahm, and P. H. Diamond.

2516. Current-Convective lieat Losses 1n Reversed-Field Pinches. J. P. Mondt and J. Weiland.

2817. Statistical Theory of Strong Langmuir Turbulence. G, 2. Sun and D. R. Nicholson.

2S18. Energy Cascades In Convective Two-Dimensional Benard Turbulence. C. G. Schultz and R. N. Sudan.

2519, MHD Equilibrium and Stability of Current Carrying Toroidal Plasma. T. Yamagishi, M. S. Chu,

J. M. Greene, and J. K. Lee.
28208. Shape Optimization for Small Elongated Tokamaks. F. J. Helton, J. M. Greene, R. W. Moore, and H. St

e JONN,
A Mochanism For the Spontancous Generation Of Toroldal Magnetic 'lux In A Contfcal Theta=Pinch.

R. D. Milroy and J. U, Brackbill.
22. ICRIl Wave Propagation Equations In Stellarator Configurations. W. A. Cooper.
23, Magnetic Well Properties of Modular Stellarators. C. Lilliequist.
<E§24;> Symmetry-Breaking Half-Coalescence Ideal Instability Associated With m/n=1 Tearing Islands. J. K. Lee

- and M. S. Chu.
2525. Inductively Driven Changes In Tokamak Profiles. G. Bateman.

WEDNESDAY, APRIL 17, 1985

38 KINETIC THEORY 9:8%8 - 12:08 AM Wisconsin Center - Lakeshore Room {Chair: J. W. Van Dam)

381. New Approach To the Study of Waves In Collisionless and Collisional Plasmas. S. P. Auerbach.
3p2. Kinetic Theory and Simulation of Multi-Species Plasmas In Tokamaks Excited With ICRF Microwaves.
G. D. Kerbel and M. G. McCoy.
qB3. Anisotropy of the Electrostatic Potential In EBT and EBS. C. L. Hedrick.
304. CECffect of Nonlinear Collective Proceses On the Confinement of A Pure Electron Plasma. J. D. Crawford,

T. M. O’Neil, and J. H. Malmberg. .
3B5. Electrostatic and Magnetostatic Drift-BGK Modes. P. H. Diamond, T. S. Hahm, and P. W. Terry.
3B6. Toroidal MHD Equilibrium Determined by Low-Frequency Wave~Dr iven Currents. D. A. Ehst and K. Evans, Jr..

3P POSTER SESSION 9:09 - 18:15 AM Wisconsin Center - Alumni Lounge and Robert P. Lee Lounge

7 .

(gEZ:) Computer Simulation of Driven Alfven Waves. J. Geary, J. N. Leboeuf, and T. Tajima.
>~ Lorenzian Analysis of the Self-Filamentation Mode. A. B. Hassam.

3P3. Global Evaluation of Magnetic Field Lines. A. H. Boozer.

3P4. Spheromak Ti1l1t-Shift Stabilization With Particle Rings. C. Mehanian and R. V. Lovelace.

3P5. Non-Axisymmetric, Sharp Boundary, Toroidal Equilibria. J.'A. Tataronis, H. L. Berk, J. P. Freidberg, and

P. J. Morrison.
3P6. Investigation of Saturated Tearing Modes In Tokamaks Using The Resistive Chodura-Schluter Method.

£. Uchimoto, J. D. Callen, D. A. Skinner, L. Garcia, and B. A. Carreras.
3P7. Possible H-Mode Mechanism?. R. J. Goldston.

3pg. Stabilization of Resistive Kink Modes for Tokamak Profiles within q{®) < 1. A. H. Glasser, H. P. Furth, and

H. Selberg.



0w

Disruptions Driven By External Electric Fields. J. P. Dahiburg, D. Montgomery, W. H. Matthaeus, and
G. Doolen.

3P11. Equilibrium and Stability of High-Order-Multipole Tandem Mirrors At Low Beta. T. B. Kaiser,
W. A. Newcomb, and L. D. Pearlstein. ’

3P12., Finite Beta In RFP Relaxation. M. J. Schaffer.

3P13. Alpha-Loss-Cone Alfven-Wave Instabilities In a Sharp~Boundary Model of a Tandem~Mirror Central Cell,
S. K. Ho, G. R. Smith, and W. M. Nevins.

3P14. Alfven Continuum with Toroidicity. S. Riyopoulos and S. Mahajan.

3P15. FRC Transport Studies Utilizing a Flux Coordinate Representation. E. J., Caramana and K. A. Werley.

3P16. Passing lon Instabflities In Tandem Thermal Barrlers. T. Kammash and G. Zavala.

3P17. Line-tying of Hot Electron Interchange and Trapped Particle Modes, M. J. Gerver and B. Lane,

3P18. Inductively Sustained Toroida] Plasmas with Nested Flux Surfaces. R. W. Moses.

3P19, Anisotropic Pressure Helfac Equilibria. R. L. Miller,

3P2&, Electron Energy Transport In TFTR. J. Martinell and L. Sugiyama.

3P21. Efficiency of Current Drive in Rotomaks. P. K. Kaw and A. Sen,

3r22. Electron Landau Absorption of & Realistic Spectrum of Lower Hybrid Waves During Current Drive. P. Bonolt
and R. Englade.

3;;}. Wall Stabilized Tandem Mirror Reactor Study. J. Kesner, G. Shuy, and C. W. Lee.

3P24. The Cffect of Runaway Electrons On the Tearing Mode. E. Esarey, K. Molvig, C. 0. Beasley, W. I. Van
Rij, and T. K. Chu.

3P25. On the Ignition Criterion For Tokamaks. F. W. Perkins and Y. C. Sun.

(%?;%TSCompartson of Heavy Impurity Injection and Hydrogen Gas Puff. J. C. Wiley, D. W. Ross, and W. H. Miner.

30 POSTER SCSSION 18:30 - 11:45 AM Wisconsin Center - Alumni Lounge and Robert P. Lee Lounge

3Q1. Magnetic Surface Quality. G. Kuo-Petravic and A. H. Boozer.
302. Impurity-Ion Acoustic Instablilifty as ithe Cause of Sawtooth Disruptions. A. A, Ware.
3Q2. Self-Consistent Beta Calculation In RFP. H. R. Strauss.
3Q4, Magnetic Compression of Ion Rings In the Presence of Dackground Plasma. P. M. Lyster and R. N. Sudan.
2Q5. Symmetiry Breaking in the Noncanonical Hamiltonian Formalism for Fluids and Plasmas. S. Eliezer
and P, J. Morrison
3QG. Monte Carlo Estimation of Confinement In A Tokamak With Ripple. J. M. Albert and A. H
3Q7. WKB Theory Using Gaussian Wave Packets and Exponentinl Instability In Wave Systems. R
3Q8. Hyperbolic Islands Fill Stochastic Phase Space. J. D. Meiss, I. C. Percival, and R. S
9. Particle Simulations of Current Driven Drift Waves. J. N. Leboeuf, R. D. Sydora, D. R
P. H. Diamond.
Lﬁﬁlﬂ. Simulations Of the Effect of ICRF Waves On the Interchange Instability. N. F. Otanfi.
3011. Heating In Igniting Plasmas. L. Sugiyama.
3Q12. Ballooning Instability In a Helfac. X. Llobet and H. L. Berk.
3013. Configuration Studies For the TJ-~II1 Device. A. Lopez.
3014. The Cvolution of a Spheromak for Different Resistivily Profiles. A. G. Sgro, G. Marklin, and
A. A. Mirin.
3Q165. Nonlinear Stability of Drift-Tearing Modes. B. D. Scott, A. B. Hassam, and J., F. Drake.
3Q1G6. Asymptotic Theory of Fluids Waves In Relativistic Plasmas. F. Pegoraro and F. Porcelli.
3Q17. Interpretation of Density Profile Anomalies Observed In PDX In Terms of Plasma Flow. R. Gruber,
S. Semenzato, F. Troyon, and H. P. Zehrfeld.
3018. Studies of a Low Frequency Oscillating Field Current Drive. D. A. Baker, R. F. Gribble, and

K. F. Schoenberg.
3019. Quadratic Form Approach To Collisionless Internal Kink Modes In Finite-Larmor-Radius Regimes.

Boozer.

G. Littlejohn.
MacKay.
Thayer, and.

« o e .

J. J. Ramos.
‘Gd%ﬂ. Universal Drift Wave Stability. D. R. Thayer, R. D. Sydora, J. N. Leboeuf, P. H. Diamond, and

T. Tajima.
3021. Calculation of the Electron Confinement Time in Stellarators at Reactor Collision Frequencies.

0. Betancourt and P. Garabedfan.



3072,

3Q23.,
3024,
3025,

Implicit Electromagnetic Particle Simulation Code.

J. N.

Simulation Study of Electron Bernstein Waves In Bounded Plasma.

Leboeuf, and T. Tajima.

Dawson.,

ol
£, Montalveo, D. C, Barnes, T. Kamimura,

D. Sultan, V. K. Decyk, and

J. M.
Analytic Ballooning Stability Criterion With Finite Shafranov Shift In High Beta Tokamaks.

and J.

Transport Simulations of the Effect of Profile Shape On Alpha Heating In TFTR.

S. J.

P. Freidberg.

Zweben, G. Bateman, and D. R. Mikkelsen,

Mn H. Red"

W.

H.

Choe



3P 6, IR17, 1P15, 1RZ8

Caponi, M., Z. = 1@ 9
Caramana,

Aamodt, R. E. = 2R16
Albert, J. M.

Anderson,
Carreras,

Antonsen,

Auerbach,
Aydemir, A, Y. - 1018

Chang, C. S.

Baransky, Y.
Charilton,

3Q22, 2R13, 1P2F, 2C 1
Batchelor,

Bernardin,
Betancourt,

Bhattachar jee,
Bhattachar jee,

Birdsall,

Boghosian, Crawford,

D'Ippolito,
Dahlburg,

Brackbill, DePassier,

Bromberyg,

Detragiache,

“11-

DQbrOtt, D- e IPZEQ iR 1
Dominguez, N, -~ 2R17
Dominguez, R, R, ~ 1Q13
DQng; J, Q. -~ 2P 2, 2024
1015
Dooien, G. - 3P1Y
Dragt, A. = 1A 1
Drake, J. F. - 3Q15,
20 2, 1C 7
Driemeyer, D, E., - 1Q 2
Chst, D. A, ~ 3B 6
Eliezer, S. -~ 3Q 5
Englade, R. = 2028, 3P22
Esarey, E. = 3P24
Evans, Jr., K. -~ 3B 6
Federict, J. F. = 2S5 4
Finn, Jd. M, - 2Q14
Fishman, H. = 2019
Fleischmann, H. H. =
28 5, 1S 2
Francis, G. L. - 2R 8
Fredrickson, E. -~ 1R28
Freidberg, JdJ. P. ~ 3P 5,
2Q 3, 1R19, 3Q24, 2B 4
Freis, R. P, - IR 1,
25 9
Fried, B. D. - 2P 3
Fruchtman, A. - 1P12
Fuchs, V. - 1R13, 1P17
furth, H. P, - 3P 8,
15284
Garabedian, P. - 3Q21
Garcia, L. - 3P 6, 2R14
Gardner, H. J. = IR 5
Geary, J. = 3P 1
Gerver, M. J. - 3P17
Gitmore, J. M. - 1S14,
28 9
Gladd, N. T. - 1P13
Glasser, A. H. - 3P 8,
1S 5
Gledhill, I. - 2R 6
Goedbloed, J. P, = 1C 4
Goldsten, R. J. = 3P 7
Goodman, D. L. - IR1HY
Gould, R. W. - 1R18
Grad, H. - 2Q 1
Greene, J. M., - 28519,
25 1, 2828
Greenside, H. ~ 1P24
Gribble, R. F. - 3Q18
Grossmann, W. - 1S 4
Gruber, R. - 3Q17
Guest, G. E. -~ 1Q 9
Guzdar, P. N. - 2P 2,
2024, 1Q15
Hafizi, B. - 25 6, 2R16

Hahm, T. S. = 2R156, 2S15

Hakkarainen, S. P, =
2Q 3, 2B 4
Hamasaki, S.

Harned, D. S,

Hasegawa, A, = 1Q24
Hassam, A.

Hasselberg, G.

Hastings,

Hazeltine,

llerrnegger,
Hershkowitz,

Hirshman,

Hizanidis,

HogeweiJ,

Houlberg,

Ingrosso,

Jacquinot, J.



Lee’ We We = ZQIQ' 28 4

Jayakumar,

Li, X. Z.
Liewer, P. C. - 1R18,

Jovanovic, Lilltequist, C. - 2523

Katiser, T. B,
Littlejohn, R. G.

Kamimura,

LoDestro,

Lopez, A.

Kazeminejad,
Lovelace,

Kendr fck,

+“Mahajan, S. ~ 3P14
Malmberg,

Kleibergen, Manickam,

Kotschenreuther,

Martinell,
Maschke, E.

Matthaeus,

Krishnamurthi,

Kulsrud, R. McClain, F. W.

Kuo-Petravic,
McCullen,

McNamara,
Mehanian,
Migliuolo, S.

Mikkelsen,
1R28, 3025

2, 1525, 3029, 1R23
3

LI}

Miller, A.
Miller, A. D.

—

-12=

M{lovich, J. L. - 2P 3

Milroy, R. D. =~ 2821

Miner, W. H. =~ 20 8,
3ar 9, 2Q 7

Mirin, A. A. -~ 1S 6,
3Q14, 2519

Molvig, K. - 3P24

Mond, M. = 1R 4

Mondt, J. P. = 2S16

Montalvo, E. = 3Q22

Montgomery, D. = 3P1#

Monticello, D. A. = IC 5

Montierth, L., - 1S11,
2Q 4

Moore, R. W. = 1823,
28 1, 2529, 1P 9

Morales, G. J. — 2P 3

Morris, R. N. = 1P 6

Morrison, P. J. - IR 3,
3P 5, IR28, 3Q 5

Morrison, P. L. - 2R1¥

Morse, R. L. = 1S11,
20 4, 20 5

Moses, K. G. = 2Ql6

Moses, R. W. - 3P18

Mynick, H. E. = 1IR11,
1Q 3, 1sS18

Myra, J. R. - 2R 8, 1P1l6

Na jmabadi, F. - 2R 9,
1R25

Navratil, G. A. - 2P 4

Mebel, R. A. - 2C 2,
2S 3 .

Neuman, W. A. - 2Q 4,
2Q S5

Nevins, W. M. - 25 9,
3P13, 1B 1

Newcomb, W. A. = 3P11

Micholson, D. R. - 2817,
1R12

O0'Brien, M. R, - 1S 7

0'Netl, T. M. - 3B 4

Oberman, C., - 1S 3

Ohkawa, T. - 2P20

Okabayashi, M. - 1Q14,
2Q108

Otani, N. F. - 3Q18%

Pao, Y. P. - 1P 8

Park, W. - 1S2&, 1C 5

Parker; R. D. - IR 5

Pearlstein, L. D. - 3P11
iB 1, 1Q 7

Pecseli, H. L. - 1P25

Pegoraro, F. - 1021,
3Q16

Pellat, R. - 1P22

Percival, I. C. - 30 8

Pfe i ffer ,
Phillips,
Phillips,
Pickrell,
Politzer,
Pomphrey,
Porcelli,

Prakash, M.
Pr'n.jay A. Ko = 18
Pritchett,
Ramachandran,
Rasmussen,

Rechester,

Rensink, M. E.

Riyopoulos, S.

Rogister, A.
Rognlien, T.

Rosenberg,
Rosenbluth, M. N.

Rutherford, P.
Sakai, J.-I.
Santarius,
Saramito,
Sauthoff, N.

Scardovelli,

Schaffer,



Schoenberg, K. F. = 3Q18
Schultz, C. G. - 2S18
Schwager, L. A, ~ 2P 8
Schwarzmeier, J. L. =
2C 1
Scott, B. D. ~ 3Q15
Selberg, H. ~ 3P B
Semenzato, S. = 3Q17
Sen, A, = 1827, 3P21
Sen, A. K., - 2813 )
Seyler, C. E. = 1P 4,
2C 1
Sgro, A. G, - 3Qi4, 2S18%
Shaing, K. C. - 2B 5,
2Q11
Sharma, A. S. ~ 1827
Shen, M., M. =~ 1IR12
Shohet, J. L. - 2P14,
1818
Shoucri, M. M, - 1IR13,
IP17
Shumaker, D. E. - 1Q16
Shuy, G, - 3P23
Siebert, K. D. - 1IR17
Sigmar, D. - 1P 2
Sigmar, D. J. - 1P21,
1S19, 2B 4, 1P 1
Similen, P. L. - 2814,
1B 5
Skinner, D. A. - 2R11,
3P 6

Smith, 6. R. = 3P13,
1B 2
Smith, R. A, =~ 2R 2
Soule, J. L. = 1P22
Sowers, G, = 1S11
Spencer, R, L. ~ 1Q 8
Spigler, R, - 1S 4
Spong, D. A, = 1P21
St John, H. - 1823, 282¢
iP 9
Stacey, W. Mo - 1818
Start, D. F. H. = 18 7
Stefan, V. - 2S5 2, 1S19
Steinhauer, L. C. ~ 2Q15
Stewaf’t. Jr., Jt JO -
is12
Stewart, M., E. ~ 1028
Stotler, D. P, - 2P19
Strauss, H. R. - 3Q 3
Sudan, R. N. = 2818,
1P 4, 3Q 4

Sugiyama, L. - 3P24,
3Q1l1

Sultan, D. ~ 3Q23

Sun, G. Z., - 2S17

Sun, Y. C. - 3P25

Sund, R. - 1R21
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PLASMA RESPONSE TO DRIFT-PUMP FIELDS IN TANDEM MIRRORS*

Y. J. Chen, D. E. Baldwin, J. A. Byers, R. H. Cohen, T. B. Kaiser,
W. M. Nevins, and L. D. Pearlstein
Lawrence Livermore National Laboratory
University of California
Livermore, California 94550 USA

H. Ramachandran
Department of Electrical Engineering and Computer Science
University of California, Berkeley, California 94720 USA

Drift pumping is a process of removing trapped particles radially by
applied fields on the azimuthal drift time scale. Two methods have been
considered to generate a suitable perturbed field for TMX-U. One is to induce
an azimuthally varying electric potential in the pumping region by modulating
the potential-controlling plates at the end of the mirror. Another is to
generate an alternating magnetic field by using rf coils in the plug. Plasma
response to both perturbations are studied under the paraxial approximation.

Modulating the endplates alters the plasma response by moving Toss cone
boundary. This effect is incorporated in the linearized drift-kinetic equation
as an inhomogeneous boundary condition at the (zero-order) loss cone. The
resulting equation can be analyzed as in Reference 1, The perturbed potentials
in the center cell and plugs are derived in two Timits: vjj << w << vge and
Vaa << W.

We study the plasma response to an m=1 magnetic drift-pump coil by adding
the coil-field to the perturbed field in the MHD energy principle for riaid
modes. Variation with respect to the mode amplitude results in an inhomogeneous
ballooning equation with a source term proportional to the z-derivative of the
drift-pump field. We then solve numerically for the plasma displacement.

The response to an m=2 pump coil is obtained by taking advantage of the
fact that the pump field has the same symmetry as the main (vacuum) field and
a frequency small compared to wmyp. Self-consistent equilibria are calculated
with and without the pump field added to the main field, and the displacement
obtained by subtracting the resulting fluxline trajectories.

[1] Berk, H.L., Rosenbluth, M., Cohen, R.H., and Nevins, W.M., University of
Texas, Report No. IFSR #160 (1984).

*Work  perfarmed ‘under the auspices of the U.S. Department of Energy by the
Lawrence {fvermore National Laboratory under contract number W-7405-ENG-48.
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Axisymmetric Mirror Plasma Stable to MHD and
Alfvén Ion-Cyclotron Modes *

Gary R. Smith, H. L. Berk, t and L. L. LoDestro

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550

Recent work has shown that MHD modes in an axisymmetric mirror
plasma can be stabilized by effects of FLR and a conducting wall.! Pressure
anisotropy (p;< p1) enhances wall stabilization but degrades Alfvén ion-
cyclotron (AIC) stability. However, finite axial length effects can restore
AIC stability.? We choose a physically reasonable ion distribution function
and its associated axial pressure profiles, and we show that rigid-mode

(m=1) MHD stability and AIC stability can both be achieved with axial

scale lengths large enough for conservation of magnetic moments.

1H. L. Berk, M. N. Rosenbluth, H. V. Wong, and T. M. Antonsen, Jr.,
Phys. Fluids 27, 2705 (1984).

2G. R. Smith, W. M. Nevins, and W. M. Sharp, Phys. Fluids 27, 2120
(1984).

* Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-
48 and by the Institute for Fusion Studies under contract number DE-FGO05-
80ET-53088

! Permanent address: Institute for Fusion Studies, University of Texas, Austin,
Texas 78712
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ON THE CONSTRUCTION OF OPTIMAL 3-D MHD EQUILIBRIUM CONFIGURATIONS*
M.P. Bernardin and J.A. Tataronis
University of Wisconsin, Madison, Wisconsin

Although there exists several methods for calculating approximate 3-D
MHD equilibrium, many of these are based on variational-moment methods,l’2
stellarator expansions3 or averaging techniques,“ which typically cannot
treat magnetic islands and separatrices. We give a method to construct
equilibrium configurations which may optimize the volume of plasma to be
contained within a bounding separatrix while simultaneously minimizing the
sizes of inner magnetic islands. Our method 1s based on an analytic
calculation which incorporates a power series expansion of the magnetic
field and scalar pressure in distance from an arbitrary magnetic axis,
coupled with a Hamiltonian formulation of the lines of force.® Two sources
of resonances have been identified, one from solving for a single-valued
flux function, the second being a manifestation of pressure driven
resonances given by the parallel current constraint. Optimal confinement
configurations are to be constructed through elimination of these
resonances. We give a criterion to eliminate entirely the first source of
resonances, and give a method to circumvent the second source of resonances

order by order.

*This work supported by NSF under contract No. ECS-8110038.

ls.P. Hirshman and J.C. Whitson, Phys. Fluids 26, 3553 (1983).

2L.L. Lao, Comp. Phys. Comm. 31, 201 (1984).

37.M. Greene and J.L. Johnson, Phys. Fluids 4, 875 (1961).

*A.I. Morozov and L.S. Solov'ev, Rev. Plasma Phys. (Consultants Bureau, New
York, 1966), Vol. 2, p. 1.

SM.P. Bernardin and J.A. Tataronis, University of Wisconsin Plasma Physics
Report PLP 925, submitted to J. Math. Phys.
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Stability of a Hot Electron Symmetric

Tandem Mirror with Thermal Barrier¥*

Kang T. Tsang

Science Applications International Corporation
Plasma Research Institute
934 Pearl Street
Boulder, Colorado 80302

In a simple tandem mirror with symmetric hot electron end cells, the
plugging electrostatic potential peaks in the the end cells and leads to
differential azimuthal EX B rotation between the end cells and the center
cell. It has been shownlthat this relative azimuthal rotation between the
center call and the end cells can affect the stability of the hot electron
precessional mode significantly. Specifically, when the relative end cell
EXB rotation is opposite to the hot electron precession the stability of
the hot electron precessional mode is greatly improved, and the hot electron
symmetric tandem mirror can be no more unstable than a quadrupole tandem

mirror with the same relative E X B rotation.

In a hot electron symmetric tandem mirror with thermal barrier, the
stability picture is more complicated because a new region due to the thermal
barrier has to be considered. It is shown that in general the stability of a
hot electron symmetric tandem mirror is the same as the stability of its
barrier-plug cell alone, plus an additional limitation on the center cell
length such that the center cell Alfvén frequency is higher than the average
barrier-plug EX B drift and the hot electron precession frequency. Stability

of the hot electron barrier-plug cell is studied extensively.

*Work supported by U. S. Department of Energy Contract DE-AC03-76-~ET53057.

lK. T. Tsang and X. S. Lee, Phys. Rev. Lett. 53, 2094 (1984) .,
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LBL-19197a
Oscillation Center Theory and Ponderomotive Stabilization of Mirrors*

Philippe L. Similon
Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

The use of electromagnetic field in the radio-frequency range offers
an attractive alternative for the stabilization of flute modes in
axisymmetric mirrors. Oscillation-center theory provides a natural and
efficient setting for the study of ponderomotive effects on plasma
dynamics and stability. It is extended to include, in a self-consistent
way, both low-frequency and high-frequency electromagnetic fields. A
single expression, the ponderomotive energy, generates by functional
variation not only all the ponderomotive effects (ponderomotive forces
and magnetization), but also the wave equation governing the propagation
and polarization of the high-frequency field. The self-consistent
analysis is essential to ensure energy and momentum conservation, and
strongly modifies results of non-self-consistent treatments, especially
near the ion gyrofrequency. In the MHD approximation for the
low-frequency dynamics, the equations linearized around a stationary
equilibrium solution are self-adjoint. A variational principle for the
flute growth rate as a functional of the plasma displacement field is
derived, and contains three distinct ponderomotive contributions: the
first, coming from the equilibrium ponderomotive drifts of the
oscillation centers; the second, coming from the ponderomotive
magnetization; and the third, coming from the modification of the
radiation field due to the plasma displacement (a "“quasi-mode coupling"
process). Explicit evaluation of the various terms of this principle is
made for low-m flute modes, using a plasma slab model. We find in
particular that, first, the ion gyroresonance cannot be exploited for an
enhanced ponderomotive stabilization; second, the total RF energy
necessary to stabilize the flute is a fraction (~ beta) of the total
thermal energy of the plasma; third, small-kj RF fields (k)| < Q4/vy) are
destabilizing, while large k|| are stabilizing, indicating that an
optimal antenna may consist of multi-loops properly phased. Other
results will be mentioned, such as the effects of minority species and of
a thermal distribution on flute stability, the effects of finite
generator impedance and its use for RF stabilization (passive feedback),
and the limitations imposed by small-wavelength modulation instability
caused by the radiation field.

* This work was supported by the U. S. Department of Energy under
Contract No. DE-AC03-76SF00098.

Sherwood Theory Meeting, Madison, WI., April 1985.
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BALLOONING STABILITY BOUNDARIES WITH PLASMA COMPRESSION*
D. J. Sigmar, W. A. Cooper, S. P. Hirshman

By acceptance of this article, the . .
publisher or recipient acknowledgas Oak Ridge National Laboratory
the U.S. Government'’s right to P.0. Box Y , Oak Ri dge , Tennessee 37831

retain a nonexciusive, royalty-free
license in and to any copyright
covering the article.

ABSTRACT

The resistive compressible ballooning growth-rate-level curves and the
ideal compressible ballooning stability boundary are determined in the
parameter space of shear-versus-pressure gradient for reaiistic tokamak

equilibria.

* Research sponsored by the Office of Fusion Energy, U.S. Department
of Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta

Energy Systems, Inc.
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COHERENT CO2 LASER SCATTERING FOR ALPHA PARTICLE DETECTION

Linda Vahala and George Vahala , William and Mary

DieterASigmar , Plasma Fusion Center, M. I. T

ABSTRACT

For Maxwellian alphas, we have shown that in a wide GHz frequency
range tﬁe alpha particle éontribution to the spectral density correlation
function can be dominant for fluctuation wavenumbers nearly perpendicular
to the external magnetic field. The optimal forward scatfering angular
range for detection of the scattered power is (0.8°,1.2°), with significant
contributions coming from the alphés with temberature = 5Ti = 5Te and
densities n /n_ = 0.6 %.

Theseé results are now generalized to include :

(1) more realistic alpha particle distribution;functions,

(2) relativistic and finite transit time effects, and

(3) experimental limitations (angular resolution,...).

The results of using loss-cone alpha particle distribution functioné
further strengthens the feasibility of using 002 laser scattering to

determine ‘phase space properties of the alphas.

work supported by the Department of Enérgy
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Analytic F-8® Curves for Reversed Field Pinches*

K.M.Ling and D.A Baker
Los Alemos National Laboratory
Los Alamos, New Mexico 87545

In the absence of internally measured magnetic field distributions
in hot, sustained current, reversed field pinch (RFP) experiments, it
is common practice to use force—free field models which depart from
Taylor’s Bessel function lowest energy state in the outer region of the
plasma. These models are designed to fit the s&actual F-6 disagram
obtained from extiernal magnetic pickup loop measurements. The models
used previously have either discontinuous current densities or require
numerical integration to obtain the fields and associated F-6 diagrams.

We have obtained analytic closed form solutions for the
cylindrically symmetric, force-free fields B where VxB = a(r)B for some
smooth «(r) vanishing at the wall and closed form parametric solutions
of F—@ curves for representing RPFs, thus eliminating discontinuities
and the need of numerical integration. These solutions are expressed
in terms of easily obtainable Bessel functions of the first kind. The
method of solution can easily be generalized to generate an
n-parameter family of F-8 curves. Results of fitting the experimental
ZT—40 F—€ curves will be given.

lK.M.Ling, and D.A . Baker, "Analytic Solutions of VX@ = aB 1n a Straight
Cylinder with a = a(r)"”, LA—-10345-MS (1985).

"Work performed under the auspices of the U.S. Department of Energy.
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STABILITY OF AN AXISYMMETRIC MIRROR WITH AN ENRGETIC ION COMPONENT
J.F. Krall, C.E. Seyler and R.N. Sudan

Laboratory of Plasma Studieé, Cornell University, Ithaca, New York 14853

We examine the stability of a periodic, axisymmetric mirror with an
energetic ion component to finite azimuthal mode numﬁer interchange and
Aballoonihg modes. Using the beam—plasma model! with a rigid rotor distri-
bution function, we arrive at a non-self adjoint quadratic form of the dis-
persion functional. This form involves phase space autocorrelation func-—
tions? over energetic orbits that eihibit stochastic as well as periodic
behavior. The eigenfunction is represented in terms of a set of global
basis functions which are complete. Consequenfly the quadratic form repre-
sents a necessary and sufficient condition for stability. Preliminary

numerical results will be presented.

(1) J.M. Finn and R.N. Sudan, Phys. Rev. Lett. 41, 695 (1978).

(2) H.R. Lewis, D.C. Barhes; J.L. Schwarzmeier and C.E, Seyler, Bull. Am.
Phys. Soc. gg, 1327 (1984).
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Trapped Electron Effects on Electrical Conductivity
and Runaway Production*

M. G. MCoy and G. D. Kerbel
National Magnetic Fusion Energy Computer Center
Lawrence Livermore National Laboratory
Livermore, California 94550

R. W. Harvey
GA Technologies, Inc.
San Diego, California 92138

Using the bounce-averaged nonlinear Fokker-Planck code CQL, the time
evolution of thermal and suprathermal electron velocity distributions due
to an applied DC electric field and Coulomb collisions has been simulated.
We have obtained values for the neoclassically enhanced resistivity [l],
n/ns, where nNs is the Spitzer resistivity, as a function of inverse aspect
ratio € varying from O to 1, Z-effective = 1,2,3,5,10 and E"/ED << 1. Here
Ep is the Dreicer electric field. For the case Z-effective = 1 analytic
estimates exist [2,3] and the code yields agreement with theory.

Through a slight modification of the nonlinear collision operator [4],
a heat bath effect is achieved allowing a "dynamic" steady state to be
achieved for cases in which E; is large enough to create a significant
runaway population. Consequently, we have been able to compute runaway
rates for various values of E"/ED and €, and to compare these in the limit
€~=> 0 with earlier work [5].

Finally, the "intermediate" and "slide-away" regimes described in Hui
et al. [6] have been realized and examined.

References

1. F.L. Hinton and C. Oberman, Nucl. Fus. 9 (1969), 319.
2. M.M. Rosenbluth, R.D. Hazeltine, and F.L. Hinton, Phys. Fluids, 15
o (1973) 11. )

3. J.W. Connor, R.C. Grimm, R.J. Hastie and P.M. Keeping, Nuclear Fusion,
13, (1973) 211. '

4. Similar to a method suggested by Charles Karney in a private
communication. ,

5. R.M. Kulsrud, Yung~Chuin Sun, N.K. Winsor, and H.A. Fallon,
Phys. Rev. Lett. 31 No. 11 (1973), 690.

6. B.H. Hui, N.K. Winsor, and B. Coppi, Phys. Fluids, 20 No. 8 (1977)

: 1275.

*Work performed under the auspices of the U.S.D.0.E. by Lawrence Livermore
National Laboratory under Contract No. W-7405-ENG-48.
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S Oak Ridge National Laborator

James A. Rome and Robert N. Morris®*

P.0. Box Y, Oak Ridge, TN 378%1

For the initial phase of operation of the Advanced Toroidal Facilit

(ATF) at Oak Ridge, heating will be provided by the three ISX-B neutra

injection systems. Each o? these beams can provide 1.5 M of 40 keV
hydrogen for 300 ms.

Although ATF has very large ports (1 m) for tangential injection, the
extremely complex geometry of the vacuum vessel intrudes upon the beam
path. sing the present injectors, about 15-20% of the injected beam
would hit the wall at locations which are difficult to shield.

The Oak Ridge Stellarator beam deposition codel, STABIT, has been
extensively modified to fully account for the source geometry (grid
shape, beam divergence, focal length), injection geometry (source
location and aiming), and vacuum vessel geometry. It gives the ion
locations in flux coordinates so that it is efficient to integrate the
orbits during thermalization.

There are four options that can be used to improve the deposition
geometry. The beam line can be moved and aimed. The helical coils
interfere with most positions, so very little improvement can be
achieved. The focal length of the source can be lengthened. On ISX-B,
the focal point was at the small entrance port. On ATF, better
performance is achieved by focusing the beam inside of the port, at the
lace where the helical coil intrudes. The beam divergence of the
SX-B sources is 1.3 degrees. If it is reduced to 1.0 degrees, it
yields a dramatically improved performance. Finally, a shield can be
laced just outside of the entrance port. The shield can be designed
o intercept the tra;ectories of all particles which would hit the
insides of the helical field coils. Although this still leads to a
reduction in the power delivered to the plasma, the blocked particles
can be handled outside of the vacuum vessel without generating any
plasma impurities.

Engineering studies must determine the most cost—effective of these
solutions.

* Research sponsored by the Office of Fusion Energy, U.S. Department
of Energ{, under Contract No. DE-AC05-840R21400 with Martin
Marietta Energy Systems, Inc.

** Computing and Telecommunications Division, Martin Marietta Energy
Systems, Inc. '

[1] S. A. Hokin, J. A. Rome, T. C. Hender, R. H. Fowler, "Neutral Beam
Heating in Stellarators: a Numerical Approach," ORNL/TM-8530
(March, 1983)
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3 D NONLINEAR MHD SIMULATION IN TOROIDAL GEOMETRY
W. Kerner, H. Welter, D. Biskamp

Max-Planck-Institut fiir Plasmaphysik
EURATOM Association, D-8046 Garching

and

D.S. Harned+)

Courant Institute of Mathematical Sciences
New York University

Development started on a code solving the full compressible
and resistive MHD equations. The code is intended to describe
the macroscopic dynamic behaviour of realistic (toroidal) plasma
configurations, particularly near the R-limit.

Modified cylindrical coordinates x,z,¢ are used, these being
much simpler than Hamada—-like coordinates adapted to an initial
equilibrium. All quantities are expanded in a Fourier series
with respect to the toroidal angle ¢. A predictor-corrector
method is used for the time discretization. As Harned and
Kerner's semi-implicit method /1/ is implemented the limitation
on the time step is governed by the Shear Alfven wave and not by
the fast compression wave. The corresponding implicit velocity
equation in the corrector step is very efficiently solved by fast
Fourier transform. In addition, two scalar elliptic equations
have to be solved in each time step, this also being done by FFT.

The performance of the code is discussed and first results
for toroidal cases are presented.

/1/ D.S. Harned and W. Kerner
J. Comput. Phys., to be published

+)

Work supported by U.S. Department of Energy
Contract No. DE-AC02-76ERO 3077
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WAVE-INDUCED CURRENT AND HEATING IN A
NON-HOMOGENEOUS PLASMA*

Youhg—Ping Pao
Courant Institute of Mathematical Sciences

New York University
New York, New York 10012

ABSTRACT
We examine the effects of plasma non-homogeneity on the
current drive calculation by considering wave propagation in
a diffuse slab and a diffuse pinch. The linear wave propaga-
tion problem is analyzed and the quasi-linear driving terms
for current generation are explicitly derived by using the
collisional Vlasov equation. Expression for wave-induced

heating is also given. Various parameter ranges are discussed.

*This work supported by U.S. Department of Energy Contract No.
DE-AC02-76ER03077.



1P-9

HIGHLY-ELONGATED IDEAL FREE-BOUNDARY
MAGNETOHYDROSTATIC EQUILIBRIA

H. St. John, F.J. Helton, and R.W. Moore

GA Technologies Inc.
San Diego, California

The possibility of achieving Ohmic ignition in highly elongated (b/a > 6) toka-
mak equilibria! necessitates the investigation of the formation of such equilibria from
an ideal magnetohydrostatic point of view. The GA Technologies group has success-
fully constructed racetrack and “dogbone” type equilibria with elongation as high as
11 : 1. These equilibria can be achieved starting from widely varying initial current
profiles. The final configuration must however have a very flat current profile in or-
der to achieve elongations greater than ~ 6.5. Internal doublets and triplets have
been observed for elongation greater than ~ 7. Our success in this area is due to a
free boundary current scrapeoff algorithm which allows formation of highly elongated
equilibria through an arbitrary succession of limited and diverted intermediate states.

Both diverted and limited final configurations have been produced.

We discuss the so called “zipper” formation of elongated equilibria and present

ideal results. Related papers?? discuss stability and beta limits of these equilibria.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.

1R.W. Harvey et al., Ohmic Ignition of an Elongated Tokamak, this conference.

2R.W. Moore et al., Equilibrium and Stability of Highly Elongated Tokamaks, this
conference.

3F.J. Helton et al., Shape Optimization for Small Elongated Tokamaks, this conference.




1P-10

SINGULAR FINITE ELEMENT METHODS FOR FINITE BETA PLASMAS

A.D. Miller, Centre for Mathematical Analysis, and
R.L. Dewar, Dept. of Theoretical Physics, R.S.Phys.S.,
The Australian National University
Canberra A.C.T. 2601, Australia

The singular finite element method forms the basis of the PEST3 code1
for calculating outer solutions in toroidal resistive stability calculations.
Convergence problems have reduced the applicability of the code for finite
beta plasmas, where the singular Frobenius solutions are fractional powers
of the distance from a rational surface. Analysis of a simple mode]2 shows
fundamental Timitations in the original approach. A new method is presented,
based on a form of Green's function for postprocessing the Galerkin solution,
which greatly improves the accuracy and convergence of the generalized a'

calculation.

1. J. Manickam, R.C. Grimm and R.L. Dewar, Resistive MHD Stability in
Tokamaks,-in: Energy Modeling and Simulation, Eds. A.S. Kydes et al.,
Vol. IV of IMACS Transactions on Scientific Computation (North
Holland, Amsterdam, 1983) pp. 355 - 360.

2. R.L. Dewar and R.C. Grimm, Singular Finite Element Methods in Plasma
Stability Computations - A Simple Model, in: Computational Techniques
and Applications: CTAC-83, J. Noye and C. Fletcher, eds. (North
Holland, Amsterdam, 1984) pp. 730 - 740.
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ENERGETIC ELECTRON EFFECT
ON MHD MODES IN TOKAMAKS*

J.Y. Hsu, M.S. Chu, J.S. Kim, and J.K. Lee

GA Technologies Inc.
San Diego, California

The stable access to the second stability regime of ballooning modes® and the
destabilization of internal kinks? by the energetic particles have been studied recently.
Ion ring devices and hot electron ring in EBT have been proposed for better MHD
stabilization. In this paper, we consider the effect of a hot electron component,
possibly resulted from electron cyclotron resonance heating, on MHD instabilities
in tokamaks. Among them, the external kink was considered to be an obstacle to
achieve low-¢ (limiter ¢ < 2) discharge. Possibility of overcoming this barrier by the
additional stabilization from hot electrons is considered. The formulation will also be
applied to find the stabilization conditions for the internal kinks and the ballooning

modes.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.

IM.N. Rosenbluth, S.T. Tsai, J.W. Van Dam, and M.G. Engquist, Phys. Rev. Lett.
51, 1967 (1983).

2Liu Chen, R.W. White, and M.N. Rosenbluth, Phys. Rev. Lett. 52, 1122 (1984).
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STRONG DAMPING OF ELECTRON CYCLOTRON WAVES
IN NEARLY PARALLEL STRATIFIED PLASMAS*

D.B. Batchelor

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37830

A. Fruchtman
K.S. Riedel
and
H., Weitzner

Courant Institute of Mathematical Sciences
New York University
New York, New York 10012

ABSTRACT

In mirror-like devices, where the magnetic gradient is

along the direction of the magnetic field (parallel stratifica-
tion), the right circularly polarized component of the E field

is not suppressed. The warm plasma dispersion relation predicts
essentially total absorption of the extraordinary mode. However,
because of the strong damping and the rapid wvariation of k near
resonance, geometric optics is_not necessarily wvalid. Adapting
a calculation done by Weitzner+ for ICRH, we introduce three
small parameters, €1 = vth/c, €y = c/wlL, €4 ='(wpe/w)2, and

perform a boundary layer analysis in the resonance region. For
many parameter values, we prove the extraordinary mode is com-
pletely absorbed. The integrodifferential equations are solved
numerically.

'H. Weitzner, Phys. of Fluids 26, 998 (1983).

*Work supported by U.S. Department of Energy Contract No.
DE-AC02-76ER03077.
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ARTIFICIAL INTELLIGENCE METHODS FOR
FACILITATING LARGE-SCALE SCIENTIFIC COMPUTATIONS*

N. T. Gladd and N. A. Krall
JAYCOR
San Diego, California

The magnetic fusion energy research program has been a focal point for the
development of Tlarge-scale computational modeling of physical systems. This
modeling has covered a wide range of methods and applications--from particle-
in-cell simulations of basic plasma phenomena, to numerical solutions of
partial differential equations describing plasma equilibrium, stability, and
transport, to the use of systems analysis methods which anticipate reactor
behavior. Despite this diversity, there exist generic features common to many
of these models. Foremost among these is the practice of utilizing large-scale
numerical computations in a manner which emphasizes understanding the scaling
and parametric tendencies of the underlying mathematical model rather than as a
means of obtaining specific numerical results. We discuss the use of
artificial intelligence-based methodologies to facilitate the analytical
process of using such computational models. Specifically, we describe ANLYZ,
an expert system which serves as a planning aide for conducting parametric
studies with a target prototypical plasma stability code. ANLYZ is implemented
in LISP and makes extensive use of symbol and object manipulation, as opposed
to numerical manipulation, and utilizes hueristic or "rule of thumb" reasoning
processes, as opposed to algorithmically precise reasoning. It interacts
either actively or passively with its target FORTRAN code, builds an evolving
data base of the code's experiences, and converts the data base into a
knowledge base by forming "opinions" about the parametric variations of code
results. On being informed of a user's intentions to make a "run" with the
target code, ANLYZ attempts to mimic the human reasoning processes which are
involved 1in ascertaining the relevance of prior knowledge of target code
behavior to the task at hand and suggests alternative, potentially more
efficient ways of acquiring the desired information. While still in a
primitive state, ANLYZ serves as an example of the potential applications of
the rapidly developing field of artificial intelligence, even to such hard
sciences as plasma physics.

*This research was sponsored by the U.S. Department of Energy under a Small
Business Innovation Research Grant.
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Solution of the Electron’s Fokker-Planck Equation
for Tandem Mirror Trapped Particle Modes*

H.L. Berk
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

In the analysis of trapped particle modes in tandem mirrors, an essential part
is played by the collisions of electrons, which cause them to be collisionally transferred
between the cells of the tandem during an oscillation period. A general and novel method of
solving the wave-kinetic Fokker-Planck equation has been developed. Over most parameter
regimes, the solution can be expressed in terms of the original Pastukhov problem, which
solves for the steady state particle and energy lifetime of electrons in an electrostatic trap.
The limits of the solution is set at high collisionality by the condition that the electrons
be long mean free path and at low collisionality by the condition that v > wT/|e®| (v =
electron collision time, w = wave frequency, T' = electron temperature, |e®| = electrostatic
field energy). The solution corrects a previous derivation® that neglected heat conduction
between the plug and central cell. The solution is applied to trapped particle modes in
tandem mirrors with equilibrium radial electric fields. A discussion of the modes and their
growth and damping rates will be presented.

1 H.L. Berk, M.N. Rosenbluth, R. Cohen, W. Nevins, IFS Report 160.

*This work supported by the U.S. Department of Energy.
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PONDEROMOTIVE FORCE PUMPING OF TANDEM MIRROR THERMAL BARRIERS
John F. Santarius and J.D. Callen

Fusion Technology Institute, University of Wisconsin
1500 Johnson Dr, Madison, WI 53706

A method for pumping tandem mirror thermal barriers using an azimuthal
ponderomotive force to cause a radial drift of ions will be presented. The
idea applies to axisymmetric, as well as quadrupole, configurations and does
not require any geodesic curvature of the magnetic field. A properly phased
antenna array would be used to create a rotating electric field with an azi-
muthal gradient in EE. Ponderomotive force theory and experimental results
indicate that a resultant, time dependent force F ~ grad Ez would result. The
consequent F x B drift of ions in the radial direction would pump the thermal
barrier.

Calculations for required drift velocities and electric fields will be
presented for both the MINIMARS and Phaedrus-Upgrade regimes. A preliminary
analysis indicates that the electric fields required for both machines appear
reasonable. Thus, this pumping scheme would provide a solution for pumping
the thermal barrier in MINIMARS without having to create all of the geodesic
curvature for "drift pumping" by the antenna system. Also, it appears likely
that Phaedrus~-Upgrade could provide an experimental test of the concept within
the year.

Three major areas of uncertainty remain: (1) General ponderomotive force
theory 1is still in its early stages; (2) An optimized antenna design is re-
quired; and (3) Self-consistent electrostatic potential effects may be im-
portant. This paper will address the last two areas.

In summary, RF ponderomotive pumping is conceptually simple, and does not
rely on a complicated physics analysis. The basic results to be presented in
this paper depend only on the existence of an azimuthal force, whether pon-
deromotive or of another nature. Some effects, relevant when specializing to

ponderomotive force theory, will also be discussed.

This research was supported by Department of Energy contracts DE-ACO2-
80ER53104 and DE-AS02-78ET52048.
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Kinetic Theory of ICRF Stabilization

of Interchange-Ballooning Modes*

D. A. D'Ippolito and J. R. Myra
Science Applications International Corporation
Plasma Research Institute

934 Pearl Street
Bouldexr, Colorado 80302

A fully electromagnetic kinetic theory of‘the effect of ICRF on low
frequency curvature driven modes in mirror geometry is presented. The
theory includes the direct ponderomotive force effects and sideband mode
coupling on an equal footing, and allows for general perpendicular polari-
zations of the RF wave. We calculate the nonlinear forces on a fluid
element by invoking the paraxial expansion and a small Larmor radius
ordering. An explicit expression is obtained for the perturbed nonlinear
force, and hence the generalized ballooning equation, which is valid for
arbitrary (interchange-ballooning) azimuthal mode number m and arbitrary
plasma beta. In the high-m interchange limit, a simple dispersion relation
results which illustrates the respective roles of the direct ponderomotive
force, non-resonant sideband coupling and parametric interaction. Simple
limits exist in which each of the effects can be dominant. Depending on
the parameter regime, it is possible for the RF to stabilize or destabilize

the low frequency wave.

*Work supported by U. S. Department of Energy Contract DE-AC03-76-ET53057.
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LOWER-HYBRID CURRENT DRIVE IN THE PRESENCE
OF AN OHMIC ELECTRIC FIELD °

V. Fuchs and M. M. Shouecri
IREQ; Varennes, Québec, Canada

A. Bers
MIT; Cambridge, MA, U.S.A.

R. A. Cairns
University of St. Andrews; St. Andrews, Scotland

Two-dimensional Fokker-Planck studies are presented of the combined effect of
lower-hybrid (RF) quasilinear diffusion (Dgy) and of an ohmic field (E) on the plasma
current. The standard linearized collision operator appropriate for runaway tails is
- employed, so that electron momentum conservation is violated but we compensate
for this by adjusting the bulk current and distribution on the basis of the moment
equations. In the absence of RF the collisional model thus yields the appropriate
runaway rates and we can also recover the correct total current. With RF, strong
modifications of both the plasma current and runaway rates can occur depending on the
location of the RF spectrum. The principal effect is an E-dependent RF conductivity,
valid when the lower bound of the spectrum lies well below the critical velocity. Qur
calculations of both the RF driven current and runaway rates span the region of E/E,
from 0.005 to 0.04, and of DQL/vzvg from 3 to 45, relevant to present-day current-drive

experiments.

* Supported in part by Hydro-Québec Project No. 01584-57358713, in part by DOE
Contract No. DE-ACOL-78ET-51013, in part by NSF Grant ECS 82-13430, and in
part by the U.K. Science and Engineering Research Council.
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Fokker-Planck Calculations for JET ICRF Heating Scenarios,* J. SCHARER, J.

JACQUINOT, AND P. LALLIA, University of Wisconsin, Madison, Wisconsin and JET

Joint Undertaking, Abingdon, England -- Local time~dependent, anisotropic

quasilinear ICRF calculations have been made for JET parameters utilizing a
Fokker-Planck code [1]. Fundamental deuterium in tritium, second harmonic
tritium and deuterium absorption, velocity space control and enhanced fusion Q
and 1ignition cases with alpha particle production are presénted for the
experimental program at "high grade" power depositions up to 15 MW. The
corresponding spatial species resonances and power deposition profiles for
various cases are presented. For minority deuterium fundamental heating at
absorbed power levels above 12 MW, deuterium tail fusion enhancement of 1.6 to
1.9 times that for an equivalent Maxwellian is formed near the tokamak core
with Tocal Q = 1 values for sufficiently iong energy confinement times and
ICRF pulse widths. The results show that second harmonic deuterium is
superior to second harmonic tritium heating for fusion Q production for a
given amount of input energy at moderate power levels. Results will also be
presented corresponding to current D-Heg experiments being carried out on JET

at megawatt levels.

[1] D. Blackfield and J. Scharer, Nuclear Fusion 22, 255 (1982).

*This research was supported in part by DOE contract DE-AC02-80ER53104-Task

ITI.
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SIMULATION OF PLASMA RELAXATIUN*

D. D. Schnack and D. C. Barnes™
Applied Plasma Physics and Technology Division
Science Applications Intermational Corporation

La Jolla, California 92038

An important aspect of the operation of magnetic fusion experiments such as
the Reversed Field Pinch (RFP) and the Spheromak is the phenomenon of plasma
relaxation: the natural tendency of a dissipative magnetoplasma system to
minimize one integral quantity (such as the magnetic energy) while others remain
relatively invariant. Recent three-dimensional computations [1] have shown that
the time scale for relaxation is determined by the growth and saturation of m = 1
resistive instabilities (long compared to the Alfven time but short compared with

resistive diffusion). Plasma compressibility has also been shown to be
important. The computation of these processes with standard MHD codes presents
difficulties: codes tied to the compressional or shear Alfven time scales

require large amounts of computer time, and transport codes do not contain the
dynamical information necessary to describe the important physical processes. In
this paper we describe efficient algorithms that are useful in addressing these
problems. These methods require only a fraction of the computer time required by
standard codes, and yet contain the relevant relaxation physics and dynamo
action. Applications to simulation of F-8 current drive in the RFP are
presented.

1. D. D. Schnack, E. J. Caramana, and R. A. Nebel, Phys. Fluids 28 (1985) (to
appear) .

+ SAIC, Austin, Texas.

*  Work supported by USDOE, Contract DE-AC03-83ER53150.
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DYNAMO MODEL FOR THE REVERSED-FIELD PINCH IN THE
SMALL FLOW AND RESISTIVITY LIMIT

D. Dobrott, D. C. Barnes™, and D. D. Schnack
Applied Plasma Physics and Technology Division
Science Applications International Corporation

La Jolla, California 92038

In a recent study [1] of the reversed-field pinch (RFP), Aydemir and Barmes
obtained a steady reversed-field state for an incompressible plasma from a
nonlinear, time-dependent, resistive MHD code using helical symmetry, i.e., the
system of equations depends spatially on radius r and helical angle u = £0+kz
only. The plasma was driven by a constant axial electric field. Their
conclusions suggest that similar results could be obtained by means of a
steady-flow, incompressible, resistive MHD model. In this paper, results from
such a steady-flow model are reported.

The basic equations for a driven plasma are derived in helical symmetry and
their properties discussed. These equations are fully nonlinear. In the limit
of small flow, resistivity, and electric field, the problem consists of solving
the helical equivalent of the Grad-Shafranov equation for the helical flux. The
pressure and the helical magnetic field are determined from equations that are
driven by flows and self-consistent electric fields perpendicular to the helical
flux surfaces. These flows and fields can be eliminated by averaging over each
flux surface. The resulting one and one-half dimensional system is then solved
in a manner suggested by Grad and Hogan [2] in their study of the tokamak. In
this technique, the flow and electrical potentials are determined a posteriori.

A simple non-trivial, but uninteresting, solution that is u-independent
exists and can be obtained explicitly. By linearization of the basic equations,
neighboring, bifurcated u-dependent solutions are also found that depend on the
electric field to resistivity ratio.

The fully nonlinear one and one-half dimensional system is integrated using
relaxation methods, and driven, resistive, steady-flow solutions are obtained for
both the simple u-independent and the bhelically symmetric cases. The
implications of the results are discussed.

. y. Aydemir and D. C. Barnes, Phys. Rev. Ltrs. 52, 930 (1984).
2H. Grad and J. Hogan, Phys. Rev. Ltrs. 2/, 1337 (1970).
-¥SAIC, Austin, Texas.

*Work supported by US DOE, under contract DE-ACO3-S3ER53150.




8y acceptance of this article, the

publisher or recipient scknowledges

the U.S. Governmant's right to 1P=-21
retain @ nonexclusive, rovoltv_-fru

ticense in and to any copyright

covaring the article.

ALPHA PARTICLE DESTABILIZATION OF BALLOONING MODES
IN TOKAMAKS FOR VARIOUS ENERGY DISTRIBUTIONS

(W)

. A. Spong D. J. Sigmab, D. E. Hastings, and W. A. Cooper
Ozk Ridge National Laboratory
Oak Ridge, Tennessee 37831

K. T. Tsang
Science Applications, Inc.
Boulder, Colorado 80302

ABSTRACT

The effect of alpha particles on tokamak ballooning modes has been
examined in the deeply trapped limit for a large aspect ratio tokamak
equilibrium Both a Maxwellian and a slowing down distribution for the
alphas have been considered. For parameters where the average hot
species precessional drift frequency is in the range of the ballooning
mode frequency, such modes can be significantly destabilized. This
results in a decreased critical background plasma beta for ballooning
instability and a loss of access between first and second stability
regions. We examine the regimes of tokamak operation where this can
occur and compare the effects of the two different alpha energy
distributions in general and for TFTR-like plasmas.

*Research sponsored by the Office of Fusion Energy, U.S. Department of
Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta

Energy Systems, Inc.
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ABSTRACT

HALF-COALESCENCE OF THE m=1, n=1 MAGNETIC ISLAND :

A MORE GENERAL FORMULATION

M.N. BUSSAC, R. PELLAT

Centre de Physique Théorique, Ecole Polytechnique
Plateau de Palaiseau, 91128 Palaiseau Cedex France

J.L. SOULE, M. TAGGER

Assoc. EURATOM-CEA sur la Fusion,
CEN, 92260 Fontenay aux Roses, France.

We present an extension of our previous work concerning the
half-coalescence instability of an (m=!, n=1) magnetic island in Tokamaks.

The potential energy is given for an arbitrary shape of the separatrix.
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NUMERICAL CALCULATION OF NEOCLASSICAL
ION THERMAL CONDUCTIVITY AND VISCOSITY®

Seung Kai Wong

GA Technologies Inc.
San Diego, California

A numerical evaluation of neoclassical ion thermal conductivity for a pure
plasma has been performed. The method applies to arbitrary collisionality and fi-
nite aspect ratio, with no approximation involved other than truncation. It is based
on expansion in a set of basis functions consisting of the product of the Burnett func-
tions and modified trigonometric functions, which are orthogonal with respect to the
natural inner product in the neoclassical problem. The exact Fokker-Planck operator
can be used because its matrix elements are obtained by a newly derived, efficient
generating function technique. The same technique is used for the matrix elements
of the other operators occurring in the linearized drift kinetic equation. Comparison

1,2,3

with existing works will be made.

The same numerical method is also applied to the calculation of thermal conduc-
tivity and viscosity for a rotating plasma. For this problem the method is particularly
useful as it is difficult in the conventional approach to treat trapped particle effects

in the presence of strong poloidal electric field arising from the centrifugal force.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER51044.
I1R.D. Hazeltine et al., Phys. Fluids 16, 1645 (1973).

2C.S. Chang and F.L. Hinton, Phys. Fluids 25, 1493 (1982).

3C. Bolton and A.A. Ware, Phys. Fluids 28, 450 (1983).
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*
A NEW THREE-DIMENSIONAL MHD EQUILIBRIUM CODE

Allan Reiman and Henry Greenside
Plasma Physics Laboratory, Princeton University
P.0. Box 451, Princeton, NJ 08544

We have recently begun testing a new three-dimensional equilibrium code
which uses a nonvariational method for solving the equilibrium equations, and
which makes no assumptions about the existence of flux surfaces. The basic
idea 1is an o0ld one, updating the magnetic field at each step by first
calculating the pressure driven currents and then solving Ampere's law with
the appropriate boundary conditions. A recent elegant reformulation of the
method by BOOzer1 showed how the associated magnetic differential equations
may be accurately solved, and how the solution of Ampere's law in three
dimensions may be reduced to the solution of a single Poisson equation. Our
primary contributions to the algorithm were: (1) A fast three-dimensional
Poisson solver that uses arbitrary, numerically specified coordinates; (2) An
automated, efficient algorithm for performing Fourier decomposition along

field lines.

Our code uses Fourier expansions in two angular coordinates and finite
differencing on a radial grid. For 28 modes and 64 radial grid points the
code presently takes about 5 seconds per iteration on the Cray 1. This time
will be reduced somewhat further by improvements in coding not vyet

implemented.

We will present preliminary studies of the properties of the code using
analytic equilibria. We will also discuss the application of the code to

equilibria having magnetic islands and stochastic field lines.

'A.H. Boozer, Phys. Fluids 27, 2110 (1984).

*This work supported by U.S. DoE Contract No. DE-ACO2-76~CHO-3073.
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MODIFIED CONVECTIVE CELLS IN PLASMAS

D. Jovanovid#
Dept. of Physics
University of California
405 Hilgard Avenue
Los Angeles, Ca 90024

H.L. Pécseli & J.J. Rasmussen
Assoclation EURATOM, Ris¢ Ntl. Laboratory
Physics Dept. Ris¢, P.O.B. 49
DK-4000 Roskilde, Denmark

Nonlinear equations describing the iow frequency (much less than the
ion~-gyrofrequency i) electromagnetic perturbations propagating almost
perpendicularly to the external magnetic field in the homogeneous plasma are
derived using the two-field hydrodynamic equations. In the limit ky+0, they
reduce to the equations for the electrostatic and the magnetostatic
convective cells. The presence of the finite parallel wavenumber kj is
responsible for a number of new effects.

In the weak turbulence regime, besides the cascading toward both
smaller and larger perpendicular wave numbers, kj, which is well known in
the Navier-Stokes turbulence, there arises also a possibility for the
cascading toward larger kj only. In the strong turbulence regime, the
existence of a two dimensional solitary vortex solution is demonstrated.

The possibility of the efficient parametric drive of the modified
convective cells by h.f. electrostatic waves, and their importance for the

anomalous particle transport is discussed.

* Permanent Address: Institute of Physics, P.0.B. 57,
YU-11001 BELGRADE, Yugoslovia




1Q-1

Energy Transduction in Pellet-Injected Plasmas

Frederick J. Mayer

Abstract
1985 Sherwood Theory Conference

Madison, Wisconsin
April 15-17, 1985

An unexpected feature of the evaporation of refueling pellets in tokamaks
is discussed. Specifically, it is shown that steady-state spherically sym-
metric pellet evaporation leads to a process of "energy transduction" that
takes energy from stored electron thermal energy and delivers it to evapo-
ration kinetic energy. This is a non-collisional acceleration process and may
be usefully employed in various magnetic fusion devices for controlling the
partitioning of the machine stored energy. The ion velocities can strongly

exceed the background plasma sound velocity (i.e., v; ~3 Cs)' Further, it

i
is suggested that energy transduction is responsible for the increased energy
confinement time observed in pellet-injected Alcator experiments. Measure-
ments from these experiments are used, first to determine the classical flux-
1imit parameter, f, and second, to estimate evaporative ion energies. Final-

ly, a number of potentially useful magnetic fusion energy loading schemes that

make use of energy transduction will be described.
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A PRELTMINARY EXAMINATION OF ICRF HEATING THEORY ON ATF

R. J. Kashuba and D. E. Driemeyer
McDonnell Douglas Astronautics Company - St. Louis Division

The Advanced Toroidal Facility (ATF) is a torsatron type stellarator
being constructed at Oak Ridge National Laboratory. Auxiliary heating will
be used to attain the desired plasma parameters. The heating of tokamak
plasmas via the fast magnetosonic mode in the ion cyclotron range of
frequencies (ICRF) has provided a variety of wave absorption processes which
have yielded either electron or ion heating. In order to optimally exploit
the same physical processes for heating an ATF, we have initiated a study of
the theory of mode conversion and wave damping near the ion cyclotron
frequency for the stellarator geometry. Several models of increasing
sophistication will be discussed. We will first consider an idealized WKB
model, using only the cold plasma dispersion relation without a parallel
electric field or displacement currents. This model will be used to calculate
the cut-offs and ion cyclotron and ion-ion hybrid resonance layers. The next
step is the development of a system of differential equations to describe mode
conversion and damping. The system is truncated to first order in Larmor radii
but includes the effects of explicit gradients. The equations are developed
so that a conservation rule for the total energy can be extracted and, thus,
yield an explicit expression for the wave damping in differential form.
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Numerical Solution of the Fokker-Planck Equation For
Ripple Transport In Stellarators

W. N. G, Hitchon
Torsatron/Stellarator Laboratory
University of Wisconsin
Madison, Wisconsin 53706

and

H. E. Mynick
Princeton Plasma Physics Laboratory
Princeton University
Princeton, NJ 08544

ABSTRACT .

In order to correctly allow for the effects on ripple transport of
particles detrapping, and making many bounces as a toroidal banana before
retrapping, a numerical method of solution of the appropriate Fokker-Planck
equation by integrating in time has been developed. The calculation is
performed in two dimensions, a pitch-angle variable, k2, and poloidal
angle, 6, solving for the distribution function for helically trapped
particles and for both 'forward' and 'backward' streaming particles in the non
helically-trapped region. The trapping probability can be specified in a
variety of ways., but by choosing it to ensure continuity of flux a result very

1 was obtained. Care has been taken to

similar to that of Goldston and Towner
ensure that the calculation is precisely flux-conserving.

Results agree broadly with analytic theories in the '1/v' and 'v'

regimes. In the regime intermediate between the two the code predicts lower

diffusion rates than analytic theory, as does Monte Carlo calculation.?

This work was supported by U.S. Department of Energy under Contract No.
DE-AC02-84ER53166 and by the National Science Foundation under Grant No. ECS-
8206037,

1. Goldston and Towner, Journal of Plasma Physics, 26, 283(1981).
2. C.D. Beidler, W.N.G. Hitchon, H.E. Mynick and J.L. Shohet, abstract
presented at the 1985 Sherwood Theory Conference.
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ICRF Wave Coupling Propagation and, Heating in Large Tokamaks,*_H. ROMERO,

N.T. LAM, AND J. SCHARER, University of Wisconsin, Madison, Wisconsin -- A

method is presented to investigate the problem of ICRF wave propagation in
weakly inhomogeneous plasmas. The problems of strong wave absorption and mode
conversion are incorporated in the analysis assuming a non-WKB eikonal form
for the perturbed electromagnetic field. The method is restricted in its
application, however, to the analysis of problems in which the following two
parameters are known to be small quantities: (e/L) << 1 and (k p) << 1, where
= —%—»lggl, and L represents the scale
|E]

length of variation of the unperturbed quantities. A second-order differ-

o is the local thermal gyroradius, kl

ential equation is obtained for the electromagnetic field. We obtain a
numerical solution to this équation employing a variable-step, variable order
Adams-Moulton integrating routine. Applying appropriate "radiation boundary
conditions" in the vicinity of the strong absorption layer, we calculate the
fast-wave transmission and reflection coefficients as well as the ion
Bernstein mode conversion coefficients. In addition, we consider the problem
of fast-wave coupling into the plasma using a waveguide launching structure.
The plasma impedance and the reflection coefficient are evaluated using both a
plasma slab matrix mode]l and a differential equation for the electromagnetic
field applicable in the plasma edge region. A comparison of the results ob-
tained using these two techniques will be presented. We discuss the influence
of the launcher aperture dimensions on the plasma reflection coefficient in

order to optimize the coupling properties of the launching structure.

*Research supported by DOE contract DOE-AC02-80ER53104-Task III.
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‘@ - PARTICLE BEHAVIOR IN STELLARATOR REACTORS*
Darwin Ho and Russell Kulsrud
Plasma Physics Laboratory, Princeton University
P.0. Box 451, Princeton, New Jersey 08544
One possible difficulty with a D-T stellarator fusion reactor is that the
thermonuclear ® - particles can be born or scattered into superbanana orbits
associated with the helical wells.1 The success of such a reactor depends
upon whether or not the ® - particles can transfer a sufficient fraction of
their energy into the background plasma. In this work, the Fokker-Planck
equation was used to calculate the fraction of & - particles lost and the
energy which they deposit in the plasma while slowing down. Results indicate
that the energy loss is tolerable. The steady-state @ - particle density was
also calculated and shown to be sufficiently small that no serious "ash"
accumulation occurs.

'D. Anderson et al., (1982) Phys. Fluids 25, 353,

*This work supported by U.S. DoOE Contract No. De-ACO2-76-CHO-3073,
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Resistive Ballooning Modes in a High Temperature Plasma

J.W.Connor, R.J.Hastie, T.J.Martin
Culham Laboratory, Abingdon, Oxfordshire, 0X14 3DB, UK

(Euratom/UKAEA Fusion Association)

1
It has been pointed out previously( ) that the combined effects of

radial temperature gradients and parallel electron thermal conductivity
can stabilise the resistive tearing mode in a high temperature plasma.
The similarities between the theory of the resistive layer of tearing
modes and high mode number resistive ballooning modes led to the
prediction(z) that a similar effect would be exhibited by the
ballooning modes. We have re-analysed this problem within the

framework of the cold ion model and the full Braginskii equations for

the electrons.

In the ballooning represention these equations may be simplified
in the resistive region by averaging over the poloidal period. The
resulting equations have been solved numerically, supplemented by
analytic treatments of various limiting cases. The conclusion is that,
although damped modes exist as in the tearing case, there are

nevertheless always unstable resistive ballooning modes present.
REFERENCES

1. J F Drake, T.M.Antonson,Jr., A.B.Hassam and N.T.Gladd. Phys.

Fluids 26 2509 (1983).

2. A.K.Sundaram, A.Sen and P.K.Kaw. Phys. Rev. Letts 52 1617 (1984)
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Three Dimensional Tandem Mirror Equilibria with Finite Larmor
_ Radius Effects.
L.D.Pearlsiein, B.MeNamara

Lawrence Livermore Naliondl Laboratory, University of California,
Livermore, Box 5511, California 84550

A direct iterative method of solving for Tandem equilibria by moving magnetic
field lines so as to satisfy the linearised equilibrium equations converges much
more rapidly than standard relaxation techniques, typically in under a fifty it-
erations. At the highest @’ the number of iterations increase, bui is still far
less than other methods. In quadrupole tandem mirror equilibrium, octupole
and higher distortions of the flux surfaces are important which forces us to
abandon finite differences in the angle-like flux variable and resort to a speciral
decomposition fo solve the equilibrinm equations. We display equilibria at the
high # expected for MFTF-B and show how Finite Larmor Radius {FLR) ef-
fects strongly suppress these azirmthal distortions. This is illustrated below for
MF TF-B, one of many configurations we have examined.

" low FLR high FLR
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MFTF-B Flux surfaces in the center cell. At low FLR (left) the plasma
surfaces have large octuppole distortions. Heavy dots indicate the flux surfaces
in the vacuum field. Also shown are #-lines at equilibrium. With design-point
FLR (right) there is litile distortion .

Work performed under the auspices of the U.S. Depariment of Energy by Lawrence
Livermore National Laboratories under coniract number W-7405-ENG-48.
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DOUBLE ADIABATIC COMPRESSION OF FIELD-REVERSED CONFIGURATIONS

Ross L. Spencer
Department of Physics and Astronomy
Brigham Young University
Provo, Utah 84602

The change in the size and shape of field-reversed configurations
(FRCs) under wall and flux compression was studied previously using the
adiabatic equation of state in MHD, p/pY = const.  This model not only
assumes that there are no losses, but also that the temperature remains
isotropic. 1If the FRC were collisionless, it might be more appropriate
to use a double adiabatic model in which there are still no losses, but
the temperature need not be isotropic. The problem of FRC compression
using this model has been solved for the two limiting cases of FRC
equilibria, the low- and high-flux sharp-boundary models., In the
high-flux sharp-boundary model, the plasma is magnetized, so the
magnetic moment, W, is taken to be a comnserved quantity. The other
conserved quantity 1is the axial action, v &, where X is the length of
the FRC, In the low-flux sharp-boundary model, the plasma is
unmagnetized, so P is undefined. However, the radial action takes its
place as a conserved quantity. Conservation of the radial action can
approximately be expressed by writing v r = comnst, where r_ is the
outer plasma radius. Because the trapped flux is also conserved, the
radial action and the magnetic moment are both proportional to Pirz/p;
the axial action 1is proportional to Pnié/p. By combining these
conservation laws with the equilibrium equation and with the equations
expressing conservation of trapped flux and particles, the double
adiabatic laws for FRC compression can be derived. It can be shown
that the average-beta condition now takes the form
(KB> +<Bp>)/2 =1~ x§/2. It can also be shown that during wall
compression T, > Ty, while during flux compression T, < Ty.

It is, however, unreasonable to suppose that such a temperature
anisotropy will persist, Even without collisions, non-conservation of
b at the ends of the FRC and velocity space instabilities will act to
isotropize the temperature. Hence, it is of interest to compare the
behavior of an FRC using the fluid adiabatic and double adiabatic
models wunder the assumption that the same kind of compression is
applied in both cases, but that at the end the temperature anisotropy
arising in the double adiabatic model is relaxed. Thus, both models
produce FRCs with isotropic temperatures in the end. For definiteness,
this comparison 1is carried out for the proposed sequence of wall and
flux compressions in the proposal for the FRX-D experiment at Los
Alamos. Because of . the irreversibility of the temperature
isotropization, the final state of the double adiabatic model has
higher entropy, i.e., higher temperature, and is, consequently, longer.

l. R. L. Spencer, M. Tuszewski, and R. K. Linford, Phys. Fluids 26
1564 (1983).
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INDUCTIVE INHIBITION OF COLD-PLASMA STABILIZATION
*
OF MIRROR-CONFINED PLASMAS

G.E. Guest and R.L. Miller
AMPC, Inc.
Encinitas, California 92024

and

M.Z. Caponi
TRW, Inc.
Redondo Beach, California 90278

ABSTRACT

Many theoretical attempts to interpret the experimentally-inferred
cold-plasma stabilization of flute-like instabilities in mirror-confined
plasmas have used rudimentary electrostatic models. These indicated that
growth rates could be reduced substantially by a tenuous, finite-length
cold plasma terminated by grounded, conducting end walls. However, in
many situations of interest, inductive phenomena can inhibit the parallel
fluctuating electric fields responsible for the finite-length enhancement
of cold-plamsa stabilization. In order to investigate these phenomena, we
have determined the growth rates of flute-like modes in finite-length
cylinders of hot plasma embedded in colder plasmas that extend with
arbitrary axial profiles of density along the confining magnetic field
lines to end walls. The perturbed fields due to small amplitude flutes
are described by AH’ the parallel component of the vector potential, and
¢, the scalar potential. Expressions for the perturbed charge and current
are obtained from fluid equations as well as kinetic models. Ampere's Law
and Poisson's equation are combined to obtain a Schrodinger equation for
¢(z) that has been solved, subject to suitable boundary conditions, for a
wide range of plasma parameters. The reduction in growth rate due to

finite—length effects is typically less than 50%.

*
Work supported by the U.S. Department of Energy under TRW Subcontract
No. P12299J13S and DOE Contract No. DE-AC03-79ET51017.
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Stability of Islands to Antisymmetric Perturbations in Tokamaks*

A Y. Aydemar
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Most linear and nonlinear studies of magnetic island dynamics have assumed re-
flection symmetry for the flux surfaces, ¥(r,0,¢) = ¥(r, —0,~¢). Recently, Bussac et al.!
have proposed that when this artificial symmetry constraint is relaxed, the m =1, n =1
island in tokamaks may become unstable to an antisymmetric ideal MHD mode, thus pos-
sibly explaining the fast time scale associated with the disruption phase of the saw-tooth
oscillations. Antisymmetric modes may also play a role in major disruptions, since they
can alter the time scale for island overlap and the onset of stochasticity. Therefore, whether
such symmetry breaking modes exist for m = 1 and higher-m islands, and what the con-
sequences of their nonlinear evolution are, need to be investigated. We are studying these
questions computationally, using a 3D MHD code that has no symmetry assumptions built
into it. In particular, we are examining the possible existence of thresholds in perturbation
amplitude and island width.

IM.N. Bussac, R. Pellat, J.L. Soule, and M. Tagger, Physics Letters 105, 51 (1984).

*Work supported by the U.S. Department of Energy and National Science Foundation.
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Application of Low Frequency Electromagnetic Variational Form to Trapped
Particle Modes with Azimuthal Rotation

B. Lane, Plasma Fusion Center, M.I.T.,Cambridge, MA 02138x
H.Berk, Institute for Fusion Research, U. of Texas, Austin,TX 78712%x

We develop the formalism for a variational quadratic form suitable for the
analysis of low frequency, w < ni( 72, = ion cyclotron frequency), fully
electromagnetic perturbations. The analysis employs the long-thin (Br < Bz)
and finite Larmor radius (pi > rn) orderings and assumes QL = B||+£o VB <
¢Vr2 where ¢ is the displacement, & = £eVa and B = Va x VB. The orbit
integrals are summed exactly to give the full resonance structure. Using
this formalism we consider several applications: (a) It has been shown using
MHD equations that at sufficiently high beta, a mirror configuration can be
gtablized by the presence of a conducting wall. We extend this analysis by
showing that the condition E'|= O gives the lowest energy perturbation and
that therefore an electrostatic mode will be stable if the MHD mode is
stable. (b)We analyze the radial and axial problem of two coupled cells with
differential azimuthal rotation assuming first a low beta sharp pressure
profile and then assuming an exponential pressure profile (n = ng exp(-
a/ao). T = constant). (c¢) We analyze the interaction of MHD and
electrostatic ballooning modes in the presence of a strongly stabilizing
anchor in the eikonal limit.

*Supported by DOE Contract No. DE-ACO2-78ET51013
**Supported by DOE Contract No. DE-F605-80ET5308
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Toroidal Viscosity and Ambipolarity

in the Neoclassical Theory of Axisymmetric Tori*

Peter J. Catto
Science Applications International Corporation
Plasma Research Institute

934 Pearl Street
Boulder, Colorado 80302

To self-consistently evaluate both the toroidal rotation frequency
and the radial electric field in a tokamak the two distinct constraints
of toroidal momentum conservation and ambipolarity must be invoked. A
gyrokinetic derivation of the neoclassical transport equations which
permits large toroidal rotations and poloidal precessions is employed
to obtain an explicit form for the toroidal viscosity which displays its
relation to ambipolarity. To illustrate the general results a plateau
regime calculation for a pure plasma is performed. Two important results
emerge. First, the poloidal electric field must be obtained from quasi-
neutrality to evaluate the collisional constribution to the toroidal
viscosity. Second, the rotation and precession speeds can approach the
ion thermal speed so that large enhancements of the particle and heat

fluxes are possible.

*Work supported by U. S. Department of Energy Contract DE-AC03-76-ET53057.
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TRANSPORT CODE SIMULATIONS WITH
A COMPREHENSIVE DRIFT-BALLOONING MODEL*

R.R. Dominguez, W. Pfeiffer, and R.E. Waltz

GA Technologies Inc.
San Diego, California

Transport code simulations have been performed with a comprehensive model for
drift-ballooning mode turbulence appropriate to a tokamak. The model covers regimes
of low to high collisionality and vanishing to moderate 8 (< %ﬂcm). Both trapped
and circulating electron responses to electric and magnetic perturbations are included.
The transport coefficients are based on a simple interpretation of gquasilinear theory
with saturation at #/ng ~ 1/k) L, and fixed mixing length k7" ~ 3 p,. Anomalous
electron and ion heat transport, plasma transport, and energy exchange are included.
The low density scaling 7 « naR2%q is recovered for low-8 chmic discharges as a
result of the dissipative trapped electron transport. Simulation of the high density
saturation of ohmic confinement as well as the high deusity beam heating regime is
currently in progress. Detailed comparisons with DIII data will be presented.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
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AXISYMMETRIC STABILITY STUDIES OF A DIVERTCOR
LIMITED BEAN-~SHAPED TOKAMAK*

N. Pomphrey, S. C._Jardin and M. Okabayashi
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544
We have investigated the feasibility of controlling the axisymmetric
stability and shape variation of a proposed reconfiguration of PBX in which
the discharge is limited by divertors at the bean tips. We find that passive
conductors located outside the separatrix surface should be sufficient to
provide passive stabilization on the fast (ideal) time scale. An orthogonal
set of active feedback systems is proposed and shown to be effective in
centering the plasma on the mid plane and in maintaining the bean shape for a
range of realistic pressure and current distributions. A similar system is

shown to be effective in controlling and maintaining a bean shaped plasma

inside the TFTR vacuum vessel.

*This work is supported by the U.S. DoE Contract No. DE-AC02-76~-CHO-3073,
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COMPARISON OF VARIOUS THERMAL CONDUCTION MODELS

ON THE PREDICTION OF DENSITY LIMITS IN TOKAMAK DISCHARGES

P. N. Guzdar and J. Q. Dong*
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

The existence of the density limits (or Murakami limits) has been
postulated to exist because of an absence of thermal equilibria beyond
a critical density.! The thermal conduction model used in the earlier
work was derived in the spirit of the Connor, Taylor? prescription by
invoking the invariance of a certain set of equations to scaling
tansformations. TIn the present work we consider various thermal
conduction models. We consider specifically three models: (1) Ohkawa’s
model; (2) Perkin”s trapped particle drift wave turbulence model; and
(3) Pogutse and Parail turbulence model, We will present a comparative
study of these three models in predicting density limits in ohmically
heated tokamaks.

*Work supported by DOE.
lp. N. Guzdar, Phys. Fluids 27, 447 (1984).
2J. W. Connor and J. B. Taylor, Nucl. Fusion 17, 1047 (1977).

*Permanent address: Southwestern Institute of Physics, Leshan, Sichuan,
China.
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Numerical Simulation of Transport in a Field Reversed Configuration;
Comparison with Experiment#* ‘

. D.E. Shumaker
Mational Magnetic Fusion Energy Computer Center
Lawrence Livermore National Laboratory
Livermore, California 94550

The compact torus transport code CTIT has been applied to the simulation of
the transport time scale evolution of a FRC plasma. The calculation proceeds
by alternating between the calculation of a 2-D axi-symmetric equilibrium and
1-D transport. The equilibrium calculation uses flux surface coordinates and
finite elements. The transport calculation consist of the simultaneous
solution of three 1-D equations for the ion density, electron entropy and ion
entropy. The physical processes which are modeled by this calculation are,
classical transport, Joule heating of electrons, collisional transfer of energy
between ions and electrons;, loss of particles due to flow along open field
lines, and anomalous transport based on lower~hybrid-drift scaling. Results of
the simulation are compared to the FRX-C experiment at Los Alamos National
Laboratory. For the high density experiments the experiment and simulation are
in good agreement when the electron-ion collision frequency is multiplied by a
factor of 4 to 5.

*Work performed under the auspices of the U.S.D.0.E. by the Lawrence Livermore
National Laboratory under contract number W-7405-ENG-48.
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MODELING AMBIPOLAR POTENTIAL FORMATION DUE TO
ICRF HEATING EFFECTS ON ELECTRONS®

J.W. Johnson, J.D. Callen, N. Hershkowitz

Nuclear Engineering Department
University of Wisconsin, Madison, W1 53706

A proposed mechanism for the potential bump observed near the region of ICRF heating
in the endplugs of the Phaedrus tandem mirror experiment is investigated by numerical
simulation of electron orbits in a simple mirror geometry. Given initial magnetic and
ambipolar potential wells that trap the electrons, the “near field” parallel electric field
E.e~*! which is localized near and due to the ICRF heating, tends to eject electrons from
the region where E, is nonzero. This depletion of the local electron population can cause
a local increase in the ambipolar potential.

The rate at which the electrons are ejected, %':-, is calculated from the electron orbit
computation for a given potential well depth. The rate at which passing particles “fill in” the
potential well can also be calculated. An estimate of how large the bump in the ambipolar
potential grows can be obtained by finding the well depth at which % approximately equals
the “flling” rate. For Phaedrus parameters (no = 4.0 X 10’2 cm™2, T, = 20 eV, E, ~ 1.0
V/cm) the electron pumping rate balances the “filling” rate at a potential well depth of

approximately 40 eV, which is consistent with experimental results.

*Work supported by U.S. DOE contract DE-AC02-80ER53104.
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THE SPECTRUM OF RESISTIVE VISCOUS MHD*

K.S; Riedel

Courant Institute of Mathematical Sciences
New York University
New York, New York 10012

ABSTRACT

The spectrum of scalar resistivity and scalar viscosity,
incompressible magnetohydrodynamics is calculated in a slab
geometry. The approach is similar to Y.-P. Pao's treatment
of resistive MHD. The Alfven continuum of ideal MHD is re-
placed by point eigenvalues which lie on curves independent
of n. The shape of these curves is determined for the pre-
viously untreated case of a mode rational surface. Unstable
modes occur only when |w| < nl/3 and the tearing and slow
interchange modes are analyzed using the WKB expansion.
Viscosity removes the accumulation point at w = 0. Wave
propagation in a dissipative medium is discussed.

*Work supported by U.S. Department of Energy Contract No.
DE~AC02-76ER03077.
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EVOLUTION OF A TOKAMAK CLOSE TO THE g LIMIT*
J.S. Kim, M.S. Chu, and J.K. Lee

GA Technologies Inc.
San Diego, California

The evolution of tokamak equilibria close to the theoreticall»? B limit is studied
by employing the high B, reduced equations. Specifically, the ¢ value at the plasma
boundary is chosen to be ~2, and the €, value is 20.3. The current and pressure
profiles are assumed to be close to the optimum profile predicted by the ideal bal-
looning mode theory. We focus on the nonlinear interaction amongst modes with
different helicities. The relevance of the simulation to various disruption scenarios

will be presented.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
'L.C. Bernard et al., Nucl. Fusion 23, 1475 (1983).

2F. Troyon et al., in Plasma Physics and Controlled Fusion (11th European Confer-
ence, Aachen, European Physical Society), Vol. 26, No. 1A, 209 (1984).
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DIRECT IMPLICIT PARTICLE SIMULATION OF TANDEM MIRROR TRANSPORT*

Bruce I. Cohen and Mark E. Stewart
Lawrence Livermore National Laboratory,
Livermore, California 94550 USA

Charles K. Birdsall
University of California
Berkeley, California 94720

This paper introduces the one-dimensional axial simulation code TESS
for simulating thermal-barrier formation and loss of plugging in a tandem
mirror plasma. We calculate the self-consistent ambipolar potential from
data collected from advancing particle ion and electron trajectories. By
performing a direct implicit solution for the electric potential [1], we are
allowed to use a long time step. An accurate representation of passing and
trapped, electron and ion dynamics is rendered by conventional particle
simulation and Monte Carlo techniques.

Ion and relativistic electron guiding-center trajectories are calculated.
Charge exchange and ionization processes are represented statistically by
their averaged rates of occurrence and are allowed to vary axially. The
wave heating effects of ECRH and ICRF are modeled in Monte Carlo fashion
following Rognlien's scheme [2] based on the formalism of Bernstein and
Baxter [3]. Self-consistent binary Coulomb collisions that conserve eneray
and momentum are similarly modeled [4]. Ions and electrons can be lost
axially by transiting out of the end cell. Symmetry is invoked at the
center cell midplane. To model radial transport, a probability for radial
loss is calculated analytically for classical and neoclassical radial
transport with simple (assumed) radial profiles.

The implicit field solution suppresses the electron plasma wave, and
the guiding-center equations remove the cyclotron time scales. The fastest
time scale is set by axial transit of the particles, which aoverns the
simulation time step. On the slowest time scales, gas is introduced into
the center cell which is jonized to replenish plasma losses and heated by
ICRF; sloshing ions and pumping of trapped ions result from charge exchange
in the end cells; and hot electrons are created Tocally by ECRH. Startup of
a tandem mirror and maintenance of a thermal barrier and end plugging will
be simulated.

[1] A. Friedman, A.B. Langdon, and B.I. Cohen, Comm. Plasma Phys.
Controlled Fusion 6 (1981), 225.
[2] T.D. Rognlien, Phys. Fluids 26 (1983), 1545 and Nucl. Fusion 23
(1983), 163. —— T
[3] - I.B. Bernstein and D.C. Baxter, Phys. Fluids 24 (1981), 108.
(4] A.B. Langdon, private communication; T. Takizuka and H. Abe,
J. Comput. Phys. 25 (1977), 205.

* This work wgéfberformed under the auspices of the U.S. Department of
Enerqgy by the Lawrence Livermore National Laboratory under contract
number W-7405-ENG-48.
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' %
HIGH FREQUENCY MODES IN TOROIDAL PLASMAS

. T *
. P. Detragiache , B. Coppi , S. Cowleyo, R.M. Kulsrude, F. PegoraroJr

*Massachusetts Institute of Technology, Cambridge, MA 02139 USA
®Princeton University, Princeton, NJ 08544 USA
TScuola Normale Superiore, Pisa, Italy

Electromagnetic modes with frequencies in the ion cyclotron range
are examined for a two ion species plasma in a toroidal configurationm.
These modes are important for studies of plasma depolarization

processes ’

, and for radio frequency and neutral beam heating of
toroidal plasmas.

We adopt the geometrical optics approximation in order to obtain the
relevant rays equations. The equations are solved, both analytically
and numerically, looking for radial localized modes.

We found that the existence of the localized modes in a toroidal
configuration depends on the assumed density profile. 1In fact, a
resonance between the poloidal and radial motion of the modes may
occur for a certain class of particle demsity profiles. At resonance,
the radial motion shows a secular behavior that prevents the possi-
bility of having radial localized modes. The present state of our

analysis indicates that the class'of profiles for which this secular

behavior is found, is relatively narrow.

%
Supported in part by the U.S. Department of Energy and the
National Research Council (C.N.R.) of Italy.

lB. Coppi, S. Cowley, P. Detragiache, R.M. Kulsrud and F. Pegoraro,
M.I.T. Report PTP-84/21, 1984,

2B. Coppi, S. Cowley, P. Detragiache, R.M. Kulsrud and F. Pegoraro,
M.I.T. Report PTP-84/6, also PPPL-2147, Princeton 1984, to be

published in Comments on Plasma Physics and Controlled Fusion.

3B. Coppi, S. Cowle&, P. Detragiache, R. Kulsrud, F. Pegoraro and
W. Tang, in PROCEEDINGS OF THE TENTH INTERNATIONAL CONFERENCE ON
PLASMA PHYSICS AND CONTROLLED FUSION RESEARCH 1984,

Paper IAEA-CN-44/E-II-4, PUBLISHER IAEA, Vienna, 1985.
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ION-VISCOSITY EFFECTS ON m°=1 MODES

*
F. Porcelli, B. Coppi
Scuola Normale Superiore, Pisa, Italy
Massachusetts Institute of Technology, Cambridge, MA 02139

*

The theory of collisional m°=1 modes basea on the two-fluid Braginskii
modell raised two problems concerning modes in the drift-tearing regime:
(i) these modes tend to become nonlocalized at high temperatures;

(ii) at the same time, the effect of the finite drift wave frequency

is to introduce fine structure (spatial oscillations) in the radial
profile of these modes on scale lengths of the order of the ion gyro-
radius, breaking the validity of the adopted fluid model. It was then
statedl that the inclusion of the perpendicular ion viscosity tends

to both 'smooth out" the fine structure of the mode radial profile

and maintain the mode localized even in the higher temperature regimes,
as this effect is proportional to higher order derivatives of the mode
eigenfunction. This prediction was then confirmed by a subsequent
numerical work.2 Recently, analytical progress has been made possible
by the introduction of a Fourier space representation of resistive
modes with low poloidal wavenumbers.3 In the Fourier space, the
problem of ion-viscosity effects on m°=1 modes is greatly simplified,
as it yields a second-order differential equation with local boundary
conditions, instead of a fourth-order differential equation with
integral boundary conditions in the coordinate space. An analytic
solution to the mode equation in the Fourier space can be obtained

by the use of asymptotic matching techniques. While this solution
substantially confirms the previous numerical results, it provides
quantitative estimates for the ratio of the ion gyroradius over the
width of the singular layer as a function of the plasma parameters,

and therefore sets new limits for the validity of the adopted fluid
model.

lG. Ara et al., Ann. Phys. 112, 443, 1978.

2G. Ara et al., Phys. Fluids 22, 672, 1979.

3F. Pegoraro and T.J. Schep, Rijnhuizen Report 84-051, 1984.




1Q-23

The Computation of Single Helicity RFP
Ohmic States*

George Marklin

Los Alamos National Laboratory
Los Alamos, New Mexico 87545

An Ohmic State in an RFP is a time independant solution to the resistive
MHD equations having &a reversed +toroidal field which 1is sustained by VxB
electric fields in the interior, and driven by an inductive Ez field at the
wall.

The magnetic field of a single helicity Ohmic Steate is computed by
simultaneously solving a 2-D helical Grad—-Shafranov equation and a 1-D surface
averaged parallel Ohms’ law. The dififusion velocity and density profile are

then determined from the perpendicular Ohms' law and the continuitly equation.

The normal components of the velocity and magnetic field vanish at the
boundary and energy is supplied by an EZ x By Poynting vector sustained by a

pressure gradient at the wall.

The inclusion of Hall effect terms is -shown mnot to alter the magnetic

field.

The possibility of finding analytic solutions for certain special choices

of pitch and pressure profiles is considered.

"Work performed under the auspices of the U.S. Department of Energy.
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A MAGNETIC AND INERTIAL HYBRID FUSION*

Akira Hasegawa

AT&T Bell Laboratories
Murray Hill, New Jersey 07974

A novel fusion scheme, “a disposable mini-spheromac”, is proposed in which a
high intensity laser produced magnetic field is used to contain heat while the
inertia of a heavy metallic shell is used to contain the plasma pressure as well as

the magnetic field.

The thermal shield by the magnetic field reduces the sound speed of the
metallic pressure container which elongates the inertial confinement time by a few
orders of magnitudes compared with ordinary inertial fusions. This leads to a new
regimg in fusion plasma parameters with n = 10! cm™ and B ~ 10°T with an

input energy of a few MJ and an output energy of a few GJ per pulse.

This new scheme is believed to resolve some fundamental difficulties in reactor

designs of conventional magnetic as well as inertial fusions.

* The work was performed at the Institute of Laser Engineering, Osaka University, Osaka Japan.
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Strong Interaction
of

Resonant Particles with Wavepackets

John R. Cary
Department of Astrophysical, Pianetary, and Atmospheric Scierces
University of Colorado
Boulder, Colorado 80309

The Hamiltonian, H = -;32/2m + et{)(x-vg eostkx-wt), of 2 particle moving

in a wavepacket is analyzed in the narrow spectrum i»mu Numerical
calculations on this modei were carried out by Fuchs e¢f /', who introduced
this Hamiltonian as a model for narrow spectrum turbulence. They measured the
velocity diffusion in the narrow spectrum limit and found strong disagreement
with resonance broadening theory. { Good agreement with quasilinear theory was
found in the opposite limit.) Disagreement with resonance broadening theory
has also been found by other numerical studies of different situations 2-4

The present study uses the analytic technigues developed by Tennyson e/
2/ for the problem of Separafmx crossing. These technigues must be modified
because the usual action is not the iowest order adizdatic invariantl. A new
adiabztic invariant '3 found.  Use of this adiagbalif inveriant giiows one 1o
predict which particies witl be reflected anc where The refiection wiil tgke
place.  Diffysion grises at senaratrix cressings { franping ang deirzoping )
during which the adiabatic invariant is no longer conserved, Two distinct
processes contribute to the diffusion: (1) spreading due to loss of adizbatic
invariance, and (2} bifurcation of the lowest order adizbatic invariant 2t the
crossing location.
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few particles are reflacted, anc the velocity diffusion i3 fj-ue orimarity g
bifurcation. In the opposite limit, a significant number of particles are
reflected, and the diffusion i3 aque primartly to spreading at the separairix
crossing.

1. V. Fuchs, V. Krapchev, A. Ram, and A. Bers, Massachusetts Institute of
Technology, Plasma Fusion Center report PF"/JA—B"-’S( 1983).

2. K. N Granam and J. A Feler, phys. Fiuids 19, 1094 (13976).

3. F. Doveil and D. Gresillion, Dhys Fluid 545 13Q6\198’\'3

4. Q. ishihara and H. Hirose, Comments Flasma Phys. ang Controtied Fusion 8,
229 (1984)

5. J. L. Tennysor, J. K. Cary, ang D. F. Escanae, "Cnange of the Adiabatic invariant
at a Separatrix Crossing”, submitted to Phys. Rev. Lett, (1985).
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JET MHD
J.A. Wesson

JET Joint Undertaking
Abingdon, Oxon., England

The experimental data from JET present a range of theoretical problems.
Some of these re-emphasise long-standing difficulties of interpretation
of tokamak experiments, others appear to be new. The principal purpose
of this paper is to confront theory and experiment under the following

headings:

Disruptions

The central problem of practical interest is that of understanding the
conditions which lead to a disruption. With regard to density limit
disruptions the idea that power balance plays a crucial role is attrac-
tive. A careful analysis of the sequence of events has led to a
theoretical model which seems to describe the essential elements of the

observed behaviour.

Analysis of the current quench phase in JET reveals remarkahle plasma
conditions with a power input sometimes approaching 1 GW. Interpretation

of the results in terms of radiation cooling seems to be successful.

Sawteeth N

The evidence on sawtooth oscillations presents severe difficulties for

the various theoretical models.

Current Formation

The observations of m = 2 instabilities during the current rise when the
surface value of g = 11 has led to a model which predicts current

formation at the axis rather than in a skin.
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TOROIDAL MINIMUM-B EQUILIBRIA AND RELATED CONFIGURATIONS

C M Bishop & J B Taylor
Culham Laboratory, Abingdon, Oxon. England.

Abstract

Minimum-B mirror systems provide stable short-term confinement

of anisotropic plasma, but have open field lines; longer term
confinement requires scalar-pressure and closed toroidal

magnetic surfaces. It is well-known that toroidal minimum- B
vacuum magnetic fields do not exist and hence there are no low-/g
toroidal minimum-B equilibria. Despite this we have constructed,
using a novel approach to the Grad-Shafranov equation, a set of
finite—,B toroidal minimum-B equilibria (ie equilibria in which
the toroidal magnetic surfaces coincide with the constant-B
contours and in which B increases and P decreases with distance
from the magnetic axis). We have also shown that these are the
only possible axisymmetric toroidal minimum-B equilibria. In
these configurations all guiding-centre drifts lie in the
magnetic surface, so there is no neoclassically enhanced trans-
port, and they are free of all trapped particle effects.
Unfortunately, however, they do not share the intrinsic stability
properties of their mirror counterparts.

Toroidal minimum-B equilibria are in fact members of a wider
class of equilibria which, although differing in magnetic field
and pressure profile, all correspond to a single and unique
geometric configuration.
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CONTROLLED EVOLUTION OF HIGELY-ELONGATED
TOKAMAK PLASMAS

S. C. Jardin
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544
F. Hofmann and F. B. Marcus
Centre de Recherches en _Physique des Plasmas
Ecole Polytechnique Federale de Lausanne
21 av des Bains - 1007 Lausanne, Switzerland
It is demonstrated numerically that a tokamak plasma can be evolved
continuously from a near-circular cross-section shape to a 4/1 vertically
elongated racetrack. All intermediate étages and the final state are stable
to axisymmetric MHD modes. The fast (ideal) time scale stabilization is
provided by a finite conductivity vacuum vessel which is always close to 3
sides of the evolving plasma. The resistive time scale stability is provided
by an orthogonal set of active feedback systems that maintain positional
control in both the vertical and radial directions, and also control the
plasma shape and proximity to the wvacuum vessel. The feedback sensing
signals are continuously interpolated from a set of stationary magnetic pickup
coils. The calculations are performed using the free~boundary tokamak
simulation code STARTUP. Circuit and flux diffusion equations are solved for

the poloidal field coils and passive conductors, while the MHD equations are

solved for the plasma evolution.

*This work is supported by the U.S. .DgE Contract No. DE-AC02~-76-CHO-3073
and by Association Euratom - Confederation Suisse.
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HIGH-BETA TOKAMAK STABILITY OF TOROIDAL PLASMAS WITH ELLIPTICAL
AND D-SHAPED CROSS-SECTIONS

J. Rem, J.P. Goedbloed, G.M.D. Hogeweij, R. Kleibergen,
Association Euratom-FOM, FOM-Instituut voor Plasmafysica
Rijnhuizen, Nieuwegein, The Netherlands

A numerical program HBT has been developed by which global and
local stability of high-beta plasmas can be studied [1]. A high-beta
tokamak equilibrium is characterized by the shape of the cross-section,
the value of B, (inverse aspect ratio times beta poloidal), and unit
profiles for a quantity T'(y) and for the pressure gradient N(y). At the
magnetic axis ¢ = 0, I'(0) = N(0) = 1. The average betg <B/e> and €B
are related through €B, = n <B/e>q*2, where n = S/ma’e” (= 1 for a
circle) and g* represents the toroidal current "safety factor'; S and e
are the area and the elongation of the cross-section (e = [ d&/2ma). The
global stability is represented in a €8, versus g¥ diagram.

Stability studies of equilibria with broad current profiles,
where qi/qo takes on values between 1.5 and 2.0 (g; = safety factor at
the boundary, q, = safety factor on the magnetic axis) show that at
large currents (g* ~ 1-3) global stability is largely determined by the
external kinks and internal mocdes. At low values of eB, the external
kinks lead to unstable regions just below integer values of g* (no sta-
bilizing wall). These regions merge with the ones due to the internal
modes that lie adjacent to the curves qy = 1 and 2. This results in
stable islands above g*¥ = 1, 2 and 3. The most stable plasmas are found
for currents near g* = 2.

For a plasma with a circular cross-section it was possible to at-
tain a stable beta <B>/e = 0.082 by shaping the current profile so that
the gradient near the boundary is sufficiently small (stabilizing the
external modes) while keeping qi/q, smaller than 2 _in order that the
internal m = 1 mode does not destroy the stability [2]. This value is in
close agreement with Troyon's scaling law [3] which in terms of our
parameters consists of a linear relationship between <8>/¢ and e/q*:
<B>/e = 0.16/q* as compared to <8>/e = 0.14/q* found by Troyon. The same
current and pressure profiles (T(y) and T(y)) result in optimum values
of beta in elliptical and D-shaped cross-sections. The main effect of
the elongation lies in permitting higher currents. The overall stability
of the D-shaped cross-section is better than that of the ellipse (same
b/a). For b/a = 1.2, this results for a D in a coefficient in Troyon's
scaling law that is higher than for the circle: <B8>q*/ee = 0.182.

This work was performed under the Euratom-FOM association agree-
ment with financial support from ZWO and Euratom.

References

1] Galvao R.M.0. et al., 9th IAEA Conf. Baltimore (1982) Vol. III, p. 3.
2| Goedbloed J.P. et al., 10th IAEA Conf. London (1984),

Troyon F. et al., 11th Eur. Conf. on Contr. Fusion and Plasma Phys.,
Aachen, 5-9 Sept. 1983; Plasma Phys. 26 (1984) 209.
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STABILITY OF M = 1 CONFIGURATION
TO REFLECTION SYMMETRY BREAKING MODES*

W. Park énd'D. A. Monticello

Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544

Recently, Bussac EE.EE}'1 have reported that a plasma state with m = 1

island is unstable to an ideal mode which breaks the reflection [£(6, ¢) =
f(-8, -9)] symmetry. This so called half -~ coalesence instability is
reportedly confirmed by several numerical simulation studies, This

instability, if it exists, would give a quite different picture of the
sawtooth oscillation and also indicate that many of initial value calculations
have to be reexamined because they assume reflection symmetry. However, above
results are at variance with our previous experience with non-symmetrized
ccdes,z’4 where we did not encounter any vreflection symmetry breaking
instability. 1In the light of the above studies, we reexamined the stability

of reflection symmetry breaking mode in configurations with a m = 1 island.

Using the reduced tokamak equations (which were wused in the
aforementioned studies), a configuration with a m = 1 island results in a
singular equilibrium state, To numerically resolve the singularity, the
artificial field technique3 is used. The states we studied were found to be
stable both linearly and nonlinearly to the reflection symmetry breaking
mode. Using the full MHD equations in a cylindrical geometry, nonsingular
equilibyium states with m = 1 island can be found. These states are again
found to be stable. The reasons for the discrepancy between our results and

the aforementioned studies will be also discussed.

-

1. M. M, Bussac, R, Pellat, J. L. Soule, and M. Tagger, Phys. Letters. 1053,
51 (1984), M. N. Bussac et al., The extention of the above paper.

2. W, Park, D. A. Monticelz;: and R. B. White, Bull. Am. Phys. Soc. 23, 779
(1978).

3, W. Park, D. A. Monticello, R. B. White, and S. C. Jardin, Nucl. Fusion 20,

1181 (1980).
4, D. A. Monticello and R. B. White Phys. Fluids 23, 366 (1980).

*This work is supported by the U.S. DoE Contract No. DE-AC02-76-CHO-3073.
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Beam Ion Excitation of Ballooning Modes in Tokamaks*

J.W. Van Dam and M.N. Rosenbluth
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Energetic trapped ions created in a tokamak by neutral beam injection (or cy-
clotron heating or « particles) are able to destabilize ideal ballooning modes through reso-
nant interaction at their curvature drift frequency. Recently this mechanism was proposed’
to explain the high-frequency “precursor” to the fishbone oscillations observed in PDX.

Using the large-aspect-ratio model tokamak equilibrium, we have investigated an
integro-diflerential ballooning mode equation with a resonance term that describes deeply
trapped particles. In the limit wgp/wa < 1, relevant to the PDX parameters, where wg, is
the hot ion magnetic drift frequency and w4 = v4/¢R is the Alfvén frequency, a dispersion
relation can be derived by asymptotic matching. The marginal stability boundaries thus
obtained for the resonant (w/wgp =~ 1) and nonresonant (w/wgqp = 0) branches show
that relatively small hot particle beta values, B, can resonantly excite the ballooning
mode. Approximately, the condition ¢Byor,n > Maz(8wan/73wa, 25 M, /) is sufficient for
instability, where ¢ is the inverse aspect ratio, S is the local shear, and M, is a measure
of the stability of the nonresonant branch. This resonant destabilization is absent for a
“sloshing”~type energetic particle population with average reversed drift. In the high-
temperature limit wgp /w4 > 1, we recover enhanced stabilization due to the presence of
hot particles.? However, the stable continuum has gaps at w/ws 2 n/2 (n = 1,2,3,...),
with a discrete eigenmode in each gap. Weak resonant effects shift its frequency. Numerical
and analytical results will be presented.

1 J. Weiland and L. Chen, to be published in Phys. Fluids.
2 M.N. Rosenbluth et al., Phys. Rev. Lett. 51, 1967 (1983).

*This work supported by the U.S. Department of Energy.
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m = ] CONVECTION CELLS IN TOKAMAK PLASMAS

R. Denton, J. F. Drake, and R. G. Kleva
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

A detailed study of q = 1 internal disruption in tokamaks has
been carried out by integrating the 2-D resistive MHD equations
including the self-consistent evolution of the temperature T. Ohmic
heating as well as parallel and perpendicular thermal conduction are
retained. For all cases considered over a wide range of parameters
and initial conditions the plasma evolves into a quasi-steady state
in which a large amplitude m = 1 convective cell is formed in the
center of the plasma column where the intially peaked current profi}e
has been flattened so that dq/dr = 0 and q = 1. Periodic sawteeth,
which have been observed over a limited range of parameters, appear
only as a transient before decaying away.

The convective cell is driven bz the resistivity gradient in a
manner similar to the rippling mode.” Unlike the usual rippling mode,
however, parallel thermal conduction does not strongly affect the
cell since dq/dr =~ 0. A simple set of nonlinear equations has been
derived which describe this phenomena. The time asymtotic solution
of these equations corresponds to a stable fixed point which re-
produces the properties of the convective cell.

The possible relation between the convective cell and the
continuous m = 1 activity observed in many low B tokamak discharges
and the implications of our results for understanding sawtooth
behavior will be discussed.

Work supported by DOE

l. B.B. Kadomtsev, Fiz. Plasmy 1, 710 (1975); A. Sykes and J. A.
Wesson, Phys. Rev. Lett. 37, 140 (1976).

2. H. P. Furth, J. Killeen and M. N. Rosenbluth, Phys. Fluids 6,

459 (1963); B. Coppi, Phys. Fluids 8, 2273 (1965);
B. A. Canreras et al., Phys. Fluids 25, (1982).
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HIGH BETA TANDEM MIRROR STABILITY

R. P. Freis™, D. Dobrott, and S. Kendrick
Applied Plasma Physics and Technology Division

Science Applications International Corporation
La Jolla, California 92038

In current tandem mirror designs, MHD stability is provided by "minimum-B"
end-cells [1]. These cells represent a significant fraction of the cost of the
tandem mirror device. Both the end-cell material costs and cell power
requirement costs are proportional to the cell volume. It is important,
therefore, to reduce this end-cell volume.

Recent theoretical work [2,3] has suggested that the central-cell plasma may
be stabilized by a combination of finite gyroradius effects and the proximity of
a close fitting conducting wall. In order to utilize this means of
stabilization, very high beta of the order of 80% to 90% is required. Although
this passive means of stabilization would be by far the most economical, it is
clear that some method is required to reach this high beta regime. The use of
hot electron rings in axisymmetric end-cells is suggested in this study.

Stabilization of an axisymmetric tandem mirror by means of e-rings and
conducting walls has been investigated analytically and computationally in the
paraxial limit. The major computational toel is the code FLORA [4], which has
been modified for this study. It is found that the ring beta (. required for
stability, as a function of central-cell beta B8,, increases for low B,, has a
maximum, and decreases for high 8,. Low beta stability is obtained by the
e-ring, while high beta stabilization is achieved by wall proximity. The plasma
radius increases with increasing 3, and, for fixed wall radius, the plasma-wall
gap decreases, thus tending to stabilize the plasma.

1G. Carlson, in "MARS Review Meeting," TRW-MARS-83-014, February 7-8, 1983, San
Diego, CA; J. D. Gordon, in "MARS Final Design Workshop,” LLNL Misc. Document
4167, August 29-31, 1983, Livermore, CA.

2H. L. Berk et al., Univ. of Texas Report IFSR-130, 1984.

37. B. Kaiser and L. D. Pearlstein, "The Effect of FLR and Conducting Walls on
the Stability of Tandem Mirrors,” paper 589, Bull. Am. Phys. Soc. 29, 1300,
November 1984.

4B. Cohen et al., Mirror Theory Monthly (Nov/Dec. 1982); R. P. Freis et al., "Low
Frequency Stability of Axisymmetric Tandems with Hot Electrons," Sherwood Theory
Meeting, Lake Tahoe, NV, April 1984.

+Lawrence Livermore National Laboratory, Livermore, CA 94550.

*Work supported by MIT, under contract FC-A-427556.
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Stability of Anisotropic Pressure Tokamak

Equilibria to Ideal MHD Ballooning Modes

C.M.Bishop and R.J.Hastie
Culham Laboratory,Abingdon,Oxfordshire,0X14 3EQ,

(Euratom/Fusion Association)

The effect of strong pressure anisotropy on ideal mhd ballooning
modes has been analysed for a large aspect ratio tokamak. The equilibrium
is calculated locally in the neighbourhood of a circular magnetic surface
on which the perpendicular pressure pi(e) and poloidal magnetic field

Bp(@) are specified functions of the poloidal angle 0.

It is found that outward weighting of the perpendicular pressure,
pl=pio(1+ncose) with n>0 and 6=0 on the outside of the cross-section, is
destabilising, especially at low shear. This arises both from the
unfavourable weighting of radial pressure gradients towards the cutside,
and from the destabilising contributions from the longitudinal pressure
gradient. An inward shift of the pressure surfaces (n<0) is found to be
stabilising, in agreement with earlier work. These results continue to
hold when the equilibrium outward shift of the flux surfaces is included

in the model.

In additicn to the effect of poloidal modulation of the perpendicular
pressure, it is found that an excess of perpendicular pressure (pLo>pH) is

destabilising.

We conclude that an important criterion in optimising auxiliary
heating schemes should be the avoidance of particle distribution functions

which generate outward shifts in the perpendicular pressure

(pl(0)>pl(n))-
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Tokamak Equilibria with Poloidal Pressure Variation and Mass Flow*

P.J. Morrz'sonf, R.D. Hazeltine and J. Tataronist
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The lowest order requirement of conventional equilibrium theory, B - VP = 0,
where B is the magnetic field and P is the plasma pressure, is apparently violated in
certain tokamak experiments', especially where auxilliary heating is employed. Some
pressure variation on flux surfaces always arises from FLR corrections to equilibrium force
balance, but the observed variations seem sufficiently large to require significant plasma
flow. The inherent nonlinearity of the rotating equilibrium problem suggests analysis in
terms of reduced fluid models, in which toroidal curvature effects are simplified, and the
nonlinearities are expressed in terms of Poisson brackets. Two special cases of the reduced
four-field model? are considered here: the first is similar to that of Hulbert and Perkins’,
including the Hall term in Ohm’s law but assuming cold ions; the second is a compressible
version of reduced MHD (CRMHD?). Generalized equilibrium equations are obtained by
variation of an appropriate potential, /{¢1,%2 ...}, where the 1; represent reduced field
variables, and I is a linear combination of the Hamiltonian functional and the Casimir
invariants.® Parallel pressure gradients arise naturally in both models, due to toroidal
curvature, plasma vorticity and, in particular, plasma flow along the magnetic field.

'G.W. Hulbert and F.W. Perkins, Bull. Am. Phys. Soc. 29, 1374 (1984).

?R.D. Hazeltine et al., Institute for Fusion Studies Report #165 (1985).

®See, for example, D.D. Holm et al., to be published in Physics Reports; R.D. Hazeltine
et al., ICPP Proceedings (Lausanne) 2, 204 (1984).

*Work supported by the U.S. Department of Energy.
Talso Department of Physics
IPermanent address: Univ. of Wisconsin, Madison, WI 53706
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MHD Stability of Plasmas with Aligned Mass Flow*

M. Mond
Ben Gurion University
Beer-Sheva, Israel

and

J.A. Tazfarom’.s;]L
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The linear magnetohydrodynamic stability of plasmas with sub-Alfvénic flows
aligned parallel to the equilibrium magnetic field is explored. Subject to the constraints
that the plasma is incompressible, inviscid and perfectly conducting, it is demonstrated
that stabilizing effects appear as the flow speed approaches the Alfvén speed. The screw
pinch plasma is treated explicitly, but it is conjectured that the conclusions of the analysis
apply to other equilibrium configurations. The present paper is a generalization of a study
by S. Chandrasekhar on the stability properties of ideal MHD plasmas with incompressible,
aligned, mass flow. Using an energy principle, Chandrasekhar demonstrated linear stability
if the flow speed equals the local Alfvén speed. The geometry assumed by him is arbitrary.
In the sub-Alfvénic regime treated in this paper, no energy principle exists. The stability
analysis is based on solutions of the eigenvalue problem governing the allowed complex
frequencies of linear modes.

TPermanent address: Univ. of Wisconsin, Madison, W1 53706.
!S. Chandrasekhar, Proc. National Acad. Sci. 42, 273 (1956).
*This work supported by the U.S. Department of Energy.
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covering the article,

T. C. Hender, J. A. Holmes, B. A. Carreras, L. A. Charlton
Oak Ridge National Laboratorg
P.0. Box Y, Oak Ridge, TN 37831

The linear and nonlinear resistive MHD stability of low aspect ratio
tokamaks is studied using the FAR code [1]. Extensive scans of [inear
stability for m =2 and m = 3 modes have been made. For aspect ratio
scans in which the gq-profile is maintained constant, it is found that
decreasing the aspect ratio has a marked stabilizing effect. While for
scans in which the current profile is held constant decreasing the
aspect ratio has only a modest stabilizing effect. Nonlinear
calculations will be presented to show the effects of aspect ratio on
nonlinear stability and disruptions. The effects on linear stability
of elliptic and triangular shaping have also been studied. It is found
that shaping has only a modest effect on stability. Results on the
resistive stability of equilibria optimized to give the maximum stable
B to external kinks and ballooning modes [2] will also be presented.

* Research sponsored by the Office of Fusion Energ%, U.S. Department
of Energé, under Contract No. DE-ACO5-840R21400 with Martin
Marietta Energy Systems, Inc.

[1] L. A. Charlten, et al., Proc. of U.S.-Japan Workshop on 3-D MHD
Studies Conf. - 840370.
[2] F. Troyon, et al., Plasma Phys. 26 (1984) 209.
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IRON CORE FIELD PERTURBATIONS AND MIRNOV OSCILLATIONS
ON LT-4- TOKAMAK -

R.L. Dewar, R.D. Parker and H.J. Gardner

Department of Theoretical Physics
Research School of Physical Sciences
The Australian National University
Canberra A.C.T. 2601, Australia

The LT-4 Tokamakl has a single-sided iron core which produces both n = 0 and
n = 1 perturbations on the poloidal fields which would be expected in an air cored
tokamak. The n = 0 component can be fitted to an axisymmetric core mode]2 and
provides an important part of the vertical field for equilibrium. A new model
using image magnetic poles and boundary collocation provides a simple method
for approximating the full 3D field. By using field line tracing it is estimated
that the core produces a static island at the g = 2 surface with a width of order
10 % of the minor radius, comparable to typical n =1, m = 2 tearing mode widths.
The observed3 dependence of the magnetic fluctuations as a function of q, the
safety factor at the limiter, can be reproduced using the current profile para-

metrization of Carreras et a1.4 consisteht]y with the Thompson scattering

temperature profile, provided that a mode locking mechanism is invoked to cut
off mode rotation when the unperturbed tearing mode width falls below the width

of the static island due to the core.

1. M.G. Bell et al., Aust. J. Phys. 37, 137 (1984).
2. R.L. Dewar, Aust. J. Phys. 29, 1 (1976).

3. A.D. Cheetham et al., Proc. 1lth European Conf. on Controlled Fusion and
Plasma Physics, Aachen( Ed. S. Methfessel)(European Physical Society)
Part 1, p.81 (1983).

4. B. Carreras, B.V. Waddell, H.R. Hicks, Nucl. Fus., 19, 1423 (1979).
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in Toroidal Geometry*

L. A. Charlton, B. A. Carreras, H. R. Hicks,
J. A. Holmes, and V. E. Lynch

Oazk Ridge National Laboratory
Oak Ridge, Tennessee 37831

A resistive MH.D. model derived for the large aspect ratio has been successful in understandi;:g low
frequency MH.D. activity in tokamaks.! Experimental results indicate, however, that the internal kink mode
could play a role at high injection power.? Since this mode is excluded by the ordering assumptions used for
the large aspect ratio method, work was started to construct a computer code using a formalism which does
not utilize these ordering assumptions. For this purpose, incompressible equations were developed which are
similar to those of Azumi et al.® Linear calculations from the resulting computer code FAR were presented
earlier? where it was found that the n = 1 results using the new formalism were identical to those obtained
with large aspect ratio ordering at high 8 (8, > 15% where 5, is the value of 8 at the magnetic axis) and
at low B(B3o < 1%). At intermediate values of 3, the FAR approach shows that the most unstable mode is
the internal kink whichi is excluded Dy the large aspect ratio formalism,

These calculations have now been extended to full nonlinear evolution. Under investigation is the
nonlinear evolution above the internal kink threshold and also the low 3 reconnection behavior responsible
for the “sawtoothing” phenomena in tckamaks. For the latter, it has been found in cylindrical calculations
that the nonlinear tearing mode responsible for sawtoothing at larger aspect ratio saturates at small aspect

ratio. Toroidal studies of this behavior are underway. Results of these studies will be presented.

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under Contract No.
DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.

! J. L. Dunlap et al., Phys. Rev. Lett. 48, 538 (1982).

2 D. Johnson et al., in Plasma Physics and Controlled Nuclear Research, Baltimore (1082).

3 M. Amumi et al., “Numerical Study of the Resistive Internal Kink Mode,” in Proceedings of the 1).S.-
Japan Workshop on 8-D M.H.D. Simulation, Nagoya, Japan, 1983.

* L. A. Charlton et al., “Incompressible MH.D. Modes in Toroidal Geometry,” Sherwood Theory Con-
ference, Incline Village, Nevada (1984).



1R-8

PARAMETRIC DECAY PROCESS
OF INHOMOGENEOUS PLASMAS IN
THE ION CYCLOTRON RANGE OF FREQUENCIES*

S.C. Chiu

GA Technologies Inc.
San Diego, California

RF-heating near the ion cyclotron range of frequencies is of importance in fu-
sion devices. In toroidal devices,! there has been evidence of parametric decay pro-
cesses. In mirrors, possible stabilization of interchange mode by parametric process
was demonstrated experimentally? and theoretically.® Study of parametric decay
near ICRF is thus of great interest. In this paper, we study the parametric decay of
ICRF in an inhomogeneous plasma in general magnetic geometry. The calculation
is restricted to processes where the daughter wave is much less than 2;. Using the
nonlinear gyrokinetic equations, the nonlinear dispersion relation including triad in-
teractions is derived. This is applied to interaction of ICRF with density fluctuations
in tokamaks and parametric stabilization of interchange mode in mirrors. Convective

effects and correlation with experiments will be discussed.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.

IF. Skiff et al., Phys. Fluids 27, 1051 (1984); tbid. 27, 2205 (1984).

2J.R. Ferron et al., Phys. Rev. Lett. 51, 1955 (1983).

3J.B. McBride et al., Phys. Rev. Lett. 54, 42 (1985); C.S. Liu and V.K. Tripathi, GA
Technologies Report GA-A17696 (1984).
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STUDY OF THE EFFECT ‘OF LOCALIZED ECH ON TRANSPORT AND STABILITY IN PLASMAS*

A, H, Kritz*, H. Hsuan, A. Cavallo, D. McCune,
D, R. Mikkelsen, P. H. Rutherford and R. B. White

PPPL, Princeton University, Princeton, NJ 08544 and
*Department of Physics, Hunter College/CUNY, New York, NY 10021

The ray tracing code TORAY [1] has been linked with transport codes in order
to model electron cyclotron heating in PDX [2]. Simulation studies have
been carried out using two different transport codes -- BALDUR [3], a 1-d
predictive transport code, and TRANSP [4], an analysis transport code that
uses available diagnostic data. The results of the BALDUR-TORAY simulation
are consistent with the assumption of no degradation of confinement during
the ECH phase of the discharge when the electron cyclotron resonance is
located at the center of the plasma as well as when it is located away from
the center. The sensitivity of the expected heating, to variations in the
model for Xe and to changes in the location of the ECH resonance, 1is
examined using the BALDUR-TORAY simulation., Resulting temperature and
density profiles are compared with electron cyclotron emission and Thompson
scattering measurements. In the TRANSP-TORAY simulation studies, diagnostic
data taken during the PDX-ECH experiments are used as input, and the
computation yields the power balance and associated transport coefficients
that are consistent with the experiment. Details of the TRANSP-TORAY
studies will be presented. The simulation studies confirm the localized
nature of ECH which indicates the possibility of controlling energy
transport at the plasma center by localized heating or current drive. For
example, suppressing the m=1 mode, and the associated island that forms in
the central region of the plasma might improve confinement in this region.
Similarly, deposition of ECH power in the m=2 island near the plasma edge
may improve overall confinement and minimize disruption. Conditions
required for accomplishing localized ECH in PLT are examined.

%
Supported by DoE Contract Nos. DE-AC02-76-CH0-3073 and DE-FGO2-84-ER5-3187
and by the CUNY Faculty Research Award Program,

1. A. H. Kritz, H. Hsuan, R. C. Goldfinger and D. B. Batchelor, Proceedings
of the 3rd Joint Varenna-Grenoble International Symposium on Heating in

Toroidal Plasmas, Commission of the European Communities, Vol. II, 707
(1982). —_

2. H. Hsuan et al., Fourth International Symposium on Heating in Toroidal
Plasmas, Rome, Italy (March 1984), Proceedings of the 4 'th
International Symposium on Heating in Toroidal Plasmas 2, 809 (1984),
published by the International School of Plasma Physics.

3. Applied Physics Division Report, "BALDUR: A One Dimensional Transport
Code," Physics Report No. 23 (1983), Princeton Plasma Physics
Laboratory; D. E. Post et al., IAEA-CN-37/F-3, Vienna 1, 471 (1979).

4. R. Goldston et al., Journal of Computational Physics 43, 61 (1981).
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Analytic Mirror Equilibria with New Long-Thin Terms¥*
D.L. Goodman and J.P. Freidberg
Plasma Fusion Center
Massachusetts Institute of Technology
Cambridge, Massachusetts

An analytic equilibrium for a tandem mirror with quadrupole symmetry is
derived. We simultaneously expand in B (plasma pressure / magnetic
pressure) and X (long-thin parameter) using a maximal ordering so that both

effects enter competitively. These new long-thin corrections extend the

results of Pearlstein, et al}, and can be shown in some cases to be the
dominant terms. The new terms make £he flux surfaces more diamond shaped
than previously thought, and change the scaling of the flux surface
distortions with B. Using model nressure and field profiles, simple

analyvtic expressions for the new corrections and flux surface are found and

compared with the results of the VEPEC 3D equilibrium code.2 For the
Constance mirror we find good qualitative and quantitative agreement for

flux surface shapes and 8 scaling.

%“Performed by MIT for the U.S.D.0.E under contract NE-AC02-78ET51013

1. L.D. Pearlstein, T.B. Kaiser, and W.A. Newcomb, Phys. ¥1. 24, 1326 (1981)

2. D.V. Anderson, J. Breazeal, and C.B. Sharp, J. Comp. Phys. 46, 189 (1982)
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LOW-n TOKAMAK RIPPLE TRANSPORT, AlgD ITS EFFECT
ON ROTATIONAL DAMPING

Harry E. Mynick
Princeton University, Plasma Physics Laboratory
P.O. Box 451, Princeton, NJ 08544

Previous theories of ripple-induced transport in tokamaks"“3 have assumed
that n, the toroidal periodicity number of the ripple perturbation, was large
(n X 10), corresponding to the number of toroidal field coils, We have
generalized the ripple transport coefficients to allow for n ~ 1, as well as
permitting the ripple perturbation to have a time dependence exp(-iWwt).
Significant ripple perturbations of this type may arise either from external
field errors of lower periodicity than the number of TF coils (for which
w= 0), and also from low-n MHD modes generatéd by the plasma itself. Because
n is small, a rather small amplitude perturbing field can shift the flux
surfaces an appreciable amount, causing a significant ripple amplitude & along
a field line; for both the externally and internally-induced perturbations, &
of order a percent is a reasonable value. For the same 5, the low-n induced
transport can be large compared with that from the usual high-n perturbations,
for some collisionality regimes of interest. The larger toroidal torque
arising from this enhanced radial transport may provide an explanation for the
anomalously rapid equilibration rate of toroidal rotation in response to the
application or cessation of neutral beams, observed in tokamaks such as TFTR

and ISX.

'R. Linsker and A.H. Boozer, Phys. Fluids 25, 143 (1982).
R.J. Goldston, R.B. White, and A.H. Boozer, Phys. Rev. Lett. 47, 647 (1981).
3a.H. Boozer, Phys. Fluids 23, 2283 (1980).

*
This work supported by U.S. DoE Contract No. DE-AC02-76-CHO-3073,
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NUMERICAL COMPARISON OF STRONG LANGMUIR
TURBULENCE MODELS

Mei-mei Shen and D. R. Nicholson
Department of Physies and Astronomy
The University of Iowa
Towa City, Iowa 52242

Two models of strong Langmuir turbulence are the Zakharov

equations

134 E(x,t) + 34°E = nE

]

(342 = 3x2)n(x,t) = 34.2|E|?

and the nonlinear Schroedinger equation
134 E(x,t) + 3,°E + |[E[?2E -WE =0 ,

which can mathematically be obtained by dropping the time derivative
term from the second Zakharov equation; W is the spatial average of
|E|2. One interesting physical situation is modelled by a zero-
wavenumber pump mode which is either large initially or which grows
exponentially due to an external source of energy. Small perturba-
tions grow exponentially due to modulational instability which satur-
ates nonlinearly via the formation of solitons. The two models are
solved numerically and the results are compared with each other and

with the soliton gas modell of strong turbulence.

IN. R. Pereira, R. N. Sudan, and J. Denavit, Phys. Fluids 20, 271
(1977).
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A ONE-DIMENSIONAL THEORY
FOR LOWER HYBRID CURRENT DRIVE °*

R. A. Cairns
University of St. Andrews; St. Andrews, Scotland

V. Fuchs and M. M. Shoucri
IREQ); Varennes, Québec, Canada

K. Hizanidis and A. Bers
MIT; Cambridge, MA, U.S.A.

Conventional 1-D treatments of lower-hybrid current-drive assume a Maxwellian
distribution in the perpendicular direction. However, 2-D Fokker-Planck calculations [1]
show that the pitch-angle scattering of particles leads to a perpendicular temperature
in the plateau region that is significantly enhanced over the bulk temperature. Further,
these calculations also show that the quasilinear plateau is enhanced over that given
by 1-D theory. For this reason a simple one-dimensional Fokker-Planck equation does
not give satisfactory results. We extend here a model [2] in which we take into account
two moments of the distribution with respect to the perpendicular velocity, namely
F(oy) = 5% | f(vy,vy)dv and ¢(vy) = Jg° v_L‘;fdv_L. When moments of the F.-P.
equation are taken, the equation for ¢ involves the higher moment [5° 'ui fdv,and
some closure assumption is necessary.

From the 2-D numerical results it is clear that the effect of the rf spectrum is
not confined to the region of v in which it falls, but that high energy particles
are pitch-angle scattered back to lower v). At values of v below the plateau the
distribution may be expected to consist of a central cool Maxwellian plus a tail of hot
particles originating in the plateau. For such a distribution the closure assumption
< vi >= 2 < vi >2, which is exact for a Maxwellian, is not likely to be very
accurate. The essential new step in our theory is to recognize this, and to write the
distribution function as f = fy + f1, with fy the initial Maxwellian, then deal with
moments of fi; and apply the closure assumption to them. Numerical solutions of
the resulting one-dimensional equations indicate that they are capable of accurately
reproducing the main features of the 2-D solutions, namely F(v) and T_L(v”) = ¢/2F.

1. V. Fuchs, M. M. Shoueri, R. A. Cairns, and A. Bers, “Lower-Hybrid Current
Drive in the Presence of an Ohmic Electric Field,” Adjacent paper of this
conference, 1985.

2. K. Hizanidis, V. Krapchev, and A. Bers, in Proceedings of the Fifth Topical
Conference on Radio Frequency Plasma Healing, 21-23 February 1983, p. 160,
University of Madison, Madison, Wisconsin.

* Supported in part by Hydro-Québec Project No. 01584-57358713, in part by DOE
Contract No. DE-ACOL-78ET-51013, in part by NSF Grant ECS 82-13430, and in
part by the U.K. Science and Engineering Research Council.
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Effect of Shear and Torus Curvature on m = 2 Modes in £ = 2 Stellarator Configurations

F. Herrnegger, IPP Garching, EURATOM Association, Garching, Fed.Rep.of Germany
J.L. Johnson, Plasma Physics Laboratory, Princeton University, Princeton, N.J.08544, USA

The stability of straight and toroidal £ = 2 stellarator configurations with negligible net current
has been investigated against internal m = 2 modes by using the asymptotic code by Johnson et
al.l (results are reported below) and the fully threedimensional code BETA by Garabedian et al.2
(results will be presented at the conference). The equilibrium configurations are characterized by
the helical aspect ratio of a field period, Ap = Lp/2ma = 1/ha, a parabolic pressure profile in
the minor radius 7 of the flux surface contours (8(r) = B(0)(1 — #), ¥ is the normalized poloidal
flux being zero at the magnetic axis, a is the minor radius of the surrounding conducting wall,
(B) =~ B(0)/2), the rotational transform £(0.4 < (0) < 0.6), and the number of field periods
M =5 (as in the W VII-A device). In the present model the £ = 2 equilibrium configurations
are described by Bessel functions (Bessel model). The longitudinal wave number ka = ha/M
is kept fixed while the helical aspect ratio Ap and the toroidal aspect ratio A = Rr/a = 1/¢
are varied. In computing the normalized eigenvalues (/w4 )2 the profile of the equilibrium mass
density is assumed to be p = (p/p(0)) %, (wa = va/Rr,va = (BZ/po)? is the Alfvén velocity;
for numerical calculations By = 1,p0 = 1,Rp = 1 is assumed). In case of straight £ = 2
configurations of long period length Lp the shear is small (¢(r) = ¢(0)[1 + (h7)2/2+ .. .],ha =
0.25 as in W VII-A) and no shear stabilization of the unstable m = 2 mode can be observed. At
ha = 0.65 the shear increases to Az/¢{0) & 0.22 and the most unstable m = 2 mode is stabilized
only for values of () < 0.3% being small. Furthermore it is shown that the maximum of the
eigenvalue curve scales like (7a/v4)? ~ (f)(ha)? which coincides with analytical results based
on the stellarator expansion.

The effect of the torus curvature ¢ is demonstrated in Fig.l. The eigenvalues of the unstable
m = 2 mode are shown as function of the rotational transform ; at magnetic axis for € = 0 and
no vertical field (corresponding to the straight case) up to € = 0.091. In this parameter study
a fixed vertical field of B, /By = 0.015 is used for € # 0 to compensate for the global radially

outward shift of the plasma column at finite . The maximum of the eigenvalue curve decreases
and is shifted to the right as the torus curvature € increases. For € > 0.11 this mode is stabilized.

-(Y/w;\)2 m=2, n=1 mode
004 |- e ————
(Br=15 %
Ap=‘|5|
. . . 003 * €=0
Fig.1: Eigenvalue versus rotational transform g, N
at various values of the torus curvature €. - joos2 \

002 -

001

o....]...l.\J\..l

03 04 0.5 06

1G. Anania, J.L. Johnson, K.E. Weimer, Phys.Fluids 26 (1983) 2210.
2F. Bauer, O. Betancourt, P. Garabedian, Magnetohydrodynamic Equilibrium and Stability of Stellarators
(Springer Verlag, New York 1984).
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Injection of Large Pellets in TFIR:
Theory Issues ™

W. A. Houlberg and H. C. Howe

Oak Ridge National Laboratory
Oak Ridge, Tennessee 37831

Injection of large pellets (Af/fi 2 1) into neutral beam heated TFTR
plasmas is planned for late March and early April 1985. The electron
temperature is significantly higher (T.(0) ~ 3-4 keV) than that encountered
by pellets in earlier experiments on other devices while the beam energy in
these first experiments will be comparable to that in D-III pellet injection
experiments (E,  70-80 keV). The main issues to be resolved by these
experiments are: 1) how does the large mass perturbation affect the plasma
on both short and long timescales; and 2) how far do the pellets penetrate
into the plasma with its higher electron temperatures and fast ion heat
fluxes, i.e., is the ablation model used for simulating earlier experiments
still adequate?

The short-time plasma response to a large mass perturbation depends on
the penetration depth. The largest pellets are expected to penetrate to or
beyond the magnetic axis, so these pellets may not resolve the question of
rapid mixing inside the q = 1 region. The long-time plasma response is
primarily governed by the density decay, which is limited by recycle, and
the possibility of triggering disruptions.

Penetration of large pellets is greatly enhanced by plasma cooling
during the ablation process, or “self-limiting” ablation. The fundamental
assumption in current models for self-limiting ablation is that the
electrons remain Maxweiiian, i.e., that the electron-eiectron coiiision
timescale is short compared to the time for the pellet and its surrounding
cloud to pass through a flux surface. In TFIR plasmas this assumption is
not generaiiy vaiid so modeis are being examined which inciude an
approximation to the time-dependent electron Fokker-Planck equation.

The assessment of fast ion effects hinges on the degree to which the
peiiet cioud is ionized. Neubrai cioud modeis predict greatiy enhanced
ablation from fast ions, whereas fractional ionization of 10-20% greatly
increases attenuation of fast ions in the cloud and therefore reduces the
ablation of the peliet surface.

* . .
Research sponsored by the Office of Fusion Energy, U.S. Department of
energy, under Conbtract No. DE-AC0S-840R21400 with Martin Marietta Energy
Systems, Inc.
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Elimination of the Stabilizing Effect of Finite
Larmor Radius on Ballooning Modes in Tokamaks and Tandem Mirrors*

M. Kotschenreuther and H.L. Berk
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Ballooning modes (without electron dissipation) have been examined analytically
in tokamaks and tandem mirrors including parallel thermal ion dynamics. The latter can
lead to the elimination of the stabilizing influence of finite Larmor radius (specifically w.).
Modes which would be stable neglecting parallel dynamics can, in some regimes, have
growth rates comparable to or exceeding the MHD values. With equilibrium temperature
gradients, the instability threshold can be reduced below the MHD case. The general
degree of destabilization is determined by the strength of coupling to ion sonic and thermal
effects, which arise even in ideal, compressible MHD. For the tokamak case, these are very
strong in the region within ~20% of marginal stability, a region of current experimental
relevence. An analytic dispersion relation is derived in this regime for the ideal MHD case;
it is shown that the expansion energy is not carried by the perpendicular inertial, but by
sonic kinetic energy production and compression. Extension of the analytical techniques to
both fluid and kinetic regimes with w. reveals the destabilizing effects stated above. With
lon temperature gradients, the Alfvén continuum can be destabilized (an ion w. mode)
leading to possible instabilities well below the MHD threshold. A solely kinetic formalism
is used for tandem mirrors; the magnitude of the effects from parallel ion motion depends
on the variation of field strength along field lines. With a choke coil, they are substantial
for all B values above ideal marginal stability.

*This work supported by the U.S. Department of Energy.
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PARALLEL VISCOSITY IN A TANDEM MIRROR”
K.D. Siebert and J.D. Callen
Nuclear Engineering Department, University of Wisconsin, Madison, WI 53706

It appears that the imposition of conservation of parallel momentum may
be important 1in the determination of the azimuthally varying parts of the
electrostatic potential (which drive a radial Ex8 flux) in a tandem mirror.t
This effect is implicitly ignored in most tandem mirror transport calculations
through the use of non-momentum conserving collision operators. Inclusion of
momentum conserving operators makes a kinetic analysis quite difficult. The
moment approach, however, includes momentum conservation naturally, without
requiring the detailed form of the collision operator. The success of the
method depends on the kinetic determination of the higher order moments
(paraliel and azimuthal viscosity) in terms of the lower order moments (e.g.,
flow velocities).

Presented here 1is a calculation for the parallel viscosity in a tandem
mirror. Using a momentum conserving model collision operator,2 the paraliel
viscosity can be shown to damp parallel flows with a coefficient inversely
dependent upon the fraction of "passing" particles (i.e., those particles
which pass into regions of large geodesic curvature). The effects of this
viscosity on parallel momentum balance and the determination of the ambipolar
potential will also be discussed.

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy
under contract DE-AC02-80ER53104 with the University of Wisconsin.

1. K.D. Siebert and J.D. Callen, Bull. Am. Phys. Soc. 29, 1226 (1984).
2. S.P. Hirshman and D.J. Sigmar, Phys. Fluids 20, 418 (1977).
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Heat Transport by Electrostatic Microturbulence in the Edge
Regions of the Caltech Research Tokamak*
P. C. Liewer, S. J. Zweben, and R. W. Gould
Department of Applied Physics
California Institute of Technology
Pasadena, CA 91125

Extensive measurements of the microturbulence in the edge regions of the
Caltech Research Tokamak allow a unique comparison of the heat transport
resulting from three basic turbulent mechanisms: (1) heat transporf due to
the particle flux caused by microscopic electric field fluctuations; (2)
thermal conduction due to microscopic electric field fluctuations; and (3)
thermal conduction due to microscopic magnetic field fluctuations. These
measurements include determination of the particle flux induced by poloidal
electric field fluctuations[1,2]; determination of the level of microscopic
magnetic fluctuations gr/B{3]; and determination of an upper limit on the
electron temperature fluctuations Ee/Te[4]. The results indicate that, in
the edge regions, the electron heat transport due to the measured turbulence-
induced particle flux is comparable or greater than that due to the tﬁermal
conduction caused by electric field fluctuations and is significantly greater
than due to the measured magnetic fluctuations. The resulting edge electron
energy confinement time is estimated to be comparable to the global energy
confinement time of T 1 ms.
[1] Zweben, S.J., Liewer, P.C., and Gould, R.W., J. Nucl. Matrls.,

111&112(1982)39.
[2] Zweben, $.J., and Gould, R.W. (submitted for publication, Aug. 84).
[3] Hedemann, M.A., PhD Thesis, Calif. Inst. of Tech.(1981); Taylor,

R.J., et al., Plas. Phys. and Cont. Nuc. Fus. Res.-8, II(IAEA,

Vienna, 1981)61.

[4] UcChesney, J.HM., Zweben, S.J., and Gould, R.W., (submitted for
publication, Sept. 1984).

* Work Supported by the U. S. Dept. of Energy
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Eigenmode Structure and ICRF Heating and Stabilization of Axially Symmetric
Systems

C. Litwin, N. Hershkowitz and J.D. Callen

Nuclear Engineering Department
University of Wisconsin-Madison
Madison, Wisconsin 53706

RF electric fields play an important role in- plasma heating and stabilization
of MHD modes in the PHAEDRUS Tandem-Mirror Experiment [1]. For both purposes
the knowledge of the radial behavior of electric fields is of importance. We
use a cylindrical, cold fluid plasma model [2,3] to calculate the radial
profiles of EY and E” and to determine the regimes of propagation. Using the
fluid model to calculate the ponderomotive force due to an arbitrarily
polarized electric field [4], we find that this model does not adequately
describe the experimental results. It appears that near-field and surface
effects may be important.

Supported by United States Department of Energy Contract DE-AC02-78ET51015

[1] J.R. Ferron et al. Phys. Rev. Lett. 51, 1955 (1983)
[2] F. Paoloni, Phys. Fluids 18, 640 (1975)

[3] K. Apert et al. Phys. Fluids 27, 432 (1984)

[4] R. Klima & V.A.Petrzilka, J. Phys. All, 1687 (1978)
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Finite Jon-Gyroradius Corrections to the
Toroidal Tearing Mode*

C.T. Hsu, R.D. Hazeltine, and P.J. Morrison’
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Linear drift-tearing instability, with ion-gyroradius effects, in large aspect ratio
tokamak plasma is investigated, using a self-consistent, energy-conserving reduced fluid
model.! The “boundary-layer ordering”? —wk, < 1, (where w is the radial width of the
boundary layer and k, is the perpendicular wave vector) is used to analyze the layer-
interior equations and compute the critical value of A'.

The ion temperature is allowed to be comparable to the electron temperature,

but temperature gradients and particle trapping effects are omitted for simplicity.

1C.T. Hsu, R.D. Hazeltine, and P.J. Morrison, IFSR #171 (1985).
2R.D. Hazeltine and J.D. Meiss, to be published in Physics Reports.
TAlso Department of Physics.

*Work supported by U.S. Department of Energy.
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Local Power Conservation for Linear Wave Propagation in an Inhomogeneous
PTasma, R. SUND, J. SCHARER, AND B. McVEY, University of Wisconsin [I],
Madison, Wisconsin and Los Alamos National Laboratory [2], Los Alamos, New
Mexico -- An expression for Tlocal power absorption in a non-uniform, hot
magnetoplasma is derived from fundamental principles. The definition is
developed under the assumptions of the Vlasov theory of plasma waves. MWe
obtain

PP = [ v < E(F L) - 7 FETE)

where_the primed variables define the unperturbed particle trajectories with
r'(r,v,t') =rand V' (r,v,t') =vat t' = t, and the brackets denote an aver-
age over t'. The definition of P allows a unique identification of the terms
in a local power conservation relation. It is this uniqueness which distin-
guishes our approach from previous attempts. The formalism is applied to
time-harmonic waves propagating in a plasma in which the magnetic field, par-
ticle density and temperature vary in one dimension transverse to the magnetic
field. We show a systematic procedure whereby one may write P in the form

P=E o J* - dS/dx

where S is the kinetic flux. This is used in conjunction with Maxwell's
equations to write the conservation relation. Correctness is verified by an
independent calculation of J as the first velocity moment of the perturbed
distribution function. Expressions for power absorption, kinetic flux, and
current density are presented. They are correct to second order in a gyro-
radius expansion of the wave field and to first order in the scale lengths of
B, n, and T and therefore applicable to the ion cyclotron range of fre-
quencies. They remain applicable in strong damping and mode conversion
regimes. Further support is provided by a calculation of the conservation
relation for a single wave mode in a uniform plasma. The expressions are
shown to reduce to the correct weak damping limit. Finally, a numerical
procedure for solving the wave equations governing propagation in the non-
uniform plasma is described. Field solutions, power flux and the local power
absorption by each particle species is presented for examples in the fast wave
- ion Bernstein mode conversion regime.

[1] Supported by NSF Grant ECS-8212173.
[2] Supported by DOE Contract DE-AC02-78ET51013.
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NEOCLASSICAL TEARING INSTABILITIES IN TOKAMAKS™
W.X. Qu and-J.D. Callen
Nuclear Engineering Department, University of Wisconsin, Madison, WI 53706

Recently, it has been reah’zedl’2 that the resistive MHD model usually
adopted in analysis of fluidlike plasma instabilities, although quite good in
the direction perpendicular to magnetic surfaces, is inadequate along magnetic
field lines for plasmas in which the mean free path is greater than the con-
nection length. Since most present tokamaks operate in this regime, it is
natural to reexamine the dominant instabilities with the long mean free path
influence taking into account.

Starting from a resistive MHD set of equations with neoclassical effects
(such as bootstrap current, neoclassically enhanced ion polarization drift
current, and a pinch force type current caused by the pressure perturbation
gradient along field 1lines) included, we derive and solve the eigenmode
equation and the dispersion relation for tearing instabilities. In doing so,
we utilize a baliooning mode representation, a multiple length scale approxi-
mation and a variational approach to finding the instability eigenva1ue.3 The
results show that the long mean free path influence on tearing modes is quite
strong, especially for Ve B, > §72/5
the poloidal beta value). Typically, for Ve B ~1 >> S
found that v = 82/3, ox « 571/3 P
width of the singular layer and the "neoclassical” magnetic Reynolds number,

(e is the inverse aspect ratio and B, is
-2fs -2 P
~10 7, it 1is

where v, §8x, and S are the growth rate, the

respectively.

1. J.D. Callen and K.C. Shaing, in Proceedings of the 1983 Sherwood Theory
Meeting, Arlington, 1983, paper IE3.

2. J.D. Callen and K.C. Shaing, UWFDM-577 (1984); K.C. Shaing and J.D.
Callen, ORNL/TM-9360 (1984); J.W. Conner and L. Chen, PPPL-2131 (1984)
(a1l to be published in Phys. Fluids).

3. H.R. Strauss, Phys. Fluids 24, 2004 (1981).

Work supported by Office of Fusion Energy, U.S. DOE under contract DE-
AC02-80ER53104.
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MHD MODELLING WITH THE HALL TERM

F. Kazeminejad (University of California, Los Angeles)
J. N. Leboeuf (Institute for Fusion Studies)
F. Brunel (National Research Council of Canada)

J.M. Dawson (University of California, Los Angeles)

Most fluid calculations for fusion plasmas are done by conventional
MHD models. It is desirable to construct fluid models which contain more
physics. We have begun a program of building a fluid model which contains
the Hall term in Ohms Law. This is an extension of the earlier work by T.
Tajima, J.N. Leboeuf, J.M. Dawson (J. Comput. Phys. 38 (1980), 237). We
are using the same particle fluid approach used by ¥. Brumel, J.M. Leboeuf,
T. Tajima, J.M. Dawson (J. Comput. Phys. 43 (1981), 268). Our goal is to
construct a 3-dimensional model suitable for examining the influence of the
Hall term to wave propagation and stability. To date we have been
generalizing the earlier 2-1/2 dimensional work of Tajima, Leboeuf, Dawson
to include arbitrary angles of propagation. The model exhibits acoustic,
magnetoacoustic, Alfven, ion cyclotron, and whistler waves. The simulation

results are compared to analytic dispersion relations.
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NONLINEAR RADIAL PROPAGATION OF DRIFT WAVE TURBULENCE

M. Prakash and C. K. Chu

Columbia University
New York, N.Y. 10027

and

Akira Hasegawa

AT&T Bell Laboratories
Murray Hill, N.J. 07974

By solving the model nonlinear equation of collisional drift wave turbulence,’

['gt— - Vq') X i'V]Vzd) = E](d) - Il) + C2V4¢
and

0 -
[at V¢ x 22V

(n+Inny =C,(¢ —n),
where

— T 2
g, - S

— ok
CZ - 5
Ps Wi

,

e’ngnwy 02°

ed/T, = ¢, n;/ng = n, wit =t and x/py = x,
for mixed initial and boundary values, radial propagations of the drift wave
turbulence is studied. It is found that the turbulence propagates radially, in the

direction of decreasing resistivity, through the nonlinear mode couplings.

! A. Hasegawa and M. Wakatani, Phys. Rev. Lett. 50, 682 (1983), Phys. Fluids
27,611 (1984).

The work done at Columbia University is supported by DOE Contract No.
DEA-C02 76ET 53016.
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ANALYTICAL STUDY OF ENERGETIC IONS SLOWING
DOWN IN PLASMAS*

Farrokh Najmabadi

Department of Mechanical, Aerospace
and Nuclear Engineering
University of California, Los Angeles
Los Angeles, Calif. 90024

ABSTRACT

Energetic iomns, such as fusion products or ionized neutral
beam ions, slow down by coulomb collisions with the background
plasmas depositing their energy into the plasma. The slowing
down problem has been considered by many authors. However, the
analytical solutions have been limited to the fast ion velocity
range vy K v K v

where vy and v_ are respectively the ion and

e e
electron thermal velocities. A new analytical solution without
this limitation, valid over the entire velocity range is worked
out. It is shown that the distribution function of the energetic
ions can be writtem as an asymptotic series in £ = Te/Ea where
Te is the electron temperature and E, is the birth energy of the
fast 1ions., The power transfer from the energetic iomns to the
plasma species are calculated. Collisions with the energetic
ions can cause the background ion distribution to depart from a
Maxwellian and may result din fusion reactivity enhancement.,
However, this effect has been found to be mnegligible in most
cases., The analytical work has been compared with numerical

calculations and excellent agrement has been found.

* Work pupported by the U.S. Department of Energy Contract
No. P.A.~-DE-AT03-76ET530109.
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*
STELLARATOR EXPANSION STUDIES OF HELIOTRON-E

Je Lo Johnson,'r G. Rewoldt, and G. Kuo-Petravic
Princeton Plasma Physics Laboratory
Princeton, NJ 08544

The stellarator expansion predictions for the stability properties of

1

Heliotron-E agreed well with earlier experimental measurements for <f> ~

1.5%. Operation at <B> ~ 2% has been reported recently,2 Since these B's are
well above the analogous Troyon limits observed in tokamaks,3 we have
attempted to raise the calculated critical B's by changing the shape of the
pressure distribution. Introduction of a pressure profile with dp/d¥ = 0 at
both the magnetic axis and the plasma boundary into the code enables us to
flatten the pressure at the ¥ = 1 surface. Studies of surface structure using
both Poincaré plots and Hamiltonian techniques4 indicate that, because of the
large shear, significant island structure should not be observed at <B> g 2%
even near the ¥ = 1 surface. As we flatten the pressure at the # = 1 surface,
we see the growth rates for all the n/m = 1 modes, that had been centered at
this surface, decrease dramatically. However, an n = 3, m = 2 mode grows at
the ¥ = 1.5 surface, Although we could stabilize this n = 3, m = 2 mode by
flattening the profile locally, it is clear that higher-n modes would rise to
take its. place. Also, the critical B for ballooning is increased only
slightly. It appears that critical <B>'s above about 1.5% would be hard to
achieve, This suggests the possibility that stellarators without ohmic
current may have better experimental stability properties with respect to

theory than analogous tokamaks do.

*This work supported by U.S. DoE Contract No. DE-AC0O2-76-CHO-3073.

TOn loan from Westinghouse R&D Center.

1J.Le Johnson, A.E. Koniges, and G. Rewoldt, U.S.-Japan Workshop on MHD and

Transport. in Stellarator/Hellotron Systems {(Oak Ridge, Nov., 1983) p. 680,
K. Uo and Heliotron E Team, 5th International Workshop on Stellarators
(Schloss Ringberg, FRG, Sept., 1984) Vol. 1, p. 17 and 113; K. Uo et al.,
Nucl. Fusion 24, 1551 (1984).

F. Troyon, R. Gruber, H. Saurenmann, S. Semenzato, and S. Succi, Plasma
physics 26, 1A, 209 (1984).
4r.H. Boozer, Phys. Fluids 26, 1288 (1983).
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Investigations of Long-Thin Mirror Equilibria with the Full 3-D
Method as Computed by VEPEC

D. V. Anderson
National Magnetic Fusion Energy Computer Center
Lawrence Livermore National Laboratory
Livermore, Califormnia 94550

B. Lane
Plasma Fusion Center
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Recently MID equilibria have been computed for existing and projected
machines using equilibrium codes exploiting the long-thin geometry of these
machines. Through a new algorithm, due to McNamara, the large number of
iterations needed for convergence has been reduced from roughly 10,000 to
20. We compare the results of such a long-thin code, developed by
Pearlstein and co-workers, with the 3-D VEPEC code. We wish to ascertain:

(a) Do both codes converge to the same solution for a long-thin geometry?

(b) Are the slow convergence problems of earlier long-thin codes also found
in the VEPEC code?

(c) At what point does the long~thin approximation lead to substantial
errors?

We will address these questions by comparing previous results computed for a
modified 2XIIB coil set which satisfies the long-thin approximation for
"pencil" shaped plasmas with the VEPEC results for the same coil set. The
mirror ratio enchancement and the mid-plane equilibrium flux surface
displacements are the primary results we compare. The Constance coil set
will be used in a further study in which the plasma radius will be varied
such that we can explore equilibria with very small aspect ratios

(long~thin) to ones with near unity aspect ratios (short-fat). By

examining the errors introduced by the departure from a long-thin geometry
in a single cell we estimate the errors introduced for the tandem case in

which the long-thin solenoidal cells are linked to transition and anchor
cells that are often not long-thin.

*Work performed under the auspices of the U.S.D.0.E. by Lawrence Livermore
National Laboratory under Contract No. W-7405-ENG-48 and by the

Massachusetts Institute of Technology under Contract No. DE-AC02-78ET51013.
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Heat Pulse Propagation On TFTR™

E. Fredrickson, J. Bell, J. Callen, K. Hill,
R, Izzo, K. McGuire, D. Mikkelsen, N. Sauthoff and N. Zarnstorff

Princeton University
Princeton Plasma Physics Laboratory
P.0. Box 451
Princeton, NJ 08544

ABSTRACT

Analysis of data from the soft ex-ray array and the acanning ECE electron
temperature diagnostic show that the propagation of the saw-tooth induced heat
pulses appears diffusive. The pulses propagate much faster than predicted by
analytic and numerical solutions of the heat pulse diffusion equation using
values of Xa obtained from transport codes. Profile, chord averaging and
other effects have been considered and do not significantly affect this

result.

Scans have been used to obtain the scaling of Xa with ng, Ip and minor
radius. Some models will be presented which could explain the discrepancy
between the values of X obtained from transport codes and those obtained from

analysis of the heat propagation.

* This work supported by U.S. Department of Energy Contract No.
DE-AC02-76-CH03073.
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Effects of Turbulent Density Fluctuations on Neptral Transport*
A. K. Prinja
University of California
Los Angeles, CA 90024
and
P. C. Liewer
California Institute of Technology
Pasadena, CA 91125

Turbulent plasma density fluctuations, such as those observed in tokamak
edge plasmas (fi/n = 20-80%; see Ref. 1 and references therein) will effect
the transport of neutral particles in the plasma., Density fluctuations
effect the transport by causing fluctuations in the cross sections for
ionization and charge exchange for neutrals, which both depend (linearly) on
the plasma density n(r,t). Changes in the calculated neutral density profile
in a tokamak would lead directly to changes in the calculated energy losses
by convection.

Estimates of the size of this effect have been found by solving simple
one-dimensionzl mecdel equations for the neutral density profile with the
effects of charge exchange neglected. 1In the simplest case, homogenous,
Gaussian fluctuations in space only [fi=fi(x)] are assumed. The resulting
stochastic nonlinear equation can be solved exactly for the steady state
neutral density profile. Results indicate that the neutral decay length is
increased substantially relative to the deterministic result, Ae, by roughly
a factor of (I—Kl)—l where K= | 5/n] 2LC/Xe is the Kubo number, L is the
correlation length of the density fluctuations, and Ae is the electron
impact ionization mean free path. Results from more sophisticate models
including such effects as charge exchange will also be discussed.

1. P.C. Liewer, "Review: Measurements of Microturbulence in

Tokamaks and Comparisons with Theories of Turbulence and Anomalous
Transport'" (To be published in Nuclear Fusion).

® Work Supported by the U. S. Dept. of Energy
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RUNAWAY OF RUNAWAY DISCHARGES THROUGH AVALANCHING
R. Jayakumar and H. H. Fleischmann
RECE~Group
School of Applied and Engineering Physics

Cornell University
Ithaca, NY 14853

11243 4f the rate of runaway electrons in

Earlier calculations
plasmas with DC electric fields F mainly considered the generation of
electrons with energies E larger than the critical Dreicer energy
Ec = FA being the mean free path of the electrons at EC. However, c
the runaway electrons in turn will collide with the thermal electrons
and thus by "avalanching" generate secondary electrons which add to the
runaway generation rate. In a recent paper,h we obtained a sizable gen-
eration of superthermal electron tails in plasmas containing 'fast" par-
ticles even for quite small density ratios nf/nPAJ 107+, Considering
secondaries generated during the full lifetime of the original runaways,
we now find that a sizable enhancement of the runaway rate will occur
even for quite small runaway densities, in particular, in situations
with small Dreicer field parameters. Above a critical runaway density
e the runaway rate then will grow exponentially through such avalanch-

ing. Applying the results to various experiments where runaway elec-—

tron were measured, we find that avalanching may have occurred.

1. Dreicer, H., Phys. Rev. 117, 329 (1960).

2. Gurevich, A. V., and Z'hivlyuk, Y. N., Sov. Phys. JETP 22, 153
(1966).

3. Kulsrud, R. M., et al. Phys. Rev. Lett. 31, 690 (1973).

4. Jayakumar, R. and Fleischmann, H. H., submitted to Phys. Fluids.
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Lagrangian Variational-Principle Derivation
of a General Theorem for Beat-Resonant Mode Coupling,
with Application to Global Modes of a2 Nonneutral Plasma%

C. Obermanf, J. D. Crawford*, and A. N. Kaufman

§
Institute for Theoretical Physics, University of California
Santa Barbara, CA 93106

For two modes (I, II) interacting via Vlasov beat resonance, we have
obtained the mode-action transfer rate:

dJp/dt = - dJrp/dt = Ja31 glig(pﬂ 2°3f4/3L 218 (wp-Lew (1)),

where JI’JII are the mode actions, fo(l) is the unperturbed oscillation center

distribution in particle-action space, wp = 00 is the beat frequency,
o(I) = 3Hy/91 is the particle frequency-vector, and EQ(L) is the
particle-angle Fourier transform of K(I,0), the coefficient of the

beat-phase term in the oscillation-center Hamiltonian. This result was
obtained by the use of the Lie-transformed Lagrangian action principle [1],

which yields an explicit expression for the coupling coefficient EQ,

which will be displayed. We note that the appearance of its absolute square
follows naturally from the Lagrangian variational principle.

This approach was motivated by the problem of beat-resonant coupling of
global electrostatic modes in a2 bounded single-species plasma confined by
axisymmetric fields. Recent experiments indicate that a small asymmetry in
the field is an important factor limiting the confinement time. Beat-resonant
coupling between a field error and a mode is a mechanism whereby such
asymmetry may transfer angular momentum to the plasma and thus allow radial
expansion [2]. Our formalism is illustrated by a detailed discussion of the
coupling in such a single-species plasma.

1. A. N. Kaufman and D. D. Holm, Phys. Lett. 105A, 277 (1984); A. N. Kaufman
and B. M. Boghosian, Cont. Math. 28, 169 (1984).

2. J. D. Crawford, T. M. O0'Neil, and J. Malmberg, Phys. Rev. Lett. (in press,
1985).

* This work was supported in part by the National Science Foundation under
Grant No. PHY 82-17853, supplemented by funds from the National Aeronautics
and Space Administration.

+ Permanent address: Princeton Plasma Physics Lab., supported by U.S.
Department of Energy.

% Permanent address: University of California, San Diego, supported by U.S.
Department of Energy under Contract No. DEAT03-82ER53129.

§ Permanent address: University of California, Berkeley, supported by the
U.S. Department of Energy under Contract No. DE-AC03-76SF00098.

Sherwood Theory Meeting, Madison, WI., April 1985.
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LOWER HYBRID WAVE SCATTERING BY RANDOM DENSITY‘FLUCTUATIONS
IN INHOMOGENEOUS PLASMAS¥*
W. Grossmann and Renato Spigler
Courant Institute of Mathematical Sciences

New York University
New York, New York 10012

ABSTRACT
In a recent paper,l we studied a model for lower hybrid wave

scattering by random density fluctuations in homogeneous back-

ground plasmas. We extend now our analysis in order to include

inhomogeneity in the density profile of the background plasma.

A slab of stochastic plasma is considered near the edge plasma-
vacuum, where random fluctuations of the density n and of Vn are
superimposed to a certain deterministic profile, while the bulk
of the plasma is assumed to be cold and homogeneous. Similar to
the case studied in l, it is shown that the complex-valued re-
flection coefficient, R(L), as a function of the slab thickness,
L, satisfies a Riccati (stochastic) differential equation, as-
sociated with an initial-valued problem, while the original
formulation requires solving a (stochastic) two-point boundary-
value problem for the electrostatic potential. Then the mean
transmitted and reflected power, <{R12>, can be evaluated as a
function of L, by numerical simulation from the Riccati equation
above. New phenomena appear with respect to the previously

studied model,l such as (internal) refraction besides the re-

flection due to the random scatters.

lW. Grossmann and R. Spigler, "A stochastic model for lower hybrid

wave scattering by density fluctuations,” to appear in Phys. Fluids.

*Work supported in part by U.S. Department of Energy Contract No.
DE-AC02-76ER03077, and by the Italian C.N.R.
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RELAXATION OF FINITE éETA TOROIDAL PLASMAS

Y.C. Kwok and A. Bhattacharjee, Columbia University

A.H. Glasser, Los Alamos National Laboratory

Equilibria with minimum energy are constructed from a
variational principle in which the potential energy of a plasma
is minimised subject to a small set of global invariants. Recent
workz, in which we have constructed low g tokamak equilibria

(with zero <current on the boundary) which are ideally and

resistively stable, 1is now extended to include finite pressure.
The pressure profiles, which have nonzero gradients, are
prescribed uniquely by the inclusion of specific global
invariants in the variational principle. These "invariants" are
preserved exactly by ideal. notions of the plasma and
approximately by a tearing mode of the m=1, n=1 type. Estimates

of the decay rates for the energy and the invariants are given,
and shown to be consistent with our conjectures on selective
decay. Results on the tokamak window as well as the transition
region between the tokamak and RFP windows, relevant to the
recently proposed Wisconsin experiment, will be presented. The
stability of the relaxed states with finite pressure are
presently under study. It is argued that the present approach
may be useful for computing MHD equilibria for stellarators with
imperfect flux surfacesB.

References:

1. A. Bhattacharjee and R.L. Dewar, Phys. Fluids 25, 887 (1982).
2. A. Bhattacharjee, A.H. Glasser, Avinash Khare and

J.E.Sedlak, submitted to Phys. Fluids.

3. A. Bhattacharjee, Plasma Physics and Controlled Fusion 26,
977 (1984).

Work supported by USDOE.
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Derivation of Scaling Laws for Trapping Rates
of Passing Ions in a Mirror Cell®*

R.S. Devoto, L.L. LoDestro and A.A. Mirinw
Lawrence Livermore National Laboratory
Livermore, Califormia 94550

Maintenance of a thermal barrier and MID stability in tandem mirrors
requires continual pumping of ions that become trapped in the end cells.
In order to know how fast to pump these trapped iomns, it is necessary to
ascertain the rate at which they are being trapped. Results from the
two-dimensional, nonlinear, multispecies Hybrid-II code, which uses the

1, are presented. The equations solved are

square~well approximation
(3f,/3t)gp = v, f, subject to the boundary condition f, = £,P2%% at the
trapped/passing separatrix in velocity space. Here f, is the distribution
function of trapped species a and vV, is the pumping rate (taken to be
independent of velocity). The distribution function of passing particles
£,P25% is taken to be a Maxwellian of given density and temperature. The
mirror ratio and potential are specified, along with the quantity
gq = 1 + na/napass.

The cases presented here consider only a single ion species.
Deviations of the trapping coefficient Vv from the previously assumed?

scaling are observed; most importantly, V is seen to increase faster than

Z4m—l/2. The quantity VvV can be expressed as

4
z Ain A n Y(R,ﬁsg),
m

T
P

where Tp is the temperature of passing iomns, § = Zecb/Tp and the function y

is to be determined. Fits of y (and hence V) accurate over a wide range of

R, ¥ and g are presented.

15, Killeen, A.A. Mirin and M.E. Rensink, in Methods in Computational
Physics, 16, Academic Press, New York (1976)
2A.H. Futch and L. LoDestro, LLNL Report UCRL-87249 (1982)

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-~ENG-48.
National Magnetic Fusion Energy Computer Center
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ELECTRON DISTRIBUTION FUNCTIONS PRODUCED BY HIGH POWER ECRH

M R O'Brien, M Cox and D F H Start

Culham Laboratory, Abingdon 0X14 3BD, England
(Euratom/UKAEA Fusion Association)

High power electron cyclotron resonance heating is capable of producing
substantially non-Maxwellian electron distributions. Such distortions
may generate pressure anisotropy, affect wave propagation and
absorption, change current drive efficiency calculations and modify the
interpretation of data from X-ray, Thomson scattering and electron
cyclotron emission diagnostics. Some of these effects have already
been observed during low density experiments on the TOSCA and CLEO

tok amaks!.

Theoreticudies of these phenomena have been carried out using a

2-D non-linear Fokker-Planck code. The Fokker-Planck equation is
bounce averaged to take account of particle trapping and incorporates
the ohmic heating electric field and a particle-conserving energy loss
term. The wave-particle interaction term is calculated using a single
particle model akin to that of Cairns and Lashmore-Davies?. This
approach allows us to treat, in a physically transparent way, the
finite size of the RF beam, the variation of the cyclotron frequency
along the magnetic field 1ines, the attenuation of the wave and the
heating of electrons out of resonance (due to the relativistic mass
dependence on energy) before they can completely cross the RF beam.

The code has been used to simulate the soft X-ray emission spectra
observed from both weakly and strongly distorted electron distributions
produced by 60 GHz and 28 GHz second harmonic ECRH experiments on CLEO.
Comparisons of theoretical and experimental X-ray spectra will be
presented along with results showing the effect of high power on
current drive efficiency.

1) D C Robinson et al, Proceedings of 10th IAEA Conf on Plasma Physics
and Controlled Nuclear Fusion Research 1984, London to be
published.

2) R A Cairns and C N Lashmore-Davies, submitted to Plasma Physics.
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ANOMALOUS TIME BEHAVIOR OF ENTROPY IN A NON-MAXWELLIAN PLASMA%*

Inge Jechart
Department of Physics
University of California
Los Angeles, CA 90024
The thermal relaxation of a 2—-dimensional plasma is investigated by
observing the change in entropy. A uniform magnetic field is applied
perpendicular to the plane of the simulation. Initially the velocity
distribution function f(v) is uniform and cut off at v = vgo. From there,
it evolves to a Maxwellian f(v). 1In the simulation f(v) and the entropy
S, where S = —f f(v) %n [£f(v)] d%v, are computed at regular intervals. The
time behavior of the entropy for small magnetic field strengths (including
By = 0) is observed to relax like exp(~/€7;;) rather than exp(-t/ty). Cases
with large magnetic fields are currently being investigated and seem to

exhibit a similar time evolution.

* Work supported by USDOE and NSF.
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Modulation of Small Scale Turbulence by Sawtooth Relaxations
in the TEXTOR Tokamak - Observation and Interpretation

A. Boilecau and H.W.H. Van Andel
Departement de Physique, Université de Montreal, C.P. 6128, Montreal
H3C 3J7, Canada

M. von Hellermann
Universitdt Essen Gesamthochschule, Mathematik Naturwissen-
schaften, P.f. 6843, Essen 4300, FRG

G. Hasselberg and A. Rogister
Institut fur Plasmaphysik der Kernforschungsanlage Jiilich GmbH,
Association EURATOM-KFA, 5170 Jiilich, FRG

Observation of microturbulence in the TEXTOR plasma by forward scat-
tering of CO2 laser light has revealed that a periodic enhancement
of the turbulence level registered along a central vertical chord pre-
cedes and follows the sawtooth relaxations, detected along all the chan-
nels, of the line average density and the temperature relaxation, mea-
sured on the magnetic axis. The maximum enhancement occurs almost simul-
taneously with the relaxation on the central density channe1; These ob-
servations imply that a small perturbation of the Tine average density
(~ 2 %) and of the temperature (~ 10 %) are sufficient to induce a fi-
nite (~50 %) modification of the turbulence level. In line with the
standard interpretation of anomalous electron heat transport, we infer
that the electron heat conduction Xe is, in stationary - or, rather,
in periodic, (in view of the sawtooth relaxations) - operating condi-
tions, also a rapidly varying function of these parameters. This con-
clusion was anticipated elsewhere (A, Rogister et al,, Xth IAEA Confe-
rence, London 1984, paper E-III-l;, G. Hasselberg and A. Rogister, Nucl.
Fus. 23, 1351 (1984)). A mathematical model which simulates this fea-
ture will be presented and the synthetic signals constructed from the
model will be compared to the observations;
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Viscosity Tensor and Toroidal Momentum
Confinement of Strongly Rotating Tokamak Plasma

D.J. Sigmar
Plasma Fusion Center, M.I.T.

and

W.M. Stacey
Georgia Tech.

The full viscosity tensor 7 = 7,7° + 372 + 17! where the viscosity
coefficients 7, :73:n; =1: (wr)~!: (wr)~2 and 5, = nTr, is presented for
an axisymmetric tokamak with flow velocity Vy =0, Vo ~ V,B¢/B,, V, =
RQ(1, 8) ~ O(Vthi), in the collisional regime. Any physics effect giving rise
to a poloidal strain 17! 801/d© ~ O(r/R) invokes the gyroviscous piece 73
and produces a perpendicular (i.e. V- directed) viscous loss of toroidal
momentum exceeding the Pfirsch-Schliiter result!) n, = 4n;(1 + 2.31¢2%),
(and ensueing momentum confinement time 7,, = a?/n ) by > one order of
magnitude. The poloidal dependence of the rotation frequency (1 is coupled
to the poloidal dependence of the ambipolar potential ®(v,8) which in turn
can be driven by the difference in centrifugal forces of the main ions and
impurities and the large poloidal gyroradius of the impurity (or beam) ions.
A fully self consistent calculation of ®/(¢,8) is in progress. Preliminary
comparison with several experiments suggests that this neoclassical multi-
ion viscosity theory of strong rotation results in 7,,-values reaching up to
observed values 7,, without invoking the large anomaly hitherto assumed
necessary.

1) J.T. Hogan, Phys. Fluids 27 (1984) 2308.
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ABSTRACT
PARAMETER STUDIES OF FLUID MODEL WALL PLASMA FLOWS
G. Sowers, L. Montierth, and R. Morse
Nuclear & Energy Engineering and Physics
The University of Arizona
Tucson, Arizona 85721

The flow of fluid like plasma to a neutralizing wall is determined
by energy transport within the plasma and by the rate of intrainment
through ionization of neutrals emitted from the wall. Two quite
different numerical modeis of the same one dimensional physical fluid
model have been used to do parameter studies of these flows, (1) a
stationary model using an analytic perturbation treatment to obtain
asymptotic boundary conditions on the main plasma side, and (2) a time
dependent model. These are in good agreement where solutions exist and
show the dependence of main plasma Mach numbers on density,
temperature, neutral pumping length, and the angle of B with respect to
the wall. 1In particular, Mach numbers increase with decreasing pumping
length, density, and temperature until Mach one is reached, after which
no stationary solutions exist. This non-existence of solutiomns is

predicted by the analytic calculation of boundary conditions and only

occurs when ion thermal conduction is included.
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TANDEM MIRROR ELECTRON CONFINEMENT FROM WEAK TO STRONG ECRH*
T. D. Rognlien, Y. Matsuda, and J. J. Stewart, Jr.
Lawrence Livermore National Laboratory
University of California
Livermore, California 94550 USA
A series of numerical studies are presented which calculate the electron

confinement time in a magnetic and electrostatic potential well in the presence
of electron cyclotron resonance heating (ECRH). Relativistic Monte Carlo and
Fokker-Planck codes are used to obtain the results. In the weak ECRH t1imit,
the injected ECRH power heats the bulk of-the electron distribution to
increasing temperatures, and the confinement time can be calculated from the
Pastukhov formula. At higher powers, a tail is formed on the distribution
which results in more rapid loss than that calculated using the bulk temperature.
In the strong ECRH limit, the bulk temperature becomes larger than confining
potential energy. We shall compare the results in this regime with the formula

for magnetic mirror confinement only, and a model proposed by Cohen [1] which

gives a reduced confinement time.

[1] R.H. Cohen, Bull. Am. Phys. Soc. 29, 1228 (1984); an accompanying paper,
this conference.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.




Electron Rate Equations and Potentials in ECRH-Driven
Tandem-Mirror End Cells*

R. H. Cohen

Lawrence Livermore National Laboratory
Livermore, Ca 94550

Electron-Cyclotron Resonance Heating (ECRH) plays an important role in determin-
ing potentials in the end cells of thermal-barrier tandem mirrors. This paper describes
generalizations of previous work on the limits where ECRH is strong! or weak? compared
to collisions. The present calculations apply to the determination of the potential differ-
ence &, between the plug and thermal-barrier regions and the potential of the barrier
relative to ground.

The potential @ is determined by the physics of the electrons trapped in the plug po-
tential well. Expressions are derived for the particle and energy fluxes across the trapped-
passing velocity-space separatrix in the strong-ECRH limit, from the collisional perturba-
tion to the infinite-ECRH case. The weak-ECRH perturbation to the energy flux is derived
following the approach used previously to determine the particle flux. Interpolation formu-
las are developed to connect the weak- and strong-heating results, thus providing particle
and energy rate equations for the trapped electrons applicable at any ECRH level. In the
usual limit where the explicit source of trapped electrons is negligible compared to one-way
flows across the separatrix, the steady-state version of the particle rate equation yields a
relation between ®,; and the trapped density which approaches the usual Boltzmann-like
relation® in the limit of zero ECRH and the power-law relation of Ref. 1 in the limit of
infinite ECRH.

The potential of the barrier or central cell relative to ground is determined from the
requirement that the net rates of loss of electrons and ions from a flux tube be equal. In
Ref. 2 it was noted that ECRH can enhance electron endloss, and an estimate was obtained
from a simple model in which barrier electrons are diffused by ECRH to high energy along
a heating characteristic emanating from a low energy, scattered by collisions through a
small angle onto a characteristic intersecting the loss cone, and then diffused by ECRH
into the loss cone. The model is made somewhat more sophisticated here by (abruptly)
dividing the velocity space of electrons passing to the central cell into collision-dominated
and ECRH-dominated regions, with the division at energy E,; the flux into the loss-cone
characteristic is then rigorously derived within the context of the model.

Comparison of these results with Fokker-Planck and Monte Carlo calculations and
application in the modelling code TREQ are described in the adjacent papers by Rognlien
and Matsuda, and by Gilmore and Rensink, respectively.

* - Work performed under the auspices of the U.S. Department of Energy by the Lawrence
_Livermore National Laboratory under contract number W-7405-ENG-48.

1 R. H. Cohen, Phys. Fluids 26, 2779 (1983)

2 R. H. Cohen, Bull. Am. Phys. Soc. 29, 1228 (1984)

3 R. H. Cohen, 1. B. Bernstein, J. J. Dorning, G. Rowlands, Nucl. Fusion 20, 1421 (1980)
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SIﬁULATEONuOF LOSS OF PLUGGING IN TMX-U USING THE TREQ CODE

J. M. Gilmore and M. E. Rensink
Lawrence Livermore National Laboratory
Livermore, California 94550

A new set of particle and energy balance equations for the warm,
electrostatically confined electrons in the plug region of thermal barrier
tandem mirrorsl has been implemented in the TREQ (tandem rate equations)
ccde. An important feature of the new model is expressions for particle and
enerqy transfer between the warm, hot, and passing electrons which are valid
for arbitrary ECRH power levels. We therefore now have the capability to
continuously pass from collision dominated regimes to ECRH diffusion dominated
regimes and vice-versa, making it possible to attempt to simulate loss of
plugging and high density operation in TMX-U. Comparison between experimental
data and code simulations will be presented, with emphasis on simﬁlation of
loss of plugging, its causes, and its prevention.

This work was performed under the auspices of the U.S. Department of

Energy by the Lawrence Livermore National Laboratory under contract number

W-7405-ENG-48.

lR. H. Cohen, this meeting.
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CALCULATION OF SLOSHING-ION BUILDUP

IN THE TMX-U END CELL

R. A. Jong and Y. Matsuda
Lawrence Livermore National Laboratory
Livermore, California 94550

We have used SMOKE--a multi-region, bounce-averaged, Fokker-Planck
code-~to calculate the buildup of sloshing ions in the end cell region of
TMX-U. We have modeled the plasma potential, magnetic field and sloshing ion
beam profiles that presently exist in the experiment. The effect of the pene-
tration of molecular and Franck-Condon neutrals on the sloshing ion buildup is
included. Our calculations show that the thermal barrier depth and the plug-
ging potential that can be achieved in TMX-U are sensitive to the species mix
of the 15 keV sloshing ion beams.

This work was performed under the auspices of the U.S. Department of
Energy by the Lawrence Livermore National Laboratory under contract number

W-7405~-ENG-48.
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COMPARISON OF PROPOSED IGNITION EXPERIMENTS
AND PLASMA THEORY ISSUES¥

Bruno Coppi

Massachusetts Institute of Technology, Cambridge, MA 02139
and
Plasma Physics Laboratory, Princeton, NJ 08540

The realization that new physical regimes have to be produced and important
collective processes have to be dealt with in order to attain fusion burning
conditions, has brought about a strong interest for experiments that are poten-
.tially capable of reaching these conditions. A comparative review of three
experimental devices proposed in the U.S. - Ignitor (MIT), I.S.P. (Princeton)
and E.T. (General Atomic) -~ is given.

The major unresolved theoretical issues that are of special concern are:
a) the excitation of internal modes (m°=1) in the presence of strong a-particle
heating of the central part of the plasma column; b) the ion thermal transport
resulting from modes driven unstable by the ion temperature gradient.

"sawtooth oscillations'" of the plasma column occur

The frequency at which
has an important influence on the time heeded to achieve ignition conditions.

This frequency is determined by the threshold of m°=1 reconnecting modes, whose
theory, at this time, is limited by the assumption that the width of the produced
magnetic island is smaller than the ion gyroradius and therefore is unsuitable to
make realistic predictions.

The effects of an anomalous ion thermal conductivity have been taken into
account, mostly through an anomaly multiplying factor of its collisional form, in
most of the analyses carried out in order to predict the performance of the proposed
experiments. On the other hand the possible forms of the effective ion thermal
conductivity that can be derived for ion temperature gradient driven modes predict
a deterioration of confinement as the temperature increases contrary to the
favorable dependence on temperature of the collisional transport. Another impor-
tant issue is the relationshio between the electron temperature and the current
density profilesl that is related to the form of the electrical resistivity and -the
influence of trapped electrons on it.

It is pointed that the most relevant experiments to be undertaken are those
that allow the investigation of the broadest range of plasma parameters in view

of resolving these issues.

*Sponsored by the U.S. Department of Energy

1 . . . f . . .
L. Sugiyama, '"Heating in Igniting Plasmas", abstract submitted to this meeting.




1S-17

ABSTRACT

ARE TOKAMAK DISRUPTIONS CAUSED BY MHD
CLUMP INSTABILITY? *

D. Tetreault
Plasma Fusion Center, MIT
Cambridge, Massachusetts 02139

The MHD clum instability(l)

is investigated as a cause of dis-
ruptions in tokamaks. It is found that many features of the instab-
ility are comnsistent with observed disruptions. These features in-
clude: (1) the triggering by, and the subsequent importance of magnetic
field line stochasticity, (2) the onset of the instability before the
Kruskal-Shafranov (linear stability) limit is reached, (3) a radial
electric field profile characterized by an anomalously large resis-
tivity enhancement in the column center, but a simultaneously smaller
and negative electric field (i.e., negative voltage spike) at the
plasma edge, and (4) a characteristic voltage spike time ?caling with

the resistive time (T_) and Lundquist number (S) as TRS— 3 over a

R
wide range (S~105 for LT-3 to $-6x107 for TFTR). The fundamental non-
linear fluctuation characterizing the turbulence is a hole or "bub-
ble" in the current density. Though an individual hole will grow at

the rate naA'/Xd (na and X, are turbulent resistivity and scale

length ), it will tend to ge destroyed by the field line stochasticity.
Net growth occurs when turbulent mixing (R) creates new fluctuations
at a faster rate than the stochastic decay (-1), thus yielding a net
growth rate of naA'(R—l)/Xd. The electric field profile results from

a helicity conserving Ohm's law that is of the Fokker-Planck type.

(I)D. Tetreault, Bul. Amer. Phys. Soc. 29, Oct. 1984, paper 5Ql2.

*
This work supported by DOE, ONR, NSF.
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MONTE CARLO SIMULATIONS OF PARTICLE TRANSPORT IN STELLARATORS
by
C.D. Beidler, W.N.G. Hitchon, H.E. Mynickt and J.L. Shohet
Unijversity of Wisconsin
Torsatron/Stellarator Laboratory
Madison, Wisconsin 53706
ABSTRACT

A rapid computer simulation has been developed which is an extension of
our previous work with a purely bounce-averaged formalism. Particles ripple
trapped in the local magnetic wells of the stellarator field are followed by
iteratively conserving their action, J. Particles in an appropriately narrow
region on either side of the trap/detrap boundary are followed using guiding
center equations of motion. The remaining particles have significant parallel
velocity and are assumed to stream along field lines. To restrict the use of
guiding center equations to as small a region of phase space as possible, it
is necessary to introduce an "effective" well formulation for the stellarator
field, analogous to that often used for rippled tokamaks.

Also discussed is a modification to analytic theory of particle transport
due to entrapping/detrapping in local magnetic wells in the presence of a
radial electric field. This modification effects the regime of collisionality
that would be typical of ions in a reactor. It predicts values of the
diffusion coefficient that are lower than previous estimates and independent
of collision frequency in the range of applicability. Numerical results of a
bounce-averaged Monte Carlo simulation which confirm this scaling are
presented.

This work was supported by the U.S. Department of Energy Contract No. DE-

AC02-84ER53166 and by the National Science Foundation Grant No. ECS-8206027.

T Princeton Plasma Physics Lab., Princeton, NJ
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RF STABILIZATION OF INTERCHANGE MODES IN
MIRROR PLASMAS BY RESONANT SIDEBAND COUPLING*

J. B. McBride
Science Applications International Corporation
La Jolla, California

V. Stefan and N. A. Krall

JAYCOR
San Diego, California

We have shown previous]y1 that nonresonant ICRF sideband coupling can
stabilize flute-interchange modes if wy < wej (wo is the frequency of the
appiied RF power and wgj is the local ion cyclotron frequency). In this paper
we demonstrate that interchange modes can also be RF stabilized for Wy > Weg by
resonant2 sideband coupling. Stabilization is possible for w, near w.; and

C1

harmonics of w due to resonant coupling with either ion cyclotron or ion

ci
Bernstein sidebands, and alse for w, near the Tower-hybrid frequency due to
coupling with lower-hybrid resonant sidebands. Stability conditions will be

presented in terms of the required RF electric fields.

*This work was supported by the U.S. Department of Energy.

1. J. B. McBride, V. Stefan, and N. A. Krall, Phys Rev. Lett. 54, 42 (1985).
2. V. Stefan and J. B. McBride, submitted to Phys. Rev. Lett.
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%
FEEDBACK CONTROL OF MAGNETIC ISLANDS IN TOKAMAKS

R.B. White, P.H. Rutherford, W. Park, and H.P. Furth
Plasma Physics Laboratory, Princeton University
P.0, Box 451, Princeton, NJ 08544
The successful control of magnetic island development in tokamaks could
have definite advantages. Elimination of sawtoothing might allow operation
with higher currents and more peaked current profiles, with g on axis well
below unitye. Control of the m = 2 mode could help avoid plasma disruption.
Deliberate steepening of the g - profile at g = 2, using feedback to supress
the m = 2 mode, could be used to stabilize neighboring modes.1 The simulation
of feedback stabilization for m 2 2 has already been carried out.2 The
stabilizing effect of localized heating and current drive are easily obtained
3,4

from the nonlinear magnetic island development. We have also carried out

simulations of stabilization of the sawtooth (m = 1) mode, Control of this
mode at high temperatures is somewhat problematical, because of the singular
nonlinear development arising from its proximity to ideal instability.
However, control of this mode in an indented configuration,5 where the ideal
mode is stable, is more promising, and is currently under investigation.
Stabilization of the m = 1 mode for gq(0) < 1 could help stabilize all other

kink modes.6

A.H. Glasser, H.P. Furth, P.H. Rutherford, Phy. Rev. Lett. 38, 234 (1977).
Y, Yoshioka, S. Kinoshita, and T. Kobayashi, Nucl. Fusion 24, 565 (1984).
P.H. Rutherford, Phys. Fluids 16, 1903 (1973).

Re.B. White, D.A. Monticello, M.N. Rosenbluth, and B.V. Waddell, Phys. Fluids
20, 800 (1977).

5M.S. Chance, S.C. Jardin, and T.H. Stix, Phys. Rev. Lett. 51, 1963 (1983).
A.H. Glasser, H.P. Furth, and H. Selberg, this Conference.

> W N -

*
This work supported by U.S. DoE Contract No. DE-ACO02-76-CHO~3073.
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THEORY OF ENERGETIC TRAPPED PARTICLE-INDUCED RESISTIVE BALLOONING MODES*

Hamid Biglari and Liu Chen
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08544
In recent elctron cyclotron resonance heating (ECRH) studies1, the
achievable beta value has been observed to saturate at a level lower that what
would have been predicted by ideal ballooning mode theory, and the resulting
decrease in confinement is accompanied by enhanced magnetic fluctuations with
m > 3, Since these experiments also suggest the existence of a significant
population of trapped energetic particles, we have been motivated to
investigate the influence of the latter on resistive ballooning modes as a
possible theoretical explanation. In our work, a maximal ordering scheme is
adopted which ailows hot particle effects to be treated on the same footing as

the core plasma. Corresponding flux-surface-averaged eigenmode equations as

well as stability properties will be presented.

1 Robinson, D.C., et. al., Proc. Tenth International Conf. on Plasma Physics
and Controlled Nuclear Fusion Research (1984), to be published.

*This work supported by U.S. DoE Contract No. DE-ACO2-CHO-3073.
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Abstract submitted to the 1985 Sherwood Theory Conference, April 15-17,
1985, University of Wisconsin, Madison, Wisconsin.

Numerical Simulations of "Turbulent Trapping" and the Bump-on-Tail
Instability. K. Theilhaber, Electronics Research Laboratory, University
of California, Berkeley, CA 94720; D. Pesme and G. Laval, Centre de
Physique Théorique, Ecole Polytechnique, 91128 Palaiseau, France.

Theoretical studies (1) strongly suggest that in the presence of
sufficient turbulence, the growth rate of the weak warm-beam instability
is significantly modified from its quasilinear value, and that a con-
current modification of velocity;space diffusion should occur. The
criterion is approximately (k“D)” >y¥ , where D is the quasilinear
diffusion coefficient, and ¥ the quasilinear growth rate. This is in
fact a regime always. attained after a sufficient number of e-foldings.

We numerically study the old paradigm of quasilinear theory by starting

the instability in the presence of an initial turbulence, for a one-species,
one-dimensional configuration. We shall present results for growth-rates,
diffusion, and the correlation functions of the distribution function.

In particular, we shall show the links to the "clump" turbulence of

T.H. Dupree and co-workers (2).

(1) G. Laval and D. Pesme, Phys. Rev. Letters, 53, 3, 270 (1984).
(2) T.H. Dupree, Phys. of Fluids, 15, 334 (1972).
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EQUILIBRIUM AND STABILITY
OF HIGHLY ELONGATED TOKAMAKS

R.W. Moore, M.S. Chu, F.J. Helton,
F.W. McClain, and H. St. John

GA Technologies Inc.
San Diego, California

Highly elongated tokamaks may achieve ohmic ignition with moderate toroidal

fields and compact sizes.!

To investigate this possibility, free boundary equilibria
have been made for elongation, E, varying from 4 to 11. The attainable elongation is
sensitive to the flatness of the current profile. Equilibria with peaked current profiles
have been made for E < 7. With proper shaping of the plasma surface, the plasmas
have a single elliptic magnetic axis. However, when the sides of the equilibrium cross
section are held straight, up to five internal magnetic axes are formed for E > 7. The
shape of the plasma surface also controls the elongation of the interior flux surfaces.
For flat current profiles, the elongation profile in turn controls the safety factor profile,
g. Since the elongation profile tends to peak on the magnetic axis, non-monotonic ¢
profiles are made. The radial location of the minimum of the ¢ profile may be varied
by changing the flatness of the current profile.

The ideal MHD stability is closely tied to the radial location of the minimum in
the g profile. If the minimum is near the plasma surface and the ends are triangularly
shaped, equilibria can be made stable to ballooning modes for 8 ~ 12%. When the
minimum is shifted toward the magnetic axis, increasing the shear near the plasma
surface, external kink modes can be wall stabilized with the wall located at three
tenths of the minor radius.

Additional stability results will be presented for internal kink stability and sta-

bility to resistive axisymmetric modes.

1R.W. Harvey et al., Ohmic Ignition of an Elongated Tokamak, this meeting.
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Spectrum of Ion—Temperature Gradient Driven
Turbulence and Particle Transport in Tokamaks®

G.S. Lee and P.H. Diamond
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The results of analytical investigations of ion-temperature gradient driven turbu-
lence are discussed in the context of modeling particle transport in tokamaks. n;-modes are
electrostatic ion-drift instabilities which result from coupling of ion-pressure fluctuations,
driven by convective relaxation of the average ion-temperature gradient, to sound waves.
Previously, we identified a saturation mechanism and corresponding spatial (mixing-length)
and temporal scales (eddy turnover time) for saturated ion-temperature gradient driven
turbulence using a mixing-length theory.! Results indicate that turbulent mixing of pres-
sure fluctuations over the nonlinear radial mixing-length, A€, and convective transport of
parallel ion velocity, v}, affect coupling to sound wave by interaction with effective parallel
ion viscosity (~ u”kﬁ) via turbulent radial diffusion. As an extension of this investigation,
the two-point (energy-spectrum) equation is solved for several Reynolds number regimes
and the wavenumber spectrum and the level of potential fluctuations (e®/T¢),ms are cal-
culated. With these results, we predict Ion-Mixing driven quasi-linear inward particle
flux?, particle confinement properties of Pellet-fueled tokamaks® and energy confinement
in beam-heated ‘density clamped’ (flat density gradient operation) tokamaks.

1G.S. Lee and P.H. Diamond, Bull. Am. Phys. Soc. 29, 1263 (1984).
2B. Coppi and C. Spight, Phys. Rev. Lett. 41, 551 (1978).
3M. Greenwald et al., IAEA/A-I-3, 1984 (London).

*Work supported by the U.S. Department of Energy.
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Particle Simulation of the Ion Mixing Mode
in a Sheared Magnetic Field*

R.D. Sydora, J.N. Leboeuf, G.S. Lee, and P.H. Diamond
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Recent pellet-fueled tokamak experiments! have stimulated interest in ion tem-
perature gradient-driven instabilities in order to explain rapid (~ 100usec) temperature
and density profile relaxation. The ion mixing mode? is unstable for a certain threshold,
7Me¢, in a sheared magnetic field and tends to mix hot and cold ion populations as the in-
stability develops. The effects of finite electron-ion collisionality produces a net inward
particle flux.

In order to investigate the nonlinear evolution and saturation of the ion mixing
mode we have performed two and three dimensional particle simulations using a full dy-
namic ions, guiding center electron model. The simulations are carried out in slab geometry
with strongly sheared magnetic field. A Monte-Carlo collision operator which simulates
small angle collisions is used to incorporate electron-ion collisionality correctly. Gradients
in the ion and electron temperature and density profiles are imposed initially.

The simulation results indicate the presence of unstable ion mixing modes with
linear growth rates and real frequencies in agreement with the linear theory in sheared
slab geometry. Quasilinear relaxation of the ion temperature profile appears to be the
dominant saturation mechanism?® for the single rational surface case. There is evidence of
parallel ion heating and mode coupling when a larger range of kyp; is chosen. Test particle
orbits are used to determine the resultant particle flux. The results are compared with
the three dimensional case where multiple rational surfaces are present and the (ky — k)
eigenmode interaction dominates. Comparisons with quasilinear and a fully nonlinear®
theory are also made.

IM. Greenwald et al., JIAEA-CN-44, Tenth International Conference on Plasma Physics
and Controlled Thermonuclear Research, London, U.K., September 1984.

2B. Coppi and C. Spight, Phys. Rev. Lett. 41, 51 (1978).

3W.W. Lee, W.M. Tang, and H. Okuda, Phys. Fluids 23, 2007 (1980).

4G.S. Lee and P.H. Diamond, APS Bulletin 29, 1263 (1984).

*This work supported by the U.S. Department of Energy.
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Linear Modes and Nonlinear Vortex States

in Inhomogeneous Rotating Plasmas

W. HORTON,* J. L1u,” J. MEISs® AND N. ZABUSKY'
*IFS, University of Texas at Austin, Austin, TX 78712 and

ITP, University of California, Santa Barbara, CA 93106
and

TUniversity of Pittsburgh, Pittsburg, PA 15217

We consider low frequency electrostatic drift modes and their corresponding dipo-
lar vortex states derived from the nonlinear equations containing the £ x B convective
derivative. For both the drift wave! kyve > w and the flute kjv. < w modes we show
that the dispersion relations for the dipolar vortices and linear modes are complemen-
tary in covering all propagations (phase) speeds ¢. The drift wave vortex propagation
bands are unbounded on either side ¢ > vg. and ¢ < 0 of the bounded linear mode spec-
trum 0 < ¢ = w/ky < vg.. Flute modes in a rotating plasma have two bands of vortex
propagation separated by two bands of linear modes (one unstable and one stable band
for MHD unstable systems). Monopolar and dipolar vortex states have been observed in
rotating shallow water experiments® where the equations are similar. The experiments
of Antonova et al.show coalescence of small vortices into a large dipolar vortex.

The energy required to excite the vortices vanishes for parameters where their
speed approaches that of the linear modes. The maximum potential ¢,, in the core

of the vortex scales with exterior scale size 1/k; according to the mixing length rule

ebp/T ~1/2k r,.

Initially axisymmetric regions of vorticity in a uniform background are not steady
state solutions. They deform, radiate and translate. We will discuss the interrelationship

of these effects and there possible relevance to transport.

. J.D. Meiss and W. Horton, Phys. Fluids 26, 990 (1983).
. W. Horton, J. Liu, J. Meiss, J. Sedlak, preprint (1985).
. Antonova, Zhvaniya, Lominadze, Nanobashvili, Petvashivili, JETP Lett. 37, 651 (1983);

and Flierl, Stern, and Whitehead (1984).
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BETATRON MODIFIED ION-ACOUSTIC INSTABILITY OF THE
BENNETT EQUILIBRIUM

U.Krishnamurthi, A.Sen, A.S.Sharma and A.K.Sundaram

Plasma Physics Programme
Physical Research Laboratory
Ahmedabad 380009, INDIA

ABSTRACT

A new low frequency electrostatic instability is
found for the Bennett equilibrium. The instability is of
the ion-acoustic type and is primarily driven by the
equilibrium electron drift. For large wavelengths the ion
betatron motion has a stabilising influence and causes
a significant shift in the real frequency. A simplified
dispersion relation is obtained from a general nonlocal
kinetic stability analysis. The dispersion relation
is examined for electrostatic as well as electromagnetic
instabilities. Both numerical and analytic results are

presented.
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SURVEY OF H-MODE EXPERIMENTS AND COMPARISON WITH THEORY
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IDEAL MHD BETA-~LIMITS AND SCALING LAWS*

J. Manickam
Plasma Physics ILaboratory Princeton University
Princeton, New Jersey 08544

Ideal MHD instabilities are expected to set a limit on the achievable
beta in Tokamaks. In particular there are two instabilities which are
considered the most limiting. These are the free-boundary external kink mode,
with a toroidal mode-number of unity, and the large-n ballooning mode. In
general the external kink mode is considered the more limiting of the two,
however it is also susceptible to stabilization by modifying the external
boundary conditions. In which case the ballooning mode is the limiting
instability, and current profiles arranged to be marginal to this mode
determine the maximum achievable beta. Several numerical studies have
attempted to determine the beta 1limit as a function of the, numerous, plasma
parameters, in particular relating to the geometry and current profile. These
studies have attempted to combine their results in scaling laws, several of
which exist, all obtained numerically and have been applied in various
contexts. The one law1 which has attracted a lot of attention relates the
beta limit to the total plasma current, the minor radius and the toroidal
field, Bmax c W, I/aB, where ¢ is a constant with a value of 2.2 when
defining the kink-limit. It is relatively easy to show that the other scaling
laws can be reduced to this form with differing values for the constant c,
ranging from the 2.2 up to 3.5. This form of scaling law combines the virtue
of simplicity with an easily tested relevance to experiment. This is largely
responsible for its success, especially with the experimentalists. However it
remains an empirical scaling law, based on numerical results and yields scanty
insight to the physics underlying it. We propose a new form of scaling law
relating to the maximum achievable beta-poloidal, rather than beta, and
introduce the importance of the magnetic shear. We will also address the
relationship with the simpler I/aB scaling law, as well as indicate new

experimental avenues that are created.
1. F. Troyon et al., Plasma Physics and Controlled Fusion 26, (1984) 209,

*This work is supported by U.Se. DoOE Contract No. DE-AC02-76-CHO-3073.
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Explosive Coalescence of Magnetic Islands™

T. Tajima and J.-I. Sakai(®
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

An explosive reconnection process associated with the nonlinear evolution of the
coalescence instability is found through studies of the electromagnetic particle simulation
and the magnetohydrodynamic particle simulation. The explosive coalescense is a process
of magnetic collapse, in which we find the magnetic and electrostatic field energies and
temperatures (ion temperature in the coalescing direction, in particular) explode toward
the explosion time ¢, as (t, —t)78/3,(t, —t)~* and (¢, —t) ~%/%, respectively for a canonical
case. Single-peak, double-peak, and triple-peak structures of magnetic, temperature, and
electrostatic. energy, respectively, are observed on the simulation as overshoot amplitude
oscillations and are theoretically explained. The heuristic model of Brunel and Tajima is
extended to this explosive coalescence to extract the basic process. Since the explosive
coalescence exhibit self-similarity, a temporal universality, we theoretically search for a
self-similar solution to the two-fluid plasma equations. Our theory produces the indeces of
explosion in agreement with our simulation results. A simplified version of the governing
equation for the scale factor takes a form of the orbital equation in the Sagdeev potential,
where the potential energy assumes a form of gravitational potential and the centrifugal
energy. For the coalescence to go explosive, the “total energy” ¢ has to be close to zero
and the explosion time is given as ﬂag/zta/3, where a, is the scale factor at ¢t = 0 and
t4 the Alfvén time. Explosive acceleration of particles m, binormal to the magnetic field
B, and electrostatic field E, becomes possible during the magnetic collapse and yields the
maximum momentum p7*** ~ myc(E,/By)/|1 — (Ez/By)?]*/?, because E2 diverges faster
than Bg. Applications to spheromac formation, ring coalescence, doublet stability, and
the half-coalescence of tokamak m = 1 mode are discussed.

(a)Toyama University, Japan
*Work supported by the U.S. Department of Energy and National Science Foundation.
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SUBCRITICAL MHD TURBULENCE*
R.E. Waltz

GA Technologies Inc.
San Diego, California

Numerical simulations of a simple two-dimensional model for MHD ballooning
modes have shown stationary states of turbulence with large transport well below the
critical beta for linear instability at long wavelengths. The phenomenon is thought to
be similar to the well known subcritical turbulence in plane-parallel pipe flow. In the
MHD model for a tokamak, each mode labeled by its cross-field wave number &k, bal-
loons to the bad curvature region. The modes have an effective parallel wave number
k) corresponding to an inverse connection length Rq and curvature drift ¢ = L,/R
times the diamagnetic drift. L ! is the inverse equilibrium pressure gradient length.
The model consists of normalized equations for vorticity, Ohm’s law, and convec-
tion to advance the perturbations in electric potential qzk, vector potential fik, and

pressure P:

T ]
7 k? B = igw, P, — V) (k3 Ax) — vPk2 br
9 - vy - .
aAk=’"‘Bﬂ¢k_’ﬁ:Ak:
d

7 ISk = —iw,gzk — 'yf]ak .

The nonlinear mode couplings are contained in the E X By convective time deriva-
tives (cz/dt = 8/0t + Ug-V 1) and magnetic flutter (6” = k) + ]§_L/BO°V_L). The
dissipation rates ('y,‘f, '7;;‘,'7,1: ) are contrived to be equal(= 'y,‘f) so as not to excite ex-
traneous short wave dissipative instabilities. This leaves only the ideal instability at
B > Berit = kﬁ /g = (Ly/R)/q*. When the spectrum for 7{ allows some marginally
damped modes at intermediate k;, transport persists at all 3. When these modes
are damped as all others, transport persists above § > %ﬁcr;t. In the marginally
damped case, the phenomenon is explained by demonstrated linear instability about
secondary equilibria consisting of a zero frequency linear wave superposed on the pri-
mary equilibrium. Some aspects of the many wave (31x31) simulation persist in the

triplet representation of the system.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
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Energy Confinement Time due to Ballooning Modes
in the Large Power Limit

J.P. Freidberg, S.P. Hakkarainen, D.J. Sigmar
MIT Plasma Fusion Center

Using the ballooning model transport model suggested by Conner et
al.l!l we have investigated the energy confinement in a tokamak heated by
a large amount of auxiliary power, P,yz > Popm. Our calculation differs
from theirs in two significant ways: (1) we assume that the auxiliary power
is sufficiently large that virtually the entire profile is unstable to ballooning
modes and (2) we introduce a more realistic model to account for sawtooth
oscillations near the center of the discharge. Our results show that for a
given ballooning mode stability boundary, a = f(s), there is a unique energy
confinement time. No free parameters exist, nor is confinement measured in
terms of degradation with respect to some ohmic scaling law. The form of
the energy confinement time is found to be

3n2
aB¢
Pauz

The function ¢ depends only on ¢, and the functional dependence of f(s).

TE —

9(qa)

The 1/P,,, dependence is a consequence of the fact that the pressure profile
is independent of P,,, when transport is dominated by ballooning modes i.e.
p(r) depends only on f(s)] and the definition of 7z [i.e. 75 = [3nTd® /Py
We suggest that the 1/ P,,, scaling result should be considered as generically
true. For all very strongly heated plasmas operating along the marginally
stability boundary for ballooning modes, the corresponding energy confine-
ment time must scale as 7g ~ 1/Pgy;.

(1] J.W. Connor, J.B. Taylor, M.F. Turner, “Ideal MHD Ballooning Insta-
bility and Scaling Law for Confinement,” Culham Laboratory Report C1.M-
P715 (1984)
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NEOCLASSICAL MHD INSTABILITIES AND TRANSPORT IN TOKAMAKS

J.D. Callen, Nuclear Engineering and Physics Departments, Univ. of Wisconsin
K.C. Shaing, Fusion Energy Division, Oak Ridge National Laboratory

The moment equation approach to neoclassical-type processes is used to
derive [1] the perturbed flows, currents and re51st1ve MHD-11ike equat1ons for
studying instabilities in tokamak plasmas. These "neoclassical MHD" equations
are valid for arbitrary collisionality vi and Tow to medium mode number modes
for which the electrons are fluidlike. The main differences from the regu]ar
resistive MHD equat10ns are: (1) the effective polarization current has p_./B?
replaced by p /Be, where Bg is the poloidal magnetic field; (2) Pfirsch-

Schliiter currents cancel the geodesic curvature terms; (3) the flux=-surface-
averaged Ohm's law contains a (fluctuating) bootstrap current contribution due
to the parallel viscous damping (at rate Mo~ /e \%/(1 + v*e)) of pressure

gradient driven poloidal flows. Possible "neoclassical MHD" instabilities
include pressure-gradient-driven [1,2], tearing [3] and rippling type modes.

The pressure gradient driven modes have growth rates Y n2/35%/382/3 X
(u /v )1/3/1 [4(m /m )u *3]1/3 in an E x B toro1da1 rest frame (w = wp

+ 1Yu) and rad1a1 extent 8, ~ n—1/3561/3[39(ue/vé)2]1/6. For v, < wg,, dia-
magnetic drift frequency effects reduce the growth rate and radial extent by
factors of (Yu/w*)2 and (Yu/m*e)ll2

To estimate the anomalous transport induced by the pressure-gradient-
driven modes, we follow the procedures developed by Carreras and Diamond [4,5]
for resistive ballooning instabilities. We find for the anomaTous electron

heat diffusivity x, ~ né/z(n/uo)(ueﬁe/v )2 ;/mg /(1 + n2/3 2 /Y )3/4 where

my is a maximum mode number for which the e]ectrons are f1u1d11ke. In the
outer confinement region the wy correction becomes negligible and ”e/“e

, respectively.

/E/v*e. Then, utilizing an ohmic power balance to determine the scaling of
To, we find B ~ (mg/m)1/6 ~ 0.3 and 7 ~ ni3 M TRIS/TSITRMT ypich s
€ 20.8 %o P

close to the TFTR empirical scaling law T ~ ngaR o4 For vx < 1 the esti-

mated xo is similar to but slightly (by 1/7¢) 1arger than the Carreras-Diamond

result [4,5]. MWe will also discuss the anomalous particle transport, toroidal
momentum damping and possible modifications of the neoclassical pinch and
bootstrap current effects due to neoclassical MHD turbulence in tokamak
plasmas.

1. J.D. Callen and K.C. Shaing, UWFDM-577 (1984); K.C. Shaing and J.D.
Callen, ORNL/TM-9360 (1984) (to be published in Phys. Fluids).

J.W. Conner and L. Chen, PPPL-2131 (1984).

W.X. Qu and J.D. Callen, paper at this Sherwood Theory Meeting.

B.A. Carreras, P.H. Diamond, et al., Phys. Rev. Lett. 50, 503 (1983).

P.H. Diamond, P.L. Similon, T.C. Hender and B.A. Carreras (Phys. Fluids,
1985).

*Research supported by the OFE/DOE under contract DE-AC02-80ER53104 (UW) and
DE-AC05-840R21400 (ORNL).
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NONLINEAR WAVE-PARTICLE INTERACTIONS AT CYCLOTRON HARMONICS
WITH COLLISIONAL DECORRELATION™
M.D. Carter, D.B. Batche?orf, J.D. Callen
Nuclear Engineering Department, University of Wisconsin, Madison, WI 53706

When particle orbits become trapped very near a cyclotron resonance, the
quasilinear model of weakly perturbed, uncorrelated passages through resonance
breaks downl and nonlinear effects become important if the wave-particle auto-
correlation time is less than the collisional decorrelation time. Analytic
formulae are derived describing the nonlinear behavior including relativistic
detuning and perturbed bounce motion. The results include large energy excur-
sions at bounce resonant values of the turning pm‘nt,2 and the connection to
quasilinear behavior is made. It is also demonstrated that perpendicularly
propagating waves at the second harmonic electron cyclotron harmonic frequency
can strongly interact with very cold (< 1 eV) electrons.

Coulomb collisional decorrelation has been modeled for electrons trapped
near the second harmonic resonance using a Monte Carlo code. Significant
enhancement in the-heating over the quasilinear model is found for certain

ranges of collisionality and autocorrelation time.

1. M.D. Carter, J.D. Callen, D.B. Batchelor, R.C. Goldfinger, UWFDM-571
(April 1984).

2. T.D. Rognlien, Nuc. Fus. 23, No. 2, 163 (1983).

*Research sponsored by the Office of Fusion Energy, U.S. Department of Energy
under contract DE~-AC02-80ER53104 with the University of Wisconsin and U.S.
DOE Under contract DE-AC05-840R21400 with Oak Ridge National Laboratory.

Toak Ridge National Laboratory, Oak Ridge, TN.
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A NEW SHORT WAVELENGTH MODE

Y. C. Lee, J. Q. Dong,” and P. N. Guzdar, C.S. Liu
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

Motivated by the experimental observation in tokamaks that the
electron energy transport is anomalous and larger than the particie
transport, we have identified an unstable mode in the region between
the ion and electron gyroradii driven by electron teuperature
gradient. Since the ion response in the regimes is adiabatic, the
particle transport associated with the mode is indeed absent. The
finite B effects of this mode shows that the electrostatic unstable
mode leads to magnetic perturbations on the typical scale length of
the collisionless skin depth. Detailed numerical studies of two coupled
integral equations for ¢ and A aund parametric studies will be

presented., The implication ofdthis new mode to energy traasport in
tokamaks will be discussed.

*Work supported by DOE.

*Permanent address: Southwestern Institute of Physics, Leshan, Sichuan,
China.
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EFFECT OF ELECTRON TAIL ON ION BERNSTEIN MODES
Jo. L. Milovich, B. D. Fried, G. J. Morales

Department of Physics
University of California
Los Angeles, California 90024

The effect of current drive on ICRF heating by ion Bernstein waves (IBW)
is studied in the limit of low Ry (K me/Mj) and also high Bi (> mg/Mi). The
The parallel electron distribution function is modelled by a background Max-
wellian with & long flat tail, in accord with both experimental observations
and theoretical predictions. The principal effects found are: a) for the
initial value problem (fixed k) a stable tail mode appears which can, in some
parameter regimes, couple to the IBW causing a detuning near the second
harmonic of the cyclotron frequency; b) for the boundary value problem (fixed
ky, w) there is enhanced spatial damping due to resonance with tail electrons.
To facilitate an understanding of mode conversion near the second harmonic, we
also analyze in detail the small kjpj limit. The presence of the tail modifies
the electron dielectric response, allowing the propagation of modes which
would otherwise be evanescent. In the low A; limit the IBW can couple with
this new mode, and many reduce the amount of energy that reaches the second
harmonic resomnances. In the high B; limit the simultaneous presénce of the
IBW, fast wave and the normally evanescent mode significantly changes the
coupling topology. An important effect is the appearance of trapped waves in
non—-resonant regions, where the dissipation will be through electrons. This

will modify the character of the mode conversion and hence the ion heating

efficiency.
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SIMULATION OF HIGH-BETA TOKAMAK START-UP
X, L. Li, G. A. Navratil, C. K. Chu

Columbia University

The Columbia High-Beta Tokamak (HBT) is simulated
in the start-up phase by our axisymmetric resistive
MHD code. The code is an improvement of the previous
codes used by Lui and by Izzo, in that the coil cur-
rents (and not the poloidal flux) are now prescribed
as functions of time, and that a much larger vacuum
region is included for self-consistency. Numerical
instability, which typically arises with ADI schemes
when the plasma region adjoins a vacuum region, is
avoided by the use of a matrix tri-diagonal inversion

scheme.

Equilibrium is attained after toroidal field
reversal. The time-behavior of the plasma current
showed some surprising features: for example, a
rapid drop to equilibrium values immediately following
reversal. This phenomenon, hitherto unnoticed, has been

verified in actual experiments on the HBT.

This method is now being applied to study the for-

mation of bean-shaped plasmas.

Work supported by USDOE.
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Influence of Openings On Nuclear Characteristics of a Fusion Reactor Blanket

J. S, Brzosko*, B. V. Robouch and L. Ingrosso**
Association-Euratom ENEA
Cre Frascati, CP-65 00044
Frascati, Italy

ABSTRACT

In recent years, it has been shown that the nonhomogeneities caused by
openings in blanket (for vacuum pumping, plasma heating, maintenance ports,
etc.) dramatically depress th? %ritium breeding ratio, TBR, and other nuclear
characteristics of a blanket."*

The object under study is the fusion reactor basgd on tokamak physics.
The reference unit is that as proposed by ANL-Argonne® version with 1.2 cm of
first wall, 35 cm Lio0 Breeder, Water Cooling, PCA, Plenum and Shield.
Additionally 6 cm of Be multiplier has been introduced after the first 2 cm of
breeder.

Numerical tool used: 3DAMC-VINIA code - this is a 3-D analytical Monte
Carlo treatment which has no numerical approximation, no limit as to the
surface type and number to be inserted, and the full data library in ENDF/B
format is used without any pretreatment. -

The figure shows an example of our calculation (points). Part (a) of the
figure presents relative changes of TBR and the number of neutron transitions
through plasma chamber, TR, as a function of the equatorial slit opening in
the breeder, P(in %); TRo is for no port case. Part (b) present TBR and TR
dependence on the port division into K tubes directed at the torus axis. The
total opening area remains constant P=15%.

Analysis of the numerical results lead to the following observations:
(1) it is possible to parametrize TBR, energy depositions, (ED), and neutron
leakage from the blanket, (NL), by use of TRo (or breeder reflectivity). TRo
is 1.5, 1.9, 2.4, 2.7 respectively for Li20, Li20(Be), LiA102(Be), 17Li83Pb
breeders. (ii) The TBR, ED, and TR increase as the port number increases
(for constant P) as linear function of YK (or equivalently internal surface of
the port tubes); their radial distribution also changes with K.

The above observations point to the importance of reflectivity of the
blanket region closest to the plasma, as well as the return flux of neutrons
through the small openings on the magnitude of the nuclear characteristics of
the fusion reactor blanket.

(@) Equatonial Slit P=15% in K ducts (b)
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*  ENEA Consultant on leave from Warsaw University

*% ENEA Fellow

1) W. R. Meier, Nucl. Techn. Fus., 3, 385(1985),

2) J. S. Brzosko, L. Ingrosso, B. V. Robouch, Proc. 1lth Europ. Conf.
Controlled Fusion and Plasma Phys., Aachen, Part 2, p. 543, (1983).

3) M. Abdou, et al., Argonne National Lab., Report ANL/FPP-83-1, (1983).
ORAL Session
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Vacuum Ripple Fields for Improved MHD Stability *

L. L. LoDestro

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550

Recent work on low frequency MHD modes in long thin geometries has
produced encouraging results:!~3 a conducting wall in combination with
finite-B effects can stabilize an axisymmetric mirror plasma; for quadrupole
tandem-mirror systems, the plug B’s necessary for global stability have
been reduced, and a new region of stability at high central-cell 8 has been
introduced.

While pressure anisotropy aids stability ( Berit — (R — 1) * L2 2/ L2

in low B with a near wall), at typical plug mirror ratios f may be unac-

vac

ceptably large, for both axisymmetric and high central-cell-8 quadrupole
systems. An isotropic pressure, however, is stable for 8 > .5 in the near
wall, low mirror ratio limit. To exploit this result, we add a low amplitude
ripple to the central-cell vacuum magnetic field. This increases the contri-
bution of the long, low mirror ratio, isotropic portion of the machine to the
axial stability integral. Results are presented showing how much ripple is
necessary to achieve B.;: = .5, as well as how the improved system fares at

finite wall distances.

1H. L. Berk, M. N. Rosenbluth, H. V. Wong, and T. M. Antonsen, Jr., Phys.
Fluids 27, 2705 (1984).

2L. L. LoDestro, Controlled Fusion Theory Conference, 86 (1984).

3Thomas B. Kaiser and L. Donald Pearlstein, to be published in Phys Fluids
28, (1985).

*

Work performed under the auspices of the U.S. Department of Energy by the

Lawrence Livermore National Laboratory under contract number W-7405-ENG-48
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Resonance absorption vs rf stabilization™"

J. A. Byers
Lowrence Livermore National Laboratory, Unsversity of California,

P.Q. Boz 5511, Livermore, Ca., 94550

Numerical solutions of the cold plasma equations show that for ws(0) < w < wg; an
externally driven wave is resonantly absorbed in a thin layer within the density gradient
where wy () = w, where w,(z) is the local value of the shear Alfven frequency, w3 Jwk =
k2V2 /(w2 + k2V2). Note that this is close to the outer edge if w is close to we;. In general
the wave structure will be affected by this absofption even at spatial locations not near
the resonance. For some antenna configurations the wave strongly peaks in amplitude at
the spatial location of the resonance and has a strongly reduced amplitude in the interior.
In contrast for w > w¢ no Alfven resonance is possible and the wave has an evanescent
character with sizeable amplitude throughout the plasma. This result is offered as a
major contributing factor in the explanation of the sudden appearance in Phaedrus! of rf
stabilization when the driving frequency is changeci from just below w,; to just above w,;.
This result does not deny the relevance of nonlinear dynamics for the stabilization, but
rather shows that linear wave propagation characteristics may have enough complexity to
explain a major feature of the experiment. In addition it includes the standard cold plasma
result for w near w,,, that the wave in the plasma is almost entirely right hand polarized,
i.e., there is no significant particle resonance at w = w,; in the linear regime. There are
global mode resonances near w,; that play a role in enhancing the plasma field for a given

antenna signal. The relevance of this cold plasma result to a warm plasma is still to be

determined.

¥ Work performed under the auspices of the U.S. Department of Energy by the Lawrence

Livermore National Laboratory under contract number W-7405-EN G-48.
1 J. R. Ferron et al, Phys. Rev Lett vol 51,1955(1983)
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A MODEL OF THE PLASMA-SHEATH REGION INCLUDING,
SECONDARY ELECTRON EMISSION AND ION REFLECTION

L.A.Schwager and C.,K.Birdsall

Plasma Theory and Simulation Group
Electronics Research Laboratory
University of California, Berkeley CA 94720

A low temperature plasma interacts with a collector plate
primarily through the emission of secondary electrons and
the reflection of plasma ions. These phenomena affect the
electrostatic potential drop across the sheath region and
hence plasma transport to the plate., The computer code PDW1
models this behavior, The code is a one~dimensional, time-
dependent electrostatic particle simulation. Particle ions
and electrons, with a reduced mass ratio, are injected con-
tinuously from a plasma region into a plate where ions are
reflected or cold electrons are emitted. A parametric study
of the dependence of potential drop on interaction coeffi-
cient and mass ratio is presented. We have also developed
theory for the effect on potential of ion reflection, for
the cases of Ti=0 and Ti=Te, and of secondary electron emis-
sion for Ti=Te. The simulation results for ion reflection
approach those of our theory for the cold ion case. The sim-
ulation results with secondary electrons compare well with
previous 'theory1 for cold ions and demonstrate charge sat-
uration as predicted.

1G.D.Hobbs and J.A.Wesson, Plasma Physics, Vol.9, 86 (1967)

*Work supported by U.S.Department of Energy under
contract DE-ATO3-76ET53064.
Computation facilities provided by NMFECC,
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covering the article. Reversed Field Pinch Calculations Using A

Reduced Set of Equations™®
J. A. Holmes and B. A. Carreras

Oak Ridge National Laboratory
Qak Ridge, Tennessee 37831

The study of the turbulent dynamo effect! in the reversed field pinch configuration using the resistive
MHD model involves the excitation and interaction of a large number of plasma modes. Assuming a full set
of MHD equations and realistic parameters for present RFP devices, it is found that numerical calculations
exceed the available resources of the present computers both in terms of storage and time requirements.
In order to facilitate the study of resistive MHD turbulence in the RFP configuration, we have adopted
a reduced set of equations due to Strauss,? which are derived in the limits of low 4, force free plasmas
with the dynamical fluctuations ordered to be small and a slow time scale ordering which eliminates the
fast compressional Alfvén waves. These equations require the time advancement of only two dynamical
quantities, a magnetic flux function and a vorticity component. This reduction leads to increased computer
speed and decreased storage compared with the full equations.

Computational results using these equations are compared with those of previous caleulations, both
for the RFP and tokamak configurations, using a full set of MHD equations. In particular, we observe the
nonlinear mode stabilization mechanism due to the dynamical couplings which was reported previously.® In

addition, we present some initial results in the use of these equations to study resistive MHD turbulence.

* Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under Contract No.
DE-AC05-840R 21400 with Martin Marietta Energy Systems; Inc.

1 P. H. Diamond et al., Univ. of Texas IFS Rept. No. 136 (1984); Z. G. An et, al., Univ. of Texas IFS
Rept. No. 150 (1984).

2 H. Strauss, Phys. Fluids 27, 2580 (1984).

3 J. A. Holmes et al., Phys. Fluids, to be published.
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FAST WAVE HEATING IN TOKAMAK AND STELLARATOR MAGNETIC FIELDS*

E. F. Jaeger and D. B. Batchelor
Oak Ridge National Laboratory
Oa2k Ridge, Tennessee 37821

H. Weitzner
New York University
New York, New York 1001

AT I Wa
ABSTRACT

It has been suggested that fast wave plasma heating at the
fundamental cyclotron £requency of the bulk ions may be enhanced in
stellarator geometry We intend to address this question by solving
Maxwell’s equations for the ICRF wave fields in 2 helically symmetric
stellarator magnetic field. Preliminary calculat:ons for a straight
tokamak with and without poloidal magnetic fields show no resonant
heating at the fundamental cyclotron resonance. However, heating at
the two ion hybrid resonance is observed. Energy deposition profiles
and sntenna loading impedance are calculated in the two ion hybrid
case.

¥Resesrch sponscred by the Office of Fusicn Energy, U.S. Department of
Energy, under Contract No. DE-ACO5-840R21400 with Martin Marietta
Energ, Systems, Inc.

TS Batju“, M. A. Blokh, M. A. Grebenshchikov, et al., Proc. llth
Eur. Cen?. on Contr. Fusion and Plasma Physics, Aachen, 1983, V7D,
Part 1, p. 373.

L. M. Kovrizhnykh and P. E. Moroz, "Enhancement of the uyclotron
Absorption of Fast Maonetosonlc Wave in Stellarators," 10th

Int. Conf. on Plasma Phys. and CNFR, London, Sept. 1984.
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LOWER HYBRID CURRENT RAMPING
IN THE PRESENCE OF RUNAWAY ELECTRONS
AND NONLINEAR WAVE INSTABILITIES®

V.S. Chan, C.S. Liu, and Y.C. Leel

GA Technologies Inc.
San Diego, California

In lower hybrid current ramping experiments, the plasma current depends cru-
cially on the inductive field and the lower hybrid wave spectrum. At large inductive
fields, the dependences can be quite involved because of the contribution of runaway
electrons. This is further complicated by the possibility that “runaway” distributions
can be unstable to anomalous Doppler instabilities. These instabilities can clamp
runaway electrons via wave pitch-angle scattering and change lower hybrid current
ramping both qualitatively and quantitatively. A Fokker-Planck quasilinear code is
used to study modifications in this nonlinear regime. We show that a redistribution

of current carriers will have a significant impact on current ramping efficiency.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
TUniversity of Maryland, College Park, MD
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HELICALLY SYMMETRIC RESISTIVE EQUILIBRIA FOR RFP*

Y.Z. Agim and J.A. Tataronis**
University of Wisconsin-Madison

A self-consistent procedure based on the resistive MHD equations is
formulated for finding equilibria in a helically symmetric geometry. It has
previously been shown that solutions to this system may exhibit a reversal
of g-profile, a characteristic feature of RFP's, via the translational
transform of the helically symmetric fields!. Furthermore, recent computer
simulations have indicated that steady state solutions to such systems exist?.

In the present work, the resistive MHD equations are reduced to a set
of scalar equations in terms of the stream functions introduced for various
divergence-free vectors. The resulting set is analyzed for both analytic
tractability and physical applicability. Various dynamo models which have
been proposed earlier can be identified as special cases of the general
system considered in proper limits. One special case that we consider has
the mass flow aligned with the line of symmetry. In this case, magnetic
surfaces, given by y = const.., are governed by a second order partial
differential equation with one free function of y. Explicit expressions for
other physical quantities have also been obtained in terms of Y. If one
then further assumes that the unidirectional flow along the symmetry lines
is small, nonlinear flow terms can be neglected and a force free state with
a specific form of the above mentioned free function of ¥ appears. 1In this
limiting form of flow, difficulties associated with incorporating the Ohm's
law within the force free equilibrium model may be resolved. Specifically,
this result suggests that the force free RFP models previously considered?
may be reconciled with the Ohm's law in the presence of small unidirectional
flow and for the specific choice of aforementioned free function. Solutions
to the finite unidirectional flow case and the case of small unidirectional
flow with the consequence of a force-free state are investigated for
possible applications to RFP.

*Work supported in part by the Research Committee of the University of
Wisconsin Graduate school and in part by NSF under Contract
No. ECS-8110028.

**Present address: Institute for Fusion Studies, The University of Texas at
Austin, Austin, Texas 78712.

T, Ohkawa, M. Chu, C. Chu, M. Schaffer, Nucl. Fusion 20, 1464 (1980).

24, Aydemir and D.C. Barnes, Phys. Rev. Lett. 52, 930 (1984).

37.B. Taylor in Plasma Physics and Controlled Nuclear Fusion Research (IAEA,
Vienna) Vol. I, p. 161 (1974).
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\

NEOCLASSICAL TRANSPORT
IN TOKAMAKS WITH DIVERTORS* \

F.L. Hinton

GA Technologies Inc.
San Diego, California

The effect of a separatrix on ion neoclassical transport is investigated. The ion
temperature at the plasma edge is determined by a balance between radial energy
flow from the plasma interior and parallel flow to the divertor chamber. In the
high collisionality regime, & bifurcation may occur, corresponding to the L- to H-
mode transition in the ASDEX tokamak. In the low collisionality regime, the ion
temperature gradient is large and the plasma edge is thermally stable. The ion energy
confinement time then scales linearly with plasma current and is very sensitive to

improvements in particle confinement.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
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The Establishment of the Electrostatic Field
In a Stellarator

J. L. Shohet and W. N. G. Hitchon
Torsatron/Stellarator Laboratory
University of Wisconsin
Madison, Wisconsin 53706
ABSTRACT
In order to simulate the development of an ambipolar electrostatic field
in a stellarator, a particle-in-cell calculation has been performed. The code
uses a rectangular grid, one axis of which corresponds to the poloidal angle

and the other to the minor radius.1

In the former direction periodic boundary
conditions are applied, in the Tatter a reflecting boundary 1is used on the
'inside' and an absorbing boundary on the ‘outside'. Toroidal angle
corresponds to the third Cartesian coordinate. A vacuum stellarator field was
used in the simulation, which shows the evolution of the surfaces of the
electrostatic potential. In general the potential surfaces do not coincide
very closely with the magnetic surfaces in an £=3 stellarator.

This work was supported by U.S. Department of Energy Contract No. DE-

AC02-84ER53166 and the National Science Foundation Grant No. ECS-8206027.

1) R. W. Hockney and J. W. Eastwood, Computer Simulation Using Paricles,

(McGraw Hi11, 1981).
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Correlation Function and
Spectral Density Distribution
for the Stochastic Motion*

L. Bromberg and A.B. Rechester

Fourier transform a{w,), w, = 27n/T of the dynamical motion which
is stochastic (has a positive Liapunov number) is a very sensitive function of
initial conditions and does not converge in the limit T — co. Thus physical
quantities like correlation function etc. can not be expressed directly through
a(wp). We introduce time partition similar to space partition in statistical
mechanics. This allows us to express unique physical quantities through
statistical quantities a(w,). One point distribution function based on this
partition is Gaussian P(a,) = 2|an|ezp{—|an|?/An}/An with A, = (|an]?).

Numerical computations are in excellent agreement with the theory.

* Work supported by U.S. Department of Energy Contract #DE-ACO2-
78ET-510B.




2P-16

NEARLY PERPENDICULAR WAVE PROPAGATION AT THE FUNDAMENTAL
ELECTRON CYCLOTRON RESONANCE

®
Kaya Imre and Harold Weitzner

Courant Institute of Mathematical Sciences,
New York University, New York, New York 10012

ABSTRACT

Waves propagating nearly perpendicular to the equilibrium magnetic
field across the fundamental electron cyclotron resonance layer are studied
by a boundary layer analysis analogous to that previously wused in the
second harmonic resonance,? The plasma is assumed to be perpendicularly
stratified, and represented by the relativistic, 1linearized Vlasov equa-
tion. Field equations walid within the boundary layer are derived by calcu-—
lating the current from the rescaled and recrdered Vliasov equation. These
equations lead to the well-known weakly relativistic dispersion relation
for the fundamental resonance when the equilibriuvm field is uniform. The
asymptotic solutions obtained for these equations connect to the results of
the geometrical optics formalism of Weitzner and Batchelor.2 It is shown
that to the lowest significant order in the expansion parameter n=v./c,
where v, is the electron thermal speed, the wave energy associated with the
ordinary mode transmitted through the resonance layer is independent of the
relativistic corrections, for the case of nearly perpendicular propagation,
It is also shown that there is no reflected energy associated with this
mode when the waves are incident from the high-field side. These results
generalize similar conclusions deduced by Antonsen and Manheimer?® din the
nonrelativistic limit. Therefore, in the case of the high-field side inci-
dence the geometrical optics is valid for the weakly relativistic «case.
Relativistic effects, however, are found to be important in the case of
low—-field side incidence when the parallel refractive index is small. It is
shown that these effects produce a significant reduction in the reflection
coefficient for this case from the nonrelativistic value given by Antonsen
and Manheimer, Correspondingly, for this mode there is an increase by as
much as a factor of two in the absorption rate for sufficiently high, but
moderate, electron density and temperature, The effects associated with
the non-geometrical optics domain are negligible as n|| becomes larger than

n.

1§, Imre and H, Weitzner, Phys, Fluids 28, 133(1985). X, Imre and H,
Weitzner, Phys. Fluids (submitted for publication,)

2T .M, Antonsen Jr, and W.M, Manheimer, Phys, Fluids 21, 2295(1978).

3, Weitzner and D.B, Batchelor, Phys. Fluids 23, 1359(1980). K, Imre,
Phys. Fluids 25, 842(1982).

*Permanent Address: The City University of New York, College of Staten
Island, St. George Campus, New Tork 10301,

This work was supported by D,O,E, Contract No,DE-AC02-83ER53162, and by
U.S, Department of Energy Contract No, DE-AC02-76ER03077.
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Stability Thresholds for Long Wavelength Precessional Modes
in Bumpy Torus Experiments®

Y.Z. Zhang and H.L. Berk
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

We analyze the “layer” precessional mode in an EBT configuration at arbitrary
drift reversal. New effects are included by taking into account the Landau damping in
perpendicular velocity space of the hot electrons. In particular, Landau damping arises
from the inner edge of the hot electron profile, and inverse Landau damping from the
outer edge. The inner edge Landau damping destabilizes the precessional mode. The
problem is solved in a thin ring approximation for a cylindrical plasma with embedded
currents. This simulates the role of field line curvature in the actual mirror experiment.
It is found that the mode is destabilized when 85 > %nA(,Bh — the hot electron B-value,
k — the curvature, A — the thickness of hot electron ring) and that its growth rate is
quite dependent on the coupling constant &, /yargp(@x — the curvature drift frequency,
Ymup — the MHD growth rate) and its axial structure. We conjecture that this mode is
responsible for the T-M transition. It is possible that no experiment with hot electrons has
achieved drift reversal in a simple mirror cell. The high beta observed experimentally can
be achieved without drift reversal by having the energy stored over a substantially larger
volume than is generally assumed. On the other hand, the growth rate can be quite small
in certain parameter regimes, so that nonlinear saturation of the mode may be at a low
enough level to allow drift reversal to be achieved. Further experimental measurements
are needed.

*Work supported by the U.S. Department of Energy.
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New Energy Source for Hot Particle Modes*

H.V. Wong, H.L. Berk, and K. TsangT
Institute for Fusion Studies
The University of Texas at Austin
Austin. Texas 78712

Hot particle modes differ from MHD modes in that the Lagrangian perturbed
magnetic field is finite. This term can yield results that differ from MHD predictions, by
stabilizing interchange modes, predicting fish-bone oscillations and producing negative en-
ergy precessional modes. Previous analyses tend to assume that the perturbed Lagrangian
magnetic field is flute-like in character, which is true in the high bounce frequency limit
for the hot particle modes. Here we point out that the deviation from the flute response
in the low bounce frequency limit yields a new free energy source. This free energy source
can destabilize magnetic compressional modes, as well as broaden the spectrum of pre-
cessional modes, which are destabilized when interacting with positive energy waves such
as shear-Alfvén waves. The magnitude of this source is usually larger than the positive
energy sources arising from the finite Larmor radius effects of the hot particles.

tPermanent Address: SAI, Boulder, Colorado

*Work supported by the U.S. Department of Energy.
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Numerical Investigation of Trapped Particles and
Ballooning Modes in Tokamaks*

D.P. Stotler and H.L. Berk
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

In order to study the behavior of energetic trapped particles in a tokamak, a
code has been written to solve numerically the ballooning mode equation® with kinetic
effects, including drift resonance. The feasibility of stabilization of ballooning modes by
the energetic particles and “fishbone”-type instabilities? are areas of investigation that will
be discussed.

IM.N. Rosenbluth, S.T. Tsai, J.W. Van Dam and M.G. Engquist, Phys. Rev. Lett. 51,
1967 (1983).
2J. Weiland and L. Chen, Princeton Plasma Physics Report No. PPPL-2140 (1984).

*This work supported by U.S. Department of Energy.
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ENERGY CONFINEMENT TIME
OF TOKAMAK PLASMA WITH AUXILIARY HEATING

Tihiro Ohkawa

GA Technologies Inc.
San Diego, California

The formulas for electron thermal diffusivity of tokamak plasmas with various
heating methods are derived based on the phenomenological free energy argument.

The experimental results appear to support the formula.
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Ray Tracing of Fast Magnetosonic Waves in Tokamaks

Including Mode Conversion Effects¥*

C.X. Phillips, D.Q. Hwang, D.G. Swanson, and L. Ratzan
Princeton Plasma Physics Laboratory

Princeton University

A numerical code which combines a ray tracing analysis of the wave
propagation1 with a one-dimensional, fully kinetic analysis of the power
deposition profile32 has been constructed to model recent fast magnetosonic
wave heating experiments on PLT, Geometric focussing of the wave fields is
modeled using ray tracing based on a warm multi-fluid dispersion relation in
an axisymmetric tokamak equilibrium with circular, concentric flux surfaces.
Previous treatments considered only rays reflected from the cyclotron
absorption/mode conversion layer in the plasma core and hence could not
accurately model experiments in which mode conversion to the ion Bernstein
wave or transmission of power through the layer was significant. In our
analysis, the relative proportion of incident power that is transmitted
through, reflected from; mode donverted at or absorbed in the layer 1is
determined from kinetic one-dimensional full wave solutions for the fields
obtained where the incident fays cross the layer.’ Transmitted ‘rays are
retained by including a small, heuristic collision frequency in the dispersion
relation. The mode-converted wave is assumed to damp rapidly’on the electrons
and 1s not traced in the current modei. Finally, the one—diménsional
absorption profiles obtained from the kinetic analysis are mapped back onto
the 2-d flux surfaces according to the ray paths. Results from the code for a

range of experimental parameters will be presented.
*Work supported by DOE Contract No. DE-AC02~-76~CHO-3073

1D.Q. Hwang, et. al., PPPL 1990, May 1983.

2D.G. Swanson, Nucl. Fusion 29_(1980) 949.
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Theory of the Rippling Instability in Toroidal Devices
André Rogister

Institut flr Plasmaphysik der Kernforschungsanlage Jilich GmbH,
Association EURATOM-KFA, 5170 Jiilich, FRG

The theory of the rippling instability has been developed for axisym-
metric toroidal plasmas including ion viscosity and parallel electron
heat conduction, but assuming that the growth rate is small compared to
the wave angular frequency w, = (1+1.71 qe)oiz Bde* is the electron
diamagnetic velocity and Ne = (din Te/dr)/(d]nN/Qr)] . Three instabili-
ty regions must be considered, viz. (Ci/R“B)?<:O'12 where cylindrical
effects dominate and the plasma is stable; 0.12-<(ci/Ru6)2<:o.26 q2
where the magnetic drift destabilizes the mode; and 0.26 q2-<:(c1./Rw0)2
where the plasma is stable again (The numerical values are given for
e =Ny =2and T, = Ti)' Parallel electron heat conduction is stabili-
zing but ijon viscosity broadens the instability domain. Under certain
conditions, an important top - bottom asymmetry of the density fluctua-
tion spectrum may arise, suggesting perhaps an explanation to recent
observations made in the TEXT Tokamak (K.W. Gentle et a1;, Plasma Phy-.
sics and Controlled Fusion, 26, 1407, 1984).
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NEUTRAL GAS MODELING IN STM AND TMX-U%*
B.l. Hauss and T.K. Samec

TRW
Energy Technology Division
One Space Park Drive

Redondo Beach, California 90278

The MCNT code(ll a full three-dimensional, time-independent, multi-
species neutral gas transport code for géneral plasma and cavity geometries,
has been applied to identify the dominant sources of neutral gas and the
mechanisms of its transport in the TRW Symmetric Tandem Mirror (STM) and
in TMX-Upgrade.

In the STM device, the dominant source of neutral gas is from wall
recombination of the stream plasma on termination plates in the device
end-cells, while the important sources of gas in TMX-U include energetic
neutrals from beam injection, a cold molecular stream from the beamlines,
gas box fueling, as well as gas released on limiters by wall recombination
of edge plasma ions. Atomic and molecular density distributions have been
calculated for these different gas sources and for several plasma operating

conditions. Direct comparison shows good agreement with experimental data.

(1) B.l. Hauss and T.K. Samec, Bull. Am. Phys. Soc. 29, 1339 (1984).

* Work supported by US DOE DE-AC-03-79ET51017, TRW Subcontract to LLNL
(#3441805) and TRW I1R&D funds.
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THE CYCLOTRON MASER INSTABILITY IN RELATIVISTIC PLASMAS:
WAVE GROWTH AND SATURATION*

P. L. Pritchett

Department of Physics
University of California
Los Angeles, CA 90024
The electron—cyclotron maser instability involves the amplification of
electromagnetic fluctuations near the electron cyclotron frequency Qu(or its
harmonics) through a gyroresonant interaction driven by a population inversion
in the electron velocity distribution. It has been recognized in both the
laboratory! and space? plasma physics communities that inclusion of the
relativistic mass dependence of the gyrofrequency is essential in describing
the wave—particle interaction. Recent work3 has demonstrated that relativ-
istic effects can also significantly modify wave dispersion near Qg when the
characteristic electron energy satisfies v%/c? 5 mpeZ/Qez << 1. 1In such
relativistic plasmas the cyclotron maser instaszlity leads to strong

extraordihary-mode emission perpendicular to the magnetic field.

In the present paper, a systematic study of the growth and saturation of
the maser instability is presented for the case of a Dory—-Guest-Harris (loss-—
cone) distribution using linear and quasilinear theory and electromagnetic
particle simulations. For vio%/c? > wpe?/9? the ky = 0 instability is
confined to a narrow range with kc/Qg S 1 and frequency just below Qg. A

* is extended to treat the case of strictly

previous quasilinear analysis
perpendicular emission. Although the linear growth rate decreases with
decreasing values of wpez/Qez, the saturation level is predicted to increase.
This result is confirmed by the simulations. The maser instability is thus

most efficient in a very low density plasma.
* Work supported by USDOE, NSF, and NASA.

1. G. Bekefi, Radiation Processes in Plasmas (John Wiley, New York 1966).

2. C. S. Wu and L. C. Lee, Astrophys. J. 230, 621 (1979).

3. P. L. Pritchett, J. Geophys. Res. 89, 8957 (1984); Phys. Fluids 27, 2393
(1984).

4, C. S. Wu, S. T. Tsai, M. J. Xu, and J. W. Shen, Astrophys. J. 248, 384
(1981).
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EQUILIBRIUM OF AXISYMMETRIC PLASMAS WITH FLOW

Y. Baransky, C. K. Chu

Columbia University

The equilibrium of plasmas with flows is studied using
the axisymmetric steady-state ideal MHD equations. An
equation for the poloidal flux coupled with a Bernoulli
law is derived. There are 4 prescribable flux functions,
which are not completely arbitrary but have constraints

- between them. Numerical solutions with various types

of flow in both the toroidal and poloidal directions

will be shown.

A variational formulation of the problem will be
presented that lends itself to investigating the bifur-
cation of the solutions. The influence of the different

transitions on the bifurcations will be explored.

Work supported by USDOE.
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MAGNETIC RECONNECTION OF A RESISTIVE DOUBLET
IN THE ADIABATIC LIMIT*

Michael E. Kress and Harold Grad
Courant Institute of Mathematical Sciences

New York University
New York, New York 10012

ABSTRACT
Extremely fast iterative Back-Average algorithms have
been used in an Alternating Dimension resistive code to
measure the net reconnection flux, vy, of a doublet, excited
by low frequency oscillations. Our results show conclusively
that y is positive in the adiabatic limit of zero resistivity

and vy = 0 if and only if the modulation of the F-coil oscil-

lations is zero.

*This work supported by U.S. Department of Energy Contract No.
DE-AC02-76ERO03077.
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LARGE SAWTEETH AND MINOR DISRUPTIONS

J. F. Drake and R. G. Kleva
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

The stability of tokamak plasmas following a very large q = 1
sawtooth is investigated numerically using the equations of resistive
MHD. The amplitude of the sawtooth is found to increase rapidly as
the safety factor at the center is further decreased below one.
Following a large sawtooth the originally peaked current profile is
flattened across a broad plateau at the center beyond which the
current drops precipitously. Because of the steepness of the
resultant current gradient, even rather short wavelength modes are
found to be unstable following the sawtooth. Typically, the fastest
growing mode has a poloidal mode number m larger than two. The
relationship between these results and experimental observations of
both minor and multi-stage major disruptions is discussed.

Work supported by DOE
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CONSTRUCTION OF A VARIATIONAL PRINCIPLE
FOR THE STEADY-STATE TWO-DIMENSIONAL
FOKKER-PLANCK EQUATION WITH STRONG RF DIFFUSION

S. Pekka Hakkarainen, Jeffrey P. Freidberg

Massachusetts Institute of Technology
Plasma Fusion Center
Cambridge, Massachusetts

Numerical codes exist for calculating the distribution function described by the two-
dimensional Fokker-Planck equation. A simple analytic form has also been given by
V. B. Krapchev. D. W. Hewett and A. Bers!!. The aim of this work is to construct
a variational principle for the current, giving an analytic expression in the limit of a large
RF diffusion coefficient. The procedure involves constructing separate variational prin-
ciples for the distribution function and the adjoint function (the solution of the adjoint
equation)—this gives first order accurate trial functions that are used to obtain a second
order accurate current. The problem is directly applicable to lower-hybrid current drive.
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ABSTRACT

FOEKER-~-PLANK CALCULATIOHS OF COULOMB COLLISIOHAL EFFECTS
O KIHETIC REGIEME WALL PLASHAS

L. Montierth, Wm. Neuman, J. McCullen, R. Morse
Nuclear & Energy Engineering and Physics
The University of Arizona
Tucson, Arizona 85721

One important parameter of the kinetic model wall plasma structures
discussed in the accompanying paper by Neuman et. al. is ion heat flux
from the main plasma. This parameter, unlike others of the system,
depends on momentum transfer coulomb collisions. A Fokker-Plank code
has been developed that conforms to the structure of the
characteristic based kinetic model code. Calculations with this
combined code show that the ion heat fluxes to be expected approach the

classical flux limit. With this information the kinetic sheath

solutions are uniquely determined.
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ABSTRACT

SENSITIVITY OF THE STRUCTURE OF KINETIC REGIME WALL PLASMAS

TO THEIR (MULTITUDE OF) PHYSICAL PARAMETERS

W. A. Neuman, J. D. Mc Cullen, R. L. Morse
Nuclear & Energy Engineering and Physics
The University of Arizona
Tucson, Arizona 85721

. . . . * .
Kinetic regime calculations have previously shown plasma sheath

stuctures

processes

shown the

solutions

with an electrostatic potential maximum, caused by ionization
near a neutral gas emitting wall. These calculations have
existence of two parameter regimes, one in which stationary

exist and one in which they do not. 1In the regime were

stationary solutions exist their characteristics, including plasma

potential

and ion heat flux, depend on, among other parameters,

(1) fraction of wall incident plasma re-emitted as neutrals

(2) division of emitted neutrals into reflected and

thermal neutrals

(3) magnitude of different electron impact and charge exchange

ionization process

(4) small but non-zero coulomb collision rates

(5) secondary electron co-efficient of the wall

(6) angle of B with respect to the wall

(7) neutral pumping length

Studies will be shown of the sensitivity of solutions, in regimes

of interest, to values of these parameters. One result of these

calculations is the indication that the potential maximum, which has

not yet been seen experimentally, should not be difficult to find.

* . .
Gierszewski, P, McKenty, P., McCullen, J., and Morse, R.,

Structure

of Wall Plasmas near Divertor Neutralizer Plates or Limiters,

Physical Review Letters, 49, 650 (1982).
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Power Balance Curves and Ignition via Ohmfc Heating Alone in an OHTE Device
R. A. Scardovelli and G. H. Miley
Fusion Studies Laboratory
University of I1linois
103 South Goodwin Avenue
Urbana, IL 61801
In this study a modified zero-dimensional power balance code is used to
Tocate in the density-temperature plane the equilibrium curves where the plasma
heating rate equals the coo]ingxbate. Particular emphasis is given to the
scaling of the energy confinement time: a semi-empirical linear behavior of the
temperature with the current is considered and various geometrical scaling laws
are investigated. Results obtained by extrapolating energy confinement times
from current OHTE experiments in combination with a geometrical Alcator C-like
scaling are presented for a range of device dimensions.
It is found that a pathway for the breakthrough from the ohmic heating
to the fusion heating dominated region is achieved when the I/N parameter is
about 107*" Aem. Over a reasonable range of parameters, this result is fairly
insensitive to the variations in the device dimensions. However, these calcula-
tions indicate that a larger plasma current is required for heating to ignition

than is predicted in earlier reactor studies. The current requirement is

relaxed after ignition.
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SHERWOOD THEORY MEETING
Madison, Wisconsin
April 15 to 17

Modelling of Current Ramps and Sawtooth Oscillations on TEXT*

D.W. Ross, W.H. Miner and J.C. Wiley
Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712

The transient behavior of plasma profiles during fast and slow current ramping
in TEXT is investigated, and the initial current rise and sawtooth oscillations are re-
examined. The work is motivated by recent experimental studies of these phenomena,
in which data from the ECE radiometer, Thompson scattering, soft-X-ray measurements,
loop voltage, and Mirnov oscillation monitoring are combined.! Fast current ramping,
in particular, exhibits initially inward motion of the X-ray inversion radius and no skin
effect in the temperature, together with large increases in the loop voltage and Mirnov
oscillations. Simulations of both the fast current ramp and the initial current rise indicate
that extremely large thermal transport, in addition to anomalous current penetration, is
required to account for the observed temperature profiles and loop voltage. These studies
can also shed light on the sawtooth-averaged theoretical models previously employed to
describe steady-state discharges.? In those models, theories of anomalous transport® were
tested and found to yield fair agreement with the observed confinement scaling. But ad hoc
anomalies had to be postulated to account for thermal losses from the inner (sawtooth) and
outer (¢ > 2) regions. In the former, the classical skin time greatly exceeds the sawtooth
repetition time, so that a true steady state cannot be reached. Thus, as in current ramping,
by studying the temperature evolution during the sawtooth rise, we attempt to determine
whether resistive anomalies are required.

1The TEXT experimental staff, to be published.

D.W. Ross, W.H. Miner, O.P. Pogutse, and J.C. Wiley, Bull. Am. Phys. Soc. 29, 1394
(1984).

%¢.g. B.B. Kadomtsev and O.P. Pogutse, in Plasma Physics and Controlled Fusion, 1984
(IAEA, Vienna, 1985) to be published.

*Work supported by the U.S. Department of Energy.
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SHERWOOD THEORY MEETING 1985
Madison, Wisconsin
April 15 to 17

Ion Thermal Transport in the TEXT Tokamak*

W.H. Miner, D.W. Ross, A.A. Ware and J.C. Wiley
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Recent results from the TEXT tokamak experiment! have shown that the ion
temperature is greater than the electron temperature in the outer region of the discharge.
The difference is large enough to cause the spatial integral of the collisional energy transfer
from electrons to ions to become negative. These ion temperatures were obtained through
Doppler broadening of ambient impurity spectra. Spatial resolution was obtained by scan-
ning the plasma with a rotating mirror to determine the position of the emitting ion. The
electron temperatures were obtained from Thompson scattering.

When similar results were shown in both the TFR? and Pulsator® tokamaks,
Ware*:® proposed several mechanisms which could expain this anomalous energy transfer
from electrons to ions. Two of the mechanisms he suggested were the direct Ohmic heating
of the ions* and the neoclassical transfer of energy between the electrons and ions.®

The purpose of this paper is to determine whether these mechanisms can explain
the electron and ion temperature profiles observed in the TEXT tokamak. This will be ac-
complished by including these effects in a transport code and simulating TEXT discharges
over a range of discharge conditions. The simulation is run until steady state profiles
for the electron and ion temperatures are obtained. The steady state profiles are then
compared with the experimental results.

1The TEXT expermental staff, to be published.

*TFR Group, Nucl. Fusion 18, (1978) 1271.

3Wagner, F., Max-Planck-Institut fur Plasmaphysik Report IPP 111/52 October, 1979.
4Ware, A.A., Nucl. Fusion 21, (1981) 623.

SWare, A.A., Nucl. Fusion 21, (1981) 631.

*This work supported by the U.S. Department of Energy.
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Evolution of Twisted Hagnétic Fields

Ellen G. Zweibel
Department of Astrophysical, Planetary and Atmospheric Sciences
University of Colorado, Boulder

and

Allen H. Boozer
Princeton Plasma Physics Laboratory

We have considered the equilibrium .of force free magnetic fields
bounded on two sides by conducting surfaces. We assume that each fieldline
intersects both surfaces, and that the positions at which it does so are
specified. This provides a model for a field which evolves quasistatically,
in a perfectly conducting medium, driven by slow forced motions of the
endpoints.

We considered the case of axisymmetric twists, compressions, or dila-
tions of the endpoints about a magnetic axis. We derived exact equations
for the equilibrium and obtained a solution in closed form for the flux
surfaces and field in the long, thin limit where the twist per unit length
is small. The function a = j/i is a function of the endpoint constraints.

A stability analysis indicates that the twisted field becomes unstable
to ideal m = 1 modes for an amount of twist which is small compared to the
upper bound predicted by linear theory. The analysis suggests that if an
equilibrium state exists for severely twisted fields, it is helical rather

than axisymmetric.

Reference

E. G. Zweibel and A. H. Boozer, "Evolution of Twisted Magnetic Fields,"
PPPL-2189 1985.

Acknowledgements

This work was supported by DOE contract DE-AC02-76-CHO-3073 and NASA Grant
NAGW-91.
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STABILIZATION OF FREE BOUNDARY KINKS BY EXTERNAL CONDUCTORS*
M. S. Chance, C.%Z. Cheng, J. Manickam,
M. Okabayashi, A. Miller, and H. Fishman
Princeton Plasma Physics Laboratory
P.0O. Box 451, Princeton, NJ 08544

The high beta performance of the PBX device at Princeton appears to be
severely limited by MHD disruptive activities, While the nature of these
disruptions are not fully understood we have focused on the ideal free
boundary kink mode as being possibly responsible, Suppression of this mode
could substantially enhance the stable nature of bean-shaped plasmas since
such plasmas were previously shown to have strong immunity against ballooning
and internal kink modes. We have sultably modified our computational
capability to include the effect of discrete conductors outside the plasma and
also to calculate the image currents on these conductors. The nature of these
currents can be useful for tailoring the shape and structural configuration of
the stabilizing conductors. In addition, calculation of the magnetic field at
all, or selected, points in the vacuum region can be correlated with flux
measurements in the PBX device,

Results for the n = 1 mode have indicated that discrete axisymmetric
plates in appropriate positions can completely stabilize the free boundary
kink. Inclusion of the secular terms in the magnetic scalar potential would
further énéble us to examine the stabilization of the axisymmetric modes by

the external conductors.

*
This work supported by U.S. DoE Contract No. DE-AC02-76-CHO-3073.
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NEOCLASSICAL TRANSPORT THEORY IN THE BANANA-PLATEAU REGIME
IN NONAXISYMMETRIC TOROIDAL PLASMAS*

By acceptance of this article, the

e U, Gvraames i e e K. C. Shaing, S. P. Hirshman, and J. D. Callen®*
ratain a‘nonexclusivo. royai‘tv-free Da R|dge Nationa| Labor-ator-y
prtsidagpiiiiAad i P.0. Box'Y, Oak Ridge, TN 37831

covering tha article.

Since current stellarators are operated usually in the banana-plateau
regime and there are few problems which have not been clarified in the
collisional ripple plateau regime in a rippled tokamak, the
neoclassical transport theory in the banana-plateau regime in a
nonaxisymmetric torus [1] deserves further studies. We employ the
moment equation approach to the problem without considering the
external sources but inciuding the heat fiux effect. In contrast to
the usual calculations [2] in 2 stellarator where an average over the
helical ripple is performed so that a stellarator is apEroximated by an
axisymmetric tokamak, the moment equation approach keeps the Tull
nonaxisymmetric effects. This allows us to study the combined effects
of the helical field and the toroidicity, and the radial electric
field. Also since the particle flux has been self-consistently
separated according to the flux—friction relations, we clarify the
"nonaxisymmetric® contribution to the particle flux in the collisional
ripple plateau regime in a rippled tokamak. The particle flux in a
rippled tokamak is similar to that of an axisymmetric tokamak after the
radial electric field is determined. However, in a stellarator, the
helical field also contributes to the particle flux. The details
depend on the relative magnitude of €, and ¢, and £ and m numbers. A
simplified form of the parallel viscosity in the banana regime will be
presented. This allows us to calculate the bootstrap current
quantitatively in any nonaxisymmetric system.

The dynamical behavior of +the electric field in an arbitrary
nonaxisymmetric system is also considered. In general, the electric
field cannot be determined separately from the flow velocity. Two
coupled time dependent equations for any two of the following four
variables (Uy, U, U,, &), where Uy, U, and Ut are toroidal,
poloidal, and para?lei Flow velocities, have t8 be solvell to determine
the radial electric &,

* Research sponsored by the Office of Fusion Energy, U.S.
Department of Energy, under Contract No. DE-AC05-840R21400 with
Martin Marietta Energy Systems, Inc.

University of Wisconsin, Madison, WI.

[1] M. Coronado-Gallardo, Ph.D. Thesis, Technischen Universitit
Minchen, 1984; H. E. Mynick (submitted to Phys.  Fluids);
K. C. Shaing and J. D. Callen, Phys. Fluids 26 (1983) 3315.

[2] L. M. Kovrizhnykh, Nuclear Fusion 24 (1984) 851; J. W. Connor, and
R. J. Hastie, Phys. Fluids 17 (1974) 114.
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RENORMALIZATION GROUP THEORY TECHNIQUES IN TURBULENCE

Murshed Hossain, ICASE, NASA Langley Research Center

Ye Zhou and George Vahala, William and Mary

ABSTRACT

In the numerical simulation of strong plasma or fluid turbulence
it is impossible to achieve the necessary spatial or temporal resolution
on present-day (or near future) computers. In particular, as the turbulence
evolves high wavenumber and frequency components of v, B, ... become
excited. Since these high k,w modes cannot be resolved numerically one
must resort to some analytical modelling of these subgrid scales in order
to calculate their effect on the evolution of the large-scale velocity and
magnetic fields.’

Initially, we are employing the dynamic renormalization group approach
to model away the subgrid scales in both (k,w) for Navier-Stokes turbulence,
extending the ideas of Rosel and McCombz, This approach does not require
the existence of a spectral gap between the large-scale fields and the subgrid

scales.

work supported by NASA and DOE.

1. A. Rose, J. Fluid Mech. 81, 719 (1977)

2W. D. McComb, Phys. Rev. 26A, 1078 (1982)
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TRAPPED PARTICLES WITH FAVORABLE AND UNFAVORABLE DRIFT*
Shoichi Yoshikawa

Plasma Physics Laboratory, Princeton University
P.0O. Box 451, Princeton, New Jersey 08544

If trapped particles move in the favorable direction, '~ instabilities
(drift, MHD, etc.,) may not be excited by the resonance of the trapped
particles with waves. This concept is not particularly helpful for a low B
plasma such that P ¢ 5=. For high B tokamak plasmas, the gradient of the
magnetic field helps to reduce and finally eliminate particles in the

unfavorable direction. Several new designs of tokamaks are assessed in view

of this property of a high B tokamak.

1. A. H. Glasser, E. A. Frieman, and S. Yoshikawa, Phys. Fluids 17, 181
(1974).
2. W. M. Tang et al., PPPL-2142 (1984).

*This work supported by U.S. DoE Contract No. DE-AC02-76-CHO-3073.
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HELICITY AND HELICITY INJECTION*

John M. Finn and Thomas M. Antonsen, Jr.

Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

A general definition of helicity is proposed,
K= [(A+ A7) « (B - B7)dv,

where éf is a wvacuum fileld, This definition 1is completely gauge
invariant in any geometry including those with Bn # 0 on the boundary and
does not depend on any matching conditions at the boundary between plasma
and vacuum regions, as the helicity in other formulations does. In
addition, using this definition it is never necessary to compute fields
outside the region of interest. Minimizing the magnetic energy with this
helicity (an ideal MHD invariant) fixed yields i = Kﬁ, but with the
possibility of Bn # 0 on the boundary. This definition of helicity is
applied to a preliminary study of oscillating field current drive
(helicity injection) in tokamaks, RFP”s and three spheromak designs, S-1,
CTX, and MS.

*Work supported by DOE.
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FLOW OF PLASMA AND MAGNETIC FLUX TOWARD A WALL
WITH APPLICATION TO FIELD-REVERSED THETA PINCHES

Ioren C. Steinhauexr

Spectra Technology, Inc.
Bellevue, Washington

The flow of plasma and magnetic flux toward a wall is examined in a
slab gecmetry where the magnetic field is parallel to the wall., MHD flow
is assumed and a guasisteady approximation is made which reduces tThe
problem to a system of two coupled ordinary differential eguations. Far
from the wall the medium is a uniform plasma with & uniform imbedded field
and woving at a speed, u_. The magnetic field at the wall is specified
and is less than the field at infinity so that the direction of flow is
toward the wall., The calculated behavior shows that a thin current sheath
is present neaxr the wall. Within the sheath the flow speed is brought to a
halt, the temperature first rises and then falls to the wall value. The
flow speed outside the sheath, was found to have tThe approximate
dependence, u_ = B_/Sue _fndx wherxe _fndx is the instantanecus plasma

inventory in the sheath.

These results have been applied to the field-reversal phase of a
field-reversed theta pinch, during which the changing magnetic field near
the wall sets up an outward flow of plasma and magnetic flux. In this
application the outflow of magnetic flux is stopped when the magnetic field
at the wall is equal in magnitude and opposite in sign to that in the
center of the chamber. Further rising of the wall field causes the sheath
layer to lift off the wall., Based on these analyses, approximate
expressions are found for the total loss of magnetic flux during reversal,
the total heat flow to the wall, and the maximum possible wmagnetic flux
retained after reversal. These results are compared with previous time-
dependent MHD calculations and with experimental results from the TRX-1 and
TRX-2 experiments.
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STUDY OF ICRF SPECTROSCOPY AS AN ALPHA PARTICLE DIAGNOSTIC*

M. Rosenberg, N. A. Krall, and K. G. Moses
JAYCOR
San Diego, California

Energetic alpha particles are an integral part of a fusion plasma, and can
both influence plasma behavior and serve as an indicator of the onset and
development of ignition. This paper addresses the use of higher harmonic
(n > 3) idon cyclotron (IC) emission and/or absorption as an alpha particle
diagnostic. The emission and absorption coefficients for higher harmonic fast
magneiosonic waves are calculated. The computations are done for both
energetic alpha particles and background deuterium ions for TFTR parameters.
Within a slab plasma model, the fast wave spectrum emitted by the alphas in a
direction outward along a major radius is calculated, along with the power
absorption as a function of the frequency of externally launched IC waves. The
additional physics which should be included in an analysis of a more realistic
(cylindrical) geometry is defined. Practical implementation of these ICRF
diagnostic techniques is discussed.

*This work was supported by the U.S. Department of Energy.
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BALLOONING MODES IN FLUID DYNAMICS*

E. Hameiri
Courant Institute of Mathematical Sciences

New York University
New York, New York 10012

'ABSTRACT

Ballooning modes exist in classical Fluid Dynamics, and
correspond to waves propagating along streamlines. Stability
criteria, which are in fact related to such modes, were ob-
tained beforel for a special configuration by methods not used
in Plasma Physics. We apply more familiar techniques2 to the
problem, and obtain stability criteria for more general con-
figurations. Strangely, instabilities often grow only alge-
braically, and exponential growth may depend on the system
having "shearless" streamlines. We modify our method developed
for rotating plasmas2 which required writing the ballooning
mode equations in all possible rotating frames, so that the sta-
bility criterion can be obtained using one frame of reference

only.

lk. Eckhoff and L. Storesletten, J. Fluid Mech., p. 401 (1978).

2E. Fameiri and P. Laurence, J. Math. Phys., p. 396 (1984).

*Work Supported by U.S. Department of Energy Contract No.
DE-AC02~-76ER03077.
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license in and to any copyright

WITH LONGITUDINAL MASS FLOW* covering the articte. .
M. C. Depassier T AT
Pontificia Universidad Catélica de Chile, Santiago, Chile

W. A. Cooper
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831

The equilibrium equation for systems with helical symmetry and
longitudinal mass flow is derived for cases with temperature constant
on a flux surface. The incompressible resistive ballconing mode
equation for systems with a coordinate of symmetry and rigid
longitudinal flow is also derived. A reduced ballooning equation is
obtained by an expansion in € = ah << 1, where a is the minor radius
and h is the eéical pitch. The magnetic field line curvature is a
quantity of order €“. Thus iﬁnorin? the effects of toroidal cyrvature
and treating the system as helically symmetric is valid for €* >> e,
where €. is the inverse toroidal aspect ratio. An analytic solution of
the ba?loonin equation is obtained in the electrostatic approximation
and invoking the two-length-scale expansion for a model equilibrium
with circular flux surfaces and a magnetic axis with dimensions
comparable to the minor radius. In the small longitudinal velocit
limit, the static mode width and growth rate scaling as one third the
resistivity are recovered. However, for small growth rates and large
longitudinal velocity, the interaction of the magnetic curvature and
the centrifugal force with the pressure and mass density gradients that
lie on the surface, respectively, determine the width of the mode. In
this limit, the growth rates are driven by the interaction of the
magnetic curvature and centrifugal force components due to the helical
motion of the magnetic axis with the radial pressure and mass density
gradients, respectively. These modes scale linearly with the
resistivity at a reduced level.

* Research sponsored by the Office of Fusion Energy, U.S.  Department
of Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta
yst

Energy ems, Inc.
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GYROKINETIC PARTICLE SIMULATION OF ION TEMPERATURE
GRADIENT DRIFT INSTABILITIES*

We We Iee and W. M. Tang
Plasma Physics Laboratory, Princeton University

Princeton, New Jersey 08544

A gyrokinetic particle code! has been developed to study the dynamic
properties of ion-temperature-gradient-driven drift instabilities in a
shearless slab system. In these simulations the background pressure gradients
are held fixed to represent the "steady-state" profiles characteristic of

realistic plasmas. The purpose of the investigation is to identify the
mechanisms responsible for the nonlinear saturation of the instability and the
resulting anomalous transport, The model uses the assumption that the
electron density response 1is adiabatic for k) # 0 modes and, for the
nonlinearly generated k| = 0 modes, it follows the ion density response. For
the flat density gradient case (ni = @), these approximations are supported

by the agreement between the results from +the present model with those
obtained from a code wusing the full electron response (drift - kinetic
= Z - . " = -n' i
electrons), where ni = KTi/Kn' Kpy = Ty /Tl and Kn n'/n. The ion
nonlinearities included in the model are those associated with the E X B
convection, the polarization density response, and the parallel acceleration.

For a system where the instabilities are dominated by modes with klps =

0.4 for ﬂi = ®, Te = Ti’ and KTips = 0,2, saturation is observed to occur for
ed/T, = 8% This level is similar to those found in simulations of universal
instabilities 2 with comparable inhomogeneities (i.e., KaPs = 0.2), The ion
thermal flux has also been observed in the simulation and appears to increase
steadily in the linear phase and reaches a peak value of X; = 0.01 ps2 Qi at
saturation, It compares well with the quasilinear estimate based on the

observed amplitude, frequency, and growth rate. In the fully nonlinear stage
of development, the flux fluctuates rapidly with time and its time-averaged
value is a factor of 2 to 3 lower than that observed at saturation. For a
larger simulation system including modes with klps < 0,4, a turbulent state is
found to result., However, the time - averaged ion thermal flux remains at the
same level as the coherent case. As expected, a smaller value of Ny produces
a lower saturation amplitude and, hence, a lower thermal flux. However, no
appreciable difference has been observed between M = and N; = 4.
Theoretical interpretation of results will be presented.

1. W. W. Lee, Phys. Fluids 26, 556 (1983).
2. W. W. Lee et al., Phys. Fluids 27, 2652 (1984).

*Phis work is supported by the U.S. DoE Contract No, DE-AC02-76-CHO-3073,
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EFFECTS OF LOCALIZED MODES ON ION HEAT TRANSPORTK

R. Englade, B. Coppi, S. Migliuolo
Massachusetts Institute of Technology
Cambridge, MA 02139

The importance of collecti§e modes in determining the effective
ion thermal conductivity has been previously emphasized.l In Ref. 1,
the dominant term in the radial ion heat flux for a collisionless
plasma regime was shown to be proportional to <<hTibiK(bi)|e$(r)/Ti! >>
ndTi/dr wzere the double brackets indicate an average over wave
vectors, ¢(r) is the perturbed electrostatic potential, K(bi) is a
monotonically decreasing function of the poloidal wavenumber parameter
biE képi/Z, h(ni) is an instability threshold function, and Ny =z dan Ti
/d2n n. By assuming that mode growth saturates when the fluctuating
Ex B velocity becomes comparable to the equilibrium diamagnetic (VT)
drift velocity, the simple relation ’eg(r)/Ti[2 %(kerT)—Z was obtained
where rT(r) is the ion temperature scale length. This estimate of
the fluctuation amplitude neglects the strong spatial localization of
%(r) that is expected to arise in a finite inhomogeneous plasma where
the poloidal wavelength 27r/ke is a nonnegligible fraction of the
inhomogéneity scale length.2 Two recent and complementary approaches
to obtaining a quantitative description of the mode localization are
those of Coppi .EE.§£'3 and Guzdar g£_§£.4 We have incorporated results
from these investigations into a 1-D transport code and have used it
to simulate Alcator C discharges fueled by pellet injection and gas
puffing. 1In addition, we have used analytic and numerical (shooting
code) techniques to attempt the solution of the general boundary value

problem for the fluctuation potential.

o,

&Work supported by U.S. Department of Energy.

lT. Antonsen, B. Coppi and R. Englade, Nuc. Fusion 19, 641 (1979).

2B. Coppi, M.N. Rosenbluth and R.Z. Sagdeev, Phys. Fluids 10, 583 (1967).

3B. Coppi, R. Englade and S. Migliuolo, Bull. Am. Phys. Soc. 29,
1409 (1984).

4P.N. Guzdar, L. Chen, W.M. Tang and P.H. Rutherford, Phys. Fluids

26, 673 (1983).
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A CLASS OF ANALYTICAL SOLUTIONS
FOR

REVERSED PINCH TYPE CONFIGURATIONS

Cheng Chu and W. Bard
GA Technologies Inc.

San Diego, California 92138

A class of screw pinch and reversed field pinch (RFP) type
analytical equilibrium solutions of the straight nonlinear
Grad-Shafranov equation has been found. The reversal in these
solutions increases with 8. Multipole as well as circular so-
lutions are possible. Axial currents in these equilibria are

always unidirectional. Examples will be presented.

*Work supported by Phillips Petroleum Company and GA Technologies Inc.

under a joint research and development agreement (GA Ref. No. 01341)
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retain a nonexclusive, rovalty free & fo e Carlo Calculations in Elmo Bumpy Square®

license in and to any copyright
covering the article.

J. S. Tolliver and C. L. Hedrick

Oak Ridge National Laboratory
P.O. Box Y, Oak Ridge, Tennessee 37831

We have generalized the ORNL EBT bounce-averaged Monte Carlo code o work
for the Elmo Bumpy Square (EBS) geometry. The neoclassical diffusion coefficients
in EBS are expected to be about an order of magnitude smaller than in EBT
because of better centering of the collisionless orbits in EBS. Furthermore, the
asymmetry in the electric field is expected to be much smaller in EBS than in
EBT,! thus, nearly eliminating the convective flow of low energy parficles out of
the confinement region along potential contour lines. We have used the Monte
Carlo code to estimate particle lifetimes in EBS and compared these with estimated
lifetimes in EBT. Because the EBS confinement is so much better than EBT, the
Monte Carlo code requires large amounts of computer time in order to obtain good
statistics on the loss rates. Preliminary indications are that the global confinement
time of the cool population in an EBS with symmetric potential will be about two
orders of magnitude better than in EBT with asymmetric potential, in keeping with
the expected improvement based on analytic neoclassical diffusion coefficients.

* Research sponsored by the Office of Fusion Energy, U.S. Department of En-
ergy, under Contract No. DE-AC05-840R21400 with Martin Marietta Energy

Systems, Inc.
! C. L. Hedrick, “Anistropy of the Electrostatic Potential in EBT and EBS,” this

meeting.
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Nonlinear Dynamics of Magnetic Islands
in High Temperature Tokamak Plasmas™

R. Carrera, R.D. Hazelline and M. Kolschenreuther
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The nonlinear dynamics of single helicity islands is studied by a kinetic theory
appropriate for high temperature plasmas confined in a tokamak. The following length
scale ordering is considered: R ~ L, > a > w ~ A > p where R = major radius,
L. =shear length, a = minor radius, w = island width, A = tearing layer width and
p = ion Larmor radius. This ordering permits one to solve the nonlinear drift kinetic
equation by using techniques similar to those employed in neoclassical transport theory.
Electron motion around the major toroidal axis is assumed to be nearly collisionless so that
electron trapping effects enter. However, motion around the island is considered collisional.
In the behavior of wide islands (in which the ions are magnetized) the variation of the
" potential on the modified surfaces of the reconnected field is important. It couples the
island evolution equation with the condition for the relaxation of the current distribution.
In the limit of high collisionality and thin islands the Rutherford result’ is recovered. The
poloidally varying component of the island electrostatic potential modifies the Rutherford
island growth by inducing a perturbed bootstrap current.

'P.H. Rutherford, Phys. Fluids 16, 1903 (1973).

*Work supported by the U.S. Department of Energy.
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A NUMERICAL STUDY OF FINITE GYRORADIUS EFFECTS

ON LINEAR TEARING MODES

J. Q. Dong,” Y. C. Lee, and P. N. Guzdar
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

The role of tearing modes in the behavior of tokamak discharges
cannot be over emphasized. The study of m = 2, n = 1 (where m and n
are poloidal and toroidal mode numbers, respectively) tearing mode
which has been cited as the cause of major disruptions in tokamaks
has been a very active research topic. Recent studies have shownl 2
that the inclusion of finite ion gyroradius effedts leads to a
stabilizing influence. However, most of the treatments have focussed
on the parameter regime in which the ion gyroradius py is much larger
than the tearing layer § so that §/p; can be used as an expansion
parameter. We have developed a numerical scheme to study the
stability of global tearing modes in the region of 6/pi ~ 0(1) which
complements the studies in the two regimes §/p; << 1 and §/p; >> 1.
We will present details of the numerical algorithm as well as
parametric studies of the influence of finite ion gyroradius effects
on global tearing modes.

*Work supported by DOE.
T, M. Antonsen and B. Coppi, Phys. Lett. 814, 335 (1981).
23, C. Cowley and R. Kulsrud, Sherwood Theory Conference 155 (1984).

*Permanent address: Southwestern Institute of Physics, Leshan, Sichuan,
China.
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*
TRAPPED-ELECTRON TRANSPORT VIA MICROINSTABILITIES

Y. Hu and F. W. Perkins
Plasma Physics Laboratory, Princeton University
P.0O. Box 451, Princeton, New Jersey 08544

1 has been extended to

In this work, a nonlinear gyrokinetic formalism
include collisions. Furthermore, by following the procedures of neoclassical

theory,2 we have developed a general expression for particle diffusion which

includes "anomalous" flux given by

SExg V¢

aL 3 CTRIRN
I‘=g§]—3—<fdv—;2——-—6po> ,

where the angular brackets represent spatial averages over microscopic length
scale., Based on this result and the common belief that magnetically trapped
electrons can not average out this E X B drift (while passing electrons can),
trapped electron transport coefficient in the collisional regime (“%e > Vegg

w,) is studied for a specified electrostatic drift wave spectrum.

*Supported by U.S. Department of Energy Contract No. DE-AC02-76-CHO-3073.

'E. A. Frieman and L. Chen, Phys. Fluids 25, 502 (1982).

p. H. Rutherford, Phys. Fluids 13, 482 (1970).



88 45
2C-1 /
KINETIC STABILIZATION OF THE INTERNAL TILT INSTABILITY (N=1 BALLOONING MODE)
IN FIELD-REVERSED CONFIGURATIONS
James L. Schwarzmeier and H. Ralph Lewis
Los Alamos National Laboratory; Los Alamos, NM 87545
Daniel C. Barnes
SAI; 1406 Camp Craft Rd. 202A; Austin, TX 78746
Charles E. Seyler
Cornell University, School of Electrical Engineering; Ithaca, NY 14853

We are applying a recently developed formalism to study the‘ kinetic
stabilization of the internal tilt instability in a field-reversed configuration
(FRC). The internal tilt instability for FRCs is a global n=1 ballooning mode.
-Within MHD, FRCs are predicted to be very unstable to this_ﬁode. However, the
mode has not been observed experimentally end ion kinetiec effects are believed
to be responsible for the apparent stability.

The formalism that we are using is effective for numerically evaluating
kinetic effects on the stability properties of  multidimensional Vlasov
equilibria. The method uses a dispersion functional, which is a quadratic form
in perturbation quantities, and 1is applicable to general multidimensional
equilibria. Our form of the dispersion functional is exact for all types of
equilibrium particle orbits and the kinetic part is expressed in terms of the
Laplace transform of an autocorrelation function for particles moving along
equilibrium orbits. This form of the dispersion functional does not involve
resonant denominators and the number of orbits used for evaluating phase-space
integrals that occur is not limited by available computer memory.

Our plesma model for these studies is the Vliasov—fluid model (collisionless
ions; massless, pressureless electrons). For a particular Vlasov—-fluid
equilibrium appropriate to an FRC, we have used the MHD eigenfunction § as a
trial function to calculate the kinetic growth rate yersus s. (5 is a parameter
which measures the number of local Larmor radii across the plasma.) For a range
of parameters appropriate to current experiments, the growth rate is at least 30
times smaller than the MHD growth rate. This is consistent with expérimcntally
observed lifetimes. The calculation is being extended to include

self—consistent determination of the eigenmode.
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SAWTOOTH OSCILLATIONS AND GAS PUFFING IN THE ZT-40M
REVERSED-FIELD PINCH

K.A. Werley, R.A. Nebel, M.M. Pickrell, G.A. Wurden
Los Aleamos National Laboratory
Los Alamos, New Mexico 87545

The ZT—-40M reversed-field pinch device at the Los Alamos National
Laboratory exhibits large—scale sawtooth oscillations in the soft x-ray
flux during high-8 discharges (esBﬂ/<Bz> > 1.55). The sawtooth crash
(abrupt decrease in the softl x-ray flux) is preceded by large amplitude
m=1, n~8-15 magnetic perturbations and subsequent toroidal magnetic
flux generation. The present work examines the rise time of a sawiooth
oscillation via 1-D cylindrical transport simulations where the
plasma—-magnetic field configuration is assumed +to evolve through a
series of equilibrium states. During this phase, the global properties
of the plasma can be simulated without a flux regeneration mechanism,
in stark contrast to the low—8 case where such simulations are not
possible due to the continuous generation of +toroidal flux. The
simulations indicate that the plasma diffuses to a m=1 tearing mode
unstable state which leads t{o the experimentally observed sawtooth

crash and associated flux regeneration.

In order to make the simulations match the experimental data, large
gradients 1n the electrical conductivity profile were imposed. A
series of experiments using pulsed discharge cleaning and gas puffing
(to raise the plasma density) were carried out to determine if the
apparent resistivity gradients were caused by either a t{emperature
instability (analogous to the one leading to m=1, n=1 tearing modes in
tokamaks) or an anomalous effect. These high density discharges did
not exhibit sawtooth oscillations, and indeed looked more like the
low—8 discharges with continuous toroidal flux regeneration. The most
likely explanation for this behavior is that low density discharges
have a significant on—axis slide—away population causing an effective
resistivity gradient. Data concerning the drift parameter and where

the sawtooth transition occurs will be presented.

* Work supported by the U.S. DOE.
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DRIVEN, FORCE-FREE, HELICAL, OHMIC, STEADY STATES*

Leaf Turner
Los Alamos National Laboratory, University of California, Los Alamos, NM 87545

and

Stewart C. Prager
Department of Physics, University of Wisconsin, Madison, Wisconsin 53706

We have shown that a helical, force~free, magnetic—~field configuration that
is a simple Ilinear superposition of a finite number of harmonics of the form,
{Sin(m19+kiz) cos(my6+k;z)}, must have a spatially independent value of current
density/magnetic £ eld strength. The best known example of such a field
configuration is that of Taylor’s minimum energy state.

It is well-known that the helical solution of curl B(r,mf+kz) = A B(r,mé+kz)
yields the minimum energy state of Taylor in a cyliqdrical pinch configuration
of radius a when Aa = 3,11, ka = 1.25 and m = 1. Evidence for this state is
lacking in laboratory RFP experiments°

We have found necessary, analytic conditions on a single harmonic, single
helicity, magnetic~field configuration in order to have a force-free, ohmic
equilibrium. As a result, we have concluded that Taylor’s helical state is not
a steady state in the presence of resistive dissipation, no matter how small.
Nevertheless, Taylor’s state remains significant because it may represent the
mean magnetic configuration of a turbulent state.

If, on one hand, one were to change k from Taylor’s value, one would find
regions - in which a reversed, force-free, helical, steady—-state can exist when
the helical amplitude is above a eritical threshold. [In fact, the
helically-averaged value of € e b must be greater than E o B in the
reversed-field region, where e (E) “and b (B) are the fluctuation (mean) electric
and magnetic fields.] Experimental observations indicate the presence of helical
states with the allowed wavenumbers. On the other hand, if one were to change
the azimuthal mode number away from the Taylor value of m = 1, one would find no
ohmic, steady-state solution at any wavenumber.

We shall demonstrate magnetic flux plots for certain allowed force-free,
constant-A, helical, ohmic, steady states and the structure of the associated
helical electrostatic fields. We shall touch upon their relevance to future
theoretical RFP (and possibly stellarator) studies.

*Work performed under the auspices of the U, S. Department of Energy.
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SELF-CONSISTENT DYNAMO IN REVERSED FIELD PINCHES

A. Bhattacharjee, Columbia University

E. Hameiri, New York University

We consider self-consistent dynamos, generated either by
local or global modes described by the resistive MHD equations.
The dynamics of global modes, versions of which have been
considered in Refs. 1 and 2, 1is shown to imply specific
properties of the electric field <$i X gf»generated by the

fluctuations. These properties are used as constraints, in

addition to a given external electric field, in minimising the

rate of entropy production. The result 1is an equilibrium
state, similar to a Taylor state, but with finite pressure
gradients.

The equations governing local modes, used in Ref.3, are
extended to include all components of the perturbed magnetic
and velocity fields, as well as an exact pressure equation

(thus curing an inconsistency in Ref.3, the results from which

are corrected). The similarity arguments of Ref.3 are used to
> >
determine <Vy X B;>. It is found that the d-effect vanishes in

this case, but an additional effect due to fluctuations damps

the perpendicular current. The equilibrium state maintained by

such modes tends to have current mostly parallel to the

magnetic field. The toroidal magnetic field decays

exponentially from the center of the plasma and does not show

reversal.

References:

1. H.R. Strauss, Phys. Fluids 27, 2580 (1984).

2. Z.G. An, et al, in Proceedings of the Tenth International
Conference on Plasma Physics and Controlled Nuclear

Fusion Research, London, UK, 12-19 September 1984.
3. J.W. Connor and J.B. Taylor, Phys. Fluids 27, 2676 (1984).

Work supported by USDOE.
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Near Term Tokamak Ignition Experiments
Carl E. Wagner
TRW, Redondo Beach, CA

There are currently a number of options for a near-term, low-cost
tokamak ignition experiment. Among these are Ignitor, LITE, ISP, and
TFCX. In choosing which of these options to pursue, there are a number
of complex tradeoffs — physics performance/risk, engineering risk/com-
plexity, cost effectiveness, as well as the question of ultimate reactor

relevance.

Here the physics performance and risk is discussed in detail. The
likelihood of attaining ignition, limiting phenomena, and potential
obstacles are evaluated. The viability of the devices for studying burn
physics phenomena is compared, taking into account energy deposition or
heat flux 1limits, ash removal, pulse length, maximum number of pulses,
diagnostic access, and remote maintenance requirements.

The experimental scenarios are simulated in detail with the DDMAK
time dependent transport code. The times required to ignite, feasibility
of pellet refueling, control of the thermal excursions, and the feasibility
of reducing toroidal field and current to study the beta-Timit at acceptable

fusion power are investigated.

Work supported by DoE contract #DE-AC02-78ET51013 and by TRW IR&D funding.
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INTERACTION OF FAST WAVES WITH ENERGETIC PARTICLES
IN A HIGH-DENSITY TOKAMAK*

D.K. Bhadra and P.L. Andrews

GA Technologies Inc.
San Diego, California

The application of fast wave (or magnetosonic wave) with frequency near the
lower-hybrid frequency appears more suited for current-drive in hot, reactor-like plas-
mas as compared to using the slow wave for the same purpose.! However, the existence
of fusion-generated alpha particles may be deleterious for current drive due to the fact
that a large fraction of wave-energy may be absorbed by the alpha particles through
cyclotron damping.? In this paper, we consider an injected spectrum of fast waves
(with small parallel refractive index Nj), its interaction with the ubiquitous random
density fluctuations near the boundary and its absorption by electrons and alpha
particles. Such an unified approach will help understand the dynamics of fast waves
interacting with a high temperature reactor-grade plasma. Results will be presented
regarding the effect of such processes on the distribution function of the energetic par-
ticles and their implications with respect to current-drive as well as the performance

of the device.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
1P.L. Andrews and D.K. Bhadra, GA Technology Report GA-A17638 (1984).
2K.L. Wong and M. Ono, Nucl. Fusion 24, 615 (1984).
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RIGOROUS BOUNDS ON PLASMA TRANSPORT*
Ralph A. SMITH! & John A. KROMMES!
Institute for Theoretical Physics, University of California, Santa Barbara, CA 93106

Previous attempts to treat transport in turbulent plasmas have relied on simplifying as-
sumptions, such as those involved in statistical closure approximations, to circumvent the
intractability of the governing dynamical equations. These assumptions are difficult to
justify either theoretically or experimentally. Furthermore, closures such as the direct-
interaction approximation present extreme computational difficulties when applied to the
inhomogeneous problems characteristic of turbulence in tokamak plasmas. Here, an alter-
native approach to transport problems is presented which yields rigorous upper bounds on
global transport quantities. This approach, which has previously been applied to certain
problems of fluid dynamics,! is well suited to the study of inhomogeneous systems, such as
confined plasmas. It leads to expressions for absolute limits on transport in terms of exper-
imentally controllable parameters, such as boundary conditions, even in the case of strong
stresses and nonlinear response. Moreover, these limits can be refined by further analy-
sis based on the dynamical equations. The technique consists of deriving, from suitable
moments of the dynamical equations, a certain flux functional I'{6¢} of the fluctuating
field 6. One then maximizes I'{6%} over a class of fields which includes as a subset all
stationary solutions of the dynamical equations. It will be shown how this scheme can be
applied to a variety of plasma transport problems. As a pedagogical example, a simple yet
nontrivial calculation of passive advective transport is described in considerable detail. For
application to the tokamak edge region, resistive drift turbulence is considered, using the
equations of Wakatani and Hasegawa.? The analytic derivation of the relevant transport
functional is presented. To solve the resulting Euler-Lagrange equations, a 3-D code® has
been developed and tested. Both the analytical and computational work can readily be
extended to other instances of transport in strongly nonlinear plasma systems. Progress
in exploring the edge turbulence problem is reported, and several additional examples of
variational principles for plasma transport are given.

Work supported by U.S. D.o.E. Contract No. DE-AC0O2-76-CHO-3073 and by NSF Grant
No. PHY82-17853, supplemented by funds from the National Aeronautics and Space
Administration.

Permanent address: Princeton University, Plasma Physics Laboratory, P.O. Box 451,
Princeton, NJ 08544.

! F. H. Busse, Adv. Appl. Mech. 18, 77 (1978).

2 M. Wakatani & A. Hasegawa, Phys. Fluids 27, 611 (1984).

3 The numerical technique is an extension to three dimensions of the method described by
H. Greenside and W. M. Coughran, Jr., Phys. Rev. A 30, 398 (1984). We are indebted to
Dr. Greenside and to Dr. A. Bondeson for extensive discussions and help.
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ICRF-DRIVEN RADIAL DIFFUSION OF ENERGETIC
TATIL IONS IN TOROIDAL GEOMETRY

C.S. Chang
AMPC, Inc.
Encinitas, California 92024

ABSTRACT

Radial particle and energy transport of the high-energy tail ions
created by ICRF heating is studied for tokamak and EBT geometry. The
lowest order distribution function for the tail ions is calculated in
two dimensional velocity space. The localization of the particles near
the resonance pitch-angle is analyzed in detail by defining a new pitch-

angle variable or a boundary layer parameter.

The energy and pitch-angle contribution to radial transport is
calculated explicitly, assuming that the gyroradius is much smaller than
the minor radius in a tokamak geometry or the minor radius is much smaller

than the major radius in an EBT geometry. It is found that the confinement

time of the high-energy tail particles scale as Tt o« Tz/an/<p>, where Te

is the electron temperature, <p> is the absorbed microwave power density,

and np is the resonant ion density.
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BIFURCATION THEORY FOR TEARING MODES

E.K.MASCHKE and B.SARAMITO
Association BURATOM~C.E.A. sur la Fusion, D.R.F.C.,
Centre d'Etudes Nucléaires, Boite Postale N2 6
92260 Fontenay-aux-Roses, France
MHD instabilities often evolve towards agymptotic (t~>eo)

states which may be static, stationary, or time-~dependent.
They correspond to stable nonlinear solution branches of the
MHD equations. Considering a visco-resistive plane plasma slab
with stabilizing conducting walls at distance x=:id/2, we use
either the Lundgquist number S8 or the ratio d/Leq (with Leq the
equilibrium scale length)as bifurcation parameter. Restricting
ourselves to solutions with helical symmetry we find the points
where branches bifurcate from a static equilibrium and we show
that these branches correspond to stationary tearing modes. In
general only one of those branches is a stable solution, to
which the system tends for t—»o0, Uging a numerical code we
illustrate the parabolic character of the stable branch and
show examples of stationary flow and field patterns far from

the bifurcation point.
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OHMIC IGNITION OF AN ELONGATED TOKAMAK
R.W. Harvey, M.S. Chu, P.A. Politzer, and T. Yamagishi

GA Technologies Inc.
San Diego, California

Despite that many plasma heating methods have been studied, Ohmic heating
remains amongst the most economic and best understood heating schemes. Also,
plasma energy confinement for Ohmically heated discharges has so far been observed
to be better than that due to auxiliary heating. Former studies of the Ohmic heating
to achieve ignition have concentrated mainly on reversed field pinches which require
much physics development, or low elongation, high toroidal magnetic field (Br) toka-

maks which present engineering difficulties.

In this presentation, we examine the Ohmic ignition condition for a tokamak
with large elongation x.! The principal effect of elongation on Ohmic heating is that
the toroidal current density j is proportional to k By, at a fixed safety factor ¢. Hence
Ohmic heating power is proportional to x?B2. Also the neoclassical ion conduction
time is proportional to k2.2 Hence the device can be operated at a high density below
the ion confinement turn over, giving relatively good electron confinement. Our main
result is that the required toroidal magnetic field at the minimum power for ignition
is By (tesla) = 4.49A'/*/a%% k, where A is aspect ratio and a (meters) is small
minor radius. With the usual assumptions on energy confinement, Ohmic ignition
is obtained for relatively modest machine specifications: for example, ¢ = 0.25 m,

Bp = 6.3 tesla, Kk =5, A = 5, and plasma current equal to 10 MA.

IM.S. Chu et al., GA Technologies Report GA-A17825, to be published.
2K.T. Tsang, Phys. Fluids 20, 1680 (1977).
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SIMULATION OF ICRH
I. GLEDHILL and J.M. DAWSON

Department of Physics
University of California
Los Angeles, CA 90024

ICRH is simulated numerically in order to study the production of
anisotropic temperature distributions for magnetic mirrors. In particular,
we investigate the parallel ion cooling1 and perpendicular ion heating
associated with ICRH. A 2-1/2 D electromagnetic particle code? is used to
simulate a plasma in which ion cyclotron waves are excited by applying
resonant driving currents outside the plasma boundaries. Strong
perpendicular heating of the ions and a slight decrease in the parallel ion
temperature are observed. In addition, strong heating of the electrons in
both perpendicular and parallel directions is seen. Reasons for the

electron heating and its implications will be discussed.

1. J. Busnardo-Neto, J. Dawson, T. Kamimura, and A.T. Lin, UCLA Plasma
Physics Group Report 221 (1975).
2. T. Ohsawa and J.M. Dawson, Phys. Fluids 27, 1491 (1984).
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Energy Confinement in a High Current Reversed Field Pinch*

Z.G. An, G.S. Lee and P.H. Diamond
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

In present temperature and current regimes, the resistive interchange (g) mode is
a good candidate for explaining anomalous transport and “edge” confinement in RFP. A
temperature scaling of T, ~ 12/N has been predicted using a nonlinear theory of g-mode
turbulence. This result is in good accord with current experiment!. However, a crucial
underlying assumption in the theory is that electron behavior is non-adiabatic, namely
p = ku”e [qve < 1. Since p ~ T5/3n_2/3B9_2/3, it is likely that p > 1 in future RFP
experiments. Furthermore, significant ion heating will likely occur because of anomalous
processes and thermal equiliberation (Tgcont Z TEeqil at high current). In such adiabatic
electron regimes, ion pressure gradient driven (n;) modes, which are destabilized by mag-
netic shear (Lg/Ly ~ 0O(1) in RFP), are likely to induce significant energy transport in
the presence of rather flat RFP density profiles. In particular, g and 7; drives couple ad-
ditively in RFP configurations. In this investigation we study a set of nonlinear equations
for ¢, H,%);, and Tl(qﬁ = ego/Te,H (2/no — ed[Te),¥); = Vi - B/B, and 7; = T/T)
which describe the coupled nonlinear evolution of ¢ and n; modes?. A renormalized theory
1s presented and the saturation level of the fluctuations is derived. Transport scalings are
obtained, and their implications discussed. In particular, these results indicate that pellet
injection® is a potentially viable mechanism for improving energy confinement in a high
temperature RFP.

17.G. An and P.H. Diamond, IFSR 137.
2J.G. Cordey, E.M. Jones, and D.F.H. Start, Nucl. Fusion 20, 459 (1980).
3M. Greenwald et al., IAEA, 1984.

*Work supported by the U.S. Department of Energy.
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Neoclassical Scaling Law for Tandem Mirror Transport*

J. R. Myra, P. J. Catto, and G. L. Francis
Science Applications International Corporation
Plasma Research Institute

934 Pearl Street
Boulder, Colorado 80302

A simple model for studying the confinement time scaling of neoclassical’
trangport in a tandem mirror is presented. Ions are assumed to be lost radially
by resonant-plateau or stochastic diffusion and electrons are lost out the ends,
thus the model is appropriate to the strongly plugged regime of TMX-U operation.
The radial fueling profile in the center cell is found to be an important factor
in determining the self-consistent radial potential drop A® and the resulting
neoclassical confinement time T,;. Simple analytical estimates predict the
particle confinement time scaling law T; « (AC‘E)—2 when e®/T > 1 consistent with
TMX-U observations. Recent refinements of the model to include temperature
gradients will enable a numerical investigation of both the particle and energy

confinement time scalings, as well as the radial dependence of Ty.

*Work supported by U. S. Department of Energy Contract DE-AC03-76-ET53057.
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Plasma Flow Through Magnetic Mirrors*

Emad Zawaideh, Farrokh Najmabadi, and Robert W. Conn

Department of Mechanical, Aerospace
and Nuclear Engineering
University of California, Los Angeles
Los Angeles, Calif. 90024

Recently a set of fluid equations has been derived which
describes the transport of plasmas with anisotropic pressures
along the magnetic field 1lines (1). This set 1s wvalid for
collisional to weakly collisional plasmas. These new fluid

equations are used to study characteristics of plasmas flowing

through magnetic mirrors. Plasmas 1in various collisionality
regimes are considered. Plasmas flowing with subsonic, sonic,
and supersonic speed at the mirror throat are studied, The

effects of the mirror ratio and the structure of the magnetic
mirror on the flow is investigated. It is found that the
pressure anisotropy, which 1is directly related to the plasma
collisionality, flow velocity, and magnetic field structure, is a
critical parameter in determining plasma flow through the
mirror., For example, the density drop across the magnetic mirror
is found to become more pronounced with increasing pressure
anisotropy. Large anisotropy is also found to give rise to the
formation of multiple bumps in the density and pressure profiles
on the downstream side of the mirror throat. The results are
compared with the conventional fluid equations with and without
viscosity terms. It 1s found that the conventional fluid

equations are only accurate for highly collisional systems.

* Work supported by the U.S. Department of Energy Contract No.
P.A.-DE-AT03-80ER52062.

(1) E. Zawaideh, F. Najmabadi and R. Conn, "Generalized Fluid
Equations for Parallel Transport in Collisional to Weakly
Collisional Plasmas'", UCLA Report PPG-843, October 1984. (to be
published in Physics of Fluids)
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Analytic Theory of Nonlinear m = 1 Island Growth*

R.D. Hazeltine, J.D. Meiss, and P.J. Morrison
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Sawtooth oscillations near the ¢ = 1 surface in tokamaks are commonly ascribed
to the growth of unstable tearing modes with unit poloidal mode number (m = 1). Be-
cause the constant-iy approximation does not apply for m = 1, evolution of the resulting
nonlinear magnetic island cannot be analyzed by the m > 1 prescription of Rutherford.!
Furthermore, numerical experiments? show that m = 1 island evolution is characterized
by exponential growth, far into the nonlinear regime, very different from the m > 1 result.
The present coherent-island analysis is sufficiently general to treat both m =1and m > 1
perturbation structures. It also includes coupling to m = 0 components of the pertur-
bation. When m = 1, it is found that the island structure displays criticality, changing
its qualitative form when the perturbation amplitude exceeds a certain threshold, 6 B..
The condition 6 B = § B, corresponds to the island width, W, equalling the linear tearing
width. For 6 B > 6B,, one finds that the parallel current is nearly constant on island flux
surfaces, as in the m > 1 theory. However, unlike the m > 1 case, one also finds that: (i)
W becomes proportional to 6B, rather than (6B)/?; (ii) the convective nonlinearity in
Ohm’s law exceeds the resistive term, and couples m = 1 to m = 0 components; (iii) the
resulting nonlinear evolution displays exponential growth. If both the electrostatic and
the electromagnetic potentials are assumed to be self-similar with respect to time, one can
calculate the nonlinear growth rate. It is found to be 71% of the linear one, somewhat less
than the 84% reduction-factor found numerically.

*Helpful discussions with Mike Kotschenreuther and Spilios Riyopoulos are acknowledged.
This work was supported by the U.S. Department of Energy.

1P.H. Rutherford, Phys. Fluids 16, 1903 (1973).
2B.V. Waddell et al., Nucl. Fusion 16, 528 (1976).
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BALLOONING MODE STABILIZATION BY LARGE GRADIENTS
*
IN NORMAL MAGNETIC CURVATURE

Darrell A. Skinner

U.W. Physics Dept.
Madison WI 53706

In some systems localized analysis of the MHD equations may not
properly describe the most unstable ballooning modes. Then the
proper radial structure of the eigenmode must be determined numerically.
I demonstrate the increased stability of nonlocal modes in one system,
and ascribe this effect to gradients in the normal magnetic field
curvature. Only MHD effects are involved, under the assumption of an

ad hoc cutoff on short wavelength modes due to FLR effects.

Analytic work on the ballooning mode begins with a separability

assumption for the radial eigenfunction:
BE\P = X@W,...) = A®W) X(...;¥)

The amplitude A(Y) varies rapidly with ), compared to the slow para-
metric variation of the infinite wavenumber solution X with Y. The
variation of X along field lines (i.e., the ballooning effect) depends
on the field line curvature, particularly on the relative magnitudes
of good and bad curvature. The localized analysis is formally valid
only if X varies slowly over the width of the A(y) peak. This width,
for the most unstable mode, in turn depends on FLR effects which

stabilize the most localized modes.

The system examined here is a multipole, which has the greatest
possible variation in curvature effects. On one limiting surface the
good and bad curvature cancel each other out and the ballooning mode
goes over to an interchange mode. An internal separatrix causes

infinite good curvature in the central region.

Equilibrium is computed on a floating orthonormal flux coordinate
system, allowing grid line packing in the region of ballooning mode
activity. I check ballooning mode stability by several methods, which

determine the radial eigenmode structure with increasing validity.

*
Research supported by U.S. DOE



2R-12

SHERWOOD THEORY MEETING 1985
Madison, Wisconsin
April 15 to 17

Cyclotron Resonance Induced Diffusion®

T. Tagima and S. Riyopoulos
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The wave induced particle transport during the ion cyclotron resonance heating
is studied for trapped particles in collisionless toroidal plasmas. The diffusion rate is
determined by the radial shift of the guiding center turning point rather than the change in
the width of the banana orbit used in earlier work.! Previously neglected non-conservation
of the toroidal angular momentum P, caused by the toroidal wave component E4 =
E| sina, o = ¢/q the angle between the magnetic lines and the toroidal direction, yields
the leading diffusive contribution. The contribution from the induced changes in the
magnetic moment y is found to be less important in the short wavelength regime kr > 1,
r =minor radius. The diffusion coefficient for near-Maxwellian distribution scales as

D ~ P,;B%¢ /%) "2

with P, B,e and X the rf-power, the toroidal field, the inverse aspect ratio and the rf
wavelength.

! K.W. Wang, G.J. Morales, Nuc. Fusion 23, 481 (1983).
*This work supported by the U.S. Department of Energy.
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FORMATION AND HEATING OF A FIELD-REVERSED CONFIGURATION IN A COAXTIAL SLOW SOURCE

D. C. Barnes and D. D. Schnack®
Applied Plasma Physics and Technology Division

Science Applications International Corporation
Austin, Texas 78746

Plasma foramtion and heating in a coaxial theta pinch geometry are
investigated wusing a recently developed computer code [1]. In these
calculations, nonideal MHD equations are advanced on a transport time scale. For
these slowly evolving (relative to wave transit times) solutions, plasma inertia
may be neglected. Advancing the full MHD equations with a modified inertia leads
to an efficient algorithm for following the desired slow phenomena. The initial
operation of the University of Washington CSS experiment with a 20usec. field
rise is modelled. Plasma resistivity is taken to be a multiple of classical or
is enhanced according to the Chodura model using the local drift parameter.
Results of calculations with various resistivity are analysed to understand the
variation of plasma length evolution with magnetic flux dissipation. Position
variations associated with the relative timing of the inner and outer coil
circuitry are also analyzed.

1p. ¢. Barnes and D. D. Schnack, Bull. Am. Phys. Sec. 29, 1360 (1984).
*SAIC, La Jolla, California 92038.
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IMPURITY-GRADIENT-DRIVEN TURBULENCE IN TOKAMAKS™

L. Garcia, B. A. Carreras, V. E. Lynch
Oak Ridge National Laboratory
P.O. Box Y, Oak Ridge, Tennessee 37831

VMY, QoA v

The resistivity-gradient—driven turbulence [1] is a good candidate to
explain tokamak edge fluctuations for moderate values of parallel
electron thermal conductivity. This model can be extended to higher
values of electron thermal conductivity when the effect of impurities
is included. Rutherford [2] has shown that impurity-driven rippling
modes could play an important role in the explanation of anomaious
cross-Tield thermal transport, since they are not stabilized to any
great extent by parallel electron thermal conduction.

A model including resistivity as well as Z,re evolution has been
developed. For normal tokamak profiles, thé resistivity gradient is
ositive. When the Z.er effects are included, it is clear that

ge-profiles with p05|€ive gradient will increase the destabilization
wﬁlfe negative gradients will have decreased the effect. That Iis
translated not only with modification of |inear growth rates, but also
with change in the nonlinear saturation levels of the fluctuations and
diffusion coefficient.

We have studied numerically two different cases using Macrotor
parameters. One with the gradient length scale of Z,zo L7 = 0.402, 2nd
the other one with Ly = -0.65a. The gradient Tength scale of the
Spitzer resistivity is 0.32a in both cases. The mean-square radial
velocity at saturation changes (in normalized units) from 900 to 100,
while was 400 for the case with constant Z pe—profile. The results of
these calculations confirm with the basic turbulent saburabion
mechanism proposed in Ref. [1] and agree with the analytical estimates
[3] based on such dynamical mechanism.

¥ Research sponsored by the Office of Fusion Energy, U.S. Department
of Energy, wunder Contract No. DE-ACO5-840R21400 with Martin

Marietta Energy Systems, Inc.

[1] %. Gagcia, P. H. Diamond, B. A. Carreras, J. D. Callen, IFSR 146

1984).

[2] P. H. Rutherford, "Physics of Plasmas Close to  Thermonuclesr
Conditions," Vol. I, (1979) 143.

[3] T. S. Hahm, P. H. Diamond, P. W. Terry, "ImEurity—Gradient—Driven
Turbulence and Particle Confinement in Tokamaks," this poster
session.




2R-15

SHERWOOD THEORY MEETING 1985
Madison, Wisconsin
April 15 to 17

Impurity Gradient Driven Turbulence and Particle
Confinement in Tokamaks*

T.S. Hahm, P.W. Terry and P.H. Diamond
Institute for Fusion Studies

The University of Texas at Austin
Austin, Texas 78712

The results of analytical investigations of impurity gradient driven turbulence, which
evolves from impurity driven rippling instabilities! are discussed in the context of modelling
tokamak edge fluctuations and particle transport. Although usual rippling modes in pure
plasma are stabilized by large parallel thermal conductivity x|, the presence of a signifi-
cant impurity gradient renders the linear and nonlinear behavior of the modes insensitive
to electron parallel dynamics. The results of this investigation indicate that: i) Linear
growth rates are successfully approximated by Rutherford’s formula! for most of relevant
parameters. ii) Mode structures are such that the perturbed current j, is negligible in
the region where ©,7,, and Z, 7 are peaked off-center due to radial symmetry breaking
both in the linear and nonlinear regime. iii) Nonlinear saturation occurs when the coupled
effects of radial dependent impurity drag on ion flow and turbulent radial diffusion balance
the impurity gradient drive. iv) At saturation, expressions are obtained for electrostatic
fluctuation level e(p) /T, particle and impurity diffusion coefficients, magnetic fluctuation
level (6B,)/B,, and electron thermal conduction xi.. v) The magnitudes and explicit
Z,.jj-dependences of these quantities lend useful insights into: a) the qualitative differ-
ences between metallic limiter and carbon (graphite) limiter discharges, b) ‘density clamp’
phenomena in neutral beam heated discharges, c) particle transport in H-mode regimes?,
and d) RFP edge confinement (in the presence of pressure driven modes).

'P.H. Rutherford, in Physics of Plasma Close to Thermonuclear Conditions, edited by B.
Coppi, et al. (Pergamon Press, 1981), Vol. I, p. 143.
2F. Wagner, et al., Phys. Rev. Lett. 53, 1453 (1984).

*Work supported by the U.S. Department of Energy.
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Quasilinear Theory of Cyclotron Instability

in the Presence of Electron Cyclotron Resonance Heating#®

R. E. Aamodt and B. Hafizi
Science Applications International Corporation
Plasma Research Institute

934 Pearl Street
Boulder, Colorado 80302

A bounceraveraged relativistic quasilinear system of equations is
derived to study the cyclotron maser instability of electrons heated by
means of externally generated cyclotron waves. Perturbative solutions
of the system of equations are used to determine the evolution of the

cyclotron maser instability and the possibility of a stationary state.

*Work supported by U. S. Department of Energy Contract DE-AC03-76-ET53057.
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Details of Tokamak Ballooning Stability
with Energetic Particles*

N. Dominguez, J.W. Van Dam and M.N. Rosenbluth
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The introduction of highly energetic trapped particles into a tokamak can stabilize
MHD ballooning modes and allow direct access to the high-beta regime of second stability.’
By considering a smoothed—out poloidal profile for the pressure of the hot particles, we find
that the stabilization of ballooning modes is less enhanced than in the previous calculations
in which a sharp profile was considered. For both the smoothed—out and sharp pressure
profiles, we are able to derive an improved estimate of stability by means of a variational
refinement of the Schwartz inequality used to obtain a lower bound for the trapped particle
potential energy. Finally, we present analytical and numerical studies of how the stability
boundaries are modified for ballooning modes that peak off the midplane.

! M.N. Rosenbluth et al., Phys. Rev. Lett. 51, 1967 (1983).
*This work supported by the U.S. Department of Energy.
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CALCULATION OF THE FULLY RELATIVISTIC DIELECTRIC TENSOR IN THE EC RANGE*

S. Tamor
Applied Plasma Physics and Technology Division
Science Applications International Corporation
La Jolla, California 92038

Although relativistic corrections to absorption and emission in magnetized
plasmas have long been known to be very important, it is only recently that the
importance of relativistic effects in plasma dispersion has also been
demonstrated [1]. It was shown that, for 90° propagation, relativistic effects
drastically modify the cold plasma dispersion relation even at temperatures as
low as 70 keV. We report here upon the development of a code to extend this work
to all directions of propagation as well as more general electron distribution
functions. The code 1is based upon a new representation of the plasma
conductivity tensor [2] suitably generalized to anisotropic plasmas, and covers
both arbitrary direction of propagation as well as the anomalous dispersion case
when )% > 1. The paper will include a derivation of the underlying
representation for the conductivity tensor, and discussion of the method of
implementation. Preliminary numerical results will be presented.

Ip. B. Batchelor, R. C. Goldfinger, and H. Weitzner, Phys. Fluids 27, 2835
(1984) .

21. Weiss and H. Weitzner, to be published.

*Work supported by US DOE.
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Pellet Ablation in a Helical Reversed Field Pinch#*

J. C. DeVeaux
Phillips Research Center
Phillips Petroleum Company
Bartlesville, OK 74004

In-situ pellet ablation experiments have been-attempted before in tokamak
devices with some interesting results.1 Recently, there has been interest in
doing in-situ ablation experiments on OHTE/RFP machines with the goal of
increasing plasma density during a plasma discharge. Using an improved neutral
ablation model,2 pellet lifetimes are estimated to be ~ 3 msec for a frozen
hydrogen pellet (0.35 mm in diameter and 0.80 mm in length) which ablates during
current ramp up in the helical reversed field pinch, OHTE. The effects of high

speed pellet injection on OHTE plasmas will also be theoretically discussed.

* Work supported by Phillips Petroleum Co. and GA Technologies Inc., under a
Joint Research and Development Agreement (GA Ref. No. 01341).

F. B. Marcus, D. R. Baker, and J. L. Luxon, GA Report: GA-A16060 (1980).
S. E. Attenberger, W. A. Houlberg, and S. L. Milora, Bult. APS, 28 (1983).
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EFFECTS ON STABILITY
OF BALLOONING AND TEARING MODES
BY ECH IN THE DIII TOKAMAK®*

P.L. Andrews and V.S. Chan

GA Technologies Inc.
San Diego, California

The Doublet III tokamak has performed a series of electron cyclotron heating
experiments at 60 GHz with power levels up to 0.8 MW.! The power was launched
from the high magnetic field side in the extraordinary mode. The toroidal field was
By = 2.14 T and the plasma density, n (cm™3), was 1x101% < n < 8x 1013,

The discharges showed that (1) the confinement time deteriorated with power
input in similar way to neutral beam heating, and (2) global heating occurred even

when the central density was beyond the extraordinary mode cutoff.

It is clear that the ECH cannot be considered in isolation; its effects on the
temperature and density profiles must also be investigated. In order to clarify the
confinement issue we examine the temperature and current profiles produced by the
ECH for stability against ballooning and tearing modes. We use a combination of
ray-tracing and transport codes in this regime where the central density is below the

cutoff density.

We also investigate the possible mechanisms for global heating by the extraor-

dinary mode above the cutoff density.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
'K.H. Burrell et al., I.A.E.A. London, 1984.
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NUMERICAL RESISTIVE MHD SIMULATION
ON LONG TIME SCALES*

Douglas S. Harned

Courant Institute of Mathematical Sciences
New York University
New York, New York 10012

and
Dalton D. Schnack

Science Applications, Inc.
La Jolla, California 92038

ABSTRACT

A new method is presented for the numerical solution of
the time dependent nonlinear resistive MHD equations on long
time scales. The ultimate goal of the method is to eliminate
shear Alfven CFL time step restrictions so that simulations
may proceed on the resistive time scale without using arti-
ficially low values of the magnetic Reynolds number.

The technique used here is analogous to the semi-implicit
method of Harned and Kernerl for eliminating the fast mode CFL
constraint. All of the terms in the original ideal MHD equa-
tions are advanced explicitly with a predictor-corrector method.
However, unlike usual predictor-corrector methods, new higher
order ((At)z] terms are added to the corrector equation. These
new terms are treated implicitly. The coefficients for these
new "semi-implicit" terms may vary with time and are determined
from stability considerations. A spectral representation is
used in the 8 and z directions, and finite differences are used
radially. Additional computation time (compared to an explicit
scheme) is required for a single time step in order to solve a
block tridiagonal matrix equation. However, this additional
time is negligible compared to the time required for convolu-
tions when several modes are present. Preliminary numerical
results will be presented.

lD.S. Harned and W. Kerner, J. Comp. Phys., to be published.

*This work supported by U.S. Department of Energy Contract No.
DE-AC02-76ER03077.
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THEORY OF FISHBONE OSCILLATIONS
F. Porcelli, B. Coppi”

Scuola Normale Superiore, Pisa, Italy
Massachusetts Institute of Technology, Cambridge, MA 02139

The observation 1 of "fishbone oscillations" in nearly perpendicular
beam injected plasmas has led to investigate the excitation of internal
m°=1 modes in the presence of beam particle distributions. These modes
are characterized by a "singular" (transition) layer where the mode
undergoes fast variation, and an outer region where ideal MHD is valid.
The theoretical effort made in order to explain the observations has
taken two directions. One has focused on showing that the effects of
trapped particles are important for the outer region, in altering the
minimum value of the perturbed energy potential.2 Our analysis
instead3 has started from the observation that when the electromagnetic
m°=1 mode is driven near or past the condition of ideal MHD stability
by the rising value of the plasma B parameter, it acquires a frequency

of oscillation about equal to w (core-ion diamagnetic frequency),

*1
whose value, for typical PDX parameters, is consistent with that
experimentally observed. Given this fact, one can explain the experi-
mentally observed scattering process of the injected beam particles
precessing at the magnetic drift frequency as a byproduct of the
excited mode. WNotice that this picture also explains the sawtooth
events with a frequency of 4+10 kHZ and phase velocity in the
direction of the ion diamagnetic velocity (contrary to the recon-
necting case), which were observed in PDX for plasma parameters

near the m°=1 marginal stability boundary, and which also involved
large ion losses.4 Therefore, we have undertaken a comprehensive
analysis of this mode, recognizing the key role that the transition
region and the complete evaluation of the mode profile play in order
to arrive at a consistent theoretical picture. A Fourier-space
representation that includes the appropriate energetic iom gyro-

. . 5
radius effects is used.

lD. Johnson et al., Proc. IX IAFA, Baltimore, 1982; K. McGuire et al.,

Phys. Rev. Lett. 50, 891 (1983).
2L. Chen, R.B. White and M.N. Rosenbluth, Phys. Rev. Lett. 52, 1122 (1984).

3B. Coppi, Varenna Workshop on Plasma Transport (1982); B. Coppi, PPPL
Workshop on Bean-Shaped and High-B8 Tokamaks, Princeton, April 1983;
M. Velli, F. Porcelli and B. Coppi, Bull. Amer. Phys. Soc. 29, Oct. 1984.

4J.D. Strachan et al., PPPL Report 2165, Princeton, 1984.

5F. Pegoraro and T.J. Schep, Bull. Amer. Phys. Soc. 29, Oct. 1984, and
Rijnhuizen Report 84/051, Nievwegein, 1984.
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NUMERICAL SOLUTIONS OF ICRF FIELDS
IN AXISYMMETRIC MIRRORS
M. W. Phillips
Grumman Aerospace Corporation
105 College Road East
Princeton, New Jersey 08540
ABSTRACT
The results of a new numerical code called GARFIELD (Grumman
Aercospace RF fIELD code) that calculates ICRF fields in axisymmetric
mirror geometry (such as the central cell of tandem mirror or an
RF test stand) are presented. The code solQes the electromagnetic
wave equation using a cold plasma dispersion relation with a small
collision frequency to simulate absorption. The purpose of the
calculation is to examine how ICRF wave structure and propagation
is effected by the axial variation of the magnetic field in a
mirror and for various antenna designs. in the code the wave equation
is solved in flux coordinates using a finite element method. This
should allow more complex dielectric tensors to be modeled in the
future. The resulting matrix is solved iteratively, to maximize the

allowable spatial grid, using alternating direction SLOR method.

Results for a typical antenna array in a simple mirror will be shown.
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THE APPLICATION OF LIE TRANSFORM PERTURBATION METHODS TO
HAMILTONIAN FIELD THEORIES*

B. M. Boghosian
Lawrence Livermore National Laboratory
University of California
Livermore, California 94550 USA

The method of Lie transforms has enjoyed agreat successes in applications
to finite dimensional Hamiltonian systems. 1In this work, we extend the method
to possibly noncanonical Hamiltonian field theories, and show that it‘is a
natural generalization of Ray]eigh-Schrodihger perturbation theory. In a
finite dimensional phase space, a Lie transform is a near-identity canonical
transformation, z' = exp(e {W, })z, generated by a single scalar phase
function, W. The technique is still valid in the continuum 1imit, where the
generator W is now a functional of the field variables.

Several techniques for dealing with resonances are discussed. In
particular, box quantization is a useful tool for discretizing modes so that
the averaging process used in the Lie transform technique may be carried out
unambigously; once this is done, we may pass back to the continuum 1imit.

Applications to systems of interest in plasma physics such as the
Zakharov equations, as well as several quantum mechanical examples are

presented.

R ; 4

*Work per%ormea under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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MHD. Stabilizati ¢ High 4 Mi Pl
Partially Enclosed by Conducting Wall.s

Xing Zhong Lix* and Barton Lane
Plasma Fusion Center, Massachusetts Institute of Technology

An MHD formulation is used to study a wall stabilized high g mirror plasma
with isotropic pressure. The stabilizing wall extends axially only a part
of the distance between the mirror midplane and throat. We model this
arrangement using a wall that approaches the plasma surface in the bad
curvature region and is distant from the plasma in the good curvature

region. A variational method is used to sclve the equation in the distant

(1],

wall region and an iterative method" “is used to sclve the equation when the
wall is close to the plasma. A jump condition is used to connect the
regions of close and distant plasma-wall proximity. The results show that
for a low mirror ratio case more conducting wall surface is needed for
stability than in the high mirror ratio case. This agrees with the physical

mechanism of the wall stabilization.

[1] Kaiser, T.B. and Pearlstein, L.D. UCRL-91320. (1984)

* Supported by D.0.E. Contract No. DE-AC0O2-78ET 51013.

*¥  Permanent address: Modern Physics Institute. Dept. of Physics.
Tsinghua University, Beijing, China
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TEARING AND BALLOONING STABLE HIGH S8 TOKAMAKS *

M.S. Chu, J.M. Greene, F.J. Helton, J.S. Kim,
J.K. Lee, and R.W. Moore

GA Technologies Inc.
San Diego, California

Maximum achievable 8 of tokamaks stable to both tearing and ideal MHD bal-
looning modes is studied for a plasma with a circular cross-section. Full toroidal and
finite # effect is taken into account in the equilibrium and ballooning mode stability
investigation. For simplicity, however, these effects are first neglected for the tearing
mode. In optimizatidn procedure, globally smooth profiles are preferred. Locally flat-
tened pressure and current profiles are assumed to result from the quasilinear effect
of ballooning and tearing modes. The resultant optimum £ as a function of aspect

ratio and the distance to an external conducting wall is presented.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
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NONLINEAR INTERACTION OF DISSIPATIVE TRAPPED PARTICLE MODES
AND DRIFT WAVES WITH RF FIELDS IN THE ION CYCLOTRON RANGE OF FREQUENCIES*

V. Stefan and N. A. Krall
JAYCOR
San Diego, California

J. B. McBride
Science Applications International Corporation
La Jolla, California

We study the nonlinear interaction of a coherent arbitrarily polarized
electromagnetic wave 1in the ion cyclotron frequency range with dissipative
trapped particle modes and drift waves. We show that trapped particle modes
(w << @4, 94 is Tlocal ion cyclotron frequency) and low frequency drift waves
(w << 91) can be stabilized if the driver pump electric field exceeds the
critical value needed for suppression of their growth. Stabilization is a
direct consequence of resonant nonlinear coupling to ion cyclotron harmonic
sidebands. The influence of the RF field on diffusion induced by trapped

particle modes and drift waves is studied and results are applied to mirror and
tokamak environments.

*This work was supported by the U.S. Department of Energy.
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Flux Regeneration in ZT-40M at High €
and its Relation to the MHD Model*

R.A. Nebel and K.A. Werley

Los Alamos National Laboratory
Los Alamos, NM. 87545

In this paper, the following will be shown:

1.

Any toroidally asymmetric flux regeneration mechanism must arise from the
m=0 component of the dynamics.

The flux regenerat;on mechanism in ZT-40M at high © is toroidally
asymmetric.

m=0 single mode MHD instebilities always oppose flux regeneration.

m=0 magnetic perturbations driven nonlinearly by multi-~helicity m=1 tearing
modes can qualitatively produce asymmeiric flux regeneration, but it is
smaller than the symmetric component.

Hall effects may couple the spectrum in such & way as to enhance the

asymmetric component of the toroidal flux regeneration mechanism.

"Work performed under the auspices of the U.S. Departiment of Energy.
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NONLINEAR EVOLUTION OF COLLISIONAL DRIFT INSTABILITIES*

John F. Federici, W. W. Iee, and W. M. Tang
Plasma Physics Laboratory, Princeton University
P.0. Box 451, Princeton, New Jersey 08544

The nonlinear evolution of collisional drift waves in a shear-free slab
has been investigated by using gyrokinetic particle simulation techniques and
also by solving, both numerically and analytically, model mode~coupling
equations. In the simulation, which utilizes a scheme developed to study

2 is employed.

steady~state drift-wave turbulence,1 a Lorentz collision model
The saturation amplitude of the instabilities and the resulting particle
diffusion were observed to increase rapidly as a function of the electron-ion

collision frequency, V... The dependence of saturation amplitude on V has

e el
been confirmed by numer;cal solutions of mode-coupling equations in which the
collisions were represented by a one-dimensional diffusion model, 3 Analytical
studies, similar to those for the collisionless drift instability, 1 indicate
that the dominant mechanism for saturation is the nonlinear E X B convection
of the electrons. This process acts to nullify the phase difference between
the density response and the potential, thereby shutting off the growth of the
instability. An analytic expression for the saturation amplitude in terms of
weak collisions has been derived. The result shows a dramatic increase in

amplitude even for Vei << Yg << W, where Yy is the linear growth rate. 1In

i
the highly collisional limit, an upper bound for the saturation is found to be
e¢/Te = (wg/ﬁi)/(klps)z, where gy is the 1linear mode frequency. The
corresponding quasilinear diffusion coefficient takes the well-known form of

Dqg = Y/kl2, which compares favorably with the simulation results.

'W. W. Lee, et al., phys. Fluids, 27, 2652 (1983).

%R, shanny, et al., Physics of Fluids, 10, 1281 (1967).
3A. Lenard and I. B. Bernstein, Phys. Rev. 112, 1456 (1958).

*This work is supported by U.S. DoE Contract No. DE-ACO2-CHO-3073.
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MODEL CALCULATIONS ON THE TILT STABILIZATION OF LARGE-ORBIT RINGS
BY ANGULAR MOMENTUM
K. Kupfer and H. H. Fleischmann
School of Applied and Engineering Physics
Cornell University
Ithaca, NY 14853

The angular momentum carried by the fast particles has been sug-
gestedl as cause for the observed tilt stability of large-orbit electron
rings.2 To test this hypothesis, we have performed a model calculation
on the tilt stability of a rotating rigid ring carrying currents suffic-
ient for field-reversal and an angular momentum equal to that of the
fast particles; as in the case of the experiments, the ring is suspended
in an axial field BZ and surrounded by a resistive medium. Calculating
the resistive image currents in the medium and their influence on the
ring motion, we find two possible modes depending on the strength of
coupling of the ring to the image currents, They are a '"fast" mode in
which the ring precesses on a normal precessional time scale, and a
"slow" mode in which case the ring axis is frozen by the image fields.
In both cases though, the tilt angle between the axis and the external
magnetic field will increase on a time scale equal to that of the resis-.
tive iﬁage currents, 1.e., the rings are unstable with growth times com-
parable to the decay times of the resistive image currents. Applying

this model to the experiments,2 it appears that the angular momentum is

not sufficient to explain the observed stability.

1. e.g. R. N. Sudan and P. Kaw, Phys. Rev. Lett. 47, 575 (1981); also
T. K. Fowler et al., private communication.

2. e.g. D. A. Phelps et al. Phys. Fluids 17, 2226 (1974).

* Work supported by DOE Contract #DE-AS02-76ET53017
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Nonlinear Ion Motion and Stochasticity Induced by ICRF

in the Center Cell of a Tandem Mirror*

B. Hafizi
Science Applications International Corporation
Plasma Research Institute

934 Pearl Street
Boulder, Colorado 80302

It is often the case that the antennae employed in experiments, where
rf waves enhance MHD stability, produce more than one azimuthally propagating
ion-cyclotron wave. We have studied the motion of ions in the center-cell of
a tandem mirror in the presence of two azimuthally oppositely propagating
left-hand polarized ion-cyclotron waves. Sufficiently far from resonance
between the cyclotron freguency and the rf frequency the motion of ions is
laminar and the ponderomotive drifts of the guiding-centers are derived.
However, rough estimates of the parameters corresponding to the Phaedrus
experiment at Wisconsin indicate that a substantial fraction of ions have
stochastic motion with a decorrelation time that may be comparable to the
grad B and curvature-drift time scales. Under such circumstances the rf
is expected to affect the hydromagnetic stability of the machine in a way
quite unlike that currently envisaged where the ponderomotive force essentially

reverses the curvature drift of ions in a purely laminar fashion.

*Work supported by U. S. Department of Energy Contract DE-AC03-76-ET53057.
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*
THE NONLINEAR BEHAVIOUR OF THE LINE TIED INTERCHANGE

S.C. Cowley, R.M. Kulsrud, and D. Ho
Princeton Plasma Physics Laboratory
Princeton, NJ 08544

As a model for the nonlinear evolution of the MHD ballooning modes we
considered the tied gravitational interchange mode. Carrying out an expansion
in which the aspect ratio of the plasma 1is ordered to be comparable to the
strength of the gravitational field a reduced set of equations is obﬁained. A
further expansion treats the margin of linearized instability as small leading
uava nonlinear equation for the displacement &. This equation has a single
nonlinear term which saturates the mode. The physics of the saturation

process will be discussed and some special solutions of the nonlinear equation

given.

*This work supported by U.S. DoE Contract No. DE~ACO2-76-CHO-3073.
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MONTE CARLO MODELING OF ICRH EXPERIMENTS IN STM AND TMX-U*

T. K. Samec

TRW
Energy Technology Division
One Space Park Drive

Redondo Beach, California 90278

The Monte Carlo lon Cyclotron Code(]’z) has been applied to identify
the processes which control the heating, fueling and confinement of plasmas
in two tandem mirror experiments. In the TRW Symmetric Tandem Mirror, ICRH
is applied to the central cell to form high ion pressure plasmas (8 < 5%) to
study the MHD stabilization properties of ELMO rings. Central cell ICRH in
TMX-upgrade is used to reduce the collisionality of passing ions thereby
reducing thermal barrier filling by Coulomb scattering.

The calculations show that for both experiments, the charge exchange
rate is sufficiently faster than.pitch angle scattering to preserve the
high anisotropy induced by resonance heating in the distribution function.
The axial ion density profiles are then peaked near cyclotron resonance.
Assuming that the charge neutralizing background electrons are in pressure
balance with an axial electrostatic field (Boltzmann), such density profiles
lead to the formation of large axial variations of the electrostatic poten-
tial. These electric fields, in turn, play a critical role in regulating
the fueling of the resonantly heated ion population. An accurate determina-
tion of the distribution of neutral gas(3) becomes essential to the prediction
of the properties of the final state.

Comparisons between Monte Carlo, Fokker-Planck(h) and experimental

results will be presented.

(1) T.K. Samec and B.l. Hauss, Bull. Am. Phys. Soc. 28, 1047 (1983).
(2) T.K. Samec, Bull. Am. Phys. Soc. 29, 1339 (1984).

(3) B.l. Hauss and T.K. Samec, these proceedings.

(4) R.B. Campbell and G. Dimonte, Bull. Am. Phys. Soc. 29, 1189 (1984).

* Work supported by US DOE DE-AC-03-79ET51017, TRW Subcontract to LLNL
(#3441805) and TRW IR&D funds.
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Rate Equations for a Tandem Mirror Plasma *

W. M. Newvins, B. M. Boghosian, R. P. Freis, J. M. Gilmore, and M. E. Rensink
Lawrence Livermore National Laboratory
University of California
Livermore, Ca 94550

We consider rate equations describing the evoluticn of the number and energy content
of multiple groups of particles that are trapped in distinct (possibly overlapping) regions
of a tandem mirror. The distribution function of each group of particles is parameterized
with, for example, a temperature and a number density. The bounce ave;aged kinetic
equation is then used to obtain equations for the evolution of these parameters.

In addition to collisional transfer of particles and energy from one group of particles
to another, we find that changes in the electrostatic potential, ¢ or the magnetic field, B
cause particles and energy to flow between particle groups that are trapped in overlapping
regions. This results in terms in the rate equations for n and T that are proportional to
d¢/dt and dB/dt. These terms directly couple the equations of evolution for the particle
number and energy content to the equations of evolution for the fields ¢ and B. At low
plasma pressures, when § < 1, the d¢/dt terms are most important, so we focus on these.
terms. The4#iéglect of the d¢/dt terms when solving the coupled equations for the evolution
| of the particle number and the electrostatic potential is shown to lead to a non-physical
instability.

The formalism described here is currently being implimented in the tandem mirror

modeling code TREQ at LLNL. Preliminary results from this code will be presented.

* Work performed under the Auspices of the U.S. Department of Energy by the Lawrence
Livermore National Laboratory under contract number W-7405-ENG-48.
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Nonlinear MHD Studies
of the CTX Spheromak*

AA. Mirin
National Magnetic Fusion Energy Computer Center
Lawrence Livermore National Laboratory
Livermore, California 94550

A.G. Sgro
Los Alamos National Laboratory
Los Alamos, New Mexico 87544

MAD simulations of the CTX gun-injected Spheromak1 at Los Alamos
National Laboratory are presented. The simulations are carried out in
toroidal geometry with a three-~dimensional, compressible, nonlinear,
resistive MID code. Cylindrical coordinates are used. The principal
dependent variables are represented in a 1-D Fourier series:

N
U(r,¢,2z) = U (r,z) + 2 [Upe(rs2z)cosnd + U, (r,z)sin nl.
n=1
Because only low mode numbers are of interest, the toroidal (¢) direction is
treated in a purely spectral manner; finite differencing is performed in the
r and z directions.

The initial conditions consist of an equilibrium2 known to be unstable
to an n = 2 kink along with perturbations computed by an ideal linear
stability code3., Simulations are performed for various values of magnetic
Reynolds number S, various initial perturbation levels, various mesh sizes
and mode numbers, etc. The 3D magnetic fields are fed into the TUBE codea,
which traces magnetic field lines and outputs puncture plots in several
poloidal planes.

References
[l1] T.R. Jarboe, et al., Phys. Fluids 27, No. 1 (1984), 13.

[2] A.G. Sgro, et al., "Quasistatic Evolution of Compact Toroids," Tenth
Conf. on Numerical Simulation of Plasmas, San Diego (1983), 2Clé6.

[3] G.J. Marklin, "MID Stability of the Spheromak," U. of Maryland Report
P283-039 (1983).

[4] N.J. 0’Neill and A.A. Mirin, "TUBE, a Field Line Integrator Code,"
LIBRIS Abstract P81, NMFECC, Livermore; see also J. Killeen, et al.,
LLNL Report UCRL-50161 (1967). ‘

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore Natiomal Laboratory under Contract No. W-7405-ENG-48.
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FRC DIFFUSION MODELLING: NEW APPROACHES

S. Hamasaki and N. A. Krall
JAYCOR
San Diego, California

In earlier work, we developed a one-dimensional numerical model of the
theta pinch, which included microturbulence as well as other kinetic effects,
and was well benchmarked with experiment. We successfully applied this model
to particle confinement in the FRC by including axial pressure balance and

1 In the present work, we have modified

appropriate radial boundary conditions.
this 1-D code such that the communication between the outside and the inside
region, inherent in the FRC, is exactly taken into account through flux
tubes. We use non-flux coordinates so that the null point (BZ = 0) does not
give any special difficulty. The new scheme for flux line equilibration is

exact.

Secondly, a new approach to FRC modelling is proposed and discussed. In
this approach, ions are treated as particles in 2-D (r, z) and electrons are
treated as a fluid. MHD-1ike modes (e.g., m = 1 tilting, flute, or internal
kink modes) are numerically simulated by a linear treatment of the 6 (toroidal)
dependence. Linear modes thus obtained are included in the original 2-D
equation in a quasilinear fashion to determine the time evolution of 6-averaged
quantities. This type of transport code should self-consistently calculate FRC
transport including the effect of MHD-like instabilities, if they exist. In
the stability analysis, ion kinetics are fully built in, to give an accurate
picture of kinetic MHD behavior.

1. ?. HaTasaki, Proc. of Int. Conf. on Plasma Physics, Nagoya, Japan, p. 176
1980).
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RESISTIVE BALLOONING MODES DRIVEN BY ANOMALOUS TRANSPORT
EFFECTS

BY

A, K. SUNDARAM
PLASMA PHYSICS PROGRAMME
PHYSICAL RESEARCH LABORATORY

AHMEDABAD 380009, INDIA

ABSTRACT

The stability of resistive ballooning modes is examined

in the presence of anomalous electron viscosity and radial
thermal conductivity, using the Braginskii's two fluid 4
equations, Choosing appropriate model terms to simulate

these effects, a generalized set of coupled second order
differential equations is derived in the ballooning space.

By employing variational formalism as well as asymptotic
matching technique, the analytical results are particularly
discussed in two interesting frequency regimes, namely Scs/gR
£ 1W1£C/d R and IWEHC /gR where C, is the sound speed,gdR,
the connection length and S is the magnetic shear parameter.
Detailed calculations show that the anomalous thermal transport
term excites new m=l type resistive ballooning mode ( 103} D>
Cs/g R) with large growth rate depending mainly on temperature
gradient coupled fluctuations term. The excitation of m=2
type (or A' - driven) mode, on the other hand is found to be
significantly influenced by electron viscosity and radial
thermal conduction terms., The additional effect of parallel
electron thermal conduction is shown to enhance the growth of
‘Af- driven modes. The relevance of these results to currently
observed electron heat transport;in tokamaks will be discussed,
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DETERMINATION OF THE AXIAL STRUCTURE OF THE
TRAPPED PARTICLE MODE IN TANDEM MIRRORS VIA HALO COUPLING*#
Amiya K. Sen

Plasma Research Laboratory
Columbia University, New York, NY 10027

Abstract

The axial structure of the collisionless trapped particle mode has
- been approximately deduced via a variational principle as a rectangular
function localized in the central cell (1). However, this ideal
structure is unphysical in the sense that it implies infinitely large
axial electric field at the ends of the central cell. There is no
significant physical damping mechanism in the central cell which can
tfuncate the short wavelength part of the spectrum of the ideal eigen-
function. The search for such a relevant physical damping mechanism has
led to the halo coupling of the trapped particle mode. The radial
coupling of the trapped particle mode to the halo plasma, can excite ion
acoustic modes which are strongly damped5ét short wavelengths. This
mechanism can easily smooth out the ideal rectangular structure. An
approximate model of this halo coupling has been formulated and crudely
solved. Approximate results indicate significant departure from the
ideal rectangular structure and reduction of the growth rate. Other
physical mechanisms which may be relevant for the Columbia Linear

Machine will be discussed.

(1) H. L. Berk, M. N. Rosenbluth, H. V. Wong, T. M. Antonsen and D. E.
Baldwin, Soviet Journal of Plasma Physies, 9, 108, (1983).

#Research supported by DOE grant DE-FG02-84ER53182.
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LBL-19199a
Covariant Dynamics of Guiding-Center Plasma,
of Oscillation-Center Plasma, and of
Dissipative Plasma*

A. N. Kaufman'and P. L. Similon
Lawrence Berkeley Laboratory and Physics Department
University of California
Berkeley, CA 94720

and

B. M. Boghosian
Lawrence Livermore National Laboratory
Livermore, CA 94550

A Lorentz-covariant approach to guiding-center theory has the
advantage of incorporating electric fields in a natural way [1]. We
formulate a relativistic Lagrangian action principle for a Vlasov
guiding-center plasma coupled to self-consistent slowly varying
electromagnetic field. The Noether algorithm yields the local
(gauge-invariant) energy-momentum conservation law. The momentum law, in
the non-relativistic limit, is of particular interest for fusion plasma.
The perturbation by an eikonal wave is then treated by a covariant Lie
transform, yielding the ponderomotive Hamiltonian and the linear
susceptibility, i.e., a covariant form of generalized gyrokinetics.

Because Hamiltonian perturbation theory violates manifest gauge
invariance, we re-examine the oscillation-center Lie transform for a free
particle in a weak but general electromagnetic field, in terms of
Littlejohn's differential-form perturbation theory [2]. The transformed
Lagrangian action principle for waves and oscillation centers exhibits
ponderomotive effects in gauge-invariant form.

To deal with dissipative effects, such as wave-particle resonance, in
a covariant and self-consistent way, the dissipative-bracket formalism is
generalized to be Lorentz-covariant. Local laws for energy-momentum
conservation and entropy production are built into the algebraic
structure [3].

1. D. M. Fradkin, "Covariant Electromagnetic Projection Operators ...,"
J. Phys. A, 1069 (1978).

2. R. G. Littlejohn, "Hamiltonian Perturbation Theory in Noncanonical
Coordinates,” J. Math. Phys. 23, 742 (1982).

3. A. ¥N. Kaufman, "Lorentz-covariant Dissipative Lagrangian Systems,"
LBL-19116, submitted to Phys. Letters A.

* This work was supported by the U. S. Department of Energy under
Contract Ho. DE-AC03-76SF00098.

Sherwood Theory Meeting, Madison, WI., April 1985.



25-15

SHERWOOD THEORY MEETING 1985
Madison, Wisconsin
April 15 to 17

Self-Consistency Constraints on Turbulent Electromagnetic
Relaxation and Transport in Collisionless Plasma®*

P.W. Terry, T.S. Hahm, and P.H. Diamond
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Turbulent magnetic fluctuation induced transport is commonly considered to be
an important agent for confinement degradation in fusion devices. In this investigation
we look beyond quasilinear theory to consider the constraints on collisionless turbulent
relaxation imposed by improved treatment of self-consistency conditions.

The principal results of this investigation are: i) An improved (Lenard-Balescu)
equation for the evolution of the electron distribution function in the presence of electro-
magnetic turbulence is presented. It is shown that for a collisionless drift-Alfvén system
constructed using standard assumptions, electron magnetic transport effects vanish in a
local analysis. This result is a consequence of accounting for self-consistency and momen-
tum and energy conservation, and of the basic structure of the drift kinetic equation and is
insensitive to the details of renormalized turbulence theory. However, we emphasize that
this result is restricted to cases of stationary, collisionless turbulence. ii) A simple physical
argument which sheds light on the result of i) has been constructed. It is shown that
for localized (i.e., granular) phase space density fluctuations, the well-known ambipolarity
constraint’ on magnetic transport applies to e/l moments (including energy). Contact with
“mixing length” intuition is made.

The relationship of these results to rotation damping, ambipolarity and various
detailed instability mechanisms will be elucidated. Also, recent thermal transport? and
dynamo® models will be discussed in the light of this theory.

IR. E. Waltz, Phys. Fluids 25, 1269 (1982).
2B. B. Kadomtsev, O. P. Pogutse, IAEA 1984.
8A. Jacobsen, R. Moses, LA-UR-85-3440, 1984.

*Work supported by the U.S. Department of Energy.
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ABSTRACT FOR THE 1985 SHERWOOD MEETING
CURRENT—CONVECTIVE HEAT LOSSES IN REVERSED-FIELD PINCHES

by

7

J. P. Mondt and J. Weiland

Los Alamos National Laboratory, P. 0. B. 1663, NM 87545, U. S. A.

Recently, current—convective excitations have been recognized as a possible
source of enhanced edge transport in reversed-field pinches.1 The present
nonlinear analysis is carried out on the basis of a two—fluid model including
the effects of parallel current and thermal conductivity, eleciron
compressibility, thermal forces, ion imertia and viscosity for time scales
slower than the resistive diffusion rate across a perpendicular wavelength.
Neglecting the effects of demnsity gradients a set of mode—coupling equations is
analyzed numerically (240-400 modes). The resulting edge heat diffusivity is
found to be roughly equal to D = cT/(eB) v, /(lp @, ;). where 1, is the
temperature gradient scale length in the edge, v, is the parallél electron
drift velocity and Wai is the ion gyrofrequency.

i

The level of magnetic field fluctuetions associated with these thermal
excitations is found to be about 1% in the saturated state, indicating the
possibility of thermal excitations as a cause of field line wandering in the

edge of reversed—field pinches.

Reference 1: J. P. Mondt and J. Goedert, Los Alamos National Laboratory Report
LA-UR—-84-2877.

" .Permenent Address: Chalmers University of Technology, S41286, Gothenburg,

Sweden.

The work was done under the auspices of the US Department of Energy.
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STATISTICAL THEORY OF STRONG
LANGMUIR TURBULENCE

Guo-Zheng Sun and D. R. Nicholson
Department of Physics and Asironomy
The University of Iowa
Iowa City, Towa 52242

The cubic direct interaction approximation is applied to the

cubically nonlinear Schroedinger equation
i3¢ E(x,t) + 34°E + |E|2E - WE = O

where W is the spatial average of |E|2. This equation is one model of
strong Langmuir turbulence and is, in fact, a generic equation which
arises whenever a high-frequency wave is modulated by a slowly varying
perturbation. The statistical theory is applied to this equation
after spatial Fourier transformation to three, five, seven, and more
modes. In the undriven, undamped case the theory often does a good
job in predicting correlation times and final stationary amplitudes;
the theory always evolves to a final thermal equilibrium stationary
state. In the driven, damped case, the theory sometimes evolves to a
stationary state with statistical properties similar to those which

characterize the dynamical attractors.
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ENERGY CASCADES IN CONVECTIVE TWO-DIMENSIONAL BENARD TURBULENCE
C.G.}Schultz and R.N. Sudan

Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

Using our fully nonlinear, Cray-optimized spectral convection code
ASTER [1] we study the energy cascade in the Rayleigh-Benard problem [2].
The interaction of the numerically calculated- two—dimensional spectrum with
'the short wavelength modes outside the range of computation is taken into
account using self-damping coefficients calculated by Direct Interaction
Approximation (DIA) techniques. In the region beyond the Galerkin cutoff a
simple Kologorov-type equation [3] represents the amplitudes of an isotro-
pic spectrum, while the phase of the modes is not taken into account.
Spectra calculated by this technique will be presented and applicét;éns of

this method to fusion related problems will be discussed.

[1] c.G. Schultz and R.N. Sudan: Bull. APS 29, 1238 (1984).

[2] Y.M. Treve and O.M. Manley: Physica 4D, 319 (1982); J.H. Curry et al.:
J. Fluid Mech. 147, 1 (1984).

[3] R.M. Kulsrud and R.N. Sudan: Comm. Plasma Phys. Contr. Fusion 7, 47

(1982); R.N. Sudan and D. Pfirsch: to appear in Phys. Fluids. (June
1985).
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MHD EQUILIBRIUM AND STABILITY
OF CURRENT CARRYING TOROIDAL PLASMA*

T. Yamagishi, M.S. Chu, J.M. Greene, and J.K. Lee

GA Technologies Inc.
San Diego, California

The major disruption in tokamaks may be interpreted as the violation of toroidal
MHD equilibrium by certain symmetry breaking perturbations. The axisymmetric
equilibrium f-limit in tokamaks is usually higher than the Troyon limit from the
stability condition. The low-m helical modes which may be the kink or tearing modes
are usually observed as precursors before the major disruption. Here we investigate
the toroidal MHD equilibrium in the presence of helical perturbations induced by
MHD instabilities. In order to facilitate the three dimensional problem, the averaging
technique used in Stellarator! is applied, i.e., by averaging the helical magnetic field
and current induced by MHD instability over the deformed magnetic surface, and
superposing these averaged quantities to the equilibrium magnetic field and current,
and we will solve “renormalized” toroidal equilibrium to the first order of the inverse
aspect ratio. Since the averaged magnetic field and current do not satisfy the Maxwell
equation, they induce artificial force terms in the second order differential equation
for the toroidal displacement.? The determination of the equilibrium A-limit in the
presence of a single helical mode is underway by solving the renormalized differential

equation for the toroidal displacement.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
1J.M. Greene et al., Plasma Phys. 8, 145 (1966).
2T. Yamagishi, Phys. Fluids 27, 1467 (1984).
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SHAPE OPTIMIZATION FOR SMALL ELONGATED TOKAMAKS
F.J. Helton, J.M. Greene, R.W. Moore, and H. St. John

GA Technoiogies Inc.
San Diego, California

We have been using the GA Technologies ideal MHD equilibrium and stability
computer programs to investigate small elongated tokamak designs at variations in
relevant design parameters.!»?3 Such elongated tokamaks may achieve ohmic ignition
at moderate toroidal fields.! For such tokamaks at moderate elongation we have
determined an optimized @ stable to ballooning modes. This has been done for a
variety of shapes to include ellipses, racetracks, and beans. As expected, the bean-
like shapes have higher f# stable to ballooning modes but in order to obtain such
shapes more complex tokamak designs are required. We have also studied internal

kink stability and external kink stability for these shapes.

1R.W. Harvey et al., Ohmic Ignition of an Elongated Tokamak, this meeting.

2R.W. Moore et al., Equilibrium and Stability of Highly Elongated Tokamaks, this
meeting.

3H. St. John et al., Highly-Elongated Ideal Free-Boundary Magnetohydrostatic Equi-
libria, this meeting.




25-21

A MECHANISM FOR THE SPONTRNBEOUS GENERATION OF TORDIDARL
MREGNETIC FLUX IN A CONICAL THETA-PIRCH

Richard D. Milroy
Spectra Technology., IncC.
and
J.U. Brackbill
Ios Alamos Hational Laboratory

A toroidal magnetic field of comparable magnitude to the poloidal
field is observed to be spontaneously generated during the formation of a

(1)

spheromak in a conical 8-pinch Similarly, a significant net toreoidal

flux has been measured in an FRC after it was formed in a graded (conical)

6-pinch coil and translated into a flux conserving drift chamber(z).

(3,2) have shown that the Hall texm can lead to the

Numerical calculations
generation of toroidal magnetic fields during the early formation of FRC's,
however, a simple analysis shows that by itself, the Hall term cannot
account for the generation of significant net toroidal f£lux because both

pogitive and negative toroidal fields are generated.

We f£ind that an interaction of the Hall term and an anomalous plasma
resistivity can lead to the generxation of a net toroidal flux in these
devices. Detailed numerical calculations using the 2-D MHD code MOQUI,
predict a net toroidal flux of the same order of magnitude, but somewhat
smaller than that observed experimentally in the conical 6-pinch. The
predicted net toroidal flux for the FRI~C/T experiment is about an order of

magnitude smaller than that observed experimentally.

1. K. Wira, K. Kawai, Z.A, Pietrzyk, and R.D. Brooks,
Bull. Am. Phys. Soc., 29, 1242 (1984).

2. R.E. Chrien, and W.T. Armstrong, Bull. Am. Phys. Soc., 29, 1328
(1984),.

3. D.W. Hewett, Nucl. Fusion, 24, 349 (1984).

4. R.D. Milroy, and J.U. Brackbill, Bull. Am. Phys. Soc., 29, 1328
(1984).
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The ICRH wave propagation equations are expanded in 2 (p,6,4) flux
coordinate system with the wave electric field E expressed as
E=v Vino + U(B X Wnp). Because the mod-B surfaces in a D
stellarator are hyperboloidal in shape, we model the device as a
helically symmetric system (with ¢ the coordinate of symmetry). A
reduced set of ICRH wave equations are derived by an expansion in
€ = ah < 1, where a is the minor radius and h is the helical pitch.
The coefficients of these equations are simplified further by
considering a model MHD equilibrium with concentric elliptical flux

surfaces.

* Research sponsored by the Office of Fusion Energy, U.S. Department
of Energy, under Contract No. DE-AC05-840R21400 with Martin Marietta
Energy Systems, Inc.
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MAGNETIC WELL PROPERTIES OF MODULAR STELLARATORS*
by C. Lilliequist

Los Alamos National Laboratory

Los Alamos, New Mexico 87545

ABSTRACT

The existence of a magnetic well in vecuum is generally considered a
prerequisite for startup in any stellarator. Finite beta, current sheet
representations of the modular stellarators investigated in this study have
already shown the presence of a magnetic wellsl, but discrete coil
representations do not. A concern arising from numerical simulation is whether
the magnetic well found in current sheet representations could be an artifact of
the approximation. Comparisons are presented here between vacuum magnetic field
profiles from discrete coil, modular stellarators and those obtained from the
finite beta, current sheet models predicting on—axis magnetic wells. These
comparisions raise the question of the persistence of the magnetic well in the
finite beta, continuous current sheel approximation to very small beta, or when

the continuous current sheets are replaced by discrete coils.

Reference

1. F. Bauer, 0. Betancourt and P. Garabedian, Magnetohvdrodvnamic
Eguilibrium and Stability of Stellaretors, Springer—Verlag, New York, April,
1984 .

*Work performed under the auspices of the US Department of Energy.
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SYMMETRY-BREAKING HALF-COALESCENCE
IDEAL INSTABILITY ASSOCIATED
WITH m/a=1 TEARING ISLANDS*

J.K. Lee and M.S. Chu

GA Technologies Inc.
San Diego, California

Using an initial value method, we have confirmed a new instability which may
be involved in the collapse phase of the sawtooth instability. This mode is essentially
an ideal mode with fairly large growth rate. The magnetic perturbation is up-down
anti-symmetric, thus breaking the symmetry of the ¢=1 tearing island. The growth
rate characteristics and the flow pattern predicted by Bussac et al.! are found to be in
qualitative agreement with our computational results. Our equilibria are general ¢g=1
magnetic island structures obtained by allowing the tearing mode to grow nonlinearly.
The ideally unstable nature of these helical equilibria is confirmed through a linearized
code treating the helical quantities as equilibria. For example, 7 = 0.13 w4 for island
full width w/e = 0.73, and y = 0.054 w4 for w /e = 0.61 with vanishing resistivity and
viscosity. Although the flow eigenfunction found by the code shows characteristics
similar to the trial function used by Bussac ¢t al.,! the details are not the same.
The largest flow and magnetic perturbations are found near the z-point of the initial
tearing island in the code. The current sheet forms just outside as well as inside
the initial z-point. Even with finite resistivity and viscosity, the ideal §W calculated
with the eigenfunction found in our code was negative, indicating the ideally unstable
nature. The perturbed magnetic potential vanishes at the z-point of the initial tearing
island despite the use of finite resistivity. The final eigenfunction in the code does
not depend on the initial guess as long as the code is allowed to run for a significant
multiple of linear growth times. This was clearly shown when the initial flow pattern
180 deg out of phase from the usual initial guess of the Bussac-type generated the
fina] eigenfunction correctly. The nonlinear evolution shows a tendency toward a
symmetric magnetic geometry. The effects of finite resistivity and viscosity are also
explored.

*Supported by U.S. Department of Energy Contract No. DE-AT03-84ER53158.
IM.N. Bussac et al., Phys. Lett. 105A, 51 (1984).
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INDUCTIVELY DRIVEN CHANGES IN TOKAMAK PROFILES*

Glenn Bateman
Plasma Physics Laboratory, Princeton University
Princeton, NJ 08544
Changes in profiles of current density, pressure and
particle density are computed as a result of: (1) a rapid
change in the cross-sectional shape of the plasma for circular
to bean shaped; (2) adiabatic compression along the major radius
followed by free expansion; and (3) rapidly heating the plasma
to high beta. These profile changes are computed using the
1 1/2 D BALDUR upgrade transport code. aAxisymmetric equilibra
are computed in this version of BALDUR by using the steepest
descent moments code developed by Hirshmanal Particular atten-
tion is paid to the profiles in the transition region between
the highly conducting core of the plasma and the highly resistive
annular region surrounding the plasma. As the core of the plasma
pulls away from the limiter when the cross section is elongated,
for example, low pressure and low current density plasma is pulled

in, becomes heated and carries inductively driven current.

*Work supported by the US DOE Contract No, DE-AC02-76~CHO-3073,

lS,P. Hirshman and J.C. Whitson, Phy. Fluids 26 (1983) 3553.
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NEW APPROACH TO THE STUDY OF WAVES IN
COLLISIONLESS AND COLLISIONAL PLASMAS*
Steven P. Auerbach
Lawrence Livermore National Laboratory

University of California
Livermore, California 94550 USA

! provides a

The recently developed FLR-corrected collision operator
powerful new method for the stuay of transport. The philosophy and formalism
of this approach may be extended to the study of collisionless or collisional
waves in plasmas. Several examples will be presented. The first examp]e‘is a
general equation for waves in a co11ision1ess; inhomogeneous plasma. The
kernel of this equation involves the so-called symplectic matrix aZi(t)/BZj(t'),
which measures the effect on unperturbed orbits of a small displacement of
coordinate Zj at time t' on the coordinate Zi at time t. The second
example is a treatment of collisional damping of Langmuir waves. The
calculation proceeds by perturbing about zero-order orbits derived via the
Langevin equation, which describes single-particle motion under a random
force. The key ingredient of the calculation is the ensemble-averaged wave
phase <exp ikex> seen by the particle along its unperturbed random orbit.

The calculation agrees with previous resu]ts.2’3’4

1. S.P. Auerbach, Finite-Larmor-Radius Corrected Collision Operator - A
New Approach to Solving the Kinetic Equation, submitted to The Physics
of Fluids.

2. A. Lenard and I. Bernstein, Phys. Rev. 112, 1456 (1958).

3. C.H. Su and C. Oberman, Phys. Rev. Lett. 20, 427 (1968).

4. S.P. Auerbach, Phys. Fluids 20, 1836 (1977).

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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Kinetic Theory and Simulation of Milti-Species Plasmas
in Tokamaks Excited.with ICRF Microwaves*

G.D. Kerbel and M.G. MCoy
National Magnetic Fusion Energy Computer Center
Lawrence Livermore National Laboratory
Livermore, California 94550

Advanced wave models used to evaluate ICRH in tokamaks typically use warm
plasma theory and allow inhomogeneity in one dimension. Generally, the
geometry is cylindrical with the radial coordinate corresponding to the
major radius of the tokamak. The majority of these calculations neglect
the fact that gyrocenters experience the inhomogeneity via their motion '
parallel to the magnetic field. These so called non-local effects of
rotational transform and toroidicity can play a significant role in both
the propagation and the absorption physics from the .point of view of the
wave dynamics. Myreover, insofar as the ICRH competes with collisional
relaxation of the particle distributions it can induce ncoclassical radial
diffusion at the same order in p_/a. Few authors deal with the inevitable
effect wave damping must have on the underlying particle distribution
function supporting the wave and the associated  changes produced in the
absorption. The most common approach is to use Maxwellian absorption
rates.

We have attempted. to advance the state of the art by developing a
bounce-averaged Fokker-Planck quasilinear model which evolves the
population of particles on more realistic orbits. Each wave=-particle
resonance has its own specific interaction amplitude within any given
volume element; these data need only be generated once, and appropriately
stored for efficient retrieval. The population of wave quanta present
within the same volume clement determine the overall: strength of the
diffusion. The wave-particle resonant interaction then serves as a
mechanism by which the diffusion of particle populations can proceed among
neighboring orbits. The local specific spectral cnergy absorption rate is
directly calculable once the orbit geometry and populations are determined.
The code is constructed in such fashion as to accomodate wave propagation
models which provide the wave spectral energy density on a poloidal
cross—-section. In principle, accurate dispersion properties of the medium
are also calculable, since the particle distributions are known, though
more simplistic auxilliary models for wave propagation might be used as
well within the context of a hybrid scheme. Information provided by the
calculation ingludes the local absorption (and dispersion) properties of
the medium which can then be exploited to evolve the wave field.
Experimental diagnostics such as a scanning charge-exchange analyzer
simulator are provided as a calibration tool with which to compare various
wave propagation models with respect to a common set of experimental data.

*York performed under the auspiées of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under Contract No. W-7405-ENG-48.
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8y accoptance of this article, the  ANTSOTROPY OF THE ELECTROSTATIC POTENTIAL IN EBT AND EBS™

publisher or recipient acknowledges
the U.S. Government’s right to

Ir.etain a nanexclusive, royalty-free C. L. Hedrick
icense in and to any copyright i i
Covermanand 19 an Dak Ridge National Laborator

P.0. Box Y, Oak Ridge, TN 37831

Here we develop an analytic expression for the experimentally observed
poloidal asymmetry of the electrostatic potential, ¢, in EBT and apply
this expression to the ELMC Bumpy Square (EBS). The theory is
motivated by the experimental cbservations that: (1) there are at least
three disparate populations of electrons in EBT (bulk electrons, "warm"
electrons, and the hot electron rings); and (2) ¢ scales with the
"warm" temperature. A multiple Tluid theory gives a hierarchy of
equations —— the lowest order equations being those of magnetic
equilibria and radial transport. The new feature is the poloidal
variation of macroscopic quantities — particularly those associated
with the "warm" electrons. The poloidal variation in ¢ can be obtained
from the warm electron transport equations provided one uses the
dominant behavior of the other "fluids" to relate the asymmetry in ¢ to
the asymmetry in the warm density via quasi-neutrality.

If one takes the isotropic limit for the warm electrons, one finds that
the asymmetry in ¢ is proportional to the asymmetry in ¢dZ/B. In EBT,
the warm ?roup was observed to be anisotropic. However, aﬁplying the
more complicated anisotropic expression shows that in EBT the asymmetry
ind is relatively independent of anisotropy (because toroidal effects
are uniformly distributed) and either expression is in accord with
experimental observation.

For EBS the toroidal effects are concentrated in the corners and
anisotropy is important. ror EBS, the expression predicts a two order
of magnitude reduction in the asymmetry of the potential —— one order
of magnitude occurs because of overall improvement of particle orbits
(dd!/B? and the other order of magnitude occurs because trapﬁed
particle orbits are perfectly symmetric. This reduction in ¢ asymmetry
is important because, as discussed in reference [1], it virtually
eliminates convective losses for the bulk electrons which can be an
order of magnitude grester than diffusion/conduction iosses.

* Research sponsored by the Office of Fusion Eneroé, U.S. Department
of Energ%, under Contract No.  DE-AC05-840R21400 with Martin
Marietta Energy Systems, Inc.

[1] J. S. Tolliver and C. L. Hedrick, "™Monte Carlo Calculations in ELMO
Bumpy Square, to be presented at this meeting.
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EFFECT OF NONLINEAR COLLECTIVE PROCESSES ON THE
CONFINEMENT OF A PﬁRE ELECTRON PLASMA
J. D. Crawford, T. M. O'Neil, and J. H. Malmberg
Department of Physics
University of California, San Diego

La Jolla, California 92093

ABSTRACT

For an electron plasma which is magnetically con-
fined in a cylindrical field geométry, radial expansion
occurs only if the angular momentum of the plasma
changes. We discuss nonlinear collective processes by
which perturbing, static, asymmetric fields can transfér
angular momentum, but not energy, to the plasma and
produce radial expansion. For example, the field
asymmetry can act as a pump which excites daughter modes
via the decay instability. Alternatively, the pump can
drive a mode by induced scattering off of particles.

The physical basis of these processes is quite general
and may be relevant to other rotating plasma systems
such as tandem mirrors.

This material is based upon work supported by the

Department of Energy under Contract DEAT03-82ER53129.
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Electrostatic and Magnetostatic Drift-BGK Modes™

P.H. Diamond, T.S. Hahm, and P.W. Terry
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Recently, it has been shown! (in the case of a one-dimensional plasma) that self-
binding BGK modes (holes) with phase velocity less than the thermal velocity are a most
probable state! for localized, granular phase space density fluctuations. In the previous
abstract,? it was noted that granularity of phase space density fluctuations imposes strong
constraints on electromagnetic relaxation and transport in collisionless plasmas. Hence, it
is important to study the structure of electrostatic and magnetostatic drift holes.

In this investigation, the structure of holes has been examined in the context of
simple electrostatic and magnetostatic drift systems. The principal results are: (i) self-
bound electron BGK drift-holes are possible for kjjuj > w../1+ kZp?(uj = hole velocity).
The (radial) hole structure is determined by the electron phase space density perturbation
f and the (ion) dielectric response. The electron hole structure has been characterized in
terms of Aw) (velocity width) and Az/Aps(Az = spatial width, A = shielding factor) us-
ing a rectangular hole approximation. The resulting potential, radial electric field, velocity
trapping width Avr, and self-energy have been calculated. In particular, since typically
Avy % Avy, a self-bound state is likely. (ii) By determining the magnetic perturbation in-
duced by the hole polarization current. a magnetostatic hole solution has been constructed.
The magnetic perturbation scales as (6 B/B,) ~ (u)/v4)y/B(fAvy). (iii) Self-trapping ion
hole solutions have also been constructed. The resulting potential trapping width and self
energy have been determined.

Investigations of hole interactions are in progress and will be reported on. The
role of magnetostatic holes in self-consistent electromagnetic transport will be discussed.?

IT.H. Dupree, Phys. Fluids 25 (1982).

2P.W. Terry, et al., “Self-Consistency Constraints on Turbulent Electromagnetic Relax-
ation and Transport in Collisionless Plasma” — adjacent paper.

*Work supported by the U.S. Department of Energy.



3B-6

*
TQROIDAL MHD BQUILIBRIUWM DETERMINED BY LOW-FREQUENCY WAVE-DRIVEN CURRENTS

David A. Ehst and Kenneth Evans, Jr.
Fusion Power Program
Argonne National Laboratory
Argonne, Illinois 60439

ABSTRACT

In order to solve the Grad-Shafranov equation to determine toroidal MHD
equilibria in the conventional fashion, two arbitrary functions, the pressure,
p(y), and the diamagnetic function, F(y) = RB_, must be specified. 1In the
early work the functional forms of these functions were specified explicitly
and somewhat arbitrarily.l In later work it has been more common to specify
the safety factor profile, q(y), instead of F(y), but still with a somewhat

2 This degree of arbitrariness in F, at least, can

arbitrary functional form.
be removed if the equilibrium is sustained by steady-state rf current drive.

In this case the current density consists of two distinct terms, j = jFC +

JQL. The neoclassical current, ,JFC, arises from the magnetic drifts of
charged particles and is a known function of the plasma density and tempera-
ture profiles.3 The quasi-linear current, j?L, due to velocity space

diffusion with an rf current driver, can also be calculated from a knowledge
of the density and temperature profiles if the spatial deposition of the
driver power is computed,4 Consequently a unique j exists, and it is possible
to infer the F(y) which is needed to solve for the MHD equilibrium, although
this must be done in an iterative manner. The purpose of this paper is to
present the derivation of the equation that determines F(y) and the results of

numerical calculations of MHD equilibria sustained by rf current drive.

1. D. Callen and R. A. Dory, Phys. Fluids 15, 1523 (1972).

2. J. F. Clarke, Oak Ridge National Laboratory report, ORNL/TM-5429,
June 1976.

3. F. L. Hinton and R. D. Hazeltine, Rev. Mod. Phys, 48, 239 (1976).

4., T. M. Antonsen, Jr. and K. R. Chu, Phys. Fluids 25, 1295 (1982).

Work supported by the U.S. Department of Energy.
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Computer Simulation of Driven Alfvén Waves*

J. Geary, J.N. Leboeuf and T. Tajima
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

PIC simulation techniques are used to investigate the dynamics of Alfvén wave
resonance heating in a slab geometry. An antenna located at the edge launches a travelling
wave. Several cases for homogeneous and inhomogenecous systems have been studied. The
temporal evolution of the heating process yields flattening of the electron distribution
function near the Alfvén velocity and the decline of the Alfén wave amplitude. Our results
indicate that the rate of electron heating is in good agreement with a Landau damping
model.! Substantial ion heating at a level much higher than predicted! is observed as
well. The ion heating is perpendicular to the magnetic field and is associated with the
electrostatic fields present in the kinetic Alfvén wave.

'A. Hasegawa and L. Chen, Phys. Fluids 19, 1924 (1976).

*Work supported by the U.S. Department of Energy and National Science Foundation.
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LORENZIAN ANALYSIS OF THE SELF-FILAMENTATION MODE

A, B, Hassam
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

A plasma immersed in a uniform magnetic field is unstable to
current filamentation along the field if a cross field temperature
inhomogeneity is present. The concomitant transverse magnetic fields
bring ianto thermal contact unequal temperature surfaces and give rise
to quasilinear effects. We examine the nonlinear behavior of this
instability in the limit that the system may be reduced to the three
lowest coupled modes, g;gé_Lorenz.l It is shown that the three-mode
system allows one nontrivial fixed point to which the instability
saturates for low enough growth rates. Beyond a certain threshold,
however, the fixed point is unstable and periodic behavior is
exhibited. The three-mode results are corroborated with a many mode
numerical study. Estimates of the ancmalous transport are given,

Work supported by DOE.
1E, N. Lorenz, J. Atmos. Sci. 20, 130 (1963).
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*
GLOBAL EVALUATION OF MAGNETIC FIELD LINES

Allen H. Boozer
Plasma Physics Laboratory, Princeton University
P.0O. Box 451, Princeton, NJ 08544

Magnetic field line trajectories can be evaluated throughout a finite
volume without field line integrations using the Hamiltonian properties of
divergence-free fields.1 A magnetic field can be described by a Hamiltonian
X(¥,0,0) and transformation equations ;(¢,9,¢) with B(X) = Vo x V°0 4+ Vo x
¥x. Physically 27X and 27 are the poloidal and toroidal fluxes and © and ¢

>

are poloidal and toroidal angles. Given a field B(Q), a cannonical
representation ;(¢,9,¢) and X(¢,9,¢) can be easily evaluated. The most
useful cannonical representation is X = X(¢) + X(¢,9,9) with X as small as

possible. This means that the Fourier series for ¥ contains only terms which
resonate with % = 4d%/d¢ and give the magnetic islands and stochastic
regions. By considering an artifical time dependent field one can derive a
set of first order differential equations in time which when integrated from
zero to one, using standard numerical methods, cannonically transform
arbitrary cannonical coordinates into the most useful cannonical
coordinates, The method 1is related to Lie perturbation technigues of
Hamiltonian mechanics but eliminates the problem of small divisors through the
use of % and is non-perturbative. The method can be extended Hamiltonians of
any number of degrees of freedom.

1A.H. Boozer, Princeton Plasma Physics Laboratory Report PPPL-2094R (1985).

*
This work was supported by U.S. DoE Contract No. DE-AC02-76-CHO-3073,
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SPHEROMAK TILT-~SHIFT STABILIZATION WITH PARTICLE RINGS
C. Mehanian and R. V., Lovelace
Department of Physics
and
Department of Applied Physics
Cornell University
Ithaca, NY 14853

We have developed a new method for obrtaining necessary limits on
the fast particle current required for tilt and shift stability of
spheromak plasmas. A numerical code fully implimenting this method is
now operational. We consider a rigid tilt or shift (8q, = &6, 6x, 6z)
of the spheromak plasma with the fast particle component held fixed.
The magnetic energy W, of the full system is expressed in terms of the
currents carried by the different components and the induction coeffic-
ients. The condition for tilt or shift stability is that the corre-
sponding force Fy = OWp/0qy have the opposite sign two the dis-
placement. For stability of the tilt we need a fast particle current
larger than (0A/06)(0dL),,/26) L (Bex/c), where A is the axial projec-
tion of the area of the plasma ring and L)y is the plasma/fast-particle
induction coefficient. At present, we have succeeded in generating

self-consistent spheromak/fast-particle~ring equilibria which are tilt-

stable and have spheromak/fast-particle current ratios of < 0.1.
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Non-Axisymmetric, Sharp Boundary, Toroidal Equilibria*

J.A. Tatarom’sT, H.L. Berk, J.P. Frez’dbergi and P.J. Morrison
Institute for Fusion Studies and Department of Physics
The University of Texas at Austin
Austin, Texas 78712

We examine the ideal MHD equilibrium of a sharp boundary, non-axisymmetric, stel-
larator, where the boundary is a vacuum magnetic surface. Suitable vacuum surfaces have been
generated numerically with high accuracy using the Biot-Savart law for the magnetic field. We
show that the solvability condition for sharp boundary equilibria take on a different form than that
required for smooth pressure profiles with rational and irrational magnetic surfaces. In a sharp
boundary configuration, a toroidal surface separates a constant pressure, current free plasma from
an external vacuum region. Existence of equilibria in this state requires that two conditions be
satisfied: (i) the plasma-vacuum interface be a magnetic surface for both the internal plasma
magnetic field, B;, and the external vacuum magnetic field, B., and (ii) pressure balance across
the interface be maintained, i.e. 2P = B? — Bf, where P is the plasma pressure. Given P and
B, the problem is to determine B, on the interface for equilibrium. Writing B, = V¢, the
pressure balance equation is observed to be the Hamilton-Jacobi equation, which is a first order,
nonlinear, partial differential equation for the magnetic potential ¢ on the interface. The char-
acteristics of this equation, which include the magnetic lines on the vacuum side of the interface,
form a Hamiltonian system where the Hamiltonian function is (B? — B?). If ¢; and £, are two
independent coordinates on the interface, the pairs (£1,p;) and (£2,p2), where p; = 8¢ /9, are
conjugate variables. The Hamiltonian is thus quadratic in the momenta p; and p;. The existence

-of a single-valued solution for B, arises if and only if Hamilton’s equations yield single-valued
solutions for p; and p; over the interface. This constraint on the momenta depends critically on
the structure of the confining vacuum magnetic fields. In general, it is difficult to determine when
the single-valued condition is exactly satisfied, as in all problems connected with integrability of
classical Hamiltonian systems. Single-valued solutions for the momenta appear explicitly only if
- spatial symmetry is present. In the absence of symmetry, resonance phenomena affects integra-
bility of the system, and numerical solutions or expansions are required to identify acceptable
solutions. Perturbation studies of the Hamiltonian system, equivalent to expansions in terms of
either small pressure or weak asymmetry, have yielded single-valued series representation for B,.
Convergence of the resulting series is being explored. It is known from the KAM theorem and
from investigations using renormalization techniques that solutions exist under suitable condi-
tions. This method of equilibrium construction can be of practical value experimentally as one
can determine how to design vertical field coils to counteract plasma shifts due to finite pressure.

T Permanent address: Univ. of Wisconsin, Madison, WI 53706.
} Permanent address: MIT, Cambridge, MA 02139.

*This work supported by the U.S. Department of Energy.



3P-6

INVESTIGATION OF SATURATED TEARING MODES IN TOKAMAKS USING THE
RESISTIVE CHODURA-SCHLUTER METHOD™

E£. Uchimoto, J.D. Callen and D.A. Skinner

Physics and Nuclear Engineering Departments
University of Wisconsin, Madison, WI 53706

L. Garcia and B.A. Carreras
O0ak Ridge National Laboratory, Oak Ridge, TN 37830

Investigation is under way to find saturated magnetic islands in a toka-
mak. Our primary objective is to find such a state in a poloidal-divertor-
configuration tokamak (e.g., the Wisconsin Tokapole II) to assess the effect
of the divertor separatrix and noncircularity. To this end, a new 3-D com-
puter code has been written to numerically advance the resistive MHF (magneto-
hydro-friction) equations. This code differs from the standard Chodura-
Schlliter code in that a small resistivity 1is introduced to allow rapid
magnetic field tearing, and that all the dependent variables are Fourier-
analyzed in the toroidal direction to facilitate an efficient mode representa-
tion. In order to handle the divertor separatrix, however, a finite differ-
ence representation is used in two cartesian components on a poloidal slice.
The code is currently being tested in a simpler geometry without the divertor

rings.

*Research supported by the U.S. Department of Energy under contract DE-ACO2-
80ER53104.
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Possible H-Mode Mechanism ?

Robert J. Goldston

Princeton Plasma Physics Laboratory

It has been frequently pointed out that tokamak confinement may
improve dramatically at very high 8, due to the magnetic well created by the
plasma, and the resulting reverse precession of trapped particles (ref 1).
Here we consider the possibility that we have already seen this phenomenon.
Recall that the simple criterion for a magnetic well in a cylindrical tokamak
is:

By >e
Now this formula was obtained from the following argument:
JxB=VP, (MKS)
but the diamagnetic term in J % B dominates in this case, so we can write
JeBT x VP
and Maxwell’s equations give
Bodg =V x By .
Since we want VB due to Jg to cancel the 1/R vacuum variation of By,
we take Jg ® Bp/(pR)
and this then gives us a criterion for VP:
VP > Br2/(3R) - leq. 11
The usual argument then proceeds to assume
VP = P/a .

For this case, however, we are interested in a local reversal of VB near the
plasma surface. The idea is that the steep pressure gradient near the plasma
edge is self-sustaining due to the absolute minimum-B it produces locally. If
we insert numbers into eq. 1: By = 1T, R = 2m, we get that we require a

pressure gradient of 5 x 10 pascals/m. If we assume n; = n,, this

corresponds to 1.6 x 1024 ev/m?. Pressure gradients measured at the edge
of PDX in good H-Mode discharges were in this range (ref 2), supporting the
notion that in a very narrow region (< 1 cm wide) near the plasma surface,
d/dR(|B|) is indeed reversed.

This work supported by U.S. DoE Contract DE-AC02-76-CHO-3073
Ref 1. Shoichi Yoshikawa (private communication), PBX Design Proposal
Ref 2. Kevin McGuire et al., 1AEA 1984, London
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STABILIZATION OF RESISTIVE KINK MODES FOR TOKAMAK
PROFILES WITHIN q(0) < 1%

A, H. Glasser
Los Alamos National Laboratory
P. 0. Box 1663, Los Alamos, NM 87545
H. P. Furth and H. Selberg

Plasma Physics Laboratory, Princeton University
P. O. Box 451, Princeton, NJ 08544

The possibility of feedback-stabilizing them =1, n = 1 mode ! introduces
an opportunity to keep all resistive kink modes stable at lower g-values than
were reported in Ref. 2. Our earlier profile studies are being extended to the
range q{0) <1, in which the modes m/n = 2/3 and 3/4 become most important,

while the condition for stabilizing 2/1 and 3/2 can be relaxed.

IR, B. White, P. H. Rutherford, W. Park, and H. P. Furth, to be presented.
2A. H. Glasser, H. P. Furth, P. H. Rutherford, Phys. Rev. Lett. 38, 1977 234.

*This work supported by U. S. DoE Contract Nos. DE-AC02-76-CHO-3073 and
W-7405-ENG-36.,
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Comparison of Heavy Impurity Injection and
Hydrogen Gas Puffing in TEXT*

J.C. Wiley, D.W. Ross and W.H. Miner
Fusion Research Center
The University of Texas at Austin
Austin, Texas 78712

Recent experiments on TEXT have compared a small hydrogen puff during the
current plateau to a scandinm injection at the same time. In each case an amount of mate-
rial sufficient to raise the line average density by about ten percent is added to the plasma.
The electron temperature near edge of the plasma decreases immediately in both cases
after the injection. However, in the case of the impurity injection the central temperature
also drops immediately while for the hydrogen case the temperature drop follows a delay
consistent with an inward convective velocity on the order of that needed to model both
the trace impurity injection experiments and the particle transport during gas puffing.’
We have attempted to simulate these observations with several transport models similar
to those investigated for gas puffing? and trace impurity injection.®

!The TEXT experimental staff, to be published.

2j.C. Wiley, K.W. Gentle, W.H. Miner, O.P. Pugutse, and D.W. Ross, Bull. Am. Phys.
Soc. 29, 1394 (1984).

3J.W. Wiley, W.H. Miner, Jr., and D.W. Ross, Sherwood Theory Conference, April 10-13,
1984.

*Work supported by the U.S. Department of Energy.
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DISRUPTIONS DRIVEN BY EXTERNAL ELECTRIC FIELDS

J. P. Dahlburg, William & Mary:; D. Montgomery, Dartmouth;
W. H. Matthaeus, Bartol; G. Doolen, Los Alamos.

A previously-described (1,2) pseudospectral 3-D Strauss equations code
is used to study disruptions in a current-carrying magnetofluid, with and
without an externally-applied axial electric field. Rigid conducting walls
form a square xy boundary, and periodic boundary conditions are assumed in
the axial direction (z direction). Typical resolution is 64 x 64 x32 and
the maximum Lundgquist number is approximately 400. The dynamics are domin-
ated by a helical current filament which wraps itself around the axis,
parts of which can sometimes become strongly negative. A magnetic field-
line tracing code has identified the presence of "magnetic islands®. The
ratio of turbulent kinetic energy to the total poloidal magnetic energy
rises from very small values to values on the order of a few hundredths,
and in the absence of the external electric field, executes "bounces" sug-
gestive of sawtooth oscillations. In the presence of the external electric
field, the first bounce is by far the largest, then the plasma settles into
a non-uniform quasi-steady state characterized by a poloidal fluid velocity
flow. The subsequent development' of this fluid flow (which has the shape
of a pair of counter-rotating bean-shaped vortices) depends strongly upon
whether a viscous term is added to the equation of motion. (Since Bragin-
skii viscosities are larger than the magnetic diffusivities for many de-
vices of interest, inclusion of viscosity thus seems to be of importance.
However, we do not have no-slip wall boundary conditions in the code yet.)
Inclusion of viscosity tends to damp the flow and leads to pronounced sub-
seqguent bounces, though the first one remains substantially the largest.
Highly regular and uniform “"sawteeth" may require plasma processes not in-
cluded in the Strauss approximation.

A second, related computation involves solution of the dynamical equa-
tions for a very low-order truncation of the Fourier-expanded Strauss equa-
tions. A three-mode (Lorenz-like) truncation displays interesting dynam-
ical-systems behavior which often seems to have little to do with the full
64x 64 x 32 truncation.

(1) J. P. Dahlburg, D. Montgomery, and W. H. Matthaeus, "Turbulent Dis-
ruptions from the Strauss Equations,” 1984 preprint, to appear in J.
Plasma Phys.

(2) J. P. Dahlburg, D. Montgomery, and W. H. Matthaeus, Bull. Am. Phys.
Soc., Ser II, Vol 29, 1239 (1984).
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EQUILIBRIUM AND STABILITY OF HIGH-ORDER-MULTIPOLE TANDEM MIRRORS
AT LOW BETA*

T. B. Kaiser, W. A. Newcomb, and L. D. Pearlstein
University of California
Lawrence Livermore National Laboratory
Livermore, California 94550 USA

Interest in mirror machines with multipole symmetry of higher order than
quadrupole has revived recently in hopes of reducing the size and cost of
current quadrupole desians. Such configurations offer a potentially attractive
alternative because of their near axisymmetry near the magnetic axis, which is
advantageous from the points of view of transport and generation of parallel
currents,

We study the quiding-center equilibrium and stability of tandem mirrors
with multipole symmetry of general order & in the low-beta and paraxial Timits.
The fluxline geometry is reduced to quadratures that can be evaluated exactly
in the hexapole (% = 3) and octupole (2 = 4). We deduce the structure of
surfaces of constant pressure from the parallel-current constraint and find
that the constant-pressure contours in planes perpendicular to the magnetic
axis have a multiply-connected topology. A necessary condition for flute
stability is derived from the guiding-center energy principle; the same
condition is found to be required for preservation of axisymmetry near the
axis.

Detailed numerical calculations are presented for the case of an

octupole-anchor tandem mirror of TMX-U scale.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48.
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FINITE B IN RFP RELAXATION

M. J. Schaffer
GA Technologies Inc.*

San Diego, California 92138

Arguments are advanced to explain the observation of finite
(sometimes large) B in otherwise nearly relaxed RFP plasmas.
The Taylor magnetic free energy Wy, defined as the additiomal
magnetic energy of a state above the energy of the fully re-
laxed (constant p = T %/BZ) state at the same magnetic heli-
city and axial flux, was computed directly. It was found that
Wg is very mich less affected by plasma pressure than by small
changes in the spatial distribution of ;(r). This fact sug~-
gests that pressure is not a major driving force in relaxation
toward 1 = constant. Substantial pressure is therefore to be
expected, up to where pressure—driven processes relax the nkT

free energy.

*Work supported by Phillips Petroleum Company and GA Technologies Inc.

under a joint research and development agreement (GA Ref. No. 01341)
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Alpha-Loss-Cone Alfvén-Wave Instabilities
in a Sharp-Boundary Model of a Tandem-Mirror Central Cell *

Shu K. Ho
University of Illinois
Urbana, Illinois 61801
Gary R. Smith and William M. Nevins

Lawrence Livermore National Laboratory
University of California
Livermore, California 94550

A sharp-boundary, cylindrical, DT plasma, surrounded by a vacuum
annulus and a conducting wall is treated using the approach of Ref. 1.
Three different branches of waves, namely the fast, hybrid, and Alfvén
waves, with various azimuthal and radial mode numbers, are obtained. The
alpha particle distribution is calculated by the methods of either Ref. 2 or
Ref. 3. The alpha-driven temporal and spatial growth rates are formulated
and computed numerically. Of the three branches only the Alfvén waves are
unstable. We devote special attention to the dependence of the temporal
growth rate on the parallel wave number. Our goal is to calculate marginal-
stability boundaries for operation of the central cell of a tandem-mirror

reactor.

1K. Appert, J. Vaclavik, and L. Villard, Phys. Fluids 27, 432 (1984).

2]. D. Hanson and E. Ott, Phys. Fluids 27, 150 (1984).

3D. Anderson, H.-G. Gustavsson, H. Hamnén, and M. Lisak, Nucl. Fusion
22, 403 {1982)

* Work perfoi‘med under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-
48 and by the University of Illinois under contract number DEA-C02-76 ET52040.



3pP-14

SHERWOOD THEORY MEETING 1985
Madison, Wisconsin
April 15 to 17

Alfvén Continuum with Toroidicity*

S. Riyopoulos and S. Mahajan
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

The symmetry property of the MHD wave propagation operator is utilized to
express the toroidal eigenmodes as a superposition of the mutually orthogonal cylindrical
modes. Because of the degeneracy among cylindrical modes with the same frequency but
different helicity resonant surfaces

wg = v3(r1)(n+mi/q1)? = v} (r2)(n + m2/g2)*

the toroidal perturbation produces a zeroth order mixing of the above modes. The toroidal
eigenmodes of frequency w? have multiple resonant surfaces, with each surface shifted
relative to its cylindrical position and carrying a multispectral content. Thus a single
helicity toroidal antenna of frequency w, couples strongly to all different helicity resonant
surfaces with matching local Alfvén frequency. Zeroth order coupling between modes in
the continuum and global Alfvén modes also results from toroidicity and degeneracy.

*This work supported by the U.S. Department of Energy.
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FRC TRANSPORT STUDIES UTILIZING A FLUX COORDINATE REPRESENTATION

E. J. CARAMANA and K. A. WERLEY
Los Alamos National Laboratory

A one—dimensional, straight field 1line, flux coordinate based
representation of the transport approximation, which includes the
average beta condition, has been developed for the FRC. We utilize
appropriately chosen dependent and independent variables so that no
singularities appear at the magnetic field null radius (here a mneutral
line rather than a neutral point). These variables are adiabatic
invariants in the absence of dissipation. This allows the salient
features of the transport approximation (flux surface quantities) to be
analytically, and thus exactly, incorporatec¢ into the mathematics. In
addition, the boundaries both radial and axial, which move in physical
space, appear fixed in this formulation (velocity is transformed away).

This, in conjunction with the geometric approximation, produces a
system of equations that although nonlinear is still relatively simple
in its general structure. For example, when 7 = 2 the plasma beta

becomes an adiebatic invariant and the equation for radial force
balance is reduced to.quadrature.

Two quite general procedures for constructing solutions to this
system of equations are presented. The first involves splitting off
the axial contraction term (this appears as an Entropy source term)
from the other dissipative terms (these involve resistivity,thermal
conductivity, etc.) and integrating this piece with the axial
contraction coefficient determined by the average beta condition.
Radial and axial force balance are determined together after the
explicitly time—dependent equations are numerically time—advanced. A
computer code wutilizing this approach has been developed and can
provide numerical solutions for a wide variety of initial and boundary
conditions and dissipative source terms of any general form.

The second method of solution is more analytically oriented and is
complementary to the numerical procedure mentioned here. This consists
in noticing that in the given representation solutions exists where the
entropy as a function of normalized flux becomes stationary, and also,
independent of the initial conditions. These solutions are fully time
dependent in that the radial and axial boundaries and the internal and
external flux may all have time dependence. Depending on the
functional form of the transport coefficients, and which dominate
processes are in balance, these solutions may simplify further. It is
expected that these solutions, which appear stationary only with
reference to special variables, will be solutions of an intermediate
asymptotic form to which all initial conditions will be drawn on a
sufficiently long timescale. These solutions are not separable owing
to the adiabatic motion involved, unlike some instances where the
solution to nonlinear diffusion equations may approach a separable
form.

Work Performed Under the Auspices of the U. S. DoE.
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Passing Ion Instabilities in
Tandem Thermal Barriers
T. Kammash and G. Zavala

University of Michicgan
Ann Arbor, Mich. 48109

(1)

The concept of thermal barriers has been introduced in Tandem
Mirror plasma confinement devices in order to insulate the electrons in
the central cell from those in the plugs. A depression in the electro-
static potential is created along the field line from local density
minima that are maintained by some ion pumping the the barrier region.
The presence of such a depression and the appropriate magnetic structure,
however, allows a group of ions to pass from the central cell into the
barrier region, traverse this region and then get reflected back into

the central cell by the high potential hill that exists at the outer edge
of the barrier. As a result of this counter streaming motion electro-
static and electromagnetic instabilities could arise which could adversely
affect the function of the barrier.

In this paper we investigate these instabilities by examining the
dynamics of the passing ions. Using flux conservation relations we
obtain the distribution function of these ions as a function of the
barrier potential, and mirror ratios relating the maximum and minimum
magnetic field strengths in the barrier to that in the central cell. We
find in the low temperature limit that deeper depressions in the potential-
generally desirable for insulating the electrons in the two regions of
interest - are less susceptible to electrostatic streaming modes while
readily susceptible to electromagnetic instabilities. The effects of

finite temperatures on these modes are also addressed.

1. D. E. Baldwin and B. G. Logan, Phys. Rev. Letters 43, 1318 (1979)
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Line-tying of Hot Electron Interchange and Trapped Particle Modes*
M.J. Gerver and B. Lane, Plasma Fusion Center, M.I.T., Cambridge, MA 02139

A model has been developed to explain a puzzling feature of the hot electron
interchange (or trapped particle) modes which are observed in the axicell of
the TARA tandem mirror, whenever a, the ratio of hot to co%? elegctron
density is too high. When the neutral density is high (~ 3 x 10" "cm “), the
observed modes always have high azimuthal mode numbers, m ~ 10, although
linear theory for w < wes pred}cts that the lowest m modes will be the first
to go unstable as o incréases.” The discrepancy is resolved if line-tying
is included in the theory. Our model describes bulk line-tying of an
isolated axicell with non-emitting end walls; the radial dependence of the
plasma parameters, and the contribution of the central cell and anchor, are
ignored. In contrast to MHD interg?ange modes, which merely have their
growth rates reduced by line-tying™, hot electron interchange modes can be
completely stabilized by line-tying, provided the hot electrons have a
spread of drift velocities. Furthermore, when w is greater than the cold
electron callision rate v_, the li?7§tying term is enhanced over the usual
expression” by a factor of (w/iv )%, because only a thin boundary layer of
the electron velocity distribution can respond to the perturbation. Line-
tying stabilization is more effective for low m modes, while the decoupling
condition for the hot electrons™ can more easily stabilize high m modes.
The first mode to go unstable as o increases will be at intermediate m,
ma~n 2/5 <0‘V>2/5w .4/5m.2/5 T -2/5 v -1/5 v -1/5 R -1

o ci i e e d P
where n_<ov> is the ionization rate, T is the cold electron temperature, v
is the hot electron curvature drift veiocity. and R_ is the plasma radius.
For TARA axicell parameters m ~ 10. We have*also considered a more
realistic model in which the central cell, axicell, and anchor are included,
and the mode amplitude can be different in each cell (a trapped particle
mode). In this case a radial mode analysis is needed, because the neutral
density in the central cell has a strong radial dependence.

4. L. Berk, Phys. Fluids 19, 1255 (1976).

M. Wickham and G. Vandergrift, Phys. Fluids 25, 52 (1982).

*Research supported by U.S. Department of Energy Contract No. DE-ACO2-78ET-
51013
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INDUCTIVELY SUSTAINED TOROIDAL ELASMAS
WITH NESTED FLUX SURFACES

Ronald W. Moses

Los Alamos National Laboratory
~University of California
Los Alamos, NM 87545

When the magnetic field in a plasma is time independent, the evolution of
magnetic helicity in a volume element AV between two nested toroidal flux
surfaces is

34K
= 2V - J+BdV = 0 1
t @ A® ZIAV nu - ( )

where V _is the toroidal loop voltage, A® is the toroidal magnetic flux in AV,
and K is independent of the transformer induced vector potential, ét:

K= [ (A-A{)-Bav . (2)

Each flux surface 1is defined by a poloidal flux function ¥. The dissipation
integral in Eq. (1) describes a linkage of currents similar to the linkage of
fluxes in the definition of K, provided n = n(¥).

Several theorems are derived regarding the existence of field reversal in
the presence of nested flux surfaces. Reversal in the safety factor
(q = /3% = 0) can only occur when the local (¥ space) volume average of J+B
also passes through zero. This is possible only when nonaxisymmetric helical
field perturbations contribute to the rotational transform of field lines.
Lower bounds for the nonaxisymmetric field components will be discussed.

The restrictions of Eq. (1) can be broken by tearing modes or nonlocal
resistivity. Possible time dependent variations of +this model will be
‘discussed.

“Work performed under the auspices of the U.S. Department of Energy.
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ANISOTROPIC PRESSURE HELIAC EQUILIBRIA

R.L. Miller
AMPC, Inc.
Encinitas, California 92024

ABSTRACT

The helical axis stellarator, Heliac, offers the advantages of large
B and simplified engineering constraints. The latter is particularly true
if circular coils are used. A Heliac with circular coils, however, is un-
stable at low B although it becomes stablé at higher B where it encounters
a second stability regime. Furth and Boozer have suggested the use of a hot
electron layer to achieve the second stability regime in a Heliac. Under
suitable conditions, hot electrons will not respond to MHD modes and their
diamagnetic well could thus stabilize the plasma. Furthermore, the hot
electrons would only be required until the background plasma reached the
second stability regime; the heating power required to create the hot-
electron layer could then be turned off. To address the issues basic to
this concept in detail, an anisotropic pressure equilibrium code with
helical symmetry has been written. Equilibrium results will be presented
for various hot electron layer parameters as well as rudimentary stability
measures such as well depth. Thorough localized stability analyses are
planned, together with conceptual studies of optimized ECH techniques for

efficient creation of the hot-electron layer.
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ELECTRON ENERGY TRANSPORT IN TFTRA

J. Martinell, L. Sugiyama
Massachusetts Institute of Technology
Cambridge, MA 02139

The theory of anomalous electron thermal transport based upon
the principle of "profile consistency' has been applied to TFTIR
Ohmic discharges, which have large impurity radiation losses and
relatively high temperatures. The radiation losses enter the
expected diffusion as a nonOhmic ''source"” term, and an additional
term containing contributions from the neoclassical modifications
to the electrical resistivity must also be considered. The
resulting transport reproduces the experimental data reasonably
well, but cases with large central sawtooth oscillations apparently
experience some additional diffusion from the central region,
beyond that occurring as a result of periodic flattening of the
T, n, and jz profiles. 1In these cases the electrical resistivity
is assumed to be strictly classical inside the time~dependent

q=1 surface to approximate the effects of an m=1 magnetic island.

*
Sponsored by the U.S. Department of Energy. J.M. is supported by
CONACYT, Mexico
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EFFICIENCY OF CURRENT DRIVE IN ROTAMAKS

P.K. Kaw and A. Sen

Plasma Physics Programme
Physical Research Laboratory
Ahmedabad 380009, INDIA

ABSTRACT

Rotamaks are compact tofoids generated by rotating
magnetic fields. Recent experiments have demonstrated
that such configurations can indeed be produced in the
laboratory [1]. A novel feature of the rotamak plasma
is that large currents are generated across the ambient
magnetic field with the help of a nonlinear ponderomotive
force. This is in contrast to other conventional forms
of rf current drive which use wave-particle interaction
effects. The potential of this method for future applica-
tions 1s therefore of much interest. We calculate the
current drive efficiency of rotamaks from first prin-
ciples. We demonstrate that j/p (ratio of the dimension-
less current driven j = J/nevth and the dimensionless
power consumed p = P/nT) for rotamaks 1is much greater
than unity. The ponderomotive force driven current sus-
tenance scheme is therefore a highly efficient scheme
and worth future exploitation in a wider range of applica-

tions.

Reference :
[1] Hugrass, W.N. et al., Phys. Rev. Letters 44 (1980)

1976; Durance G. et al., Phys. Rev. Letters 48

(1982) 1252.
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ELECTRON LANDAU ABSORPTION OF A REALISTIC SPECTRUM
%
OF LOWER HYBRID WAVES DURING CURRENT DRIVE

Paul Bonoli, Ronald Englade
Massachusetts Institute of Technology, Cambridge, MA 02139

The absorption of a realistic spectrum of injected lower hybrid
waves during steady state cufrent drive has been studied in detail
using a toroidal ray tracing code in conjunction with a parallel
velocity Fokker Planck calculation (which includes an effective
perpendicular electron temperature due to pitch angle scattering).
In typical steady state current drive experiments, the major
portion of the injected lower hybrid wave power2 is in the direction
of the electric field drift of the target plasma (VH1>O), where Wl
is the parallel phase velocity of the waves. However some fraction
of the incident wave power (typically 5 30%) is launched in the
opposite direction (vj; <0). The positive current generation for
ﬁ[> 0 is fqund to result from a very flat plateau on the electron
distribution function which extends from.vH,§3ve to W[Qj(lO—lS)ve.
This plateau is maintained at high phase velocity due to weak tail
damping of the injected waves. The plateau is maintained at low
phase velocity by injected waves at high %[ which have had their
phase velocities reduced to VHJ§3ve by toroidal geometry effects.l
The negative current generation is found to be typically less than a
fourth of the positive current and results from a plateau which
extends from roughly 3ve to (10~15)ve. However the plateau is quite
sloped because of the smaller amplitude of the injected waves at
'ﬂl< 0. This results in strong tail damping of waves at high ﬂ; and
a subsequent reduction in the RF current. This scenario for wave
absorption has been studied at different toroidal magnetic fields
and rélative waveguide phasings for parameters relevant to Alcator C
and PLT.

lP.T. Bonoli, R. Englade and M. Porkolab, Proc. of the Fourth Int.

Symp. on Heating in Toroidal Plasmas (Int. School of Plasma Physics,
EUR-9341-EN, '1984) Vol. II, p. 1311.

2M. Brambilla, Nucl. Fusion 16, 47 (1976).

*
Supported by the U.S. Department of Energy.




3p-23

Wall Stabilized Tandem Mi Reactor Study*

J. Kesner, G. Shuy, C.W. Lee
Plasma Fusion Center

Massachusetts Institute of Technology

We consider a tandem mirror reactor in which both the central cell and
axicell are stabilized to low frequency, m = 1 azimuthal mode number modes
by the presence of a wall that is located in close proximity to the plasma.
(1] A bumpy central cell field

is used to optimize the central cell stabilization. The influence of

Higher m modes are stabilized by FLR effects.

realistic radial wall locations is investigated. Using detailed particle
and power balance modelling we show that this scheme can produce tandem
mirror reactors with very high wall loading, low recirculating power (high
"Q") and short central cell lengths.

1. J. Kesner, "Wall Stabilized Tandem Mirror Reactors," to be published in

Nuclear Fusion.

*  Work supported by U.S. D.0.E. Contract No. DE-ACO2-78ET 51013.
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THE EFFECT OF RUNAWAY ELECTRONS
ON THE TEARING MODE

E. Esarey and K. Molvig, MIT;
C.0. Beasley, Jr. and W.1. van Rij, ORNL;

and T.K. Chu, PPPL.

The m = 2 tearing mode is analyzed using a kinetic theory. The anal-
ysis is carried out using two different models for the equilibrium plasma
current. In the first model a drifted Maxwellian electron distribution de-
scribes the equilibrium current, while in the second model the current is
described by an electron beam on the tail of a Maxwellian distribution. The
second model represents a current composed primarily of runaway electrons.
In both models the equilibrium current profile is held constant. It is shown,
both analytically and numerically, that in certain parameter regimes the
m = 2 tearing mode is stabilized when the runaway electrons carry the total
current. In the presence of runaway electrons, the real frequency of the tear-
ing mode is shifted from the electron drift frequency, w.., to slightly above
Wae. The shift in mode frequency above w.. indicates that more of the avail-
able energy must be utilized to sustain the plasma particle oscillations which
stabilizes the tearing mode. A comparison to experimental observations is

also presented.

* Work supported by DOE contracts No. DE-ACO02-78ET-51013 and No.
W-7405-eng-26
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ON THE IGNITION CRITERION FOR TOKAMAKS*

F, W. Perkins and Y. C. Sun
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey 08544

A drift wave turbulence model has been shown to account both
qualitatively and quantitatively for the anomalous electron thermal
conductivity contribution to tokamak confinement scaling results. The present
work applies the same model to an ignition tokamak. Four findings emerge:
First in common with present ohmic heating experiments, a tokamak near
ignition will be in the collisional drift wave regime where Vegg > WX
Second, ‘the energy loss rate predicted by collisional drift wave turbulence
increases more rapidly with temperature than the D-T fusion reaction cross-~
section. Consequently, ignition is easliest to achieve at a low temperature
T % 6 keV where fusion energy production has just exceeded Bremsstrahlung
losses. Third, the ignition criterion is

2 B Y6 ra 2.5 (R 1.5 . 70V2 2
[B(0)] (T-(-)—'f) (ﬁ) (1—m_) > (a—) an

L
a
where « determines the flatness of the density proflile via n = nP5(1-r2/a2) n
Typical parameters for an ignition margin of 2 are n, = 1.5 ¢ 10 cm~3, B =

8T, a = 1m, R = 3.5m, 9= 3.5, T = 6 keV, e, = 0.5. Fourth, the energy
runaway time is short (® 0.2 sec), so that a thermonuclear driven thermal
runaway will occur in the region near the magnetic axis where confinement,
according to both experiment and the drift turbulence model, is excellent
apart from sawtooth and/or internal kink processes. Because the drift wave
turbulence model does not account for this (thermal conductivity is assumed to

be very high inside g = 1), our ignition criterion is conservative.

*This work supported by U.S. DoE Contract No. De-ACO2-76-CHO-3073.
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%
MAGNETIC SURFACE QUALITY

G. Kuo-Petravic and A.H. Boozer
Princeton Plasma Physics Laboratory, Princeton, NJ 08544

We illustrate the concept and use of the magnetic field line Hamiltonian,
X($,0,9), in the study of magnetic surface quality and island formation by a
study of an infinite c¢ylinder with given analytic helical fields. The
magnetic field has the form B = §¢ x Vo + ﬁ¢ X ﬁx, where ¢ is the toroidal
flux, and © and ¢ are the magnetic poloidal and toroidal angles

respectively. The Hamiltonian X(¢,9,¢) is found by solving the differential
eguation

O e (3o (X x3)),3 . (X« O
3 = 36 BE) )/ 3E
AE > >
d% _ d
3T - 28/ 5 X )

-2, e = ()2
o] [e]

The transformation equations §(¢O,9,¢) define approximate magnetic coordinates
¢,,9,¢ and are obtained from field line integrations. This method is found to
be more robust with respect to the evaluation of small Fourler coefficients
than an earlier method based on the evaluation of B ° §¢. For illustration we
show the n/m = 1/4 islands formed from the beating of m = 2 and m = 6 helical
fields. From the computed X1’4 we then reconstruct the magnetic field line by

integrating

46 _ 9y a¢

ae 3¢’ ao

o1o>
D2

The width of the islands predicted by X1'4 is in excellent agreement with
that found from Poincare plots where the number of field periods needed to
complete an island i1s given by 1/1h, where 1, is the transform in the helical
system.

*This work supported by U.S. DoE Contract No. DE~ACO2-76-CHO-3073.
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Impurity-Ion Acoustic Instability as the
Cause of Sawtooth Disruptions*®

A.A. Ware
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

In previous work! it was shown that for Tokamak discharges with n,Z2% > n; a
catastrophic loss of ambipolarity (or poloidal equilibrium) occurs at a critical value of T,
giving an m = 0,n = 0 disruption. The predicted values of both T;, and V4[= (By/B)V) —
E,/B] agree with such experiments. Also, although the above theory is inapplicable, even
low Z.;; ohmically heated discharges satisfy the predicted relationship V; ~ (By/B)vr,,
if Vy is assumed given by wm—1 = Vg/r. Here it is shown that when Vy ~ (By/B)vr,
the distortion of the ion and electron distribution functions due to neoclassical effects is
just that required to turn off the ion and electron Landau damping and allow an impurity
ion acoustic mode. Also, if the instability is driven initially by the electron current, it
will develop in a catastrophic manner since the nonlinear effect on the trapped ions and
electrons resonant with the wave is to increase Vy and hence the growth rate until with
Vo > (Bg/B)vr. the poloidal rotation also drives the mode. Assumingn’ = dn/dr is small,
but allowing for the T/ needed for the ion heat conduction the neoclassical condition for
Vo = (Bg/B)vr, in the plateau regime with low Zs; in

m T. E 3 ;+ P!
2.5(Te) /2 (Leoyv/aneoeBy _ 37 (Qeit Py
my T; Mele 4 x:i€Bg
The first term on the right hand side has been shown? to lead to Pfeiffer and Waltz (neo-
Alcator) scaling. The new second term causes the deterioration of containment with either
high density or auxiliary ion heating as observed experimentally.

'A.A. Ware and J.C. Wiley, Phys. Fluids 24, 936 (1981).
2A.A. Ware, Comments Plasma Phys. 7, 199 (1983).

*This work supported by the U.S. Department of Energy.
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SELF-CONSISTENT BETA CALCULATION IN RFP*

H.R. Strauss

Courant Institute of Mathematical Sciences
New York University
New York, New York 10012

ABSTRACT

Beta is found self-consistently in reversed field pinches
using collisional transport coefficients of resistivity,
thermal conductivity, and viscosity ‘in 3-D MHD numerical com-
putations. The profile dependence of the transport coef-
ficients is included and causes a thermal instability, which
tends to peak the current and pressure on axis. On the other
hand, the predominantly m = 1 tearing modes flatten the pro-
files. The balance of these effects produces a stationary
state with sawteeth. The computed B85 = 0.5 is approximately
constant over a range of 6 and resistivity values, consistent
with experiment,l and agrees reasonably well with the OHTEL
value By = 0.3. The computations make use of the finite beta
generalization of reduced MHD equations?2 derived previously,
and shown to agree with standard MHD. The beta value is in-
sensitive to the value of resistivity, because the ion thermal
conduction, Ohmic heating, and MHD dynamo effect are pro-
portional to each other. Numerically, a decrease in fluctua-
tion level roughly as S~1/2 ig seen, as in experiments.l
Electron thermal conductivity 1is not included, but sound waves
produce a similar smoothing of the pressure along the magnetic
field lines.

lT.N. Carlstrom, B.A.P.S. (1984).

2H.R. Strauss, Phys. Fluids 27, 2580 (1984).

*Work supported by U.S. Department of Energy Contract No.
DE-AC02-76ER0O3077.
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MAGNETIC COMPRESSION OF ION RINGS IN THE
PRESENCE OF BACKGROUND PLASMA
P.M. Lyster and R.N. Sudan

Laboratory of Plasma Studies, Cornell University, Ithaca, New York 14853

Previous studies! of the magnetic compression of ion rings have
neglected the presence of currents induced in the background plasma or at
nmost treated the background as a very resistive medium. A one-dimensional
numerical hybrid code in cylindriéal geometry has beeﬁ developed in which
the background cold plasma is treated in the two-fluid approximation and
ring ions are treated as particles. This code is employed to study the
influence of induced plasma currents on the magnetic compression of ion
rings; in particular the effect of the variation of field reverséi.ggctor

¢, and ion energy with magnetic field compression. Initial results will be

presented.

1. See for example, review by J.M. Finn and R.N. Sudan, Nucl. Fusion, 22,

1443 (1982).
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Symmetry Breaking in the Noncanonical Hamiltonian
Formalism for Fluids and Plasmas*

S. Eliezer! and P.J. Morrison?
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

When the Poisson bracket is noncanonical, a symmetry of the Hamiltonian (H)
does not always result in a symmetry for the dynamical equations. In this context ithe
Casimir invariants (C) are considered as symmetry breaking terms in the ‘effective poten-
tial’ I(I = H+C). Moreover, the concept of spontaneous symmetry breaking is introduced
in analogy with Goldstone’s theorem in relativistic field theory. The equilibrium states of
the fluid or plasma system correspond to the “vaccuum”; i.e. the lowest eigenstate in
the quantum system. Spontaneous symmetry breaking yields an equilibrium of smaller
symmetry than that of the effective potential I. This phenomenon is related to neutral
stability; i.e. the existence of zero eigenvalues for the second variation of the effective
potential.

tPermanent address: Soreq Nuclear Research Institute, Israel.
fAlso Department of Physics.

*This work supported by the U.S. Department of Energy.
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Monte Carlo Estimation of Confinement in a Tokamak with Ripple*
Jay M. Albert and Allen H. Boozer
Plasma Physics Laboratory, Princeton University
P.0. Box 451, Princeton, New Jersey 08544
Toroidal rippling of the magnetic surfaces in a tokamak, due to the
discreteness of field coils, causes diffusion of banana orbits. A unified
treatment of the transport coefficients in various regimes can be given from a
2D map representation. The iteration time interval of the mapping is the
bounce time of trapped particles. One is then left with the problem of
estimating the global transport induced by these coefficients, in particular
average particle and energy confinement times. 1In some situations sensitivity
to even small deviations from equilibrium does not permit averaging over a
Maxwellian for these estimates. Radial dependencies are another
complication., A Monte Carlo analysis is presented which efficiently gives a

measure of confinement even in these cases.

*This work supported by U.S. DoE Contract No. DE-AC02-76~-CHO-3073.
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WKB Theory Using Gaussian Wave Packets

and

(a)

Exponential Instability in Wave Systems

Robert G. Littlejohn(b)

Institute for Theoretical Physics

University of California

Santa Barbara, California 93106

For virtually any wave equation, including integral equations, Gaussian
wave packets form a useful means for studying wave evolution in the WKB
limit. In this approximation, Gaussian initial conditions remain Gaussian
in the course of time, although the parameters describing the wave packet
change. The average values $X> and <> evolve according to the Ehrenfest
relations along the ray trajectory in phase space. The overall phase of
the wave packet as a function of time is the integral of the symmetrized
. > > .

symplectic form %(ﬁ-dx - x-di) along the ray trajectory. The shape and
spreading of the wave packet, in both X- and i—space, are determined by
the symplectic matrix S{t) which describes the evolution of nearby ray
trajectories. This symplectic matrix is directly related to the Liapunov
exponents of classical Hamiltonian systems, which, when positive, indicate
exponential divergence of nearby orbits and the presence of stochasticity.
Thus wave packets imitate the behavior of classical nearby orbits. Gaussian
wave packets do not produce caustics, and can be used in any number of
dimensions.
(a)This work was supported by the Department of Energy under contract No.
DE-AC0376SF00098, and by the National Science Foundation under grant No.

PHY82-17853, supplemented by funds from the National Aeronautics and Space
Administration.

(b)Permanent address: Department of Physics, University of California,
Berkeley, California 94720.
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HYPERBOLIC ISLANDS FILL STOCHASTIC PHASE SPACE
#

J.D. Meiss®, I.C. Percival* and R.S. MacKay
Institute for Fusion Studies
University of Texas

It is well known that the onset of stochasticity can be
roughly predicted by the overlap of islands method where the island
sizes are determined by ignoring all resonances but one. Here we
precisely define the size of an island as the area enclosed between
the stable and unstable manifolds of the unstable periodic orbit.
Since, in general, these manifolds transversly intersect, the
island boundary contains a turnstilel which determines the flux of
orbits entering and leaving the isltand. With this definition,
islands never overlap. In fact the island area reaches a maximum
when its residue is of order one and decreases as R™ for large
R. Since the central elliptic fixed point becomes hyperbolic
for R>1, we refer to such islands as hyperbolic. We show that all
the area in a region of phase space with no KAM surfaces is filled
by islands. This is remarkable, since there are an uncountable
infinity of quasiperiodic orbits, the cantori, in such regions as

well,
°Institute for Theoretical Physics

*Queen Mary College, London
Fwarwick University, Coventry

1. R.S. MacKay, J.D. Meiss, 1.C. Percival, PHYSICA 13D (1984)55.
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Particle Simulations of Current Driven Drift Waves

J.N. Leboeuf, R.D. Sydora, D.R. Thayer and P.H. Diamond
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Current driven drift waves can play a role in determining both the energy con-
finement time and the dynamo sustainment of RFP’s.! We have simulated this instability
in slab geometry using a 2-1/2D guiding center electrons, full dynamic ions, bounded,
electrostatic particle code. Typical parameters are M;/m, = 100,T./T; = 1,wece/wWpe =
5,k = L;! = 0.07. We have chosen to maintain the current throughout the length of the
runs.

Shearless runs, for an angle 8 = tan™*(B,/B,) = 1°, yield growth rates in good
agreement with linear theory for a wide range of vy/c; values. Saturation occurs by
global flattering of the density profile accompanied by large global electron parallel heating.
Saturation values of e¢/T are in rough agreement with the mixing length estimate e¢/7T ~
(ki L,)"!. Sheared runs with L,/L, = 14 also yield growth rates in good agreement with
linear theory for many values of vgq/¢, including stability for vq/cs < 3. Local flattening of
the electron density over the mode width and large local parallel electron heating saturate
the unstable modes. Saturation values of e¢/T do not agree with the mixing length
estimate, ed/T ~ kA, where X is the mode width. Rather, e¢/T is linearly proportional to
vq/ ¢« and inversely proportional to kzi. Three dimensional (multiple helicily) extensions
of this work are currently being pursued.

IN.T: Gladd, N.A. Krall, R.W. Moses and A.R. Jacobson, paper IAEA-CN-44, Tenth Inter-
national Conference on Plasma Physics and Controlled Thermonuclear Research, London,
U.K., September 1984,

*This work supported by the U.S. Department of Energy.
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| Simulations of the Effect of ICRF Waves on the
Interchange Instability’

Niels F. Otani
Electronics Research Laboratory
University of California
Berkeley, CA 94720

Recent resuits from the Phaedrus experiment at Wisconsin suggest that stabiliza-
tion of the interchange mode in mirror plasma may be possible using RF waves
excited externally in the vicinity of the ion-cyclotron frequency.! Two simulation codes
have been developed for the purpose of studying the effect of ICRF waves on the
linear growth rate of the interchange instability. Both codes model essentially the
same system. The simulation plane is oriented perpendicular to the background mag-
netic field. An external gravitational field is fixed antiparallel to the density gradients
initially present in the system. Full dynamics of the ions are followed while the elec-
trons are represented as a cold ExXB fluid. The plasma is assumed quasineutral and
the Darwin approximation is made. In the original code, no significant stabilization is
observed for long interchange wavelengths (kL,<1) and large RF fields
(e?V|E |?/4m*w?g=0(1)). The parameters required for tests of the effects on short
wavelength modes (kL, >>1) excite numerical instabilities which appear related to an
insufficiently accurate representation of the Lorentz force. A new code employing a
different algorithm is being developed to bypass this problem. Supporting theory will
also be presented.

"Work supported by DOE Contract No. DE-AT03-76ET53064. Computations facilities
provided by the National Magnetic Fusion Energy Computer Center.

1J. R. Ferron, N. Hershkowitz, R. A. Breun, S. N. Golovato, and R. Goulding. Phys.
Rev. Lett. 51, 1955 (1983). '
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*
HEATING IN IGNITING PLASMAS

L. Sugiyama
Massachusetts Institute of Technology
Cambridge, MA. 02139

Several interesting features that couid strongly affect igni-
tion have been observed in the time dependent 1D transport simulation
of high current toroidal ignition experiments. These features
emphasize the difference in basic physics between sub-igniting and
igniting plasmas. The most basic difference is the appearance of
a nonconstant toroidal electric field Qith an elevated edge voltage
and depressed central values, with a total Ohmic heating that is
less than predicted from the edge value. Such a field develops in
caseg of strong heating, when (3/2)(8/8t)(nTe) becomes significanf
in the electron energy balance equation, and occurs despite the
existence or nonexistence of central sawtooth oscillations or the
assumption of classical or neoclassical electrical resistivity,
as long as strong heating, which is a necessary condition for
attaining ignition in most high field designs. The Ohmic power
deposition shifts away from the magnetic axis, favorable for
maintaining relatively large Ohmic heating when central temperatures
are large enough for significant fusion heating.

A comparison of designs proposed for a compact ignition
experiment illustrates the expected relationship between the

heating and radiation losses, the particle density, and the ratio

BT/R' Smaller BT/R designs are able to achieve substantial fusion
heating with Ohmic heating alome over a significantly narrower
range of density and require a longer heating interval, under the

same set of assumptions.

“Sponsored by the U.S. Department of Energy.
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Ballooning Instability in a Heliac

X. Llobet and H.L. Berk
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

A field-line-following ballooning mode code is used to study the MHD stability
of a Heliac configuration. The ballooning equation coefficients are computed for a given
field line, and the marginally stable solution determines the critical pressure gradient. The
removal of a symmetry constraint used in former work! shows that mode localization can
occur away from symmetry points at smaller pressure gradients than the symmetric modes
previously found. A stability profile study will be presented.

'H.L. Berk, M.N. Rosenbluth and J.L. Shohet, Phys. Fluids 26, 2616 (1983).
*This work supported by U.S. Department of Energy.
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B iz article. e CONFIGURATION STUDIES FOR THE TJ-IT DEVICE®

publisher or recipient acknowledges
the U.S. Govarnmaent’s right to

retain a nonexclusive, royalty-fres A . L6p92+ 'FOF' the DRNL/JEN DeS|gn Team

license in and to any copyright
covering the articlas.

Oak Ridge National Laborator
T P.0. Box Y, Oak Ridge, TN 37831

Configuration scans and design calculations for the TJ-II device are
presented. TJ-II is a collaborative experiment which is to be built in
Madrid, Spain. The physical constraints for TJ-II are a major radius
of 1.65m and a 1T magnetic field. A wide range of potential
configurations have been investigated. The most  promising
configuration is the Flexible Heliac [1], which is a heliac [2] with an
4 =1 winding added to the central conductor structure. This
additional Z = 1 winding permits the independent variation of # and
shear over a wide range. Other benefits of this winding include a
deepening of the magnetic well and a reduction of the total current on
the central conductors. Design calculations including field error
studies will be presented for an optimized Flexible Heliac.

.S. Department

* Research sponsored by the Office of Fusion En
O with Martin

YAt e

e
of Energy, under Contract No. DE-ACOS-84
Marietta Energy Systems, Inc.

+
Junta de Energia Nuclear, Madrid, Spai

[1] J. H. Harris et al., "A Flexib
ORNL/TM-9504. .

[2] A. H. Boozer et al., Plasma Phys. and Contr. Nucl. Fus. Res.,
Vol. 3, IAEA, Vienna (1983) 129.

n.
te Heliac Configuration,"
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THE EVOLUTION OF A SPHEROMAK FOR DIFFERENT RESISTIVITY PROFILES

A. G. Sgro and G. Marklin
Los Alamos National Labcratory

Los Alamos, NM 87545

A. A Mirin
National Magnetic Fusion Energy Computer Center
Lewrence Livermore National Laboratory

Livermore, CA 94550

We consider a zero—f spheromak contained in a rectangular region having
perfectly conducting boundaries to be in its minimum energy state, and we
determine its evolution away from this state. Since this initial state 1is a
stable equilibrium, the spheromak would not evolve if all transport coefficients
were zero. However, due to nonzero resistivity the spheromak evolves through a
sequence of quasi—equilibria in which the plasma inertia is small. At some
point in this evolution it may diffuse to an unstable equilibrium, at which time
it would relax on an inertial time scale to a different, stable equilibrium. We
have previously chosen the resistivity profile n = 7,(1-10y/11), and presented
the evolution during the diffusion phase. By checking the equilibria with a 2D
linear stability code we found that the spheromak did indeed diffuse to an
equilibrium in which the n = 2 mode was unstable and the growth time was less

than the diffusion time.

In this report we present results for several other resistivity profiles.
The plasma profiles are calculéted as a function of time by the 1-1/2D transport
code MINERVA, and the stability of the profiles is evaluated with a =zero beta
ideal stability code.

"Work performed under the auspices of the U.S. Department of Energy.
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NONLINEAR STABILITY OF DRIFT~-TEARMING MODES

Bruce D. Scott, A. B. Hassam, and J. F. Drake
Laboratory for Plasma and Fusion Energy Studies
University of Maryland
College Park, Maryland 20742

The stabilization of drift—tearing modes by thermal gradient
effects is scrutinized in light ~f nonlinear physics arising from
the effect of the mode on the equilibrium density aund temperature
profiles. It is shown that linearly growing drift-tearing modes
are rendered stable at a very small island width by quasilinear
generation of small-scale ripples in these profiles. However, both
linearly and quasilinearly stabilized modes grow to large amplitude
if the initial island width is larger than the linear tearing layer,
because the parallel temperature gradient is eliminated by electron
thermal conduction when the islands are this large. Numerical
results are presented in support of this argument, as is an
analytical calculation which treats the problem as a set of magnetic
differential equatioms. The importance of nonlinear considerations
in predictions of stability is thus demonstrated.

*Work supported by DOE.
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*
ASYMPTOTIC THEORY OF FLUIDS WAVES IN RELATIVISTIC PLASMAS

F. Pegoraro, F. Porcelli
Scuola Normale Superiore, Pisa, Italy

A fluid derivation of waves in homogeneous nonmagnetized relativistic
plasmas is presented. It is shown that knowledge of the fluid dis-
persion relations of Langmuir, ion-acoustic and transverse waves‘relies
on the determination of three physical quantities, namely: the poly-
tropic index for the equation of state, a generalized specific heat,
and an anisotropy factor related to the traceless part of»the stress
tensor. Asymptotic analysis is then used, leading to the recognition
of four asymptotic regions in the temperature~phase vélocity plane,
where a simple set of prescriptions can be given for the value of the
three quantities mentioned above. In particular, for Langmuir waves,
it is found that the correct equation of state is isothermal for
temperatures exceeding the electron rest mass.

We believe that our method has the advantage of making the physics

clearer and the mathematical derivation easier.

lF. Pegoraro and F. Porcelli, Phys. Fluids 27, 1665 (1984).
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INTERPRETATION OF DENSITY PROFILE ANOMALIES
OBSERVED IN PDX IN TERMS OF PLASMA FIOW

R. Gruber, S. Semenzato, F. Troyon and H.P. Zehrfeld(*)
Centre de Recherches en Physique des Plasmas
Association Euratom — Confédération Suisse
Ecole Polytechnique Fédérale de Lausanne
21, Av. des Bains, CH-1007 Lausanne, Switzerland
{(*) Max-~Planck-Institut flr Plasmaphysik, D-8046 Garching, F.R.G.

Measurements of density and electron temperature profiles in PDX,
in presence of strong NBI, are incompatible with the assumption that
the plasma is an axisymmetric, static, isotropic pressure equili-
brium.! While the electron temperature rises as the heating power
increases without a great change in the profile, the density profile
becomes strongly skewed with higher density on the outside. This seems
to be a "regular feature of strongly-heated plasmas in PDX" and no
explanation is offered in ref. 1.

We show that such a feature is always present in any stationary
flow equilibrium and could thus be at least a partial explanation of
the PDX results. Using our fixed boundary stationary flow eguilibrium
code CLIO, we have reconstructed self-consistent solutions which fit
the published PDX data.! In a first step, a static equilibrium has
been constructed which reproduces the global parameters g, Bpr dor
dy 9iven in [1] and which has the same pressure profile as in the
ohmic phase, only the absolute value being adjusted. A flow is then
switched on progressively with the assumptions that the flow is iso-
thermal on a magnetic surface and that it vanishes at the plasma sur-
face. Various combinations of poloidal and toroidal flows have been
used which can equally well reproduce the density and temperature pro-
files. Up to very large flow velocities, the magnetic topology is
remarkably rigid, the isobars shifting outwards to give skewed densi-
ty. A purely toroidal flow, peaked on axis, can be ruled out as the
velocity on axis required, to explain the data, is 0.8 the maximum ion
thermal velocity, a value which seems definitely too high. But the
same good fit can be done with a maximum poloidal flow velocity of
only 0.05 the maximum ion thermal velocity with a maximum toroidal
flow velocity of 0.2 for a toroidal flow profile of opposite direc-
tions inside and outside the torus. The data are also fitted with a
poloidal flow of 0.04 and with 0.30 for a toroidal flow velocity main-
ly on the outside of the torus. Note that in these two examples, the
maximum of the toroidal rotation velocity is between the axis and the
surface. Such small values cannot be excluded a priori from the
experimental information. One would need to consider the role of a
high momentum tail due to the beam heating on the coupling between
impurity ions used to measure the velocity and this tail may contain a
large fraction of the momentum flow.

Ref. [1]: D. Johnson et al., Plasma Physics and Controlled Nuclear
Research, IAEA, Vienna (1982), vol. I, 9.
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STUDIES OF A LOW FREQUENCY OSCILLATING FIELD CURRENT DRIVE#*

D. A. Baker, R. F. Gribble, and K. F. Schoenberg
Los Alamos National Laboratory
Los Alamos, NM 87545

An extension of previous work 1>2 on the steady~-state current drive scheme
based on applying properly phased ac modulating voltages to the reversed-field
pinch (RFP) windings is reported. One starts with the basic premise that the
field profiles relax to a form Bg = ¢f6(e,r/a) and B¢ = ¢f¢(9,r/a) on a
timescale short compared to the ac modulating period. Here & is the toroidal
flux; ¢ and 6 are the toroidal and poloidal angles; a is the first wall radius
and O the usual pinch parameter Be(a)/<B¢> in the c¢ylindrical approximation.
The field reversal parameter is then given by F(0) = ef¢(e,1)/fe(e,1). The
analytic study proceeds using the small signal approximation applied to the
energy balance equation (Poynting Theorem). Approximate expressions are found
for the dc component of toroidal current as a function of &8/® and 8\14,/V<b which
compare quite well with previous numerical calculations using the full nonlinear
differential equation.1 The analytic study predicted that current drive can be
obtained even if F(O) is a constant. This result which may be relevant to
tokamaks is also further confirmed by the numerical solutions. Predictions for
the wupcoming current drive tests scheduled for the Los Alamos ZT-40M as well as

the proposed new ZT-H RFP will be reported.

1. Kurt F. Schoenberg, Robert F. Gribble, and Don A. Baker, Jour. Applied
Physics 2519 (1984).

2. M. K. Bevir and J. W. Gray, Proceedings of the Reversed-Field Pinch Theory
Workshop, Los Alamos report No. LA-8944-C, 196 (1981).

*
Work performed under the auspices of the U.S. Department of Energy.



30-19

QUADRATIC FORM APPROACH TO COLLISIONLESS
: e *
‘INTERNAL KINK MODES IN FINITE~LARMOR~RADIUS REGIMES

J. J. Ramos
Massachusetts Institute of Technology, Cambridge, MA 02139

We present an investigation of internal kink modes in high
temperature plasmas, whereby the relevant dynamics within the mode
resonant layer is described by the collisionless kinetic equations.
We consider realistic situations in which the electron and ion
temperatures are comparable, and the scale lengths for density and
temperature gradients are comparable too. In addition the ion gyro-
radius is allowed to be of the order of the characteristic layer
width over which the perturbed fields vary. Under these conditions
the perturbed electromagnetic potentials obey a set of integro-
differential equationsl, that represent a solution of the Vlasov-
Maxwell equations valid to all orders in the ion gyroradius. From
this a quadratic form has been derived, which is here used to obtain
approximate dispersion relations for internal kink modes in finite-
temperature-gradient, finite-Larmor-radius regimes. This approach
shows that, for values of the ion gvroradius smaller than the ideal
MHD mode width, the relevant dispersion relation is very well approx-
imated by the standard small-Larmor-radius relation —w(w—wzi)==YMHD.
Thus the mode is stabilized at sufficiently high beta by the finite
ion diamagnetic drift frequency. Deviations from this simple dis-
persion relation are observed for larger values of the ion Larmor
radius, and as the latter increases the mode becomes more unstable.
The electron temperature gradient is shown to have a stabilizing
effect, whereas the ion temperature gradient is destabilizing. Closed

analytic dispersion relations are derived in the limits of low and

high betas.

“Work supported by the U.S. Department of Energy.

lT.M. Antonsen Jr. and B. Coppi, Phys. Lett. 81lA, 335 (1981).
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Universal Drift Wave Stability™

D.R. Thayer, R.D. Sydora, J.N. Leboeuf, P.H. Diamond, and T. Tajima
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Drift wave turbulence is studied using a three-dimensional electrostatic particle
simulation code in slab geometry with an z-space exponential density gradient, where
guiding center electrons and full ion dynamics are utilized. The simulation includes multi-
rational surface drift waves which, due to a judicious choice of parameters, insure that the
resonance overlap condition is well satisfied. The resulting stochastic electrons are clearly
seen in the simulation, and the associated test particle diffusion coefficient is obtained.

Previous analytic analyses of the drift wave problem that incorporates the stochas-
tic electron response have indicated an instability.?»? Using a shooting code solution of the
drift wave eigenmode equation in the stochastic regime, a simulation study was set up
to include unstable modes. However, the initial simulation results have indicated that all
modes are stable, even though all the criteria necessary for the analytic instability analysis
are satisfied.

The present drift wave simulation study, which is the body of this presentation,
is designed using the shooting code analysis so that all modes (including the fundamental
m = 1 mode) are unstable. lon heating results are also presented.

1S.P. Hirshman and K. Molvig, Phys. Rev. Lett. 42, 648 (1979).
2C.0. Beasley, K. Molvig, and W.I. van Rij, Phys. Fluids 26, 678 (1983).

*Work supported by U.S. Department of Energy and National Science Foundation.
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CALCULATION OF THE ELECTRON CONFINEMENT TIME IN

STELLARATORS AT REACTOR COLLISION FREQUENCIES

0. Betancourt and P. Garabedian

NEW YORK UNIVERSITY

A Monte Carlo code called BETAMC has been developed to couple
the neoclasslcal transport theory of Boozer and Kuo-=-Petravic to
the three-dimensional equilibrium and stabllity code BETA. The
Fokker-Planck drift kinetic equation is solved by a method of split
time. Ion and electron confinement times 73 and T, are estimated
from the exponential rate of decay of the expected value of an
appropriately selected test function. Careful cholce of the test
function and of initial data leads to good estimates of b, as well
as 3. It is found that the plots of T and &; intersect at
colllsion frequencies in the reactor range for configurations like
the Hellotron E and the ATF-1. In such cases the effect of an
ambipolar electric fileld becomes negligible. The computer codes
are being used to search for stellarator configurations with good
confinement properties at reactor collision frequencies as well as

satisfactory beta values,
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Implicit Electromagnetic Particle Simulation Code*

E. Montalvo, D.C. Barnes,T T. Kamimura,i J-N. Leboeuf, and T. Tajyima
Institute for Fusion Studies
The University of Texas at Austin
Austin, Texas 78712

Strongly magnetized fusion plasmas are simulated using an implicit electromag-
netic particle code.! The simulation is a two-dimensional Cartesian geometry bounded in
one direction and periodic in the other. The decentered leapfrog equations of motion? for
the electrons follow the £ x B motion of their guidings center using time steps for which
1.At > 1. lon motion is simulated by either solving the full dynamics for Q. At < 1 or
following the guiding center approximation when 1; At > 1. The solution technique of the
implicit field equation divides the operator in a vacuum response and a plasma response.
A convenient iteration is obtained by superimposing the adjustments obtained when both
parts are separately inverted.

This algorithm has been applied before® to the simulation of collisionless tearing
modes showing good agreement with calculations done using other methods. Test runs for
a homogeneous plasma in thermal equilibrium with a constant external magnetic field are
presented for regimes in which (J;At < 1 or ;At > 1. Several theoretically predicted
modes are shown to be present in the simulation results.

'T. Kamimura, T. Tajima, J-N. Leboeuf, and D.C. Barnes, Bull. Am. Phys. Soc. 27,
1035 (1982).

2A.Y. Aydemir, D.C. Barnes, and T. Kamimura, Sherwood Theory Conference, Santa Fe,
New Mexico (1982). ‘

3E. Montalvo, E. Zaidman, T. Tajima, and D.C. Barnes, Bull. Am. Phys. Soc. 29, 1295
(1984).

T SAI, Austin, Texas 78746.
! Institute for Plasma Physics, Nagoya University, Japan.

*Work supported by the U.S. Department of Energy and National Science Foundation.
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SIMULATION STUDY OF ELECTRON BERNSTEIN WAVES IN BOUNDED PLASMA™
D. Sultana, V. K. Decyk and J. M. Dawson

Department of Physics

University of California

Los Angeles, CA 90024

The normal modes of a magnetized bounded plasma have been studied. Both

body waves and surface waves are observed. Simulation results indicate the
existence of electron waves in the frequency range between the first two
cyclotron harmonics, which fluid theory does not predict. According to our
hypothesis, these waves are Bernstein-like surface waves which do not appear
to have been previously described (Bernstein waves with complex k). A
detailed study of these waves has been undertaken. Using a 2-D electrostatic
simulation model, we measured the dispersion relations of both body and
surface waves with gb Parallel to a plasma—vacuum interface and perpendicular
to the wave vector, k. In addition, the waveform (eigenfunction) itself has
also been determined using correlation techniques. Our goal is to establish a

connection between these new waves and the known Bernstein waves.

* Work supported by USDOE.
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Analytic Ballooning Stability Criterion
with finite Shafranov shift in high beta tokamaks

Won-Ho Choe and J.P. Freidberg
Massachusetts Institute of Technology

In high beta tokamaks (8 ~ ¢, B, ~ 1, ¢ = £ < 1), the maximum al-
lowable plasma beta (8 = 2%) is mainly limited by ballooning instabilities.
The ballooning stability criterion is computed analytically using a circular
flux surface ansatz, in which the Shafranov shift is considered to be com-
parable to the plasma minor radius. Also intuitive insights into the second

stability regime are developed.
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TRANSPORT SIMULATIONS OF THE EFFECT OF PROFILE SHADE ON ALPHA HEATING IN TPTR®

M, H. Redi, S. J. Zweben, G..Bateman, and D. R. Mikkelsen
Princeton University

BALDUR, a one=-dimensional transport codel is being used to inves-
tigate the effect of peaked density and temperature profiles on alpha
heating in TFTR. A zero-dimensional calculation shows that for peaked
profiles central alpha heating can be significant, creating a "central
ignition® region,

The BALDUR simulations specify anomalous electron transport and
Hinton-Hazeltine ion neoclassical conduction. The peaked density pro-
file is maintained with a inward pinch balancing outward diffusion. The
classical alpha particle orbits at 50kG are confined within 20cm. Sawteeth
are included. The role of impurity radiation is small. The simulations
incuded 25MW neutral beam injection and compression of 2.2MA in 30ms with
compression ratio of 1.25,

Initial transport simulation studies show that peaked profiles increase
alpha production but that heating profiles which are flat or peaked off
axis and sawtooth losses can broaden the alpha fusion power profile and

prevent the formation of a central ignition region.
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