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The 13th European Conference on Controlled Fusion and Plasma Heating was held 
at Schliersee, Fed. Rep. of Germany from 14 to 18 April 1986. It was organized 
by Max-Planck-Institut filr Plasmaphysik, Garching, Fed. Rep. of Germany on 
behalf of the Plasma Physics Division of the European Physical Society (EPS). 

According to the new EPS arrangement the conference was held in spring and, 
because this is an even-numbered year, it concentrated on controlled fusion 
and plasma heating. The main topics therefore were 

Plasma Confinement 
Plasma Heating 

with the following subtopics : 

A Tokamaks 
B Stellarators 
C Alternative Confinement Schemes 
D Plasma Edge Physics 
E Alfv~n and Ion Cyclotron Heating 
F Electron Cyclotron Heating 
G Neutral Injection Heating 
H Lower Hybrid Heating and Current Drive 

The Conference Programme included 18 invited lectures, 27 orally contributed 
papers and more than 200 papers presented in poster sessions. 

The contributed papers of this 2-volume publication are photographically 
reduced in size from the originals provided by the authors. 

Programme Committee/Paper Selection Committee 

G. Briffod (Chairman), CEN, Grenoble, France 
M. Kaufmann (Vice- Chairman), IPP, Garching, Fed. Rep. of Germany 
T. Consoli, CEC, Brusse l s, Belgium 
A. Gibson, JET, Abingdon, United Kingdom 
C. Gormezano, CEN , Grenoble, France 
G. Grieger, IPP, Garching, Fed . Rep.of Germany 
H. DeKluiver, FOM, Nieuwegein, The Netherlands 
F. Santini, ENEA, Frascati, Italy 
V. Shafranov, Kurchatov Institute, Moscow, USSR 
E. Sindoni, Univer sity of Milan, Milan, Italy 

The invited papers and two post deadline orally contributed papers will be 
published by Pergamon Press in the journal "Plasma Physics and Controlled 
Fusion" Vol. 28 No. 9a and sent free of charge to each registered participant . 



4 

CONTENT OF VOLUME II 

Titel list Volume I 5 

Titel list Volume II 11 

Contributed Papers 19 

E Alfv~n and Ion Cyclotron Heating 19 

F Electron Cyclotron Heating 205 

C Neutral Injection Heating 279 

H Lower Hybrid Heating and 

Current Drive 309 

Index 461 



5 

VOLUME 

A. TOKAMAKS 

Oral Presentations 

- Gill R. D., Bartlett D. V .. Bracco G., Campbell D.J .. Corti S.. ... 21 
Sa~tooth Act i vity Dur ing Additional Heating In JET 

- Groebner R. J. for the Doub I et Ill Group 25 
Comparison of EKperl mental ly-lnferred Ion Therma l Diffusivitles 
~ l th Neoc l ass ical Theory for NB Di scharges In the D Il l Toka ma k 

- Th omeen K., Bartlett D. V. , Bhatnagar V. P .. Bicker ton R.J., .. • 29 
Energy Transport In JET ~ ith Ohmic and AuK I I l ary Heat ing 

- Glerke G. von, Backer G., Bosch H.S., Brocken K •• Buech l K. . 33 
The Influence of the Current Dis tribution on the Archievable 
Beta- Values In ASDEX 

- Thomas P.R. 37 
Energy Confinement In Tokamaks 

- Goldeton R.J., Fredr lkeon E •• McGulre K • • Zarnstorff M.. ••• 41 
Heat ing Profile EKper lmen t on TFR 

Pos ter Presentations 

- Demchenko V.V., Zhdanov Vu.A., Omel ' chenko A. Va . 
Stabl I lty of a Hi gh-Pressure Plasma In Toroldal Traps ~ith 
Rippled Magnetic F i e l ds 

- DeLucl a J., Hofmann F., Jard in S.C., Kel I er R. , Marcus F.B •• 
AKieymmetrlc, Resist ive Stab I I i ty and Contr ol Stud ies for the 
Proposed TCV Tokamak 

- Pereson M • • Bondeson A. 
Resistive Tear ing modes In t he Presence of Equl I ibr ium F lo~s 

- Zehrfeld H.P. 
Free-Boundary F lo~ Equ l I lbr la for ASDEX and ASDEX-UG 

- Hender T. C., Glmblett C. G., Robinson D. C. 
The Effects of a Resistive Wal I on Resist i ve MHO lns tab i I i t i e s 

- Hender T.C., Rob lnson D. C •• Has t ie R.J. 
The Effects of F inite-Beta and Shaping on Tear ing Modes in JET 

45 

49 

53 

57 

61 

65 

- Alladio F .. Ottavlani M .. Vlad G. 69 
Transport Propert ies and Sa~toot h RelaKati ons in t he FT Toka mak 

- Roy A., Sauter 0. , Turnbu l I A. D., Gruber R., Troyon F. 73 
Beta Li mi t for Elongated Cross-Section Tokamak s 

- Roy A. , Turnbull A.D. , Sauter 0 .. Nicl i S., Troyon F. 77 
Operat i onal Diagram f or Lo~ Beta Race track Cro ss-Section Tokamaks 

- Batti s ton L • • ASDEX Team 81 
Dimensional lty of Fluctuat ions in ASDEX 

- Nocentlni A. , NE T Team 85 
Electron Heat Transport In a S trong ly Magnet i zed Plasma 



6 

VOLUME 

Poster Presentations 

-Col I ina G.A •• Ll a t er J .B •• Marml I lod P. 89 
Central Mass and Current Density Measurements in Tokamaka Using 
the Di screte Alfven ~ave Spectrum 

- Roehr H •• Steuer K.-H •• Meieel D •• Mur nann H.D •• Backer G.. • • • 93 
Measurement of Plasma Emission Profiles in the Range fro m 800 -
1000 nm for Zeff-Analyeie In ASDEX 

- Melsel D •• Murmann H.D •• Roehr H •• Steuer K.-H. 97 
Periodic Thomeon Scattering Diagnostic uith 16 Spatial Channels 
on ASDEX 

- R~tsr F •• Brocken H •• Izvozchikov A •• Leuterer F •. Maaaaberg H.. 101 
Comparison of ICRH and LH Accelerated Hydrogen Ions In NI 
Heated ASDEX Plasmas 

- Sadler G • • Van Bel le P •• Hone M •. Jar vis O.N •• Kael I ne J .. 105 
Fusion Product Measurements on JET 

-Corti S •• Barbato E • • Bracco G •• Br ~satl M • • Bures M. . • • • 109 
Tl Profl le Stud ies During ICRF Heating in JET 

- Tonettl G.G •• Chrletlansen J. P •• Cordey J . G. 113 
Determination of Pololdal Beta In JET 

- Pardo C •• Zurro B • • TJ-1 Group 117 
Current Denelt~ Distribution in the TJ-1 from Singular Surfaces 
Position Deduced from Visi bl e Continuun Profl lee 

- von Hel lermann M • • Engelhardt ~ •• Horton L • • Carolan P.. ••• 120 
First Spectroecopic Charge EKchange Measurements Dur ing Neutral 
Injection on JET 

- Boech H.-S •• Schumacher U •• Backer. G. Bracken H •• Eberhagen A.. 124 
Measurements of Charged Fusion Products in ASDEX 

- Bondeeon A. 128 
Simulation of Tokamak Disruptions Including Self-Con s i s tent 
Tempera ture Evolu tion 

- ~esterhof E •• Goedheer ~.J. 132 
Sauteeth: a Critical Comparison of T~o Models 

- Klueber 0 • • Gernhardt J • • Grassie K •• Hofmann J • . Kornherr M. . 136 
MHD Characteristics of ASDEX H-Type Discharges Approaching the 
Be ta Limit 

- Kornherr M •• Eberhagen A., Gernhardt J .. Klueber 0. , ~agner F., 140 
MHO-Effects uith NI and ICRF Heating on ASDEX 

-Ho I leneteln Ch •• Kel I erR •• Pochel on A. , Sauley M.L •. Slmm ~.. 144 
Characteri s tics of Broadband Magnetic and Dens i ty Fluctua tion s 
in the TCA Tokamak 

- Fredrlckeon E •• McGuire K •• Goldston R . . Hiroe S.. ••• 148 
Profl le Coneletenc~ on TFTR 

-Sn ipes J.J • • Ha~nee P.S •• Hender T.C •• Morris A.~.. ••• 152 
A Compar i son betueen Theor~ and EKper inent f or Mu l tiple He l iclt~ 
Modes during AuKI l i ar~ Heating on JET 

- ~atkins M.L • • Hou lberg ~.A., Kupschus P • • Stubberfield P.M.. ••• 156 
Predictive Stud ies of Neutra l Beam and Pellet Injec t i on on JET 

- Taronl A • • Tlbone F. 160 
Profl le Cons i s tency and Electron Energy Transport Models 



7 

VOLUME 

Poster Presentations 

- Slmonln l R • • Taronl A. 164 
3-D Monte-Carlo Computations of the Neutral Temperature and 
Density Distribution In JET Discharges 

- Niedermeyer H., Buechl K •• Kaufmann M •• lang R. , Martens V., 168 
Increase of the Dens i ty Limit in ASDEX by Repetitive Pellet 
Injection 

- Muel ler E.R., Janeschitz G., Smeulders P •• Fussmann G. , • •• 172 
Evolution of Radiation Po~er Profi lee in ASDEX H-Mode Di scharges 

- Behrlnger K., Denne B., Forrest M. , Ha~k e s N.C. , Kaye A., • •• 176 
Metal Sources and General Impurity Behaviour in JET Plas mas 
during ICRH 

- Behr i nger K., Ed~ards A •• Fahrbach H. -U .. G i I I R. D .. Granetz R.. .. • 180 
Radiation Behav i our During Additional Heating of JET Plaem as 

- Zurro B •• Pardo C •• TJ-1 Group 184 
Study of line Radiation Aeymmetrles in the TJ-1 Tokamak 

- Reiter D .. Campbell G.A .. ALT-1 Group 188 
Respons e of the ALT-1-Pumpl lmiter to Different Plasma Conditions 
In TEXTOR 

- Fuche G. , l..la l dmann G., TEXTOR Team 192 
Performance of TEXTOR Tokamak ~lth Ohnic Heating In the Pre-
sence of Graph i te Llmiters 

- Poschenr leder I..I.P •• Fussmann G., Gierke G.v • • Mast F.. • • • 196 
l..lal I Carbonization In ASDEX: A Col I at ion of Character i st i c Result s 

- T. F. R. Group (presented by M. Dra~ I nl 200 
Pellet Injection into TFR-P i as ~as : Measurement of the Ab lat i on 
Zone 

-Strait E.J •• Chu M.S •• Jahne G. L.. Kl~ J . S .. Kellman A.G.. ... 204 
Beta and Current Limits in the Doub let Ill Tokamak 

- Nicolal A. , l..lolf G.H. 208 
Model I lng of H-Mode Discharges by the Confinement Amel ioratlon 
from a Local lzed Reduction of Field line Ergod iclty 

- Haas F.A • • Thyagaraja A. 212 
A Phenomenolog l cal Interpretation o f Transport Li mi ts and S l o~-
Time Evolution In Tokamaks 

- Murmann H. D., l..lagner F., Seeker G., Bosch H.S., Broken H., •• • 216 
Analysis of the Invariance Property of Electron Tempera t ure 
Dur i ng Auxi I lary Heating in ASDEX 

- Gehre 0 •• Seeker G •• Eberhagen A., Bosch H.-S • • Bracken H.. 220 
Particle Confinement in Ohmlcal ly Heated ASDEX Plasma 

- Backer G. 224 
Local Transport in Tokamaks ~ i th Ohmic and Injection Heating 

- Gruber 0., Ji lge 1..1 . , Martens V. , Vlases G • • Kau f mann M. , • • • 228 
Energy and Particle Transport in Medium-Dens i ty ASDEX Pellet 
Discharges 

- Hubbard A •• l..lard D., Stringer T.E. 232 
Direct Measurement of the Electron Diffus ion Coeffic ien t on JET 
Using a Micro~ave Reflectometer 

- Bartlett D.V. , Bindslev H •• Brusatl M., Campbe l I D.J .. •• • 236 
Investigation of Electron Temperature Profl l e Behaviour In JET 

- Cheethalll A., Chrletiansen J.P .. Corti S., Gondhalekar A., .. • 240 
Electron Dens i ty Transport In JET 



8 

VOLUME 

Poster Presentations 

-Gentle K.~ •• Rlchards B •• ~aelbroeck F. 244 
Hydrogen Ion Transport in Tokamak Plasmas 

- Gruber 0., Ji lge ~ •• Bosch H.-S., Bracken H •• Eberhagen A., 248 
Transport in Beam-Heated ASDEX Discharges Beio~ and In the 
Vicinity of the Beta Limit 

- Shen z .. Zheng S., ~ang L. 252 
Stable Region of Feedback Control in Tokamak Device 

Roberts D.E., Coster D.P., De Vi I liars J.A.M ., Fletcher J.D., •. • 256 
The Tokoloshe Current-Carrying Llmiter Experi ment 

- Fernandee A •• Hel ler M.V.A.P., Cai das I.L. 260 
Resonant Helical ~ind ings in Tokamaks 

- Tanga A., Gottardi N., Hubbard A., Lazzar o E •• NolI P., ••• 264 
Effects of Major Radius Compression in JET 

- Campbel I D.J., Christlansen J. P. , Lazzaro E •. Morris~.. 268 
Analysis of Current and Temperature Profl le Formation in JET 

- Rodrlguez L •• Navarro A.P., TJ-1 Group 272 
Runa~au Electron Conf inement Studies in the TJ-1 Tokamak 

-Lopes Cardozo N.J., Barth C.J., De Graot B .. Van der Laan H.A., 276 
Turbulent Heating of the TORTUR Tokamak by Fast Current Pulses 

B. STELLARATORS 

Oral Presentat ions 

- Merkel P. , Nuehrenberg J., Zl I le R. 283 
Finite Beta and Vacuum Field Studies for the He I ias Stel larator 

- Renner H. and~ VII-A Team, ECRH Group , NI Team 287 
Influence of Shear, dt/t, on the Confinement in the ~7A Stel la-
rator 

Poster Presentations 

- ~oblg H., ~VII-A Team 
A Tr ansport Model of ECR-Heated P l asmas In~ VII-A 

- Guasp J., Fabregas J.A. 
He I lac-Tor satron Transition In a 8-Perlod HelIcon 

- Guaep J. 
Evaluation of Confinement Times for the Flexi ble Hel lac TJ-11 

- Nazarov N.I •• Plyu snln V.V., Ranyuk T.Vu, , To l ok V.T • • ,,, 
Optimization of RF Plasma Heating In Uragan 3 Torsatron 

- Herrnegger F., Rau F. 
Bean-Shaped Advanced Stel laratore ~ith Modular Col I Systems 

291 

295 

299 

303 

307 



-
9 

VOLUME 

Poster Presentations 

- Tutter M •• U VII-A Team 311 
Calculation of the Influence of Suprathermal Electron Radiation 
on ECE Spectra. with Obl lque Direct ion of Observation 

- Hartfuss H.J •• Maaeeberg H •• Tutter M., U VII-A Team, ECRH Group 315 
EMperlmental Determination of the Local Heat Conductivity 
Coefficient Xelrl In the U VII-A Stellarator 

-Kick M •• Ringler H., Sardei F •• Ueller A., • • • 319 
ex-Recomb ination Spectroecop~ dur ing NB! Heating of ECRH Target 
Plasmas In U VII-A Stellar. and Comparison with a Transport Model 

- Harmeyer E., Kiss I lnger J •• Uobig H., Rau F. 323 
Magnetic Field Studies Near Separatrlx 

- Besshou S., Morimoto S., Motojlma 0., Kanel<o H., Kondo K., ••• 327 
Radiative Loss of Current less Plasmas of Hel iotron E 

- Sato M., Zush i H., Motojima 0., Kanel<o H., Itoh K., Sudo S., ••• 331 
ECRH EMperiment on Hel iotron E 

C. ALTERNATIVE CONFINEMENT SCHEMES 

Oral Presentations 

- Antoni V., Giubbl lei M., Mer I in D., Ortolani R., Paccagnel la R., 337 
Stationary Field Profl lee and Plasma Confinement in RFP Configu-
rations 

Poster Presentat i ons 

- Edenstrasser J.U., Schuurman U, 341 
Equi librlum and Stab I I ity of Reversed Field P inch with a Rectan-
gular Cross-Section of the Torus 

- Tsul H., Nelolton A. A. , Rusbr ldge M. G. 345 
Reelstlvlt~ of Reversed Field Pinch Plasma 

- Buffa A., Carraro L •• Costa S •• Flora F., Gabel lieri L., ••• 349 
Ohmic Heating In Various Dens it y Regimes in ETA-BETA 11 

- Andereon D.V. , Horowltz E. J., Konlges A.E •• Shumal<er D.E. 353 
Ful I~ Imp I lclt Solution of MaMwel l's Equations in 3 Dimensions by 
Precond. Conjugate Methods lollth Appl lca t . to Revere . F iel d Config. 

- Eggen J.B.M.M., Schuurman U. 356 
Minimum Magnetic Energy Principle for a Ueal<ly Resistive Toroldal 
Finite-Beta Plasma 

- Schuur~an U •• Ueenlnl< M.P.H. 360 
Stab I I lty of Taylor States lollth Respect to the m • 1 Mode i n the 
Presence of a Vacuum Layer 

- Kubo S., Narihara K •• Tomita Y., Matsui M •• Tsuzul<i T., Mohrl A. 364 
Plasma Confinement Properties in REB-Ring Spherator 

- Nar d l V •• Luo C. M., Powe ll C •• Brzoe~o J •• Bor tolotti A., • • • 368 
Confinement of MeV Ions In a Den se Pinch 



10 

VOLUME 

Poster Presentations 

- Tendler M. 
EXTRAP as a Dynamic System 

- Sinman A., Sinman S. 
Initial Exper i ment In a Compact Toroid Formed b~ Magnetized 
T-Tube 

- Sinman S., Sinman A. 
An Alternative Formation Scheme of a Compact Toroid Using Four 
C-Gune 

- Antonl V, , Martini S., Ortolani S. 
RFP Physics and Expected Performance in RFX 

D. PLASMA EDGE PHYSICS 

Poster Presentations 

372 

377 

381 

385 

- Ehrenberg J •• McCracken G.M., Behrisch R • • Stott P. E. , • •• 3S1 
Erosi on and Redepos l tlon of Metals and Carbon on the JET Llmiters 

- Ha~kes N. C., AI I en J •• Field i ng S.J •• Hugi I I J •• Johnaon P. C., ••• 3SS 
Spectroscoplc Study of High Denslt~ Phenomena In DITE 

- Schweer B., Bay H.L •• Bieger ~ •• Bogen P • • Hartwlg H • • Hlntz E., 3SS 
Effects of ICRF-Heatlng on the Plasma Edge In TEXTOR 

- Brlnkschulte H., Tagle J.A •• Bures M,, Erents S.K., Harbour P., ••• 403 
Behav iour of Plasma Boundary During ICRF In JET 

- Janesch l tz G., Fussmann G •• Noterdaeme J.-M., Stelnmetz K., ••• 407 
Impurity Production dur i ng ICRF-Heating 

- Chodura R. 411 
Plasma Flow In a Col I lslonal Presheath Region 

- Cherry R • • E I 11 ot J, A. 415 
Coherent P l asma Structures In the Unstable Edge Regions of a 
Linear Quadrupole 

- lchtchenko G., Bottol I ier-Curtet H. , Goniche M •• PETULA Group 41S 
Densi ty Profl le from Microwave Reflec tometry and Conf inement Pro-
perties of a Lower Hybrid Curr. Drive Sustained Tokamak Discharge 

- Grashln S. A., Sokolov Yu.A., Allmov V.H •• Arhlpov 1.1 .. ... 423 
Deuterium and I mpurity Fluxes In Scrape-Off Layer of Tokamak 
Studied by Collecting Probes 

- Fuchs G., Dl ppel K.H., Giesen B •• Schoengen F •• ~olf G. H., ••• 427 
Ergodlc Magnetic Lim l ter on TEXTOR 

- Donne l ly I . J ., Clancy B. E., Brennan M.H. 431 
Edge Plasma and Radial Antenna Current Effects on Alfven ~ave 
HeatIng 



11 

VOLUME 11 

E. ALFVEN AND ION CYCLOTRON HEATING 

Oral Present ati ons 

- Stelnmetz K., Uagner F., Uesner F., lzvozchlkov A., ,,, 21 
ICRF H-Moda and 2 •• • /DIHI-Mlnorlt~ Heating on ASDEX 

- Ogawe Y., Ak l~ama R. , Ando R. , Hamada Y., Hlr okura S., 25 
Energ~ Confinement Seal l ng of ICRF-Heated Plasmas in JI PP T-IIU 
Tokamak 

- Molvlk A.U., Dl monte G., Barter J •• Campbel I R., Cummins U.F.. • •• 29 
ICRF Heating of Passing Ions in TMX- U 

- Ue~nants R.R., Van Easter D., Bhatnagar V.P. , Koch R. 33 
Power Dapoaltlon Prof l les In TEXTOR under ICRH Mode Conversion 
Condit ions 

- Cottral I G. A., Lal I ia P. P., Sadler G •• Van Bel le P. 37 
ldant l flcat l on of Ion Cyclotron Emission from Charged Fus ion 
Products 

- T.F.R. Group and True A. 41 
Magnetic Fluctuations In the Scrape Off Layer of T. F.R. dur ing 
Additional Heating Exper iments 

Post er Present ati ons 

- Behn R. , Col I ins G.A., Lister J.B., Ue lsen H. 
Observat ion of Denslt~ Fluctuat ions Local I zed at the Resonance 
La~er During Alfven Uave Heating 

-Bertin G. , Elnaudl G., Pegoraro F. 
Alfven Uave Dampi ng In Inhomogeneous Pl asmas 

- Borg G.G., Brennan M.H., Cross R.C., Lshane J.A . , Mur phy A.B. 
Excitation of Alfven Uaves In Tokamak P lasmas 

- Bharuthram R. , He I lberg M. A., Johnstone D. 
Current-Dri ven Low Frequenc~ Ins tabilities In a Magnetized 
Two-Ion Plasma 

- Jaeger E.F . , Batche lor D.B., Ueitzner H. 
ICRF Uave Propagat i on and Absorption in Ste l larator Magnetic 
Fields 

- Faulconer D.U. 
Local Descr i ption of Thermal Plasm a with Magnetic I nhomogeneity 
Along Bo 

- Faulconer D.U., Pearson D •• Durodle F. 
Method for Rapid Eva lua t ion of Antenna Near-Fields 

- Core U. G.F. 
The Effec t o f Neutral Beam In j ection on Wave Propagat ion in t he 
Ion C~c lo t ron Range of Frequencies 

- Bhatnagar V.P. , Evrard M.P., Jacqui not J. 
Theor~ of Excitation of As~mmetric k//-Spectrum by Phasing the 
JET ICRF Antennae 

- Ferraro R.D., Fried B. O., Morales G.J . , Prasad S.A. 
Properties of Dr iven Bernstein Waves in Nonuniform and in Non­
neutra l Plasmas 

- Scharer J . E. , Romero H. 
Local ICRF Fokker -P ianck Heating and Inhomogeneous Plasm a Field 
and Ab sorpt i on Studies for JET 

45 

49 

53 

57 

61 

65 

69 

73 

77 

81 

85 

-- --- ---------------------------------------~ 



12 

VOLUME 11 

Poste~ P~esentations 

- B~ambl I la M., K~uecken T. 89 
1-D Model for Propagation and Abso~ptlon of H.F. ~aves Near 
Ion C~c l ot~on Assonances I n Tokamak Plasmas 

- Ka~ A. , Cairns R.A . , Lashmo~e-Davies C.N. 93 
A Simpl I fled Method for Calculation of ~ave Abso~ption In the 
lon-C~clotron Range of F~equenc ies 

- Anderson D •• Core~ •• E~lksson L.-G., Hamnen H •• Hel lsten T., 97 
Distort ion of Ion Veioclt~ D l st~lbutions in the P~esence of ICRH; 
A Semi-Anal~tlcal Anal~sls 

- Chen G.L.. ~heal ton J.H., OLJens T.L.. Hoffman D.J •• Ba l t~ F.~. 101 
A 3-D Anal~sls of Arbltrarl I~ Shaped ICRF Antennas and Fa~ada~ 
Shields 

- B~azhn I k V. A., Demchenko V. V., De m' yanov V. G •• D' ~akov V, E.. .. • 105 
The Effec ts of E~te~nal Elect~lc Field on the Dynam ics of Ion-Ion 
lnstab l I ity and Tu~bulent Heating 

- Cap F.F. 109 
Threedlmenslonal TE Modes In an Inhomogeneous Magnet i zed Cold 
To~oldal P lasma of Arbitrary Cross Section 

- Longinov A.V., Pavlov S.S •• Stepanov K. N. 113 
The Use of Heavy-Ion Minority for Stead~-State Cu~rent D~ive 
In P lasma 

- Deschamps P., Koch A. , Messlaen A.M. , Vandenp las P.E. 117 
SLJept Frequenc~ Measu~ements in a ~lde Frequency and Plasma Para-
meter Range of the Coup I lng P~opert l ee of the TEXTOR ICRH Antenna 

- Koch A., Meseiaen A.M., Van NieuLJenhove A. 121 
High PoLJer Coup I ing Properties of the TEXTDR ICRH Antennas 

- Messlaen A.M •• Koch A •• Bhatnagar V.P. 125 
Influence of the ~al 1-Piaema Distance on the Radiation of an 
ICRH Antenna 

- Hel lsten T •• Appert K. 129 
Coup I ing Spectra fo~ Ion C~clot~on Heating In La~ge Tokamaks in 
Presence of Elgenmodee 

- Ev~a~d M. P., Bhatnaga~ V.P . , Bu~es M • • Sand F. 133 
Compa~ison of Theoretical and EKpe~lmental ICRF Antenna-Plasma 
Coup I lng Resistance in JET 

- Noterdaeme J.-M., Ryte~ A., Soel I M., Baeumler J., Backer G.. ••• 137 
The Role of the Faraday Sc~een in ICRF Antennae: Comparison of 
an Optical I~ Open and Optically Closed Screen in ASDEX 

- Hoffman D.J •• Baity F.~ •• B~~an ~.E., Jaege~ E.F •• OLJens T.L.. 141 
ICRH Coup I l ng In DIII-D 

- OLJens T.L. 145 
A Folded ~avegulde Cavit~ Coup le~ to~ ICRF Heating 

- Bannel I er P. 149 
Va~iatlonal Theo~~ Appl led to Multlpo l and to Resonant ICRH 
Antenna 

- Ge~lach P., Sl~e G • • lchac J.P. 153 
Ne" High PoLJe~ Tet~odes fo~ ICRH Appl Icat ions 

-Ba it~ F.~ •• B~~an ~.E •• Hoffman D.J •• Schechte~ D. E. 157 
ICRF Heating Technology Deve lopment Activ i t ies at Oak Ri dge 
National Labo~atory 

- Bec~aft ~.A •• Adam J ., Baity F.~ .. Banneller P. , B~yan ~.E.. 161 
Compact Loop Launche~ Design Stud~ for To~e Sup~a 



13 

VOLUME !I 

Poster Presentations 

- Bhatnagar V.P., Cort i S., El I le J .J., Jacquinot J ., Lal I ia P.P., 165 
Comparison betueen H and He••3 M i nor i t~ ICRF Heat i ng Experiments 
in JET 

- Kauahata K. , Ando R., Kako E., Watarl T., Hi rokura Y., ••• 169 
Electron Heating uith direct!~ launched Ion Bernetein Waves in 
J!PP T-IIU Tokamak 

- Weener F., Noterdaeme J.-M., Baeumler J., Braun F. , 173 
ICRF Heating for the ASDEX-Upgrade Tokamak 

- Itoh K., Fuku~ama A., Morishita T. , Kish imoto Y. , ... 177 
Anal~ele on ICRF Heat ing and Current - Dr ive in Tokamaks 

-Cooper G., S~ W.N-C. 181 
Ion C~clotron Heating of a Reversed Field Pinch 

- Longlnov A.V., Pavlov S.S •• Stepano v K.N. 185 
High-Pouer Heavy-Ion Minor i ty Heating 

- Long l nov A. V., Tsurikov V.A. 189 
Features of Fast Magnetoson i c Wave Excitation in T-10 Tokamak 
Using Antennae uith Different Kl !-Spectra 

- Bhatnagar V. P •• Barbato E., Bosia G • . Evrard M.P., Gambler D. , 193 
Experimental Deter mination of the ICRF Pouer Deposit ion Profile 
and Comparison with Ra~ Tracing Calcu lat ions 

-Sand F., Beaumont B. , Bhatnagar V.P., Bures M., Corti S., ... 197 
Effect of Off Axie ICRF Pouer Depos i t i on in JET 

- Longlnov A.V., Koloaenko V.!., Miroshnlchenko G.A., 
A Shortwave FIR-Tree Antenna for ICRF Heating of P lasma in the 
T-10 Tokamak 

F. ELECTRON CYCLOTRON HEATING 

Oral Presentat ions 

20 1 

- T.F.R. Group and FOM ECRH Team, presen ted by J . Tachon 207 
Electron C~clotron Heating on TFR 

- IH I helm R., Erckmann V. , Janzen G. , Kaeparek W., Mueller G. A., .. • 211 
Performance of the 70 GHz ECRH S~ e tem on W VII-A 

Poster Presentations 

- T.F.R. Group, FOM ECRH Group, present ed by L. Jacquet and M. Pa in 215 
Numeri cal and Experimental Study of Elec tron Distribut ion Fu nc-
t i on In T. F. R. Wi th and Without E. C. R.H. 

- Ed llngton T., AI cock M.W .. Atk l nson D. , Bleuett S.G.. .. • 219 
Electron C~clotron Re s onance Heating and Current Drive Experi-
ments on the CLEO Device 

- Con eo I I T. 223 
Longitudinal Launching of EC and LH Waves in Toroidal and in 
Mi rror s Devices 



14 

VOLUME 11 

Poster Presentations 

- Con so I I T. 227 
Plasma Beam Acceleration by EC and IC Slo~ ~aves or by LH Fast 
~aves 

-Capes H •• Fldone I •• Glruzzl G • • Krivens kl V. 231 
Electron Cyclotron Heating by the Extraordinary Mode In the T-15 
Tokamak 

- Krlvenskl V •• Fidone I •• Glruzzl G •• Meysr R. L •• Zlebel I L.F. 235 
Electron Cyclotron Damping for Large ~ave Po~er in Tokamak 
P l asmas 

-Farina D • • Lontano M • • Pozzol I R. 239 
Tal I Mode Stab I I lzatlon by Electron Cyclotron ~avea In a Lo~er 
Hybrid Sustained Plasma 

- Lampis G •• Maroli C •• Petrlllo V. 243 
~ave Dynamical Ana lysis of EC ~aves Propagating in a Slab Acrose 
Both EC and UH Reaonancea 

- PB&Ic S. 247 
~ave Absorption Near the Second Electron Cyclotron Harmon ic In 
Non-Max~el I I an Plaamaa 

- Shukla P.K ., Yu M.Y. 251 
Parametric lnstabl I I ties of Electron Cyclotron ~aves 

- Bornatlcl M. , Ruff l na U. 254 
Electron Cyclotron Emission for a Relativistic Loss-Cone Type Dis­
tribution for Arbitrary Propagation 

- Cairns R.A., Lashmora-Davles C. N. 258 
Theory of Linear Mode Convers i on 

- Glruzzl G., Fldone I ., Granata G. , Krlvanski V. 
Electron Cyclotron Emission During Pulsed Cyclotron Heating in 
Tokamak Plasmas 

- Lloyd B. , Edl lngton T • • Alcock M.~ •• Atklnson D •• Parham B. J • • 
Lo~-Voltage Start-Up In the CLEO Tokamak Using ECRH 

- O'Brlen M. R •• Cox M., Hender T. C., Roblnson D.C • • Start D.F.H . 
Current Dens ity Prqfl le Control on JET Using ECRH Current Drive 

- Felch K. , Bier R •• "Ives L • • Jory H., Spang 5 . 
Cyclotron Po~er Sources for Electron Cyclotron Heating 

G. NEUTRAL INJECTION HEATING 

Oral Presentations 

2&2 

2SS 

270 

. 274 

- Speth E. , Gruber 0,, Janeschltz G •• Murmann H •• Nledermayer H.. ••• 281 
Neutral Beam Deposition Experiments at Elevated Densit i es in ASDEX 

Poster Presentation 

I see next page I 



15 

VOLUME 11 

Poster Presentations 

- Equlpe TFR. presented b~ M. Foie 285 
Fast Ion Behaviour during NB! In TFR from Neutron Flux Measure-
ments 

- Mori I •• Oh~a K. 289 
Velocit~-Relaxatlon of Injected HO-Partlcles In a High 
Temperature H~drogan Plasma 

- Slaughter D.R. 293 
Fusion Product Enarg~ Spectra In Bean Heated 0-D. D-T. and 
D-3He Plaemae 

- Heme~orth R.S •• Staebler A • • Falter H.D . • Maesmann P.. 297 
Neutral I eat ion Measurements for the JET Injector 

- Holmes A.J. T •• Nightingale M.P.S. 301 
Extraction of Intense H Beams from Volume So~rces 

-Nightingale M.P.S •• Holmes A.J.T. 305 
Progress In the Development of a Negative Ion Source for Use In 
Neutral Beam Heating 

H. LO~ER HYBRID HEATING AND CURRENT DRIVE 

Or al Presentations 

- Gormezano C •• Hoang G. T •• Agarlcl G •• Bottol 1 ier-Curtet H. . • •• 311 
Lo~ar H~brld Currant Drive Efflclenc~ on the PETULA-B Tokamak 
at f • 1.3 GHz and at f • 3.7 GHz 

- Ohkubo K •• Hamada Y •• Oga~a Y •• Mohrl A •• Ak i ~ama R .• Ando R.. 315 
Currant Drive b~ Fast Magnetosonlc ~avee near the Lo~er H~brid 
Frequenc~ In the JIPP T-IIU Tokamak 

- Soaldner F •• Eckhartt D •• Leuterer F •• McCorm l ck K •• Backer G.. 319 
Stab I 1 lzatlon of Sa~tooth Oscl 1 latione b~ Lo~er Hybrid ~aves 
In ASDEX 

- McCormick K., Soeldner F.X •• Leuterer F •• Murmann H.. ... 323 
Influence of the Lo~er H~brld ~ave Spectrum on the Current DI-
stribution In ASDEX 

-AI ladio F •• Bartlromo R •• De Marco F •• Mazzltel I i G. . ••• 327 
Sa~tooth Behaviour In Lo~er H~brid Heated FT Di s charges 

-Van Houtte D .• Agarlcl G .• Bottol 1 lar-Curtet H •• Briand P. . •• • 331 
Suppression of Sa~teeth Osci 1 I at ions b~ Lo~er H~brid Current 
Drive In the PETULA-B Tokamak 

Poster Presentations 

- Bartlromo R •• Heeee M •• Soe ldner F •• Burhenn R .• Fus smann G.. • .• 335 
Measurements of Non-Thermal Electron Population During Lo~er-
H~brid Heating In ASDEX 

-Re~ G •• Berger-B~ G •• Blbet Ph • • Davld C •• Gonl che M., Tonon G. , 339 
A Modu lar Multi junction Grl I I for Current Drive Stud ie s at 
3.7 GHz for PETULA-B and TORE SUPRA 

- McCune E.~. 343 
Ne~ Developments In High Po~er K l ~stron e for Lo~er Hybrid Re so-
nance Heating Appl I cat lone 



16 

' Poster Presentations 

- Heikkinen J.A., Karttunen S.J. 
Non I inear Effects at Lo~er Hybrid Heating of Tokamak Plasmas 

-Dandy R.O., Lashmore-Davies C.N., Mantes A. 
A General I sed Description of the Anomalous DOPPL ER Resonance 
and the Stab I I I sing Role of ion Dynami cs 

- Buratt i P., Leiii A., Tudisco 0. 
A Real is t lc Model for Suprathermal Electron Cyclotron Emission 
and its Application to LH Heated P lasmas 

- Decyk V.K. , Morales G.J., Da~son J.M., Abe H. 
Radial Diffusion of Plasma Current Due to Secondary Emission of 
Electrostatic ~aves by Tai I Electrons 

- Tonon G. 
Po~er Amp l l ficat lon Factor on Lower-Hybri d ~aves Driven Tokamaks 

- Cesario A., Perlcol i Ridolfinl V. 
Study of Parametric lnstabi I i ties In t he FT Lower Hybrid EMperi­
ment 

- Goniche M., David C • • Tonon G •• Rey G •• Briand P. , 
Scrape- Off Layer and Coup! ing Studies with the 3.7 GHz 18 ~ave­
gulde Multi junction Gri I I on PETULA 

- Girard A. , RaM J.M. , PETULA Group 
Saturation and Conduction Studies in Non-Inductive Tokamak Dis­
charges via E.C.E. Rad iation Measurement s 

- Zouhar M •• Vien T., Leu terer F., Muenich M., Brambi I la M., 
Coup I ing of Lo~er Hybrid ~aves to t he ASDEX Plasma 

- Chan V, S., Liu C.S., Lee Y.C. 
Runa~ay Effects on Lower Hybrid Current Ramp-Up 

- ~ang Z., Qiu X., Cheng X., Jian K., Shih T. M. 
Toroida i Effects on Current Dr ive with Lo~er Hybr i d ~aves 

- Grekov D.L., D' yakov V. E., Long inov A. V. 
Electromagnetic ~ave Propagation and Absorption in Tokamak 
Plasma at T~o-lon Hybrid Resonance 

- Parlange F., Val let J.C., PETULA Group 
An Attempt at MHO Mode Contro l by Feedback Modulation of L.H. 
Driven Current 

- Lanoci M •• Haas G. , Seeker G., Bosch H.S., Broken H • • 
Probe Meas urements of Plas ma Inhomogeneities in the Scrape-Off 
Layer of ASDEX During LH 

VOLUME 11 

347 

351 

355 

358 

362 

366 

379 

374 

378 

382 

386 

389 

393 

397 

-Van Houtte D •• Briffod G. , Gormezano C., Panzarel la A., Par i ange F. 401 
Lo~er Hybrid Currant Dr ive i n the Presence of a Cons tant DC E lec­
tr ic F ield on PETULA- B 

- Succ i S., Appert K., Vaclavik J, 
Numerical Studies of LH Current Drive in the Presence of a n 
Electr i c Field 

- Leu terer F. , Brambi I la M., Eckhardt t D •• McCormick K., ,,, 
Influence of the N" -Spectrum on Lower Hybrid Cur rent Dr i ve in 
AS DEX 

- Mendonca J. T. 
Beat-~ave Current Drive 

- Ando A., Kako E. , Oga~a V. ~atari T. 
An !CRF Current Drive EMperi men t on JlPP T- llU 

- Moreau D •• Jacqui not J., La l I i a P.P. 
Fast ~ave Electron Current Dr i ve 

405 

409 

413 

417 

421 

I I 
[ 



' 17 

VOLUME ll 

Poster Presentations 

- Hamnen H. 425 
Ion Current Dr ive Using ICRF and Combined ICRF/NBI 

Matsumoto K •• Ohkubo , K. 429 
Effects of Edge Density Modification on ~avegu i de Coup I lng duri ng 
Lo~er Hybrid Current Dr ive in a Tokanak 

- Klshlmoto Y., Hamamatau K • • Fukuyama A .• I toh 5. I., I toh K. 433 
ICRF Current-Drive by Use of Phase-Contro l of Antennas 

- Yamamoto T., Hosh lno K., Uesug i Y., Ka~ashima H .. Mori M.. ... 437 
RF Heat ing and Current Drive E~periments on the JFT-2M Tokamak 

- Jovanov lch D •• Morales G.J. 441 
Intrinsic Electron Radial Transport Associated ~lth a Large Amp I i-
tude Fast ~ave Uoed for Current Drive 

- Porko I ab M., Kno~ I ton £' .• Takaeo Y., Te~ter 5. , Bono I i P., • .. 445 
Sa~tooth Stab I I lzatlon and E lectron Heating by High Po~er Lo~er 
Hybr id ~aves In Alcator-C 

- Barbato E., Zanza V. 449 
Energy Deposition Prof l le Calculation for LH ~aves and Comparison 
~lth FT E~perl ment 

- Brlffod G., Gormezano C •• Par lange F., Van Houtte D. 453 
Lo~er Hybrid ~ave Accesslbl lity as a Means of Current Profl le 
Control 

- Tol K •• Dhkubo K., Ando R •• Akiyama R •• Hamada Y., Hlrokura 5., 457 
Suppression of Magnetic Islands by In jection of Fas t ~aves In the 
JIPP T-IIU Tokamak 



Alfven and 
Ion Cyclotron Resonance Heating 



21 
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D-8o46 Garching, FRG 

INTRODUCTION 
I CRH experiments in t he ASDEX divertor tokamak have now been operated in· 

the 2~H regime and D(H)-minority mode. This paper presents the status of 
these investigations and compares some of the most interesting features of 
the RF scenarios with neutral beam heating (NI) in the same machine under 
optimized and reproducible plasma paraoeters. The achievement of the H- mode 
with ICRH alone is reported . Considerations on possible synergetic effects 
of the combination of ICRH with NI /l/ and impurity studies during ICRH /2/ 
are presented separately. 

20cH (67 MHz) and D(H)-heating (33 . 5 MHz) experiments sre being 
routinely conducted in excess of 2 MW launched power for pulse lengths of 
up to 1 s. In addition to the combined scenarios of NI + ICRH, pure 20cH 
and D(H) heating up to maximal power have now been applied in extensive 
studies of diverted discharges and in the case of carbonised walls /3/ . 

EXPERIMENTAL RESULTS 
Electron and ion heating properties of both RF scenarios are compared in 

Figs. 1 and 2. Di rect central electron heating (Fig. l) measured via the 
initial s lope of the sawteeth is clearly higher in the minority mode than 
at 2~H· The electron heating efficiency, ne 6Te(O)/pi~e of about 
4 . 0 and 1.8· 1013 eV/kW cm3 , for D(H) and 2f.CH (H-plasma), fespectively, is 
al so higher in the minority case (nH/ne "' 0.05), which , however, was partly 
due to the better confinement properties of deute rium plasmas . Figure 2 
presents the ion heating at RF power below 1 MW: The minority regime 
exhibits an efficiency as high as the NI H-mode (4. 2 ·1013 eV /kW cm3, 
H0 ~ D+) /4/, which is consistent with the good confinement observed at 
that RF power level (see Figs. 4 and 5) . 

Now t o the global heating efficienci es of the various scenarios: Recent 
investigations on 2~H-heating and its combination with NI gave rather 
promising results /57. When combining ICRH with NI , an important question 
is whether the RF heating efficiency becomes improved with increasing Ti 
(target) or by coupling of the IC wave to the fas t beam particles . In the 
case of carbonised walls where heating is not degraded by deleterious 
impurity r adiation , the increase of Ti due to NI preheating (Fig. 3) 

!Academy of Sciences, Leningrad, USSR; 2cEN Grenoble, France; 3Assigned to 
JET J oint Undertaking, Englan!l; 4ENEA Frascati, Italy ; Sunive r s ity of 
Washf ngt"on, Scn tt lP, 11"=,\: 
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improves the IC efficiency only by about 25 % from about 20 kJ/MW (w/o NI , 
Ti "'0. 5 keV) to 25 kJ/MW at PNI ~ 3.5 MW (Ti"' 2 . 2 keV). Coupling of the 
IC wave to the beam is in fact observed in eX-s pectra, but obvious ly to a n 
extent whi ch is not s ufficient enough to improve the heating : On comparison 
of ICRH discharges with additional Ho+ o+ or D0 + ~ (Fig. 3) the RF 
ef fic i ency turns out to be independent of the beam spec i es . Owing to the 
isotope effect on confinement 2ncH- heated di scharges in deuterium and 
helium with a small amount of hydrogen (nn/ ne > 10 %) show even better 
efficie ncies (D0 +o+ + ICRH in Fig. 3) . No heating at the fourth IC 
harmonics of o+ and 4He2+ could be noted. 

i 
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As a general feature, energy and particle confinement of ICRH-heated 
plasmas are systematically better t han those of the NI L-mode but appear 
still within the combined error bars. The plasma energy for minority 
heating at low power scales as well as the ohmic phase (Fig. 4). With 
increasing RF power Wp bends towards an L-mode behaviour, staying, however, 
at a slightly higher level than NI. In combination with NI, Wp and thus TE 
are improved, too, a feature also observed at 20cH /5/. The energy confine­
ment times of 2f.CH, D(H) and NI(L) modes normalized to the ohmic values are 
presented in Fig. 5. Careful experimental investigations on the RF power 
absorption lead to a • 0.6 and 0.7, without and with beam preheating 
respectively. For pure NI heating a= 0.8 to 0 .9 was found, in good 
agreement with the beam deposition calculations. As shown for various 20cH 
regimes, carbonisation strongly reduces the central radiation /2, 3/, thus 
improving the confinement. At high power (Pie~ 5 PoH) both RF scenarios 
reach about equal TE ( ~ 0.6 T~) while below 700 kW the D(H)-confinement 
still remains as good as the ohmic one. Assuming equal global heating 
efficiencies ( ~ 20 kJ/MW2 for the D(H) and 20 modes, but with 
wgH (D(H), o+-plasma) > ~H (20CH • H+-plasma) the superior confine­
ment of D(H) at low power in comparison to 20cH can be explained. 
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Rather narrow power deposition profiles ore expected theoretically for ICRF 
heating. In fact, ICRH is accompanied by Te profiles strongly peaked on 
axis (Fig. 6) confirming a rather local power deposition . Well outside the 
q • 1 zone, however, the profiles of OH, ICRH (20 , D(H)) and NI appear to 
be almost invariant if normalized toTe at r ~ a/2 indicating a 'profile 
consistency' within the so- called confinement zone /6/. When the IC 
resonance layer is shi fted from the plasma centre to half radius, the Te 
profile does not vary much while the global hea ting i s maintained with 
slightly reduced sawteeth amplitude. 

ICRF H-mode studies have been performed with and without NI. In 
combination with NI under optimized conditions the additional ICRF power 
can switch the plasma into the H-mode. For the first time, the H-mode has 
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been achieved with ICRH alone in the D(H)-minority regime at an absorbed RF 
power of about 1.1 MW. The H-mode is marginally reached showing all 
characteristic signatures of rising ne and Wp, and frequent ELMs (Fig. 7). 
The typical development of an edge electron temperature pedestal is also 
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Fig . 7: Transition into the H-mode ~Development of the edge 

of an ICRF-heated plasma. Te profile in the ICRH L and H-phsse. 

observed (Fig. 8) which is rather similar to the behaviour found with NI 
heating /7/. The occurrence of a short ELM-free H-phase (see Fig. 7 at t = 
1.365 s) gives rise to a shrinking of the scrape-off-layer and changes the 
antennae coupling to such an extent, however, that in all cases one of the 
RF generators terminates operation by voltage breakdown in the vacuum line 
when operating at the RF power limit . To keep the H-mode with ICRH somewhat 
higher RF power than available at present appears to be necessary. 

CONCLUSIONS 
Global heating and confinement of 2P~H and D(H)-regimes are found to be 

almost equal at high RF power and appear to be well comparable to or even 
somewhat better than the NI L-mode . For the first time ICRH has now shown 
the potential to access the H-mode . 
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AflSI'BACI 
For an I CRf - heated plasma with a heating power densi Ly of I . 6 MW. m1 . the 

radiation is successfully suppressed at t he l evel of 20 " 30 •. for t he to tal 
input power . The deterioration of the energy confinement time is obse rved as 
the rf powe r is increased ( T£0" P1 ~T.u=0.2~ 0.4. ) . but it i s no t so r ema r kable 
compared with an NBI L-mode scaling (a=0.58). Signifi cant improvement is 
also observed. as the plasma current is increased . also observed . From the 
temporal evolutions of the electron temperature. t he deposi tion prof i l e of 
the rf power is estimated fitting to t he form of P,, ,, ( r )=P,,. ro·l( l -t r .:a ,~ l'­
llith P,, . (0 \= 1.57MW/ m3 and k=l.7. It is also estimated that the e l ec t r on 
thermal.diffusivity Xe is "' 0 .65 rrf / s at n.: = 9 x 1019 m-3 . 

I Introdu.ili.!m.: In t he JIPP T-IIU t okamak ( R'a = 0 .91m 0 . 23m. Br " 3T • a 
high po11er ICRF heating up to I .6 MW has been conduc ted. 11he r e two ion hybrJd 
hea ting s cheme is applied with I 0 ., hydrogen mi nor i ty. and the rf wilh Lhe 
freque ncy of 40 MHz is launched from the high fie ld-side. We have paid much 
attension to reduce the radiation for ICRF- healed plas mas. We ha ve earned 
out in s i tu carbon coating (called as carbonization i n Tr.::J<TOR ( I ) \ . and 
achieved a r emarkabl e r eduction of t he radiati on l oss . From spec troscopic 
and bolome tric measurements. it is confirmed tha t i ron. whi ch is a domi nant 
source in t he case of no carbonization, is r emarkably suppressed. and the 
radiation power at the plasma center is r educed with a f actor of 11 20. The 
detail of t he carbonization is presented elsewhe re ( 2 ) Furthermore . we 
have done a ntenna phasing expe riment s with five ante nnas ins talled s ide by 
side. by changing the phase relations between the m continuously from /!. ;. 0 t o 
l!.({J= iC . Howe ve r. the radiati on 11as not reduced s o much by the a n te nna 
phasing ( 3 ) . By using this radiation- loss - reduced plasma . the g l oba l 
property of the e ne r gy confinemen t time TE and one dime ns i ona l transport 
charac t e r i s ti.cs a r e examined f o r ICRF· hea tee! p lasmas with va ri ous 
diagnostics. 

~C!l_Charac):.eristics of ICBE::-l:le;:~J_ed_Pl_asmas: Th~ t o t a l s lo t·ecl e ncr:;y 
is inde pe ndently derived with two me thods. i. e .. w •• ) f r om /l,.~ l , 2 ' a nd wj ,., 
from the i ntegration of plasma parameters. The e l ect ron t emper a ture T, r. t • 
is measured with a tO- channel ECE grating po.lyehroma t or . Lhe ion tt'tnpcr a t111 L :-. 

TH.D tr~O. t ) are with a mass- separated charge excha nge a na lyzer a nd a nmtt n >n 
detector. a nd the 1 ine -ave ragecl density is wi Lh 2lnm WilY<' ilnd HCN l <l:o:et 
inte r ferome t e r s . The i nternal induc tance I , is evaluated 11 1 th t it• elel' Ln,.1 
temperalut e pr·ofile measured. As the input po11c..: r lS inl·n · .. s •·d. Lh•' c ut r e•t•L 
profile becomes slie;htly flat ; i. e .. I, ~ 1. -1 fo r P,1 ~ 0 a nrl / , l.?' f f o> 
P,, = 1.25 MW . Figure I shows the t o tel stot !'d c nr t e,v " '' ,., fuw·l1 011 or l.h· 
tota l input p011er c:P,~t lP,, ) . A good agrcrnK'nl is s h01111 1,. 1.1/, '(' rt the· v,l] , '·' ., .. 
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W~1 and Wkon . and the s l ight difference at t he high power level may be 
attributed to the high energy component of hydrogen ions. which is not taken 
into the estimation of the kinetic energy Wk•n 

The gl obal energy confinement time T£(=W."'1 / CPo11 +P,/ ) ) is plotted i n 
Fig. 2 for two cases of lp =320 kA and 280 kA. The deterioration of the 
energy confinement time can be seen as the input power is i nc reased. The 
empirical L-mode scalinTI derived by Kaye-Goldston (4) is also shown for 
l p=320 kA and fi. =9 >< 10 9 m-3 . The dependence on the input power 
(TE'"' (P,w +P,./ ) -a . a=0.2 "' 0 .4) , however, is weaker than that of K-G scaling 
(a = 0.58) . The rf power absorbed inside the confinement region is der ived 
from the decay rate of the total stored energy. yielding w • .,._, "- 0. 8 · P,/ . 
Plotting the effective confinement time Tf def ined by Waag /(P011 +0.8 · P,/) as 
a function of the effective input power (i.e .. Po11+0.8· P,, ) , it could be 
stressed that the degradation of the confinement time becomes much weaker 
than that of K-G scaling . In addition. Fig. 2 shows that the confinement 
time strongly depends on t he plasma current. which is similar to the L-mode 
characteristics. From these results. we expect for the ICRF-heated plasma 
that the energy confinement time i s less deteriorated as the rf power is 
increased. compared with the L-mode scaling of NBI -heated plasmas . and is 
improved with higher pl asma current . 

~ne=Di~sional Transport Analvsis for ICRF-Heated Pla~a~ We have 
analyzed the e lectron transport for an Ip = 2BO kA discharge with P,, = 0.9 
MW . The temporal evolutions of the electron temperature obtained with ECE 
measurement are shown in Fig . 3. The plasma density is raised during the rf 
pulse from 1\, = 3.5x 1019 m-3 to i\. = Bx 1019 m-3 . The electron temperature 
increases up to Tc (0) = 2. 0 keV, and begins to decrease during the rf pulse 
due to the density increase , but the electron stored energy does not 
decrease. as s hown in Fig. I. From the analysis of the decay rate just after 
the rf power is turned off, the deposition profile of the rf power to 
electrons is derived , as shown in Fig. 4. It is fitted to the form of 

( I ) 

with P,t.c ' 0 ) = I . 57 MW,·m3 and k = I. 7. The total absorbed power evaluated by 
integra ting eq. ( I ) gives 0.53 MW. although the total rf power is P,, = 0.9 
MW . This discrepancy is reasonably accounted for. because the coupling of 
the rf power to the core plasma is acr,;, among which the fraction for the 
electron heating i s calcula ted to be~ with Fukuyama·s code(5) . 

Here we s hould remark tha t the amplitude of sawtooth is not so large 
(LIT,, pl f '- 20'. ) compa red with those in JEr and PLT (LIT p-p/ 'f-._ 40-50J~) ( 6 , 7 ) 
This difference of the sawtooth amplitude would be attr ibuted to the heating 
mode: that is. in JIPP T- IIU the powe r depositi on is relative ly broad , as 
s hown in Fig. 4. s ince the plasma i s heat ed by the mode-converted Ion 
Bernstein wave . while i n JEr and PLT the power depositi on is very l oca l ized 
around th~ ion cyclotron layer. Therefore. the deposi tion power i nside q=l 
surface • r , a = 0.3) is about 20-30"; in JIPP T- IIU . which is re latively smal l 
compa red with that in JET (5Q-8Q•;) . 

The e l ec tron heat conduc tion can be evalua t ed with a high accuracy for 
the radia tion l oss reduced plasma. The electron thermal diffus ivity Xc i s 
given by 
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I (' . . 
x. ( r ) = ~ CJT Jn tPou+P,., _ .-P. , -P,oc~ -li. -Pco•w . )d\'p 

4r l?orn0 ( r ) I 
0 

/ I O 
t2 ' 

In Fig . 5. each term in the right-hand-side of eq. \2) is plotted as a 
function of the minor radius, and the value of Xc is also presented. Inside 
q < I (r / a "'- 0.3) and outsider/ a"'- 0 .7. the values of Xe have less meaning. 
because of the sawtooth relaxation and the convection effect. respectively . 
At the region 0.3 < r/ a < 0 .7 , the conduction loss is dominant, t he other 
loss channels (Pc; . Prod e tc. ) being insignificant. The value o f x. is 
around 0.65 m! :'s at n. = 9 x 1019 m-3 • and shows a broad profile because the 
density p1·ofile is very flat at r / a < 0. 7 in this experiment. The energy 
confinement Lime determined by the e l ectron heat conduc t ion. 
<-rr. > (= a~ /(4x,,)) . is calculated t o be "- 20 ms. Since t he value of -::r. > is 
consistent with the global energy confinement time Tf.. given in Fig. 2 . we 
could say that the electron heat conduction govern the plasma confinement for 
almost whole pl asma volume . 

( I ) J. Winter et o/., J. Nucl. Mater .. ~ ( 1984", 841. 
( 2 ) N. Noda cl c1l.. t o be published in Jpn. J. Appl. Phys . . 
( 3 ) R. Ando. to be published . 
( 4 ) S. M. Kaye and R.J. Goldston. Nucl. Fusion 2,li 11985.• 65 . 
(5 ) A. Fukuyama. e! et! .. Nucl. Fusion. ~ ( 1983) 1005. 
(6 ) J . Jacquinot et ell .. Plasma Physics and Contr·olled Fusion. 28. • 1986"• 1. 
(7 ) J .C. Hosea e l ell .. 12th Europ . Conf . on Plasma Physics and Controlled 

Fusion. 2 (1985) 120 . 
(8 ) M. Kasai et rd .. Nucl. Fusion . .2:2 (1985'1 1437. 

Fig. I Total stored ene rgies . derived from the magne tics w.~ and the 
kinetics w,.11, • as a function of t he t o tal input power Pou • P,1 . The 
time behaviours of the e l ectron and i on stored energies are also 
shown. 

Fig. 2 Global energy confinement time T£ defined by W""" '1P1>11 1Pr1 '! as a 
function of the t ot a l input power Pou +P, 1 for Ir· <320 kA · circles l and 
280 kA •. triangles ) . The ene rgy confinement time de r ived 1Jy 
Kaye Colds ton i s also plotted (solid llne) for I r- =320 kA and 
ii;. ~9 · 1019 m-3 . 

Fig. 3 Temporal evo lutions of the e l ectron t empera ture for diffe rent ma j or 
radius . meas ured with a I 0-c hanne l ECE g ra ting pol y<.:ht·0ma t.~r 

Fig . 4 Deposition profile of the rf power l o elect rons dc r· i ved from the 
decay rate of l.he electron t emper·a turt> jus t after t he tur n off' of lht> 
r f power· . Thes e dat a are f itted l o Lho: fo rm of 
Pr/ , r !=P,, _ ,- \ 0 1 ( 1 - ( r/a •~ / with P,1 ,. \0 1 1. 57MI'' m-1 i'l nd k 1.7 . 

Fig . 5 Local pm1c r balance de r ived from t.he <' XIl01' imcul"l th t a a ni tiK' 
eleo:l.r·on the r m:>l diffusivity -;. as a i'•u,.-. Li on or Lk · mi.not r<~< 'l u.s 
1_ r c:1 • . 
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ICRF HEATING OF PASSING IONS IN TMX-U* 

A. W. Molv ik , G. Dimonte , t J . Barter ,t R. Campbel l , t W. F. Cummins , 
s . Falabella, S. W. Ferguson, J . H. Foote , P. Poulsen 

Lawrence Livermore National Laboratory , University of Cal ifornia, 
Livermore, CA 94550 

ABSTRACT 

By placing ion-cyclotron resonant frequency (ICRF) ant ennas on both 
sides of a midplane gas-feed system in the central cell of t he Tandem Mirr or 
Experiment-Upgrade ( TMX-U) , our results have impt·oved in the f ollow! ng areas: 
(a) The end l osses out both ends show a f actor of 3 to 4 increase in passing­
ion temperatures and a factor of 2 to 3 decr ease in pass ing-ion densities . 
(b) The passing-ion heating is consistent with Monte Carl o predictions. 
(c) The plasma density can be sustained by ICRF plus gas fueling as observed 
on other experiment s. 

I . SYMMETRIC PASSING-ION HEATING 

We introduced ICRF hea t ing into the TMX-U experiment t o reduce the 
collisionality of passing ions and, thereby, keep the thermal-barrier 
collis ional fi l ling rate below the pu~ping rate (1). This is one of the 
necessary conditions for successful operation of a t hermal -barrie r tandem 
mirror. A thermal barr ier is a depression of t he plasma potent i al in each 
end cel l that isolates central-cell electrons from the warmer e lectrons at 
the positive potential peak , whi ch provides ax ial pl ugging [2) . ICRF heat ing 
can reduce fil l ing both by heating the passing ions and by r ed ucing their 
dens ity through trapping i n the centr al cell . 

The l ocat ions of ICRF antennas and resonances , electr on-cyclot ron 
resonant heati ng (ECRH) resonances, and gas fue ling ar e shown i n Fig . 1 . The 
ICRF system is discussed i n greater detail elsewhere [3 , 4) . 

East 
end cell 

2 w
00 

ECRH 

L...a:::. 
- 10 -5 
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West CC 
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West ICRH 
2 X 170° 
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-1'--.. -
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Fig . 1 . TMX-U fueling 
and rf heating 
locations with a 
magnet i c-fi eld 
3trength that reaches 
a max imum of 2. 3 T. 
Lines between the 
antennas a nd t he 
mi dp l ane CC (central­
cell) gas box 
indicate thP ion­
cyclot ron resonance 
locnt.ions . 
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Previous experiments in TMX-U used gas fueling 2 . 25 m west of the 
central-cell midplane, and a double half- turn loop 1 .26 m west of the 
midplane [3] . These experiments demonstrated efficient perpendicular heating 
of trapped ions , a nd good agreement between plasma loadi ng and the 
predic tions of the code [5] ANTENA . Figure 2 shows measurements with a new 
diagnost ic: the end-loss ion spectrometers (ELlS) [6]. The ELlS measures : the 
plasma potential from the low energy cutoff of the ion distribution, the 
parallel ion temperature (whi ch we equate wi th the passing- ion temper ature) 
from the slope below the high energy cutoff, and the end-l oss cur rent densi ty 
from the integral of all the channels. For the east- end losses that passed 
through lCRF r esonances, t he bulk of the ion-energy distribution was heated; 
whereas , f or the west-end losses that did not have to pass through a 
resonance, the bulk of the ion distribution was much colder although a tail 
was hea ted to similar energies as the bulk in the east end. The west-end 
loss current (Fig . 2) was larger by a f actor of 2 to 3 . 

East end-loss ion spectrometer 

300 
j (Arb. 
units) 

o+ energy (eV) 

T 
ICRH 

160 kW 

l 
30 kW 
_!__ 

West end-loss ion spectrometer 

500 0 
j (Arb. 
units) 

300 600 
o+ energy (eV) 

900 

Fig . 2 . Fue l i ng from the West CC gas box results in heating towar d the east 
end, but l ess toward the west because Ions can flow to the west end without 
passing t hrough an lCRF r•esonance where they would be heated or trapped. The 
currents and i on- energy distr i butions are f rom the ELl S. (3/12/86 Shot 29 . ) 
( Note that the 1 2ur~~nt scales ar e different on each graph.) The CC density 
is 3 to 4 x 10 cm . 

Present experiments use a more syrrmetrical arrangement, with gas fueling 
near the central-cell midplane (0. 25 m east) and double half-turn antennas 
toward both ends of the central cell . The frequencies , 2 . 88 MHz east a nd 
2 .55 MHz west , are selected to provide an ion- cyclotron resonance t hat will 
damp slow waves between each antenna and the gas box. Newly ionized 
particles must make a mi nimum of one pass through a resonance before r eaching 
an end cell . The disadvantage of midplane gas fueling is that the energy 
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confinement time is reduced because, on each bounce , the central-cell ions 
pass through the gas box, where they have a finite probability of being lost 
by charge exchange . 

The results from the new arrangement are s imi lar at both ends as 
predicted [ 7]: the end- loss bulk- ion temperature is increased by a factor of 
3 to 4, and the end-loss current is reduced by a factor or 2 to 3 (Fig . 3) . 
The £9lsisional filling of the thermal barriers is proportional to 
n T • [see Ref . 1] , the passing- ion density and temperature. This filling 
rRtg is reduced by a factor of more than 10 for the data shown here. 
However, despite the reduction in pass!ng-ion collisionality , the maximum 
density at whi ch thermal- barr ier operation is obtained has not increased 
s i gnificantly , indicating that o ther effects are limit ing operation . 

.[ 
., 40 
E 
i= 

East end-loss ion spectrometer 

j (Arb. 
units) 

o+ energy (eV) 

West end-loss ion spectrometer 

j (Arb. 
units) 

o+ energy (eV) 

Fig. 3. Fueling from the midplane CC gas box results in similar inc reases i n 
temperature and decreases in current for both ends. 

II. COMPARISON WITH MONTE CARLO PREDICTIONS 

We believe that the pass ing- i on heating occurs in a s i ngle pass thr'ougn 
the resonance because only the temperature at the nearest end i s affected 
substantially when one ICRF system turns off earlier . Based on thls 
observation , we plot the passing- ion temperature (measured by the east ELlS) 
vs the ICRF power radiated from the east antenna (Fi g . 4) and f ~ nd a nearly 
linear relationship. Similar results are obt ained at the west end . 

Figure 4 shows t he predictions of a Mon t e Ca~lo code [8] by a tin~ 

through three computed points . T~e c2~e used the follow! ng par-am., t er s : 
cent1~1-c~31 dens i ty n • 3 x 10 cm , the data varied from 0 . 7 to 3 . 5 
x 10 cm ; e lectron temper ature Te • 42 e V compar ed with the data from 20 
to 80 eV; a r adial confinement time of 26 ms ; and 0 . 5 of t he radiated power 
absorbed by ions, compared with typical expe rimental effi ciencies o r 0 . 2 to 
0.5 . This agreement between code and experiment is quite good consider ing 
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Fig. 4. The parallel ion temperature 
to each end , with midplane gas 
fueling, increases with the radiated 
power from the ICRF antenna nearest 
that end. The line is the Monte Carlo 
prediction described in the tT~t. - 3he 
CC density is 0 . 7 to 3.5 • 10 cm . 

that the code has not been iterated with the data. For example , better 
agreement would be obtained by increasing T proportionally to the ICRF power 
in the Monte Carlo code as observed in the ~xperiment . 

Ill. ICRF-SUSTAINED OPERATION 

Operation with the midplane central-cell gas-box fueling and ICRF power 
can sustain the plasma density and temperature in TMX-U as previously 
predicted (9] and demonstrated in other tandem mirrors [ 10], but whi ch did 
not occur with the west gas-box 1 ~ueli~g of TMX-U . We now typically sustain 
plasma densities of 1 to 3 • 10 cm for t he duration of the ICRF and 
midplane gas. 

*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 . 
tTRW , Redondo Beach, CA. 90278 
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POWER DEPOSITION PROFILES I N TE.XTOR UNDER ICRH HODE CONVERSION CONDITIONS 

.. 
R.R. Weynants, D. Van Eester, V.P . Bhatnagar, R. Koch 

Laboratoire de Physique des Plasmas - Laborato rium voor Pl asmafysica 
Association "Euratom-Etat belge" - Associatie " Euratom-Belgische Staat" 
Ecole Royale Hilitaire - B 1040 Brussels - Koninklijke Milita i re School 

INTRODUCTION. 
Ion-cycl otron resonance heating is applied to TEXTOR using two ~/4 antennae 

having the geome try shown in Fig . 1 [1]. I n the presen t paper we de rive t he 
power deposition profiles obt ained when l aunching 1 M\~ into a t ypical TEXTOR 
(H)-D plasma with 0 .05 < n = "H/nD < 0 . 25 , ne= 4 x 1013(1- r 2fa2)cm-3, 

Te • 840(1- r2/a2) 2e V, TH = TD = 650(1 - r 2/ a 2) 2eV,f • 27 ~1Hz, BT • 2 T, 

R • 1.75 m, a= 0 . 46 m, I 400 kA, j (r) = j (1- r2fa2)3. 
0 p 0 

Coupling calculations yield antenna spectra which have a gaussian shape 
with a FWHM of k., • 6 m-1 and a maximum k, of 13 m-\. Given these values of 
k., and of n, t heory [2] foresees that no tunneling can happen through the 
mode confluence zone existing in this two- component plasma. As the power is 
predominantly launched from the hi gh field side (HFS) , mode conversion 
heating will play the dominant role under these conditions . 

The power deposition profiles are obt ained using ray-tracing which allows 
for self-consistent evolu tions of the k, spec trum. The final spectrum is 
found to bear little r esemblance with that imposed by the antenna. In order 
to account for l OO % absorption of the mode converted ion Bernstein waves 
(lBW) we are forced to i nvoke harmonic damping of impurity ions, ~;hich even 
under the low i mpurity condi t i ons r eached on TEXTOR presents itself as a 
strong abso r ption mechanism. 

Rea sonabl e agreement is obtained between theory and experiment concerning 
the shape of the depositi on pr ofi l es and the r elative power shar ing among 
the plasma species . 

RAY-TRACING AND WAVE DISPERSION CHARACTERI STICS . 
Wh en using ray-trac ing to study ICRH on a machine of the size of TEXTOR 

we are operating at the borderline of the applicability range of the applied 

antenna 

Pl•$m• edge 

~ individue l ray 

Fi~ . 1 . Poloidal cross- sec­
tion of the plasma ~;ith 
position of the t~<o antennae 
a nd of •the initial rays used 
in the ray-tracing . 
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technique [3, 4]. Ray- tracing is, however, up to now the only method suited 
to the study of local investigations of the va rious damping mechanisms on 
the IBW owing to a direct definition and self- consistent evolution of k11 , 

the wavenumber parallel' to the total magnetic field. The generated power 
deposition profiles can, a posteriori, be rendered plausible by noting 
that most of the absorption takes place on the short-waveleng th IBW which 
satisfies the usual WKB requirements. 

We start rals at r • 35 c m as shown in Fig . l with a t ypical initial k8 
value of 6 m- , k~ = o and with a poloidal spacing chosen so as to give 
equal power to ea~h r ay . In Fig. 2, we plot t he projections of some of 
these rays (aa' , bb ', cc ') in the poloidal (r,~) plane for the case n • 0.25. 
The r ays shown leave t he HFS boundary a s magnet oacoustic waves (MAW) . At a 
certain surface in the plasma the r ays fo ld over and the wave nature changes 
to an lBW character. The envelope ( caustic) of all rays constitutes a clear 
boundary separating a region where no ray can come , from one wh ere through 
each point two r ays can pass of MAW - or IBl~-nature. To each poin t corres­
pond then two jkLI val ues , the con tour lines of which are also represented 
in Fig . 2 . The family of equi-jkLI lines has the same envelope c

1 
as the 

rays which i s the line along which the surface jk~j (r, ~) is folded over . 

3. 
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lines belong t o waves with 
MAl~-charac ter, broken ones 
t o IBl~ . 
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The topology of this surface can be better 
appreciated with the a id of the cuts At:, 
BB' and cc' r epresented in Fig. 3. Of 
pa r ticular i nterest is cut AA' which 
reveals the exi s t ence of a subset of 
envel opes C~, already di scovered in [5] . 
The so- obta1ned mode conver sion su r face 
is , for large distances away from t he 
y-axis [5, 6] and because the evolution 
of k, is followed self - consistently , 
quite different from the traditional 
e1 - c2k~/w2 3 o line [7] which is shown 

loidal projection of ray-trajecto- for comparison . 
ry for 3 r ays of Fig. 2 · This behavior of k, is also of particul ar 

. relevance for wave absorption . I n Fig . 4, 
we plot k, as a f unction of the dis tance along t he po l oidal projection of t he 
tra j ectory s L for the three rays shown in Fig. 2. It can be recognized that , 
after conversion into an IBW and because of the presence of the poloidal 
magne t ic f ield, the wave experiences huge variations of k, [5] , thu s 
making t he resulting power spectrum quite insensitive to the initial k., 
condit ions. Optimization of k,-shaping [8] under these conditions is not 
a trivial matter. 

POWER DEPOSITION PROFILES. 
Figure Sa shows for n = 0 .05 the energy deposition profil e 

when launching 1 MW distributed evenly over t he ten rays of 
when the usual damping mechani sms ( w = k,.Ve' w = 2wCD ' w = 
into account . 

p(r) obtained 
Fig. 1 and 
wCH) are taken 

Compared to a typical OH deposition profile (inset of Fig. Sa) the rf 
profi l e is broad and the majority of power is taken by the electrons. The 
minority species are mainly heated by the rays coming from the LFS after 
many transits over the proton cyclotron layer ( ±20 a t n = 0.05 and ±50 at 
n • 0 . 25) and will equilibrate mainly on the deuterons [9]. HFS r ays such as 
cc' in Fig. 2 can a lso partly damp on the protons due t o a str ong broadening 
of the cyclotron layer width comi ng from a large k,. increase. 

It shoul d be stressed that th e rays radiated from a certain sector of the 
a ntenna (-165" < $ < -120" for n = 0.05 and 135" < $ < 160° for n = 0.25) 
end up in t he plasma edge as essent ially unattenuated IBH, due to too 
moderate k, incr eases (ray b ' of Fi g. 4) . As a result about 30 %of the 
launched power migh t be los t in t he edge at n • 0 .05 and 15 7. at n • 0.05 . 

It was suggested recently [10] t hat an admixture of heavy ions might 
consti t u t e an alternative damping mechani sm, the JB\~ being subject to 
quite efficient damping at the first harmonic cyclotron layer of the 
impuri ty species. A satisfactory ray- tracing description can be obtained 
[11] by considering the impurity effects as a first order correcti on 
affecting the power transport bu t not the r ay path. 

Our cal culations confirm that the intr ins i c impuri t ies i n TEXTOR (e .g. 

o6+ at n
0

6+/ne • 0.005) are capable of pro f oundly infl uencing the power 

bal ance. The different i onisat ion states are considered in accordance with 
coronal equil ibrium and radiall y distributed accord i ng to published line 
brilliance distr ibutions . The energy deposition profiles including the 
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impurity damping are shown in Fig. 5b . Note tha t some energy was depleted 
by the impurities at the expense of the el ectrons . The integrated power 
taken up by the different species shows that the absorption gap is now 
practically bridged : n e H o6+ 

0.05 0 . 43 0 . 2 0 . 32 
0. 25 0. 57 0. 25 0. 10 

It should be stressed that the impur i ty ions develop a high energetic tail 
[ 9] of t ypically 40 keV such that 80 % or more of the energy they pick up 
i s finally given to the electrons . \~e conclude tha t in both cases about 3/4 
of the power is given to the electrons and 1/4 to t he deuterons. 

C0~1PARISON WITH THE EXPERU!ENT. 
The det a i led experimental power balance [1) indicates that the average 

power density amounts to 0.14 W cm-3 with a maximum central power deposition 
of 0 .23 H cm- 3, pointing to very broad deposition profiles such as implied 
by ou r calculations. The heat r ate of electr ons and ions i s found to be 1.1 
respectively 0.7 eV. t o1 3cm- 3 .kw-l . Given the expected difference in species 
confineCJent, the change i n loop volta~e and in equipartition power , these 
fi11.ures are not inconsistent 11ith the above power sharing. 
REFERENCES . 
1. A.M. ~lessiaen et al. ,Plasma Physics and Controlled Fusion 28(1985) 71. 
2. M. Brambilla et al., Plasma Physics a nd Controlled Fusion 27(1985) 1. 
3. M. Brambilla et al., Pl asma Physics 24 (1982) 1188. 
4. V.P. Bhatnagar et al ., Nucl. Fusion 24 (1984) 955 . 
5. F .W. Per kins, Nucl . Fusion 17 (1977) 1197. 
6. TFR Group et al ., Nucl . Fusion 22 (1982) 1577. 
7. R. K1ima et al., Nucl. Fusion 15 (1975) 1157 . 
8. R.R. oleynants, Heating in To roid . P1asmas, Vol.! (Roma ,1 984) 211. 
9 . T.H. Stix , Nucl. Fusion 15 (1975) 737 . 

10 . A.V . Longinov et al.,Heating in To r oid.P1asmas,Vo1 . I(Roma,l984) 489. 
11. R.R. Weynants et al., to be published. 

P(r) 

(Wcrnl 
04 

02 

(a) 

10 20 30 
r(cm) 

---e 
-- H 
-! 

P(r) 

(W~ 
0.4 

02 

---e 
- -· H 
•. •.. Q6t (b) 
-! 

r (cm] 

Fig . 5. Power deposition profiles for n • 0 . 05 withou t (a) and with (b) o6+ 
impurity. The inset of (a) shows a typical OH deposition profile . 

..-:5enior Research Assoc iate at the NFSR , Be l gium . 



37 

IDENTifiCATION Of ION CYCLOTRON EMISSION FROM CHARGED fUSION PRODUCTS 

G.A . Cottrell, P. P. Lallia, G. Sadler , P. van Belle 

JET Joint Undertaking , Abingdon , Oxon . OX14 3EA 

Abstract We have made measurements of the Ion Cycl otron Emission (ICE) 
Spectrum from JET D+ ohmic plasmas using an ICRf antenna i n r eception mode . 
The spectra (10-100 MH z) show a number of bright emissi on pea ks with (a) 
frequencies proportional to the magnetic field and (b) i ntensities 
corr elated with the total DD neutron yield (YDD) of the discharge . We have 
compared the observed intensities of the s pectra with the ther mal black 
body emission and find the peaks to be of supert hermal origin . We exami ne 
the hypothesis that the peaks are generated by the confined charged f usion 
products from the DD reaction which emit I CE at harmonics of the cyclotron 
frequency and have used a particle orbi t tracing code to generate model 
spectra to assist interpretation of the data . 

1. Introduction 
The possibility of observing optically thick (t >> 1) ICE in large and 
dense thermonuclear tokamak plasmas has stimulated experiments on TFR 
(CLARK 1984 ) and JET (COTTRELL 1985) to attempt to measure emission from 
the thermal ions . However , in large and hot D+ plasmas , the superthermal 
population of fusion products radiate significantly in the ion cyclotron 
frequency range . for deuterium, the following primary reactions take place 
with equal probability : 

~D + ~D 
(0 . 8MeV) + bn (2 . 5MeV) 

(1.0MeV) + 1P (3.0MeV) 
(1) 

In addition, secondary reactions can take place between the fast products 
of (1) and the the rmal deuterium: 

~He+ ~D ~ 1P (14.6MeV) + ~He (3.7MeV) 

fT + ~D ~~He (3 .6MeV) + bn (1~ . 7HeV) 

(2) 

(3) 

In experiments reported here we have attempted to ;rlentify the mechanism 
for producing the ICE as emission f rom charged fusion products. We have 
done this by deliberately replacing the D+ plasma ~ons by H+ ions in the 
plasma thereby changing its fusion reactivity and observing changes to the 
ICE intensity . 

2. Experimental 
In a seque nce of discharges with almost cons t ant overal l 
2 .0MA, BT = 2 . 6T , ne s 1.5 x 10 ' 9 m-'), the deuterium ionic 
varied by changing the torus fil l ing gas from D2 to H2 . 

conditions (IP 
fraction was 
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Complete replacement of D+ wi th H+ could not be achieved owing to the 
desorption of residual deuterium from the vessel walls. However, within 
the range of concentration studied the total DD reaction rate, YDD 
(derived from 2.5 MeV neutron flux measurements (JARVIS et. ai 198~)) 
varied by a factor of - 6. ICE measurements were made with the system 
described earlier (COTTRELL 1985); frequency and amplitude calibration of 
the detect ion system being made by mixing two standard frequency 
calibrators (20 and 50 MHz) with the incoming signal. rigure 1 shows two 

BT: 2.6T I p = 2. 0 M A 
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rigure 1: Ion Cyclotron Emission ( ICE) 
spec tra f rom two JET o• ohmic 
discharges with different DD f usion 
reactivities . Upper (dashed) curve 
obtained f r om a discharge with a total 
f usion neutron yiel d - 6 time the value 
cor responding to t he lower (sol id) 
cur ve. Other plasma parameters were 
almost constant . Also shown is the 
expected thermal bl ack body spectrum 
(w • 2wcD) from the majority ions . 

TOTAL DO R:ACTION RATE ( y 
00 

) ( 5 ·I ) 

rigure 2: Variation of measured 
intensity of ICE peak A (see rig 1) 
with the total DD reaction rate 
(YDD) determined from 2.5 MeV 
fusion neutron measurements . 

superposed spectra from two discharges, each having different values of 
YDD· Prominent peaks can clearly be seen In both spectra; qualitati vely 
these spectra are similar to ones publi shed earlier (COTTRELL 1985) in 
which t he frequencies of the peaks were found to be proportional to the 
applied magnetic field of the di scharge indicating a cyclotronic origin . 
However , in the present experiments we have found the amplitude of the ICE 
to increase with total DD fusion yield YDD (rigure 2) . The linear 
correlation of ICE power (of the 31MHz (peak A) in rig 1) with YDD is 
consistent with emission from a primary DD fusion product (Eq . 1) . 

It i s of interest to compare the measured ICE level with the expected 
thermal black body level from the bulk ions (temperature Ti). In t he (H)D 
mi nority regime we would expect the plasma to be close to opticall y thick. 
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The blackbody power which can be coupled to the antenna is then given by: 
p88 • kTi [1 - Pc2 ] 6f 60 6A where p is the voltage reflexion coefficient 
at the antenna-plasma interface and 6¥ , 60 , 6A are the receiver bandwidth, 
antenna solid angle and antenna area respectively. The antenna-plasma 
coupling resistance has been estimated for frequencies in the range 
(25-47) MHz by separate transmission and reflexion experiments. Assuming a 
parabolic form for the radial variation of T1(R) , P88 can be related to 
emission frequency in a manner analogous to that used in tokamak ECE 
measurements . The expected thermal spectrum is shown plotted in Fig 1 and 
suggests that the measured broad underlying component coul d be t hermal 
radiation. However the bright , narrow emission peaks A, B and C ~tc are of 
non-thermal origin. 

3. Model 
We have attempted to model the basic features of the non-thermal spectrum 
on the basis that it r epresents cyclotron em i ssion from the charged fus i on 
products. Even though the bi rth distribution of the fusion product s is 
s t rongly localised to the centra l region of the tokamak discharge , the high 
energies of these particles leads to significant orbital excursions . For 
this reason , we have used a code to model the distribution of ICE from the 
charged products. The code traces the full individual particle orbits 
(MARTIN 1985) . We have modelled the D-shaped JET magnetic topology and 
have included the Shafranov shift , and divergence-free magnetic fields . At 
each point along the orbit the contribution to the harmonic cyclotron 
emission power i s ca lculated . For cyclotron emission perpendicular to the 
magnetic field , the power radiated in the nth harmonic of the cyclotron 
fr.equency, "'cl• of a particle of charge+ Ze and perpendicular velocity V:.. 

is 

p • 
n 

(Ze) 2 "'~iN 

811 2 c c 
0 

(4) 

where N(-"' i/"'ci) is the refractive index of the medium, and Jn ' is the 
derivative gf the nth order Bessel function (eg BEKEFI 1966) . This 
expression shows the strong wei ghting for the emission to part icles with 
h i gh perpendicular velocities . The number of fast fusion products in the 
pl asma is N* - Y0S tg . where Ts is the classical slowing down time. In our 
experiments tg- .3s giv i ng Ni ~ 3 x 10 1

', constituting a fraction- 2 x 

10- • of t he plasma ions . The opt ical depth at 2"'c i is T • z B i R
0 
~ 

where a11s t he ratio of t he pressure of the fusion products to the magn etic 
field pressur e . We find T - 1o-• and have therefore neglected the 
self-absorption of the ICE. In our model, test particles were l~uched 
sequentially , scanning with increments in both velocity and real space in 
the di scharge . By i ntegration over the isotropic birth distribution 
f unction thus generated , ICE spectra were synthesized , using Eq. 4. We do 
not calculate the slowing down spectrum in this model . 

For the plasma conditions r elevant to the discharges in Fig. 1 we s how in 
Fig.3 the calculated ICE source emission functions for the 3 pri mary 
products as well as the a-particle . The amplitude of the a-particle 
emission has been weighted by 0 . 02 , corresponding to the expected burn-up 
(of T+) frac tion in the present conditions . The spect ra show a number of 
harmonic emission peaks having the property "' a BT (as seen 
experimentally) , and a significant peak at- 28 MHz (close to peak A) 
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::i BT = 2.6T Ip = 2.0MA 
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Figure 3: Calculated source emission 
spectrum from fusion products for 
conditions of Fig.l . No correction 
has been made for (i) slowing down of 
the fusion products , (ii) absorption. 
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Figure 4: Same as Fig.3 except 
that absorption at w = 2wcD has 
been taken into account coupled 
with re-emission by the indicated 
blackbody Roectrum (shaded) . 

coming predominantly fr om ~ He fundamental radiation. Above 35 MHz the 
spectra become harmonically overlapped giving a quasi-continuum. Fig. 4 
shows the effect of including a bulk plasma absorption model a t 
w • 2wco · Here it is assumed that the f usion particle radiation from wcH • 
2 wc'He and 3 wc'T is absorbed by the optically thick plasma and replaced 
by blackbody radiation at the bulk ion temperature (2 KeV) . This model 
shows reasonable qual itative agreement with the experimental spectrum in 
the range 25-50 MH z . Above this f requency, uncertainties in the antenna 
t•esponse make detailed comparison more difficult. However we may expect to 
see bands of absorption at higher harmonic frequencies of the bulk plasma 
ions; t hese bands can be thought of as being analogous to the Fraunhofer 
absorpt ion li nes seen in solar s pect ra. 
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MAGNETIC FLUCTUATIONS IN THE SCRAPE OFF LAYER OF TFR 
DURING ADDITIONAL HEATING EXPERIMENTS 

TFR GROUP and A.TRUC* 
Presented by J . OLIVAIN 

ASSOCIATIO N EURriTOM-CEA SUR l.rl I'US /Oi\' 
Df!tJflrlenu• t~l de Rerl~t!rches sur lu Fusion CofltrMi>f' 

Centred ' E1u.des Nucli>nire.fi 

Onite Posiale 11°6. 9226:; FONTF:NAY-AUX-IWS£S (FRA NC£) 

Intr oduction 
Anomalous electron energy transport in Tokamak p l asmas , either in 

ohmic or auxiliary heating regimes , is a very puzzl i ng problem. Turbulence 
observed throug h density fluctuations or (and) magnetic fluctuations is 
usually considered r espons ible for the s upplementary 1 osses . Density fluc­
tuations are infe rred from coherent scattering experiments. Magnetic fluc­
tuations are diffi_cul t to measuri in the plasma body. Only in two smal 1 
tokamaks : Cal tech and Macrot or magnetic fluctuations wer e obtained in 
part of the plasma core (r/a > 2/3 , a being the plasma radi us) . Conversely 
several groups have reported magnetic fluctuation~ measur ewents in the 
scrape off 1 ay er of large Tokamaks . Especially ISX and TCA g r oups have 
reported experimental results and made comparisons between gross confine­
ment time and magnetic fl uctuations level . The object of this paper is to 
pursue t he ir work. We wish to compare density fluctuations and magnetic 
turbu~nce in ohmic and auxiliary heating phase, in analogy to previous 
work .The tas k is long, especially in determining the confinement t imes 
for many s hots . Only prel iminary comparisons will be given here, focusi ng 
attention on t he magnetic results . 

Experiment 
a) ~XEe£i~e~t~l_s~t_uE 

6 co
2 

scattering experiment has been described elsewhere Three 
magnetic coils have been installed into t he TF'R plasma chamber (a< r < 
28 cm). They let simul taneously anal yzing t he time derivative ( 6 il) of the 
local radial , toroidal and poloidal magnetic field components . Each coi l is 
screen by a f i ne metallic cyl inder a nd finally protected in an alumina box. 
Metallic screen leadS to a cu t off frequency f " 470 kHz e . g . pick u p 
magne tic signal below 470 kHz is proportional

0 
to 6 B whereas higher 

frequencies are integrated. However , electrostatic signal c an al so be 
collected throug h a parasi tic ca pa'2itor (through the alumina box). Thi s 
parasitic signal, propor tional to w , could be dominant al high frequency. 
Local potential fluctuations 6 'f' a r e estimated via the ion saturation 
curren t I

8 
of a Langmuir probe . 

• Laboratoire PMI, Ecole Polytechnique, Palaiseau , Cedex , France 
• This research is carried out in the f rame of a general agreement between 

EURATOM- CEA and the Pl4I Laboratory of Ecole Polytechnique . 
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~ "'--4=---- "'30% 
Te s 

As a consequence, signals 
magnetic signal s proportional to 
to more subtl e interpretation. 

collected below 350 kHz are essent ially 
6 B, the higher frequencies being subject 

A typical output s ignal , after Fourier analysis, is shown in Fig. l 
The two large peaks are identified as n = 1 and n = 2 tearing modes (n: 
toroidal number) . Largest mode corresponds to an ampl itude 6 B "' 7 gauss 
while the second has only a 0. 9 gauss amplitude. However the fact that 
anomalous electron transport is present···wbatever or not macroscopic modes 
exists , suggests that these macroscopic modes are l ikely not directly 
responsible for the enhancement of electron transport by t urbulence. As a 
consequence, in the following, these l arge coherent modes wi ll be 
eliminated by proper fi lters and onl y magnetic t urbulence comprised between 
30 to 350 kHz will be analyzed. 

The amplitude decreases monoti cal l y as a function of frequency , 
f ollowing a law well approximated by a power l aw 

68 
"'"' -2 . 6 ± o.4 

for t he 68 and 6 Be components. 5 8 is usu~l.ly l arger t han ~Be ( a run 
of many sim~lar shots gives for instfnce 6 ~'l = 16±, 2 4 and 6 Be = 7 . 5 ± 3 
in the same arbitrary units). Henceforth 6 8 or 6 8 will be considered, 
in regard of theoretical considerations. 

The a i m of this work is to make a systematical study of t he amplitude 
of the BMT as a f unction of the electr on energy confinement time in 
experimental conditions where T is changed. Several T can be envisaged and 
tested (central or radially integrated transport electron energy confi­
nement time, global confinement time) . Here, after having checked that 
Alcator l aw (T E "' n VCl\i)) is reasonably satisfied in previous 
ohmic experiments, BMT will be compared to the parameter n y-q as a 
relative estimator of the confinement time , this estimator being essen­
tially just ified by its time s aving advantage . 

Time evolution of BMT and f requency integrated density fluctuations 
are analyzed during the final part of the current rise and during the 
current plateau (Fig. 2) . Compared to the parameter n VQ, bot h quantiti es 
show a different evolution. Whereas density f luctuations follow a monotonic 
linear relationship, showing a continuous decay of fluctuations when 
confinement i s i ncreased, BMT presents an evolution with t wo opposite 
phas es . Using a regressive code, we are able to es timate t he influence of 
the plasma c ur rent and the density in the two phas es for t he two signa l s 

and 

<6 n 2 > _ _ _ "' q-0· 5 ± 0 · 3 n-l.l ± 0 ·3 for density fluctuations 
n2 

( 6 B J2 
r , 

"' q-2 ± 1 nl. 3 ± 0 •4 current rise } 

"' n-0 · 7 ±o. 2 cur r ent pla t eau for Bt~T 
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<6n2 > 
By analyzing severa~1sh~tij~ we _can .draw Fig .. 3. Whereas ~ 

I t"' ·l. .Z 2 sea nnt"'ered proportionally to n q "' " 1 6B and 6 B 
9 

are very 1: 

no well defined relationship . r 

vs­
and 

An i ncrease of BMT is observed during auxiliary heating experiments . 
Fig.4 shows the resul t of a set of r.1easurements during neutral injection 
experiments , whereas Fig . 5 shows the same measurements during electron 
cyclotron heating experiments. A 1 arge spreading in experimental results 
make inopperent a comparison between BMT level and confinement time and 
does not let us to conclude. Extra parameters, as recycling and plasma 
displacements, are li~ely to play a role. However , a large increase of BMT 
( factor 2 to 6 in 6 B ) is al ways noted during auxiliary phase, value large 
compared to t he reduc tion in confinement time (20 to 50%). 

Conclusion 

From thi~dy and the preceedi ng one 5 , we confirm that density 
fluctuations < 

2 
' varyt. as the inverse of t he confinement time whereas 

magnetic fluctual\ons 6 B , have a more erratic evolution. Exept in t he 
current :flatea~1 phase of ~he ohmic regime where a relationship of the 
type sr' eoe. 1 is not excluded' no close connection between plasma body 
confinement and outer magnetic turbul ence is revealed. 

Figure captions 

Fig.l Frequency spectra of the magnetic component 
(a) 0-100 kHz spectra (6 F ; 1 kHz) 
(b) 30-500 kHz spectra (6 F ; 10 kHz ) 

6B 
r 

parameter~ as a function of time 
6B2 , 6B e and relative density fluctuations 
tim~ for the same shot. 

Fig . 2 a) q ( a ) and nl plasma 
b) magnetic components 
~as a function of 

n 
Fig. 3 Inverse confinement time, estimated by the n -l q( a) -l / 2 parameter 

compared to relative density fluctuations and mljnetic turbulence 

Fig.4 Relative magnetic turbulence increase as a function of the power o f 
neutral beam injection. 

Fig.5 Relative magnetic turbulence increase as a funct i on of the electron 
cyclotron power injection 
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OBSERVATION OF DENSITY FWC'IUATIONS LOCALIZED AT THE RESONANCE LAYER 

OUR!~ ALFVEN WAVE HEATH~ 

Abstract 

R. Behn, G.A. Gollins , J .B. Lister and H. weisen 

Cen t re de Recherches en Physique des Plasmas 
Association Euratom - Confederation Suisse 

Ecole Polytechnique Feoerale de Lausanne 
21, Av. des Bains , CH-1007 Lausanne I Switzer land 

We report on the first observat ions of density fluctuations at the 
resonant layer during Alfven wave heating in a tokamak. Whereas loading 
and external magnetic probe measurements( 1 J show excellent agreement 
with the cold plasma m:x:lel of the Shear I'J.fven Wave if finite w/wci 
e ffects and toroidal coupl i ng are taken into account , these new 
observations demonstrate the i mportance of kinetic effects. 

Introduction 

New insight on the processes underlying Alfven wave heating has 
been gained following the i nstallation on the TCA tokamak of a novel 
laser d i agnostic based on the phase constrast method(2 , 3,4) . This 
instrument uses an 8 Watt C02 laser beam expanded t o fill the 23 x 4 cm 
wide NaCl windows giving access to t he outer t1;0 thirds of a poloidal 
secti on . The transmitted light is opticall¥ processed to produce an 
image o f the plasma , where the small (-10- ) phase shifts caused by 
r e f ract ive perturbations a re reveal ed as intensity variations , which are 
recorded by HgCdTe det ect ors (Fig . 1) . Even though it needs no external 
reference beam, t his method provides an interferometer equivalen t 
response for fluc tuations with wavelengths below an adjustable cutoff 
Ac(Ac < 20cm). This i s adequate for wavelengths in the centimetric 
range , as predicted for the kine tic Alfven Wave in the conditions of 
TCA. (El.r ~ 1. 5 T, Te(OJ = 800 ev , fie typically 2-6.101 9m- 3 , 
R ~ 0. 61m, a ~ 0 . 18m, q(a) = 3. 2, ..orking gas n2 or H2 ) . Each of the 
eight groups of antennae is fed separately by the 2 . 5 M~z generator. , so 
that the dominant toroidal (n) and poloidal (m) m:x:le nunbers can be 
determined by their relative phasings. The antennae excite a fas t 
magnetosonic wave , which i s heavily damped when the Shear Alfven wave 
resonance condition (1) i s met at some r.3dius in the pl asma , defining 
t he r esonance layer . 

At the high temperatures characteristic of thE> hull< , kinetic theory 
(5) predicts a strongly damped, radially inwards propagating wave , 
with a large electrostatic comp:>nent , that has its wavefi etrl maximum 
near the resonance layer. OWinq to the essentially cylimrical symnetry 
of the waves , the pattern of line inteqratecl fl•JctuatiorJs is closel y 
rnol ·" tA-~ b~ the •1r i<1ina1 r.:tt .. :q -11 ,,, .. · .... ' ., .., "tl' ~i :11·..:; fn")1 t-J, :. 
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detector{s) are mixed with reference signals from the generator to yield 
the in phase and in quadrature components. From these t he relative phase 
and amplitude of the density fluctuations are calculated. 

Results 

Figure 2 shows the amplitude and phase in a deuteriun plasma 
obtained with various combinations of antenna phasings refered to by 
{N,M), when the detector viewed a chord at r/a = 0. 33 . The spectrun was 
scanned by increasing the density during the 60 ms RF pulse . 

A s trong signal i s seen shortly after {and sometimes during) the 
loading peaks of the discrete llM spectrum, signalling the passing of a 
new resonant layer, sweeping outwards accross the viewing chord as the 
density rises . The decreasing phase indicates t hat the interior of the 
wave is retarded with respect to the outside. Evidence of toroidal 
coupling from loading measurements (6 ) is confirmed, eg. (N ,M) = {2 ,1 ) 
also excites {n,m) = (2,0) waves. Jltdes wi th a poor loading show low 
level fluctuations. (The same scale was used for the five cases in the 
figure.) The appearance and disappearance of the resonance surfaces for 
d i fferent excitation structures demonstrates the toroidal mode purity in 
the continua, as seen in the discret e spect r um by antenna loading 
measurements {1). 

The (n,m) = {4 ,-1) wave is of particular interest because no {4,-1 ) 
discrete Alfven wave is observed on TCA, showing that these fluctuations 
appear independently of the di screte spectrum. 

Sawteeth activi ty is of ten seen to modul ate the amplitude and , to a 
lesser extend , the phase of the signals , indicating the sensitivity of 
the waves to changes in the plasma profiles. The short scale spikes on 
Fig . 2 were caused by sawteeth. 

The localised radial wave structur e and i t s inward directi on of 
propagation are demonstrated on Fig. 3 obtained fran a series of 20 
reproducible discharges in hydrogen, where the detector position was 
scanned f ran shot to shot {antenna current 630 A peak, 100 kW coupled to 
the plasma , ne = 3.5 x 1019 ). en the contour plot of Fig. 4, we see 
the detected amplitude as a function of position and density for the 
same discharges , shown t ogether with the wavefronts (dashed , 
half-wavel ength spacing) . The amplitude is seen to be peaked near the 
estimated (2,0) and (2,-1) r esonant layer positions {solid l ines). 
Initial measurements for the {4,-1) continuum show a similar evolution 
of the profile as a f unction of density. Unlike the {2,0), the 
fluctuation l evel at the threshold is alrrost zero for the central 
chord. We attribute this to the difference in poloidal mode nunber 
parity. 

Conclusions 

Using a novel laser diagnostic specifical ly built for this purpose, 
we have revealed the existence of driven density fluctuations that have 
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the features of the Kinetic Alfven Wave. FUrther progress is expected 
fran the planned installation o f a multi-element detector , which will 
set us free fran the necessity of time consuning repetitive shots to 
obtain fluctuation profiles. 
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fig . 3 Amplitude and phase profi le 
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ALFVEN \~AVE DAMPING IN INHOMOGENEOUS PLASMAS 

C. Bertin, G. Einaudi and F. Pegoraro 

Scuola Normale Superiore , Pisa - Italy 

The damping of s hear-Alfven waves in inhomogeneous plasmas is independ­
ent of dissipation and is determined by the global profiles of the plasma 
density and of the magnetic field. This damping arises from the singularity 
of the ideal equations at the spatial location where the mode f r equency is 
equal to the Alfven frequency . Such singularity leads to a jump of the mode 
amplitude which can be determined by invoking either causality or dissipa­
tion. While both causality and dissipation correctly determine the mode 
damping rate, dissipation is needed in order to obtain a regular mode 
amplitude . When dissipation is introduced, the logarithmic singularity of 
the mode amplitude is regularized on a lengthscale proportional t o the 
square root of the relevant inverse Reynolds number. In this paper the 
above results are derived in a wave number space representation which sim­
plifies the comparison with the low frequency resistive instabilities (re­
sistive i nternal kink and tearing modes). 

Within the framework of ideal MHO the dispersion equation of shear 

Alfven modes in an inhomogeneous plasma slab is given by 

(i} 

with k the wave vector on the magnetic s urfaces labeled hy x 

• kOcA. In the neighbourhood of a 

the solutions for the x-component 

2 ·~ 
(simple) zero of w - w~(x) at 

E; of the displacement vector behave as 

E; "' A± + B ln I (x - x0)tx0 I where A± and Jl are i ntegration constants . 

Since A± can take different values for x ~ x0 , the ~solu~ions of ( I) have 

an additional integration constant fo r each zero of w~ - w~(x) ( l.deal 

Alfven continuum} [ 1-4 !. 
The ideal equations are not valid around "o where disl'i pative pro­

cesses add an important contribution which depends on higher x- derivatives . 

Dissipation regularizes the mode amplitude and causes damping. However the 

mode damping rate can be computed directly from the ideal equllt ions by 

invoking causality [ 2 J. By assuming a complex frequency Rnd continuing the 
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mode amplitude analytically from positive to negative values of Y 

the soluti on of (1) around x = x
0 

reads [ 5 ) 

A + 8 ln (i~ + y) 

A+ 8 [ ln(~2 + ?>! + i arctan (~/y) +ill sgn(x)H(-y)] 

where X • (x - xo) /xo, 
A l A -1 
y = y awA/ax)~=O, sgn (X) • t1 for x ~ o, 

Im w , 

(2) 

H is 

the step function and awAJa~ is chosen to be positive. For negative 

values of y, i.e. for damped modes, the branch cut of the logarithm in ( 2) 

crosses the real axis and the mode ampl itude is discontinuous with a jump 

21TiB [ 1 ]. By imposing this jump condition to the solutions of Eq. (1), y 

can be computed self consistent l y . In particular y can be proved to be 

negative by constructing a quadratic form from Eq. (1). This form has an 

imaginary contribution which arises from the discontinuity at 

gives 

y/w 

where a and b label the boundaries of the plasma slab. 
A 

and 

(3) 

Causality gives a definite prescription for computing y but leaves t he 

mode amplitude discontinuous. In order to study the effect of dissipation 

on this discontinuity it is convenient to refer t o the solutions of Eq . (1) 

for x -> x
0 

and d/dx >> kx
0 

in a - space, where a is the Fourier variabl e 

c on j ugated to 
A 
x, i . e. to the solu tions of 

0 (4) 

Here C is the Fourier trans form of ~ extended over the singular layer around 

x • x
0

• Solutions that are regular in x- space must vanish for la I - > ~ • 

On the other hand, (4) is a local approximation of the full dispersion 

equation a nd is only valid for lal large compared to kx0 . A For 6a-> O, 

where 6 is the characteristic width of t he singular layer, ~ can be dis­

continuous , i.e . the integration constant in (4) can be different for posi­

tive and negative values of a . As s hown in general in [ 6], such a discon­

tinuity does not lead to a singularity in x- s pace but is related to t he 
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asymptotic behaviour of the solution i n the singular layer for x/6 ->"' . 
The choice of the integration cons t ant in (4) that satisfies the causality 

prescription leads to ~(a) = ( 2rr i /a)H(a) exp(- ya) which vanishes for a < 0 

and diverges for a -> +"' if y < 0. A different interp retation of the 

choice of t he integration constant in (4) follows by requj ring the wave 

energy to be convected towards larger values of la! , i . e. deeper insider the 

singularity with no energy being reflec ted from i t (radiation boundary con­

dition). Since in a -space , ener gy is carried at the group velocity awA/ax, 

which we have chosen t o be posit ive, the radiation condition requires the 

mode amplitude t o vanish for negative values of a . 

If e l ectron resistivity and/or i on viscosity are taken into account , 

Eq . (4) becomes 

( 5) 

where E = [ c
2n/ 411 + IJIP I /(x~ awA/a ~)x•O and the effects of t he res isti d ty 

fl and of the viscos ity 1J simply add up [4). The corresponding solutions are 
A A 3 
~ • (C±/a) exp(- ya - e:a /6) . Fo r the solution t o be regular for la ! ->"" the 

integration constant C mus t vanish. Therefo r e dissipation leads to the 

same choice of the integration constant a s required for the ideal equations 

by causality . Furthermore t he discontinuity of the r.olution for "small" a 

is unchanged. Thus the jump condition t o he imposed on the solution& of the 

ideal equations is unchanged a nd the damping r ate is unaffected by dissipa­

t ion [ 31. The cubic term in a in the exponent of E; overcomes the grnw1ng 

linear term for 

(fi) 

Since y is independent of r esistivity , the clisconti nuity due tu the branch 

cut of the ideal solution on the real x-axis is regular i.zed within a laye r 
L 

that loas a width of o rder e: " . 

The a -space representation of t he mode amplitude [ 6 I mak~o:s it possihle 

t o compare the above results to those obtaillt.!d for le•,.,. frequenl:y l.C~istive 

instab i litie s for whic h the g r owth rate d•r~nds on the magnituJe cf the dis­

sipation coefficient . In fac t a commor. dispersion "qua tion in t h<' singuiar 

layer can be given whjch generalizes Eq. (5) and describe~ bo th sh.,ar-1\lfv~n 

modes and l ow f requency r e sis tive i nstabilities. Tl.e di ff e rent dependence 

of y on d issipation c a n be traced back to th<! chang ing J ocaLj on of the 
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turning points [ 6 1 of the dispersion equation as the frequency ls increased . 

For low f requency modes the t urning points are not far from the real axis 

and within the range of values of a fo r which the local approximation is 

valid . For shear-Alfven waves they split in t o two pairs : one pair moves far 

in the complex plane and only leads to an exponentially small reflection 

coefficient as consistent with the radiation boundary condition in Eq. (4). 

The second pair moves towards small values of a whe re the loca l approxi­

mation is not valid in agreement with t he fact that the damping of shear­

Alfven modes is obtained within the ideal equations alone. 

Finally we note that the above conclusions on Alfven modes are sup­

ported by explicit analytical solutions of the global problem fo und e ither 

by considering special equilibrium magnetic configurations or by carrying 

out an asymptotic analysis for special regimes of the considered perturb­

ations. In Ref. [ 3 1 the complex eigenvalue w i s derived for a magnetic 

equilibrium configuration in which B~ is piecewise either a constant or a 

linear function of x, so that the ideal solution i s expressed in terms of 

exponential and modified Bessel functions . Asymptotic techniques are 

applied in Ref. (4 1 t o a wide class of current s heets of astrophysical 

interest . I n these configurations the magnetic field direction is inverted 

across the current sheet and modes of the bending type obey a shear-Alfven 

mode equation . Two Alfven singularities occur , s ymmetrically located with 

respect to the neutral layer whcrP the magnetic field vanishes . The ex-

plicit solution is obtained for l ong bending waves , i.e. for waves that are 

larger than the thickness of the current sheet . 
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EXCITATION OF ALFVEN WAVES IN TOKAMAK PLASMAS 

G.G. Borg, M. H. Brennan , R. C. Cross, J.A. Lehane and A.B. Murphy 

School of Physics, University of Sydney 
N.S . W. 2006 , Australia 

Introduction 

I n the Alfven wave heat i ng scheme, an external antenna excites t he 
fast wave which carries wave ener gy acr oss magnetic fie l d lines i n to the 
interior of the plasma . Mode conver sion (and absorption) occur at (and 
c lose to) the Alfven resonance layer wher e the imposed parallel phase 
velocity equals the local Alfven speed. High heating efficiency and low 
impurity generation require that only a small fraction of the RF power is 
coupled into unwanted wave modes near the plasma su rface. 

In the experiments reported here, it is shown tha t incorrect choice 
of antenna design and frequency will result in direct excitation of 
unwanted Alfven waves near the plasma surface. Radial profiles of the 
wave fields excited by a correctly designed antenna show penetration of 
sianificant wave energy to the interior of the plasma. 

The Experiment 

The experiments were carried out in a hydrogen plasma in the TORTUS 
tokamak [1). In all cases the toroidal field , B~, was 0.8 T and the plasma 
minor radius was 10.0 cm. Except when probes were inserted into the plasma 
to determine radial profiles of the wave fields, the plasma cu rrent had a 
peak value of 16 kA and a du r a t ion of 20 ms. This resulted in a plasma 
with central and edge paramet ers of ne ~ 101 9 m- 3

, Te ~ 100 eV and 
ne~ 1018 m- 3 , Te ~ 10 eV respecti vely . For the experiments in which 
probes were inserted into the plasma, a short current pulse of 2.5 ms 

Fig . 1 so• Poloidal 
seccor an tenna. 

du ration and peak current 8-14 kA was 
used . This plasma had similar density 
to t he longer duration plasma and 
central and edge temperatures of JO eV 
and 10 eV. 

Two antenna s were used . Both were 
located just outside the plasma in the 
shadow of the limiter. The first , a 
small loop antenna , consisted of an 
insulated rectangular wire loop of 
dimensions 9 cm x 2 . 5 cm . The second 
was a shielded, all-metal antenna 
extending so· in the poloidal direction 
anc 4 cm in the tur oidal direction 
(Fig. 1). The antennas were f ed by a 
300 W RF amplifier. 



The poloidal components, be, of the wave fields at the plasma edge 
were detected by an array of six differential coils inserted in a quartz 
t ube which encircled the plasma poloidally at r = 11.2 cm. By moving the 
array between shots, a complete poloidal profile was obtained in 5 or 6 
shots. Radial profiles of be , b~ and br were obtained using two probes 
each containing six small coils spaced at intervals of 2 cm and inserted 
i nto one of two fixed quart z tubes (6 mm 0.0 . ) inserted to the centre of 
the plasma from the top and bottom of the discharge vessel. 

Results - Small Loop Antenna 

A typical poloidal pr ofile of the wave be component at r = 11 . 2 cm 
is shown in Fig. 2 for an excitation frequency of 4 MHz (w/wci = 0.33). 
The antenna was located at $ = 0 , e = 0 ( t op) with its plane vertical and 
parallel to B$. The probe array was l ocated at~ • 13 5° . There is 
clear evidence of direct excitation of t he Alfven wave which is guided 
along magnetic field lines which pass through and close to t he antenna. 
The four peaks are identified as fol l ows: 

e - 30° Ray propagating along field line on the h igh 
field side 

e - -so• Ray pr opagating around l ow field side 

e = too• Addit ional toroidal transit on high field side 

e - -130° Additional toroidal transit on low field side 

Further ray transits around the torus are intercepted by the limiter or 
do not intercept the probe array. When IP or B~ is varied, the poloidal 
locations of the peaks vary in t he expected manner as q(a) is varied . 
The poloidal width of the peaks is not strongly frequency-dependent up 
tow~ 0.7 Wci · 

The wave amplit ude i ns i de t he plasma was observed to decrease 
almost monotonically with dis t ance from the plasma surface . It is clear 
that the small l oop antenna coupl es only weakly t o the fast wave. The 
coupling to the fas t wave was increased somewhat when the antenna was 
rotat ed so tha t its plane, and hence all current elements, was 
pe rpendicular to B~. The observed rad i al profile was highly asymmetric 
suggesting the presence of several modes; that is not surprising , given 
the small dimensions of the antenna . 

A comparison was made bet ween the amplitude of the direct high field 
side ray (see Fig . 2) for the antenna plane aligned parallel to B$ as for 
Fig. 2 and perpendicular to s1. The results are shown in Fig . 3. It is 
seen that the efficiency of d~rect excitation of the Alfven wave near the 
plasma surface is increased as w approaches Wci and when antenna current 
elements are par allel to the magnet ic fie l d. This result i s in agreement 
with theoretical pr edictions [2] of wave excitation by a dipole antenna. 
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The 80" Sec t or Antenna 

The pol oidal distribution of be at the plasma edge when the so• 
sector antenna was used was somewhat differen t from that for the small l oop 
an tenna . In particular, for t he SO" sector antenna, most of the wave 
energy a t the pl asma edge was confined to the poloidal sec tor defined by 
t he antenna . The general features of the poloidal distribution can be 
a t tribu ted t o dir ect excitation of the Alfven wave primarily by the currents 
i n t he two side a rms of t he antenna . Such excitation is not predi cted by 
MHO theory [2]; finite frequency e f fects may be sufficient to account f or 
this excitat ion. 

The observed f r equency dependence of the efficiency of direc t 
exci t a tion of t he Alfven wave was simil ar t o that observed f or the small 
l oop antenna (Fig . 3). 

Radial profiles of be, br and b<P were obtained at several frequencies . 
General ly , be and br we re c omparabl e in magnitude while b<P was an order of 
magn i tude smaller. At some f requencies broad peaks i n be and br were 
obse rved. Exampl es of be and br profiles fo r two frequencies , 3 . 4 ~lliz and 
4 . 2 MHz , a re shown i n Fig . 4 . There i s very little internal structure a t 
3 . 4 MHz . The profil es ar e s imilar t o t hose observed wi th the small l oop 
antenna: there appears t o be only a weak Alfven resonance laye r ins ide 
the plasma ; t he wave fie lds a r e due primarily to direct excit ation of the 
Alfven wave . 

At 4.2 MHz there is clear evidence of struc ture i n the wave fields 
i nside t he plasma. The pos itions of t he peaks in be and br move t o small er 
radii a s the plasma density falls . Although there is insufficient 
exper imen tal data to unambiguously determine the na t ure of the observed 
peaks , t hey are consistent with the exc i tation of the Alfven r esonance via 
t he fas t wave , as i s r equired for Alfven wave heating . Experiments are in 
progress, using three antennas , to bet ter define the toroidal and poloidal 
mode numbers and hence to provide a more d irect comparison with theory. 
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Fig . 4 Radial pr ofiles of br and be (normalized to an t enna cur ren t ) 
a t <P = 180" for the so• sec t or antenna a t <f>• o•, r. -10 cm. 

As was the case with the smal l loop antenna, the radial profiles are 
asymmetric with a clearly increasing amplitude for radial positions close 
to the antenna . 

Measurements were also made of the antenna impedance as a function of 
frequency. The impedance was observed to rise smoothly from zero at 
W ~ 0.1 Wci to~ 0.35 0 at W ~ 1.6 Wci· The origin of this loading is 
not clear . 

Conclusion 

The experimental r esults presented here clearly indicated that, in 
Alfven wave heating experiments, unwanted direct excitation of the Alfven 
wave near the surface of the plasma can be minimised if all antenna current 
elements are oriented perpendicular to the steady magnetic field . The 
experimental r esults also show that a single all metal, shielded poloidal 
an tenna can e ffect ively couple energy into the interior of the plasma . 
Experimen ts current ly in pr ogress a re aimed at establishing whether an 
a n tenna system with two or th ree ant ennas is significantly more effective 
than a single antenna. 
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CURRENT-DRIVEN LOW FREQUENCY I NSTABILITIES IN A ~~GNETIZED n40-ION PLAS~~ 

R. Bharuthram*, H.A. Hel loer g+ & D. Johnstone+ 

*U . of Durban-Westville & U. of Natal, Durban , 
South Africa 

+u . of Natal, Durban, Sou th Africa 

1. Int roduction: An obl iquely propagating e lectros ta t ic wave in a cold , 
colli sional, magnetized two-ion plasma wi th wR near the ion- ion hybrid 
(Buchsbaum) frequency , w8 , may be driven unstabl e by an el ectron drift Vd 
along B

9 
• B

9
z f or kzVd > w8 [j .~ . This res i stive ion-ion hybr id drift 

instability tRIHDI) satisfies the di spe rs ion relation 

2 
k ++ 
k 

(1 ) 

whe r e w' • w- k Vd + i v ., with w = ~ + iy , vei the electron-ion collision 
f r equency and L(R) refereto light (heavy) ions. 

For l ow collision f requency v . << w8 , the t wo-stream ion-ion hybrid in-
s t ability (TSIHI) was reported [}]~1 The RIHDI for w < kzVd < OL then arises 
when collisions extend the unstable region beyond t~e two-stream unstable 
range. 

We now ident i fy anal ytical ly the origin of the TSIHI . Numerical results 
over a wider ra~e of vei and Vd are presented , r elating the observations of 
[ 2], [ 3] and L 4]. Paramete r values used are appropr iate for an argon­
helium mixture in a laboratory discharge device used for basic plasma 
studies , with NL = NH• w8 = 3.2nH, and kz/k ~ (me/M)~2, whe r e M i s the aver­
age i on mass . 

2 . Origin of t he TSIHI: With appropriat e assumptions [5] equ. (1) reduces 
t o 

o. (2) 

Following the approach of [6] , we consider the interaction between an elec­
t ron beam mode (wR= kzVd) and waves hav ing OH~ wR ~ OL. 
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Iff; (k /k) 2 w 2/(w L2 + w 2
) « 1, equ. (2) may be cast in the form 

z pe p pH 

(3) 

where 
(wpL 

2 2 2 2 2 2 
P.L 0H )/(wpL + wpH ) w · + wpH (1 

and !1). 2 
w 2 w 2 n 2 0 2 2 

pL pH ( L - H ) s 2 2 2 z z 2 
(wpL OH + wpH nL )(wpL + wpH ) 

Equ . (3) illustrates the fact that the instability results from the 
reactive coupling between a positive energy Buchsbaum mode (w ~ w8) and a 
negative energy electron beam mode (w o kzVd- f;wa) . For NL = NH and 
ML << MH , these two solutions may be used to obtain the reduced dispers i on 
r elation for the TSIHI, 

3. 

(a) 

l t'-z ( 2ML /me) i ( MH /ML ) 2 wB • 

4 k(l + ML/MH) i (l + MHIMJ / 2 

Numerical studies (vei << wB ; kzVd ~ 20L) : 

Using V 
ei - 0 or 0.03 WB' four regimes are identified: 

%< kzVd < ws . For Vei = 0, complex conj ugate roots (two-stream- like) 

occur with WR ~ kzVd for kz/k + 0 (k varying) . As kz/k is increased , 
wR drops to and falls below OH· The growing mode is a t wo- stream 
heavy ion instability . For Vei ~ 0 , the two-stream behaviour is simi­
lar . The RIHDI does not occur as kzVd < ws . 

(b) ws < kzVd <IlL · As discussed in [3] , the TSIHI occurs for both 

Vei = 0 and Vei ; 0 , extending in the latter case into the RIHDI for 
kz/k beyond the two- stream unstable region. 

(c) kzVd ~ OL . For vei • 0 , r esults are shown i n Fig. 1. For nearly per­

pendicular propagation , coupling between the beam modes 1 and 2 yields 
a growing mode with wR ~ OL : the two-stream light ion instability 
(TSLII) . For l arger kz/k, mode 2 couples with the Buchsbaum mode 3 to 
yield the TSIHI reported above. In the interval O . S~(kz/k)/(me/M~0.9 
a l l three modes are stable . Collisions broaden the unstable ranges of 
both instabilities (Fig . 2) , i . e. a resistive drift instability also 
occurs at the light ion cyclotron f requency (RLIDI) . 

(d) kzVd > IlL· As Vd is increased, the width of the stable interval in 
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Fi g . 1 decreases, and for kzVd > 4.5 wa i t vanishes even for Vei ~ 0 . 
However, close s tudy of the growth rate behaviour enables one to draw up 
an extended stability diagram, Fig. 3 (cf . [4]), for the two- st r eam and 
resistive drift instabilities near wa and OL . I nsensitivity to vei a nd 
MH/ML makes t he diagram nearly universal for low vei• NL = NH plasmas . 

4 . Collisional effects: 

(a)Dependence of y on V~· for the RIHDI has been st~died, using t he pa rame­
ter values of Lee (2J~ These have (kz/k)/(m /M) / 2 > 1 and kzVd > 40 w8 
(Fig. 4) . The predic ted linear dependence [Y ]holds over a wide range 
of vei• as found for smaller kz / k and kzVd < OL [3]. Analy tically it 
can be shown that t he f irs t peak in the curve occurs a t Ve i ; lwR- kzVdl 
(not Vei ; OH as sugges ted in [:fl >, the trough at vei • Oekz/k and the 
second peak at vei ~ Oe. As seen from Fi g . 4, Lee ' s [2] value 
Vei > kzVd is beyond the range of valid ity of the equa t i on solved by him 

(b)Whereas for vei << kzv9, collisions cause separ ation of t he coupl ed beam 
modes (wR ~ kzVd) and 1ntroduce the resistive drift modes (Fi g . 5), 
higher collision frequencies destroy any r e l ation ship between the beam 
modes (Fig . 6) and thus Lee [2] could no t observe the TSIHI. The sta­
bility diagram is then no longer appl icable . 

(c)If Ti • Te• then for Vei >> w8 , colli sions between heavy ions and light 
ions cannot be neglected . For Lee's [2] par ame ter values, these are 
found to stabilize the RIHDI. 
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ICRF VAVE PROPAGATION AND ABSOR~ION IN 
STELLARATOR MAGNETIC FIELDS 

E. F. Jaeger, D. B. Batchelor, and H. Veitzner+ 

Oak Ridge National Laboratory, P.O. Box Y, 
Oak Ridge, Tennessee 37831 USA 

+New York University, 251 Mercer Street, 
New York, New York 10012, USA 

Ion cyclo tron heating i s being used on the Heliotron-E device and is 
planned for t he ATF torsa tron for high power , steady-s tate experiments . 
The complicated magnetic field structure of these stellarator devices and 
t he relatively large value of AI L make the approximations of plane 
strati fication, which is useful for many tokamak applications, of 
questionable validity. Ve have therefore developed a finite difference 
code to study ion cycloton wave coupling, propagation and absorp tion in 
2-dimensional, helically symmetric equilibria. 

Also recent measurements in the Soviet Union on the L-2 stellarator have 
demonstrated efficient heating of a pure hydrogen plasma 
(no- 1- 2 x 1013 cm-3 ) with ICRH power in the range of the first harmonic 
of the ion cyclotron frequency. 1 Since conventional _theory for tokamak 
plasmas shows tha t heating at the fundamen tal ion cyclotron resonance is 
ineffective , there has been some interest in understanding the theoretical 
basis for the observed fundamental heating on L-2. Kovrizhnykh and Moroz2 

studied mode structure for the fast magnetosonic wave in a cylindrical 
metal waveguide filled with plasma. The assumed magnetic field is uniform 
in the axial direction and the applied frequency equals the ion cyclot ron 
frequency everywhere . They find that for 1013 < nav < 3.8 x 1013 cm-3 (as 
in L-2 ) , only t he m= 1 mode exis ts, E+ is a surface w~ve, and significant 
heating is possible only near the plasma edge. For n > 3.8 x 1013 cm-3 , 

m • 0,2 modes can also be excited with secondary maxima fo r E i nside the 
plasma. This implies heating i nside the plasma too. + 

In this paper, we address t he ques t ions of 2- ion hybrid and fundamental 
hea ting in stel larators by ex t ending t he full wave calculations for 
tokamaks and mirrors in Ref. 3 to the case of a straight, helically 
symmetric s tellarator. Global solutions of the ICRF wave fields are found 
numerically i n the cold plasma limit for parameters typical of the L-2 and 
6TF stellarators. The component of the wave electric field parallel to 
8 is assumed zero and helical symmetry is used to Fourier decompose the 

+Research sponsored by the Office of Fusion Energy , U. S. Department of 
Energy, under Contract No. DE- ACOS-840R21400 with Martin Marietta Energy 
Systems, Inc. 
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solution in the longitudinal (z) direction . The remaining set of 
two-coupled, 2-dimensional partial differential equations in r and 
•• e- kz (k is the helical pitch) is sol ved by finite differencing. 
Energy absorption and antenna impedance are calculated from an ad hoc 
collisional model. Similar calculations for parameters typical of 
Heliotron-E and ATF have been carried out in Japan by A. Fukeyama et al. 4 

using finite element analysis and including parallel electric fields . 
Fukayama et al., however only cons ider the case of minority heating at the 
two ion hybrid resonance . We also consider direct heating of the majority 
ions at the fundamental ion cyclotron frequency, and compare to similar 
cases of minority heating at the two ion hybrid. 

1. E~uilibrium Model - In the helically symmetric system, it is useful to 
trans orm from cylindrical coordinates (r,e,z) to helical coordinates 
(r,+,z') where +- e- kz, z• - z, and k - 2n/L where L is the helical 
field periodic length in z. Note that + = constaRt is thepequation of a 
helix. Helical symmetry requi res that the unperturbed magnetic field B

0 be only a function of rand+ but not z'; i.e., the field at one point in 
space depends onlx on which heli~ that point is on and not on the position 
!n z. Since V · g - 0 and V · J = 0 in helical coordinates (r,+,z') and 
B

0 
and J are inaependent of z' (helical symme try) we can introduce flux 

functions w(r,+), X(r,+) such that the equilibrium field is given by 

1 a~ r _ e - krz a~ + x< z + kre) 
r a+ 1 + k2 r2 ar 1 + k2 r2 

for the present calculations we have used the Bessel function model where 

X(r ,+) 8
0 

• const. 

2. Field E~uations - Introducing 
system wit unit vectors : V~, 
expressed 

~ righ t ~handed orthogonal coordinate 
b x V~, b the plas ma current can now be 

I , 
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K1 , 1St and K11 are the standard cold pl asma conductivity tensor elements 
w~th a Langevin collision term included to broaden the fundamental 
cyclotron resonance~~~+ iv where typically v/~- 10-2 • Ve neglect the 
parallel component of £ and consider Vw and b x Vw components of the wave 
equation. Fourier analyzing ~ and the antenna current Jext in the 
ignorable coordinate . 

we obtain two coupled partial differential equations in r and + for rE~ 
and rEa· Boundary condi tions are that the tangential component of ~ 
vanish at r • a. This~ives rEa ~ 0, and Ez : 0 at r = a. Also we use 
periodicity in + to give g(+ = 0) = E(+ = 2R) . 

3. Results - Figure 1 shows flux surfaces w = const. and the heating 
geome try where the parameters are chosen to model ATF: 1 = 2, m • 12, 
RT = 2. 1 m, 8

0 
• 2T, a • radius of conducting wall = 50 cm. Also s hown 

are the two-ion hybrid resonance contour and the minority hydrogen 
cyclotron resonance contour where n • n8/n0 = 0.05 and fRF • 29 mhz. 
Figure 2 shows contours of power deposition obtained from the field 
solutions for this case. The antenna is uniform in t he + direction with 
current flow in the a direction. The heating is seen to lie between the 
minority cyclotron resonance layer and the hybrid resonance. There is a 
slight tendency for contours of constant power deposition to lie along 
flux surfaces as discussed by Hellsten and Appert et al. for tokamaks. Ve 
have also done calculations using the cold conductivity model employed by 
Appert et al. in which no collision term is used to resolve the minority 
cyclotron resonance (~ ~ ~ + iv) but the hybrid resonance is resolved by 
add ing an imaginary part to the conductivity itself (K1 ~ K1 + 2i6c2 /ci>· 
For these calculations the tendency for heating to lie along flux surfaces 
is much more pronounced but the antenna loading is nearly the same as 
obtained with the broadened cyclotron resonance. 

Cal culations in pure u+ s how good antenna loading but the heat deposition 
is near the pl asma surface where the dens ity is low. Calculations for L2 
stellarator having lower dens ity and smaller minor radius , s how s omewhat 
better penetration of the heating but not sufficient to expl ain the 
on-axis heating reported in the experiment . 
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I. INTRODUCTION . 
Though the work reported here pertains to gene ral inhomogeneous field con­

figurations , it is presented in the tokamak context where i t a ppea rs to have 
greatestrelevance. To date , t he kinetic description of linear wave inter­
action in a tokamak in r egions neighboring surfac~w • nO (species implicit) 
has been dealt with in two ways . On the one hand, the vari ation of the equi ­
librium mag~etic_field B

0 
parallel to i tself result ing f rom a poloidal field 

component (Bp . VIBol f 0) has been neglected ; this allows the derivation of 
a self- cons i stent wave equation in perpendicular directions with Fourier 
analysis providing a nonlocal description in the parallel direction. On the 
other hand , there a r e nonl ocal solutions which account for parallel Bo 
varia tion, bu t with res triction to situations where the field behavior in 
the resonant regi on is known to lowest order . Of t he work which has been 
done in these areas, tha t closes t in spirit t o the present approach a ppears 
in Refs. 1 and 2 to which the reader is referred for further r eferences. 

The present contribution examines to what extent one can write a l ocal 
ki netic description free of the t wo above assumptions . The local description 
of nonmagnetized homogeneous plasma [ 3, 4] was early identified with the 
condition w/k,l'th » l[(w- nn)/k,vth » 1 when B0 <f 0]. In regions of an 
inhomogeneous plasma where the s econd inequality fails (n f 0 ) it will be 
shown that a local descrip t ion can be retai ned when the limited extent o f 
t he resonance regi on through wh ich par ticles pass is accounted for . 

I I . HODEL AND ANALYS IS. 
Cons1der1ng part i c l es t o have cons tant v, throughout r esonance with 

phase r andomization between resonant interactions , Brambil la and Ottaviani 
[1] have derived the f i nite Larmor r adius equations , calcul ating current in 
a f orm embedding nonlocali ty i n a trajec tory-type i n tegral 

/' dv , v,Pexp(-v~/v2th) J~ dT exp{i[w - nll (~)]T} E(; - v, d) (1) _., 0 

where E i sa l inear combination of f i eld components or their derivatives . We 
relax the impl icit constancy of 0 in the z(B0 ) di rection in the integrand of 
Eqn. (1), accounti~g fo r th~ poloidal passa§e of particles through th~ 
resonance zone, O(r)T -+ n (r)T - (dll/dz)v,T /2 (dll/dz independent of r ). 
Transforming t he vari a bl e of integr ation to q : k,Jv,JT ~ b/a, with v, = vthV,, 
one has t o within a dimensional constan t facto r 

I n J: dv,vf.-
1 exp(-V~){ (-l)P_{;~a dq exp[ - (i/V, ){aq2 - b2/a)]E(k,z + q +b/a ) 

+bf: dq exp [ (i/V, )(aq2 - b2/ a)] E(k,z - q + b /a)} (nf0) (2) 

where a • (nd0/dz)/(2k~vth ) , b = [w - n0 (~) ]/(2k,vth), E(k,z + q +b / a) : 
E{r + (q +b/ajk, zl and nondimens i onalization with respect to k , : JE-1aE/oz l 
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in no way implies an assumed z dependence "' exp(ik,.z) . Remark that unit 
length in q corresponds to one spatial variation length of E. 

In order to appreciate the role played by various parameters in the 
subsequent development, it is of interest to consider the conditions under 
which In can be evaluated in terms of E(k,.z) (strong l ocal representation) . 
These are essential l y the conditions under which r apid oscillatory behavior 
of the second and third exponentials in the integrands gives phase cancell­
ation in q, V,. at all points except the endpoints q = :1: b/a. Turning fi rst 
to the q integral, one sees strong phase cancellation when ja(aq2)/aqJ = 
j2aq J >>1, this eliminating contributions to the integral from all q 
except a nonlocal one comin7 from values around the resonant or stationary 
phase value q • 0, and , if j2aqJ lq=±b/a = j2bj >> 1, a local one from the 
immediate vicinity of the endpoint q = :1: b/a . From the first inequality, 
parameter a can be roughly identified with the inverse of the resonance zone 
width along z seen by a given particle. Inverting the order of integration, 
one finds V,. rapid- phase cancellation when J aq2 - b2 I a J >> 1 ; this notably 
eliminates the above nonlocal resonant contribution from q • 0 when 
Jb2/aJ » 1, allowing In to be expressed purely locally in terms of E(k,.z). 
The physical origin of the rapid-phase effects leading to this local 
expression are the progressive dephasing of the nth harmonic of a single 
particle's Larmor motion from the field phase in the case of oscillations 
in q, and the smearing out of the contribution from a given q due to thermal 
spread in particle velocities in the case of oscillations in V,.. 

In the absence of the above conditions for local representation of In• 
we render In local by expansion of E in q about the local endpoint values 
• b/a . This expansion is assumed valid in the region in q giving the major 
contribution to the q integral, this region being delimited by the effects 
discussed in the preceding paragraph. For the case n • 0 , addition of an 
infinitesimal imaginary causality term tow allows derivation from Eqn . (1) 
of the afymptotic representation [same nondimensionalization as for Eqn.(2) ] 

1
0 

• -~~ E( )(k,.z)(-i/2b)( )+l f{[p + ( ) + 11/2} ( j2bJ=Jw/k,.vthJ .. "') (3) 
J • O 

where () is to be.filleg in with.2j, 2j + 1 when pis respectively even, 
odd; henceforth E(J) = aJE/a (k,.z)J. The impossibility of obtaining a 
corresponding convergent local representation and the associated existence 
of Landau damping are established facts. 

For n ~ 0 , one can evaluate the first integral with respect to q in In 
of Eqn. (2) by transformation to the variable t = (ia)l/2 q, with use of an 
infinitesimal convergence factor to rotate the infinite portion of the 
resulting integration path into the sector Jarg tJ < w/4 befo r e expand ing 
E inside the integrand about t = - (ia)l/2b/a ; the second q integral is 
performed using t = ( -ia) 11 2q with the principle branch used for all roots. 
One finds 

(4) 

L j erfc [-(Via) 112 ~] (V,./ia) (j+l)/ 2}+(-l)j {a ... -a}] (n~O) 
• u a 

where LJ erfc is the j - fold.repeated integral of the complex complementary 
error function. Expanding LJ erfc with formula 7.2.4 of Ref. 5 , there 
results the convergent deve l opment 
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In = R jio E(j)(k,z)[(-l)P{(4ia)-(j+l ) / 2 k!
0

. [2( ia) l /2b/a]k/[k!f(l+ l?>J x 

fm(- ib2/a) lm=p+( j -k- l) / 2 } +(-l)j {a ~-a}] (n;. 0) (5) 

where the terms k = j + 2, j + 4 , •. . are taken to be zero with convergent 
and asymptotic expansions for fm g iven in Sect . 27 .5 of the reference 
(use of the principal bra nch for roots is understood throughout) . The 
convergent expansion only holds for i ntegral m the development for 
nonintegr a l m is found to be 

~ m+l-k k . ~ k 2k+m+l 
fm(x) = 1/2 k~o f( - 2-) (- x) / k! + 11/Sln(m11\~0 (-l ) X / [ f (2k+m+2)k!) 

(6) 
TI1e asymptotic.expansion of In follows from substituting the asymptotic 
expansion of ~J erfc (7.2.14 of Ref. 5} into Eqn.( 4) 

In 112 jio E(j)(k,z)/[j!(-2ib)j+ll:~: [(2k+j)! r( p+~+j )/ k!J[(-l) P x 

(- 4ib2/a) -k +(-l )j(4ib2/a)-k] < l4b2/al~ ~ , n/0) (7) 

III. DISCUSSION. 
Equations (3),(5) and ( 7) give the local representation of the integral 

In ; it r emains to proj ec t onto the coordinates of interes t. Taking as 
example a slab geometry with derivative s of equilibrium density negl ec ted, 
y, Y £OOrdinate axes normal to both B0 ( 11 z) and VIBol, a nd.X-axis parallel 
to VI B0 1, the spatial dependence of the coefficients of E(J) in the l ocal 
representation enters only t hrough the dependence of b on n (X) . One 
redevelops partial diffe r entials in x , y,z in t erms of differentials in 
X,Y,Z(a/az = sin ea;ax + cos eataz etc., a= angle between z,Z) , this both 
in In and in the finite Larmor radius equa tions which incorporate it [1], 
these having been derived relative to guiding- center coordina tes x,y , z . 
Of course, one could empl oy flux coordinates at the cos t of losing 
invariance in one of the coordinate directions . 

Afte r Fourier analysis in the invar i ant direc tions Y, Z, one integrates 
the resulting system in X, t he convergen t or asymptot ic representat ions being 
used for In(X) in accord with the respective smal lness or largeness of 
b(X). I n principle, describing resonant reg~on~ whe re b + 0 is simply a 
question of employing enough derivatives E( J )(r) in the convergent 
representa tion. In prac tice , one is conf r onted with one of two situations 
where these der i vatives affect wave behavior either str ongly or weakly . 
In the former case one wil l t ypical ly not wish t o employ X derivatives o f an 
order which increases t he order of the differential sys t em t o be solved, so 
as t o avo i d introducing new modes. This effectively limits t he r esonance 
zone width in zone can treat t o seve r al field variation lengths . In the 
latter case an iterative app roach is poss ible where again , a limited numbe r of 
derivatives i s added in the initial solution so that the orde r of t he sys t em 
i s not raised . This solution i s then used to evaluate as many derivatives a s 
necessary, these serving as known inhomogeneous terms i n t he next iteration. 

IV. CONCLUSION . 
A local appr oach allowing description in the v1c1n1ty of " strongly 

dispersive" surfaces ((w- nn )/k,v h ;I~ I) has been developed by accounting 
for the particl es ' polo i dal transiE through these surfaces. This elimi na tes 
t he exaggerated phase coherence between particle gyromot i on and wave seen 



68 

when particle t ra jectories ar e taken parallel to the surfaces . Such 
description can be carried through without presupposin~~; the lowest-order 
form of t he field. 
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METHOD FOR RAPID EVALUATION OF ANTENNA NEAR-FIELDS 

D.W . Faulconer, D.I.C. Pear son, F. Durodi~ 

Labora to ire de Physique des Plasmas - Laboratorium voor Plasmafysica 
Association "Euratom- Etat belge" - Associatie "Euratom-Belgi sche Staat" 
Ecol e Royale Militaire - B 1040 Brussel s - Koni nkl ijke Militaire School 

1 . INTRODUCTION. 
Knowledge of t he quasi- static E and B fie l ds in the immediate vicinity of 

antennas and elec tros tatic shield elements i s essential t o the intelligent 
design of these components. To the end of ca l culating such fie lds , a numeri­
cal method has been developed for solving the 2- D Laplace equat i on which 
generates the Green' s function for a flux or vor t ex line sou rce i ns ide an 
arbitrary rectilinear, perfectly conducting externa l boundary . Line sou rces 
can be superposed to simula t e eventual internal conducto r s as wel l as 
suppleme~t!ry cond itions to be imposed on the field fl ux . Such condit ions can 
mock up B(E) flux crossing (runni ng paral lel to ) the external conduc t i ng 
boundary, allowing this single boundary to model internal conductor s as wel l 
(see Fig. 1). In t he singl e- boundary case t he method is t rul y computer 
intensive, freeing the user of the time- consuming adaptations to specific 
boundaries which charac t e r ize finite -difference and finite-element techniques . 
I n essence, he reads in boundary geometry and places line sour ces. The con­
formity of the compu ted r epresentat ion of the external boundary to the act­
ual one provides a direct v isual check on the accuracy of the calculation . 
The present method is particul arly sui ted t o s ituations where interest is 
focused on surface quant ities and their integrals on boundaries (Sec t . 2 . 3) . 

2. METHOD. 
2 .1. Over view. 
A Sch;;;arz=ctii:is toffel (SC) t ransformation mapping n > 0 of the ~-plane 

(C • ~ + in) on to the int e rnal space enclosed by t he external conduc ting 
boundar y i n the z- plane (z = x + iy) i s generated numerically . Line sources 
e nc l osed by the boundary i n the z- pla ne are inversely mapped to the c -plane 
where the problem i s solved by t he method o f images and integral s of various 
sur face densities a r e performed. I f r equired , fields or surface density 
distr ibutions i n the z-plane are obta i ned via the SC transformation (end 
Sect. 2 . 3) . The user works int eractive ly in z - space, disposing line sources 
by eye . 

2 . 2 . Generation and Inversion of Schwarz- Christoffel Transformation . 
Let ttie_N_se&ffiencs-;f-ctie-re~riiine;r-e;r;rnai-b;undary:-;nuffierared-in 

counter-clockwise fashion, be Li ( i = 1, ... , N) , with ith vertex , hav i ng 
inner angle ai, at Zi lying between Li- 1 and Li(L0 : LN). We shall generally 
take zN at infinity . For a n appropr iate choice of the (i ((i > ( i-1) and 
A, the' SC transformation (in differential form) 

dz/d~ = AiUl (~ - ( i) (ai/o)-1 : f ' (C) (1) 

maps the ( -axis of the ~-plane onto the external boundary in the z-pl a ne, 
with each point Ci mapping ont o Zi . 

Integra tion of Eqn . (l) between vertices for a t r ial set, ( i , gives 
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ti+l 
J f ' (, )d~ 

ti 

(2) 

where a numerical integration is generally required. The following function 
of the Li, and hence of the ti, attains the value zero as a sharp absolute 
minimum when Li • Li(i = l , •.• , N) (i~. when the ~ -axis is correctly 
mapped onto the external conducting boundary) 

N 

g =i~l fiL/Lil + exp [IL/Li l - 1] - 2} (3) 

When ZN is taken at infinity, we drop the two infinite Li from the sum 
using N- 2 as upper limit ; ; N is also suppressed (see Sect . 3). Minimizing 
g to zero with successive trial choices of the tiCf1 = 0, A = 1) gives 
t'i + ~i in t he limit. A conjugate gr adient method (the mNUIT routine of 
CERN) has been used for this . 

Once the ;i are known, the inverse SC transformation is generated from 
Eqn. (l) 

z 
' (z) • J 

0 
(d c/dz)dz • (4) 

where simultaneous numerical integration in z and c-planes is implied. Eqn. 
(4) serves for mapping source positions and integration interval endpoints 
(Sect. 2.3) to the ~-plane. 

2.3. ~i~l~~-!~~-~~~~£~-q~~~~i~i~~~ 
Line sources of identical or opposite strength, each with complex poten­

tial of the form (S/2w) ln (C - C5 ), are imaged at Cs and ~~ to g ive an 
analytic expression for the potential , Qs(~ - c

5
) , of a source at Cs above 

the ~ -axis [a conducting surface ; arg (C - Cs) in ln (C - ~s) taken 
continuous] . One has for B(E) line current (charge) sources : S = -i~0 Iz 
(q/£

0
), (z =:X x y),and for unphysical B(E) flux (vortex) sou!ces useful for 

imposing supplement~ry f l ux conditions (Fig. 1) : S = total B flux from source 
(-i(c irculat ion of E about source)).For the total complex potential one has 
O( C) ·so~rces Os (c - Cs) and Q(z) = n [c(z)] . In the magnetostatic case 

~·( c ) = dO/de , Btz)=dQ/dz = [f ' (c)]-1 s*(c) . With 0 : ~ + i' one has 
B • V~ and 

2 
/1 ii.dl = ~(2) 

2 

- ~(1) 

(5) 

11 ii . nld"il '¥ ( 2) - '¥( 1) ea 11 dl x z) 
r elations (5) holdi ng in either pl ane, where it is understood that the path 
1,2 in one plane maps into that in the other, Equality of a given right 
member in either plane shows equality of the corresponding in tegr al. Identi­
cal formulae hold for the el ec trostatic case . Using Eqn. (1) and the rela­
tions di rectly above Eqn.(S) one has 

2 2 
11 IB 2(z>ll dz I • 11 IB2(c )/f ' (c)l I de I (6) 

where paths in left and right members map into each other. 

For an integration path 1 , 2 circuiting with the conductor on its left, 
z- d!rected surface current de nsity i s ~0 -1 B.dl/ ldli, charge densi ty, 
£0 E.n and ohmic dissipation density (2~0) - 312 (w/o) 12 IBI2 (w • wave angular 
frequ ency , o = conductivity) . Once the l ocati onsof land 2 i n the ~ -plane 
are known(by Eqn . (4) or, for a vertex, Zi + ; i), the integration of the 
current and charge densities is best considered in the c-pl ane as Eqns. (5) 
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with B ++ E then give the integrals as known functions. Eqn. (6) allows 
integration of the ohmic density as a known function on the c-axis instead 
of the detailed external boundary in the z-plane. 

Field lines in the complex planes follow from integrating dt/ds = B(c~IBI , 
dz/ds • f ' (t)B(t)/IBiwhere s is arclength in the t-plane and Eqn. (1) has 
been used ; B ~ E gives results for E. Taking real and i maginary parts 
g i ves a 4 x 4 system for the vector (C, n, x, y) which is efficiently 
integrated by a variable-step method. Similar remarks apply to inversion(4) . 

The same integration, following the magnetic line coinciding with a 
conductor surface, can be used to map surface density distributions from the 
t to the z-plane, it also serving for the integra l of ohmic diss ipation 
density on a source-simulated internal conductor . By Eqn. (6), this integral 
can be performed in the c-pl ane without integrating the equation for dz/ds. 

3. SPECIAL TECHNIQUES . 
Double-prec1s1on minimization of g [Eqn.(3)] over success ive Ti sequences 

generally encounters difficulties associated with tight bunching of the l;i• 
a case notably met when the external boundary i s of re-entrant type with 
two Zi close together. One such difficulty relates to reordering of the Ci 
out of increasing sequence by the minimization routine. Transformation to 
N new variables Xi • where Ci = Ci-1(1 + exp Xi) , remedies this problem and 
smooths the behavior of g when minimization is carried out over Xi sequences. 
Another such difficulty has to do with loss of numerical accuracy due to 
the singular behavior at the limits of integration of f'(t) in Eqn. (2). 
This can be dealt with by subtracting from the integrand anal ytical ly 
integrable functions which cancel its endpoint singularity and adding back 
the integrals of the same functions which are known. However, a further 
source of error arises when the integration interval length ti+l - t i in 
Eqn. (2) greatly exceeds that of the adjacent interval(s), this allowing 
the singular behavior of f ' at the far edge of the small interval(s) to 
affect serious ly the precision of integration over ["(i• t i+l]. Accuracy 
was restored with a variable- step method which reduces the 1ntegration 
step at the end(s) of the interval. Similar remarks apply to the integral 
i n the right member of Eqn. (6). 

Given t hese problems of precision which are generally compounded as N 
increases, it becomes advantageous in the case of large N to place ~ at 
i nfini t y (zN finite or i nfinite) with the substitutions N ~ N - 1, CN = m 

i n Eqns. (1), (2) respectively . The effective e limination of (N r educes 
by one the dimension of the space in which g is minimized. One can 
!dditlon!lly take t2 = 1 ((1 = 0, A= 1), substituting Li ~ Li/L1 , 
Li ~ Li/Ll in g . This further reduces dimension by one at the cost of 
only generating the Li to within a scal e factor , the correct scale being 
incorporated in the se after minimization by altering the value of 
A to L1/L1 . In the case of a symmetric configuration, choice of origin 
at a point of symmetry leads to an i mportant reduction in dimensionality 
due to symmetry of the (i about the or i gin. 



CONDUCTING WRLL ~ 
~~ Equiflux- spaced magnetic contours for a candida t e TEXTOR ICRF 
antenna-limiter configuration in the presence of a plasma simulated by a 
perfectly conducting surface. The various elements - limiter , wall, central 
conductor , plasma surface - are all simulated by a single external se 
boundary . The eight flux sources(o strength +l, e streng th - l)ensure that a 
constant field crosses normally the line of symmetry AB . 

CONDUCTING WRLL 
~ Same case as Fig . l but where a symmetrical transformation is used 
to s1mulate wall, limiter and plasma . The internal central conductor 
surface is mocked up by placing 40 line current sources wit h intensities 
adj usted interactively in order that the real conductor surf ace be matched 
as closely as possible by a magnetic surface contour . 

~ B~, B~ plotted as func t ions of x at the electrostatic shield 
y- position in Fig. 1 (same relative units for both). Relatively large B~ 
values caused by plasma-induced field compression show gr eater role in 
Ohmic loss played by circumferential shield element current than in the 
case without plasma. 
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THE EFFECT OF NEUTRAL BEAM INJECTION ON WAVE PROPAGATION IN THE ION 
CYCLOTRON RANGE OF FREQUENCIES 

W.G . F. Core 

JET Joint Undertaking, Abingdon, Oxon ., OX1 ~ 3EA , UK 

1. Introduction - The possibility of using neutral injection combined 
with the fast magnetosonic wave as addi t ional heating of tokamak plasmas is 
currently of considerable interest and has received some at tention i n the 
literature (1]. As is well known , the injection of fast neutral particles 
leads to the formation of hot energetic ion tails on the bulk plasma ion 
species . These velocity space distortions modify t he dielectric pr operties 
of the plasma , and in particular , for heating at the second harmonic 
frequency , can significantly enhance the absorption of wave energy [2] . 

In this paper , the effect of NB! on t he propagation of waves in the IC 
range of frequencies is examined . The fast ion component is modelled by 
superimposing on the bulk plasma ions displaced Maxwelllans of the form, 

f(v,,v.._) s N exp j - (v,-v,0)2/a- (v.._-v-'-o}'/sf . 

Using this form of representation for t he ion distribution functions the 
components of the dielectric are obtained in a form which is amenable to 
efficient computation . The resulting dispersion equation is then solved 
numerically for fast wave propagation into the beam/ICRF-plasma systems . 

(i) Hydrogen beam inject i on during fundamental (w•w
0

H) heating of a 
minority HID plasma; 

(11) The seeding of a D-plasma wi th fast deuterons during bulk I CRF 
heating at (w•2wcD). 

(1) 

2. The Dispersion Equation - Star ting from the Maxwell field equations 
for electromagnetic wave propagat i on in a hot multi-component magnetoactive 
plasma the di s persion equation is readi ly obtained and can be written as 

I , ..,. I k 6 .. - k. k.- - £ ij 
. lJ 1 J c z - 0 , (2) 

where t he components of the dielectric tensor in the cylindrical coordinate 
system~ • (v, ,v.._) in velocity space takes the form (3] 

nws af 
fd~ (--- + 

v.J.. av..a.. 

s 

k, ar l ---n~ I. (3) 

avll kllvll+nwcs-w 



where w• ps 

4,.z•n 
s s 
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k ... 

Jn • Jn(~/~n)' 
species (s) . 

J~= dJn(x)/dx, and the summation i s over al l the plasma 

In the local frame or t he toroidal magne t ic field, wh ere kx~ k~, ky=O , 
kz=k, , Eq . (2) takes the form , 

where A0 =E 11 , A1 • t 1 3 ku, 4A 2 •k~(e: 11 +t 33 ) - e: 11 (£ 12+e: 3 3 ) + e: ~ 3 -e:~ 2 , 

A3 = k~£ 13 + k,,(e: 12 E 23 - £ 13 E2t) , 

A~ · k~E 33 -k~(EttEJJ+£22e:l,-e:~~ - £~ 3) 

- EttE22E l s -E ttE~l+£,,E~2-e:22£~ ,+2e: I2£2JEJ t • 

(4) 

3. Calculation of Permitivity Tensor Components &i j - - Introduc i ng 
species distributions of the form, Eq.(1) int o Eq. \3) the components 

plasma 
of the 

tensor cij after ~ome reduction take the f orm : 
w j 3 ; 2 n=~ nw j 1 c • 1 - I (...E._) (1 - 4,. I ((-c z - -

i,e "' n=-m nk, 2/6 ll 

with simi lar expressions for the remaining cij • and where i n the above 
express ions , Z(x) ls the plasma dispers i on function, Z' • dZ/dx , 
x = (w-n"'cs -k,v110 )/k , /8 , and 

kJ..v.J.. 
J(-) 

p 
"'cs 

k.Lv .t. 
J(-) 

q "'cs 

k.._ p+q 
(~) 

CS 

( v~-v~) 2 

exp (- I , 
(l 

v• 2 + 

exp (- ~ 

{~+ 
k2 .... 

(- 1 _1)1 
p+q+m+1 26 

+ 
2 1 + 

a 2w2 p+ 1 q+1 
CS 

k.!_8 (pi,. + qi,.l -zw· CS 

k.!_S 
(- 1- _ 1_) + 

2w 2 

CS 
p+1 q+1 
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2v.Lo 2 
where ~ • -- !-• 

2w• 
(_1 . _ 1 )J -1(,, and D_a(~ ) is the Parabolic 
p+1 q+1 B B 

CS 
cylindr ical function [ 4) . 
4 . Computational Considerations - To determine the f ast wave propagat i on 
from the pl asma edge to the centre of the discharge Eq . (4) is solved 
recurs ively wi th the full plasma and hot ion dielectric tensor accord i ng to 
the prescription 

' 
Ao(k.._r-1 )k.z.r ... A4(k.._r-1) • o . 

The bulk plasma spec ies profiles take the form 

Te(r)•Ti(r) · T( 0 )!1-C1( r/a)PJQ, ne (r)•n1(r )•n (0 )!1 -C2( r /a)P )Q, 
and i n order to model the beam, and in particular , the effects of s lowing 
down , energy diffusion , and pitch angle scat tering, we take 3-terms of the 
f orm given by Eq. (1) , with Ni, ai , Bi , v,.01 , v.Lo i • 1• 1, 2 ,3 , where f or component 
energy E1, energy spread 6E1, and beam angle e , a 1·26E1/ mcos•e , 
v~ 01·2E1 /msin•a , with similar expressions for s1 , and vLoi · 

5, Numerical Results - For the aforementioned beam plasma systems we 
take the s t andar d JET parameters , plasma species temperature 
Te(O)•T1(0)•2 . 5keV, electron densit y ne(0)•3x1 0 1 'cm- • , p• 2, q• 1, c1- o .9, 
c2-1 . 0 , beam injection angle at the tor oidal axis 45•, minor radius a•125cm , 
and major radius R0 · 296cm. For the beam deposition profile p• 2, Q• 4. 

Hydrogen beam i njection during fundamenta l (w•wcH) heating of a minority H/0 
plasma. n' .10, 

. 
" 

For t his configuration , we take 
Ei·80 , 60,30keV; 6E1• 1 , 5 ,15keV, Ni~1 , 
magnet ic field at the toroldal ax1s 
B(0) •2 . 0T, wave f requency f·33.3MHz, 
and k,. • 4X1 o- •cm· 1 • 

'V:l 1: 
1 1 
11 
I I I n Fig . 1 the fast magnetosonic 

wave propagation char acter i st i cs from 
the edge of the plasma to the centre 
of the d i scharge in a minority HI D 
plasma seeded wi th energet i c prot ons 
is shown . For a 15% concentra t ion of 
plas ma minority hydrogen and no beam 
ions no significant single pass 
absorption occur s . The effect of 
incr easing the fast ion concentration 
and ma intaining the t otal mi nority 
concentration at 15~ leads to enhanced 
selective wave damping by the injected 
ions . For 15% concentration of fas t 
ions strong single pass absorption i s 
i ndicated . - 10 

Fig . 1 

'1 
' I 

1 

(r/a) 

·0.15 
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Fast Deut e ron i njection during ICRF heating of a bulk D-plasma at 
(w•2wco>. 

For this configuration, we take 
Ei=160 , 120 , 60keV , ~Ei•2,10, 30keV, 
Ni=1 , magnetic field at the toroidal 
ax i s B(0 ) •2 . 03T , wave frequency 
f=29 . 8MHz, and k,.=4x1o-•cm-• . 

In Fig.2 the effect of introducing 
energetic deuter ons into a D-plasma on 
t he fast wave propagation 
characteristics during bulk second 
har monic heating is shown . For no 
concentration of f ast ions the 
absorption occurs on or near the 
r esonant surface w=2wcD ' The presence 
of the fast ion components leads to 
additional damping at the Doppler 
shi f ted resonance surface at R, where 
w=2wcD(R)+k,. v,.. The build-up of t he 
fas t i on concent rati on gives rise to 
s trong i ncreasi ng s ingl e pass 
absorption . However , here fi ni t e 
Lar mor radius ef fec t s play a crucial 
r ole i n the damping process . -tO 

n' 
k .. •4.0· 'K5

1aTi1 1

105 

-- 0 0/0. •0.0 
•0.1 
·0.05 

h / a) 

Fig . 2 

6. Summary - For the model configurations consider ed here , t he 

tO 

preliminar y results i ndicate that t he seeding of I CRF heated t okamak pl asma 
systems with fast resonant ions l eads to 

(i) Strong selective absorption of wave energy by the i njected fast ions ; 
(ii) Damping of the fast wave during fundamental heati ng of minority ion 

admixt ures i s significant even at relatively large concentrations of fast 
ions . 
(ii i ) For a given i nject ion energy , and fo r fundamental ICRF operations , 
near tangent ial beam injection 8=0, provides opt imum damping . Wh ile for 
heating at the second harmoni c frequency , where finite Larmor r adius effect s 
a r e i mportant , injection in the region of 8• w/2 is to be preferred. 

Fi nally, for JET operations with a deuterium bulk, and either hydrogen 
or deuterium i njection, strong damping by the fas t particles is pr edicted . 
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THEORY OF EXCITATION OF ASYMMETRIC k -SPECTRUM 
I/ 

BY PH~SING THE JET ICRF ~NTENNAE 
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JET Joint Undertaking, ~bingdon, Oxon, OX1~ 3EA , UK 
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1. Introduction 

A potentially important application of a radio-frequency heating 
scheme is the generation of RF driven currents to assist in the plasma 
equilibrium of a tokamak [1 ) . In large tokamaks such as JET , the ion­
cyclotron resonance heating ( ICRH) power-deposition profile is narrow and 
the power can be deposited locally [2 ,3). This fea ture opens up the 
possibility of modification and control of current profile i n tokamaks by 
driving current with waves in the ion-cyclotron range of frequencies 
(ICRF) with a view to stabilizing internal instabilities of a tokamak 
plasma. ICRF current-drive efficiencies are expected to be low [~) and 
therefore , no significant experiment of current drive by ICRF in a tokamak 
has yet been attempted , though, several advantages of ICRF over other RF 
schemes are evident such as good wave penetration property at high 
densities. Moreover, in this scheme, one could adjust several parameters 
like plasma composition , concentration and k;;-spectrum for optimised 
experimental conditions [5 ] . 

To drive current in JET by waves in the I CRF either through cyclotron 
damping on a minority species or by absorption of the mode converted wave 
power by the plasma electrons via Landau damping , excitation of an 
asymmetric k;;-spectrum is required . ror the 1987 heating and current 
drive experiments in JET , four pairs of ICRF antenna systems will be 
regularly positioned around t he torus . Such a system of antenna 
structures around the. torus can be appropriately phased to produce the 
desired assymmetr ic k;;-spectrum . 

In this paper, we carry out a theoretical study , of the excitation of 
travelling ICRF waves in JET, based on a 3-D planar antenna-plasma 
coupli ng model. The antennae are progressively phased to excite a desired 
i ntegral number of parallel wavelengths around the torus (n

0 
• 1, 2 , 3 

. . • etc) where n0 • 3 or 4 is appropriate for mode conversion current 
drive and a somewhat higher number for the minority current drive. 

Several set s of antenna combinations including that or a single pair 
alone have been analyzed a nd the results have been e xamined by looking at 
the directivity D(n

0
) defined as the asymmetry in k;;-spectrum of the 

radiated power normalized to the total power radiat ed . 

2. Theoretical Model 

The analysis of excitation of fast magnetosonic waves by an ICRH 
antenna in a tokamak plasma is generally treated by a ful l-wave solution 
in the context of a semi-infinite, planar cold plasma model under 
single-pass absorption conditions [6,7). The details of the model and the 
underlying assumptions have been published pre viously (6 ,7). Applying the 
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induced emf method, analysis of the boundary value problem associated 
with this model is well known and is not repeated here , the details of 
which can be found in Ref. 6 and 7 . The complex power radiated by the 
antenna and delivered to the medium can be written as P • PTE + PTMwhere 
PTE and PTM are given in terms of a Fourier Series [6) . An array of 
antennae in the toroidal direction can be included by providing the 
appropriate spectrum of currents flowing in the phased antenna array. 
Travelling waves in a given direction can be exci ted by progressi vely 
phasing the antenna array . In order to gauge the asymmetry of the 
excited k;;-spectrum of Re(PT~) , we define a directivity D for a given 
toroidal mode number n0 as [8J, 

(1) 

Where 2nr and 2nR are the poloidal and toroidal periodicities 
respectively , ~ is the TE radiated power spectrum and m and n represent 
the poloidal and toroidal mode numbers respectively. The above definition 
of directi vity facilitates the examination of asymmetry for all toroidal 
mode numbers for a given case of progressive phasing . Note t hat this 
definition is related to the asymmetry of the spectrum and does not 
provide any direct information of the final current drive efficiency. 

3. Results of Radiated Power Spectrum and Directivity 

Several sets of antenna combina t ions i ncluding that of a single pair 
alone (as presently installed in JET) have been analyzed. The antennae 
are progressively phased to excite a desired integral number of parellel 
wavelengths around the torus (n0 ~ 1,2 ,3 . . . etc). The results of the 
3-D model described in Section 2, incorporate the effects of the 
finite-length of the antenna i ncludin~ the effect of the feeder currents 
and current propagation Constant a [7 J. In this model , the radiation 
resistance per unit length (R,) can be defined (see Ref . 7) by normalizing 
the quantity 2•R ['1') by the integral of the square of the curr•ent 
flowing , 1 0 • I0 Cos 2 ay dy . These results can then be compared with R2 
obtained from a 2-D model in whi ch the antenna (in the y-direction) is 
assumed to be i nfinetel y long and t he feeder s are assumed to be located at 
inf inity . However , in the comparison that is ~resented here, the product 

of 2-D [Re('!'(~))) and 10 is compared with 3-D I Re ( '!' (~ , ~)) . In this 
way , the effect of fini t e ant enna length and a- Ts incorpor ated in a rough 
way in the 2-D results , though the e~ fects of the feeders are absent in 
this model . The radiated power spectrum for a pair of antenna described 
above is shown in Fig. l(a ) as a function of n for the 2-D and 3-D models. 
The principal difference exists for small k// $ k0 (k0 : vacuum 
propagation constant) related to the effects of feeder curr ents . (Fig . 
l(b) shows t he current spectra for t he progressively phased antenna 
elements and the asymmetry is evident . The directivity defined in Section 
2 is also plotted for each n nunmber and is shown in Fig l(c). These 
curves are antisymmetric and therefore plotted only f or positive n 
numbers. 

Figure 2 shows similar plots when ~ pairs of antennae posi tioned 
symmetrically around the torus are energized with a progressive phase [8 ) . 
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The imposed n0 number together with other mode numbers are found i n the 
plasma and the directivity for n0 ~ 3 is about 29~ with 3-D model and 
22.5~ with the 2-D model . The further narrowing and discretization of the 
excited spectrum is evident as the number of energized antennae is 
increased. 

The results of directivity as a function of the imposed toroidal 
number by progressively phasing 8 antennae in several groupings obtained 
from the 2-D and 3-D models are shown in Fi g . 3 and 4 respectively . In 
the 2-D results, the directivety is generally about 22.5%. The 
directivity values are lower for n0 = 2 and 6 in t he case of 4G2H and for 
n0 • 1 and 7 in the case of 2G4H (2 groups of 4 housings each) as the 
phase difference between the corresponding antennae elements of diff erent 
groups turns out to be an odd multiple of n (due to the fixed regular 
positioning of these groups of antennae) . For n0 • 0 and 8 , t he phase 
di f ference is an even multiple of n , and the directivity values drop to 
zero. Similar behaviour is observed in t he resul ts of t he 3-D model except 
that the value f or small n numbers are higher (as compared to 2-D) since 
the 3-D model has higher values of radi ated power near k// • k0 due t o t he 
radial feeder cur:ent effects. 

4. Summary and Conclusions 

Eight travelling wave antennae are successful in imposing a desired 
toroidal mode number whereas a single pair of antenna s ystem does not 
impose the desired n

0 
i n the plasma. The asymmetry of t he excited 

spectrum gauged by the directivity defined in EQ. 1 is found to be about 
20~. Due to a finite number of antennae energized , it is found that the 
excited spectrum contributes significantly to other modes too. In current 
drive calculations and estimation of efficiency, this spectrum should be 
appropriately taken into account . These other modes may still be 
beneficial as they may heat the plasma instead. Moreover , the modes 
adjacent to the imposed one will also produce suprathermal electrons 
beneficial to current drive. I n JET, for n

0 
• 4 at 33 MHz, the energy of 

the resonant electrons will be about 70 keV [2]. 
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PROPERTIES OF DRIVt:N Bt:RNSTt:I N ~IAVES Ill NONUNHOI(I-1 ANLl IN NONNEUTI<AL PLASNAS 

R.D . Ferraro, B. D. Fried, G. J. Norales , and S .A. Prasad 

Physics Department, Univer sity of California at Los Angeles, Los Angeles, CA 
90024, USA 

Abs t r act. An analysis is made of the role of plasma densi t y nonuniformity 
on wave phenomena near cyclotron resonance . Par t I of the s tudy examines 
the properties of ion Bernstein waves driven by an el ectrostatic antenna in 
a neutral nonuniform plasma . Part tl investiga tes the e f fec t of self­
consistent static elect ric fields by considering the ex treme case of 
cyclotron resonance in a fully nonneutral plasma. 

Introduc tion . A rigorous analys is of cyclotron resonance heating must 
include a kinetic descrip t ion of nonlocal ef f ects caused by nonun iformities 
in the equilibr ium parameters , e.g., dens ity , magnetic field , temperature 
and self- consistent (ambipolar) static electric fields. A convenient and 
of t en used approximation consists of extrapolating the uniform medium 
(local) dis persion relation by replacing the pe r pendicular wave vector ~1 by 
the differential operator - 1\71 • Such a procedure does not pr ope r ly contain 
the effect of drifts induced by the nonuniformi tles , and sometime s violates 
the self-adjoint structure of the underlying mathematical pr oblem. In the 
present study we avoid such difficul t ies by limi ting our attention to 
effects associated wit h density nonuni formities. This i s a r elatively simple 
probl em in whi ch the role of the nonuniformity can be systemat i cally invest­
i gated. The complementary effect of strong magnetic field nonunif o rmity on 
s ingle par t i cle cyclotron resonance has been previously studied by our 
g roup. 1 In the two different cases discussed here we s t art with a kinetic 
equi librium (Vlasov) and proceed t o generate an exact in tegro-differential 
equation descri bing e l ectrostat ic waves near cyclotron resonance . The 
i ntegral part i s expanded in the small parame ter Pj(d /dx), where P·j is the 
Larmor r adius of s pec i es j and d/dx i s the ef fect iv~ wavenumber along the 
nonuniformi t y , t o gene r a t e an infinite orde r differential equation in terms 
of the independent variable x. Trunca tion of the differential equation to 
the order required by the choice of driving f r equency yields a mathematic­
al ly consis tent description. In both cases a~alyzed we consider a magne tized 
plasma slab with a uniform magnetic field B0 z , and in which el ect r os t at ic 
wave s are represent ed by the potential ~l (x) exp[i(kzz + k y -wt )) , where 
kz, ky , ar e the wavenumbers (fixed by the antenna ) along the s pa t i ally 
uniform directions , and t he complex ~l (x) is t o be determined fo r a given 
real frequency w. 

I. Neutral Pl asma . The equilibrium distribution function for the 1 s pecies 
i s taken as f 0 j • n0 e~p [ -v 2!v/ J exp[ - (x+vy/nj) 2j(L2-Pj 2) ) (>rvj 2)- 12 whe r e 

v
2 

• Vx
2 

+V 
2 

+ Vz
2

, Vj i S the ther ma l velocity, and {l is the cyclotron 
f r eq uency. this choice cor responds to an equilibrium plasma in which the 
i on and electron specie s have identica l density profiles give n by n(x)=n

0 
exp( - x2/L2), where n0 is the peak pla sma density . Since i n this case the 
self- consistent e l ectric fie l d .!:!, vanishes e><actly , the ef f ec t s of .!::.o x .!!o 



82 

drifts (discussed in II) are absent . However, a diamagnetic drift exists and 
since it increases linearly with position away from the center of the s lab 
(x = 0) it can play a r ole in the coupling properties of antennas located at 
the plasma edge. The perturbed distribution function flj is obtained by 
integrating along unperturbed orbits , which in this case are simple helical 
trajectories. The oscillating charge density is obtained by integrating flj 
over velocities and results in a convolution over positions ( too lengthy to 
write here) because of the x dependence of foj• Expanding the convolution 
integral yields the infinite differential fo rm of Poisson 's equation 

- L I k~j(x) <if> PJ~ aj! (x)•h(tl(x) + o(x- x0 ) , (I) 
j !=0 

where ~ (!l(x) represents the t derivative of ~l(x) , k2 = kx2 + kz2• and 
kDj(x) ls the Debye wavenumber of species j . The coefficient s ajt(x) con­
ta1n the familiar dependences on the plasma dispersion function Z{sjml, sjm• 
(w + mnj)/kzvj• To first order in Pj / L they also depend explicitly on 
Am(bj 2) = exp(-bj2)Im(bj2), bj2 = ky 2Pj 2/2 and contain t erms proportional 
to t~e diamagnetic drift frequency w*j(x ) . The electrostatic ante nna appears 
as a delta function cente r ed a t x = x0 , havi ng unit normalization for 
convenience . 

In describing ion Bernste in waves having fini te kyPi in the f requency 
band ni < w < 2ni, only t = 0, I , 2 in Eq. (I) need be retained (for higher 
harmonic bands a higher t truncation must be implemented) and results (to 
first order i n Pj/L) in a second order differential equation 

(2) 

2 .'! 2 ~ 2 
D0 = -k + 2 ~ L kOJ. (x) (I + ( k - ) Z(sjmll Am(bj ) 

j --m ~Vj 
(3) 

The characteris t ic waveforms obtained from a numerical solution of Eq.(2) 
are shown in Fig. I for w/ni • 1.7, kyPi = I, L/Pi - 10, w/kzve = 3.6 (weak 
elect r on Landau damping) . The antenna location is shown by the dashed line 
on the right and the crosses indicate the zeroes of D0 (i.e., the cut-off 
points for x propagation). The density profile is shown f or reference. The 
imaginary part is smaller than the real part by mor e than a facto r of 64 
because of the smal l damping, which permits t he formation of a partially 
standing wave pat tern upon ref lection at the cut-off on the left side . The 
role played by the self-consis tent inclusion of diamagnetic drifts of both 
i ons and electrons is illustrated in Fig. 2 where the quantity Re(D0 / D2l 
(the WKB kx 2l is plotted (scal ed to Pi 2) with and without drift effects. In 
the absence of drifts kx2 i s symmetric , but for a fi xed sign of ky ( >O ) the 
drif ts cause two different modifications: I) an asymmetry develops leading 
to longe r wavele ngths for x < 0 and s horter wave lengths for x > 0; 2) the 
locat ion of the cut-offs i s shifted, resul ting in poorer coupling for an 
antenna on the right and better coupling fo r one on the left. Reversing the 
direction of ky, of course , inte rchanges the role of right and left. For 
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weak damping the asymmetry in Re kx is also exhibited by the imaginary part, 
as is illustrated in Fig. 3, where the spatial dependence of tni~JI is shown 
for an antenna on the right ( top) and an antenna on the left (bottom). The 
dashed lines indicating the local slope help visualize t he expected e nhance­
ment of the damping on the right side. Closer examination of the standing 
wave patterns on the l eft and right sides corroborate the elongation and the 
contraction of the wavelength expected from Fig. 2 • 

.. . .. 

o'1&" 

IlL 

~ Spatial patter n of ion 
Bernstein wave launched by an 
antenna at the plasma edge for 
w/Oi • 1. 7!. ~Pi= 1.0, Pi/L = 
0 . 1, w/(kzve) = 3.6 . 

~ or--,~~------~~------~~---1 

H' 

" ' :33·'-=.o~ __ ..._ _ __ o!-----'---___ll.o 

X/L 

~ Role of diamagnetic drift 
on effective WKll wavenumber kx2 = 
Re D0 /U2 . 

.£ 
c -

·3.0 0 
X/L 
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~ Asymmetry in damping 
coefficient and wavelength caused 
by diamagnetic drift for w/Oi 
l. 7 , ky Pi • 1 • 0, Pi /L = 0. I , 
w/(kzve) • 2.5. 

·3.0 0 
X/L 

3.0 

~~ Zero cr ossing of U2 and 
resonance in kx2 = RcD0 /Uz found 
f or w/flt • 1. 57, kyPi•1 . 0 , Pt/L=0 .1. 



The inclusion of drifts can cause a significant qualitative modifica­
tion in Dz(x) , i.e. , fo r some parameters it can vanish, resulting in a wave 
resonance (not a par ticle resonance), as indicated by the behavior of 
Re(D0 /Dz) in Fig. 4. The approach to this resonance by a wave launched from 
an ant enna on the left side is shown in Fig. 5. 

-10 0 
X/L 

10 

~ Approach to resonance of an 
externally launched wave corresponding 
to conditions in Fig. 4 . 

I I. Nonneutral Plasma. In a single component magnetized plasma s l ab , it is 
found 2 that t he self-consistent static electric field creates a drift v0 (x) 
and causes individual particles to gyrate not at the vacuum cyclotron 
frequency n, but at n1(x) ~ [n2 - wp 2(x)] 112• This implies that for kz = 0 , 
but ky * 0 , the familia r cyclotron resonance terms take t he form w - kyvo(x) 
+ m01{x), i.e., the resonance becomes spatially dependent although !P is 
unifor m. In addition to diamagnetic drifts, the equation for ky 1 0 modes 
contains derivative corrections due to the anharmonic cyclotron or bits (an 
effect not present in I). The simplest form of Bernstein modes a r e obtained 
for ky = kz = 0 and exhibit the WKB dispersion relation 
(kxPj)Z • (w2- n2)(w2- 4n12)/(3n2wp2). 
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LOCAL ICRF FOKKER-PLANCK HEATING AND INHOHOGENEOUS 
PLASMA FIELD AND ABSORPTION STUDIES FOR JET 

J . E. Scharer and H. Romero 

Electrical and Computer Engineering Department 
University of Wisconsin - ~~dison 

1415 Johnson Drive 
Hadison, WI 53706-1689 u.s.A. 

I. Introduction We examine the case of fundamental minority ICRF plasma 
heating in 1-D inhomogeneous tokamaks. Full wave solutions a re presented 
showing the simultaneous occur rence of strong fast wave damping and mode 
conve r sion processes. Utilizing this f ormalism , we examine the case of low 
and high field incidence for the JET (H)-D regime [1 ) and present numerical 
solu tions for the wave fields, species power deposition, kinetic flux and 
r eflection and mode conversion coefficlents for representative parts of the 
antenna k spectrum corresponding to current experiments. The 1-D wave so­
lutions fAr power deposition are compared with a WKB treatment which s hows 
substantial differences for both minority and second harmonic absorption 
for the two cases. We next consider a 2-D velocity space, flux averaged 
Fokke r-Planck code to examine refimes where substantial direct electron 
heating has been observed in (He )-D plasmas. A simulation of a single 
period of the substan tial sawtooth pulse is examined with the required 
direct electron heating, minority heat ing, absorbed power densities, 
collisional power transfer s and reduced energy confinement times from the 
ohmic equilibrium case. These solutions show that a substantial component 
of direct electron heating is required to reproduce the experimental re­
sults and tha t collisional power transfer between the species during the 
pulse is an important consideration in evaluating the power balance. 

II. ICRF Wave Field Solutions Vlasov's equation is solved for the pe r­
turbed distribution function assuming the smallness of the local wavelength 
compa r e d with the largest thermal gyroradius. The effects of an inhomoge­
neous plasma are incorporated self-consistently by including in our a naly­
sis the effec t s o f firs t -order drift terms of the equilibrium distribution 
function. To second order in k 

1
p we obtain the following differential 

equation for the ICRF field: 

d~ [A(x) 
dE (x) ---ix-J + B(x) ( 1) 

E (x) ~ (E (x),E (x) J 
1 X y 

The expressions fo r the coefficient matrices have be~n given (2} . Equation 
(1) has t he following conservation rela tion: 
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Figure 1 shows field solutions for fast wave field incidence an~ eq~ilib­
rium parameters corresponding to JET. The density (neo • 5 x 101 /cm ) and 
temperature profiles have been assumed parabolic. The hydrogen density is 
5% of the electron density, k

1 
is 6 o-1, and the peak temperature is 5 keV. 

Note the mode converted field appearing on the x-component of the electro­
magnetic field. The amount of RF power deposited in the various species is 
also shown in Fig. (2) and is substantially larger than that predicted by a 
WKB analysis, For these parameters, 10% of the total power was directly 
absorbed by the majority species and over 6% by the electrons. Other re­
sults show that second harmonic absorption at higher density operation can 
be comparable to that for hydrogen and that substantial electron heating 
via mode conversion for high field incidence can take place. We have 
carried out a parametric study of the reflection, transmission and mode 
conversion coefficients as a function of k

0
• Our_

1 
results for the JET 

parameters indicated above show that for k 
1 

'( 6 m , substantial reflec­
tions for fast wave incidence from the resonance region occur and range 
between 10% and 90%. 

Ill. Fokker-Planck ICRF Solutions We consider a solution of a Fokker­
Planck equation of the form [3] 

(3) 

where ~denotes the species and two-dimensional velocity space, collisional 
interactions, a phenomenological energy loss term and flux-averaged quasi­
linear ICRF hot plasma heating terms have been included. 

We consider an ohmic equilibrium characterist i c of JET (He3++)-D 
operation and substantial ohmic heating currents in the 4 '111 rat?fe with Teo 
• 3 .5 keV and T10 • 2.1 keV and densities of n ~ 3 x 10 /cm with a 10% 
concentration of He3 in deuterium, a residual 5{ hydrogen concentration and 
an energy confinement time of 0.5 s with R = 3.0 m and a = 1.15 m. The 
magnetic field on axis is taken as -l·3 T with a launched ICRF wave at 33.4 
MHz with a representative ~ I = 5 m and total absorbed power densities on 
the axis of 0.25 watt/cm • For the ICRF heating sequence the energy 
confinement time for ions is reduced to 0.3 s and for the electrons to 
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0 .15 s which yields electron temperature dynamics comparable to the 
experiment. 

Figure 3 illustrates the dynamics typica l of the runs which were 
examined . Note tha t the average energy (E) • (3/2) Teff for each species 
is plotted as a function of time for a 150 ms aawtooth. The use o! average 
ener gy units allows one to describe the resonant nonmaxwellian He ++ tails 
and compar e with the o ther species that make up the plasma. The power bal­
ance diagnostics show that in thi s regime the initial wave energy absorbed 
by the electrons i s about 30% wi th the remaining 70% goi ng to the minority 
He3++ species. However , i nitial collisional power transfer from the helium 
to the e lectrons is substantial and helps account for the relatively fast 
rise in the electron temperature . At later stages the a bsorbed helium 
power is closely coupled collisionally t o the deuterium and power transfer 
is through this mechanism. Note that t he helium average ene r gy does not 
inc rease t oo drastically from the r est of the particle distributions at 
this concentration and ICRF power density . The majority de uterium is 
c l osely coupled to the helium minority and ri ses more substantially than is 
observed experimentally. 

IV. Discussion Our wave propagation studi es indicate that a subs t antial 
portion of the I CRF power () 6%) i s directly absorbed by the electrons . 
The Fokker-Planck runs , however, indicate that about 30% of the power 
should be directly absor bed by the el ectr ons ( i n the case of (He3++)-D 
plasmas) before subs tantial electron aawteeth can be deve l oped . Several 
factors inc luding r o t at ional transform could contribute to increased elec­
tron heating . The recircula tion of fast wave e nergy so that hi gh field 
incidence does occur would lead t o nearly complete mode conve r sion to an 
ion Bernstein mode a nd increased direct e l ect ron heating. This can come 
about provided that a substantial portion of the_fpectrum of incident power 
is centered about values of k 1 smaller than 8 m • In this case , reflec­
tions of the fast wave ene r gy can be expected and if this powe r i s able to 
circulate around the tokamak in such a way that high- field incidence is 
possible, a higher proportion of the net incident power can be expected to 
be a bsor bed by the electrons . 
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1-d MODEL FOR PROPAGATION AND ABSORPTION OF H.F. WAVES NEAR ION 
CYCLOTRON RESONANCES IN TOKAMAK PLASMAS 

M.Brambilla, T. Krucken 
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D-8o46 Garching, FRG 

Ray tracing has proven an attractive tool for modeling of I CRF 
heating of large plasmas /1/ , not lastly because of the simplici ty of 
its numerical implemention . To be really useful, however, it has to be 
supplemented by the full-wave analysis of ion cyclotron and ion-ion 
hybrid resonance . The equations to be solved for this purpose must 
include the poloidal magnetic field, full parallel dispersion, and 
perpendicular dispersion to 2d order in the Larmor radius; they have 
been derived in /2/-/4/ . In their general form, they are a set of 
integro-differential equations in two space variables . In a layer around 
resonance, however, they can be made one-dimensional: the vertical 
component of the wavevector , kz, and the elements of the metric can 
namely be regarded as constants, compared to the horizontal variation 
induced in the HF response of the plasma by the vicinity of the 
resonance itself. Thi s approximation has been discussed in /5/, where 
expressions were obtained for the mode conversion ef ficiency and 
absorption, in a form apt to be used in a ray-tracing code /6/ . 

The equations solved in /5/ were, however, further idealised by 
artificially separating mode conversion from cyclotron absorption; in 
the impo r tant scenario of a+ minority in D+ plasma , moreover, only the 
limiting cases of very low and high concentration could be solved 
analytically, and only a plausible i nterpolation suggested in between . 
To overcome these limitations, we have written a numerical code 
(ONEDIM), which solves the one-dimensional equations in their full 
generality. They are of the form: 

) · ~ . . , _,1_ .... r ~~ .. - P - r' · -1:. =o 
\ I -



90 

where u, v, Cl, B, :r• are constants depending on the orientation of the 
incident wavefronts relative to magnetic surfaces and to the r esonance 
layer; R, L(x), Pare the elements of the dielectric tensor in the limit 
of zero Larmor radius, but with kinetic damping: ~i(x) and ~e(x) are 
the FLR corrections due to ions (1st harmonic IC damping) and electrons 
(electron magnetic pumping, (EMP)) respectively; electron Landau damping 
(ELD) is alo included to lowest order in me/mi. Equations (1) are 
supplemented by the assumption that a fast wave is incident from one 
side, and by outward radiation cond i tions for the transmitted and 
reflected waves, both fast and slow. 

The code ONEDIM is based on a finite element discretisation of (1), 
with cubic Hermite interpolating functions. The advantages of FEL for 
problems of this kind, and the outstanding convergence properties of 
cubic Hermite interpolation in particular, have been emphasied in /7 I , 
and were confirmed by our results. Efficiency was improved by chosing 
the mesh step to be a fraction of the shortest wavelength existing at 
each point according to the dispersion relation: typically 200 elements 
suffice in a JET size plasma with a resonance layer of 30 to SO cm to 
achieve an accuracy of at least to- 5 both in the field itself and in the 
energy balance. The integration is fast enough to make possible the 
incorporation of ONEDIM into the ray tracing code; in the following 
examples however it has been run as an independent package. 

An example of the electric field distribution predicted by the code 
is shown in Fig. 1 (3 r. ~in o+, ne • 5•1013 cm-3, Te • Ti = 2 keV, 
BTor • 3.5 T, Bpol • 0.35 T, f • SO MHz, R = 3.2 m at W= S'4I • 2{1.0 ; 
incoming fast wave from the low magnetic field side 3long the equatorial 
plane, with kz = 0 and n ,f = 10). The ion Bernstein wave to the left of 
the ion-ion resonance (R • 3 .12 m) is clearly visible. In spite of its 
large amplitude it transports only 5.5 % of the incident power, against 
6 . 3 % transmitted to the fast wave: this is due to its partially 
electrostatic polarisation , which is however not enough for efficient 
ELD (in the tokamak, a bsorption by ELD will be enhanced by refraction as 
this wave propagates towards regions of shorter and shorter wavelengths ; 
the lack of absorption in the 1- dim. model shows that power deposi tion 
in the electrons could be appreciably broader than usually admitted). 
The ions absorb 39 .0% of the power; the rest, i.e. 49.2 %, i s 
reflected. These figures are in excellent agreement with the estimates 
made in /5/; for example, they confirm the relatively large optical 
thickness of the evanescence layer in l arge devices , which reduces the 
efficiency of mode conversion of low n ~ partial waves with LMFS 
excitation . · 

A more systematic comparison of the predictions of the ONEDIH code 
with the estimates used in ray tracing is made in Fig. 2 , which shows 
the energy balance under the s ame conditions as above, varying the ~ 
concentration . For the low n•r va lue considered here, the transit ion 
f rom the minority to the mode conversion regime occurs a t about 5 % ~ 
concentration . 
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Figure 3 shows a run with 3 % Het+ minority in a a+ plasma (ne = 
8·1013, f • 35 . 6 MHz, n~ = 10, other parameters as in Fig . 1). In this 
case FLR terms are negligible near the ion-ion resonance , and the cold 
plasma shear Alfven wave (n2 = (R+L)/2) is excited. This wave propagates 
away from the IC resonance of Het+, and is accurately irrotatlonal, 
hence unaffected by IC and EMP damping. The strong absorption which is 
nevertheless visible i n Fig. 3 is entirely due to ELD. This point s to 
the importance of keeping this damping in two-dimensional simulations as 
well, no t only for a correct evaluation of electron heating, but also to 
attenuate somewhat the difficulty of having to resolve very short 
wavelength features. 
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A SIMPLIFIED METHOD FOR CALCULATION OP WAVE 
ABSORPTION IN THE ION-CYCLOORON RANGE OP FREQUENCIES 

A Kay(a} , RA Cairns( a} and c N Lashmore-Davies(b} 

( a} Oept of Applied Mathematics , Uni versity of St Andrews , 
St Andrews , Fife, KY16 9SS , UK 

(b) UKAEA Culham Laboratory, Abingdon, OXfordshire, OX14 JOB, UK 
(Eurotam/UKAEA Fusion Association} 

Radio frequency heating in the ion cyclotron r ange of frequencies involves 
mode conversion of an incoming fast mode to a slow mode whic h is usually 
strongly damped and which only propagates in a localised region where the 
wave frequency is close to a harmonmic of the ion cyclotron frequency. 
Previous analysis has involved solution of fourth or higher order equations , 
much work in this area being carried out by Swanson< 1-3 l , The procedure 
used is rather complicated, both analytically and computationally , and our 
object has been to see to what extent the results can be reproduced by a 
simple analysis involving only a second order equation. 

The essential feature of our approach is t o treat the localised slow 
mode as a driven response to t he fast mode, so that the detailed structure 
of the slow mode is neglected. The resulting second order equation is 
easily sol ved and has none of the difficult ies with growing solutions 
described by Swanson< 1l . In many ways our theory is analogous to the theory 
of parametric decay involving a highly damped quasi-mode ( 4}. 

For example , Swanson(J}shows that near the second harmonic the plasma 
is described by the equation 

iv ' ' ' 2 " ' 2 Ey + hEy + A zEy - yhEy + (A z + y }Ey a ( 1 

where h Z ' ( ' } /KZ( I;} with I; ~ ( w - Hli}/k gv i and Z the plasma 
dispersion function. The d erivatives in (1} are with respect to z, t he 
distance perpendicular t o the field scaled to the perpendicular wave number 
of the fast mode. The remaining parameters are real quantities depending on 
the plasma parameters , the gradient scale length and the parall el wavenumber 
of the incident wave. 

With the above normalization the =ast wave is simply described by 

( E" + E ::a 0 , 
y y 

so we write ( 1} in the form 

" (E + E } a 
y y 

(-E;v - hE~ ' 
0 

+yhE~- yEY} 

A2K2 
A2z + h 

I 2 

-1-

(2} 
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Clearly for large z the r.h.s. goes to zero. The term i n the denominator 
involving h is complex, so the denominator looks like that corresponding to 
a damped resonant response. We consider a fast wave, varying as exp(±iz) 
depending on the direction of incidence, and regard the r.h.s. as a resonant 
response to this with EY going to ±iEY and similarly for the higher 
derivatives. 

In this way (2) is reduced to 

( 1 + yl (-Hih) 

>..2z + ~ h 
Ey· ( 3) 

This is a straightforward differential equation whose solution using 
standard integration routines presents no problem. In the case of the third 
harmonic Swanson< 2 l gives a sixth order equation which we treat in the eame 
way. 

We consider first the overall energy balance . Swanson's results 
indicate that the transmission coefficient is unaffected by damping of the 
slow wave, but that the reflection coefficient for low field side incidence, 
which is given by 

in an undamped system(S), is reduced by the damping. In Fig 1 we show the 
reflection coefficient as a function of k 1 for parameters where this has 
already been given by Swanson 111 • OUr curve is essentially 
indistinguishable from his . In the case of the third harmonic Swanson ( 2 l 
gives an empirical formula for the reflection coefficient in the case where 
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all resonant species have the same thermal velocities. A comparison between 
the results of this formula and of integration of our equation is shown in 
Fig 2. For another set of parameters, to which the formula does not apply, 
Swanson f i nds a refl ection coe f ficient of 42.6\ while we obtain 44.2\. It 
appears then, that so far as calculation of the transmissi on, absorption and 
r eflection of the fast wave is concerned our second order approximation 
gives good r esults. we might anticipate that it would be equally useful in 
the investigation of similar mode conversion processes in different ranges, 
for exampl e conversion to a Bernstein oode at the second harmonic of the 
electr on cyclotron frequency . 

We have also used our second order equation to calculate field arrl 
absorption profiles. Fig 3 refers to incidence from the low-field side and 
shows E+ 2 Ex + iEy' a quantity of interest since ion cyclotron absorption 
depends on it. The modulation of IE+I on the right occurs because in t his 
region the re is a super position of incident and reflected waves. To the 
l eft there is only an outgoing fast wave and the modulus is constant. For 
incidence from the higher fiel1 sre there is no reflected wave and this is 
indicated by the behaviour of E+ shown in Fig 4. Similar behaviour occurs 
at the third harmonic . 
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Fig . 4 

The absorption profile is also of interest and we have calculated this 
simply from <E .J>. Some profiles for the third harmonic have been 
calculated for D-T plasma with a small additional concentration of a 
particles , using parameters for which Swanson< 3 l has given results . Results 
for small and large values of k are shown in Figs. 5 and 6 respectively. 
For lar ge k

1 
the width and profile of the absorption region is in reasonable 

agreement with the more elaborate theory, but at small k 1 we find less 
structure and a nar rower resonance . Presumably this is a consequence of the 
fact that the damping of the slow wave is smaller at small k 1 and its 
structure would be expected to be more important. 
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In conclusion it appears that reducing the problem to a second order 
equation, by treating terms other than those describi.ng the fast waves as a 
localised damped response, gives a s:l!nple approximation which yields good 
results for the overall power balance, the wave fields and the absorption 
profiles. 
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DISTORTION OF ION VELOCITY DISTRIBUTIONS IN THE PRESENCE OF ICRH; 

A SEHI-ANALYTICAL ANALYSIS 

D. Anderson* w. Core+, L. - G. Eriksson*, H. Hamnen+, T. Hellsten+, 

• M. Lisak 

• Chalmers Universi t y of Technology, Gotebo r g, Sweden 

+JET Joint Undertaking, Abingdon, England 

1. Introduction 

Assuming the distribution function of ions heated by ion cyclotron reson­
ance absorption to be essentially i so tropic, analyti cal and semi-analytical 
approximations a re derived for the distribution func t ion. Several differ­
ent hea ting scenarios are considered: heating at the fundamenta l and second 
harmonic ion cyclotron resonance f requency as well as the case of combined 
neutral beam and RF-heat ing with the RF wave f requency tuned to the reson­
a nce frequency of the injected ions. The resulting dis tributions a re used 
to evaluate the weight ed velocity s pace averages of the distributions which 
determine the fus i on reactivity and the collisional power transfer to 
plasma background particles and t o study their scaling with RF-parameters 
like absorbed power and perpendicular wave numbe r . Furthermore , the im­
portance of higher order finite Larmor radius e ffects in suppressi ng the 
formation of RF-induced high energy t ail s is analyz ed as well as t he influ­
ence of neutra l beam injection angle in the case of the energy c lamping 
scheme. Comparisons based on full 2-D numer ical calculations show good 
agreement with the semi-ana lytical results. 

2. Theory 

The evolution of the velocity dis tribut i on , f , of ions subject to ion 
cyclotron r esonance absorption is determined by the Fokker-Planck equati on 

gf • C(f)+Q(f)+S-L ( 1 ) 

where C and Q are the collision and RF- diffusion operators respectively , S 
represents the source of the neutral beam in j ected particles and L is a 
parti c le loss term. 

The distribution function, which i s assumed to be almost isotropic, can be 
expanded in Legend re polynomials . Using thi s expansi on i n eq . (1) and 
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keeping only the lowest order term (A(v)) corresponding to the isotropic 
part of f, the following equation is obtained for A(v) in steady state: 

(2) 

In eq. (2), o: and fl denote the collision coefficients corresponding to 
slowing down and energy diffusion , 5

0 
and v

0 
are the current and velocity 

of the injected particles, ~ is a constant proportional to the amplitude 
square of the left hand component of the RF Wave , ~ is the cos i ne of the 
particle pitch angle, and Gn(v) is given by 

Gn(v) • t J1 (l -~2 )J~-l (k1v 11-~2/wci)d~ 
-1 

(3) 

where the index of the Bessel functions is determined by the heat i ng mode 
(n=l and n=2 for heati ng at the fundamental and second harmonic i on cyclo­
tron resonance frequency respecti vel y). In the absence of neutra l beam 
injected resonant particles (S

0
=L=O), eq . (2) can be so l ved to yi eld the 

semi-analytical solution 

( 4) 

Eqs. (2) - ( 4) provide a convenient and accurate approximation for the RF­
distorted ion distribution and can be used to investigate the parameter 
scaling of important physical quantities like collisional power t ransfer to 
background plasma par t icles, fus i on reactivi ty and absorbed RF power . 

3. Results 

Convenient analytical approximations for A(v) can be obtained from eq. (4) , 
to lowest order in k1 , fo r the case of ICRH alone. The degree of distor ­
tion of the RF-heated distr ibution is characte r ized by the Stix-pa r ame t er , 
~. defined by ~·tsPM/(3niTb), wher e PM denotes the RF-power absor bed by an 
equivalent Maxwellian with density, ni, and a temperature, Tb, equal to t he 
background temperature. 

For fundamental heati ng , assuming a single ion species background pl asma 
and equal e l ectron and ion temperatur es , we f i nd, cf. (1 , 2] 

A(v) ~ A(O) ( exp(-v2/v~)+o:exp(-v2/v~)] (5) 

where v~ = v~(l+~). In deriving eq. (5) we have assumed~>> 1 and o: is 
given by 

(6) 

where A and Ab deno t e the mass numbers of the heated ions and the back­
ground ions , respectively . For second harmonic heating we find, (2] 
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A(v) 
A{Q) 

(7) 
( l+ ¥-~)57 (20 

vb 

The approximations (6) and (7) can be used to assess the distortion of the 
distributions as expressed, e . g . by the number of tail particles and the 
tail contribution to the total ~-value as ~ell as the importance of higher 
order finite Larmor radius effects. 

Examples of numerical results obtained from eqs. (2) -(4) ar e given in figs. 
1-4. The important tail suppressing effect of increasing k1 is demon­
str~ted in figs. 1-2. Fig. 1 shows the suppressed local tail tempera ture 
(- :f!" ln A(v) rl for fundamental heating as a function of energy, E, and 
fig. 2 sho~s the enhancement of the RF power absorption, Pa, over that of a 
Max~ellian, PM, versus the parameter PM(0.25/k1) 2 ~hich i s proportional to 
the electric field squared. Collisional powe r transfer to the backgr ound 
electrons, Pe, is given in fig. 3 as a function of absorbed power. Final­
ly, fig. 4 shows the scaling of fusion reactivity, <av>, ~ith absorbed RF 
po~er, PRF • for the energy clamping scheme using fundamental heating. Note 
the good ageement between the semi-analytical (isotropic) results and the 
full 2-D numerical calculations for intermediate injection angles , [3] . 

4. Conclusion 

The present results demonstrate that the computationally simple isot ropic 
distributions provide a convenient and accurate means for determining 
macroscopic physical quantities of special significance fo r RF heated 
plasmas. Based on these solutions, the scaling with different parameters 
can be invest i gated. In particular we emphasize the importance of higher 
order La rmor radius effects for the usually employed RF-induced velocity 
space diffusion cons tants. Finally we not e that the present result should 
be particularly useful in connection with large numerical codes for de­
scribing trans port characteristics of RF-heated plasmas, where full 2-D 
calculations of the ion distributions are too time consuming to be practi­
cal. 
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A 3-0 ANALYSIS OF ARBITRARILY SHAPED ICRF ANTENNAS AND FARADAY SHIELDS* 

G. L. Chen, J. H. Whealton, T. L. Owens, D. J. Hoffman, and F. W. Ba ity 
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A. 

I. Introducti on 
Cavity antennas with Faraday shields1 are proposed to coup le ion 

cyclotron radio frequency (ICRF) power for heating fusion plasmas. This 
application requires smal I, high-power, low-frequency antennas. We present 
the results of a theoretical study of the ICRF antennas2 •3 being developed 
for this purpose at the Radio-Frequency Test Facility (RFTF). The 
objectives of this work are to optimize experimental designs and to confirm 
test results. 

Complete analyses of the antennas and Faraday shields are performed 
using a three-dimensional (3-D) analys is4 that computes the ful I wave f ield 
and resonance frequency of an antenna by solving the boundary problem of 
Maxwe l l 's equations or He lmholtz's equat ions, using the f inite difference 
method with a successive overrelaxation (SOR) convergence scheme. This 
analysis allows us to model an antenna and Faraday shield of arb itrary 
shape in Cartesian coordinates. (This does not imply that on ly right-angle 
edges and corners are allowed as the cavity boundaries.) The analysis is 
easily converted to cylindrical coordinates if this is necessary or 
desirable. We have applied the ana lysis to three areas: the folded wave­
guide antenna, 2 the cavity antenna,3 and the Faraday shield. 3 We describe 
the model in Section II and discuss the applications in Sections III and 
IV. 

II. Theory Model 
For simplicity, we assume that our antenna system is source free and 

is a perfect conductor. By comb ining Maxwel l 's four equat ions, we find 
that the wave equat ion is 

(1) 

and the boundary conditions on a perfectly conducting wal I are 

(2a) 
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.. 
R .x H = 0 (2b) 

where n is a unit vector outward normal to the surface of the boundary. We 
so lve the sca le components of Eqs . (1) and (2) to obtain the full wave 
field and t he resonance frequency w. 

III. The Fo lded Waveguide 
We calculate the lowest few modes of the folded waveguide described in 

deta il by Owens. 2 The fundamental resonance frequency of a 12-cm-w ide, 
14 .5-cm-h igh, 21 .75-cm-deep folded waveguide is 762 MHz, much lower than 
the resonance frequency (1243 MHz) of a rectangular waveguide of the same 
size . Figures 1 and 2 show Hx and Hz, respectively, for the folded wave­
guide . The resonance frequency and the fi e lds , except for Hx• are in 
exce l lent agreement with the experimenta l measurements; Hx is qua litat ively 
consistent with the experiments, but the re lat ive amp litudes between vanes 
disagree. The measured result2 shows that Hx has a higher field at the 
center of the mouth of the waveguide . This discrepancy may arise because 
the effect of the coaxial input is not properly considered or because the 
Hx field is mixed with the second harmon ic mode, which has a high field at 
the center of the waveguide mouth and a resona nce frequency very close to 
the fundamental. In Fig. 3, the fundamental resonance frequency is shown 
as a function of the distance between the end of the vane and the wal I . We 
find that the minimum resonance frequency occurs when this gap is equal" to 
the distance between adjacent vanes. 

ORNL-DWG 86-2441 FED 

Fig. 1. Contour plots cf Hl . (a) Fundamen tal mode. {b) Second 
harmonic mode. 
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IV. Cavity Antenna and Faraday Shield 

I /. 
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gap (cm) 

Fig. 3. The fundamental 
resonance frequency as a func­
tion of the gap for a 
30 :x 48.75 :x 97.5 cm folded 
waveguide with 6 vanes. 

We have appl ied our theory to t he antenna and Faraday shield being 
tested for Doublet III-0, as described in Ref. 3. The fund amental driven 
mode is determined. The current strap is cons idered as a free parameter. 
The resonance frequency f is used to determi ne the inductance L. while the 
magnetic fie ld (at the plasma edge) per un it current is correlated to t he 
plasma load. A Faraday sh ield has been added to this antenna configuration 
to study its effects on the power limits. Table I and Fig. 4 summarize the 

comparison of theory and exper iment . The Faraday sh i e Id reduc_es the 
inductance of the antenna and the ~agnetic field passing through the 
shield. Merely calculating the drop across the shiel d is not enough to 
determine how coupling is altered. The current distr ibut ion on the strap 
substantially increases the fie ld near the sh ield, thereby softening the 
shield's imp act. However, in th is ca lculation, we have assumed that the 
current and the magneti c field on the strap are constant . A more detailed 
and realistic current profile is requ ired for fur ther studies. 
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Table I . Comparison of theory and experiment 

Theory 

55. 07/57 .20 

1.08 

Measurement 

55.843/58 .848 

1.11 

ORNL-OWG 86C-2239A FED 

100 2 4 6 8 0 2 4 6 8 
DISTANCE FROM CURRENT STRAP 

(cm) 
DISTANCE FROM CURRENT STRAP 

(cm) 

Fig. 4. Toroidal magnetic fie ld Bz vs distance from t he current 
strap. (a) Theory. (b) Measurement. 
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THE EFFECTS OF EXTERNAL ELECTRIC FIELD ON THE 
DYNAMICS OF ION-ION INSTABD.ITY AND TURBULENT 
HEATING 
V.A.Brazhnik, V.V.Demchenko, V.G.Dem'yanov, 
V.E.D'yakov, V.V.Ol 'shansky, S.S. Pavlov, V.I . Pan­
chenko, K.B.Stepanov 
Institute of Physics & Technology, the Ukrainian 
Academy of Sciences, Kharkov 310108, USSR 

Introduction. The paper t 1l gives the results of numeric si­
mutations of the current-induced instability buile-up and sa­
turation, the said instability appearing during relative iner­
tial motion of ion species in a magnetized plasma cont aining 
two ion species (2] • 

This study is focused upon the effects of external 
electric field on the dynamics of ion-ion instability. The mo­
del of macro-particles as described in [ 3) is employed to fa­
cilitate the quantitative analysis. The parametric values of 
the model agree well with those given in ( 1} • 
on-Ion Inatabilit in a Constant Electric Field. Let us assu-

me cons an e eo r c ~e ~s me on somewhere in 
the beginning which causes a linear increase of the directional 
u1, 2 and relative U = /U1-u2; (Fig.1) velocities. The turbu-
lent pulsation energy density "'tl'~' (Fig.2) and ion temperature 
T ~ rise, too. The oscillation spectrum in the initial phase 
has a spike only for one harmonic, the one whose wave number 
corresponds to the dispersion equation of the linear theory(2) . 
At the time T = 14.4 wt~ the valae W" reaches a local maxinnm 
associated with the trapping of both species by the unstable 
wave field and the formation of "vortices" can be observed in 
the ion-phase space. The ions interact with plasma-borne for­
mations of the soliton kind which results in a temperature 
rise and an insignificant decrease of ~he ratio \~\/~~• (Fig1) . 
In the case of a free ion flux move [11 the slowing-down of 
relative motion to sub-critical values ( \'U.\ / \lH <. '1.. "!>) leads to 
the saturation of instability and the onset of a quasi-eqili­
brium turbilent state. The presence of the const ant electri c 
field promote& a continnous ion acceleration and build-up of 
the "repetitious" sinCle-mode i on-ion i~tabilities (Fig.2) 
which is the typical picture of the performance of t he ampli­
tude of single-mode unstable oscillations set in motion by the 
beam of particles with a small sprea~ of velocities. When the 
current velocity reaches the value /U/ -:::. 4.5 \! .... (U ._.. =2. 3'~"~1 ), 

one can observe a steep drop (more than three-fold) in rela­
tive velocity (Fig.1) which is accompanied by a steep leap up­
wards of the value 'N .. and a spectral compositional tuning-up 
of the oscillations. The instability remaining single-moded, 
its frequencr and wave-vector decrease roughly f ourf old as 
compared with ion-ion instability dynamics when current velo­
city is smaller. The oscillation spectrum get s r ich with many 
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harmonics the amplitudes of which are more or less equal. 
A sharp rise in plasma temperature is observable along with a 
dramatic slackening of ion fluxes and instability saturation. 

os o on- on s a ~ y. e us assume a curren -
carrying plasma is under the action of the pumping field where 
Wo"" 0.42 w~i .The dynamics of ion-ion instability in this 

case has several peculiarities. First of all, the ion veloci­
ties and ion relative velovity oscillate with the pumping spe­
ed frequency. The energy density of the fluctuational electric 
field (Fig.4) at the interval 0<~~<28 shows four local ma­
xima associated with the build-up and saturation of a single­
moded ion-ion instability. Note that ion temperature at this 
interval keeps on rising. Further on, ( 28 ' "-~t• \. <. 31 ) the 
value~ .. takes a ;jump upwards, and a considerable amount of 
spectral re-structuring takes place a growing longwave maxi­
mum-increment component and satellite-mode ampitude. The elec­
tric field of the unstablest mode begins to trap ions which 
causes a decrease in the intensity of turbulent pulsations, 
while a great•r portion of the particles change states from 
trapped to free; current velocity rises and a secondary in­
stability occurs. The whole process repeats itself quasi­
periodically. At the interval 31 < -.Jt' '9 < 45 the ion tempera­
ture begins to grow and the relative ion flux velocity falls 
dramatically. At wt,'9> 45 the ratio 101/'l~,oscillates with 
pumping field frequency and amplitude \U,_\/'1,. """ 0.8. The 
ion temperatures T1 2 attain a steady-state level which is 
much higher than ' initial temperatures of ions. Yet, the 
highest temperature in this case is by far much lower than 
the one achieved when ion-ion instability was forming in a 
constant electric field. 
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THREEDIMENSIONAL TE MODES IN AN INHOMOGENEOUS MAGNETIZED 
COLD TOROIDAL PLASMA OF ARBITRARY CROSS SECTION 

Ferdinand F. Cap 

Plasma Physics Group, Institute for Theoretical 
Physics , University of Innsbruck, Innsbruck, Austria 

RF-low frequency heating of fusion plasmas is of practical importance. For 
low frequencies and long wave- length global wave solutions for toroidal 
plasrnas are necessary . Since Maxwell ' s equations are not separable into 
ordinary differential equations i n toroidal coordinates a new analytical 
method is needed /1/. The general solution of a linear partial differential 
equation contains one arbitrary function (or more, if the differential equa­
•ion is of higher order than 1) . If this arbitrary function i s expanded into 
a series of eigenfunctions of a coordinate system in which the Maxwell equa­
tions are separable, an infinite set of expansion coeffici ents An is ob­
tained. Now the new method consists in the following : determine these co­
efficients ~ in such a way that the electromagnetic boundary conditions on 
the metallic surface of the toroi dal vessel containing the plasma are satis­
fied for an arbitrary meridional cross section of the torus . The electro­
magnetic boundary conditions Et = 0 and Bn = 0 on the curve z = z*(r) de­
scribing in cylindrical coordinates r,$,z the meridional cross section curve 
of the torus are given by /1/, /2/ for~= const 

dz* 
E +E --=0 

r z dr ' 

In order to solve Maxwell ' s equations for a cold 
B

0 
B0(r);~ we need the dielectric tensor /1/ 

where 

r=( E; 
-e: 

z 

E 
r 

£ 
z 

0 

E~ 
0 ::) 

(1) 

plasma magnet i zed by 

(2) 

Furt~ermore one has ns = esBoR/msr , where R is the major radius of the tours 
and B0 a constant . For axisymmetric problems (a/a~ = 0) the plasma frequency 
Wps may be calculated using a parabolic density distribution function of the 
distance lz2 + (r - R)2 from the magnetic axis as /1/ 

n(r , z) = n
1 

- n z2 - n (r - R) 2 
0 0 

( 3) 
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but f'or threedimensional modes a solution can be obtained only f'or "radial 
density inhomogeneity" 

n(r) = n - n (r - R) 2 
1 0 

(4) 

In order to solve Maxwell ' s equations vith (2) , (4) f'or the TE- mode Er,Ez,B~ 
it is necessary to assume E~ = 0 . This is possible due to the high electric 
conductivity of a thermonuclear plasma and corresponds to me~ 0 /3/ . Then 
the threedimensional TE-mode solution of' Maxwell's equations can be written 

r(r)sin(kz) + E(J)(r)cos(m~) 
z 

(5) 

where m and k are separation constants (m integer , knot integer). Fur­
thermore 

(- f ' k - YE r)/(k2 - yE ) z r (6) 

(7) 

y2 = w2E ~ , H = YE - m2/r2 
o o r 

(8) 

E(J)" + E(J) ' /r + HE(J) - £2lE(J) /H = 0 
z z z z z 

(9) 

f " + ~' + t'(-k2 + YE - yE2/E + E k/rE ) + r r z r z r 

+ f'kE ' /E + E' (f' ' k2 + yE kf)/(k2 - YE )E = 0 
z r r z r r 

(10) 

All functions in (5) - (10) belong to one and the same eigenvalue y. The dif­
ferential equations of' second ord~r possess tvo independent solutions and tvo 
integration constants . Si nce Er, E are fUnctions of r due to (4) etc the 
ordinary differential equations (9! , (10) have to be integrated numerically. 
To do this we need arbitrarily chosen initial conditions, for instance 
f'0 ( r = R - a) , t'0(r = R - a) and a first approximative value for y, the kn 
and the mo taken from the isotropic inhomogeneous axisymmetric mode /4/. The 
choice of the initial conditions does not influence the eigenvalue y . We thus 
obtain solutions in the f'orm of' N modes 

N 

L rA(l)f'(l)(r ;k , y ) sin(k z) + 
l ~ n n n n n , 

+ E(J)(r ;m ,y)B(l)cos(m ~)l 
z n n n :J 

(11) 

and Er from Ez using (6) and (7) , Here the superscript (1) = 1, 2 refers to 
t he t wo i nitial conditions f'or the differential equations of' second order, 
n is t he subscript f'or the n- th mode determined by ko and IDn· All functions 
bel ong to the s ame eigenvalue y. Defining the meridional cross sectional 
curve of' the toroidal vessel by a set of P points zi = z!(ri) , i = 1 ... P and 
by the local deri vatives (dz* /dr). ve are able to obtain an analytic smooth 
curve f'rom the electric boundary ~ondition {1) / 1/, /2/ , /4/. Due to 

I 
j 

I 
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Courant ' s nodal lines theorem /5/ this is proven for the lowest eigen-
value y . Inserting Er , Ez from (5)- (11) and (dz*/dr)i into the electric 
condition (1) we obtain a system of linear homogeneous eq~ations for the 4N 
unknown integration constants (expansion coefficients) A~l) and Bhl) . In 
order to be able to solve these equations we have to choose P = 4N points 
on z*(r ) and the determ+njnt D(y ,k .mo,ri,z· , ~) of the coefficients (con­
taining elements like fdl (ri;kn,ylsin(knzi1l has to vanish. For the numeri­
cal integration we had chosen first approximative values for y, kn , mo 
(or~ = 0) . Therefore the deter minant does not vanish for the given y. We 
may now either solve Er + Ez•dz*/dr = ?i that ~eans a system of P transcen­
d{njal equations for the 6N unknowns A

0 
l , B~ll , kn' y (resp . ~)with 

A1 
1 = 1 with P = 6N using a computer code or we assume that kn , mo are 

f1xed values (which gives better results) and assume that D(y) is a function 
of y only. .Then the · approximate value of y used for the numerical integra­
tion is improved by a regula falsi method. With the new value of y t he 
numerical integration of (9) and (10) is r epeated etc. Experience has shown 
that N = 2 or 3 and 5 - 11 such iterati ons are necessary to obtain a value 
for y . For a torus with circular c ross section (dz*/dr = (R - r)/z) and 
R = 0 .95 m, a = 0 . 35 m, n1 = 1020 m- 3, P = 6, ~ = 0 , ~ = 0, B

0 
= 0 . 1 Tesla , 

N = 2, k 1 = 0, k2 = 6 we obtained W 1. 2575·105 . The corresponding electric 
field lines in the meridional cross section ~ = 0 were obtained by integr a­
tion of dr/dz = Er/Ez and are shown in Fig. 1. 
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Fig. 1. Electri c f ield l ines in inhomogeneous magnetized plasma 
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THE USE OF HEAVY- ION MINORITY FOR STEADY- STATE CURRENT DRIVE 
I N PLASMA 

A. V. Longinov , S . S.Pavlov , K.N. Stepanov 

Institute of Physics and Technology, the Ukr ainian Academy of 
Sciences , Kharkov )10108 , USSR 

A scheme of generating a s t eady- state c urrent in t okamaks 

by using the cyclotron absorption of the fast wave (FW) a t 

the fundamental harmoni c of the ion cyclotron fre quency (ICF) 

for minority ions ( n.'<<rle) has been s uggested i n r ef . [1] . 

This method may be efficient enough if t he RF power is ab-
' V,' sorbed by particles with a sufficiently high V11 value ( 11 "" 

4 - 6 VTd) while t h eir V~ is not very large <Vl ~ V/1 ) • However, 
these conditions are not readily f easi ble , especially in 

moderate- size tokamaks. This is probably one of t h e main rea­

sons why there is no ion cyclotron current drive exper iment 

yet . Here a method is suggest ed to generate a steady- state 

current , which is based on sustaining the asymmetry of the res­

onant h eavy minority ( HM) i on distribution with using the ab ­

sorption of a slow v1ave ( SVI ) at a second harmonic resonance 

W = 2W~. This method is a modification of the HI IiiH [ 2] . 

A scheme of current generat ion. The essence of the method sug­

gested is seen from the sch eme given in Fig . 1. 1'/hen the FVI 

is excited in t h e D+H plasma from the HFS , a n efficient conver­

sion of FW into SW takes place in the W~W c H region. Even with 

a rel atively low proton concen tration ( ~ 5~~ ) the effects of 

F\'/ penetrat ion through the opaci ty region and F\'1 absorption a t 

W = WcH and W = 2 Wcd resonances may be rather weak [ 2], there­
fore , the SI'/ can carry away nearly all the energy inject e:i 

into the plasma. If there are HM ions wi th 2' I A< 1/2 in the 
plasma , then i n the region of SY/ propagation there is a zone , 

W, w' . where W::::: 2 c ( c be~ng the ICJ for the Hf,l) . If the Hl.l con-

centration i s high enough so that 'r = jlmk.LdR >> 1 [3] , 
then the SVI is absorbed in the zone W ~ 2 We , by the fast 

(V,; >)VTd ) heavy ions having V1'1 = ( W- 2 W~(R))/K 11 >0 (we 
put 1< 11 > 0 ) . Note that there may be some ot h e r schemes of the 

SI'/ excitat ion , for example , the FW excitati on from the LFS 

with the conditions provided for t h e effect i ve FV/~ SI'/ conver-

I, 
I 

I 
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sion [2] , or the direct SW excitation from the LFS [4]. 
Advantages of the proposed current drive scheme. 1) An essen­
tially enhanced efficiency of current generation in the scheme 
proposed is due to the cutoff of the high energy tails of the 
heavy-ion distribution function [2]. The role of the cutoff 
effect is illustrated by Fig . 2. It is seen that the quasi­
linear diffusion of HM ions takes place only in the region 
bounded by the cutoff line given by the equation ]z( K~~· ) =0 
(J2 is the Bessel function,9'=V1 /Wc is the Larmor radius of 
HM ions). As K1 ~d can be fairly large for the SW , the cutoff 
line can correspond to rather low V1 values < V~ f V11 ) (from 
this viewpoint the use of FWs is not efficient ). Another im­
portant consequence of the tail cutoff effect is the reduced 
role of trapped HM ions, whose absorption of the SW decreases 
the current generation efficiency. The HM influence on the SW 
dispersion [3] increases the K.t ~d value and therefore enhances 
the cutoff effect . The dashed line in Fig. 2 shows the cutoff 
line with allowance for this influence. 

2) When the SW propagates from the mode conversion zone to 
the W::::: 2 W~ zone, there may occur an essential SI'/ absorption 
by electrons , the effect being especially important at plasma 
periphery. The SW absorption by electrons under the conditions 
considered will be accompanied by steady-state current genera­
tion, the process which may be efficient here. Therefore, the 
direction of this current is important. As it follows from the 
analysis, the direction of thi s current coi~c ides with that of 
the current generated by the ion- cyclotron absorption. This is 
illustrated by Fig . 3 , where the wave vector components are 
shown in the plane parallel to the equatorial plane of the 
tokamak . Figure 3 also shows the position of the absorption 
zone for generating the current consistent with the primary 
current. The possibility of using antennas with the K'P sym ­
metric spectrum for current generation in the region not very 
close to the plasma centre is also seen from t his figure. 

3) The employment of HM allows one to raise the efficiency 
of current generation due to the reduction of the ion current 
fraction (by a factor of 2 at t'>> 1 as contrasted with the He3 
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minority case [ 1 J, because j ...... ( 1- 1 I Z' ) ) • However, in real 
condi tions it is unreasonable to use minority species with 
Z'>> 1, as the production of the necessary current density 
would require the HM concentrations with high !!.l eff' Hence, 
only such species as Li7, Be~ etc. can be considered as real 
candidates for current drive, 
The feasibility of the method, Figure 4 presents the results 
of calculations for FW excitation from the HFS with the model 
used in [2]. The plasma parameters are typical of T-10. Li7 
ions with a concentration of n.' I t1, d = 0. OJ and T~5 keV were 
used as an HM . The choice of T1 allowed us to simulat e the 
situation with an increased particle density in the Vu> Vrd 
region , and also , the increased absorpt ion due to t he T~ 
growth [2] . The field components ER , Ez are shown in Fig, 4a, 
and Fig. 4b shows the energy flux P, the power density ab­
sorbed by ions ( Di) and elect rons (De), and the V1'1 val ue for 
resonant ions. I t is seen from Fig. 4 that on approaching the 

(.J z 2 W~ zone the injected RF power is absorbed by ions with 
a high V1; value ( V1'1 ;::: 1,1·108 cmls). Hence, since under 
these conditions Vrd = J•107 cmls, the requirement of achiev­
ing the highest efficiency in current generation is f ulfilled. 

Thus , the method considered provides necessary conditions 
for realizing a highly efficient current generation. The pro­
posed ICRF current dri ve method can be applied in relatively 
small up- to - date tokamaks and stellarators (possibly, in com­
bination with other methods) . 
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SI,JEPT FREQUENCY MEASUREMENTS IN A IHDE FREQUENCY AND PLASMA PARM1ETER RANGE 
OF THE COUPLING PROPERTIES OF THE TEXTOR ICRH ANTENNA 

P. Descamps, R. Koch, A.M. Messiaen~ P.E. Vandenplas 

Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafysica 
Association "Euratom- Eta t bel ge" - Associatie " Euratom-Belgi sche Staa t 
Ecole Royale Mil itaire - B 1040 Brusse l s - Koninkli j ke Militaire School 

INTRODUCTION . 
The inpu t i mpedance ZA of the TEXTOR a ntenna (1 ) is measu red over a wi de 

f r equency r ange (20-110 or 60- 200 MHz) fo r a l ow i nciden t power (= 401Y) i n a 
deuter ium plasma (nH/ nD =57. ). The cooplete f requ ency r ange i s swept many 
t imes (tsweep ~ 150 ms) during one tokamak d i scharge . This leads to the 
determi nation of the spec i f i c resis tance Rand induc t ance L of the antenna . 

The dependence of R and L on va r ious plasma parameters is a na l ysed i n 
the entire frequency r ange [2]. These experimental findings ar e compa r ed 
with the predictions of a 3- D model and with similar results obtained at 
fixed frequency (27 MHz) in t he high power experiment [3). The conclusions of 
the present study are as fol l ows : R and L dependence on freque ncy shows no 
i ndication of globa l resonance i n the frequency range (30-180 ~rnz). Experi­
mental data indicates t hat the edge dens i ty has a critical influcence on R, 
but change of the toroidal fie l d i .e. change of the ion cyclotron l ayer 
location does not affec t significantly the coupling. Comparison between 
t heory and exper iment only shows order o f magnitude agreement ; the t heore­
tical predictions a l so i nd icat e s i gnif icant sensitivity to edge plasma 
parameters. Compar ison with the high power results i ndicatesthe infl uence of 
the pertur ba t ion of t he edge densi t y r esulting from the h i gh power RF [3] . 

EXPERIMENTAL METHOD. 
The exper i mental set- up i s connected t o the antenna via the vacuum inter­

face used fo r high power exper i ment s [4) . D.C . breaks at different l oca t ions 
i n t he sys t em pro t ec t i t against t he hi gh po t ential differences appeari ng 
between the TEXTOR liner a nd t he ves s el ~;h en the pl asma disrupts(figure 1]. 

I ncident a nd reflec t ed wave amplitudes <J v+J and Jv-J ) resul ting from 
an t enna mismatch are measur ed with directional coupl ers at one point i n the 
line ; a capaci tive probe gives the vectorial sum <Jv+ + v-j) of the inc i dent 
a nd reflec t ed wave, so that , at t his po i nt, the phase is easily computed : 

<iv• • v-J/Iv•J) 2- ( 1 + <lv-J/I v•J) 2 ) 
.P•± arcos( 2Jv-Jv+ j I. The s ign is determined 

through an addi t ional voltage probe measurement made in another point of the 
line. The ant enna impedance can be deduced from the impedance measured at 
the probe position using trans f er ma t r ices of the dif ferent line elements . 

The main limitation in t he measurements comes from the presence of a 
fixed- length stub used to decrease the VSWR in the l ine at the high power 
worki ng frequency (27 MHz) . Indeed , the associated deconvolu t ion process 
leads to amplify errors, thus making the precision r equ irement on the phase 
and on the frequ ency much more str i ngent. 

The frequency r e ference is a D.C .vol tage ramp, propo r t ional t o the f re­
quency of the RF output signal . Fr equency marker s are used to make an a bso­
l u te calibration of the ramp during the sweep and increase the precision on 

• Senior Research Assoc i ate at t he NFSR, Belgium . 
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the frequency measurement. Nevertheless, at frequencies such that the stub 
l ength is a multiple of a half wavelength, the s tub admittance which reaches 
infinity completely masks the antenna. 

EXPERHIENTAL RESULTS . 
The evolution of R and L has been studied during discharges at different 

limiter positions, plasma cur rents, toroidal fields and plasma densi ties . 
a) Inductance behaviour. 
The-~;rues-of-L-resulti~g from measurements in vacuum and durin~ plasma 

d i schar ges are c lose. L decreases linearly from a val ue of 2.5 10- H/m at 
30 MHz to 2.10- 7 H/m at 180 MHz. 

b) Resistance behaviour. 
Figures-2-;~d-J-sho~-the evolution of R as a function of frequ ency in the 

ranges [ 20-110] and [ 60-180] MHz. The parametric dependence of R is shown on 
Figs . 2 and 4 .0ne major parameter characterizing the bulk density profile is 
an : Ne • Ne0 (1 - (r/a)a n ) .1ve summarize t he results as follow : 
(i) !n!l~e~c~ ~f_an . The frequency depende nce of t he loading res istance is 
nearly the same at different times during t he plasma discharge but its abso­
lute value changes (Fig. 2) . The coupling is high at the beginning of t he 
shot, when the profile is wide and decreases slowly with time to reach a con­
stant value during the density plateau. The study of sho t s with the same 
flat top current value Ip, but diff erent a n values,showsthat R increases 
with an (Fig . 4a). 
(ii) !nfl~e~c~ ~f_Neo . An i ncrease of Neo a t const ant an a nd a, leads t o a 
small inc r ease of R. 
(iii) Influence of a . For a constant val ue of an and centra l average chord 
density ~e~ ~ith_a_l;rger plasma radius a, the density in the antenna vicini­
ty is higher and R is increased (Fig. 4b). 
(iv) !nfl~e~c~ ~f_Ip . The raw ana l ys i s of the parametric dependence of Ip 
when n;Q is kept constant shows that R decreases as Ip increases (Fi g . 4c) . 
The densi ty profile broadens when IP is increased, as indicated by an. This 
is in apparent contradiction with t he observed dependence on edge densi t y 
and might be explained by an not being representative of the edge dens i"ty 
profile at l ow current. 
(v) !nfl~e~c~ ~f_BT· An increase in toroidal field leads to a small increase 
of R for a cons tant value of an and central density Neo· 
(vi) Comparison between the present results at 27 MHz a nd coupling measure­
ments made during high power operation [3] shows good agreement. Similar pa­
rame tric de pendences a r e found ; Fi g. 5 shows the density dependence of R in 
bo th cases . The lower va lue of R obtained at high power might be related to 
the perturba tion of the plasma edge observed in this case . 

COMPARISON BETWEEN THEORY AND EXPERIMENTS . 
Exper imental results obtained in t he range (20-1 10 MHz) are compared with 

theoretical values ob tained from a 2-D and 3-D model [2] , taking into account 
toroidal and poloida l periodic ities, bo t h for a step density profile and for 
a more realistic profile (Fig. 6) . The geometrical characteristics of the 
antenna studied are [1] : antenna length 2wy • 1.3m,antenna width 2wz = 0.1 m. 
The effect of bump limiters has been neglected i n the model , and t he magnetic 
field is supposed cons tant and equal to i ts values at the center of t he to rus . 
In the frequency range [20-90 MHz] , the 3-D model, using a par abol ic density 
profile with a small dens ity ramp at t he edge , gives a good order of magni­
tude agreement. Curves computed wi th the step profile and with differ ent edge 
dens ity values show t he gr ea t inf l uence of the edge on the theoretical resu l ts 
(Figs.7-8). Further s t udy is necessary to extend the comparison i n the fre ­
quency range[ l00-200 MHz] . 
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HIGH POWER COUPLING PROPERTIES OF THE TEXTOR ICRH ANTENNAS 

,. 
R. KOCH, A.M . ~IESSIAEN, R. VAN NIEUWENHOVE 

Laboratoire de Physique des Plasmas - Laboratorium voor Plasmafysica 
Association "Euratom-Etat belge" - Assoc i atie " Euratom-Belgische Staat" 
Ecole Royale ~lilitaire - B 1040 Br ussels - Koninklijke Militaire School 

1. INTRODUCTION. 
The TEXTOR I on-Cyclotron Resonance Heating (ICRH) system had been designed 

to couple 2 x 1.5 MW of RF via t wo 1</4 half turn all-metal antennas [1 ) . 
The system was operated at hi gh power for some two years, and wo cal l 
phase I the operation period ending in summer 85 and phase II the later one . 
In ·phase I, the top antenna (AIT) was narrow (average with 2wz • 7 cm), the 
bottom one (Ais) was wide (7w2 = 20 cm) and the operation regime was mai nl y 
(H) - D mode conversion [2) . Phase II antennas were identical (AIIT and AIIB 
with 2wz = 17 cm) and operated mai nl y in the low minority concentration 
regime (nH/n0 < 1%) [3). The present paper gives a brief account of the ex­
perimental properties of the coupl ing of these antennas. 

2. DETERmNA TION OF R AND wL. 
The antenna 1nput impedance is determined using direc tional couplers and 

voltage probes in an experimental arrangement described in [1). The ampli t u­
de E+ of the incoming wave, the phase 'and the reflection coefficient 1=1 
characterizing the voltage waveform in the line are computed by regression 
over the available experimental data. Using the transfer matrices of the 
different line elements, t he antenna i nput impedance ZA is computed, yield­
i ng , via standard formulae [4), i ts specific resistance Rand inductance L 
assuming the specific capacitance C to be known from vacuum impedance 
measurements. For an a l most quarter -wavelength antenna , the following appro­
ximate rel ations between t he power coupled to the antenna PA• the antenna 
short-circuit current Ice a nd t he antenna input voltage VA hold : 

4PA • Rliiccl 2 , lvAI = zciiccl Zc = IL/C 

where 1 m 1.37 m is the antenna l eng th. Typical charac teristics of the an­
t ennas used in TEXTOR ~re, for standard conditions (f • 27 ~!Hz , average 
central chord density neo= 3.510 13cm- 3, plasma radius ap • 46cm), given in 
the following t abl e 

Line Antenna Rv R wL c le fres VA/VL 
n/m n / m n/m pF fl ~!Hz 

1 Arr 0.35 1.5 36 145 38 . 2 32.9 1.4 
2 Ars 0.13 0.9 22. 1 279 21.6 30.2 1.42 
1 AnT 0.15 1.25 24.4 249 24 30.5 1.3 
2 Ans 0.15 1.15 23.2 249 23.4 31.3 1.2 

Rv is the vacuum resistance of the antenna (ohmic los s es), VL is the maxi­
mum voltage i n the coaxial line, fres is the resonance frequency, and 
w • 2wf . The capacitance C has been assumed identical for AriT and AIIB 
and was estimated from phase I antenna measurements and theoretical wz­
scaling. As seen in the above table, this leads to different L's for 
AuT and A us. 
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3. TU!E-DEPENDENT BEHA V lOUR. 
The temporal evolution of antenna characteristics are determined with a 

time resolution of 1 ms. Fig. 1 shows an example of such evolut ions , for both 
line CI:I,;,E+) and antenna (R ,wL) data. In Fig. lf, the incident and reflec­
t<:d voltages Eg+• Eg- at the generator and the voltages measured on pro­
bes(Vl•···•V5) are also shown for line 2 (ArrB>· These signals are to be 
related to the evolution of various signals characterizing the density pro­
file(Fig.le) in the plasma bulk (~eo and the line average density "e4o 
measured along a vertical chord l oca t ed 40 cm away from the plasma center at 
low field side), the electron temperature (uncalibrated ECE signal) and the 
edge density ("a radiation at a toroidal position c l ose to the antenna). One 
should note the strong effect of sawtoothing on all these signals(in phase 
with ECE) and the difference in behaviour of ArrT and A118 . It should be 
further noted that there is a global correlation between the behaviour of the 
edge signals a nd R and wL : the coupling t ends to i ncrease with i ncreasing 
edge density. No STRICT relation bet ween Rand one of the signals of Fig.le 
could however be discovered and it must be stressed that Fi g . 1 is only 
exemplative as very different behaviours have been recorded, sometimes show­
ing huge variations or extreme values (up to 40/m) of R. 

4 . PAJUU!ETRIC DEPENDENCES Ai~ STATISTICAL ANALYSIS. 
The a1m of a statistical data analysis is to s1ngle out the major parame­

tric dependences and to answer the question whether particular modes of 
operation lead to significant modifications of coupling. Such correlations 
are obscured by two facts, the first being that drifts are observed over 
time and the second being the existence, inside the data set , of correlations 
between the different "independent variables" chosen to make the fits. As to 
the 1st point , Fig. 2 illustrates typical drifts in coupling, observed after 
a fresh carbonization[5)durins period I where all limiters were i n s t ainless 
steel. The variations of average and edge densities observed during the same 
period are also shown . Such a daily drift has no l onger been observed with 
carbon limiters(period II) . However, as shown in Fig . 3, significant drift 
in the voltage stand-off of antennas over long periods of time, has been ob­
served simultaneous with drifts i n the coupling parameters~ The dependence of 
the coupling on one major(controllable ) parameter, namely neo• over period II 
is shown on Fig. 4, where we have distinguished high and low current opera­
tion. During the ea rly period I I (up to 10-DEC-85 on Fig. 3)a significant 
power de pendence was observed(Fig.4a,c)which became much fainter later on . 
Power law fits of t he t ype R=Rv+A(~eo>a are also shown (broken line = early 
period 11, solid line = later shots). Systemat i c parametric studies have been 
started which i nd icate a much stronger dependence on ne4o t han on ~eo ;as can 
be deduced from Fig.4 . The cur rent de~endence,if present,is relativel y weak . 

5. COMPARISON WITH THEORY . 
Computation with the mode l [4) gives R values which are higher by a factor 

<2. Ov erall tendencies seem to be well - described by theory, although theore­
tically predicted effects are often much larger than the ones observed expe­
rimentally (such as the effects of phasing shown on Fig . 2). BT-field 
reversal experiments have indicated no major difference in coupling with 
respect to normal operation although the shield blades of the antennas are 
aligned along the total magnetic field direction in normal operation. 
Both experiments and theory seem t o point to ( see also [6)) the crucial 
influence of the edge plasma. 

• Senior Research Associate at t he NFSR, Belgium. 
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INFLUENCE OF THE WALL-PLASMA DISTANCE ON THE RADIATION OF AN ICRH ANTENNA 

A.M . Mess iaen+, R. Koch , V.P. Bhatnagar 
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Ecole Royale Militaire - B 1040 Brussels - Konink lijke Militaire School 

I ', INTRODUCTION . 
In earlier work [1 , 2, 3 , 4) it was shown that a part of the power radi ated 

by ICRH launching structures could propaga te along the plasma edge either in 
the form of coaxial modes whe rever a vacuum layer exis t s between the plasma 
a nd the me t al wall or as surface waves in t he outer plasma gradient. An 
approximate dispe rsion relati on for the coaxial modes is [1] p2=k~+k~-k~~o 
(k,,k toroida l and poloidal wavenumber, k0 vacuum wavenumber) while 
surfa~e modes propagate for positive ky > k0 [2 , 3) (BT is directed along z). 
In previous models , due to the modelling of the electrostatic screen by an 
infinite anis t otropic plane, the vacuum layer could not be removed to 
s imulate practical situations where the screen is finite a nd t he plasma can 
come up t o the wall. In this paper we investigat e the influence of the 
vacuum layer thickness and, in the limit, of its non existence,on the active 
r adiated power spectrum part related to edge propagation . For this purpose, 
instead of the conventional strip line antenna , we consider a U-slot excita­
tion in t he wall (copl anar line section)(S ) giving a s imilar exciting fie l d 
configuration when covered by an appropria t e e lectrostatic screen (see Fig .l). 
The effect of the resonance k8El- k~ • o (El , E2 are the usua l cold-plasma 
dielectric tensor elements (1]), present i n t he plasma edge in the usual 
ICRH conditions (w > Wci> when lk,l < ko, on the active power spectrum is 
also investigated. 

2. THEORY . 
2 . a. U-slot exci tation. The boundary conditions imposed by the slot excita­
tion ~;~-be-expre;;ed-i n t e rms of the applied e lectric f i eld components 
tangentia l to the x. = o pl~ne .. We s~a ll denote by Ey , o • Ezp the spectra of 
these components wh1ch van1sh 1dent1cally at x = o except on the slot 
itself (Fig. 1) where Ey • (VA/e) for 2wy < y < 2wy + e , jzl < Wz ; 
Ez = (sign z) VA sin Byl(e sin 2By) for o < y < 2wy, Wz < I z < Wz + e ; 
with VA t he applied input vo ltage , B the curr ent propagation f actor and we 
consider the limit e + o , With the usual a ni sotropic screen model (1 , 2] 
located a t x = -s , the TE fie ld excitation crossing the sc r een is given, for 
small s, by (Ey , o>TE = Ey,o + k,ky Ez , 0 / H2 (1 ) with H2 ~ k~ - kf, 

2 .b. ~~-~££~~~-E~~~~~~~-~£~~E· tak i ng into account polo idal and 
periodicities is gi ven by Re (PTE) [ 2] with 

- 1 m n rr r r o(k, - R>o<ky- R')4>(k,,kY)dk.,dkY {2) 
n m 

' 2 .. 

toroidal 

lE 12 { 1H 
y,o TE -p-

it1H2sh pa + p eh pa 

i t
1
H2ch pa + p sh pa 

+ Senior Research Associate at the NFSR, Belgium . 

(3) and 
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t 1 = (Ey/wBz)x=-a ' The value of ( 1 is obtaine~ by num~ri~al i ntegr a tion of 

the f as t wave differential equation [6) ~ lt8
zl =A lt

8
zl ( 4 ) with 

y y 
A11 = -A22 = dky/u, A12 • -u + d2 / u , A21 • 1 - k~/u ; d = ka£1 a nd 
u = k~£ 1 - kfo • Singl e pass absorption, i.e. no wave r efl ection at x • -~ 
is assumed. The spec i fic resistance due to the loading by the plasma can be 
deduced from Re(PTE) when the coplanar l ine characteristics ar e known [5). 

2. c . !~~!~~~£~-~f-~h~-~i2&~!!ri~~· In~ ne~ghbourhood of the singularity 
u = o, 1.e. near x • x0 • - a - H /(kS£1) Wlth Ei :(d£1/ dx) x=x , one can 
write down [6) an asymp to tic solution of the wave equation : 0 

I 
iwB I A x - x I i .. B 1 I z = 0 0 z = 
E = (1 + -- ln ( ----- )) E , with A 

k2 , x l x 1 o 
Y o€1 ° Y 

and t he initia l condition (iwBzt • Eyl) i s gi ven a t x = x1 . This l eads t o the 
k2 a - x 

following approximate expression : (
1 

= ( (
1

) + i __ Y __ ln ------0 valid 
x=xl k~E i xl - xo 

for IH2 1 + o, i . e. x + - a,and x1 < x0 close to x0 • A real part (proportio­
nal to a r g [(a - x0 )/Yxl - x0 )])corresponding to additi onal absorption 
whenever the singu l arity i s present i ns ide the plasma is thus added to 
the bulk contribution ((l>x=x • The ~ 1 values used in the following a r e 
obtained from numer ical 1ntegtation of (4) using the densit y profile shown 
in Fig. 1, either (i) avoiding the singularity by assuming a suffici ently 
high edge density N2 c twice the lower-hybrid dens ity (case v • o) or (ii) 
us ing v/w: l o- 2 (case v ; o). In t h is l ast case, t he numerically obtained 
( 1 behavi our f or I k,. I ~ k0 agrees with the above formula . 

3 . RESULTS AND DISCUSSION . 
The contour plots of the active power spectrum Re [4>(ky, k,.)) defined 

in Eq . (2) are shown in Fig. 2 for the conventional antenna (schematized 
in Fig. 1). A s imi l ar plo t is given in Fig. 3a fo r the slot excita t ion, 
exhibiting essentially the same characteristic behaviour domina t ed by coaxia l 
mode excitation. The sequence of Figs. 3a to 3d shows the effect of approa­
ching , up to contac t, the plasma from t he wall. This evolution fi r st shows 
the significant increase in coupl ing to be expec ted when approaching the 
plasma . Second, the coaxial mode l ocus is seen to deform according to the 
approximate r e l a tion kij : k~ + k~a/(a + Im( t 1)), with lm ((l ) > o , describing 
the propagation eigenmodes exi s t1ng in the plasma-vacuum system (denominator 
in (2) = o). At the limit a= o, this l ocus is k5 = kfo as clearly seen in 
Fig. 3d . However , t he persistance of a nonvanish ing excit ation of this limit 
mode can be seen to follow (eqs. (1) and (3)) from Ez remaining non-zero in 
the limit a = o . I n prac tice, the impedance associa ted with the excitation 
of Sect. 2a would vanish wi t h a + o, as the Ez field is shor t-cir cuited 
and real excita tion can only lead to eigenmode-free coupling , as seen in 
making a + o and Ez + o in (3) . This behaviour is not significantly a.ffec ted 
by taking v ; o, i. e. by incl uding the edge damping discussed in Sect . 2c. 
Indeed, t he deformation of the contours, in Fig. 4 (to be compared to Fig .3b), 
a r ound lk,. l= k

0 
indicate that a dissipation mechanism i s added a t low k ,. 

which abruptly disappears forlk,.j> k
0

• 

In conclusion we have shown the large sensitivity of t he coaxial mode 
dispersion to the edge dens ity profile (si milar t o the one of the bulk 
coupl ing, as stated i n [7)) and the relative ly minor effec t of the edge 
singularity. I n practice, t he excitation of any type of edge e i genmode in the 
plasma i s seen t o vanish when a plasma with suff i c ient densit y comes in 
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contact with the wall . 
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COUPLING SPECTRA FOR ION CYCLOTRON HEATING IN LARGE TOKAMAKS 
IN PRESENCE OF EIGENMODES 
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1. Introduction - The wave spectrum radiated from an antenna during 
ICRH is of importance for the radiation resist ance, current drive 
efficiency , power deposition and partition to the various species . The 
wave coupling problem is usually treated by assuming s i ngle pass 
absorption. In general , this is not the case when coupling to the 
magneto-acoustic wave from the low field s ide in a tokamak. Ins tead , t he 
coupling problem is characterised by t he presence of eigenmodes . Global 
codes have recently been developed wh ich can treat the wave coupling 
problem in presence of reflection [ 1-3) . In t h i s note we discuss the 
structure of the wave spectra for some JET scenarios . 
2 . Characteristics of the coupling Spectr um - A crude description of 
the coupling spectrum can be obtained from the dispersion r elation for the 
magneto-acoustic wave in a plane geometry 

(1) 

Here E~ and Exy are the diagonal and off-diagonal elements of the 
perpendicular components of the d ielectric tensor . The magnetic field is 
assumed to be parallel to the z-axis . Let us identify x,y and z with the 
radial, poloidal and toroidal directions , respect! vely , in a tokamak of 
minor radius a and major radius R. Consequently , one has to imagine the 
components of ~ . the wave vector, t o be quantized with typic al values 
nxw /a , ny/a and nz/R where nx, ny and nz designate the quantum numbers. In 
a ca l culation k and kz can be chosen whereas kx or rather nx , the number 
of radial nodes 6f the eigenmode, is obtained as a result when a resonance 
condition of the form ( 1) is met. Assume f or a moment that kz could be 
treated as a continuous variable: a typical coupling spectrum (antenna l oad 
versus kz) then has r ~yr~ct~re !s 1c~ema t fcally s hown in Fig .1. Essential 
for Fig . 1 i s tha t kyi •Jkz « E.._I,_I Exy l and nx» l. The spacing between 
modes with di f f eren nx i s grea er than between modes with the same nx but 
d ifferen t ny and nz . 

The ampll tude and the wi dth of a single resonance peak in F1g .1 are 
inversely propor tional and proportional t o the absorption, respectively. 
The amplitude further depends on the distribution of the current in the 
antenna , the d istance between the antenna and the cut-off , wave frequency , 
ky and kzas in the case when si ngl e pass absorpt i on is assumed. In 
general , the coupling with higher ky and kz is less effective . As the 
absorption increases , the resonances corresponding to different eige nmodes 
start t o overlap and compound resonances are the result. 

The probability for the antenna to couple to a resonance with a given 
k depends on the width of the resonance a nd the interval between the 
dlscrete k~ modes . A crit ical value of the absorption coefficient a•, can 
then be de f ined for wh ich the width equals the separation of kz modes . The 
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absorption coefficient is here defined as the fraction of the wave not 
reflected back to the ant enna . Calculations with the ISMENE code [3] give 
for JET parameters a * ~ 0.25 . ror a<a* the coupling resistance is 
determined by a single or a few single modes and hence may vary rapidly due 
to small changes in the plasma equil ibr i um, i.e. density , magnetic field 
etc . ror a>a* t he antenna couples to a large number of modes and the total 
resistance varies less when the equilibrium condi tions evolve. We f ur ther 
note that since the amplitude and the width of the resonances vary in 
opposite ways with respect to the absorption , the mean value is i ndependent 
of the absorption . However , as it fa l ls below a* , fluc tuations wi ll 
incr ease around this mean value . 

The radiat ion spec tra fo r antennae like the JET monopol e and dipole 
ant ennae , which essentially couple to low kz ar e char act eri sed by a com­
pound resonance peak in the in ter val [ O,k~] where k~ is defined by 

(2) 

Typical values of k~ in J ET are 0.05cm- • . Eq . (2) applied to Fi g.1 i mpl ies 
that the antenna mainly couples to the f irs t group of modes , i. e . nx •20. 

Since the wave numbe r kx is roughly propor tional to /n /B t he wa ve 
spec trum wil l be sensitive to small variat ion of the density or the 
magnetic field strength. If t he density increases or the magnet ic field 
decreases the resonances will be displaced towar ds higher kz . However , 
there will in general be one compound r esonance peak in the interval [O ,k~ ] 
which dominates the coupling thus leading to a fluctuation of the radia tion 
spectrum and coupling resistance as the equilibrium parameters evolve . I n 
rig . 2 we show how the radiation spectrum for fundamental heat ing of 
hydrogen in deuterium varies for s mall variation of the density as computed 
wi th the ISMEN E code . The change due to a finite ky is also s hown . To 
obtain the spectrum for a finite sized antenna or antennae the spectra 
shown here have to be weighted with the rourier components of the ant enna 
current . In r i g . ) we show how the spectrum changes as the toroidal field 
varies . These caLculat i ons can be compared with the measured oscil l ations 
of the antenna resistance when the toroidal field was ramped down from 
2 . 6-1. 4 tesla in 1 Os (see rig . 4) . The code calculations predict that the 
co mpound resonance peak will be l ocal ized at the same kz for a change of B 
with 0 .08T. This corresponds t o an oscillation t ime of 0 . 67s compared to 
0.45s of the experiment. 

Predict ions of the structure of the coupling spect ra can then be based 
on studying the absorpt ion coeff icient . In Fi g .S we show how the 
abso1·ption coeffi cient varies with respect to kz for the case shown in rig . 
2 and for some other heat ing scenarios in JET: 
w• 2wc H• nH(0)•3x10''cm' , TH(0 )=2 . 5keV , 60 =1 . 1T and f • 33 . 3MHz ; 
w=2wc ' He in D, n'He/n 0=0 .1 5 , T0(0 )•2. 5keV , T'He(0)•5keV , 80 • 1. 7T and 
f • 33 . 3MHz ; 
w•wc ' He i n H, n'He/nH=0.02, n0 (0)=3x10 ' 'cm- •, T' He(O) •TH(0)•2 . 5keV , 80 =3 . 4T 
and f •:n . 3MHz ; 
w•wc' Hein D, n'He/n0- o.04 , n0(0)=3x10''cm-• , T(0)•2.5keV, 80 •3.4T and 
f •33 . 3 MHz. 

Hea ting s cenarios with "weak" absorption like fundamental heating of 'He 
i n D will be subjected to sharp resonances as can be seen in Fig . 6 . Since 
the resonances for di ffe r ent ky appears at different kz the antenna will 
sti 11 see a relatively broad compound resonance. 
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3. Discussion - Ion cyclotron heat ing by magneto-acoustic waves being 
launched from the low field side is characterised by coupling via 
eigenmodes. When the absorption coefficient , which determines the width 
and amplitude of the resonances , exceeds a critical value (typical 0 . 25 for 
JET) the antenna will couple to a large number of eigenmodes . The average 
value of the coupling resistance does not depend on the absorption . 
Antennae which couple to small kz• will have a narrower radiation spectr um 
than if single pass absorption is assumed and the s pectrum will be 
characeterised by a compound resonance in the interval [O ,k~) whose 
position is very sensit ive to small variations in the equilibr ium. Th is 
will have consequences on cur rent drive where a prescribed wave spectrum is 
important for the efficiency . rurther, i t may affect the partition of 
power absorbed by electrons and ions. 
Acknowledgement - The authors wish to thank Or M Bures for valuable 
discussions . 
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1. Introduction 

We present here a comparison of the predictions of di f ferent 
for antennae coupl ing resistance wi th experimental measurement s . 
discuss the ad vantages and limitations of each model, a nd exami ne 
importance of coaxial modes in JET . The i nfl uence of the current 
variation on the coupling resistance is s tudied and it is shown that a 
good agreement with experimental values can be found with a simple 
realistic current profile. 

models 
We 
the 

The effects of plasma edge parameter s on the coupl i ng resistance have 
also been investigated . 

2 . Coupling resistance measurements 

The coupling resistance is deduced from voltage measurements made 
near the generators , 80 m away from the antennae . In the absence of 
additional fixed stubs , we can l i nk the radiated power to the measurements 
by 

(1) 

where I max is t he ma ximum current on the line and !ant is the current at 
the antenna input. Losses in the l i ne and in the screen have been 
estimated to cont r ibut e t o the coupling resistance Rc by about 0 . 6 n at 
around 33 MHz . I n t he presence of fixed stubs near the antenna , relation 
(1 ) no longer holds . We need phase measurements to reconstruct the 
vol tage pat t ern al ong the line , and t o deduce the (complex) rad i ation 
impedance of the a ntenna which is at present not available . 

3 . Theoretical models f or antenna impedance 

Theoretical models for I CRH antenna impedance have been developed to 
a highly sophisticated level. Two models [1,2] are presently in us e at 
JET, both allowi ng for realis ti c plasmas and using s ingle pass absorption 
hypothesis i n a slab geometry : the induced emf method and the vari a tional 
method. In the variational method, we derive an equa tion for the current 
distr i bution which is solved, yield i ng eventua l ly the coupling resi s tance. 
The induced emf method is faster and assumes a real i s ti c curre nt distri­
bution and calculates the coupling resistance direc tly . The vari a tional 
code takes i nto account the frame limiter in whi ch the antenna is recessed 
but only the monopole configuration has been treated. The code based on 
the induced emf method does not consider t he f rame limiter but permits to 
choose between many different current di s tributions, includ ing the four 
JET antenna configurations . Both models use the following expression for 
the radiated power: 
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1 I 12 1 dk// 
P - 2 zant 1ant = 2 f ~ 

where ~(k/l , ky) depends on the boundary conditions and J(k//, k ) 
depends on the Fourier transformed conponents of the current di~tr i bution. 
The code based on induced emf method also t akes into account the 
periodicity of the torus by repl acing the i ntegrals in (2) by s ums over 
multiple of 1/R and 1/a where R and a are the major and minor radius 
respectively . Due to the complex shape of the act ual antenna conductors , 
the reactive part of the power whi ch i s very sensitive to the exact 
current distribution, specially on the lower conductors, is poorly 
described in the induced emf method where the antenna currents distribu­
tion is an input parameter. To be able to go from the real part of the 
antenna impedance to the coupl i ng res istance with the help of eqn (1), we 
require the ratio Imax(ant )/Imax ( line ). This has been experimentally 
measured to be about 1.2 i n vacuum and is assumed to be unchanged in the 
presence of t he plasma . 

~. Effects of (possible) coaxial modes 

2 2 ' Coaxial modes are described by k// + k S k
0 

and they propagate 
be tween the plasma s urface and the machine ~all. These modes could have 
adverse effects on the plasma edge conditions , leading to the release of 
impuriti es into the plasma. In JET , the geometrical dimensions and the 
ICRF f requency raqge permi~ only a minor contribution within the circle 
described by k;;+ k • k0 and the importance of coa xial modes depends on 
the sharpness of the lntegrand around this circle. For the JET monopole 
antenna configuration the coaxial modes contribution is l argest , but the 
power spectrum as calculate2 with9ut t~king into accoun t the frame l imiter 
is not very peaked around k// + ky • k

0 
(see Fig. 1) and the proportion of 

the contribution of coaxial modes to the total power is still less than 
10$ . The presence of the frame limiter should change the situation, and 
in the torus these modes could be shielded. The presence or absence of 
coaxial modes in JET has not been assesed experimentally , yet. 

5 . Influence of the current distribution along the antenna 

We descr ibe the current distribution as I(y) = I
0 

cosYy , where Y is 
the current propagation const ant . To assess the effect of Y, we have 
s tudied the evolution of the coupling resistance of all four antenna 
configur ations for a t yp ical plasma ((He,) -0, 60 ~ 3 . ~T . f • 33 MHz) where 
the antennae are nearly resonant. The expected Y for ~-resonant antennae 
of the size of those in JET is around Y • 1.35 m-• Although the monopole 
and the quadrupole seem rather insensitive to changes of Y between Y • D 
(uniform distribution) , and Y = 2 m-•, for both dipoles a choice of Y 
between 0 and 0.9 m-• would fit the experimental results better (Fig . 2) . 
Choosing Y • 0 . 9 m-• f.i. leads to Fig. 3 where a fairly good agreement 
with experimental data is found for the monopole , quadrupole and t o a 
lesser extent for the dipoles . This behaviour reflect s the fact t hat the 
dipole configurations , in which the current in the poloidal sections fl ow 
in mutually opposite directions , are di f ficult to be described by a singl e 
value of Y as we attempted in the induced emf method . 
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The variation of coupling resistance with frequency has been obtained 
by the variational method. As mentior.ed above , the induced emf method 
suffers from the need of redefining a new Y for each frequency , the 
variational methods is better suited. The resonance of A0 1 antenna in the 
monopole configuration is found to be at fres ~ 35 MHz whereas experi­
mentally, it is around 33 MHz. 

6. Plasma edge effects on the coupling resistance 

We have investigated the effects of the change of the density profil e 
in the edge region of the plasma on the coupling resist ance for the 
different antenna configurations. Variations of the plasma density at t he 
limiter n(a), of thee-folding length in the S.O.L. and of the peaki ng 
factor of the bulk plasma density have been considered . The main depend­
ance of the coupl ing resistance is on the plasma density at t he l imiter , 
for all the different antenna configurations . The A0 1 monopol e and 
dipole, together with the A0 2 quadrupole show a marked dependance on the 
plasma edge density gradient through the peaking factor , the coupling 
resistance i ncreasing with the steepest profile . But the dependance on 
the S. O. L. e-folding length is weak. The A0 2 dipole coupling resistance, 
in addition to show a somewhat lesser sensitivity to t he plasma density a t 
limiter than the others, does not seem to depend on the peaking factor . 
The sensitivity to the S . O. L. e-folding l ength is comparable to t hat of 
the other configurations . 

Conclusions 

Theoretical determinations of the coupling resistance for all four 
antenna configurations used in JET have been obtained and compared to 
experimental measurements. The coaxial modes have been found to be of 
little importaqnce i n JET , and for the monopole antenna contribute less 
than 10S. Dependance of the coupling resistance on the current distri­
bution has been studied . Though in practi ce Y may be slightly different 
f or each antenna configuration , theoretically a value of Y • 0.9 m-• gives 
a good agr eement with experiment for all four antenna configurations . The 
behaviour of Rc with frequency f or the monopole antenna has been 
verified . 

The eff ect s of edge conditions on coupling resistance have been 
investigated f or all antenna conf igur ations . Rc depends mainly on the 
plasma dens ity a t the limiter, i ncreasing by about 20% when the edge 
density doubles . 
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INTRODUCTION 

Max-Planck-Institut fur Plasmaphysik , 
D-8046 Garching, FRG 

A Faraday screen has been used on RF antennae since the first days of 
heating experiments with ICRF waves. Its use on the C-stellarator /1,2/ 
brought major improvements in the heating efficiency of the plasma. In 
subsequent heating experiments on other machines the beneficial effect of 
a Faraday screen, after initial trials without it , was rediscovered on 
TFR /3/, DIVA /4/ and ERASMUS /5/ . Consequently the Faraday screen has 
become a mandatory component of ICRF antennae, and it has been attributed 
different functions. To fulfil! those functions the screen has become 
increasingly complicated, and in the next generation of experiments, where 
the screen has to be cooled, a new round of complexity is added. Can the 
screen be simplified, and are some of its attributed functions really 
needed. Those questions were the basis fo r an experiment on ASDEX . 

FUNCTIONS OF THE FARADAY SCREEN 
They can be divided in three categories. 
A first f unction is the protection of the antenna against the plasma: 

the screen should protect the antenna from particles and radiation from the 
plasma , in order to avoid parasitic loading of the antenna and to increase 
its voltage stand off. When a ceramic casing covers the antenna, the 
Faraday screen prevents the metallisatlon of t he cer amic which could occur 
if Ti gettering i s used. 

A second function concerns the protection of the plasma: 
the Faraday screen should act as its name indicates and keep unwanted 
electric field components away from the plasma. The struc ture of the screen 
is chosen so as to allow the fast wave to go through bu t to short out 
electric fields along the magnetic field . The Faraday screen also may have 
a role in suppressing coaxial modes /6/. 

A third function, which will not be further discussed is changing the 
electrical characteristic of the antenna: in order to minimise the voltage 

lAcademy of Sciences, Leningrad, USSR; 2Assigned to JET Joint Undertaking, 
England; 3ENEA Frascati, I taly; 4university of Washing ton, Seattle, USA ; 
*CEN Crenoble , France 
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on the transmission line, and to avoid as much as possible cur rents in the 
radial direction /7/, the electrical length of the antenna is adapted , by 
influencing the distributed capacitance, so that a current node appears at 
the feeding point. The Faraday shield is one component through which the 
distributed capacitance can be influenced . 

ASDEX EXPERIMENT WITH OPEN SCREEN 
In ASDEX two ICRH antennae are installed, 180° apart in the torus, on 

the low field side (Fig . 1). Each antenna is connected to 1.5 MW generator 
and consists of two /4 loops, fed top and bottom, and short circuited at 
the midplane (Fig . 2). One of the antennae was covered with an optically 
open Faraday screen (Fig. 3a), the other one with an optically closed 
~creen (Fig . 3b). Over a large parameter range (300 kW ~ Prf < 1200 kW, 
n = 1.25 - 3.5 x tol9 m-3) a systematic comparison was made by firing the 
antennae alternately in successive shots. The experiments were performed at 
the second harmonic of hydrogen (67 MHz, 2.2 T) with uncarbonised and later 
with carbonised walls. 

Concerning the firs t role of the screen (protection of the antenna) we 
found that we had no voltage stand off problem. The generator was pushed to 
its maximum power, and a voltage of 12 kV on the antenna was reached. Under 
some conditions of bad coupling higher voltages (15.5 kV) were reached , but 
a voltage limit would be encountered in the transmission line. Therefor e we 
cannot say whether or not opening up the screen has changed the voltage 
standoff capabilities of the antenna voltages above this value. Two points 
would indicate that there are no problems with plasma getting into the 
antenna. We found no additional arcing traces on the central conduc t or s 
after two month of operation, and there is no power dependence of the 
loading of the antenna. This is to be compared with limiter machines (TFR 
/3/, TEXTOR /8/) with an antenna crossing the resonance layer which hsve 
shown that a closed type Faraday screen is necessary. 

The second role of the Faraday screen (protecting the plasma) seems to 
be sufficiently accomplished by an open type Faraday screen. In earlier 
experiments, without and with a Faraday screen on DIVA /4/large differences 
were seen on the plasma parameters. We however see no major systematic 
difference on the plasma centrum. Curves of D, radiated power, soft X-ray 
radiation are similar for both antennae. No difference is seen on the flux 
of fast Ho /9/. Central electron temperature curves are identical to the 
point of having the same sawtooth amplitude and frequency (Fig . 4) 
The density is feedback controlled but there is a difference in the initial 
rate of increase of the density at the start of the ICRH. Values of 5 x 
to20 m-3/s at 900 kW and ne • 3.5 x to19 m-3 are found for the open scr een 
antenna as compared with 8 x 1020 m-3/s for the closed screen antenna . 
Occasionally, for the antenna with the closed screen this could lead to a 
different density evolution with larger impurity radiation and impurity 
lines (Fe XVI). The reason for this is unclear but could be related to the 
fact that the optically closed screen (originally coated with TiC) was 
already longer in the machine and may have become contaminated with Fe. 

One domain where we have found a systematic difference is on the flux of 
neutral D particles from the edge. Those fluxes appear and disappear 
rapidly as the RF is turned off (~·l-3 ms) showing that these ions are 
badly confined. A toroidal scan method already used for LH /10/ shows that 
they are accelerated near the plasma edge. It appears that the fluxes due 
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to the open screen antenna are much larger than those due to closed screen 
antenna. It has to be not i c ed tha t the actual tail begins for energies 
higher than 4 keV. For lower energy values the f luxes a lmost do not depend 
on ICRH (Fi g . 6). Inverted sawtee th are clearly visible on the charge 
exchange signals: at low energies (~3 keV) for both antennae, at high 
energies ( ?3 keV) only for t he open screen antenna. The sawtooth modula­
t ion is correlated with the H"/~ light emitted by the plasma edge and is 
an effect of neutral density modification. The fact t ha t t he high energy 
channels are modulated only with the open screen antenna indicates, e ither 
that the fast ions a re further outside the plasma for this antenna or that 
the mechani sm which produces the fast ions fo r the open screen antenna is 
sensitive to plasma edge modific taions . 

The fol l owing points a r e further important in analysing the results : 
The analyser is toroidaly located between both antennae, t he plasma current 
and toroidal magnetic f i eld are para llel , and i n the eo-direc tion for the 
beams. The gas valve is c l ose to open screen antenna . The par ticles 
received by the analyser are mos t ly bananas with large v -L/vth ratio and 
the geometry is such t hat they cannot be s een just afte r their acceleration 
in frgnt of t he open screen antenna. Other measuremen ts have s hown that 
the D fluxes are very s ensitive to the magnetic fie l d and tha t they can 
have l a rge fluctuations during one shot , which do not seem to be correlat ed 
t o any mac5oscopic parameter of the plasma. There is no indication that the 
measured D fl uxes have a direct correl ation wi th the impurity produc t ion , 
but it i s clear, that they depend on the pl asma capability to absorb the 
wave /11 / . 

In conclusion, these fast 0° tail could depend on the kind of Faraday 
shield used, but in the case of normal absorption of the wave in the 
plasma , they are only a parasi tic effec t without consequence on the plasma 
heating and impurity production. 

SUMMARY 
We c an conclude f r om our experiment tha t i n our geomet r y (divertor , 

antenna not c ross ing the r esonance l ayer), the f unction of the Faraday 
screen as a shield aga ins t the pl asma is not necessary. 
In its function as a shi eld for the plasma against the unwanted f ields f r om 
the antenna an open Faraday screen seems to be sufficient . We see no 
difference on the central plasma parame ters and the boundary e f fect does 
not seem to be detr i ment al . We therefore believe t hat the Faraday shield 
can be simplif ied. However, many open ques t ions still remain in thi s 
boundary domain between antenna and pl asma. 

/1/ M.A. Rothman et al ., Plasma Physics (J . of Nucl . En ., C) 8 (1966) 241 
/2/ M.A. Rothman e t al. , Phys. Fluids 12 ( 1969) 22 11 --
/3/ J .Jacquino t et al . ,Int.Conf.on Pla~a Physics, Nagoya 1980, Vo1 . 2, 226 
/4/ K. Odajima et al ., Nucl. Fusion 20 ( 1980) 1330 
/5/ V.P. Bhatnagar et al ., Heat . i n Tor. Plasma, Va r enna 1978, Vol. 1, 133 
/6/ A. M. Messiaen et a l., Heat. in Tor . Plasmas , Rome 1964, Vol. 1 , 315 
/7/ A. M. Mess iaen et a l., Heat .in Tor.Pl asmas , Grenoble 1962 , Vol . 1, 243 
/6/ R. R. Weynants et a l., Radio Frequency Pl asma Hea t ing , Call away Gardens 

1965 , 40 and private communi cation 
/ 9 / F . Ryte r e t al. , t his conference 
/ 10/ F . Ryte r e t a l . , Application of RF Waves to Tokamak Plasmas , 

Var enna 1985 , Vol. 2 , 746 
/11/ G. Janeschi tz et a l., t his conference 



140 

NPA 

r-------------------------,4 
''" ·r· ________ .tf:lf!l:h' .... IW...t!.\1J!L ______ _______ .~ 

-~4~u~m:~-· .. 
"" ~.} ....................... ~ ...... . 

-111111 1«10 

Fig: I: Horizontal cut t hr ough ASDEX, i ndi ­
cat1ng the position of the NB- Injectors , 
the antennae , the neutral particl e ana­
lyser and the gas valve . 

Fig. 4: Central elect r on tempera· 
ture evolution . Not e: Suppressed 
nul l line and i t s r e l ative dis­
pl acement for both antennae . 

~ 1 •o" ,...-----------------.,:-o--, 
d£ -n1 =125~e 1D19 rri1 

lparllclts/ ,, --n.=lS • 10"m1 
s rm!tVsltrr 

tO' 

rJ' 

9 11 13 15 17 19 

3 AehJ"n Conductor £1 hvl 
4 Capacit ive l oad1ng 
5. Feed Point 
6. Transmission Une 
7. Short Circuit 
8 . Vacuum Chamber 

Fig . 2 : Geometry of the ASDEX an tenna . 

~ 
a) Optical ly open screen (SO Antenna) 
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shield the modulation due to saw­
teeth is shown. 
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Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A. 

D. B. Remsen, J . Luxon, and J. M. Rawls, 
GA Technologies, Inc., San Diego, California, U.S.A. 

I. INTRODUCTION. A 9-MW ion cyclotron resonant frequency (ICRF) experiment has been 
proposed to heat the Doublet III-D (Dill-D) plasma. Dlli-D is a 2.2-T, 3.5-MA tokamak at GA 
Technologies with a major radius of 1.67 m and minor radius of 67 cm (elongation - 2). The 
device was recommissioned in early 1986. The initial experimental program includes ohmic 
plasma and neutral beam studies; high-power rf experiments will follow in later years. Compact 
loop antennas (which fit completely in a 35- by 50-cm port) have been chosen to convey this 
power because of their inherent ease of maintenance, high efficiency, and versatility. In order to 
verify that the antenna will have sufficient loading, a prototype low-power (2-MW) antenna has 

been designed and installed. Measurements will he made through September 1986. The antenna 
is a cavity antenna that will operate from approximately 30 to 80 MHz with a 50-!1 match for a 
load resistance of - 1 !1. It is surrounded by a fixed graphite-covered frame and can be extended 

from 3 cm behind this frame to 2 cm in front. This can be used to adjust coupling to the plasma. 
The electrical, mechanical, and thermal characteristics of this antenna system (and its extrapola­
tion to ignited tokamaks) are discussed. In addition to experimental exploration of coupling, we 
have investigated wave propagation and absorption in Dlli-D by using a cold collisional plasma 
model in straight tokamak geometry with rotation transform. Loading and power deposition pro­
files as a function of frequency, density, and species mix are presented. 

11. MECHANICAL DESCRIPTION. The antenna for DIII-D is in the cavity configuration 
(Fig. 1). The main current strap is held by a ground plane at one end and by a vacuum variable 
capacitor at the other end. The capacitor and strap inductance determine the antenna frequency. 

At some distance up the current strap, power is fed to the structure. The input impedance is 
determined by the feed point. The Faraday shield is bolted onto the face of the antenna struc­
ture. The antenna is designed to be movable relative to the plasma. Motion of the whole assem­
bly is accomplished by bellows and a remotely controlled drive-motor mechanism shown in 
Fig. I. An !-beam frame (not shown in Fig. I), mounted on the vacuum side of the port, sup­
ports the antenna. Both external and vacuum bearings are made of graphalloy-a bronze­
impregnated graphite material. 

A fundamental problem to the mechanical integrity 
thermal/ mechanical characteristics of the Faraday shield (Fig. 2). 

of the antenna is the 
In order to minimize plasma 

impurities, the Faraday shield, which is composed of 1-cm-diam Inconel rods, is coated with 

1.5 mm of graphite on the plasma side; copper plating is used on the antenna side to minimize rf 
losses. The equivalent disruption pressure at 5 MA is 6 atm (radially inward). At 6 atm, the 
rods are subject to stresses that are 80% of yield stress ( 140 ksi) at I ooo• F. A finite-element 
stress analysis of the antenna shows that the rest of the antenna structure has stresses below 
11 ksi; consequently, stainless steel is used for the remainder. 
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Fig. I. The caYity antenna designed for DID-D. 
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Fig. 2. The Faraday shield configuration for the caYity antenna. 
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The thermal loads for the exploratory antenna are completely due to the plasma. A total of 
-80 W f cm2 is deposited on the shield for 3 s every 4 min. With radiative cooling only, the gra­
phite heats to 33o• c after ten shots, which is soo•c below the braze temperature. When 
operated at 2 MW, some active cooling is probably required. An actively cooled Faraday shield 
has been designed and fabricated for use on the Radio-Frequency Test Facility. 

The vacuum feedthrough for the cavity antenna is basically the same as the ORN L 
feedthrough used on TEXTOR. The feedthrough is also illustrated in Fig. I. The major change 

is that this feedthrough was designed to bolt to a standard 9 3 f 16-in. coaxial transmission line. 
On the vacuum side, the coax has an outer diameter of 4 I /2 in. because there is not enough 
room for anything larger. 

m. ELECTRICAL CHARACTERISTICS. In order to assess power limits, power losses, and 

plasma coupling, it is necessary to describe the unloaded characteristics of the antenna. The 
resonant frequency and input impedance are given by 

I 
J = 2-rr.JfC 

ciL Z =­
Cr 

(I) 

(2) 

where L and C are antenna inductance and capacitance, a is the feed point, and r is the load. 
The capacitance (including stray) can be varied from 38 to 474 pF. The apparent total induc­
tance ranges from 130 nH at 20 MHz to 115 nH at 74 MHz. This yields a useful frequency 

range of 20 to 74 MHz. 
Measurements, with and without Faraday shields, show that the structure has an equivalent 

25 mO of load and the shield has 0.1 0 at 20 MHz. When the apparent decrease of inductance 
is included, the losses scale as .J[. Of the 25 mO in the structure, approx:imately 20 mO is 

attributable to the capacitor. While the capacitor clearly needs to be cooled for high-power 
operation, the body of the antenna does not. If plasma loading is on the order of I to 3 0, then 
up to I 0% of the rf power will go to the Faraday shield. Therefore, the shield for the high-power 
version will be cooled. 

The power capacity of the antenna depends on the voltage and current limits of the capaci­
tor. An improved, high-current capacitor has been designed and will be tested. However, for 3-s 
pulses, the power will be limited by the maximum voltage that the capacitor can withstand. 
Including the decrease of inductance of the current strap and assuming 48-kV peak, the max­

imum operating power is 1.7 MW /0 at 30 MHz, 1.0 MW /0 at 50 MHz, and 0.72 MW fO at 
70 MHz. Since loading is expected to be I to 3 !l (per 40 cm of current strap), the antenna is 
nominally a 2-MW antenna. 

IV. LOADING CALCULATIONS. As previously discussed, the amount of loading determines 
power limits and cooling requirements. The antenna design is centered around a 1- to 3-0 load in 
the 30- to 50-MHz range. Calculations of coupling in DIIJ-D were made to support the design 
point. The method of calculation is as follows. 

Global solutions for the ICRF wave fields in a straight tokamak with rotational transform 
are calculated in the cold plasma limit. The component of the wave field parallel to B is assumed 
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zero. Symmetry allows Fourier decomposition in the toroidal coordinate, and the resulting set of 
two coupled, two-dimensional partial differential equations is solved by the method of finite 

difference. Energy absorption and antenna impedance are calculated using a simple collisional 
absorption model. Resonance can be observed. For the small transforms of DIII-D, only heating 

at the two-ion hybrid resonance is observed. 
The calculations were based on the following parameters: B0 - 2.2 T, ncentral - 3 X 

1013 cm- 3, ncdae- 1012 cm- 3, f- 30 MHz, R- 2.2 m, ap- 0.67 m, and potential antenna 
extent of 40 cm. The majority of power absorption is seen between the two-ion hybrid resonance 
and the fundamental resonance. The electric fields on the plasma peak in this region. For some 
cases, where the resonance is near the edge of the plasma, coax modes dominate with high edge 

fields. Antenna loading is weakly dependent on species mix, central density, frequency, and mag· 
netic field. However, a variation in edge density from I to 6 X 1012 cm- 2 showed a threefold 
increase in loading (Fig. 3). Since the antenna can move relative to the plasma, the role of edge 

plasma in coupling can be explored without perturbing other plasma parameters. 

3.0 

2.5 

a 2.0 

0 

g t.S 

1.0 

0 '------~----~------~ 
0 2 4 6 

EDGE DENSITY I , 1012 cm ·l) 

Fig. 3. Coupling for a 40-cm antenna in Dill-D. Central density 

2.2 T, f - 30 MHz. 

V. SUMMARY. A cavity antenna has been installed on DIII·D to explore coupling. The 
antenna was designed to operate at I to 3 n. Calculations show this to be the expected load. 
Measurements of the coupling will be made first to verify this and then to determine power lim­
its, antenna dissipation, and the efficiency of the antenna. 

'Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under Con­
tract No. DE-AC05-850R21400 with Martin Marietta Energy Systems, Inc., and under Sub­
contract 54Y-72665 with McDonnell Douglas Astronautics Company. 

tMcDonnell Douglas Astronautics Company, St. Loui~. Missouri, U .S.A. 
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A FOLDED WA VEGUIDE CAVITY COUPLER FOR ICRF HEATING* 

T. L. Owenst 

McDonnell Douglas Astronautics Company, St. Louis, Missouri, U .S.A. 

I. INTRODUCTIO N 

This paper introduces a new type of waveguide coupler for ion cyclotron range 
of frequencies (ICRF) heating which is an adaptation of a concept known as a "folded 
waveguide" reported by Barrow and Schaevitz l in connection with low-frequency 
waveguide transmission systems. The basic idea involves "fold ing" a simple 
rectangular waveguide to form a more compact structure as shown in Fig. 1. Cutoff 
for the folded waveguide occurs when one-half of a free-space wavelength equals the 
path length around the "folds" of the structure. By adding a la rge number of folds, 
the path length around the folds can be made la rge, leading to very low cutoff 
frequencies relative to those for simple rectangula r waveguides h aving comparable 
outside dimensions. Folded waveguide couplers are practical for frequencies as low 
as 60 MHz for some ports found on present-day experiments. 

A polarizing plate is placed at the mouth of the coupler as shown schematically 
in Fig. 1. The polarizing plate contains rectangula r openings at every other fold of 
the structure. Its purpose IS to short out E1at the mouth of the coupler and to produce 
unidirectiona l fields, E.t and H1, which are the fields of the fast-magnetosonic wave. 
A shorting pla te is placed at the back of the coupler a distance of approximately one­
half of a guide wavelength from the mouth of the coupler. This ensures that the 
electric field of the wave in the coupling apertures will be small while the H1 field 
will be near a maximum. Since the plasma surface impedance (E.t!H1) is low, a good 
match to the plasma surface fields will result from this scheme in addition to 
maintenance of low electric fields within the coupling apertures. 

By operating the coupler well above its cutoff frequency ( - 1.8 times the cutoff 
frequency to minimize losses to walls), the guide wavelength becomes small enough 
that reasonably short structures (1-3 m) result. 

Fig. 2 shows a variation of the simple folded waveguide coupler in which the 
interna l vanes are tapered between the middle of the cavity and the mouth of the 
structure. The apertures can thereby be enlarged to nearly fill the entire port. For a 
constant total {lOWer, this has the effect of reducing the power flux at the 
plasma/coupler mterface by nearly one-half of that found for the simple folded 
waveguide coupler. In addition, the tapered folded waveguide will launch a poloidal 
mode spectrum which has less power in high poloidal mode numbers a t the plasma 
surface. This s hould improve penetration of power into the interior of t he plasma. A 
disadvantage of the tapered folded waveguide coupler is that more energy is 
contained in high-order cavity modes, which a re cut off. This wi ll lower the unloaded 
Q of the cavity and produce somewhat higher peak voltages internal to the cavity 
compared to the simple folded waveguide coupler. 

IT. THEORY 

A theory for the folded waveguide coupler which yields approximate solutions 
for the fields within the cavity in the presence of plasma is presented in Ref. 2. More 
precise 3-D finite element calculations have also been initiated. Preliminary results 
are presented in Ref. 3. In the approximate calcula tion in Ref. 2, the folded 
waveguide is analyzed as an equivalent "unfolded" waveguide with inductive irises 
at the mouth of the structure to model the shorting diaphrams a t the mouth of the 
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folded waveguide coupler. The region outside the coupler is mode led as a completely 
enclosed aperture coupled cavity. Fields are ca lculated assuming perfectly 
conducting walls. Power absorbed by the plasma is estimated from 

p = z p f f f/2 ds 
2 s I ' 

where Zp is an appropriate plasma surface impedance and the integral is eval uated 
over the plasma surface. An eigenvalue equation is derived by equating complex 
Poynting flux across the mouth of the coupler. 

Using the above procedure theoretical estimates of coupling efficiency and 
power handling potential can be made. Table 1 summarizes the various quantities of 
interest for a folded waveguide suitable for use on the Tore Supra tokamak in 
Cadarache, France. It is found that extremely low e lectric fields can be maintained 
at the critical plasma/coupler interface (less than 3.4 kV/cm). Peak voltages occur 
well back into the coupler where higher electric fields can be tolerated. Coupling 
efficiencies are quite h1gh (up to 98%) for the examples given. It appears that for a 
Tore Supra-sized port, folded waveguide couplers are practical even a t frequencies of 
60 MHz or less, although properties improve as frequency is increased, as seen by 
comparing the 120-MHz example in Table 1 to the 60-MHz example. 

A Faraday shield is not believed to be necessary for shielding electrostatic 
fields at the coupler mouth nor for heat shielding the inner parts of the structure. A 
shield may, however , be useful for particle shielding (including photon shielding) to 
reduce the possibility of breakdown within the coupler. 

ill. FREE-SPACE TESTS 

Cold tests on a small-scale folded waveguide have been performed to verify the 
predicted free-space field pattern within the structure and to test possible impedance 
matching schemes. 

An example of one of these experimental measurements is shown in Fig. 3. 
Plotted in the figure is the direction (3a) and magnitude (3b) of the wave magnetic 
field at the mouth of a simple folded waveguide coupler. Roughly, a half-sine 
dependence of field is found along the path through the folds of the structure, 
analogous to the structure of the TEQ1 mode in an equivalent unfolded rectangular 
waveguide. The frequency of the lowest order mode agrees quite closely with 
theoretical estima tes. Fields at the back of the coupler are equal to those at the 
mouth of the coupler, indicative of a mode above cutoff rather than evanescent fields. 

Full-scale tests of a high-power version of the folded waveguide coupler will be 
performed on the Radio Frequency Test Facility (RFTF) a t the Oak Ridge National 
Laboratory. These tests will provide some experimenta l information on folded 
waveguide coupling to a magnetized plasma. 
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Table 1. Tore Supra folded waveguide coupler parameters at 10 MW 
of input power and 10-cm plasma/coupler separation 

(60 cm X 70 cm OD, Zp = 50 Q) 

E lectric field in coupling 
apertures, kV/cm 

Peak electric field, kV/cm 
Distance from coupler mouth to field 

peak, cm 
Plasma loaded quality factor 
Unloaded quality factor 
Coupling efficiency,% 
Coupler length, cm 

120-MHz coupler 
(four folds) 

3.4 
31 

72 
480 

23,440 
98 

144.7 

60-MHz coupler 
(eight folds) 

1.9 
51 

145 
1320 
9770 

88 
291.45 

OANL- OWG 85-3~01 FED 

FOLDED 
WAVEGUIOE 
CAVITY 

Fig. 1. Standard folded-waveguide coupler. 
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Fig. 2. Tapered folded-waveguide coupler. 
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F ig. 3. Measured wave magnetic field at the mouth of a sma ll-scale folded­
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direction; (b) field magnitude. 



149 

VARIATIONAL THEORY APPLIBD TO MULTIPOLE AIID TO RBSOKAIIT ICRB AN'l'BJOIAB, 

!WiliBLIBR P. 

Association Eur-Cea sur le Fusion Contr616e CEN-FAR BP6 92260 Fonten~~y-euJC-roses France. 

1 IntrocSuction 
Numer-ous Oesigns o f ICRH antennae have been pr-oposeo for: present and f ut ur-e 
tokamaks , Oiffer:ing mainly in the number- and rel ative Oispositi on of the conductors 
and feeOer-s. A r-ealistic calculation of the expecteo coupl ing with plasma is neces­
ar:y to guioe the conception, taking into account the possibility of shaping the 
r-adiateO spectrum by pr-oper: choice of curr-ent phasing . 
A variational principle previously introduced by K.Theilaber: /1/ i s applied to mul­
tipol e loop antennae, allowing for: arbitrary cur-r:ent phase and amplitude in t he 
feeders. 
As an application, we consider- a symmetrical resonant antenna such as proposed by 
Qak Ridge National Labor-atory /2/ , in which the matching is performed inside t he 
antenna by capacitive elements .The variational pr-inciple yielOs the currents and 
voltages, the coupling with plasma as well as the values of the capacit ors. 
Finally we present numerical r esults for a double re~onant antenna proposed for the 
Tor:e Supra tokamak. The Oesign is shown t o be r estricted to a limiteo r ange of fre­
quencies.The possibility of arbitrary phasing between the conouctor s is discussed 
anO spectra are presented for: various phas~ngs. 
I1 'l'he Variational Pr-inciple 

We consiOer: a slab geometry : The toroidal magnetic fielO is in the Oz Oirection (no 
pol oidal component ) , the radial density graOient i n the ox Oirecion.Effect of the 
plasma is i n troouceo by t he spectral admittance at the eOge of plasma : 

Yp(ky,kz)=Hz (ky,kz )/Ey(ky,kz ) 
Yp(ky,kz) is calculated by integrating from the center: of the plasma the coupled 
equations for: Ey(ky , kz) ano Hz(ky,kz) for: the fast magnetosonic wave in the total 
r:aoiation limit (i.e. strong absorpt i on ) . Yp is in general s ymmetrical regarding kz 
but not r:egaroing ky . 
We consiOer a loop ante nna enc l oseo by infinite metallic limiter:s in the Oy and oz 
d i r-ections a no by a Faraday shield acting as a perfect polar:izer in t he ox 
Oir-ection . .. .. 
Let us call J anO K two solutions for: the currents flowing in the conductors of 
the antenna ano Ji ano Ki the cor:respond: ng cur:r:ents flowing in the feeder: n•i. 
The variati onal principle r:eaos /1/: 

(II.1) Ii zi J i Ki = - I I (s) E(J) . K os 

where ~(J) is the electric field induc ed by J and (S) the surface of the inner 
conductor s in t he a ntenna. .. 
Minimization of t his integral equatio~ regarOing K yields the impedances Zi at 
each feeoer ano the physical current J . 
The antenna we consiOer here is plotted on Fig . 1 with the geometric dimensions 
retaineO for Tore Supra. Note that this compact antenna Ooes not exceed the size of 
the 60x70 cm por-t. The calculation can be extended to antenna with any number of con­
auctors ano feeOing pattern . 
We perfom the moOe analysis of the fields in the box constituted by t he limiters , the 
return conouctor anO the Faraday shield. Retaining N mooes in the 0y Oirection and M 
mooes in the oz Oirection , 

wher-e fri(y)=cos ~~Y(ly+y ) nn 
f~(y)=sin 

21
Y(ly+y ) 

(II.2) 
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Figure 1 . Geometr o f the Tore Su ra antenna. 

Continuity of the currents at the connexions writes : 

Jx(y,z)=2 Jy(-h , z) 6(y+h )-2 J y (-e,z) 6(y+e)+2 Jy(e ,z ) 6(y-e)+2 Jy(h,z) 6 (y-h ) 

so that vector ~ can be expressed as a function of ~ and J i as J i = ~i . Jy . 
The variational formula expressed in terms of ~ is : 

( 1!.3) 

We impose the z-dependence of the current distribution : 
N 

Jy(y,z)= ~=1 ( an n1 (z) + an+N h2(z) ) fn( y) (1!.4) 

where h1(z) and h2(z) are defined on Fi g 2. In case of arbitrary number of conduc­
t ors , care must be taken that t he functions hi are or tho 

z, 
-lz - 1 0 +l +lz 

Figure 2 . h1(z) 

Finally, the variational principle r eads 

t i zi <~i · e> · <~i·~> = ~ • ~· • e 
where e and ~ are 2•N dimensions vectors. 

z 
+lz 

(II.5) 

If at several of the connexions the inpedance Zi is imposed (for example by a 
short-circuit or a stub), it can be written : 
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Minimization yields a system of I equations where I is the number of connexions whe­
re the impedance is to be determined . 

I:j:l cij (!;lj - ~) zj = Qi -~ with cij = Qdt-
1
.gj ( n. 7) 

Recalling t hat Qi·~ is the current in the feeder n'i, it is seen that , for any 
multipole antenna, it is sufficient to impose the currents in the I feeders to 
determine the impedances by solving the system which turns out to be linear. 
III Resonant antennae 
we consider a resonant antenna such as proposed by oaJt Ridge National Laboratory for 
Tore supra/3/. It is constituted by two identical half antennae, each one fed at the 
center point by one generator of impedance z,. Matching with the generator 
is realized by adjusting variable capacitors connected at both ends of each antenna 
(Fig.3). 

Z1 =1/jC1w 

y=O 

line 

Generator 
impedance z 

Z2 =1/jC, w 

impedance z, ) 

Figure 3. connecting scheme for one half- antenna. 

The geometrical dimensions are indicated Fig.l. Note that the feeding point is 
approximated by a double current layer instead of a coaxial line in the real design. 
We impose the impedance to be z, at the feeding points using formula II .6 and state 
the four unknown impedances insuring ruatching are purely imagi nary . To contr ol 
accurately the radiated spectrum , we impose the currents at the point y=~(h+e) on 
each half- antenna which yields two equations of same type as II. 7. 
The resulting s ystem is generally non- linear regarding the four unknown impedances. 
wnen the amplitudes of the currents are equal and the phasing 0° or 1eoo, the values 
of the capacitors are the same for each half-antenna and are the roots of a mere 
2nd- order equation . Results are presented for 0° phasing for .the 37 to eo Mhz fre­
quency range planned for Tore supra. Plasma is deuterium except at eo Mhz (helium). 
Magnetic field is 3.6T(37MHz), 4.2T(43MHz). 3.7T(57MHz). 4.1T(63MHz) ,4.ST(69MHz). 
4.5T(69MHz), 3.9T(eOMHz) according t o the different heating scenarii (Fig. 4) . 

Figure 4. Values of capacitors currents Voltages 
Parabolic density pr ofile from 1011cm-• toe lO''cm-• . 
Minor plasma radius eocm. Major radius 23e cm. 
N=20 modes in the Oy direction, M=7 modes in the oz direction . 

lasma normalized to 2 MW for the whole antenna . 
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Fig . 5 shows the current 
re the matching im 

BOO . 

600. 

400. 

200. 

-1 . 0 -0.5 o.o 0.5 1. 0 
Figure 5. Poloidal current rofile at 63 HHz. 

This defines the capacitors range necessary for a given coupling wit h plasma, here 
411-67 pF on one side and 155- 27 pF on the other for 37 to eo MHz operation . If the 
coupling with plasma is decreased, these ranges tend to become more symmetrical. 
For example, in case of out of phase operation (190° phasing) , t hey become respec­
tively 367-71 and 195-34 pF and without plasma and 0° phasing they are nearly the 
same (210-35 pF). 
For arbitrary currents in each half-antenna, we sol ve numerically the non-linear 
system II.7 by a Newton-type method. Starting from 0° or 190° and equal amplitude 
where we know an exact solution, we change step by step the phasing or the amplitude 
until reaching the given values. 
Let us consider case with currents of equal amplitude and increase the phasing from 
0° between antenna n'1 and 2. Due to t he mutual coupling, the lineic resistance 
drops in antenna 2 until the matching is no more possible for a maximum phasing q>maX · 
At 63 HHz, ,max is about 67° for same plasma conditions as above.Appoaching this 
value, the generator feeding antenna n•2 furnishes almost no power and the matching 
capacitors have almost t he same value (75 pF instead of 49 and 146 pF at each end of 
conductor n'1). 
Still increasing phasing , matching becomes again possible for a phasing greater 
than ,min=126° at 63 MHz. The range of accessible phasings gets larger when coupling 
increases. A solution to avoid this !.imitation would be to separate by a conducting 
wall the t wo half-antennae . Spectra of the r eal part of the impedance as a function 
of toroidal wavenumber are resented at 63 MHz for 0° ,190° and 65°(Fig.6) • 

. , 
... 

Figure 6. Real part of impedance vs toroidal wavenumber (f=63 HHz). 
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NEW HIGH POWER TETRODES FOR ICRH APPLICATIONS 

p, GERLACH - G. SIRE - J,p, I CHAC 

THOMSON-CSF Divis i on Tubes Electroniques 
38 rue Vauthie r - BP 305 , 92102 BOULOGNE BILLANCOURT CEDEX - FRANCE 

After ear lie r success ful achievements at TFR (France) and Heliotron E 
(Japan) in I CRH app l ications, Thomson-CSF El ect ron Tubes Division has been 
recently se lected t o supply a new type of t etrode - the TH 525 - for JET 
(EURATOH , UK), and complete ICRH ampli fiers for Tore s upra (France). 
These two projects are both typi cal of the new requirements f r om physicis ts 
wo rking in plasma heating which have appeared during r ecent years . They show 
a t rend t owards increased unit power operat ing over longer pulses at higher 
frequencies . The problems, well known t o manufacturers of gridded power tu­
bes, which are inherent to such applications become more and more difficult 
to ove r come . 
This paper describes the techniques which have been deve lopped at 
Thomson- CSF to meet these cha llenges and presents the perfo r mances of the 
new t e t rodes that the mastery gained through years of experience in these 
techniques has allowed to develop . 

TECHNOLOGICAL CHALLENGES AND SOLUTIONS 

Anode Dissipation 
Whatever the design pr ecautions , there i s always in ICRH systems a possibi­
lity t o have temporary ove rloads or high SI-IR , and in such a case the anode 
dissipation increases very rapidly. An efficient l iquid-vapor phase coo l ing 
technique has been introduced by Thomson-CSF under the name Hypervapotron 
whi ch has been tested over 2 kl~ per square centimeter ; but in tubes cooling 
design, i t is used usually far be low thi s limit - say up to 1 kl< pe r square 
cen timeter - a llowing a la r ge sa f e t y margin . Thi s same technique has a lso 
been applied at JET for the cooling of the limiters and beam dumps. 

Pyro lytic Graphite Grids 
Once t he anode dissipation problem solved , the l imitat i ons in high power 
gridded tubes were transfered t o the gr ids ; conventional mesh type grids 
suf f e r of t he pr esence of thermal and secondary emission, poor mechanical 
rigidity at high temperature, lack of dimensiona l s tability in t empe ratu r e 
cyclings . The r emarkable properties of pyro l ytic graphi te make it nearly the 
ideal material to cope with t hese drawbacks which are still enhanced in te­
trodes intended fo r ICRH appli cat ions . Thomson-CSF has developped a techno­
logy to manufacture Pyrobloc grids , which are t he grids made of thi s 
anisotropic crysta llized ca rbon obtained by decomposition of a gazeous 
hydrocarbon at high tempe r a ture and vacuum depos ition on a carbon mandrel . 
Thermal emission of these grids is reduced by the combined ef f ects of a low 
and const ant resistivity in pla ne (ab) parallel to the plane of depos ition 
a nd a n excell ent ther mal conductivity in t hi s (ab) plane, result ing i n a lo­
wer grid tempe rature. This second property also helps reducing grid de forma­
tion as heat transfer to t ube terminals is improved . 
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RF losses are a lso higher when operating frequency increases, constituting a 
severe challenge as they l ead to an important increase of inner tube tempe­
rature which is the source of possible outgassing. This outgassing and the 
vapor pressure inside the tube vary exponentia lly with temperature which i s 
an increasing function of the ratio lp/£ where p is the resistivity of t he 
material and £ its emissivity ; this ratio is considerably better with 
Pyrobloc grids, as shown on table l below . Another important factor when RF 
losses are cons idered is the Q factor, linked to grid materia l r es istivity 
this resistivity, as shown on figure l is decreasing when temper a ture i n­
creases while that of other materials increase : in hot conditions, the Q 
factor is of t he same order of magnitude fo r a l l materia ls including pyroly­
tic gr aphite. Short overloads are also made possible to withstand with these 
grids due t o the material chemical stability at high temperatures without 
outgassing and the higher resistance t o thermal shocks. 
Another decisive advantage of the Pyrobloc grids in achieving the larger 
diameters required for high power as well as the reduced inner interelectro­
de spacing necessary for high gain is the stability of their diameters due 
to a negligible thermal expansion factor i n the (ab) plane (figure 2) . 
Me chanical strength of this material, improving when temperature increases, 
and low weight helping a higher resistance to mechanical shocks, a r e a lso 
contributing to the performances of t hese grids . Furthermore , they come in 
one piece where mesh, cap and supporting base form a continuous st r ucture 
without any mechanical assembly or welding point, this enhancing the relia­
bility of the tubes using these grids. More than twenty years experi ence in 
designing Pyrobloc grids mounted in tubes ope rating in large quantities and 
various types in TV and rad io broadcas ti ng as wel l as in scientific and in­
dustrial application worldwide have gi'fen Thomson-CSF fu l l expertise in pro­
du cing them. Af t er having tested through the years several manufacturing 
processes , Thomson-CS·F has selected those offering optimal reproducibility 
and reliablity the latte r being evidenced by recent tests on the screen grid 
of TH 518, the very same tube already used in ICRH experiments on TFR/France 
and He l iotron E/Japan : this screen grid rated at 9 kilowatts dissipation 
was tested at 40 kilowatts dissipation during several minutes without any 
damage to the tube. It is worth mentioning that the broadcasting version of 
this TH 518 tetrode, called TH 558 and used in many sockets has bee n and is 
operating in a specific design i nvolving a peak dissipation of 64 kilowatts 
during one microsecond . 

Cathode Design 
The experience accumulated over the yea r s in producing high powe r gridded 
tubes has led Thomson-CSF to select this "cage" type de s ign as the most sui­
table one for the thoriated tungsten 1-'ire cathode used in these tubes. An 
in-house development of a specia l manufacturing process has allowed a per­
fect reproducibility of the cathodes and regularity of their geometry : wel­
ding of each cross-over point of the cathode is individually 
computer-controlled . This process ensures a long and reliable cathode life, 
already experienced for years in radiobroadcas ting applications . 

New Developments 
A new t et rodes family has been developped to match the lates t ICRH require­
ments. The use of Hypervapotron cooling has allowed a 1.5 ~~maximum anode 
dissipation on the tube TH 525 which sha l l be operated by JET. Its Pyrobloc 
grids, as well as the cathode , have been derived from those already fie ld 
tested for year s in radiobr oadcasting with the 1 ~~ AH carrier tetrode 
TH 539. 
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The main parameters and the present test status of this new tube are given 
in table 2 below. The Toresupra project which involves higher operating fre­
quencies - up to 120 MHz - has required to develop another type, the TH 526. 
This tetrode is very similar in structure to the TH 525, with s l ightly shor­
ter electrodes allowing operation at t his higher frequency . Table 3 below 
shows the main parameters and the present test status of this TH 526. 
The test results mentionned in tables 2 and 3 have been obtained in the 
Thonon plant of Thomson- CSF where a complete t est facility has been instal­
led allowing full development and testing of the tetrodes matching the pre­
sent and future ICRH requirements . This test facility includes a 5 MW power 
supply , and a test load for more than 2 ~ru dissipation capability. 
Some of the other tetrodes presently avai lable for ICRH requirements, inclu­
ding the TH 535 which is used as a driver for tubes TH 525 or TH 526, have 
their main parameters shown on table 4 below. 

Circuit Design and Stability Considerations 
As gridded tubes dimension become 18rger to cope with increased power requi­
rements, unwanted circular modes are more likely to occur in the tubes 
coaxial s tructure. A special device built inside the Thomson- CSF tubes pro­
hibits the occurence of the fundamental mode TEll . In many applications in 
open space , the radiation impedance is sufficient to dampen the upper modes. 
In other ICRH or TV applications the tube is inside a closed resonant cavity 
circuit which shields this impedance . The strong interaction between the tu­
be and the external circuit on which it is mounted is such that a c lose coo­
peration between the amplifier designer and the tube manufacture r is 
necessary to solve the resu lting problems. Thomson-CSF long experience in 
designing cavities for UHF and VHF TV applications as well as for high powe r 
scientific projects, which led t o special patented waveguides loading ade­
quately the unwanted frequencies without affecting the operating frequency 
in coaxial mode, offers an expertise ••hich ranges from the tube design to 
the corresponding matched circuit. This expertise allows Thomson-CSF either 
to supply the amplifier with the tube or to assist outside amplifier manu­
facturers in the most efficient design using the tube . Each of these two si­
tuations is encountered with the JET and TORESUPRA projects. The TH 525 
shall be used in existing amp lifier sys tems which shall be modified by their 
designer, HERFURTH GMBH in order t o fit t hi s new tube and to attain the in­
creased power of 2 MW per unit ins tead of the ori ginal 1.5 ~ru only . A posi­
tive cooperation is taking place between Thomson-CSF and HERFURTH engineers . 
In the case of TORESUPRA, THOHSON- CSF shall supply the 6 complete ampli­
fiers, including each the tetrodes of the 3 stages - TH 526 , TH 535 and 
TH 561 - with their associated coaxial cavities -TH 18525, TH 18535 and 
TH 18561- operating in grounded grid configuration. Test loads able to dis­
sipate 2 }ill in long pulses within the 30-80 ~rnz frequency range, as well as 
at 120 HHz with only a small mechanical modification, shall also be supplied 
by Thomson-CSF. 
It is worth to note that the TH 18525 cavity which shall be supplied to 
TORESUPRA is able to operate a t full performance with either TH 525 or 
TH 526 tubes. A cavity of this type has already been implemented in the test 
facility presently in service . 

CONCLUSION 
As the scientific community involved ln fusion programs requiring ICRH thinks 
that the pr esent trend towards higher performance tetrodes able to withstand 
higher power during longer pulses is likely to cont inue in the years t o co­
me, Thomson-CSF is preparing to develop the next generation of tubes with up 
to 5 ~~ target useful RF power. The experience gained in completing the de­
velopment of TH 525 and TH 526 is a new important step towards thi s aim . 



156 

Resistivi ty p Total v-p Mu I>Je1ent Materia l TH 525 OtHfltlng Tut IOcm/cm/'1 Emissivity E -E-- Aallft(ll 
cot~dmon• SllltUI 

Pyro 200.10 ' 0.9 0.016 Plate Dissipation ,.....,_. 1.5 1.8 

w 40.10 ' 0.19 0.033 Screen Grid Dissipation t•WJ 12 2S 

Ta 62.10 ' 0.19 0.041 
Control Grid Dlulpallon """ 4.5 5.5 

Pt 60.104 0.15 0 .052 
Plate Voltage twt 30 23 .7 

Plate Current ,,.. 180 121 

TABLE 
Ser .. n Grid Voltage M 2000 1700 

' Control Grid Voltlge rvt -1000 -450 _, .... 
POWER OUTPUT ~Jo~wt 2.5 2" 2.2 --~lyticp.otlitC"Icl 

to -• DRIVE POWER 
REQUIREMENT tlt.Wl 100 < 100 51 10 -~ 

~:~~-r-".':·~-·~i~~:·~-
PULSE LENGTH ts..l 30 20 50 

10 "
2 ----_, ~P"' FREQUENCY IMHt/ 90 23 .57 55 

Sa tO r-r-· MaJC. Frequency thlfirl 100 

J 
_, .• 

• SWRC 1.5 TABLE 2 s.t0 -4 

r-K'yloiYI+Cfl'lpho:.J.::..-+-.. 
"" 

.. 
Prennl .... 

M a•. ~ Sa iO·S TH 526 oper•llrte ·! Ailing• 
··;Uitfli<I!A conditJon• SIIIUI 

~ . .. -· .. .. ---· 
Plate Dissipation .._, 1.2 1.3 

~ h 10-· 
Screen Grid Dlnlpallon t•WI 12 25 .. 

.. -· , .... ·cGPPI' 
Control Grid Dlulpellon •w 4.5 

h10-l ·- Plate Voltage ""'' 27 24 1 18 

t0 - 7 f'tate Cunent w I !la 115 120 - 1--s .~·• Screen Grid Voltage M 2000 1750 

..,-• Control Grid Voltage M - 800 -350 

-27J 0 ... 1000 .... 2000 2500 3000 POWER OUTPUT 
(on matched load) -..wt 

2 r5 2" , 1.4• 2 11.8 Ttmp.r•lutt~n"C 

FI GURE 1 
DRIVE POWER 
REQUIREMENT I•WI 70 60 70 80 

25 PULSE LENGTH IIMJ 210 210 4o 1 go 

FREQUENCY !Mtid 80 1120 80 1120 55 

J.:......-
V~.-- MaliC. Frequency IMHd 130 

PyralyiiC tt~ltlcl--- ·swA ,,.5 
u V r:--f- - -- - ·- TABLE 3 
·~ 20 

(. ~ .. ~~, .. -
2 --f-- -

TH !535 TH 519 T H 518 ' 
,, 

l" 
1-' --

Plate Dlaslpat!on u.w, 100 700 1200 --
Screen Grid DlnlpaUon !kW! 0.7 · -1--

1- t-SI•tKiuMtltfC:Cif',. _ f== Control Grid Dlnlpatlon lttWI 0.3 

J 
1- r--,- -- ;:-~: ·-•• Plate Voltage 1w1 20 18 20 ........... -·· 

, \ - f--
J 1- r- ... ptate Cunent , ... , 25 70 105 

1-r- TU!\fUtn ,,., .. -- Screen Grid Voltage M 1500 1500 1500 

1 • '""·:: -·· - < ....... _c-_~ Control Grid Voltage M - 8oo - 450 -450 

~ 1- ~~ .. - POWER OUTPUT ~wt 100 1000 1500 

0 
- _;; v ,..,.olytJC•-.."1_.,1-

DRIVE POWER 

~ REQUIREMENT n.wt 80 90 - --=-+= -- PUlSE LENGTH .,_, 30 210 

m 0 ... .... 1!>00 ,... 
""" 3000 FREQUENCY IMH•I 150 120 80 

T•'"-Pif•twrt ~n •c Max. Frequency ......._. 300 130 110 

FIGURJ; 2 TABLE 4 



By ecc:eptance or tt.ls 1nlc:te, the 
publi•her or recipient ec:kno w ledges 
the U .S . Governme nt 's right t o 
retain a nonexc:tus•ve. roval ty ·fre e 
hcense In and to any copy righ t 
covering the art icle. 

157 

ICRF HEATING TECHNOLOGY DEVELOPMENT ACTIVITIES 
AT OAK RIDGE NATIONAL LABORATORY• 

F. W. Baity, W. E. Bryan, D. J . Hoffman, D. E. Schechter, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee, U.S.A., and T. L. Owens, 
McDonnell Douglas Astronautics Company, St. Louis, Missouri, U.S.A. 

I. INTRODUCfiON. The rf technology program at the Oak Ridge National Laboratory 
(ORNL) is developing the components needed for heating in the ion cyclotron range of fre­
quencies (ICRF) on future fusion machines, such as the Compact Ignition Tokamak. Com­

ponents produced in this program are already in use on experiments throughout the world, 
including Doublet III-D (DIII-D), TMX-U, Alcator-C, and TEXTOR. Designs have been 
developed for implementation on Tore Supra and ASDEX. Recent developments in vacuum 

feedthroughs, compact loop antennas, high-current capacitors, and folded waveguides are dis­
cussed in this paper. 

IJ. VACUUM FEEDTHROUGHS. The first product of the ORNL rf technology program 
was the 50-!l vacuum feedthrough with a cylindrical ceramic. This feedthrough has now 
received field testing under a variety of operating conditions as a result of its immediate appli­
cation at several laboratories. Attractive features of this basic design include high voltage and 
current capability, a demountable ceramic assembly, cooling passages for steady-state opera­
tion, low insertion voltage standing-wave ratio, and wide frequency bandwidth. 

Figure I is a schematic drawing of the feedthrough built for TEXTOR. This design, 
equipped with 200-mm conflat flanges at both ends, is used at two locations in the coaxial 

Fig. I. 50-!l long-pulse rf feedthrough designed to TEXTOR specifications. 
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transmission line: near the antenna, with vacuum on both sides of the feedthrough, and at a 
second position farther from the antenna, operated with nitrogen pressurization on one side. 
Two versions of this feedthrough were constructed: one with niobium end caps for the ceramic 

and one with copper end caps. Figure I shows the ceramic with the niobium end caps. The 
niobium proved to be superior in voltage rating, reaching peak voltages greater than 150 kV 
for I 00-ms pulses, but the braze joint could not be made reliably and was somewhat fragile. 

For subsequent versions of this feedthrough, a tapered copper-to-ceramic braze was used. In 
both cases, the braze alloy used was Ticusil, and no metalizing of the 96% alumina ceramic 
was done. For this design, the ultimate voltage rating depends on the pressurization since 
breakdown always occurs on the pressurized side. For the case of the copper end caps, nickel 
and gold platings were applied and tested for effects on voltage breakdown, with some 
improvement. Table I summarizes the voltage breakdown limits for the various cases. 

Table I. Feedthrough Voltage Standoff in Kilovolts 
(All tests at 25 MHz, 5 s; peak voltage) 

Material brazed to ceramic 

Pressure, 
gauge (atm) Niobium Copper Nickel 

0 (Nz) 80 34 42 

I (Nz) 92 40 57 
2 (Nz) 48 75 
0 (SF6) 60 75 
I (SF6) 80 >88 

A prototype 25-Q feedthrough has been fabricated for ASDEX. This feed through incor­
porates a buffer vacuum between the machine vacuum and the pressurized transmission line. 
The structure maintains the external dimensions of existing ASDEX feedthroughs. A 
schematic diagram is shown in Fig. 2. The ceramic is brazed to the hourglass outer conductor. 

The inner conductor is sealed to the ends of the ceramic cylinder by means of Helicoflex seals. 
This design should possess greater mechanical strength than the 50-Q design. A potential 

disadvantage is that the ceramic cannot be as easily replaced as in the 50-0 feedth rough in 

case of a failure in the braze joint. 

IJI. COMPACT LOOP ANTENNAS. A low-power prototype cavity antenna has been 
installed on DIII-0. 1 The primary purpose of this antenna is to measure plasma loading for a 
wide range of plasma conditions and fre,quencies and to compare the results with calculations 
by GA Technologies and ORNL. The antenna can be moved radially over a small range. The 
antenna has a Faraday shield consisting of two layers of copper-plated Inconel rods with 
1.5-mm-thick graphite plates brazed to the rods on the plasma side. Extensive thermal and 
stress analysis calculations were performed for this antenna to verify the survivability of the 
design under the worst-case tokamak conditions, such as major disruptions. The results of this 
analysis are applicable to other large tokamaks, providing a useful base for other compact loop 
designs, including Tore Supra. Because the prototype antenna will only operate at low power 
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Fig. 2. 25-fl rf feedthrough designed to ASDEX specifications. 

during the first year of DIII-D experiments, inertial cooling was determined to be adequate, 
and active cooling will not be used. 

A development version of a high-power DIII-D cavity antenna is under construction for 
use in the Radio-Frequency Test Facility at ORNL. It will be operated during the second half 
of 1986 when the 1.5-MW transmitter becomes operational. This antenna was designed for 
easy modification so that new antenna components can be easily tested at high power in a 
plasma environment. 

A preliminary engineering design has been done for a resonant double loop (RDL) 
antenna2•3 system for Tore Supra. This design consists of two RDL antennas side by side 
behind a common Faraday shield. The entire structure is mounted in a large port and can be 
moved radially to couple to plasmas with different minor radii. The antenna incorporates water 
cooling, allowing operation for 30-s and 210-s plasma pulse lengths. With improved vacuum 

variable capacitor design, it appears possible to couple 2 MW per loop over the frequency 
range 35 to 80 MHz. 

IV. HIGH-CURRENT CAPACITORS. A key to the success of compact loop antennas in cou­
pling several megawatts of power to a fusion plasma is the development of a vacuum variable 
capacitor with higher current capacity ( - 1 kA) than commercially available units. In addi­
tion, the internal inductance of the capacitor must be minimized to allow operation at frequen­
cies up to 80 MHz and possibly higher. An improved design was devised based on postmortem 
analysis of an existing design. The capacitor industry was approached with this new applica-
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tion, with the result that both Comet (Bern, Switzerland) and Jennings (San Jose, California, 

U.S.A.) have agreed to build prototype units which will be tested at full parameters on a test 
stand at ORNL during 1986. 

V. FOLDED WA VEGUIDES. A new waveguide configuration, known as the folded 
waveguide,4·s is a promising candidate for ICRF heating on large, high-field machines where 

second harmonic heating occurs at frequencies on the order of 100 MHz. The folded 
waveguide can easily be configured to conform to existing port sizes, which are usually larger 
in the poloidal dimension than in the toroidal dimension for most tokamaks. An advantage of 
the folded waveguide over ridged waveguide designs is that the rf electric fields at the mouth 
of the guide are near a minimum. 

The folded waveguide can be envisioned as a rectangular waveguide several times wider 
than its height which is folded accordion-style several times. The cutoff frequency can be made 
arbitrarily low for a given envelope by increasing the number of folds. The magnetic field at 

the mouth of the guide reverses at each fold, so the guide is fitted with an aperture plate to 
permit only the desired polarization to couple to the plasma. 

Measurements on a low-power scale model have confirmed the basic operation of the 
folded waveguide. Three-dimensional code calculations are in progress.6 

VI. SUMMARY. Compact loop antennas have been installed on DIII·D and designed for 
Tore Supra. Two keys to the successful high-power operation of compact loops, enhanced 

vacuum variable capacitors and low-impedance feedthroughs, are under development. For 
higher frequency applications (f > I 00 MHz), the folded wave guide, which offers several 
advantages over ridged waveguides, is under investigation. 
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1. Introduction 

A compact antenna is being considered as an a lternative to conventional long 
loop launchers for waves in the ion cyclotron range of frequencies (ICRF) on Tore 
Supra. A pair of resonant double-loop RDL antennas! can be mounted entirely 
within one of the large horizontal ports. With the exJlected antenna loading_ 
-6 Qm, it should be possible to couple the full power (2 MW) of one of the rf 
power generators through each of the two loops. 

A preliminary engineering design of a compact loop launcher for Tore Supra has 
been completed. The design incorporates active cooling so that the launcher can 
withstand the nearly steady-state energy flux during the 30 s pulse length of 
plasma operation. The advantages of the compact loop a re threefold: the 
antenna is easily installed or removed, the antenna can be moved relative to the 
plasma edge to modify the plasma loading, and there is no need for external 
matching circuitry. Three such launchers are being considered and would be 
able to transmit the total (12 MW) power of tbe s ix generators. The 
characteristics of the antenna have been chosen to allow mmority heating of 
deuterium plasmas containing a few percent ofH or 3He between 3.5T and 4.5T 
and for harmonic cyclotron heating of pure 3He at 4T. 

Major machine parameters for Tore Supra are listed in T able 1. 

Table 1 
Tore Supra Machine Parameters 

Magnetic field on axis 
MaJor radius 
Minor radius 

4.5T 
2.38m 
0.8m 

Pulse length 
Repetition rate 
ICRF port size 

2. Design Requirements 

30 s (2 10 s) 
Every 4 min (10 min) 

60 cm X 70 cm 

Each ICRF loop for Tore Supra is required to handle 2 MW for 30 s every 4 min 
or for 210 s every 10 min over the frequency range from 35 to 80 MHz. Two such 
loops will be mounted through a single large port on the horizontal midplane. 
The antenna must be impedance matched to a 30 Q transmission line. The 
structure must be able to withstand disruption loads result ing from a rate of 
change in the magnetic fi eld of 50 T/s. 

The entire structure must be desi~ed for radial trans la tion in order to provide 
good power coupling through a wtde range of plasma sizes and positions. The 
minimum acceptable radial translation is 8 cm. The design goal is 30 cm. 
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The RDL has several advantages over conventional loops. The capacitors 
provide both tuning and impedance matching, thus allowmg operation over a 
wide frequency range with no hardware changes. The efficiency is improved by 
minimizmg the high-current path length. The requirements on the feed through 
are reduced because the transmission line is matched at the feedthrough. No 
high voltages appear in the pressurized transmission line. Finally! the entire 
antenna structure fits in a port on the machine, facilitating insta lation and 
removal. 

The Faraday shield of the antenna must be compatible with water cooling. The 
inlet temperature is 170°C and the inlet pressure is 38 bar, with an 8-bar 
pressure differential. Other parts of the antenna structure requiring water 
cooling can use 30°C inlet water temperature at a pressure of 8 bar. The entire 
structure should be bakeable to 200°C without water cooling. 

The materials for the parts of the antenna structure exposed to the plasma are 
restricted to graphite, stainless steel, or Inconel (in limited quantity). 

Maximum expected environmental parameters ar e as follows. The magnetic 
field strength in the vicinity of the antenna will be 3.5 T. The neutron flux will 
not exceed 4 X 1011 (neutrons!cm2)/s. The particle flux will not exceed 1 X 1019 
(particles!cm2)/s. 

3. Design Mechanical Description 

The design selected for study at ORNL consists of two asymmetrically fed RDLs, 
each incorporating two vacuum variable capacitors of advanced des1gn. Figure 
1 shows a schematic drawing of the antenna with the mounting flange for the 
Tore Supra port. The antenna radiating element is supported at each end by the 
capacitors and in the middle by the coaxial transmission line. The two loops are 
located side by side in the toroidal direction. Both loops are enclosed in a 
rectangular box, which is supported by bearings mounted to the sides of the Tore 
Supra port. A single Faraday shield covers the front of the box. Bellows 
attached to the port cover _provide 30 cm of radial movement of the entire 
structure. A 30-!1 vacuum feedthrough is attached to the coax from each loop. 
Each of the caf.acitors and the antenna position can be adjusted d:,-namically l:iy 
remote contra . The antenna specifications are summarized in Table 2. 

Table 2 
Tore Supra RDL Specifications 

Length of radiating element 
Width of radiating element 
Gap between Faraday shield and 

radiating element 
Faraday shield type 
Faraday shield materials 

Total inductance 
Minimum capacitance 
Maximum capacitance 
Maximum peak voltage 
Maximum rms current at 37 MHz (80 MHz) 

60cm 
16.5 cm 

2cm 
2 tiers of round tubes 
Graphite-coated 

lnconel 
155nH 
40pF 
400pF 
45kV 
900A(750 A) 
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4. Electrical Design Calculations 

The goal for the Tore Supra antenna is 2 Nf.W power operation over the entire 
frequency range of35 to 80 MHz with realistic capacitor values. Figure 2 shows 
the capacitance values needed to tune the antenna and to match the input 
impedance to 30 n as a function of plasma loading resistance for two 
frequencies: 37 and 80 MHz. The antenna parameters used are those of Table 2. 
The range of loading resistance shown for each freC@ency is approximately what 
is expected based on theoretical calculations of ICRF heatmg for Tore Supra 
plasma conditions. The load can be controlled somewhat oy adjusting the 
distance between the plasma and the Faraday shield. The range of capacitance 
required (40-400 pO appears reasonable based on existing designs. High-current 
capacitors are being developed by Comet (Bern_,~ Switzerland) and Jennings 
(San Jose, U.S.A.) and will be tested at ORNL this year. Based on tlie 
specifications supplied by Comet, the maximum power which the antenna can 
deliver as a function of loading resistance is shown in Figure 3. The curve for 
37 MHz is determined by the 900 A rrns current limitation for a ll values of 
resistance shown. At 80 MHz the maximum voltage limit of 45 kV·peak is 
reached for loads below 3.5 !1; the maximum current of 750 Arms becomes the 
limiting parameter for higher loads. The design power level of 2 MW requires 
2.5 Q of loading at 37 MHz and 3.7 Qat 80 MHz; these values lie in the expected 
range calculated by ICRF theory. 

The calculations shown in Figures 2 and 3 were made assuming the antenna to 
consist of lumped circuit e lementsh· no correction was made for the variation of 
the current distribution along t e finite length of the antenna radiating 
element. Calculations of launched wave interactions with the Tore Supra 
plasma using realistic antenna geometry are addressed by Banneli erC2) at this 
conference. 

5. Summary 

A compact ICRF antenna has been designed for Tore Supra. The antenna 
consists of two RDLs side by side, mounted inside a large midplane port. The 
antenna structure can be moved radially for operation wtth plasmas of different 
minor radius. With upgraded vacuum variabfe capacitors, the goal of2 Nf.W per 
loop over the frequency range from 35 to 80 MHz appears attainable, based on 
expected plasma loading for Tore Supra conditions. 

Reference 

lT. L. Owens, F. W. Baity, and D. J. HofTman "ICRF Antenna and Feedthrough 
Development at the Oalt Ridge National Laboratory," Radiofrequency Plasma 
Heating: AlP Conf. Proc. 129, 95-98 (1985). 

2P. Bannelier, ICRF Paper at this conference. 
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COMPARISON BETWEEN H AND He' MINORITY ICRF HEATING 
EXPERIMENTS IN JET 

V. P. Bhatnagar* , S . Corti , J.J. Ellis , J. Jacquinot , 
P.P . Lallia , F. Sand 

JET Joint Undertaking , Abingdon, Oxon, OX14 3EA, UK 
* From LPP-ERM/KMS ; EUR -EB Association , 1040 Brussels , Belgium 

Introduc t ion 

In the ion-cyclotron resonance heat ing ( I CRH) exper iments in J ET, the 
RF energy is coupled to the plasma via t~e col d-plasma fas t magnetasonic 
waves which are generated by exciting I CRH antennae l ocated on the low­
field side of the takamak . In the minor i ty species heating scheme , t he 
minority ion (e.g. H+ or 'He in deuterium plasma) concentration n • Nj/ND 
{j • H+ or 'He) is required to be below a cer t ain critical concentration 
n0 [1) for a given k// , minority temperature And plasma density. For n > 
n0 , significant mode conversion to ion-Bernstein wave takes place . I n t he 
minority scheme, the RF power is primarily dumped into minority ions . The 
energy distribution of the minority i ons is characterised by a tail and 
the distribution function is generally estimated based on the quasi-linear 
theory developed by Stix [2] . RF accelerated minority ions , which are 
sufficiently well confi ned in JET, act as an intermediate energy reservoir 
and transfer their energy to the background eleJtrons and ions via the 
drag between minority ions and other plasma spe0ies. 

In thi s paper , we analyse and co11pare the ICRH results obtained in 
JET with H+ or 'He minority in deuterium plasmas . Based on the experi­
mental evidence , the aim is to present the merits and demerits of the 
heat ing wi th the two mi nori t y ion species and t o establish which minority 
ion is bet t er suited for plasma heating in JET . 

ICRH exper iments in J ET have been carried out un:!er a wide range of 
plasma cond itions wi t h t orodial field (BT) varying from 2 to 3. 4 Tesla and 
plasma current ( I p) from 2 to 4 MA . But , most of the data for H-mi nority 
was taken wi th an I D of 2 MA and t herefore , for comparison we have 
select ed He' data a l so at IP = 2 MA. In the case of H-minority the 
frequency of operation was ~ 33 MHz and BT was about 2. 3 Tesla whereas in 
He'-mi nority case , f • 25 ~ 31 MHz and Br = 2 . 6 ~ 3. 4 Tesla . A comparison 
of the eff iciency of ion and electron heating , plasma stored energy , 
asymptotic energy confinement t i mes , change in the radiated power and 
i mpurity production are present ed . 

Results 

Figure 1 shows a comparison of bulk-ion (deuterium) heating with H+ 
and 'He minority species . For l ower power levels such that PRFI<ne> ~ 
1.5 x 10- 11 W•m' , the i ncrease in ion-temperature is practically the same 
i n the two cases. However, for the va l ues of 1.5 ~ PRFI<ne> x 1. 0 1 ' 

~ 2 . 5 W•m' , the bulk ion heating i n the H-mi nority case seems to degrade 
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somewhat in comparison to the He' case . Figure 2 shows the corr esponding 
comparison of the central electron temperature. For 1 .5 ~ PRFI<ne> x 
10 1 '< 2. 5 W•m' , the loss of efficient ion-heat ing in the case of 
H- minority is well compensated by the improved electron heating. Note 
that the Te and Ti data points were plotted by averaging over the 
sawteeth. 

The above data of plasma heating in JET can be represented by: 

(6Teo + 6Ti 0 ) • a PRFI<ne> 

where a • 1.5 to 2 x 10 1 ' (kev .w-'m-•) 

Figure 3 shows plasma stored energy when I CRH power is increased up 
to 5 . 5 MW. The slope of a line pass i ng t hrough H+ data and that through 
'He data represent the asymptotic confinement times with values of T • 
0.15 s for H+ and T • 0.12 s for 'He. 

A comparison of the radiated power normalized by the l ine-averaged 
density square (<n 2 >) shows that it is higher at a given power level of 
4 MW by a factor or 1.7 in the case of H+ minority than in the case of 
He'-minority (see Fig. 4). Also the increase in metallic (Ni) impurity 
concentration was higher in t he case of H•-minority by a factor of about 
2 . 5 compared to that with t he 'He case [3]. 

Summary and Conclusions 

1. Bulk-ion heating is roughly the same for H+ and 'He-minority with 
6T0 • 1 keV at a normalized RF power RRFI<ne> • 1 x 10- 11 W m'. At 
higher power levels, ' He seems to be a little better than H+ minority 
from the point of view of ion heating. However, the poor ion-heating 
at higher power levels in H+ case is well compensated by a better 
electron heating. These observations are consistent with the Stix 
theory [2] in which the strong tail formed in the case of H-minority , 
relaxes on electrons whereas He ' -minority tail relaxes on bulk-ions 
at the RF power densities achieved presently in JET. For example for 
JET parameters, at a minority power density of 0.4 W/ cm', the frac­
tion of power going to electrons is 0.85 and 0 . 2 in the case of H+ 
and H' minori t y respectively . However, when RF heating power will be 
increased to tens of megawatts resulting in much higher minority 
power densities, both hydrogen and helium- 3 minority are expected to 
transfer their energy primarily to electrons. 

2. The asympt ot ic energy confinement times with ICRF in JET is marginal ­
ly better in the case of H+ than in the case of ' He minority. 

3. Both the (Bolometric) radiated power and the metallic impur ities are 
worse in the case of H+ than in the case for 'He-minority. 

References 

Equipe TFR, Report EUR-CEA-FC-1046, Fontenay-aux-Roses , France . 
T. H. Stix , Nuclea r Fusion , 15 (1975) 737 . 
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Electron Heating with directly launched Ion Bernstein Waves 
in JIPP T- IIU Tokamak 

K. Kawahata. R. Ando, E. Kako , T. Watari, Y. Hirokura , Y. Kawasumi, 
S. Morita, Y. Ogawa. K. Sato. S. Tanahashi, Y. Taniguchi. K. Toi. 

Institute of Plasma Physics, Nagoya University, Nagoya 464. Japan 

Abstract 

The directly launched Ion Bernstein Wave (lBW ) heating experiments have 
been carried out on JIPP T- IIU t okamak for two experimental condi t ions: (a ) 
the lBW- branch between 3rd- and 4th-cycl otron harmonics of the deuterium. 
called as "Mode- l " , and (b) the lBW- branch " between 2nd- and 3rd-cyclotron 
harmonics , cal led as "Mode- II". I n the "Mode- I " case. the direc t hydrogen 
heating at w=1 -~1 has been found. While, in the "Mode- II " case. the 
r emarkable i ncrease of the electron temperature has been observed. especially 
at the central region of the plasma . To investigate this difference of the 
heating mode , the power absorption has been calculated with the ray tracing 
code, taking into account of the effect of t he plasma.-'antenna coupling. It 
is concluded from the consi deration of the electron Landau damping that the 
transition from the ion heating mode to the elec tron one would be explained 
by the difference of the electron temperature at the ohmic phase; i.e . . r. (0 ) 
= 0.7 keY for the "Mode-! " and T. (0 ) = 1.3 keY for the "Mode-II " . 

l.Introductiofl : The IBW heating experiments with the tokamak configuration 
have been conducted at the JIPP T-IIU device (R/a = 0.91m/ 0.23m ) at the 
"Mode-!" condition ( 1,2] , and the sub-harmonics ion heating at w=3/ 2!1n. 
which has explored a new window for the nonl i near wave physics. has been 
observed. Recently, the IBW heating exper iments with anothe r branch have 
been also performed, where the 2nd- branch of the deuterium ions is applied. 
In this condition, the cyclotron layer at w=~ locates at the plasma center 
and the wave couples to the 2nd IBW branch of the deuterium ions: that is 
called as "Mode- II " experiments. We have observed the remarkable increase of 
the electron temperature . This is quite diffe rent from the result of the 
"Mode- ! " IBW experiments. To explain this discrepancy between "Mode- l and 
-rr · IBW heating experiments , the wave absorption of the IBW by ions and 
electrons was evaluated with the ray tracing code, t aking i nto account the 
effec t of the plasma/ antenna coupling. On Table I parameters for these two 
modes are presented. 

~perimental resul ts at the "MQge-II" lBW heating: The IBW heating 
experiments with the 2nd-branch between 2nd and 3rd cyclotron harmonics of 
the deuterium ion have been carried out , whe re the toroida l fie ld is 2 .8 T 
and the deute rium plasma with 10'6 hydrogen minori ty are used. The plas ma 
density is r oughly the same one to the "Mode I· IBW experiment. and the 
plasma cur rent i s about 1.8 times as high as that of the "Mode- I · . which 
makes the electron temperature much higher at the ohmic phase: that is. r. (0 ) 
= 0.7 keY for "Mode- ! " and T. (O) = 1.3 keY for "Mode-II " . Figure 1 s hows the 
electron temperature measured by Electron Cyc lotron Emission tELE) techni que, 
and ion t emperatures with mass separated analyzer , where the input rf powe r 
is 90 kW. The electron temperature begins to increase just al the time of 
the rf switch-on , but the temperature increases of hydror;en and deute rium 
ions are moderate. Clearly. this shows the remarkable difference from the 
results of "Mode-l" IBW heating experiments. presented i n ref ( 1 .2 ) . This 
fast rise of the el ectron temperature suggests the direct el ec tron hea L1 nr; by 
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the IBW. We can see from Fig. 1 (a ) that the electron heating is localized a t 
the central region ( r/ a < 0.5 ) . While, the ion temperature gradually 
increases with the time constant of about 10 ms. which is roughly equal to 
the collision time between electrons and ions. The charge- exchange spectra 
show that the distribution functions of hydrogen and deuterium are almost 
Maxwellian. Then , it seems t hat the mechanism of t he ion heating is not the 
direct ion heating by the IBW, but the coll isional heating due to electrons 
heated by the IBW. 

In order to examine the partition of the IBW power between electrons and 
ions. the simulation with zero-dimensional (0-D) transport code has been 
carried out. We have compared the experimental data with the simulation code 
by changing the partition of the lBW power for each species , keeping the 
total wave power constant . It i s concl uded that, if almost all the wave 
powe r is delivered to the electrons , the increase of the elec tron temperature 
is consistent with the experimental data, and the ion heating is also 
explained by the collisional heating through electrons. 

3.DiscussiQn: It is very interesting that two kinds of lBW experiments 
have shown the quite different heating mode; that is, the ion heating at the 
' Mode- l ' lBW experiments and t he electron heating at the ' Mode-11' one. To 
understand this phenomenon in more detail , we have calculated the powe r 
deposition with t he ray tracing code, paying much attension to the 
plasma/ antenna coupling. 

First of all. let us discuss the power absorption of the lBW for t he 
"Mode- l' condition. Figure 2(a) shows the power absorption along the ray 
trajectory calculated with the ray tracing code for the "Mode- l " 
condition ( ! ). When the parallel refractive index N1 is relatively small 
(e.g., N11 "'4 ) , the wave can propagate into t he plasma center and is strongly 
absorbed at the cyclotron harmonics layer of ~=300 . When the index N1 
increases (e.g., Nu > 6 ) , the wave suffers the electron Landau damping 
before the wave reaches the cyclotr on layer. In Fig. 2 (b ), the power 
partition of the lBW between e lectrons and ions are presented as a function 
of t he refractive i ndex Nu for various electron temperatures . We can see 
the cl ear transition from the ion heating at the small N1 to the electron 
heating at the large Nn . Accompanied by the increase of the electron 
temperature. the region of the electron heating is extending to the small Nu 
regime, as is expected by the Landau damping given by 

oc erp(-(-C-)2) 
NnVth. e 

(I ) 

I n addition to the wave absorption , another key issue is a wave coupling 
between the antenna and the plasma. This problem has already analyzed by 
W.N-C. Sy et al. for the Nagoya Type Ill antenna (3), where the coupling to 
the 1st branch of t he hydrogen ion was anal yzed because the dispersion near 
the antenna is approximated to the 1st branch of the hydrogen. The radiation 
power coupl ed to the plasma P (N11 ) i s expr essed by the product of the 
electros tatic coupling power Akin (Na) and the antenna form factor f (N u ) , as 
s hown in Fig. 2 (b) by the dot ted line. Comparing the radiation power from 
the antenna with the absorption rate to the plasma species, we could say tha t 
at t he low el ectron temperature plasma the significant part of the lBW power 
will contribute to the i on heating withou t suffering the serious electron 
Landau damping . and th~ el ec tron heating is enhanced as the electron 
t emperature increases. In the 'Mode- l ' experimental condition ( r. (0) = 0.7 
keV ) , we could see that a significant part of the lBW power is. therefore . 

I 

I 
1 

11 

11 
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delivered to ions . 
Next. it is necessary to evaluate the power absorption for the ' Mode-!! ' 

experimental condition. Here we should remark that the analysis for the 
rlasma/ antenna coupl ing employed a t the 1st-branch IBW is invalid for the 
2nd- branch one , because it needs to expand the dispersion relation up to 
0 ((kiP;) 4 ) . At the present. we have no formulation to analyze the 
plasma/ antenna coupling for the 2nd-branch IBW. Then. we could not present 
the wave power coupled to the plasma as a function of the parallel refrac t ive 
index N1 . Howeve r , we could expect the strong electron Landau damping from 
Fig. 2 (b) , because the electron temperature is relatively high (T. (0 ) = 1.3 
keV ). In addition , t he central region heating observed experimentally , as 
shown in Fig. l (a ), will be explained by the characteristics of the electron 
Landau damping given by eq. (1) . 

4.Conclus i on: The di rectly launched Ion Berns te in Wave heating experiments 
have been carr ied out with JIPP T- IIU tokamak for the 3rd- branch ('Mode- l ') 
and the 2nd- branch (" Mode- l!· ) of the deute rium ions. For the ' Mode- I I" 
experiments, the remarkable electron heating has been observed. s howing quite 
differ ence from the direct ion heating of the 'Mode-r · experiments. From the 
analysis with the global energy balance. it is found that almost all of the 
wave power should be delivered to the electrons. and the ion is heated by the 
collision through the electrons. 

To explain this difference of t he heating mode, the power partition 
between electrons and ions has been analyzed with the ray tracing code. The 
result with the ray tracing code shows that at l ow N1 the ion heating is 
dominant , and at high N11 the electron heating becomes essential . As the 
electron temperature i ncreases, this transition occurs at the relatively 
small N11 value. We could . therefore, say that the experimental evidence 
(ion heati ng for 'Mode- ! ' and electron heating for ' Mode- !! ') is attribu ted 
to the difference of the electron temperature; that is, T. (O) = 0.7 keV for 
' Mode-r · and T.(O) = 1.3 keY for "Mode- rr ·. 
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Fig. 1 Time evolutions of the electron and i on temperatures for t he "Mode II · 

experiment . 
Fig. 2 (a ) Power absorption cal culated with the ray tracing code for t he 

situation of the ' Mode- I" IBW experiment. where 60'" H + 4cr. D plasma . 
Bl' (O) = 1.8 T, Tu.o (O) = 0 .31cc l'. T.(O) = 0.71-:c\-' n.(O) = 3rt019w-J . 

Fig. 2 (b) Partition of the IBW power between e lectrons and ions as a 
function of the parallel refractive index N1; for different el ectron 
temperature , corresponding to the resull of Fig . 2 (a ). The coupling 
power to the plasma expressed by the p1·oduct of f (l'>/1 ) · Aki .. (/\/1 ) is a lso 
presented wi t h the broken line. 
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Table I. Parameters of lBW heating experiments 

Frequency (MHz ) 
RF Power (kW ) 

Toroidal Field (T ) 
Plasma Cur ren t (kA) 
Density (n. ) ( I o19m-3 ) 

Te (0 )' (keV ) 
T, ,0 )' (keV ) 

"Mode-r 

1.8 
120 

0.7 
0 .25 

"Mode- II · 

40 
60 00 

2 3 

2 .8 
220 

1.3 
0 .4 

L__ ______________ ~L_ ____________ L--------------
¥) Temperature at the ohmic phase . 

94cm -------

c e -··----- ---······· ------- ----·-79:s·c:;n··--·· 

~ ~~~~~--~t~~~~~~-----~-~--~~~:~::=------~-
80 

1.0 

0.8 

0.6 

o.• 

0.2 

o. 

3D a 

I 

120 
t ime (ms) 

Fig. 1 (a) 

minor radius (cm) 

Fig. 2(a ) 

160 

800 

RF 

parallel refractive index N, 

Fig. 2(b ) 

o H 



AB TRACT 

173 

ICRF HEATING FOR THE ASDEX-UPGRADE TOKAMAK 

F. Wesner, J. - M. Noterdaeme 
J . Baumler, F. Br aun, F. Hofmeister, H. Wedler, 

Max-Planck-Institut fur Plasmaphysik , 
EURATOM Association, D-8046 Garching, FRG 

The 12 MW of additional power for ASDEX Upgrade will be provided by 6 ~~ 

of neutral beam in jection and 6 MW of ICRH. Such a combi nation has proved 
to be very efficien t in ASDEX . In order t o enabl e minority and second 
harmonic heating schemes , 4 equal RF systems with a f requency r ange of 
30 - 120 ~ffiz and a generator output power of 2 MW each are being built. The 
water-cool ed , wide antennae allow the rad i ation of waves with dif f erent 
K-spectra by exchangeable central conductor geomet ries at a moderate 
voltage l evel. 

INTRODUCTION 
The major aim of ASDEX- Upgrade is to investigate a tokamak plasma and 

its interaction with the walls in a reactor relevant open poloidal diverto r 
configuration and with an energy flux density in the plasma boundary 
comparable to r eactor conditions / 1, 2/ . To reach this aim a heating powe r 
in t he plasma of about 12 MW fo r hydrogen and 8 . 5 MW fo r deuterium seems 
necessary /3/, this estimation being based on a confinement similar to t he 
H-mode found in ASDEX. 

The heating power of 12 MW was dec i ded to be supplied partly by Neutral 
Injection and par tly by I CRH. I f exper imental results call for e ven more 
power, the concept of ASDEX- Upg rade a l lows to add further ICRH or NI 
devices as well as t he application of other RF heating methods . 

ICRH GENERAL CONCEPT 
To provide 6 MW heating power in the plasma 4 equal systems will be 

built with a genera t or power of 2 HW each . This power should be available 
f or standard magne tic field values of ASDEX- Upgrade i n the single- and 
double-nul l diverto r - and the limiter configuration . Heating should be 
possible, too , up to the maximum magnetic field , a somewhat reduced power 
being unavoidabl e. 

High fie ld side antennae bei ng nearly impossible due to the poloidal 
divertors , heating by mode c onvers ion is not practicable. The ICRH 
a pplication is thus restricted t o second ha rmonic and minority heating. 
Fi gure 1 gives t he frequency r anges necessary for these heating methods for 
the main operational regimes of ASDEX- Upgrade. 

In view of the still experimental status of ICRH it was decided t o buil d 
a system providing max imum experimental flexibility: 

A frequency range of 30 - 120 MHz allowing second harmonic heat i ng in D 
and H as well as minority heating with H or He3 in D. 
An ant enna concept allowing variations of the k .. - spectrum as well as 
fitting the antennae to different plasma c ross- sections (singl e- and 
double-null divertors ) by relatively simpl e modifications. 

Every provis i on has been made fo r a possible later increase of the 
hea ting powe r by 2 additional sys tems . I f needed , the total numbe r of 
ante nnae could even be increased to 8. 
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EXPERIMENTAL EXPERIENCE 
Besides the large experimental experience of PLT and TFR /e.g. 4 , 5/ , more 
recent results of ASDEX , JET /6/ and rEXTOR /7/ can now be taken into 
account. Especially ASDEX results /8, 9/ a re highly relevant due to the 
divertors and the similar heating scenarios . A summary of these results in 
view of the choice of heating methods for ASDEX-Upgrade show: 

Second harmonic and minority heating are very efficient heating 
methods, the measured heating efficiencies of 20-25 kJ/MW being larger 
than for NI in the L-mode. 
A combination with NI improves the available parameter range for ICRH 
(e.g. the impurity problems being reduced). 
ICRH is accompanied by high-Z impurities leading to about 30 % of power 
radiation from the plasma centre. This can largely be r educed by low-Z 
wall material (e.g. carbonization). The physics of the impurity release 
i s still under investigation. 
It is possible to get the H-mode with ICRH /9/. This seems to be 
somewhat easier with minority heating . Further intense investigtions 
are necessary in this field. 
Second harmonic heating is largely independent of the gas composition 
(e.g . for znH the content of H ions should only be ;l!:. 40 %) allowing a 
larger experimental flexibility than minority heating. 

So the choice of a combination of NI and ICRH as well as the large fre­
quency range all owing second harmonic and minority heating are fully justi­
fied by recent resul ts. A restriction to a smaller frequency range and only 
one ICR-heating scheme, despi te of its attractiveness from t he economic 
point of view, seems not yet reasonable for the next generation of experi­
ments. 

ANTENNAE 
The development of antennae for ASDEX-Upgrade has the following aims: 
Optimization for single-null operation and second harmonic heating 
(80 MHz). The antenna will be used for minority heating, too, with 
somewhat worse coupling characteristics. 
The antenna should allow different s pectra for K .. by using different 
centre conductor geometries. 
Fitting to different plasma cross- sections (single-null, double-null 
divertor and l imiter operations) is possible by changing simple side 
wall elements, the Faraday screen and side limiters being reused. 
The antenna has to be cooled. 

The antenna geometry was optimized with respect to the electric field 
and voltage levels in the antenna and transmission lines. For this purpose 
the coupling calculations with 2- and 3- dimensional codes were combined 
with ray-tracing calcula,ions in order to take into account the effect of 
the geometry on the power absorbed in the plasma, no.t only on the power 
radiated by the antenna /10/ (Fig . 2). . 

A simple loop antenna leads to a k .. -spectrum peaked at K .. = 0 , mainly 
exciting fast waves with small k .. which are weakly damped by the plasma. It 
possibly excites coaxial waves, too, which may contribute to the impurity 
release. Since experimental results are still contradic tory concerning 
these ques tions, the spectra of the ASDEX-Upgrade antenna will be variable 
by exchanging the cent re conductor array (Fig. 3a ,b) . 2D- calculations 
show, that for an antenna wide enough the voltage necessary for radiati on 
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and absorption of a certain power, e.g. in an array like Fig. 3b mus t no t 
be l arger than for a single l oop antenna (Fig. 2). It can be seen further 
in Fig. 2, that for such an array and with a given antenna width there 
exists an optimum for the widths of the centre conductors and gaps. 

Figure 4 shows the principle design of t he antenna . It is based on the 
technology of the ASDEX antenna providing TiC- coated, optically open 
Faraday screens / 11/ , carbon protection limiters and water cooling. For 
single null operation the antennae are asymmetric with respect to the 
midplane of the expe riment in order to utilize the full available space for 
a large di s t ance between central and return conductor . 

LINE AND MATCHING SYSTEM 
The antennae are fed at their both end s by 6 1/8" vacuum lines with 

bellow sections to compensate thermal expansions. They a re connected to the 
pressurized 9" lines by two feedthroughs with intermedia t e vacuum. First 
stubs near t he upper and lower antenna feeder will reduce the VSWR for the 
maj or frequency range (~CH corresponding to a bout 80 MHz) and allows 
cooling of the inner conduc t or of the vacuum l i ne. The antenna impedance is 
matched to that of the generato r by double stub-tune r systems near the 
experiment, the distances between the two stubs and between stubs and 
antennae being adjustable by exchangeable elements. 

RF GENERATORS 
The 4 RF generators will be very s i milar to those of ASDEX-W VII /12/ . 

Besides mino r modifications based on the operation experiences with ICRH 
experiments on ASDEX and the extension of the upper frequency limit from 
115 to 120 MHz the output power of each generator will be extended from 
1.5 to 2 MW up t o 80 MHz and up to 1 . 2 MW at 120 MHz, Special tests with an 
ASDEX-W VII gener ator showed that these values can be achieved / 13/ . At 
least at lower frequenci es a further i ncrease of the power should be 
possible. 
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Abstract 

Theoretical model o f ICRF wave heat i ng and cur r en t -dr ive in tokamaks is 

developed , By cons idering the deformation of the velocity dist r ibut ion , t he 

wave form, power absorption, tail format ion and ene r gy par tition are s tudi ed 

simultaneously. This model is applied to JET plasma fo r example. 

Introduction 

Recen t progress of ICRF heating experi men ts has shown that the ICRF fast 

wave is a dependable heating method in the regimes of the mode conversion, 

minority heating and second cyclotron resonance . The analysis on the heating 

processes, such as t he wave coupling , pr opagation , energy deposition and high 

energy particl e generation, is an important issue to explain experimental 

findings and to study the future perspect ives of the ICRF waves for plasma 

heating. We have devel oped a theoret ical model which can s tudy t he excitation, 

propagation and absorption of the ICRF waves in tokamaks [1, 2] . The analysis 

is extended to investigate the thermalization o f the absorbed energy , by 

t aking in to account the quasil i near dif f usion i n the velocity space . The 

wave f ield str ucture, tail formation and energy equipartition are a nalyzed in 

a selfconsisten t manner fo r a given antenna structure . This model explains , 

quantitatively, the e lectron heating rate and profile in the minority heating 

regime of the J ET experiments . The current-drive is discussed separ atel y [3 ]. 

Plasma Mode l 

The plasma is composed of el ectrons , majority ions (D) and minority ions 

(H) . In t he ca se of the minority heating, the major part of the wave ener gy 

is firstl y absor bed by minority ions through fundamental cycl otron resonance. 

This causes modification of the distribut ion function [4]. We assume t ha t 

t he distribut ions o f electrons and deuterons are unaffected (i.e., we do not 

follow the evolu tion in the scale of the confinement time), and take into 
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account the deformation of the velocity distribution of minority ions. The 

minority i ons are treated to be the sum of hot componen t and cold component. 

The wave field structure is solved i n t he one-dimens i onal model geome try [1 ] , 

in which the inhomogeneities in the direction of t he major radius (x-direc­

t ion) are kept . The toroidal magnetic fie ld is approximated by t he field in 

the z-direction , which is given a s B
2 

a B0/ (l+x/R). The density and tempera-" 

ture are given as ns(x) = n0 (1-x2/a2) (s • e, D, H) and Ts(x) = T0exp(- 3r2/a2) 

(s = e, D) . The conducting wall is located at x =±b . 

The rf wave equation is given a s 

(1) 

+ + 
wher e w is t he r f frequency , Js is t he induced current (s = e, D, H) and JA is 

t he antenna current. The expression of Js i n the presence of the kine tic 

process is given in Ref. [1]. Antenna, which carries the current in the y­

direction, is located at x = d (or -d). 

The development of the distribution f unction of minority ions is gi ven 

by solvi ng the Fokker-Planck equation. Accor ding to Ref. [4], we take the Ot h 

·moment of the Legendre expansion of fH and ob t ain 

af 1 a ( 2 1 a 2 zlf. ) 
at= v2 av -av f +2 a·v ( av f) +Kv av (2) 

where a and a stand for the Coulomb collision with back ground particl es , and 
+ + 

K indicates t he rf heating term (see Ref. [4]). The absorbed power PH • <JH•E> 

i s r edistributed to e l ectrons and deuterons. The energy part ition is cal cu­

lated by using fH . 

The distribution func tion of minority ions are approximated by the sum 

of bulk and tail componen ts , i. e. , f H = fHb + fH t , where fHb = nb exp ( -mv2 /2Tb) I 
(211Tb/m)!. 5 and f = n exp (- mv2/2T )/(211T /m) l.S. This two-temperature distri-

Ht t + t t 
bution is used t o estimate JH . The constants nb, Tb, nt and Tt are given by 

equating up t o 6th orde r moments of f and fb+ft. With this model we can 

s tudy the stat ionaly as well as transient phenomena associated with the ICRF 

heating. Since the wave field is solved in t he one-dimensional approximation, 

t he averaging over the magnetic surface is performed by a ssuming the envelop 

of Ps in they-direction . From the r esult of the two-d imensional ana l ysis [2 ] , 

we choose the simpl e envelop Ps « l- (2y/L) 2 (L being t he antenna lengt h) . 

Applica tion to JET plasma 

We apply this mo<\el to JET plasmas. Plasma parameter s are R • 3m, a= 1 . 2m , 

B=2T , ne(O) = 2 .94xlo19 t m3, Te(O) = T0(0) =2.5keV, nu'n0 =4% , w/211•29 . 8MHz, 
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and the el ongation ratio is 1.45 . The antenna (single monopole) is located 

in the low- field side of the torus at x = 1. 25m. 

The figure 1 illustrates the radial distributions of the tail protons 

(nHt, THt and nH) and the power to electrons P e at the saturated stage ( t = 

in Eq. (2) ) • The total rf power is 1.2HW. About 90% of the rf power is 

dir ectly absorbed by minority protons (about 10% is absorbed by majority ions 

through second cyclotron resonance) , but electrons absorb more than 60% of 

Prf through collisions for this power level. The profile and the power level 

of Pe is in good agreement with JET experiments. The f igure 2 shows the 

temporal evolution of the total heating powers (ps • 21f/Psrdr) to electrons 

( solid lines) and to deuterons {dashed lines) with t he i nitial condition 

nHt(ta O) • 0. The rf power is l. l MW (case-I) and 0.5HW (case-I!). Because 

the high energy ions (T/Te~lO) heat electr ons , the power to elect r ons grow 

much slower than that of majority ions. I t is also noted that Pe is smaller 

than P 
0 

for the lower heating power, but Pe > Pb holds for the high power 

cases. The power part i t ion depends on the energy of tail particles . Note 

that the delay in the evolution of Pe{t ) is due to the i nitial condition of 

nHt. If we initiate with condition "Ht (t=O) ~ ttHt and nHb (t=O) = nH- nHt (t=O) 

(fiHt being the saturated value of nHt) ' then the heating to electrons occurs 

without delay. This result explains the fact that the prediction of Pe(r) is 

in good agreement with the experimental estimation which is evaluated from 

aTe/at after the internal disruption. If at l east half of the generated fast 

ions remains in q = 1 surface after the onset of the internal disruption, the 

heating power to electrons does not differ much from the one obtained in the 

stationary s t ate . 
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ION CYCLOTRON HEATING OF A REVERSED FIELD PINCH 

1. INTRODUCTION 

G. Cooper and W. N-C. Sy 

Research School o f Physical Scien ces 
Australian National Universi t y 

Canberra, A.C.T. 260l, Austra l La 

Th e highly developed ion cycl otron heatin g technology may wel l be useful 
in the operat ion of a reversed field pinch (RFP) discha r ge . I n order to ass­
ess the feas i bility o f this application, fast wave s pectr a, eigen mode s truc­
tures and power coupling charac teristi cs have been investigated for the RFP. 

2 . THE PLASHA mDEL 

Th e RFP plasma model used in the theoretical ca l cul ations is based on 
the empi r ically measured HBTX lA discharge (with a plasma minor r a dius 
0 . 26m). Detailed experimental measurenents 1 show t h a t the plasma equilibrium 
is well approxilll.ltcd by the fo r ce-free condition , but the standard Bessel 
function model2 need s t o be modifi ed so that the current densit y vanishes at 
the edge of t h e plasma. Toroidal effects lead merely to slight displacements 
of fl ux contour s and a r e negligibl e in the present studies. Accordingly, the 
cylindrical~plas~ equilibrium*mod~l use~ in this paper is dete rmined by the 
condition jQ = )J Bo , where )J = )J ( r ) 1s a chosen profile which vanishes at 
the plasma boundary. A narrow vacuum layer is assumed to exist between the 
plasma column and the o uter conductin g wall. The eq uilibrium magneti c fie ld 
profiles for a typical model are illust rat ed in Fig.l. 

3 . BASIC EQUATIONS 

Unlike most plasma con fi gura t ions fo r whi<:h wave propagat iun and ICRF 
heating studies have been carried out, the RFP has strong mag netic cu r vature 
and h igh magnetic shear. A s ystem o f basic equations which takes t hese 
effec ts ful ly into a ccount has been derived 3 r ecently; a Fourier decompo­
sit ion of t h e fo rm exp( im6 + ikz - iwt) l eads to 

(A/r)d(rQ) / dr = C
1
Q - C

2
P (1) 

( 2 ) 

where P 3 B ·Bo/1Jo , Q=E · (~rxBo) / iwBo2 and A, CJ , C2, c3 are a set o f 
eq uilibriu m dependent coeffi cients. The basi c equations can b e regarded as 
high frequen cy , multiple- ion s pe cies general izations of th e flain-Lus t (ideal 
~lliD) equations , but for a fo r ce-free p l asma. For nu merical modell ing, these 
eq uation s have been s lightly generalized by r eplad n g w by w+ iv , to 
satisfy causality and to simulate dissipative effects . 

4 . SPECTRAL PROPERTIES 

The gross fea tures of the wave spec trum can be partly ob tained from a 
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WKB analysis, which can yield results in qualitative agreement with a full 
wave solution. In cylindrical geometry , it is convenient to use a uniform 
asymptotic representation of the form 

where k; = (CzC 3 - CI)/A2 +m2/r2. The singularities of kr arise from the 
zeros of A , which determines the spatial resonances, where mode conversion 
of the fast waves can occur. In the present model, these spatial resonances 
include the shear Alfven continuum and the ion-ion hybrid continuum. If 
plasma inhomogeneity is weak, such as in a restricted central region of a 
pinch discharge, the shear Alfven continuum band is well separated from the 
ion-ion hybrid continuum as illustrated in Fig.2 . In the full RFP plasma, 
strong inhomogeneity associated with field reversal leads to a coalescence 
of the two continuous spectra (see Fig. 3), even at moderate wavenumbers. It 
can be seen that resonance absorption is easily obtained in a RFP and in 
fact, there are only small islands in the spectral space where resonance 
absorption can be avoided. Figure 4 shows how the radial position of the 
ion-ion hybrid layer varies with frequency in a H/0 plasma for 10%, 30% and 
50% H. Figure 5 shows how a plot of k~ can be used to determine quickly 
the position of the resonance layer. 

5. EIGEN~DDE STRUCTURES AND POWER COUPLING 

Full wave solutions to (1) and (2) have been obtained numerically using 
GEAR's method. Boundary conditions applied are (a) P and Q are continuous at 
the plasma-vacuum interface, {b) P is finite on the axis and (c) Q vanishes 
at the conducting wall. 

In a H/0 plasma with 10% H, a typical eigenmode structure at 1.9 ~lliz, 
for the m=l, k•O mode, is shown in Fig . 6, where the "kink" in the P 
profile is due to partial reflection at the ion-ion hybrid layer. A cal­
culation of the integrated Poynting flux , shown in Fig.7, indicates that 
power is effectively deposited at the ion-ion hybrid layer by resonant 
absorption. The corresponding intrinsic spectral resistance, as the fre­
quency is varied, is displayed in Fig.8 . 

6. CONCLUSIONS 

Ion cyclotron heating of a RFP appears promising for the following 
reasons ~ 

{a) Magnetic isobars, which cetermine the loci of spatial resonances 
and the density contours have similar topologies. 

(b) Resonance absorption is easily obtained . 

(c) Fast wave eigenmode formation is possible in the presence of res­
onance absorption . 

(d) The l ocation of energy.deposition, the degree of resonance absorpt­
ion and the antenna coupling characteristics can all be adjuste d by varying 
the ionic mixtures as well as the usual equilibrium parameters. 
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HIGH- POWER HEAVY-IOU MINORITY HEATING 

A. V. Longinov , S.S.Pavlov , K.N.Stepanov 

Institute of Physics and Technology, the Ukrainian Academy of 
Sciences , Kharkov 310108, USSR 

A possibility of rai sing essentially the efficiency of heat­
ing the toroidal plasmas by the method of heavy-ion minority 
heating (HIMH) has been substantiated i n papers [1 ,2]. First 
HIMH experiments performed recently on T- 1 0 [3] and Tl!,R [4] 
devices have shown that even under non- optimum conditions 
( especially for TFR [4]) the efficiency of heating increases 
essentially. In t he report presented this method of RF heating 
is studied using the solution of the kinetic equation for the 
velocity distribution function of heavy minority ions (HP.t )[2] . 
The main features of this equation lie in taking into account 
the high energy tail cutoff effect and the single pass of 
a slow wave (SW) tlJ,rough the resonance zone W = 2 W ~ • 

The RF power absorbed by resonant heavy ions, which is 
averaged over the magnetic surface with the radius '1- , is 
anal ysed as a function of some parameters : 

< -3fi'l1dTd F( c )· t-2o((Wcd -W'c)BtR R (1 ) p)- yz t'L t::,t.eff Kl~d,<,.,A,Td/Te , (,.-JfcLe3VJ( n'dK
19

d-t. RF 
3/ 2 1/2 

where 3Td I'Yld , ,2 .1 • 
'rt = 4ff, 4 L , llleu= n.t: /11e ' ne= tl.d, ?d=Vrd/!.JHd, Vrd= ~2Td/md 

JT e nd 
PRF is t he 2jj R-averaged kinetic S\'1 energy density flux , A is 
the atomic number of the HM, the F function is calculatedusing 
the solution of the kinetic equation , ()( = 2 for 1: = jlrn K1.dR<< 1 
and ol =1 for t' =1. Besides , we also determined the power frac­
tion imparted from HM to electrons Pe=(Pe)/(P) and deuterons 

Pd =( Pd)!(p) ; the relative HM en!_rgy w = rn• v• z;m. d vid ; the 
relative HM pressure f3' I )3p = rdd W /(ndTd+tl.eTe); and /j 1. min.(~) 
correspondi ng to t he l!Ze;;value, at which almost a complete (9CY;o) 

SYI absorption in the CJ =2 W~ zone is ensured. The value ofK1~d= 
0.35 tJ~/W c d used in the calculations (Fig.1) is typical of the 
HIMH . The K1 ~d value is changed (Figs. 3,4 ) by t he variation 
of plasma and wave parameters, F(A) i s independent of the 
degree of ionization l'of the heavy atom with a given A. Fur-
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ther, we put Td = Te• 
1. Optimization of the HM species. Fig. 1a shows F versus~ for 

different Hnl species (Li7, Ne22 , v51 ). The analysis of curves 

in Fi g .1 shows that the ~ values, at which Pd = Pe< ~ = ~ ~ r') or 
the SW damping factor is maximum ( t = ~ ~,... ) , are essentially 

dependent on A. Let A~pt(or A'~pt) denote the A value , at which 

~ =~~I"' ( or~ = ~~r'). It is obvious that for A >A~pt the reson-
ant · ion energy is imparted mainly to deuterons, whereas at 

A< A'opt it goes to electrons irrespective of the fffil concentra­

t ion. And here l ies the important difference between the HIMH 

and the method of l ight ion mi nority heating. Using Eq.(1) and 

the values of F(~) from Fig. 1 one can obtainMtn~rEC(t)A2ydw~2j 
(Wcd-(J~)UlcdR • where the C(~) functions for ~1ifferent A are 
shown in Fig. 1b. It is obvious that atA=Aopt there is almost 
a complete SVI absorption at a lowest HM concentration (!J.l eN = 

/).l_ ~In. =m in [tJ.l tn 1 n ( ~)]). Thus, to attain a high HIMH efficiency, 
especially in the regimes with a preferential ion heating, for 

the lowest !Jlerr value it is necessary to choose the optimum 

HrA species. For K1 s>d = o . 35 CJ~/ (.J cd we obtain A 1~ pt. =~0. 7 ~·. 
For example , for TFR conditions nd= 1014 cm- 3 ,'t/R=0.05 PR~= 
Lj5 W/crn~ we have ~=500 andA~pt=18<o18 isotope). F;r 

the same parameters and ~d/R=0.0015 we have 11Z~ 1 n(018 )= 0.15. 
For regimes with non- optimum A values: i) if A>> A'opt , it is 

necessary to use high 6l eu values , which may appear inadmiss­
ible (in particular, under TFR condition s , on using v5 1 atf<_t9d= 

O.J 5CJ~/ Wcd we havetJ.Zmm=4.5(!), i.e., for actual v5 1 concentra­

tion the SW absorption is weak ( 2llleu1Litmii\~O.Oil) which 
explains the results of [ 4]>; ii) if A« A opt (the electron heat ­

ing regime) the value of fi'/.f3p= )3(~)s>dWcA3/R (Wcd-<IJ~) t.'2 can 
appear to be too high (see Fig. 1c for the ft (~) function) . 
2 . Effects of banana losses. Fig.2 illustrates the qualitative 

behaviour of t'fv)=const lines at point B in the equatorial plane 

on the outer side of the torus ignoring losses. It is s een that 

in the cases typical of ~>-., t'~,... regimes , the ions (especially 

ni th high A) a r e concentrated in the zone with lowest V0 values 
( f' (V) =0 in the b8;nana trajectory region V> V0 ). We have stu­

uied the role of the banana losses . The behaviour of the basic 
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functions ·,ersus V0 /VTd is presented in Fig. 3 for the low 

value of 1<1 ~d = 0.17 W~/Wcd when the losses become higher 
( the resonant zone is close to t he mode conversion zone ). !•lain 

conclusions are: 1) the maximum energy losses PL = Ploss/PRF 
occur at appreciably high V0 /VTd val ues and t he PL value de­
creases (!) as V0 decreases; 2) the low V0 regime requires 
higher tJt. eff values; 3) the power value for t he deuteron heat­
ing r emains practically the same even at low V0 ; 4) according 
to items 1) and 2) it follows t ha t the HIMH can effici ently be 
used in lO''' V0 devices (e.g., in s t ellarators or low magnetic 
fie ld tokamalcs); 5) regimes with high Kl 9d are most effective 
to r educe losses . 
3 . Feasibility of the T d>) Te regime . The HIII!H advantages es­

pecially show up in the Td>> Te regime. For example, ifrEd» Lde 
this r ee;ime is attainable for ( Pd)/(Pde)1-1 , where t£d is the 
deuteron energy-confinement time,tdeand( Pde)are, r espectively , 
the e- d enere;y equipartit ion t ine and power. (pd)I(Pde)= (~jf/2) 
(md/mef

2 Te312 Lll mm Ht) PdiCTd-Te)T d 112 To illustrate, Fig. 4 
shows (Pd)/ ( Pde)• Pd and ..1tm111versus ~ at Td=3Te and K1 9d = 0. 7 4 
for the c13 isotope used . The Td~3Te regime is attainable at 
t>1 14oeven if the Hr.I u sed has a relatively low A. In this case , 
about 60%of the RF power goes to electrons. For example , in 
T- 10 Cne( 0 )=5· 1013 cm- 3 , Bt=3T , Td(0)=6 keV , Te(0) =2 keV , the 
regime Td>/ 3T is attai nable in the region of r/R < 0 . 05 for 

e 2 SW ~ 
tEd » t' de and PRF=23 1'1/cm ( Pinput:::: 500 kW) . Note that the 
Td=3Te regi me is unattainable for H- minority heating at ~/nd= 
0.1 because one has ( Pd)I( Pde)<< 1 in this case . 

The presented HIMH picture may change essentially in some 
cases because of ionization-recombination phenomena. 

Thus, the HilllH has some specific properties which must be 
taken into account in order to attain a high plasma heating 
efficiency. 
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FEATURES OF FAST MAGNETOSONIC VIAVE EXCITATION n~ T-1 0 TOKAMAK 
USING ANTENNAE WITH DIFFERENT K11 SPECTRA 

A.V. Longinov and V.A. Tsurikov 

Kharkov Institute of Physics and Technology, Ukrainian SSR 
Academy of Sciences, 310108 Kharkov, USSR 

An important problem of ICRF heating in tokamaks and stel­
larators is the excitation of fast magnetosonic waves (FMSW) 
in a plasma with complex antenna systems. To design such an­
tenna sys t ems one ha s, alongside with the t echnical aspects, 
to study the phenomena accompanying the FMSW excitation in 
a plasma, in particular, in the scrape-off l ayer. 

This r eport is devoted to the investigation of certain fea­
tures of the FMSIV excitation in the toroidal plasma with the an­
tenna employed in experiments on T-10 ~]. The model similar 
to that adopted previously [2] describes the fast mode excita­
tion and p~opagation in the inhomogeneous deuterium plasma in 
the straight-cylinder approXimation[~. The principal para­
meters used in the calculations are : ne ( 0)=7.1x1013cm-3 , B=4 T, 
R=150 cm, radius of the chamberQc=39 cm, and plasma column 
radiusa =35.5 cm. The antenna (current l ayer) with a widthL11= 
52 cm ana radius ac/=36. 5 cm covers a poloidal angle 11,=11 0°(L~z 
71 cm), with the exciting unipolar current on the antenna sur­
face uniformly distributed along the z-aXis. The density pro­
file is assumed to be parabolic. Some features of the excita­
tion of the nonaxisymmetric modes are discussed below (for de­
tails see Ref. (3]), The wave damping sa tis fi es the condition 
er~ 1 (resonance overlapping). 

Fig.1 shows the distribution of the E~and E~Mfie ld compo­
nents along the radius r for two modes with wave numbers m =1 
and m .. -1 and rather low toroidal numbers ! (! =KnR=3) correspom­
ing to the major-azimuth Fourier expansion. Typically, forr>ap 
where the plasma density ne is assumed to be zero (scrape-off 
layer), the radial field component Er increases considerably. 
The increase in Er is found to be characteri stic of the non-

~. '_I' '-· 
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axisymmetric modes with low e, though these are not surface­
wave modes. 

Another feature is that the field components for the modes 
with m signs reversed have practically similar amplitudes and 
positions of nodes and antinodes all over the plasma column 
cross section, except in the vicinity of the axis.Hence the in­
terference at~•90°can result in the field decreasing all over 
the cross section except near the axis. This feature which is 
in fact due to the focalization, manifests itself under both 
strong and weak wave damping when the wave is absorbed after 
being many times reflected from the walls. An important conse­
quence of this effect can be a peaked energy-deposition profile 
when the cyclotron absorption zone is located at 11=90°. 

Fig.2 shows the position of Section 1 (~ =90°) with a length 
along the z-axis being one-eighth that of the torus. Figs.) 
and 4 represent the distributions of the IE~I and IErl fields 
summed up over the m, e harmonics for the given antenna in 
Section 1. Here a pronounced focalization effect can be ob­
served for the total field. The field amplitudes correspond to 
the power of 5 MXI coupled to the plasma. As seen in Fig. 4, IErl 
increases essentially in the scrape-off layer, being well in 
excess of the!Erlvalue in the plasma. The high radial field at 
the wall can lead to the electric potential increasing in 
the Debye layer and hence, to greater sputtering of the wall 
material, arcing, etc. Therefore one has to consider the possi­
bility of reducing the value of the radial field in the scrape­
off l ayer. Thus, for example, the antenna systems can be used 
without (or with decreased) lowk 11 harmonics. Fig.5 shows IErl 
values calculated for the same plasma column cross section and 
parameters as in Fig.), but for the antenna with a shorter 
wavelength spectrum provided by the bipolar exciting current 
distribution along the z-axis. As can be seen in Fig.5, 
the radial field is essentially lower in the scrape-off layer 
(by a factor of"' 15), with the focalization effect retained. 

In the above cases the plasma density in the scrape-off 
layer is assumed to be zero. In reality, however, the field 
formation in the scrape-off layer can be influenced by the fi-
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nite plasma density. Figs.6,7 and 8 present the calculations of 
the IErl field on the cylinder surface of radius raact (Surface 
II in Fig.2) for the antenna with the unipolar exciting curren~ 
The plasma parameters are similar to those mentioned above, but 
the plasma densities (n~) in the scrape-off layer are differ­
ent. Fig.6: n~/ne(O)=O (the above case), Fig.7: n~/ne(0)=1%, 
and Fig.8: n~/ne(0)=5%; ne(r)=const. As is shown in Fig.6, 
the iErl field reaches its maximum value at the antenna edges 
(\Ermax1=2.5 kV/cm), the region of the higher field along 
the z-axis exceeding the antenna length. It is evident from 
Fig.7 that even at a rather low density n~=7.1x1011 cm-3 IErl is 
essentially decreased, and at ne=3.5x1o12cm-3 (Fig.8) it de­
creases still further, with the region of higher field values 
being found at the antenna edges only. It should be noted, 
however, that immediately at the wall (in the Debye layer) 
the increased value of the radial field is always retained.Yet, 
as the Debye layer decreases in thickness with the increasing 
density while Er remains constant, the potential in the Debye 
layer drops and hence , the energy of particles impinging on 
the wall is decret.sed. 

Conclusions: 
1. In the case of using the antennae covering limited poloidal 
angles, the focalization effect is essentially retained even 
under weak FMSW damping (the wave propagating through the cyclo­
tron resonance region is partially absorbed). 
2. The antennae with long wavelength spectra covering limited 
poloidal angles are capable of generating high radial electric 
fields in the regions extending far beyond the antenna length. 
3. The radial electric field at the wall can be decreased es­
sentially through the use of short wavelength spectrum antennae. 
4.The density increase observed in the scrape-off layer results 
in the RF potentials dropping in the Debye layer at the wall. 

1. A.V. Longinov et al. Proc.Nat.Conf.Fusion Reactor Techn. 
(Russ), Leningrad, 23-25 June 1981, l• p.381. 

2. A.V. Longinov et al. Proc.7th Int.Conf.Plasma Phys.Contr. 
Nucl.Fusion Res., Vienna, 1979, 2, p.583. 

3. A.V. Longinov, V.A. Tsurikov, Preprint KFTI 85-33. 
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EXPERIMENTAL DETERMINATION OF THE ICRF POHER DEPOSITION 
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INTRODUCTION 

A detailed knowledge of the ion-cyclotron resonance heating (ICRH ) 
power-deposition profile is a prerequis ite in carrying out a meani ngful 
power balance in the plasma . It is also an essential i nput to the tokamak 
transport codes which predict the evolution of plasma heating . 

Three ICRH antennae located on the low-fi eld side have been ener gised 
in JET which couple power to the fast magnetoson i c waves in a deuterium 
plasma with H+ or He' minority species. In this paper, I CRH power 
deposition profiles in JET determined both theoretically (ray-trac ing ) and 
experimentally (several methods; see below) are compared . 

(i) Ray Tracing : A sophisticated ray-tracing code (1 ) , which 
includes the effects of poloidal field, has been used t o generate the ICRH 
power-deposition profiles in the D-shaped JET plasmas. The i nitial 
conditions of ray tracing are obtained by the f ull-wave solution of a 
realistic antenna plasma coupling model . The ray-tracing analysis shows 
that the ICRH power-deposition profiles are narrow and that the energy is 
deposited somewhat locally due to the large plasma parameters and large 
damping per pass . 

(ii) Change of Slopes of Sawteeth 
electrons can be es t imated from [2,3 ] 

e awe I awe I 
p RF " ~ +t ~ -t 

The RF power deposition in 

(1) 

where ±t represent an infinitesimal t ime difference just a f ter a nd before 
the application of a square wave RF pulse . Suc h a procedure assumes that 
the other source and sink terms (such as P0 , -Pei • -Pad etc) remain 
unchanged at such s hort time intervals . Experimental£y , the RF is s quare 
wave modulated and the difference of the slopes of a sawtooth in the 
electron-cyclotron emission (ECE) diagnostic of the 12-channel grating 
polychrcme t cr ( 4) allows the determi nation of electron powcl' depos1 tion 
profile . 

(iii) Modulation Experiments : When the antenna r adiated power is 
amplitude modulated , the bulk temperatures in the pl asma where RF power is 
deposited oscillate at the modulation frequency . The ampl itude and phase 
of the oscillating signal of a temperature diagnostic at different radial 
positions lead to the knowledge of the power deposition prof ile of the 
additional heating [5 , 6 ] . The presence of large sawt eeth i n JET renders 
the signal anal ys is by correlation t echnique difficul t especial l y when vm 
• vst• where vm is the RF modulation frequency and vst i s the average 
sawtooth freque ncy . For vm > vstor vm close t o a harmonic of vst • the 
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ratio of signal to this extraneous disturbance is poor. However, when 
v < v t• this technique gives userul results. 
m (a~ Correlation function technique Consider the equation , 

c(t) • I f(t)-g(t+t) dt~_-Ir_I<;>~and-f(w) are the Fourier transforms of f 
and g respectively then c • f · g is the Fourier transform of c. We use 
the discrete Fourier Transform for the data sampled at a given number of 
points during the time interval of interest. The analysis program com­
putes the auto-correlation spectra and the index m of the maximum modul us 
of the correlation funct~on transf~rj . It also displays the frequency vm 
as well as the values 2 fm l and 21g~ that are the amplitudes of the two 
signals oscillating at hat frequency and their relative phase em. 

(b) BOXCAR Technique : The "Boxcar" method is used t o analyse non­
Gaussian random-signals~ - In this method , each period of RF modul ation is 
treated as an inde pendent event and the signal behaviour on many 
successive events is averaged . As the sawteeth and the RF modulat i on are 
not synchronous and as the sawtooth amplitude is greater than t he 
RF-modulated ampl itude by an order of magnitude , i t is necessary to 
eliminate the eff ect of the sawteeth. Fi rst , the sawteeth crashes are 
suppressed , and we build a long period, high ampl itude single sawtooth. 
Then , t he linear trend is removed and the remaining signal is analyzed . 

II . Plasma Response to RF t1odul atlon 

If sawteeth do not change t he power balance, the modulated quantities 
in the power balance equation can be written as 

iw ~ ne T • P (e)+ P - !_ 1 
e Hf e t < ne 'i' e 

e (2) 
iw ~ no 'i'o • Po - .!r ~ no 'i'v 

0 

where we have neglected P0, ~rad and Pcx (localized at the edge ) , PH~ 
(mainly minority heating), Pei ft~i ~ 150 ms >> te ' ti) and 
n /nj << T /Tj,j•e , i . Pt ot = PHfe + Pe is the total (modulated) power 
g~ing t o t~e electrons through the minority and by direct mode conversion . 
Using the modulus/ phase represent.ation of the complex modulated 
quantit i es , we writ:ie -o/ 

f e & Toe e e ; P tot z P oe e e ( 3 l 

Where ee and w are the relati ve phases w. t . to the Rf power signal at the 
generator. This leads to t he fol lowing expressions f or amplitude and 
phase r elating t he measured quantities T

0
e and ee to the power density in 

the electrons 

Poe • ~ ne Toe~ and (4) 

where we have defined a phase angle fe such that tan fe • wte (5) 

The local electron energy confinement time is estimated from the local 
plasma transport considerations to be as 

te • <R> 2 1 (J2
0 1 • oe) (6) 

where Jo 1 is the first'zero of Bessel function J 0 (r ) ,Oe is the electron 
diffusion coefficient (at the centre of the plasma) and <R> is an average 
radius of the zone of interest. fo r the ions , we obtain similarly 

<R>> with tan $ 0 • wt0 and to • j• 0 (7) 
0 , 1 D 
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III . Results 

We present results of analysis of modulation experiments in which 
the antenna radiated power was square wave modulated at 5 Hz . The 
electron cyclotron emission (ECE) from the plasma was used as the Te 
diagnostic by detecting the signal by ~ichelson interferometer [7] and a 
12 channel polychrometer [4] . The correlation technique has been applied 
to the two diagnostics and the signal amplitude and phase for the two is 
plot ted in Fig. 1 as a function of the major radius. The signal for the 
same shot was also analysed by usi ng the boxcar technique outlined above 
and the peak amplitude of the temperature signal is plotted against the 
major radius at different time i nterval i n a 3-D plot shown i n Fig . 2 . 

Using the formulation presented in Section 2, the estimated e-power 
deposition profile points deduced from the correlation technique are shown 
in Fig . 3 for the two process ing of the ECE signal s . The power density 
points were obtained by esti mating the val ue of the ~e (from eq . 5) i n 
which <R> and De wer e taken to be 0 . 25 m and 1 m2 /s respecti vel y ) which i s 
f ound to be near ly the same as e8 measured at the centre with i ts val ue 
ee ~ 0 . 36 rad . The points der i ved from t he change of slope of sawteet h at 
a s witch ON/OFF phase of t he modulation are also shown. For the same s hot 
i n which the power coupled by the antenna was 1. 25 MW with He'-minority , 
prediction of the p-d-profile from ray- t racing are also shown where the 
predominantly absorbed power by the minority species is redistributed to 
electrons and background ions based on the Stix model [8 ]. In this case , 
at the low He'-mi nority power density, a significant fraction of the power 
is t ransferred to the ions . The correlation technique performed on the 
neutron diagnostic signal gave the central ion-power density which has 
relatively large error bars . The value of central ion diffusion coeffi­
cient is estimated to be 3 m2 /s. Experimentally derived e-power 
deposition profiles by several methods are found to be in good agreement 
among each other as well as with ray tracing. 

IV . Summary and Conclusions 

ICRH power-deposition profi l es determined by (a) Ray tracing , ( b) 
Change of slopes of a sawtooth of an ECE signal and (c) Modula tion experi ­
ments analysed by correl ation techni que and Boxcar technique, have been 
compared for a JET deuterium pl asma in the minority heating scheme . The 
r esults of power densiti es obtained by different methods are f ound to be 
i n good agreement The RF power-deposition profile are found to be well 
l ocal i zed and are r elati vely narrow with respect to the size of the 
plasma . When the modulati on frequency is increased from 5 to 25 Hz , the 
plasma temperature response goes down and the signal to noise ratio is 
worse . The presence of the strong sawteeth complicates the data analysis . 
The power-deposition profile presented have been obtained fr• om the data 
when the modulation frequency was 5 Hz. These results suffer from t he 
effect of energy diffusion which broadens the deposition profile . The 
effect of sawteething, equipartition etc have been ignored. 
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~ Pr ofiles of the RF power delivered to electrons as measured from 
sawteeth slopes <•> and from the correllat ion techni que (o and x) . An 
estimat ed value for the RF central power density to the ions deduced from 
the neutron signals is also shown (A) . The slab depositi on profiles shown 
are computed by the ray-tracing code . 
NHe'IN0 • 0.18, 80 • 3 . 08 T, Ip • 2 .7 MA, r • 29.9 MHz, Teo • 3 . 2 keV , 
Ti • 2. 2 keV, Neo • 2.15 x 10' cm-•, PRF • 1. 25, Pe • 0.21, Po • 0.79 MW, 
0 . ~5 MW is assumed not to be absorbed in the centr e of the plasma. 
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1. Int roduction 

first tests were made in J ET to assess of f axis power effects on: 
- confinement (including possible heati ng optimizat i on q • 2 

stabilization) 
- sawteeth behaviour 
- profile control. 

The large dimension of the plasma cross section (2 . 50 rn x 4 rn) 
compared to the antennae dimens ions and to the perpendicular wavelength of 
the wave together with a significant focalisation provide good 
localisation of the power depos ition. The para~eter range provided single 
pass absorption and little reflection . 

2. Description of the Method 

The JET Rr syst em can cover a 
broad band in f r equency 
(25-55 MHz) but in discrete 
s t eps requ iring t ime cons umi ng 
adjustments . It was theref ore 
dec i ded to alterna ti vel y fix 
t he frequency at a given val ue 
(-33 MH z) and t o slip the 
r esonant layer thr ough t he 
plasma cross secti on by a conti ­
nuous change of the main 
toroidal magnet i c f ield. The 
ramp dur ation is 10s and the 
magnetic value decreases either 
from 3 . 4 T to 2. 1T (Case A, He ' 
minority , 3 MA) or from 2. 6 to 
1.4T (Case B, H minority , 2 MA) . 
The 4s Rr pulse is superimposed 
at various times (45-49 or 48- 52 
or 51-55) to cover the full 
plasma cross section (rig. 1) . 

!!2:..1 E'ldution durino th• romping ot I~ fi•ld or 
rts.ornont loy•r position tor COH A.- (3.4-2.1 T} 
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3. Localisation expected 

The elements playing a role in the broadening of the power deposition 
are mainly 

(a) the natural thickness of the absorption zone. 
(b) the difference in frequency at which each antenna is tuned (32.4 

to 33.5 MHz ) which scatter the resonant layers over 10 cm approximately . 
(c) the vertical spread which , despite the focalisation , distribute 

the power on several successive magnetic sur faces . 
The final distribution extends therefore over a domain whose thick­

ness along R i s typically between 30 and 50 cm and t he expected effects 
are smoothed accordingly. 

4. Experimental results 

4. 1 We have already reported /1/ that the dimensions of the sawteeth ar e 
dramatically increased when we heat the plasma inside the q • 1 cr oss 
section . This effect disappears when the resonant layer is moved outside 
Q • 1 . 

4.2 Fig. 2 gives the 6T/6P plotted versus the position of the resonance 
layer. 

2.6 2.6 3.0 3.2 

Ion and Electron· temperature variation versus 
the position of the resonance layer 

3.4 3.6 

When plotting the t otal energy content of the plasma ver sus total 
power PTOT • Pohmic + PRF we find a linear dependence which could be. 
described by : Wror • tEo P00 + ta(PTOT- P0 ) . We have reported (Flg. 3) 
for di fferent conditions the ta- value versus the position of the resonance 

Rr (m) 
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layer . The resul t ing distribution exhibits a broad maximum in the central 
region (- q < 1) and decreases outwards significantly. When moving from 
condition A (3 . 4 + 2 .1 T, He' minority and IP - 3 MA) to condition B (2.6 
+ 1.4 T, H minority and I p = 2 MA), it is a s tr iking result to fi nd all 
the values merging in the same general curve. 

0.2 · 

0.1 

~ < 0 versus position ollhe resonnanl layor 

• (H) 6910 • (H0 3) 6858 
• (H) 6922 

(H) 6937-6938 
• (H

0
>) 6852 

1:a • IJ.W/IJ.P 

( li0>) (1-1) on (H03) 6860 
( 110>) ( I I) on (11) 6060 

~l----------~q~=~1-------------~ 

2.50 lOO 3. 50 R(m) 

Several factors complicate the interpretation namely: 

(a) The mi nimum mean hydrogen content in JET is around 5% of the Deuterium 
maj ority. Accordi ngly when the He ' heating takes place at radius smaller 
than 2 .8 m a second minority heating zone (H minority) enters the plasma 
from the LFS . Consequenly , when the magnetic field decreases an 
increasing heating efficiency on (H) competes with the decr easing heating 
efficiency on He' . 
(b) An adverse consequence of t he RF heating is a moderate release of 
impurities increasi ng the radi ated power which is thus more pronounced at 
the end of the RF pulse. Together wi th the density increase , this results 
in a decrease on Ta at the later times and complicates the interpretation. 

~.00 
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~.3 Significant effect on off axis heating on Ti -profile have been 
identified (Fig. 4) . On the other hand , no change in re-profile outside 
q • 1 could be attributed to of f axis heating despite the obvious mean 
increase observed in this case . This is in agreement with the so-called 
"profile consistency" observed on JET . 

~. 11 No evidence of any beneficial effects can yet be reported when 
heating around q • 2 surface. One could even discern an increased 
sens itivi ty to disruption possibly connected t o impurity release when 
heat ing on the HFS q • 2 s urface . This should however be r econsidered 
carefully with steady stat e condition before definite conclusions could be 
drawn. 

Conclus ion 

So far , off axis heating did not achieve any major favourable r esults. 
The best heating effi ciency has been obtained when the resonance zone is 
located close to the magnetic axi s . 

Reference: 

/ 1/ ICRF Studies on JET - J. Jacquinot et al . 12th Eur. Conf. on 
Controlled Fusion and Plasma Physics , Budapest Sept. 1985 
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A SHORTWAVE FIR-TREE ANTENNA FOR ICRF HEATING OF PLASMA IN 
THE T- 10 TOKAAUU< 

A. V . Longinov, E. I.Kolosenko , G~A.l.liroshnichenko, G. Ya.Nizhnik, 
V. A. Tsurikov, A.A.Chmyga 

Institute of Physics and Technology , the Ukrainian Academy of 
Sciences , Kharkov 310108, USSR 

A fir- tree t ype of an an t enna has been used in ICRF plasma 
heating experiments in the T- 10 tokamak ~ ,2] . The peculiar 
featur e of this antenna is its low i mpedance and a large radi­
ating surface , which makes feasible high RF power regimes. 'l.'he 
unipolar distri buti on of the exciting current on the radiating 
sur face ensures a wide K spectrum. As shown i n [.3, 4] , the em­
ployment of the antenna with this spectrum enhances the role 
of the conversion of fast waves into slow ones when fast mag­
netosonic waves (FMSVI) are excited on the low magnetic field 
s i de (LFS ) , and also causes an essential radial electric field 
i ncrease at the chamber walls which may lead to an enhanced 
impur ity infl ux in the di scharge. 

This report is concerned with the main characteristics of 
a new fir-tree antenna that di ffers from the previous one in 
a na rrower and , whi ch is very essential, a shorter K spectrum. 
The antenna with a part ial l y r emoved electrostatic screen lo ­
cat ed i~ t he T-10 vacuum c~amber dummy is shown in Fig. 1 , and 
i ts ar~angement (as viewed from the plasma side) is shown sche­
mat i cally in Fig. 2. The antenna consists of the basic 1 and 
addi t i onal 2 radiating sur faces and an electrostatic screen 3, 
t he screen conductors being parallel to the magnetic field {1] • 
The conductors of the sur faces 1 and 2 are inclined at ~ 20° to 
t he chamber axis . The shortwave K11 spectrum results from the 
variation of this angle of inclination along the chamber axis. 
For the bipolar distribution the amplitudes of the harmonics 
wi th low toroidal numbers e=KnR are small. This results in 
the decrease of the radial electric field near the chamber 
wall by a factor of 15 [4) as compared with a unipolar current 
distribution in the antenna [1] • 

Because of a relatively small wi dth of the antenna ("' 50cm) , 
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the K11 spec:trum of the exciting current I~ appears to be ex­
cessively shifted to the region of larger Ku (Fig . )) . There­
fore the i ntense harmonics lie in the region where the active 
impedance 'l0 (f)=Z Zo<m,!) ( m is the poloidal number) is essen­
tially decreased . As calculations show, this causes the active 
impedance decrease, especially for low plasma densities. This 
is seen from Fig. 4 which shows the average local impedance lQ 
as a function of the plasma density for the unipolar (curve 1) 
and bipolar (curve 2) antennas. Therefore, to keep a high effi­
ciency of the antenna, we have used a new design of the radi­
ating surface , namely, a double current-carrying surface (Figs. 
1,2). The main (1) and additional (2) surfaces are formed by 
a set of inclined conductors. Now that the current components 
l~ responsible for FMSW excitation are directed in a consist­

ent manner on each surface , it is possible to increase the ex­
citation efficiency by a factor of 4. 

Distributions of the local active impedance la on the an­
tenna surface have been studied for the conductor shape shown 
in Fig. 2. Figure 5a shows the unfolded current surface with 
the local impedance isolines. The variation of the radiating 
surface conductor inclination illustrated in Fig. 2 is not 
optimum because the contribution to the impedance of some part 
of the current surface, where the direction of the conductors 
changes, is low and can even be negative. The optimization of 
the current distribution has allowed us to eliminate the re­
gions with i!a <0 and to increase the antenna efficiency by>25% 
(Fig. 5b). The current distribution has been optimized by 
changing the shape of the conductors (Fig. 6). 

Other elements of the new antenna (the transmission line, 
matching circuit , etc.) remained the same as in [1] , frequency 
and power characteristics also being similar to those of the 
previous antenna. Thus, the employment of the new shortwave 
antenna allows one: 
a) to suppress the exci tation of asymmetric modes with a lov1 

toroidal number l which are r esponsibl e for the radial elec­
tric field increa~e at the chamber wall; 

b) to eliminate or essentially diminish the fast - to-slow wave 
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conversion effects which lead to heating efficiency reduction 
and to the enhanced influx of impurities due to the arrival of 
the slow wave to the chamber surface on the inner side of the 
torus (2,3} (this conclusion follows from Fig . 3 which gives 
a plot of the ratio of the RF slow wave power Ps et> generated 
in the conversion region to the RF power PLn (t) radiated by 
the antenna [3]; as is seen from the figure, the conversion 
effects are essential both for D and D+H plasmas only for the 
antenna [1] with a long wavelength spectrum); 
c ) to confirm or to reject the theoretically predicted import­
ant role of conversion effects in the wave excitation on the 
low magnetic field side basing on the analysis of experimental 
results obtained with different antennas. 

It should be noted that for the antenna presented the heat ­
ing method with heavy-ion admixtures (2 ,3] becomes, according 
to theory, inefficient because of the suppression of the con­
version effects in the LFS case. 
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ELECTRON CYCLOTRON HEATING ON TFR 

TFR Group & FOM ECRU Team, presented by J. Tachon 
TFR Group, Association EURATOM-CEA sur la Fusion, DRFC CEN, 

BP 6, 92260 Fontenay aux Roses, France 
FOM-Instituut voor Plasmafysica, Rijnhuizen, Nieuwegein, The Neterlands 

ABSTRACT 

We present the results of the ECR experiment with emphasis on 
electron heating. Up to 500 kW were coupled to the plasma at 60 GHz . Scans 
in electron density, plasma current and toroidal field are presented along 
with energy balance and transport analysis. The effect on sawtooth 
behaviour is also presented. 

INTRODUCTION 

The full ECRU power, 3 x 200 kW at 60 GHz, 100 ms pul~s has been 
routinely injected into TFR ( R=98 cm, a=18 to 20 cm, carbon limiters) 
from september 1985. Microwave power is launched in o-mode from t he 
outside; one of the antennas has an 84" toroidal angle, the two others 
face a twist reflector which converts the transmitted power into X-mode 
<1a,1b>. Although MUD control and suprathermal behaviour have been studied 
<1b,2>, we will present here only heating and transport studies. As will 
be discussed later, technical modifications inside the vacuum vessel have 
led to a different behaviour, even in the ohmic regime, since the end of 
1985 . 

CENTRAL HEATING 

With a toroidal field on the axis equal to 21.4 kG, t he central 
electron temperature is sharply peaked inside q=1. Fig 1 s hows the 
dependance with central electron density of Te. The lower values given by 
the Si-Li detector and the superheterodyne 2wce measurements can be linked 
to the fact that they measure one point which, due to the large plasma 
displacements, is not necessarily the maximum, whereas the Michelson gives 
the whole profile. Below Ne(0)=1.7 1013 cm" 3 t he electron distribution 
function becomes non maxwellian and 2wce temperature measurements are 
therefore uncertain . At high density diffraction becomes important, and 
heating is l ess localised . 
Fig 2 shows the variation of the global energy confinement time with 
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average density at full power. The weight of the central temperature peak 
is negligible. An increase of re with Ne is observed, although smaller 
with ECRH than in the ohmic regime. Results with one or two gyrotrons only 
are close to this curve Energy balance and transport studies have been 
done routinely using a simple NxOD code and, for a few shots, the more 
elaborate MAKOKOT simulation code . The power deposition profile calculated 
at the first pass <3> has been used in the simulation to study the profile 
evolution. The main result is that the anomalous electron conductivity Xe 
which in ohmic regime scales as xe~1/Ne.q.Te~ <4> has a different 
temperature dependance in ECRH namely xe~r.Tevz/R.Ne.q <5> : see Fig 3. 
The simulations also show that the central density pump-out is explained 
by the decrease of the neo-classical pinch velocity as mentionned 
previously <6> and by the Te\12 dependance of the particle diffusion 
coefficient ( D=2.Xe/3 ). However enhanced recycling due to power losses 
on the vessel partially cancels this effect, leading to quasi constant 
average density. 

Dependance with plasma current was striking in 1985 (before the 
installation of a stainless steel calorimeter on the inner wall) and much 
less obvious since then. Previously two regimes were observed in ohmic 
plasmas at 21.4 kG: below 105 kA, no MHO activity was observed, and the 
confinement time was ~ 8 ms, whereas strong saturated m=2, n=1 and m=3, 
n=1 MHO activity appeared above this limit, leading to confinement times 
of the order of 4 ms. With ECRH, confinement times fell even with 100 kW 
in the low current case, whereas they stood essentially unchanged in the 
MHO regime. Since the beginning of 1966, the good ohmic confinement regime 
has disappeared, as well as the high current regime with saturated MHO : 
modes tend to be either absent or explosively growing, the ohmic as well 
the ECRH confinement time are roughly independent from the plasma current 
between 60 and 130 kA, respectively re = 6 ms and re = 3 ms for an average 
density of 1.5 1013 cm- 3 

I ,, ~ f ~~ i H. ot •· I ''" I . 

NON CENTRAL HEATING AND SAWiOOTH BEH&VIOUR 

Although central temperature is sharply maximum for precisely central 
heating, re dependance is much weaker as has been previously found in T10 
<7> although the 'flat top' reaches only r=a/4. Fig 4 shows re as a 
function of e,, made with central density of 2. 1013 cm- 3

, and Ip=87 kA. 
The low density insures that the dependance is not mainly due to 
absorption and refraction problems. Moreover at this values of plasma 
current, MHO activity is negligible and an extended stochastic edge region 
is unlikely to explain the sharp drop observed when heating is applied off 
center by more than 6 cm. 
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Sawtooth behaviour has been studied i n detail for ohmic plasmas, with 
Ne=1 .5 1013 cm- 3

, the period is typically 0.7 ms with an m=1, n=1 
precursor at 10 kHz growing during 0.3 ms. When the power deposi tion is 
away from the q=1 surface, either inside (central heating ) or outside, no 
modification of the sawtooth behaviour is observed, in sharp contrast with 
T10 and POX observations. Conversely, when the power is deposited at the 
q=1 radius, strong changes are seen: with one gyrotron ( 200 kW ) the q=1 
island grows more slowly; with three gyrotrons, the m=1 oscillation 
reaches a nearly saturated state, and the sawtooth lengthens to about 2 
ms, with an erratic behaviour reminiscent of complex sawteeth observed in 
larger Tokamaks <8> ( see Fig. 5 ). It seems t hat triggering of the 
internal disruptions is strongly affected by local modifications of 
profiles near the q=1 surface. 

CONCLUSION 

It i s striking to note that the degradation of confinement time with 
ECRH is nearly maximum already at low power. Subsequent increases of ECRH 
power do not degrade te much further. The R.grad(Te ) < 13 keV limit <9> is 
fulfilled outside the q=1 surface, although much larger gradients are 
observed inside. 
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PERFORMANCE OF THE 70 GHz ECRH SYSTEM ON W VII-A 

R. Wilhelm, V. Erckmann, G. Janzen , W. Kasparek , 
G. A. MUller . P. G. SchUller , M. Thumm 

Institut fUr Plasmaforschung , Universitat Stuttgar t, Stuttgar t , w. Ger many 

W VII- A Team* 
Max-Planck-Institut fUr Pl asmaphysik, EURATOM- Assoc. , Garching, W. Ger many 

1. Introduction 
Dur ing a three year period , extensive ECRH investigations were perfor med on 
the Garching W VII-A stellarator. The experiments wer e s t arted i n 1983 us i ng 
a single 28 GHz/200 kW/~0 ms pulse gyrotron and wer e cont inued wi th a 70 GHz/ 
200 kW/100 ms system until November 1985. In both cases , initial exper i ments 
wer e started by radiating the unpolarized gyrotron waves (mainly the TE02 
mode) through an oversized circular waveguide (leng th almos t 30m , including 
one 90°- bend) directly into the torus. In further steps, the TE02 wave was 
transformed into the almost perfectly linearly pol arized HE11 hybrid mode in 
the conversion sequence TE02~TE01~TE11•HE11 [1,2] . The resulting narrow mil­
limetre- wave beam was launched perpend icular ly to the magnetic field from the 
low-field s ide in ~mode orientation (E 11 B) for hea t ing at t he fundamental 
frequency and in X-mode polarization (EL B) f or harmonic heating [3]. Almost 
20 ,000 plasma discharges (approximately 8: ooo at 28 GHz and about 11,000 at 
10 GHz) resulted in a lot of information concerning physics and techniques 
of ECRH applications. A summary of the recent physical results is given at 
this conference*, while t he following sections describe the technical fea­
tures and the perfor mance of the 70 GHz system. 

2 . Microwave Source 
At ei ther frequencies (28 GHz, 70 GHz) commerc ial pulse gyro trons were used . 
Careful control of t he various parameters (magnetic field geometry , gun anode 
voltage , collec tor vol tage and current of the electron beam) turned out to be 
t he bas i c requirement for stable t ube operation at the ultimate parameter set 
for maxim um output power at highest achievable mode purity

3 
The instab ility 

of the parameter setti ngs has t o be in the r ange of S 10- • High precision 
high voltage s upplies for t he collector voltage (80 kV) (developed at !PP 
Garching) and the gun anode voltage (developed by IPF Stuttgart) were used 
[~) . Programming the gun anode voltage allows a fast nodula tion of the gyro­
tron microwave power (Q-10 kHz). Square wave modulation of the gyrotron out­
pu t power (frequency range 100 to 600 Hz at 10-30~ modulation degr ee) all owed 
heat wave experiments on the plasma to analyze thermal transport [5). 

3 . Transmission Line Components 
Low- l oss power transmission from t he microwave source to the plasma device 
and mode transformation to achieve a narrow and linearly polarized beam are 
basic requests for optimum ECRH applications. For t h is purpose various wave­
guide components are required, which were developed and sys t emat ically im­
proved by the IPF Stuttgart. The following table gives an overv i ew of the 

*) see V. Erck mann et a l.: "ECRH in the Wendelste in VII- A St e lla rator" , 
invited paper a t this conference . 



212 

basic components in the 70 GHz transmission line and their purpose . 

component 

(gyrotron) 

down- taper 

corrugated bend 

mode converter 

mode filter 

mode converter 

mode converter 

corrugated 
up- taper 

(barrier window) 

antenna wave­
guide 

wavegu ide mode purpose 

• 95% TE02 (po>~er source) 

TE02 reduction of gyrotron out­
put waveguide diameter 
from 63.5 mm to 27 . 8 mm 

TE02 gradual 90°-bend with 
sinusoidal curvature 

TE02~TE01 transformation into low­
loss transmission mode 

TEOl 

TE01 ->TE11 

TE1 1->HE11 

HEll 

HEll 

HEll 

attenuation of spurious 
TEmn (m~o) modes by 90-99% 

transf . into almost 
linearly polarized mode 

transr . into optimum 
lin. pol. hybrid mode 

enlar gemen t of waveguide 
diam. from 27 .8 to 63.5 mm 

(torus window) 

co~rugated s t ainless steel 
w. guide for HEll launching 

typical l osses 

:i 5% TE03 , TE13 

< 0 . 1% 

:i 1 . 5% 

0. 5% 

:i 2% 

1.7% 

< 0. 1% 

The losses indicated in the table were determined experimentally for the in­
dividual components in specific low-power tests. All experimental values were 
found to be in very good agreement with the theoretical calculations [1,2] . 

Accord i ng to the table there are still two major contributions to the overall 
power l oss : the conten t of spurious modes of the gyrotron (which can not be 
reconverted) and the losses of the TE01 .. TE11 mode converter. With respect to 
the first point , improvements can be expec t ed for future gyrotrons. The most 
critical converter , on the other hand , has been remarkably improved by a new 
computer-aided design [6 ] . The measured losses of 2.7% essentially resul t 
from the ohmic attenuation in the transducer . Besides a further conservation 
of microwave power the reduction of the spurious- modes level in the most cri­
tical last section of the transmission line will be the main advantage of the 
new component . This novel TE01-+TE11 mode transformer will be used in the 
transmission lines of the 70 GHz/1 MW ECRH system on the future W VII- AS 
stellarator . 

4, Mode Measurements and Power Calibration 
Fast real time power measurements in the various waveguide modes are indis­
pensable for gyrotron tuning (with respect to maximum power at highes t obtai­
nable mode purity) and for ECRH experiments. This open problem was solved by 
a novel instrument ("k-spectrometer" [7 ]) , which indicates the different 
modes and their direction of propagation in the form of an optical spectrum. 
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As an example Fig. 1 shows the wavenumber spectrum of the first three axisym­
metric modes TEOl to TE03 prOduced in a low-power component test line. The 
logarithmic plot simul taneously de mons trates t he high resolu tion of thespec­
trometer as well as the high quali:y of the inserted mode converters. 
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Fig.l: Spect ra of TEOl , TE02 and TE03 
modes measured with the k- spectrome­
ter at 70 GHz (low-power measurement) . 
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travelling waves produced by r eflec­
tion of a TEOl wave from a crumpl ed 
alumini um foil. Attenuation of asym­
metr i c modes by i nsertion of a cor ru­
gated-wall mode filter (sol id curve ). 

Further applications of the instrument are shown in Fi g. 2: Reflec t ions of a 
low power TEOl wave incident on a cr umpled alu minium foil in the waveguide 
generate a dense spectrum of forward and backward t ravelling waves (dashed 
curve). These waves - except the one in the or iginal TEOl mode - are s trongly 
damped af ter insertion of a mode selecti ve filter as used i n the high-power 
trans mission line (solid curve). During the high power ECRH experiments a k­
spectrometer was inserted in the TEOl section of the transmission line. This 
i nst r ument served as a TEOl power mon it or in t he forward direct i on and 
allowed the opt im ization of the gyrot r on operat ional parameters . A second 
receiver horn mounted to the spectrometer was positioned to measure reflec­
t ed high order modes gi ving a safety switch-off signal in cases of too strong 
plasma reflec tions and/or waveguide arcing. 
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Fig. 3: Thermographic burn patterns 
produced by t he TEOl and TEll modes 
wh ich wer e s uccessively genera t ed from 
the TE02 gyrotron output mode (mode 
purity • 95~) a t 70 GHz (170 kW, lms) . 
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During high- power operation the rather pure mode composition can be deduced 
from burn patterns of thermographic paper. Fi g. 3 shows patterns obtained 
after the TE02+TE01 converter and at the output of the TE01+TE1 1 transducer, 
respectively. Besides the characteristic shapes of the main modes the presen­
ce of small fractions of asymmetric modes can be seen in both cases. Measure­
ments with the k- spektrometer and with stacked thermographic papers revealed 
some content (•5%) of TE03 and TE13 modes at the gyrotron output. Neverthe­
less , the resulting microwave beam radiated into the torus is of high quality 
as verified by direct measurements inside the torus vessel. The incident po­
wer was measured by 5 pick-up antennas mounted to the inner torus wall oppo­
site to the incoming waveguide. Fig.~ gives a comparison of experimental va­
lues with the corresponding theoret ical TEMOO wave power distribution i ndi­
cating the very good agreement. The measurements also show the small spread 
of the polarized HE11 beam at a distance of 360 mm from the aperture. 

Absolute power calibration was performed using newly developed calorimetric 
loads [8]. In these loads an organic absorber fluid (octanol) is used, which 
has an appropriate power absorption l ength in the cm- range (compared to only 
0.15 mm at 70 GHz for water). Combini ng this with an optimized geometry p·ower 
r eflections could be reduced to about - 30 dB. This new absorber a l so allowed 
for the first time absorption and calibration of the concentrated HE l l output 
beam. In very good agreement with the previous low-power calibrations of the 
individual waveguide components (table in section 2) an overall efficiency of 
a l most 90% was measured for the entire transmission system. 

5 . Conclusions 
Safe and reliable operation of a 70 GHz ECRH system has been demonstrated in 
a large number of plasma discharges. The optimized high-power microwave com­
ponents (tapers , bend , mode transformers, mode selective filters) allow a 
h ighly efficient mode transmission and plasma irradiation with a narr ow, li­
nearly polarized beam. The overall efficiency was almost 90%. The available 
power at the antenna mouth in the HE11 mode was 170 kW (a t approx. 190 kW 
gyrotron output). Specific microwave diagnostic instruments (k-spectrometer, 
calorimetric loads) turned out to be indispensable tools for test purposes 
and ECRH experiments as well. The present 70 GHz/1 00 ms system is now being 
upgraded by another four long-pulse transmission lines, each containing two 
further corrugated bends with a total of approximatel y 3% additional conver­
sion losses. The new system with 1 MW total microwave power is expected to 
have a similar efficiency as the described W VII-A transmission line due to 
the improvement of the efficiency of the TE01+TE11 mode converters. 
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NUMERICAL AND EXPERIMENTAL STUDY OF THE ELECTRON DISTRIBUTION FUNCTION 
IN T.F.R WITH AND WITHOUT E.C.R.H. 

TFR - Group 
FOM ECRH Group 

Presented by L. JACQUET and M. PAIN 

The suprathermal part of the electron distribution function in Toka­
mak discharges with and without ECRH is analysed. The experimental spectra 
of the electron distribution function measured from a s

1
-Li detector are 

compared to that deduced from a numerical computation[ 11 • 

The code which is Monte-Carlo like, simulates the evolution of a set 
of particles in velocity space (v11 , v1 ). Computation is carried out between 
the initial velocity v =vi and the Dreicer velocity v = v

0 
(fig. 1). The 

initial velocity is determined by the energy interval to be studied. At 
each time step, a test particle is submitted to : 

- the electric acceleration qE/ m , where E is the electrical toroidal 
field. e 

- an average drag - < v11 > ~/ 1 1~ 11 with 2 = A
0
/2v 

- an average randomly directed acceleration given by 

An --;2" where < 1 and < 2 are 

ficients 

and 

-wit h ECRH, a perpendicular acceleration given by 

random coef-

2 2 ~ 
_d_ (~) =.2..L lE 12 "" J ( k1 v.1. [2] 

dt 2 4m l L n-1 - w--) •6 (w-n..ce -k, v") 
e n ;; m 

In each element of the velocity space grid, the distributi~H function 
i s proportional to L i t . where t . is the time spent by the i particle 
i n that element. From this distribBtion function, t he code comput es the 
continuum part of the soft X- ray spectrum emitted by the plasma. 

Taking impurities into account, t he bremmstrahlung emission in 4 
sterradian in t he (w ,w+ d w) range, 

dt dV dw 
Zeff 

m2 "e 
e 

1 
f( v) dv 

V 

where 
16we2 Zeff n~ 
3 

'13 m2 c3 is the total power radiated by t he electrons 
e 
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with velocity v [3) , f (v ) is the electron distribution function and 

1 
2 

We obtain 
E d3 N 

dE dV dt 
with E . 

m1n 

the X ray sepctrum 
32 n 3e6 Zeff 

as~ r2 
n2 r cos8f 

e imin-•/2 = 3 1/3 m2 c3 h 
1 e 

=--m v 1 . 
2 e m1n 

If we assume that radiative recombination rat es are close of those we 
would find if f (v) was maxwellian distribution, the continuum spectrum 
can b: written 

3 6 
~ 12 

E d N 
3~ e

3 
(~+~) n2 J dE cos e f (E,e) d e [ cm- 3 ,s1 l 

dE dV dt 3 3 C m h e Em i n -•/2 

where ~ is a numerical factor taking into account the radiative recombi­
nation. 

The experimental apparatus consists of a s
1
-Li detector with a multi­

channel analyser. It measures the X- ray spectra in the energy interval 
of [ 1.5,30 ] keV . It has a spatial resolution of 1 cm and 2.fi temporal 
resolution of 20 ms. An in-situ calibration is done with an Am souce in 
iron substrate. 

The plasma studied has the foll owing parameters 

- central density : 1.5 1013 cm-3 

- Plasma current 100 - 110 kA 
- Toroidal field : 21.4 - 27 kG 

an experimental spectrum is shown in ( fig.2). Both the simulated and 
the experimental spectra are shown in logarithmic scale. We note the 
spectra can be fitted by two straight lines appropriate for the energy 
intervals [1.5,10] keV and [ 10,30] keV. For ohmic discharges (fig.3) 
there exists a good agreement between the measured and the computed slopes 
of the suprathermal ([10 , 30 ] keV) part of the distribution function. 

BT (kG) 
Experimrntal 

slope (kev- ) 
Comput!:~ 

slope (kev ) 

21.4 - 2 . 5 10-2 
- 3 10-2 

24 - 3.1 10-2 
- 3 10-2 

27 - 3. 2 10-2 
- 3 10-2 

In the presence of ECRH, the code predicts a depletion of t he supra­
thermal part ( i. e s decrease of the slope in the [ 10,30 J keV interval), 
The depletion is stronger for a central hea!~g (~1 = 21 . 4 kG with fECRH = 
60 GHz) . Computation gives a slope of 3.8 10 keV • 
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This prediction is confirmed by the experiment 

BT (kG) Experiment~! 
slope (kev ) 

Compute~1 s lope (kev ) 

21.4 - 5 10-2 
- 3.8 10-2 

24 - 3.9 10-2 - 3 10-2 

27 - 3.4 10-2 
- 3 10-2 

For ECRH - heated discharges , both the code and the experimental 
spectra show a depletion effect of the suprathermal part of t he 
distribution function . We believe t hat t he depl etion is a consequence of 
t he particle "shift" in the energy diagram caused by ECRH. In fact, t hi s 
shift is less efficient when collisions dominate, because shift ed 
particles are thermalised. But collisions become rare at high energy, 
making the ECRH energy shift more efficient. ECRH increases t he suprather­
mal population close to the bulk. But for high energies ECRH allows many 
particles to run across the Dreicer limit and become runaway depleting the 
high energy portion of the distribution function. 

In summary, our simple numerical model gives good predictions. The 
representation of the distribution functions by two maxwell ian is satis­
factory as indicated by the experimental and the numerical results . 
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ELECTRON CYCLOTRON RESONANCE HEATING 
AND CURRENT DRIVE EXPERIMENTS ON THE CLEO DEVICE. 

T Edlington, MW Alcock, D Atkinson, S G Blewett, B J Parham, PR Collins, 
A N Dell is, B Lloyd, M O'Brien, J Riley, A C Riviere, D C Robinson, 

D F H Start and T N Todd 

Culham Laboratory, Abingdon, Oxon, OX14 3DB, UK 
(Euratom/UKAEA Fusion Association) 

I . INTRODUCTION 
The CLEO experiment has been used to study electron cyclotron resonance 

heating utilising both fundamental and second harmonic resonances. Two 
high-power gyrotrons are installed, each providing 200 kW of RF power at 28 
GHz and 60 GHz respectively. The machine can be operated either as a 
conventional tokamak with a relatively high aspect ratio (R/a -7), as a pure 
stell arator with an 1.=3 mz7 helical winding or in a variety of hybrid 
configurations. 

For 60 GHz heating experiments, the TE01 circular mode was radiated 
from the l ow field side of the torus through open-ended, oversized waveguide 
aligned along a major radius in the horizontal mid-plane. For 28 GHz 
experiments both circular and linear polarisation have been studied. The 
circularly polarised launch is comparable with that of the 60 GHz whilst for 
the 1 i nearly polarised 1 aunch a TE 0 1 to TEll mode converter is introduced 
into the transmission line close to the torus. With this arrangement both X 
mode second harmonic and 0 mode fundamental heating have been studied. In 
the case of second harmonic, the heating efficiency was independent of the 
launch polarisation which may indicate that single path absorption is not 
necessary for good heating efficiency. 

By removing sections of the TE0 1 to TEll mode converter to obtain 
incomplete conversion and varying the position of the converter with respect 
to the end of the launch antenna, the angle at which the power is launched 
can be varied. High power tests in which microwaves were launched into free 
space and the antenna pattern recorded on heat sensitive paper demonstrate 
that asymmetric launch with an angle up to II • from the waveguide axis i s 
possible . By rotating the antenna through IBO• the rf power can be launched 
with k1 in the same direction as the plasma current or in the opposite 
direction. This technique has been used to l ook for evidence of ECRH driven 
current. Preliminary experiments in tok amak geometry with 28 GHz second 
harmonic heating have been completed and indicate very low efficiency. 
Numerical calculations of the expected current drive for the CLEO 
experimental conditions are compared with the experimental results. 

2. 60 GHz HEATING 
Efficient, bulk electron heating of tokamak discharges using high power 

microwaves at the 2nd harmonic of the electron cyclotron resonance has been 
previously demonstrated in the CLEO experiment [I] . In CLEO 140 kW of rf at 
60 GHz injected from the low field side of the torus with mixed polarisation 
increased the central electron temperature from 0.43 keV to 1.25 keV. In 
contrast to similar experiments at lower densities using 28 GHz microwaves, 



no high energy non­
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Maxwellian tail is 
produced by the rf 
heating. It is there- ~E 

fore part i cul a rl y 
interesting to study 
the effect of this 

(Ois) 

3 

·2 

220 

·4 ·6 

o OHHIC 

• ECRH 

·8 

form of heating on 
tokamak confinement 
and to compare it with 
scaling l aws derived 
from other heating 
methods. Figure 1 
shows how the global 
energy confinement 
time varies with line 
averaged electron 
density along a 
central vertical chord 
through the pl asma. 
Values are plotted for 

Fig .l Scaling of energy confinement 
time with line-averaged electr on density 
for 60 GHz 2nd harmonic ECRH. 

both the ohmic and 
ECRH phases of the 
discharge. In CLEO 
for both fundamental 
and second harmonic, 
the heating i s invari-
ably accompanied by a 
fall in iie for 
constant gas flux 
becoming more pro-
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As a result the range 
of densi t i es covered 
in Fig.1 is greater ·06 ·12 ·18 ·24 ·30 \ 
for the ohmic data 
than for the ECRH 
data . In ca lcul ating 
~E during heating we 

Fig.2 Increase in plasma stored energy 
as a function of plasma current for 60 
GHz 2nd harmonic heating. 

have taken the rf optical depth for each density from a ray tracing code in 
toroidal geometry which includes a realistic model of the antenna pattern and 
the effect of multipl e reflect ion> from the torus wall. For the range of 
densities covered the absorpt ion coefficient va r ies from -0. 5 to 0.9. Based 
on these values there is a fall in confinement comparing the two phases of 
the same discharge and a somewhat smaller drop when the comparison is made at 
the same ne. Figure 1 also shows the so-called neo-Alcator and L mode 
confinement sealing 1 aws as formulated by Gol dston in [ 2]. The L mode 1 i ne 
is plotted for a constant input power which is approx imatel y valid here when 
Pohmi c is included. For CLEO parameter s , in this low density regime, the 
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predicted L mode confinement is higher than the ohmic confinement based on the 
neo-Alcator sealing . The more recent Kaye-Goldston sealing [ 3) is numerically 
closer to the data than the L mode but is a no more accurate description of 
the experimental sealing than the neo-Alcator sealing. 

Figure 2 shows the scaling of the stored energy i ncrea se during ECRH 
with plasma current and suggests a possibl e saturation in the plasma current 
scaling of confinement at low qa . Energy confinemen t time i s not plotted for 
this data since neither the ohmic stored energy nor the var iat i on of the 
optical depth of the microwaves with plasma current are known to sufficient 
accuracy. Calculating the ohmic stored energy from conduct iv ity suggests that 
t>E/Eohmic is rel atively constant for this c1ata and in the range 2->3, 
3. 28GHz HEATING 

The effect of varying t he axial toroidal field in 2nd harmonic heating 
experiments with 28 GHz ECRH is shown in Fi g.3 . For these experiments and for 

,,, ,.,. similar ones at the 
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fundamental resonance a 
significant asymmetry in 
heating e ffic iency with 
respect to resonance 
pos i tion is observed which 
i s not predicted hy ray 
tracing studies. With the 
resonance on the high 
field side of the axis the 
heating is rather 
insensitive to resonance 
position and some increase 
in storec1 energy is 
observed even with the 
resonance less than 1 cm 
from the l imiter. When Fig.3 Poloidal beta increase and 

relative loop voltage change as a the resonance is moved to 
function of resonance position for 2nd the lov/ field side of the 
harmonic heating at 28 GHz. axis, the heating 

efficiency fa l ls off more rapidly . The change in loop voltage associated with 
the heating reverses sign for Xres ~ 5. 4 cm even though ll~p remains positive. 
This suggests that part of the rf power produces an increase in the trapped 
electron population in this region, resulting in an enhanced plasma 
resistivity via neo-classical effects. 
4, CURRENT DR IVE 

The creation of an asymmetric resi stivi ty with rf waves was proposed hy 
Fisch and Boozer [4) as a possible mechanism for non-inductive current drive 
and an experimental verification of the theory was provided in [5) . 
Numerical calculations of Cordey et al [ 6) show that ECRH should be almost as 
efficient as l ower hybrid waves in driving cur rent. 

The open end of a circular waveguide excited in the TE 11 mode radiates 
a linearly polarised beam wi th its peak intensity on the waveguide axis. For 
28 GHz and a waveguide diameter of 40 mm the H-plane antenna pattern has lOdB 
points at ± 17°, When the same waveguide is excited in the TE 01 mode the 
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antenna pattern is a hollow cone with its maximum at 13° from the axis. The 
polarisation is azimuthal and therefore the el ectric fields have opposite 
signs on either side of the axis. If the two modes are combined, the TE11 wave will increase the TEa 1 field on one side of the axis and decrease it on 
the other side. A mixture of TEa1 and TE 11 was produced by removing one 
period from a 4 period mode converter des1gned for complete TEa1+TE11 con­
version. The relative phase of the two modes varies continuously in the 
plain waveguide following the converter. The deflection of the wavefront was 
optimised empirical l y by varying the length of plain 40 mm diameter waveguide 
between the converter and the plasma. The angle of deflection was measured 
by launching the wave at high power into free space and measuring the antenna 
pattern with heat sensitive paper. The beam can then be directed either 
parallel or anti-parallel to the plasma current by rotating the converter by 
180° . In the best case angles of +11.3° and -8.0° with respect to the wave­
guide axi s in the horizontal plane were achieved , the asymmetr¥ being due to 
residual spurious modes. The numeri cal results described in L6] have been 
included in a ray tracing code. For CLEO parameters the predicted ECRH 
current drive is optimised for a launch angle of 15°. Figure 4 shows the 

15 voltage and current 
Ip lAUNCH ANGll oiH. U.UNCHA~6\.E-ao· wavefonns for two 

(kAI tokamak discharges in 
10 CLEO i nto whi eh 135 kW 

60 140 60 

of 28GHz was injected. 
In one case the wave 
was launched pre­
dominantly in the 
direction of the 
electron drift and in 
the other case in the 
opposite direction. 
If the plasma para­
meters for these 
shots and the real 
antenna geometry are 
included in the ray 

100 120 140 tracing code the pre-
""""'' dieted current drive 

Fig.4 Plasma current and loop voltage effi ci enci es are 
waveforms during rf injection with angled approximately 12 A/kW 
launch antenna. (incident) for the 

parameters of the ohmic t arget and 90 A/kW for the parameters of the heated 
discharges. These figures suggest that a substantial proportion of the total 
current should be replaced by rf driven current, however within the experi­
mental errors there is no sys temat ic di fference between discharges with eo­
and counter-injection. Analysi s of this type of discharge with a non-linea r 
Fokker Planck code suggests that the electron distribution function is 
strongly distorted with the electric field calculated to be approximately l/8 
of the Dreicer critical field. The current density calc~ated with this code 
is dominated by the DC electric field and the difference between calculated 
driven current densities for the two cases in Fig. 4 is smal l. 
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Longitudinal Launching of EC and LH '1/avelil in 

Toroidal and in Mirrora Devices 

T.Conaoli 

C,E,C . 

It has been ahown that dense and energetic plasma beams 

can be accelerated by the combine ac~on of EC and LH waves, laun­

ched with a "apecial multicoaxial grill"/1/.The first wave genera­

tes or/and heats any plasma target whose electron density and tem­
perature are controlled by means of the power and f requency· of' the -RF ·aourccs. Thus the cond i.tions for converting WJ..eiii w11 eby the tJ-V':B 
force or/and by electron Landau damping(when v~ of the travelling 

LHW is equal to vhe)are satisfied.The two phenomenon have been se­

parately and already demonstrated experimentally,/2/. 

This paper is concerned with t wo apnlications of the simulta­
neous launching of EC and LH waves with a special launcher: 

a-The first apolication is the control of the "border plasma "cha­
racteristics and of the toroidall y driven current,by the RF fie lds 

in view to improve the 1E energy confinement time. 

b-The second application i~ a nev approach for filling with a hot 

and dense plasma a mirror device and for suppressing its losses. 

Concerning the first application ,the Tokamak results on the 

degradation of ~,have focalized the attention on the role played 

by the plasma edge on the transport coefficients.A sol~vion for 

reducing this degradation may be the control of thP plaPma edge pa 

rameters by RF fields or also and rat her preferably by the genera­

tion of a controllable and protecting "plasma mant le" . On fig l,a 

schematic view of the proposed system and applied on JET is shown . 

The EC and LH travelling waves are launched tangentially to the 

toroidal field with a mult icoaxial grill.Bere contrarily to the 

conventional grill l aunching case, t he waves propagate in one direc 
tion with the required N#;they heat the electrons and induce current 

When i n addi tion a gas is fed in the cen t ral guide , a hot and den 

se plasma mantle is generated.Its parameters n , T , can be control 
12 14 -3 e e led in the range of 10 to 10 cm and 0 ,1 to 10 keV and above • 
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Concerning the second application ,the coaxial grill a npears to be 

more suitabl e to axisyme t r ic open devices,as for example a magne­

tic c•tspi de field with RF ·grills located at t he cusps fig 2. /1/ . In 

t his cas e the grills at the snindle cusps a re of the mult icoaxial 

type and thos3 ar ound the circular mir ror are conventional grills 

set toroidally. Th·~~ EC end LH waves are launched on the axis and 

LH waves along the circul ar cusp.The l aunchers on the axis drive 

d ense and hot plasma jets i n opposite directions and those in the 

middle plane radial jet s. The converging axi a l and radial pl a sma 

flows are thermalized in the center of the dP.vice where a hot 

and dense plasma is accumulated and confined .The confinement is 

therefore r esul ting f rom the combine effects of the magnetic field 

and of the "ki netic pressure"exerced by the convergent plasma jets . 

Th e l aunchers ac t ing as"injector and stoppers"when they are cor­

rectly phased ,matched and l oaded 1 convert the RF energy i nt o kine­

tic energy with an efficiency higher than in resonant adiabatic 

plugs /4/ .Finally as an example of t his second application,a the.rmo­

nuclear plasma core with ne f\J l014cm-~Te=Ti NlO keV,might be obtai;­

n ed in the followin~ conditi ons : P1=1 Mw, F1=140 GH ?. ,F2=4 GH7 , P2= 

5 Mw,~core=30 l,magnetic fi el d at the mirrors Bmax=5 T. 
B'eferences: 

f~/Cons~~T . , Proc . of the 13thEur op. Conf .on Cont r .Fusion and Pl as . 
Heating . Schliersee April ( l9A6 ~. 
/2/ Consoli ~. , Proc.4th Int.Symp.on Heat.in Tor.Plas.Roma( l 984) 
/3/Consoli T. ,Phys.LettE:rs 7(1963) 237. Vol 2, 733 . 
/ 4 / Hatori T.,et al.,Proc.Vth IAEA Conf.Tokyo( l 974 )Vol. 2 , 663. 
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PLASMA BEAM ACCELERATION BY EC AND IC SLO\~ WAVES OR BY LH FAST WAVES 

T. Consoli 

Expert with the Commission of the European Communities 
DG XII- Fusion Programme, 1049 Brussels, Belgium 

Abstract : The combination of ECW and LHW launched by a "special" coaxial 
guide 1mproves the performance of ECR plasma beam accel erators and opens a 
wide domain of t hermonuclear applicat ions . -It has been shown that, in a longitudinal magnetic field gradient, theJA\7Bz 

force magnified by ECR accelerates a plasma beam /1/, which is confined and 

stabilized by an additional radial magnetic field produced by a multipolar 

coil. The energy gained by the electrons W.Le i s conver ted i nto parallel 

energy W //e /2/. I he ions when Vel ( (.,) ce are mainly dragged along by the 

space charge electrostatic potential Vs . Experimentally it has been proved 

that when the conditions assumed by the theory /31,141 are satisfied, the 

characteristics of the accelerated bean are : ( (o)PR)btAml. ~ 6),-S ,_ Well. J 

(WJ.e) = <\Ju~)J <vl!e) ;;; <v,.t), ~ = .Pbe.QM,/P ... ;.,., So%. 
The equivalent current density Je' which is a function of W~e' Prf' and frf' 

is limited by the feasible VBz. Thi s l i mitation can be overcome by using two 

waves - ECW and LHW - the former for the production of the required (ne , Te' 

WJ.. e) hot electron plasma target. The second wave drives when (v</>)wave 

?, (vI /e) or NI I ) I by Cherenkov-Landau damping an intense e l ectronic current 

if the necessary frf and Prf are chosen IS/, /6/ . The same waves according 

to their na ture (s t ationary or travelling) their frf and NI I, can heat the 

ions or t he e lectrons or drive a current. 

This paper is concerned with this l ast application. For this purpose the 

special launching structures described hereafter can be used . A first 

solution consists in a coaxial guide (Fig. I), whose central hollow cylinder 

is used as an oversize guide for launching circula rly polarized right hand 

waves. The external guide contains a number p of metal irises , pe r i odically 

distributed each d cm along i ts length. l n t h i " gu td~ , t ho' wa vo ' , v1> i s 

slowed down by the outphasing Ill due to the i ri • dnd accord ingl;d1/,.:~: ~d.• ... X, 
T "'11'f.(. '7r 

where 4J • f (frf' r
1 

- r
2
,e,p), r

1 
- r

2 
.... I i ~ i b f ' .,,. , ;,"l l ,.1 £ !:-:~:: :: _ .... . t a nd e 

the thickness of the iris. The equivalent electrical circuit of this struc­

ture behaves as a transmission line wit hout a cut off 171. A better solut ion 

is a multicoaxial guide formed by a set of p superposed me t a l cylinders as 
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shown in Fig. 2 (3-guide case) and Fig.3 (5-guide case). In both, the inner 

guide is us ed for l aunch ing the EC\l and the outers for the TEN propagation 

mode of LHI~. The ratio a/b of the guides' radii ( p = I , 2 ,3 ... ) , is chosen 

so as to minimize the resistive losses . These guides are connected t o one or 

more klystrons emitting waves at the same frequency but ~>ith different 

phases 41_ ,<j>
2

, ... . ~. The phasers are an integral part of each guide or a 

separa te component . The l auncher as a whole behaves as a "coaxial grill" and 

launches, according to the applied frequenc ies and phases, a travelling wave 

with the necessary NI I spectrum. Exact soluti on of this mul t i coaxial laun­

cher calls for theoretica l treatment , not included in this paper. Never­

theless, its behaviour as a conventional gri ll i s obvious and can be under­

stood from Fig. 3 . Indeed in the case of a rect angular guide array, the 

Br ambilla grill theory 181 assumes infinite and parallel faces , that is h>) e 

(height)) aperture). I n our case, in a fi r st approximation, we can assume 

that N11 is not appreciabl y changed if h 1) h2 ) h
3

) h4 ) e, the face s r emaining 

parallel as shown in Fig. 3A. Some change occurs if the facing walls a re 

curved but e quidistant (F i g . 38). Thus the multicoaxial grill can be con­

sidered as a succession of a l arge number of "canted grills" (5 in Fig. 3C) . 

Finally, as the radial metal dividing walls in Fig. 3C are parallel to the ... 
radial e l ectric field Er ' they can be s uppressed; we thus come back to a 

superposition of coaxial guides. These considerations allow us to write , in 

a fi r st approximation, NI I = }d. · ~ where </:>and d are respectively the 

phase and the gap between two adjacent guides (d a - a 
1
- S ) (her e $ is 

p p-
the thickness of the walls) . The propagation of the LHW l aunched by a 

coaxial grill lies in the field of wave propagation in the cylindrica l 

non-homogeneous magne t oplasma which was treated in detail particu larly by 

Rebut I9I . If we a l so assume that the density gradient dneldz just behind the 

microwave window satisfies Brambilla ' s conditions for LH slow waves at the 

plasma edge (see Ref. 181) , we can improve the ECRW plasma acceler a t ors as 

follows . 

Proposed experimental device : It is schematized in Fig. 4, where the l aun­

ching structure is of the first type . It is obvious that the second solution 

is more appropri ate . The ionization of the gas and the perpendicular energy 

gain by the electrons occur just behind the microwave window , wher e the 

neutra l gas is injected. The density ne and the perpendicular energy W~e of 

the ECR generated hot electron pl asma target are controlled through the 

ne utral gas pressure and the r f power l evel, so as to reach the required 

experimental conditions for coupling LH travelling waves to the electrons 
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. ,.., I /2 
and thus d rive a current. Th1s needs an N /1 = 6. 3/Te keV. The charac -

teristic parameters are : Bz = I tes l a (produced by circular coils) , Br = 

0.3 tesla {produced by a permanent magnet hexapol ). In the case of 5 guides, 

the multicoaxial grill ' s radial dimensions an:: 3, 6, 9, 12 , IS cm. The 

plasma colu mn length is 200 cm. The central guide is fed by two gyrotr ons 

f = 28 GHz , Prf = 250 kW for 10 msec . The 4 external guides are s u pplied by 

an f = 2. 45 GHz , Prf = 500 kW klystron. TheN// can be varied f r om 1. 5 to 6 

by changing the <Pp phases. The expected plasma beam c ha r ac teristics will be 

a nalyzed with the diagnostics already used cur rent ly /4/ and s hown i n Fig . 4. 

Th e plasma dens ity in these conditions must be mai n tai ned around 10
12 

e/cm3 

s o as t o get an £
2 I f 2 

ratio of the o rde r of I 0-l whic h favours a h i gh 
pe ce 

efficiency ~ Pbeam/P rf of the c urren t drive mechanism. The expect ed 

values f or "l (from 20 to 30%) allow a plas ma flow of 1022 p/sec, corres­

ponding to energies WJ.e ~ w1 / i o f the order of 10 keV. 

Conclusions Improvement of the ECR plas ma beam accelerator device des­

cribed i n thi s paper is realistic and feasible when EC and IC waves are 

launched . As a n application , it is possible to bui ld anothe r device in which 

two similar sys tems are opposed . The collision of the two opposed hot plasma 

beams produces a thermalized plasma which is trapped a nd confined in the 

magnetic we ll formed at the j unction of the two inverse linea r ma gnetic 

fi e lds. When deuteri um is the gas used for the beams , 10 13 neutro ns can be 

obtained. The multicoaxial st r ucture can also be used fo r longitudinal 

launching of EC and I C waves in Tokama ks. As far as LH waves a re concerned 

the resulting situa tion i s unfavourable : only LH fast wave s can be coupl ed 

to the plasma . 
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ELECTRON CYCLOTRON HEATING BY THE EXTRAORDINARY MODE IN THE T-15 TOKAMAK 
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92265 Fontenay- aux-Roses (France) 

Abstract 

Electron Cyclotron Heating by the extraordinary mode for oblique 

propagation at down-shifted frequency and external launching is investiga­

ted using the relativistic theory of 111ave absorption. For t his purpose, the 

transport code Makokot has been coupled to a ray-tracing code which 

evaluates the power deposition along the wave-packet trajectories. It is 

shown that, for a toroidal magnetic field B(O) = 43 kG, frequency f = 83 

GHz, and nearly top launching , efficient plasma heating and control of 

temperature profiles may be achieved. 

Auxiliary heating by EC wave absorption is planned in the T-15 toka­

mak. In view of the promis i ng results obtained with the 0-mode / 1/ for 

normal propagation from the l ow- magnetic-field-side , it is natural to 

consider this method as t he most attractive candidate for electron heating 

However, the use of E- mode at down- shifted frequencies for l ow-magnetic­

field- side l aunching and large oblique propagation /2,3 ,4/ , presents seve­

ral attractive features. The value of the magnetic field can be significan­

tly higher than t he maximum value a l lowed by t he 0-mode wave, which for a 

frequency f = 83 GHz is B(O) , 33 kG . The E-mode cut-off density is higher. 

Superthermal electrons may be produced. 

In the present paper we wish to show the potential of the E-mode 

heating method by investigating the electron temperature evolution in the 

T- 15 device. A ray-tracing code, which follows t he trajectories of a finite 

wave-packet and evaluates the relativistic wave damping, is coupled to the 

transport code Makokot /5/. The Mercier scaling /6/ has been used to obtain 

an ohmic stationary plasma. However to take i nto account t he numerical 

simulation of TFR and T- 10 experiments , t he Kadomsev-Potguse scaling /7 I 

has been choosen to study the EC heated plasma, 
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~ = l.Sa x 10
20 

(r/ R)Te
112

/ nq, where the numerical constant is adjusted in 

order to recover in a purely ohmic plasma the central electron temperature 

profile calculated according to /5/ . The electri cal resisti vi ty includes 

neoclas sical corrections, the ion heat flux i s assumed to be neoclassical 

and Zeff = 1. 

ECH is applied to the plasma after reaching an ohmic steady-state. The 

basic plasma parameters are B(O) = 43 kG, I = 1.5 MA, < ne> 

The densit y has a parabolic like profile with ne (o) = 6 

4 x 1019 m-3 • 
19 - 3 

x 10 m • The 

e l ectron temperature at the end of t he ohmic phase is shown in Fig. 1 

(t = 0) . The wave launching direction is given by the parameters 

( 6 , 66 , >iJ), where e is the poloidal angle a t the launching position, 66 is 

t he angle between the wave direction in the poloi dal section and the inner 

normal, ~ i s the injection angle in the toroidal section with respect to 

the normal of the magnetic field. 

In Fig. 1 we show the t ime evolution of the electron temperature 

profile vs the normalized radial position. The initial launching conditions 

(t = 0) are 6 = 70° , 6 6 = s•, 1jo =- as•, the wave power P
0 

= S WM. In 

order to model the temperature profile the injection angl es have been 

changed i n the course of the time : the two temperatures profiles at time 

t = 175 ms correspond to the same state at time t • 7S ms (with angles 

66 = o•, = - ss• ) but 6 = - 45° for t > 125 ms (full) while 6 6 = 10°. 

6 = - as• (dotted). The f urther evolution passing at t = 17S ms from 6 = 

-45° to = - 3S0 is shown at t = 2SO ms. In Fig. 2 we show the central 

electron temperature Te(o) and the mean electron energy < T> vs the time for 

the same initial conditions as i n Fig.1 , but keeping t he injection 

angles A6 = 0°, 6 = - ss• constant for t > 25 ms. Two powers are considered 

P
0 

= S MW (full) and P
0 

= 10 MW (dashed) . We observe t hat t he central 

e lectron temperature saturates at a value independent of the injected 

power, t he 

confinement 

= 10M'M). 

increasing power a ffecting only the profile broadening. Energy 

time deteriorates passing from 230 ms (P
0 

= S M'M) to 160 ms (P
0 

The broadening may be explained by t he T 1 / 2 heat conduction 
e 

coefficient scaling and by the low-magnetic- field-side launching position . 

More peaked profiles can be obtained, changing s lightly the antenna 

position as s hown in Fig , 3, where 6 = 110° and the other parameters are 

simi lar to those of Fig.l. In fig. 4, we present for comparison the 

temperature profile evolution in the ca se of s t andard 0-mode heating , with 



233 

B(o) = 32 . 5 kG and P 5 MW . Note that this scheme does not allow to model 
0 

the temperature profile and to adjust power deposition region during the 

heating phase. 

We have shown t he potential interest of E-mode heating scheme, which 

is an alternative to the usual 0- mode method for high density, high magne­

tic field tokamak plasmas. 
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ELECTRON CYCLOTRON DAMPING FOR LARGE WAVE POWER IN TOKAMAK PLASMAS 

V. Krivenski, I. Fidone , G. Giruzzi, R.L. Meyer a), and L.F. Ziebellb) 

Association Euratom-CEA sur La Fusion 

Centre d'Etudes NucLeaires 

92265 FONTENAY-AUX-ROSES (FRANCE) 

Abstract 

The power dependence of the wave damping in a tokamak plasma for 

arbitrary direction of propagation , mode of polarization , and wave frequen­

cy is investigated. Using a 2-D Fokker-Planck code , it is s hown that the 

wave damping increases or decreases with the rf power . depending on the 

velocity range of the absorbing electrons . 

Several experiments have demonstrated the attractiveness of ECH in 

tokamak plasmas. Up to now relatively modest powers (P
0 

~ 1 MW) have been 

employed and onl y the next stage, high power, experiments will show if ECH 

method is a good candidate for heating a tokamak reactor . In this kind of 

tests a large modification of the plasma absorption properties may be 

expected, due to the strong defor~ation of the electron distribution 

f unction, and a crucial problem will be the determination of the optimal 

experimental conditions . 

In this paper we examine the role that wave parameters such as 

power P 
0

, freque ncy w, mean value of the parallel refracti ves index N11 and 

parallel hal f-width of t he wave packed IJ. Ny , play in the quasilinear evo­

l u tion of the wave damping. This pr oblem , in contrast with the linear 

problem of EC wave absorption in a tokamak, has received little attention. 

To our best knowledge, the only case considered is the o rdinary mode for 

propagation normal to the tokamak magnetic field B. In this case the result 

obtained s hows 1 that the maximum value of the wave damping decreases for 

increasing values of the wave power. This result is not however generally 

valid for arbitrary mode of polarizat i on , direction of propagation and 

resonant frequency . As shown below, for resonant velocities above the 

thermal speed, the wave damping can significantly increase or at least not 

deteriorate for wave powers of i n terest for plasma heating. 
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Some remarks on t he method used :the wave amplitude is evaluated at 

any i nstant and any poin t in space according to the actual damping. The 

electron distribution function f is obtained from t he solution of t he 

kinetic equation i ncluding both the rel ati vistic EC diffusion term 
2 

and 

t he high velocity form of the Fokker-Planck collision operator, which 

describes the velocity slow-down and the pitch- angl e scattering of the 

r esonant electrons. A Gaussian parallel wave packet is assumed at the 

antenna location. 

We first c onsider t he ordinary mode damping, For Nu ~ 0 the i nitial 

change of the wave damping ~~ is given by 

Te (w/wc )2 
- •- - 1 - --=---::---=-----=-- ] • 3 

exp ( - •) , 
4 mec2 (6Nn )2 

00( p 0 

where • = mc 2 ( w 
2 - ..,2) /2T w 

2 
w is t he cycl otr o n frequency , c the speed 

c e c 
of the light, me and Te the electron mass and temperature . I n particular 

t his relation shows that i nitia lly , for w such that k~ i s near its maximum 
1 

( • , 5/2), the wave damping always decreases. For different values of w 
c 

I w and 6N11 however (for example those of Fig.l), the ordinary wave 

damping may increase with time . 

This i nitial condition is not s ufficient for asserting that at s t eady 

state t he damping will be larger than the Maxwellian one . As known , in the 

absence of collisions t he wave damping tends t o zero asymptotically. The 

possibility of a wave absorption enhancement at steady state is demons­

trat ed by Figs. 1 and 2 . T-10 parameters a nd typical temperature and densi­

ty profiles are used, with central density ne(O) = 5 x 10
13 

cm-
3

, equal ion 

and elec tron temperatures , Z eff = 2 , P 
0 

1 MW. In Fig . 1 we s how k~ , the 

wave damping corresponding to Nu = Nq , for a Maxwel1ian distribution 

function (t = 0) and at steady-state . The case of ordinary mode, vertically 

injected, is considered f or Nu = 0 , 6 NA = 0.1, w c/w = 1.017, Te (o) = 1 

keV. The total power absorbed in the t ransit from the plasma edge to t he 

plasma axis passes from 50 % (t= 0) to 90 % (t=~l, i.e . quasilinear effects 

make the plasma nearly black-body. In Fig.2 the i n teresting case o f 

extr aordinary mode, i njected from t he low-magnetic-field-side at down­

shifted frequency 
3 

is presented . The fraction n (x) of the wave power 

depos ite d between the plasma edge and the radial location x is plotted, for 

propagation i n the equatorial plane, ii1 ~ 0 . 66 , 

f = 83 GHz , B(o) = 39 kG, Te (o) = 2 . 5 keV. 

6 Nt ~ 0 .12 , frequency 



237 

The physical reasons of the variation of the wave damping may be 

understood considering Fig. 3, where the contours of constant f at steady­

state are plotted vs u = p I (mTe )
112

, for x = 20 cm and the conditions of 

Fig.2. It appears that for large u~ the distribution f unction is greater 

than the i nitial Maxwellian . In this case, at steady-state, the overall 

population of the resonant electrons is much greater than at t = 0 The 

increased value of f can easily overcome the quasilinear perpendicular 

flattening and explains the increase of k'~. I n contrast, for resonant 

velocities in the thermal range , as it occurs for wave absorption at w = w c 

the increase of t he resonant electron population is negligible and the wave 

damping decreases. 

The wave damping dependence on the parallel angular width 6~ of t he 

wave spectrum and on the magnitude of the resonant velocity is examined in 

Fig.4. The launching conditions and t he other parameters are as in Fig.3 , 

but we assume the wave power to be P = 0.5 MW at x = 20 cm. The electrons , 

resonating with the center of the spectrum , have a parallel momentum 

near u1 2 - 3.4, - 3.7, - 4 (for B(o ) = 36.5, 39, 39.5 kG respectively). 

Fig . 4 shows the importance of the down-shifted frequency 3 as a factor of 

the wave damping enhancement over the Maxwellian value. 

a) permanent address : Laboratoire de Physique des Milieux Ionises, Uni­

versite de NANCY I , Nancy, France 

b) Permanent address Insti tu to de Fisica, Universidade Federal do Rio 

Grande do Sul, 90049 Porto Alegre, RS, Brazil. 
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TAIL MODE STABILIZATION BY ELECTRON CYCLOTRON WAVES IN A LOWER 

HYBRID SUSTAINED PLASMA 

D.Farina , M.Lontano, R. Pozzoli(+) 

Istituto di Fisica del Plasma, Associazione CNR/EURATOM 

MILANO, Italy 

(+)Dipartimento di Fisica , Universit~ degli Studi di Milano, 

MILANO, Italy 

In Lower Hybrid (LH) sustained plasmas the occurrence of 

tail mode activity has been shcwn to deteriorate the particle 

and energy transport /1/ . This mode can be stabilized by the 

injection of Electron Cyclotron (EC) waves interacting with 

sup~athermal electrons /2 ,3/ . 

The aim of this paper is to provide a theoretical basis for 

the understanding of this process. First, we compute the sta­

tionary elect~n distribution under the action cf LF and EC 

waves; then , we analyze the stability condition of the tail 

mode. 

In the frame of the quasilin~ar appr.oach, the electron dis­

tribution function f(uu , u4 ) in the station~ry state satisfies 

the following equation: 

( 1) 

with u11 =vu /vt , u.L=v1 /vt , vt=V2T
0

/m1 and T
0 

is the bulk tempe­

rature. Here Dlh is the q.l. diffusion term due to LH waves , 

characterized by the spectrum k 11 2<k11 <k111 • This term , localized 

in the resonant region u
1
<.u11 <u 2 , writes : 

Dlh = ~ r Do ~ J; <>u..,, L <>u.,, (2) 

Dec represents the q.l. diffusion due to EC waves; for an o rdi­

nary mode (OM) in perpendicular propagation it is given by 

(3) 

c is the collisional term. For suprathermal electron s it writes 

D s.,f 
c = 1. Z> ( '-) +-- u..L SJ.. 

I.A...L CXtL 
(4) 
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where 

Note that the terms D and D in Eqs(2} , (3} are normalized 
0 4 2 2 

to the thermal collision frequency Y (v t} =4 11: e n .A /m v t . 

We fo l low here the method developed by D. Hewett et al./4/ 

for t h e analysis of the electron d i stribution in the presence 

of LH waves. 

With t he a1>sump tion Dc?">1, we put ~ ::f(tL.~o)exp ~'lf' (u u ,uJ.} /~ 
Taking the leading order t erms in Eq. (1} , we obtain 

QY =:- U. t. (x+ LAl )-~ ~(>< tP') X(u.u x) + 
~U.II (IA. ~fo)(jtz. X+IAt tf c,\.x 1 I 

- ~ ;)( [ >< !f' d(u.u~.~ l4 
(5} 

2 ( ) IJ U11t-VX+-U.,,- Uu Ui. d J 11 

where x=u .L,'X u u,X=WI. ~-~Xt-U'I.. +~X+-~'1/ (14 11) ::- d.tt2.b 
\..(i_fo X -+ I 11 I 1-'i. 

Requiring that the paral l el flux be continuou s at the bounda-

ries u1u 1 , u 2 and retaining that on the boundary the function 

f be Maxwellian with respect to u
11 

:vf,Qu
11

= - 2u
11

f , we obtain 

the fo l lowing equation for ~ : 

lf=O (6} 

l 3 
R [ U.L u.~ ] u., loll. 

where d=d (u 2 } , = Z ">< (x+v.,'l..)\'7.- (xt-u.i y~t + ( )(+-•A} f'1.- (l( tUi)rtt' 

From th.e numerical solution of Eq. (6} the distribution f 
can be computed. Here we use an analytical model of f · which 

contains the e s sential behaviour of the numerical solution, 

to analyze the tail instability in the presence of EC waves. 

We assume, in the resonant reg i on 

\f (x} =A exp ( -ol,xl (7 } 

where J... = ( ~- ~J /(u~ U. z. + d) 
\ll-t U.z. Ut 
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The imaginary part E~ of the scalar diel~ctrfc permittivity 

for the modes characterized by t :::: i- C:.Vpe. ~ !:::::- 0 

is given by 
r wt. k2. 

£. - A~ Wr! tr f tfi' u. + _!_ f ffi7 1-l + .1_ \4+1-ti J+ 
~- 2..1"1o K:2. t- lt:.oi''2. 1.. ~bol J..112.. 1.. J..Sh lA.z.{lA.z.+U.,)j 

i K.1. i k".l.'ll't-} 
4 l<u d.. Wc.e 1 

(8) 

where ur= ((..)+Wee) /k11 v t, and only the l eading contributions 

in 1/~ have been written . This expression is valid when both 

W /k11 vt and ( W +Wc~)/k 11 vt belong to the interval u
1

,u
2

; ot­

herwise the distribution is stable. 

From the Eq . (8) we obtain the marginal stability condition 

for the perpendicular temperature of the tail T~ : 

(9) 

Taking into account the relation (7), between T .1.. and D, 

and that between the injected power Pin and the local electric 

field Eec of the EC waves, with frequency ~0 , 

( 1 0) 

(An 11 is the n 11-spread a r ound the perpendicular propagation) 

where, from the Poynting theorem, 

- E ·c. ·S i ::t ( i _ W pe"- )''z. 
1611;; ec. £..) .,2. I 

( 11 ) 

we can correlate the stability condition to the required EC 

power. S i s t h e illuminat ion surface . 

A condition favourable to stabilization occurs whe n the non 

relativistic EC resonance is outside the plasma and the whole 

power of the EC waves can be absorbed by the electrons of the 

tail . This is the case , for instance, of the FTU tokamak , su-
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stained by 8 Ghz LH waves , operating with a 7T magnetic field 

on the axis, with a peak electron density~ ~ 2x1o 14cm-3 , 

under the irradiation of 140 Ghz EC waves. 
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WAVE DYNAMICAL ANALYSIS OF EC WAVE S PROPAGATIN G IN A PLAS MA 
SLAB ACROSS BOTH EC AND UH RESONANCES 

G . Lampis, C . Maroli, V . Petrillo 

Assoc iazione CNR-EURATOM 
Istituto di Fisica de l P lasma del CNR, 
Via Bassini, 15 20 133 MILAN O (ITALY) 

Istituto di Sc ienze F isiche dell'U niversita 
Via Celoria, 16 :0 0133 MILANO ( ITALY) 

A wave dynamical analysis i5 given of the p r opaga tion and 
ab sorption of ex t raordinary waves in a pla s ma slab , ac r oss both 
electron-cy c l otron (EC ) ana upper-hybrid (UH) resonances . 

The confi ning mag netic field is dire cted al ong the z-d irec tion 
with B (x) = B

0 
( 1+x/R

0
) ( R

0
is the tokamak ma jor rad ius) . Th e 

den s i t§ gradie nt is along the x-direction. 
Th e el ectric field co mp onents of a n e . m. wave in jected in t he 
equatorial plane with an arb i trary angle with respect t o the ma ­
gnet i c field Bz ' satis fy the M~xwell ~ystem: 

ik ' ( k 2 W2/c2) i(4TTW/c 2
) 0 ( 1 ) Ez - E - J z z X X 

-E " + (k 
2 W2 /c2) E - i(4TTW/c 2 ) 0 ( 2) - J 

y z y y 

-E " (W
2
/c

2
)E i (4TTW/c

2
) z + ik E - J a 0 ( 3) z X z z 

The curren t density is obtained from t h e linearized re l a ti­
vi s ti c Vlasov equa tion / 1/ and the undisturbed electron dis tri­
but ion i s max we l lian . 

The Vla sov equation i s solved a long the c:. aracteristics and, 
for the c u rre n t density one finds: 

whe r e : 

J 
X 

J 
y 

J 
z 

F 

F 

F 

<P 

f a2!. J d<l>' 

<P 

f d2!. J dcj>' 

2!_.l COS~ e ljJ n (X 0 
) 

( 1 +11 
2 

) ~w ( x • ) 
c 

R <et> . ' X . ) 

11.l s in cp e ljJ n ( x ' ) 

( 1 + 11
2

) ,w 
R (cp ', X ' ) 

(x • ) 
c 

11., elji
2
n(x') R( <l> ', x') 

( 1 +TT ~w ( x • ) 
c 

( 4) 

( 5) 

(6) 
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2 2 2 
F = -wp~ /(16n n(x)K

2
l 

R(cJl ', x') = n.1coscJl ' Ex(x ' )+~ sincJl ' Ey(x')+n ,. Ez(x') 

tjl = (-~(l+n 2 )~ + i(w(l +n2 )~/w (x)- kzcn,/wc(x)) x 
cp• c 

xjcp dell" exp(cl (sincJl- sincJl " )/(R0 wc(O)) 

x' = (R 0 +x)exp(s(s i ncJl-sincJl'))-R
0 

~ = c 2 ;v~h ; ~ = Elm 0 c 

where cp is the azimutal angle of E· K2 (~)is the Mc Donald functio n. 
By introducing (4) , (5), (6) respectively in to (I), (2 ), (3) a 

system of th r ee coupled integrodiff ere n tia l equat i o n s is o b tai­
n ed . This system i s transformed into a differential o ne by 
expanding x'= x +O(s ) around s =O. 

In order to s impl ify the final equations , one has to assume : 
iJ >- 0 !R0<< I, which is the usual I'IKB limit; iil~» I , which i s 
the weakly relativistic limit; iii) >-0 ~ ~ / RO ,S I, sat i sfied in 
nearly all cases of practical interest. A 

0 
is the vacuum wave length. 

With these limitations the c urre n t vector is : 

:!_(x)= L ( 7) 

k =O, .. , 4 

In the construction of the elements of the generalized con­
ductivity2tensors g k (x), only the terms 0( I ), 0(~), oe>-0~/R0 l 
and oc>-0 ~ /R0 l are kept into account. 

The matrix e l ements are expressed in terms of the Shkarovsky 
functions. (/2/l 

By inserting J into the propag at i on equations, a system of 
the tenth o rd e r - is f ound for E ,E , E . 

X y Z 

Num eri cal results 

The bou ndary va l ue problem associated to this s ystem is sol­
ved b y app l ying the numeri cal routine CO LSYS (/3/l, which is ba ­
se d oh spline collocat i o n method. 

The sol u tions give a global -wave description of the conver­
sion of t h e incom ing extraordinary wave into elect r on Be rn stei n 
wav es at the up p er- hy b rid layer as well as of the damping of 
these waves in t h e region between the EC and UH layers . 

Both purely relativist i c (n., =O) and classical (n., > vth/c) 
cases are exami ned in detai l. 

Fig. (I) s hows the rea l part of th e electric field x - compone nt 
and the Poynt ing vector <!> > for p u rely perpendicular injection 
an d ~ = 1000 for various xdens ity values . 

At very low densities, the plasma i s transparent and no 
Bernstei n wave s are present~ 



245 

Increasing the density 2 sh2rt wave -1!2gth oscillations begin 
to appear , a n d f o r X =W /W ~ 2 . 5 10 Bernstein waves 
between the EC and UH r e~~nances are clearly recognizable. 

The cyclotron dampi ng of these waves is located at the left 
of the EC R. 

I nc r easing the angle 6 between ~ an~2 the direction perpe ndi -
cu l ar to B for fixed density (X = 10 the Bernstein waves 
gradua l ly ~tsappear, because the den sity threshold for B-wav es 
generation raises with t he angle (F ig. (2)). 

For oblique propagation, t h e wave is strongly damped inside 
t h P. EC layer in the XM po l a rizat ion . 

Fig. (3) shows the absorption coefficient versuA X f or th ree 
valu es of th e injection angle . 

These curves are totally independen t upon t h e electron tem ­
perature, while the electric field shap e and the con version 
efficiency are v e ry much sensitive to such parameter. 

Fig . (4) s hows the absorpt i on and tran sm i ssio n coef ficients 
as a func t ion of the injection angle. 

A very simp l e a nalytical formula fits very well th e transmis­
s i on coeffic ient numer ic a l values: 

where: 

T = exp (-cj>l (8 ) 

for 9 = 0° (9) 

wanXR ( l+n~ ) erf <{JJ I (n.,R)) 

2c (1-n~)l/2 
for 9> 0° ( 10) . 

For the high field side injection the ref l ection coefficient 
i s zero, and 

A= 1- exp ( -cj> ) . (!I ) 
R is the aspec t ratio, and Y= w (x l/w. 

Th e absorpt ion coeffic ient (!l ) accounts fo r the contribution 
of both X and Berns t ei n modes . 
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WAVE ABSORPTION NEAR THE SECOND ELECTRON CYCLOTRON HARMONIC 

IN NON- MAX\4ELLIAN PLAS~lAS 

s . Pesic 

Laboratory for Physics, Institute "B.Kidric" - Vinca, 
P. O.Box 522, 11001 Belgrade,Yugoslavia 

Previous theoretical studies of wave absorption near the second el ectron 
cyclotron harmonic (SECH) have usually considered the case in which the 
plasma is characterized by isotropic Maxwel lian di s tribution /1-4/. In order 
to gain an insight into the wave damping under nonequi l ibrium conditions 
which frequently exist in real plasmas, in the present paper we extend our 
earlier work /4/ and examine the linear wave propagation and spatial wave 
damping around t he SECH in presence of thermal anisotropy and longitudinal 

drift moti on. 

We consider a high-temperature magnetically confined plasma in which the 

electron distribution function is close to the model distribution, 

(p//-p0)2 p.l.2 
F(p.J. ,pi/) = 1 exp{- - 2--2 - - 2--2 } · 

" ' 
2m 3 v 7·v m v m v 0 t.L tl/ 0 t/1 0 tl 

(1) 

Starting from t he general expression for the dielectric tensor and carrying 
out the correspondi ng momentum space in t egration within the weakly relati­
vistic approximation (y = {1 + p2/m0

2c2 ) 112 ~ 1 + p2 /2m0
2c2

) one obtains, 

m exp(- A) In( A) 
f dT M .. 

0 lJ (1-i T) 1 f 2(1-inT) 

x expliT[Vl1 - iT) - 1 +~11 (1-nY) - N/ c2/vt
1
/) } , (2) 

where X =w 2/ u1 2 , Y = '" /to , w and w being, respectively, t he electron p c p c 
plasma and cycl otron frequency, ~l./tl = 2c2/ v(J./II , vt is the electron ther-
mal velocity, A = A/(1-iaT) , A = N.J.2 / ~.J.Y 2 , N = kc/w is the wave refracti ­
ve index, a = TJ_JT11 , V = (u - N

11
c)/vt11 , u is the electron drift velocity 

and the indices .Land 11 refer to the direction respectively , perpendi cul ar 
and parallel to the applied magnetic field. The complete expressions for t he 
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elements of the matrix Mij are given in /5/ . In evaluating the dielectric. 
tensor c .. the ion dynamics is ignored since it is negligible in the fre-

lJ 
quency range of interest (w; 2wc). Furthermore,in the integration over p~ 
and pN the relativistic factor y is retained only in the exponential part 
of the integrand /5/. It should be pointed out here that the previous ap­
proximation is justified onl y when the short-time (wt < ~ 11 ) behaviour of the 
phase is dominant or more precisely , for ~NNN2 >> 1. This conclusion is fur­
ther verified by comparing the calculated values of the complete weakly­
relativistic dispersion function of Shkarofsky /6/ with the corresponding 
integral in (2) for an isotropic plasma without drift. 

The wave propagation and spatial damping in the considered plasma are 
analysed within the local wave dispersion description. The complete disper­
sion equation governing electromagnetic waves in a plasma confined by a mag­
netic field whose direction is perpendicular to that of the gradients (see , 
for instance /4/) is solved numerically for a wide range of plasma parame­
ters and wave propagation condit ions. In the numerical analysis of this 
equation the finite Larmor radius effects are retained up to the second or­
der in ~ . The parallel component of the wave refractive index is assumed to 
be real and determined by the direction of the wave vector of the incident 
electromagnetic waves at the plasma-vacuum interface, N11 = casei . In order 
to simulate the toroidal discharge conditions we took B = B(O)ez/( 1 + x/A) 
with x = rcos$/a , $ = 0 or $=n and an aspect ratio A = 3. Furthermore, the 
electron density and temperature are allowed to have a parabolic radial pro­
file. 

First we present the results concerning the propagation and spatial dam­
ping of the extraordina ry (X) mode in the considered nonthermal plasma. We 
reca l l that at large propagation angles mode splitting and coupling of the 
extraordinary and fast quasi-longitudinal modes occurs / 4/ . The thermal ani­
sotropy enhances the mode coupling. Namely, the range in the parameter plane 
! ( •• / 01 )

2 ,c/v l in 1~hich mode coupling occurs ,enlarges signif i cantly for in-
P c t11 

creasing the temperature-anisotropy rat i o a . In general, the thermal aniso-
tropy ca~ses a pronounced deviation of ReN~x from the corresponding cold 
plasma values and a strong assymetry of the absorption line profiles about 
the resonance. To illustrate the wave behaviour around the SECH 1·1e present 
in Fig. 1. the va r iation of the real and imaginary part of N~x with the 
dimensionless space coordinate x for wp2 (O)/"' c2 (0) = 1.4, e i = 60° ,c/vt

11
(0)= 
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= 16 and several values of a . Here and in Figs. 2.-3. ~1e took a driving fre­
quency equa l to the second hannonic o: the "central" electron cyclotron fre­
quency. We see that the increase of n leads to an important enlargement of 

o.s the 1·1ave damping region towards 

N1x the high-magnetic field side. 

10
1 

10
1 

- 0.3 - 0.2 - 0.1 0.0 

Fig. 1. ReN.LX and ImN versus 
.L X 

o.os 

z·lkoa 
- I 

10 

C/v11(0)-16 

Oj - 70" 

--T1JT, - B 

- ·-T1JT,-4 

10
1 

- 03 - Q.2 - 0.1 

Fig. 2. The normalized optical 

0.1 0.2 

X. 

0.0 0 .1 

depth vs x. 

This suggests the use of wave 
launching at downshifted fre­

quencies (f < fc(O)) in smal l 
size plasmas with a strong theP 
mal anisotropy. Besi des, in t he 
considered parameters range 

(ei <:60° ,c/vt
11
{0)<:8 ,a=0 .5-8.) it 

is found that Max( ImN.LX) scales 
with ( w /w ) 2ac/v t whi l e the p c 1/ 
dependence on N11 is stronger 
than N11-

1
• The spatial deposi­

tion of the wave energy for 
launching from the low magnetic 
field side is presented in Fig . 
2. where we plot the variation 
with x of the normalized opti-

x 
cal depth n/koa=/dx' ImN.L(x') 
for "'p~ {o);,.~(0)=1.4, ei=70° , 
c!vtt/0)=16 and several va lues 
of a . As one can see,for a>0.1 
complete absorption in a single 
pass takes place . Large values 
of the normalized optical depth 
of the X-mode (n/koa=0'(10- ' )) 
are reached only in the vicini­
ty of the resonance position. 
Therefrom,for 1•1ave launching 
from the low magnetic field si­
de in large size plasmas (k0a ~ 
~ 10 ' ),the interact i on bet ween 
t he X-mode and energet i c elec­
trons on the far tail of the 
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0.5 

-~ -ru M 
Fig. 3. ReN 

0 
and ImN 

0 
versus x. 

depth of the X-mode is slightly affect~d by 

absorption line profile is 
weak. 

The presence of longitu ­
dinal drift motion displaces 
the absorption line profiles 
towards the low magnetic 
field side (for ~1> 0) . The 
assymetry of the absorption 
line profiles reduces and the 

maximum of ImN~xsomewhat in­
creases for increasing u/vtq · 
For u/vt0~2 the total optical 

the electron drift motion . How-
ever, the region of maximum absorption shifts towards the plasma edge. 

Let us no\'/ discuss briefly the spatial damping of the ordinary (0) mode 
around the SECH. In Fig. 3. 1·1e sho~1 the variation of the real and imaginary 
part of N..L

0 
with the dimensionless space coordinate x for w~(O)/w~(0)=1 . 4 , 

a i=~0 ° ,c/vtu(0) = 16 and several values of a . As one might guess the spatial 
damping of the 0-mode is much ~1eaker than the X-mode damping . In the consi ­
dered parameters range the maximum value of the normal ized optical depth is 
n

0
/k0a=U(10- "). One concludes that in spite of the enhancement of the spati ­

al damping caused by the increase of the perpendicular temperature, t he 0-
mode is absorbed compl etely in one pass through the resonance only in very 
large size plasmas . 
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PARAMETRIC INSTABILITIES OF ELECTRON CYCLOTRON WAVES 

P.K. Shuk l a and M.Y . Yu 
In s titut flir Theoret ische Physik, Ruhr - Universitat Bochum, 

D-46 30 Bochum, FRG 

L . S t enflo 
Department of Plasma Physics , Umea Un iversity, 

S-90187 Umea, Sweden 

During high freq u enc y wave heating exp e riment s , intense elec­
tr on cyclotron waves may be generated in the plas ma . It is thus 
of interest to understand the behavior of s u ch waves . In this 
paper, a set of nonlinear equations describi n g the interaction 
of large amplitude electron cyclotron waves with low-freq u ency 
electrostatic fl u ctuations i n a non-uniform magn e t ize d plasma 
is d e rived. The p onderomo tive f o rce as well as differe nt ial 
Ohmic heating nonlinearities ar e included . Genera l dispers i on 
r e lation s describing parametric processes are discussed , and 
modulational as well as filamentati onal instabilities are 
s tudied. Application of our results to electron cyclo tr on reso­
nance heating of fusion p lasmas shall be discussed. 

We consider weakly damped right-hand circu l arly polarized 
electromagnetic waves p r opagating along the ambient magnetic 
field B0 z. The fre quency wand wave number kz satisfy the dis­
persion relati on 

- I 
+ "'"'~e (w- "'eel ' (I ) 

I I 
1/, 

which is valid fo r w- "'ce » kzvte• kzVdez• and w » (wci"'cel . 
Here, v~ e is th e electron t hermal ve l ocity , v 0e i s the elec ­
tron dr1ft veloc it y a long z, "'c i (= qiB 0 /mi ) 1szthe ion gy r o ­
f r e q u ency , "'ce is the e l ectron gyrofreq u ency, and "'pe ~ 
(n0qe/€ 0 mel~ is the electron p l asma f requency . The unperturbed 
ave rage plasma density i s de n oted by n

0
• 

Th e nonli n ear interaction of the electromagnetic waves with 
th e background slow plas ma motion gives ri se to a n e nvelope of 
hi gh-freq u ency waves wh ose a mp litude E obeys the eq u ation [ I , 2] 

v ' v' 
i (at + y + v g z a z) E + y a~ E + --¥= 'l~ E - ll E a 0 , ( 2) 

where vgz • aw/akz = 2kzc2 /(2 w +wce"';e/Cw- "'ce l 2
], 

v~z = a
2

w/ak! = {I -(v~/c 2 )[ I - "'ce"'~e/(w- "'cel
3

] }vgz/kz , 

v~..L = a
2 

w/akl_lk.l. =o = [ I- "'~e/2 (w~e- w
2

) ( I - w/wce ) ] vgz/ l<z , 

y • (ve/2)[w~e/(w-wcel2 ] wvgzlkzc 2 , and v e is the electron 

co lli sion frequency . The nonlinear frequency shift l!. is [ I ,2] 
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[ 

W k V 
N + ce z ez 

w (w - "'ce) 

w b J + __ c_e __ 

w- wee , 
(3) 

w~ere N=ne/n0 and b = Bz/B
0 

ar~ the normalize~ s lowly varying den-
S1 t y and parallel magnet1c f1elds , an d v 1s the parallel com-
ponent of the electr on flowvelocity asso~fated with the slow 
moti on. 

In o rder to derive the equations governi n g the dynamics of 
the low-frequency fluc tuati ons (n , K) , we start with th e c on­
tinuity, momen tum, and energy equations for eac h partic l e 
s p ecies, toge ther with the Maxwe ll eq u a t ion s . Th ese equation s 
are given in , for example , Ste nflo [ 3 ] . 

We s ha ll consider here low-fr e quency electros t atic modul­
ations . By linearizing_,.the b asic equations [ 3 ] but keepi ng the 
p onde r omotive force (-F ) in the e l ectron momentum e qu a ti on as 
we ll as the d iffe r en ti a£ Ohmic hea t i n g n o n lineari ty in the elec­
tron energy eq u ation, and f o ll owing closely the de r iva t ion of 
Stenflo [ 3 ] , one can derive the e l ectron densi t y perturbati o n 
which in Fou rier analyzed form is given by 

- iw 2 e: (n , K)N/(1 + X
1
·) pe 

.... 
K 

.... 
~e ( ll ,K) (4) 

where e: = I+ X· + X , X is the susceptibility tensor fo r the 
1 e+ = e + + 

electrons , and Xe : K • ~e · K/K 2 and Xi a Xi ( ll ,K) are the 

scalar s usceptibilities f or the elec tr ons and ions , respectivel~ 

The latter are given by 

2 { 2 -++ -++ 
Xj m K >. 0 j- A ( w- k · vdj) (w - k•vdj + i vj )[ I 

q.K·(B xlln) 
>. ( 2 ) -I K Z + J 0 o w.1ere "'pjA ~ _,. ..,. 

mj n o (w - K· vdj + i vj) 

and >. 0 j i s the Debye leng th. 

Th e p onderomo tive force - FP i s given by [I ] 

v
2
h i (w - w ) ( + -+ ce 

FP = i- K + K 
2 .J.. 2 w z + 

w Ok ) ce z 2 
-w-(~w~--w-=c-e7) vhz ' (5) 

The no nli near h eating fo r ce is 

( 6 ) 
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where 0 = n - K· ;de + i/T + (2i/3 no)(K~Rz + KlR~), and T is the 

electron e n ergy relaxation time , Rz and R~ are the heat diffu­
sion coefficient s along and across the external magnetic field , 
respectively. We have assumed that the density gradient scale­
length is larger than the wavelength of the perturbations . In 
an analogous manner, we obtai n 

V 
ez 

= - Nv dez !I + (7) 

Equation (2) combined with (3) and (7), and Eq. (4) combi n e d 
with (5) and (6) , form two co u pled eq uati ons for t h e in terac tion 
be twee n the high-frequency electroma gne t ic waves and the low­
f r equency collisional modes. The l inear p roperties of these low­
fre qu e n cy e l ect r ostatic modes have been considered in detai l by 
many a u t h ors. It is , however, of interest t o note that the non­
li n ear heating force FH can be much larger than t he us ual pon­
d eromo t ive force F . 

p 

El iminating ve and N in ( 3 ) by means of (7) and (4 ), we ob­
tain f!. in terms ot lE 1

2
• Since the Four ie r trans fo rmed ve r s i on 

of the nonlinear frequency sh i ft f!. has now been represen t ed as 
a(n ,ib iEI 2 , Eq . (2 ) can be cast in the form of th e cubic non­
linear Schrodi nger equat i on . Following standard techniques [I), 
one can analyze the latter in order t o derive the dispersio n re­
lation for the mo dulational instability of a whistler pump with 
amplitude E

0
• The g r ow t h rate y is th e n p r opo r tional to 

[ a (K vg, K) IE 0 12 1 112 . Clearly , y involve s the coupling factor a 
whicfi depends o n the dielectric susceptibilities (Xi•Xe) of the 
low-freque n cy e l ect r os tatic fluc t uations. It is thus possible 
that t h e electron cyclotron waves can be modulationally unstab le 
against l ong wavelength electrostatic pert urbations whose spec ­
tra may d epend o n t he cho ice of the frequency regime . As an il­
lustration, we me n t i o n tha t in t he freq u ency regimes ll >> wci, 

I n - f .;del « ~ «wee ' one encounters collisional grad ie nt 

drift modes which are essentially s upp orted by unmagnetized ions 
and magneti zed e l ect rons. Our re s ult s hows t hat these convective 
plas ma fluid modes could b e excited by the e l ectron cyc lotron 
heater waves. It is then natural to expec t an enhanced level of 
ele c t rostatic fl u ct u a t ions which may affect the plas ma proper­
tie s , as well as t he propagation of electromagne t ic waves in the 
magnetic f u sion devices. 

This work was supporte d by the Sonderforschu ngsbereich 
Pla s maphysik Boch um /Ju li ch . 
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ELECTRON CYCLOTRON EmSSION FOR A RELATIVISTIC LOSS -CONE TYPE DISTRIBUTION 

FOR ARBITRARY PROPAGATION 

M. Bornatici and U. Ruffina 

Fhys ics Department "A . Vol ta" , University of P;~v la , Pav la , Ita ly 

Abstract . The fully relativistic electron cyc l otron emission of bo th the ex­

traordinar y and ordinary mode is calculated analytically for a relativistic 

loss-cone type distribution for propagation at an arbitrary a ngle wi th respect 

to the magnetic field, accoun ting for bo t h finite-density and fini te l.armor 

radius effects . Numerical results a r e shown and discussed for t h e extraord in­

ary mode. 

The fully relativistic emissivity for arbitrary propa~ation . The electron 

cyclotron emissivity for an arbitrary electron dis tribu tion f 0 ( p.l. , p
11

) , around 

the n- t h harrr.onic or the eler.tron cyclotron frequency, Jn , n ~ 1, c-.n be ~<ri!; 

ten as r 1 I 

E 
z J 

.3 E -lE w P11 .2....2. f 0 IIJ. ,p11 ) I ( .2!__.1 + N.l_ 
Y E nw me E 

y c y 

where j
0

: w
2

w m/ Bw2c; N=~(i)and N =N~ i ) , i = X, O , are, respectively , the 

(co ld )refr~;~c~iee ~;~nd ray refr"lctiv~ index of the e xtraordinary (X) "lnd ordi­

nar y (0) mode , with N.L = N sin e an~ N11 =N cose , e being the an~ le bet-.-1een the 
equilibrium m'lgnetic fi eld 8

0
=8

0 
~and the w•vc vecto r !5. = k.J.~ t k

11
i_: the a:l­

gle B is such t h a. t B =~ ( !5_ , 3P , with §. the electrom:~gnetic p ower flux density , 

whic h , in t Qe cold plasma limit , red·J~~s to the Poynt ing vector so tha t 
~wiSI/ciEy l ~= (N/cosB)(2p 1 (p !sin2 eJ ) , the plus ( minus) sign referring to the 

- . .11 2 22 2 1 X-mode (0-mode) , •nth p:(,<Ln 8+ 4(w/wc} (l-(wp/w} I cos e)l 2 . 

With r eference to t h e integral over the momentum [! = ( p.L ,p
11 

} , it has to be 

n oted that i) the Besse l f u nctions Jv o f argument b:( w1wc l N.l ( ~ 1mc ) account 
f or finite l.armor cad ius (FLR) effects ; i i) t he coeffic ien~ of Jn has to do 

with the mode polarization, and ii ) the ~ -function a ccounts for t h e fu lly re­
lativistic cyclotron resonanc e , wi oh y:(l + ( p / mc )2 ]1 /2 . 

To carry out the integra tion in (1) , we use y, p11 and the 'lZimuthal a n­

g l e of E. as coord inu tes, the latter integration bei ng r e adily C'lrried out, 

whereas the p
11
-integration is performed simp ly by using the ~-funct ion . For 

they-integr ation, it is convenie~t t o change variable o f integr~tion (2 , 3 ), 

namely r=( l-N~ l -1 ( (nwc/wl+INII I( NR+ (~wc/w l 2-ll 1/2 tl :r(t ) , wi t h Nil< 1 a n d 

(res) (res)
1 H( p.l =p.l ( t) , pi I= pll 't)) 

N~ + (nwc/w) 2 - l >..Q . One th11 : obtains 1 
3 n•• ' · 1/2 3! f~ H(p.l ,p

11 
)=2•(1-N~ ) -1 [Nfi+ ! --;f l"-1 j ( me) dt 

J~ -1 
(2 ) 



255 

(res) (res) 2 (res) 2 I/2 
where p11 (t):(l/N11 l[r(t) - nw/w]mc and P1. (t):({ y (t)] -[1+( p11 / mc J ] l , 

We consider exolicitly a rela tiv istic loss -~one distributio~ with 
loss-cone index t.By n:aking use of t h e series representation c1: t he Bessel fun£ 

tions occurring in ( 1 ) , t he correspond ing integration i n (2) can b e carried 

ou t analytically term by t erm by noting that 

f l 2 m - xt 2 m+1 /2 
dt (1- t ) e = fi m! <--;-> I m+112 <x l 

-1 
with Iv thE modified Bessel functions of the first kind. The resulting expre~ 

sion for t h e emissivity (1) is 

j (X , O) 
n 

k
i-0 Cn , k (n+k+1)! [( nN_L)2 T )k F(X , O) ( w, O;R.) 

(n+k ) !1! mc2 n ,k 
(3) 

whe r e ~ :mc2 /'l' ; Kv is the modi fled Besse l func tion of the second k ind; t h e 

factor Cn , k o r iginates from t he series r epresen tation of t h e Bessel funct ion~ 

( - l )k n! [ 2 (n+k) ] ! (=1 for k=O) 
2kk! (2n+k )! (n+k)! c n,k 

( X,O ) 
The function F describ e s t h e contribu tion from 

well as t h e frequency dependence o f the emi ssivity 

the mode polar ization as 

and is defined by 

F(X , O)(w , 6 ;1):[(1 +A)2 + ~ ( 1+A) + 2k(k-l)(n+k) 
n , k n n2 [2(n+k )-l] 

G 
n+k-1, l 

2 nw 2 nw 4 
sl( 1 -~ll B + 2(l+A~) j (--'0 } G + B(-c) G ) 

~Nil n w n +k , t w n+k +1 , 1 

E - i E Nj_ Nil E 
1+A:i(~ + __ z_ ) 1+2 

1- ("'p/"'}2 - nwc 13(X ,O) 

E 1-Nn E 
y y 

s in2et p w 

E 2 2 
B: -i ~ f'!LN~ ~ 2n (~l2 ~-+:-

nwc 1-N11 Ey nwc 1- N11 sin e±p 

2 
8

( X, O) 
Nil 

+ 

(4} 

( 5} 

(6) 

t h e results (5) a nd (6) b e i ng ob t ained by tak i.ng the mode polariza t ion in 

cold plasma l imi t (in part i cular , note t hat s<Xl> 0 whereas B(O)< 0) . 

Fu r t hermore , t h e profile f u nction Gq , t. in (4) is def i ned by nw /w- 1 +N2 

t he 

G : (~)2q+1 l l - N2 )q+l.+3/2 I ( ) c- ~ c 2 I! 
q , t nw ( 1 -N~)l/2 (~ zn q+h3/2 "n 1-NJI 

(71 

c 

with zn=~\N II \(1-NH > -1 [ N~+ (nw / w)
2

-1 ] 1/ 2 . In (3) - (6) , t h e plus (mi nus) sign 

refers to the X mode (0 mode) . 
Wi th reference to the emissiv i ty (3} , it has lobe noted that il the s um 

ma tion over k originates from t h e series representation o f the Bessel f u nc t ­

ions occurring in ( 1 ) and full y accoun ts for FLR effects , wh ich are measurecl 

by the parameter i( nN1. l 2 T/mc2 l ; ill the loss-cone featu re of t he distr ibu tion 

affects both t he profile and the s trength c,f the cmi3sivity , the former ef-
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feel is due tc the dependence of the profile function (7) on the loss- cone 
index t , whereas the latter one is descri bed by the factor ( n+k+t )! I [( n+k)! t' J 
that is an increasing function of t . 

Numerical Analysis and Discussion. Sample results o f the numerical evaluation 
of t he (total) emissivity j = 1 j of t he (fas t) X mode are shown in Fig.1 for 

n=1 n , 2 
propagation at an angle 6=30°, and in Fig . 2 for 6=60° for (~plwcl =0 .1, 
T=l00keV(•2(wp/~c> 2mc2 ) and loss- ccne index 1=0 ; 1 ;2 , and 3 . The emission pro­
file is the result of t he overlap of (single peaked ) contr ibu tions fr om dif­
ferent harmonics and , for t he parameters considered, tends to pile up near 
the (cold) right-hand cutoff ( ~/wc:1 . 1) of the X mode . More specifically , t he 
dominant contribution to the emissivity ls due to the 2 .nd harmonic , the 
\"/eight of t he n ~ 3-harmonics tendi ng to increase as ei ther the loss-cone 
index t i ncreases or 6 tends to 90" , so that FLR e f fects are enhanced in 
either case . Furthermore , as t incr eases and/or the propagation tends to per­
pendicu lar , t he n-th harmonic contr ibu t ion is s uch that i ts peak shifts to 
lower frequencies , i.e ., towards the right-hand cutoff, whereas t he cor respo!! 
ding height increases in so far as the (opposite) effect a r ising as one ap-
proaches the right-hand cutoff does not prevail. 
displayed f or the 2 . nd harmonic in F" ig. 3 , ·~here 

c e of the maximum ( with respect to frequency ) of 
loss-cone index t and the propagation angle 6 is 
responding dependence o f the frequency connected 

These two effects are 
the non-monotonous dependen­
j(X)with respect to both the 

sRown together with the cor ­
with the peak itself. 

With respect to t he value corresponding to t he Maxwellian distribution, 
i . e . , for t=O, the emiss ivity is enhanced by the loss-cone , except for pro­
pagation at small angles as in Fig . 1, for which there is a sharply peaked 
contribution from t he l . st harmonic , brough t about by both the significant 
frequency upshift and the incr ease of the l ine width due to the longitudinal 
Oopp ler effect; such a con tribution decr eases as either 6 or t increases . 
Finally, with respect to the emission profile for perpendicular propagation 
r ~ 1. the 1 ine s true tu re becomes less pronounced with decreasing e . and the 
emissivi ty tends to be s i ngle peaked fo r propagation at small angles and for 
moderately h igh values of t, as i t appears from Fig . l for t he curves corre­
s pondir.g to i=2 a nd i=3. 
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Fig . l . The dimensionless emissi ­
vity of the (fast) extr aord inary 
mode as a ~unction of frequency 
for (wp/wc) ;Q . l , T=lOOkeV , loss­
- cone index !;1 ; 2 ; 3 , and propag~ 
tion angle 8=30° . The dashed CU£ 

ve refers to t he Maxwellian di­
str ibution (t=O) . 

Fig . 2 . Same as Fig . 1 for 6;60° . 

Fig . 3 . Peak value of t he emissi­
vity (solid line) and frequency 
corr esponding to the peak emissl 
vi ty (dashed line) of th" 2 . nd 
harmon ic e x traordinary mode as a 

function of t he propagation an-
2 gle for (wp/wc) ;Q .l , T=lOOkeV 

and loss-cone index t;Q ; l;2 , and 
3 . 
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THEORY OF LINEAR MODE CONVERSION 

R.A.cairns(a) and C.N.Lashmore-Davies(b) 

(a)Department of Applied Mathematics, 
University of St.Andrews,st.Andrews ,Fife, Scotland 

(b)UKAEA, Cul ham Laboratory, Abingdon, OXon U.JC. 
(Euratom/UJCAEA Fusion Association) 

In a previous paper< 1 >we described a method of treating a class of mode 
conversion problems using a simple technique involving only algebraic man­
ipulations of the local dispersion relation . A number of examples showed 
that existing results could be obtained in a very simple way . While there 
is ample evidence that the technique works, a number of questions remain 
concerning its derivation and the way in which the wave amplituies which it 
introduces are related to the electromagnetic field in the plasma. The aim 
of the present paper is to resolve at least s ome of these questions by dev­
eloping in more detail the theory f or the case in which one of the modes is 
a localized non-propagating disturbance . Many of the examples which we have 
analyzed previously are of this type .< 1 l 

We begin with a very brief revie~ of our earlier theory which deals 
wi th systems whose dispersion relation is of the form shown in fig. 1. Near 
a point such as A the two branches of the dispersion relation become coupled 
and the usual WlCB approximation for an inhomogeneous system breaks down. In 
the vicinity of A we approximate the dispersion relation by 

<w- w
1

H w - w2 l TJ (1) 
where w1 (k ,x), w2(k,x) are given by the dotted lines in fig.1 and are re­
quired to be slowly varying functions of k and x , asymptotic to the exact 
dispersion curves far from the crossing point at A. 

w 

----------+---------·k 

Fig. 1 
Typical dispersion curves in a mode- coupling problem 
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relation is then 
by associating a 

d4> 1 

converted to two coupled first order differential 
sepa rate amplitude with each wave giving 

~ - i(k0 -~ ~) .1 (2) 

d 4>2 
~- i(k0 

(3) 

equations 

where a and f are the group velocities of the two modes and b arrl g are 

iivyn by aw1 , 2;r~ fespectively . The quantity 1-. is 1-. = cn0/afl 112. If 
4>1 12 and 4>212 are regarded as the energy fluxes in the two modes, 

equations (2) and (3) give energy conservation . The asymptotic solution of 
the equations yields the mode conversion information. However, the question 
remains of what 4> 1 arrl 4> 2 are in terms of the electromagnetic fields in the 
plasma. We shall now justify the use of equations (2) and (3) for the 
special case where one of the modes is non-propagating i.e. the group velo­
city of one of the waves is zero (e.g. f = O). It can be seen from equa­
tions (2) and (3) that under these conditions the local dispersion relation 
is g~[a(k-k 0) + b~) = TJ• This s ituation occurs very often in practice. 

We now begin from Maxwells equations applied to a uniform plasma 
w2 

_!X (_!X!) -iWI'Q!!- 2 ~ (4) 
c 

where Ji • oij E. , oij is the conductivity tensor and we have assumed fields 
varying as expi~.!·~-wt) . We now suppose that oij can be split into two 
parts 

(5) 

with, correspondingly, 
J ~(1) + ~(2) 

we can now write (4) as 
(6) 

_! x <.! x !l -iwl'o g< 1 >~ + ~ E 
c2 -

-iWI'o i2> (7) 

and if J(2) is neglected we obtain an equation KijE.= o, with Kijthe appro­
priate tensor constructed from olj>. This then leads t o the dispersion 
relation for the propagating mode e.g. a cold plasma mode. The current 
J(2lmight then refer to a thermal mode which will eventually be identified 
; ith the non-propagating wave . 

In an inhomogeneous system we write 

! = !o(x)eifkl(x)dx (8) 
where k

1 
is the wavenumber obtained from the dispersion relation II.FW

1
(k,x) . 

Assuming that k 1 is a smoothly varying function of x, we exparrl Kij E, eO to 
obtain ( Z) -J 

i(~Kij d;oj + 1 d (~~ij)E .) 
k l X 2 Ox 1 OJ 

0 (9) 

Using the fact that for a non-dissipative system Kij is hermitian we 
can easily obtain 

d aK . . 
( 10) dx (E~i ~ Eoj) ,0 

which represents conservation o f energy flux(J) for wave 1 in a regime where 
it is uncoupled to mode 2. 

Now consider the effect of J< 2 >. We take 

!(X) cjll X~..!:(x)eifkl(x)dx ( 1 , ) 
where t he vector ~(x) is a (local) solution of Kij£j = 0 normalized so that 

----- ----- --------------------------------------------------------------------------~ 
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()l(i . 
El~ Ej -1 ( 12) 

i.e. E is the eigenvector of the local electric field of the propagating 
mode.- Expand i ng (7) as before , we obtain 

i[~ d._(<!> c) + · _1 d_(~) <I> c J ei/k 1(x)dx 
OJ<lax 1j 2axOJ<l 1j ( 13) 

Taking the scalar product of (13) with c•, the hermitian property of 
ilK -d e 

Kij, equation ( 12) ard the fact that t! 
eventuallyd~btain 

~ ~ may be taken as real we 

2 - i k1(x) 'h = "'llotj_ J?l ( 14) 

i fk (x)dx 
where ~ 1 = 4-1 e 1 • Equation ( 14) descrfbfs the coupling of the 
propagating mode w1 to the current component i!../ associated with the non­
propagating resonant mode. 

We exhibit t he resonant nature of mode 2 explicitly by writing 
cij 

0(2)E 
ij j ( "'""'2) Ej ( 15) 

where w2 is independent of k depending only on x. We suppose that w = w
2 

at 
x = 0 so that near this point 

Jl2) - ~ Ej (16) 

The singularity resulting from the resonant response of mode 2 can be 
resolved in the usual way , either by i ntroducing a little damping or by 
treating the problem as an initial value problem. Using (16) in (14) we 
finally obtain the eqUation for the propagating mode coupled to the resonant 
mode 

d~ t! dij cj i;P -i k 1(x) ~1 "'~'o X ~1 ( 17) 

The solution of ( 17) is 

~ 1 A exp( ik o" + iT)logx) ( 18) 

where iT)= "'llo q di cj ard T) is real since ap> is anti-hermitian. 
On passing through t~e resonance ~1 decreases by a factor exp(-n~), the 
argument of logx being prescribed, as already pointed out, by causality 
arguments or the introduction of damping . This decrease is precisely what 
is obtained from our previous theory in the case when the group velocity of 
one of the waves is zero. We have therefore justified our previous theory 
for this special, although commonly occurring, case . 

We conclude by applying the above analysis to the coupling of the cold 
extraordinary mode to a Bernstein mode at the second harmonic of the 
electron cyclotron frequency. For propagation exactly perpend i cular to the 
magnetic field using the hot plasma di spersion relation we easily obtain the 
splitting of the cold ard hot modes corresponding to equations (5) ard (6). 
Thus 

( 19) 
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-iw~o ~( 2 ) • w~2Q)} [I -{] [ ~] ( 20) 

where we have only incl ude3 the warm plasma corrections in the n ~ 2 term to 
lowest order in A(= k 2v¥o2) . Not e the resonant response of ~( 2) at w = 20. 
The polarization of the cold x-mode is obtainEd from equation (19) by 

putting I( 2
) z 0 giving Ex = -i~QEY/w(w2-o2-~) thus determining the 

eigenvector E [ 2 2 2 2 J - w2 1/2 - i 01:0/W(W -Q -01:) 
E • ( - ) i' >' 
- 2kc 2 

1 

where the nqrmalization condition, eqn.(12) , has been used. Again assuming! 
= <V1(x)_f eiJk(x)dx and expanding ( 19) in the way outlinEd above we obtain 

d 4>1 (2) 
a;c - ik4>1 w~0 ..f*. ~ (2 1 l 

Substituting for J( 2 l from (20 ) int o (21) gives 

(22) 

where ail is the matrix appearing in (20) and we have put w • 20 = 2Qx/R 
where R s the magnetic field gradient scal e length. The solution of 
equation (22) is again 

4> 1 • Aexp( ikx - i w2 M2~:ta . . ~;.logx) 
p 8Q i ~J J (23) 

By the pr evious argument the wave amplitude decreases by the factor 
exp(nw£RkE!aij Ej/802) in crossing the resonance. This is easily shown to 
r<rluce to the transmission coeff icient obtainEd in our previous work . ( 1 l 

In this paper we have providEd a justification for our previous theory 
of mode conversion for the case where one of the two couplEd modes is non­
propagating and have shown expl icitly the relation of the amplitude of the 
propagating wave to the fields in the plasma. From the viewpoint of the 
incident wave it is immaterial whe t her the energy is dissipated locally, as 
for a resonant mode , or ca r r i Ed away by a wave of small but finite group 
velocity. Of course, from the viewpoint of the power deposition profil e, 
such a difference may be signific ant . 
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ELECTRON CYCLOTRON EMISSION DURING PULSED CYCLOTRON HEATING IN 

TOKAMAK PLASMAS 
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Centre d 'Etudes Nucleaires 

92265 FONTENAY-AUX-ROSES (FRANCE) 

Very often the tokamak plasma exhibits a strongly non-Maxwellian 

electron distribution which affects the plasma discharge, especiall y i n 

low-density regimes. The momentum distribution of the electron tail is 

determined by various kinetic processes as, for instance, the parallel 

acceleration of the de electric field , diffusion due to rf waves, the 

collisional velocity slow-down and pitch- angle scattering, and eventually 

other dissipation mechanisms. For a better understanding of the dynamics of 

the electron population in plasma confinement and heati ng experiments, it 

is of interest t o investigate the relative roles of those processes in the 

tail formation . A simple method is based on electron cyclotron emission . As 

known , the fast electron tail copiously emits cyclotron radiation at 

frequencies significantly smaller than the electron gyrofrequency w c and 

its harmonics. The frequency distribution and the magnitude of the emitted 

spectrum are determined by the parallel and perpendicular momentum 

distributions of the super thermal tail. The emitted radiation is then well 

suited for accurate investigations of the transient phase of the tail 

distribution. Using a 2D initial value Fokker-Planck numerical code, we 

compute the electron distribution and the related second harmonic emission 

before, during and after a pulse of electron cyclotron heating in the case 

of a low density plasma with a strong de electric field. The elec tron tail 

distribution f (p..L ,p 11 , t) is obtai ned from t he solution of the kinetic 

equation 

where T = vet' v 2 • e
4 

n A / m112 T 312 ,-e is the electron charge, 
e e e 

the electron density , m is the electron rest mass, T e is the body 

(1) 

n is 
e 

tempe-
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rature, A is the Coulomb logarithm, and the three terms at the right-hand­

side repr esent respectively the electron diffusion term 
1 

, the high 

velocity limit of the Coulomb collision term and the parallel de electric 

field Ell term. 

We consider a tokamak device with small radius a = 20 cm, major radius 

R = 100 cm, 

temperature 

En T/2 nne 

medium magnetic field B = 25 kG, central electron density and 
13 -3 -3 

n:f = 2 x 10 cm and Te = 1.5 keV, En = 2.7 x 10 V/cm and 

e A = 0 .1. We also consider an electron cyclotron wave-packet 

polarized in the extraordinary mode propagating from the high magnetic 

field side at an angle ~ = 70° with respect to the direction of B. The 

wave-packet has a Gaussian N!l = sin V spectrum of half-width o. N
11 

~ 6'41 = 10°, 

and a frequency f = w/2n = 60 GHz. 

We first solve Eq . (1) for (af/a<)cy = 0. A steady- state is attained 

for , = 400 in which a near flat parallel tail is established in a wide 

region of space 2 • This electron tail is a good absorber of cyclotron waves 

and for the wave-packet in the extraordinary mode nearly total absorption 

occurs in the first transit 2 • We find that for a 70 kW pulse of electron 

cyclotron energy, nearly 50 kW reach the plasma center . The pulse is 

applied for 400 <,< 700 , followed by a transient relaxation phase The tail 

momentum distribution and the radiation temperature at the second harmonic 

are 

the 

at T 

shown in the following figures , which refer to the central region of 

plasma column. In Fig.1, we present fll = 2 n J. UJ_ f du_L 
2 

versus ull 
+ + 1/2 

= 400,700 and 870 (u = p/(mTe ) ) . It appears that the effect of the 

electron cyclotron wave energy ( T ~ 700) is a raise of the parallel tail 

population . This results from the combined effects of pitch-angle scatte­

ring and more efficient parallel acceleration due to the increase of the 

perpendicular energy of the electrons in the low energy side of the tail. 

This is also seen in Fig. 2 in which we show TJ_ (uu) = 2n Te 7 du (f 
3 

ul. /2f U) versus u 11 • It appears that T.l. ( u 11 ) at T = 700 (ECRH on) is greater 

than T.l. (u11 ) at T~ 400 (no ECRH) . Furthermore, t he perpendicular distribution 

for T = 400 is very close to a Maxwellian distribution at temperature 

T.L ( u 11 ) whereas for , = 700 it deviates considerably from the Maxwelli an 

shape , as shown for u 11 = - 6 in Fig . 3. We now discuss the transient phase 

for T > 700. After the pulse duration , the electron tail tends to the 

initial configuration , i . e., the tail distribution for,= 400. The process 

starts with a decrease of the perpendicular energy of the tail e lectrons 

for parallel velocities near u 
11 

= - 5 which resonate with the cyclotron 



264 

wave-packet (see Fig.2 , t = 870) . This i ncreases the parallel velocity 

s low-down and results in a depletion of the parallel distribution in the 

low u1 side of the tail (see Fig.1 , t = 870). This slow-down is accompanied 

by a redistribution of the tail energy and may resul t in a transient 

i ncrease of Tl. ( ug ) for large un due to t he predominant effect of 

pitch- angle scattering. In the long run, of course t he final state 

coincides with t he initial one at t = 400 . 

The t hree phases of the tail distribution can be investigated by t he 

cycl otron emission near t he second harmonic . I n Fig.4, we present the 

radiation temperature T r ( w) , defined by the ratio of t he emission and 

absorption coefficients , versus w/2wc for t = 400 , 700 and 870. For w/2w c 

1, the familiar t hermal emission is found and Tr (w) T e. The effect 

of electron heating at t = 700 is shown by the sharp maximum near w /2wc 

0.9 . It is of interest to note that in this case T differs 
r 

significantly form T~( up ) . This illustrates the difference between the mean 

kinetic energy and the actual e nergy of the resonant electrons in the 

perpendicular electron tail , i.e. , the deviation from Ki rchhoff' s law for 

non-Maxwellian distributions . For later times, we obtain a similar picture 

with the maximum displaced towards lower values of w/2wc (Fig.4 , t = 870) 

until t he same distribution as at t = 400 is attained. 

Recent experiments on electron cyclotron heating by X- mode in l ow 

density plasmas 3-
5 

have displayed an increase of t he second harmonic 

emission after the gyrotron pul se. It is of course premature to relate this 

increase of t he radiation temperature with the results of Fig.4 but t he 

qualitative agreement between the theory and the experiments gives some 

confidence on t he potentia l of the method. It is also worth mentioning 

t hat , in the case of the l ower-hybrid sustained discharge with no assist 

from the OH transformer we find no significant increas e of Tr after the 

gyrotron pulse , i n agreement wi th recent results on rf current enhancement 

by ECRH 6 • 

1 Fidone , I., Granata, G., a nd Meyer R. L. , Phys. Fluids 25 (1982) 2249 
2 Giruzzi , G., Krivensk i , V. , Fidone , I. , and Ziebell, L.F., Plasma 

Phys. 27 (1985 ) 1151 
3 Elder,-c. B., et al ORNL/TM 8403 (1983) 
4 Argenti , L. , et al , Budapest , September 2-6, 1985 (EPS , Geneva , 1985) 

9F II , 300 
5 Mazzucato , E. , private communication 
6 Hoshino, K., et al Budapest September 2-6, 1985 (EPS Geneva , 1985 ) 9F 

II , 184 
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LOW-VOLTAGE START-UP IN THE CLEO TOKAMAK USING ECRH 

B Ll oyd , T Edlington, MW Alcock, 0 Atkinson, B J Parham, PR Collins, 
AN Oellis, J Riley, A C Riviere, DC Robinson and T N Todd 

I nt roduct ion 

Culham Laboratory, Abingdon, Oxen OX14 308, UK 
(UKAEA/Euratom Fusion Association) 

There is considerable interest in the development of 1 ow-voltage start-up 
scenarios for tokamak devices because of the engineering design 
simpl ifications which can result, particularly with respect to the poloidal 
field system and the vacuum vessel . Furthermore, a reduction in the applied 
voltage necessary for start-up can 1 ead to a decrease in the initial runaway 
electron population in the plasma. The use of ECRH-assisted start-up permits 
greater control over the 1 ocation of the initial breakdown thereby reducing 
plasma-wall interaction and the impurity 1 ine radiation 1 asses arising from 
this. 

Studies of ECRH-assisted start-up have been carried out in CLEO tokamak (R
0 

= 
0. 9m, a = 0.1 3m) at both the fundaA'Iental and second harmonic cyclotron 
resonance with the aid of an EMI-Varian 28 GHz gyrotron capable of providing 
200 kW of rf power for pulse lengths of up to 40ms. The radiation was 
injected along a major radius from the 1 ow- fi e 1 d si de of the torus through 
open-ended oversized circular wavegui de. The power was transmitted to the 
antenna in the form of the circularly pal arised TE01 mode (for w =wee) and 
in the TE11 mode or i entated to excite primarily the 0-mode (for w = wcel and 
primarily the X-mode (for both w = wee and w s 2wcel· 

Feedback control of plasma current, 1 i ne-averaged electron density and both 
vertical and horizontal plasma posit ion allow well-controlled reproducible 
plasmas to be established. With ECRH-ass i sted start-up it has been possible 
to produce discharges with V! < 2V throughout. 

Fundamental ECRH 
The beneficial effects of ECRH-assisted start- up are clearly illustrated in 
Fig 1. An 80kW, 20ms pulse of rf power (TE0 1 1 aunch; both 0-mode and X- mode 
excited in the plasma) is injected at a time t = 4ms and breaks down an 
initial prefill of deuterium to a central line-averaged el ect ron density of 
~e- 0.9 x 1018m- 3 in a toroidal magnetic field on axis of B 0 = O.A95T. For 
this field the fundamental cyclotron resonance is inwardly ~i splaced- 0.09m 
from the minor axis. The plasma current feedback system is triggered at t = 
13ms and provides the initial rate of current rise of 0. 75MA/s . Capacitor 
banks are discharged into a separate primary winding at 22, 51 and 8lms in 
order to assist the feedback system. The plasma current reaches its 
programmed flat-top level of 13.2kA at 42.8ms (ie 29.8ms after initiation) 
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representing an average rate of current rise of 0.44MA/s during the start- up 
phase of the discharge. Throughout this phase the 1 oop voltage is typically 
- 1.1V corresponding to an electric field of E - 0.19V/m. The flux 
consumption during the plasma current rise is 6~ = fVldt- 0.033Vs. 

Estimates of the efficiency of conversion of electromagnetic energy from the 
poloidal field system into stored magnetic energy during start- up give 32-46% 
depending on the central q assumed (1 ' q0 ' 2). 

In Fig 2 the discharge under consideration is compared with the best ( i e 
1 owest voltage at breakdown) yet achieved in the absence of rf power. The 
final current 1 evel and the rate of c urrent rise are the same in the two 
cases. Preionisation resul ts in a - 50% reduct ion i n the volt - second 
consumption and a- 501 increase in the f rac t ion of electromagnetic energy 
i nput from the poloidal fi eld system which is converted to stor ed mag ne ti c 
energy. The voltage required at the i ni tiation of t he c urrent ramp is 
reduced by a factor of 5. 

With the TE
01 

1 aunch it was not possibl e to investigate t he effects of 
toroidal field variations because for R4> 0 :l- 1T there wa s excessive reflection 
of microwave power leading to enforced t e rmination of the rf pulse. 
The reflection arises when the low density X-mode cut-off 1 ayer is 1 ocated 
too close to the antenna . This prohle~ was overcome hy transmitting the TE11 
mode to the antenna with the waveguide orientated to pr edom i nantl y excite the 
0-mode in the pl asma . Provided that the cyclotron 1 ayer was 1 ocated inside 

the vacuum vessel the initial loop voltage '1, anrl rate of current rise i~ 
were f ound to be almost independent of R4> (Fig 3) except at the highest 
fields in whi eh case the cyclotron 1 ayer was 1 ocated close to the antenna 
1 eaning to a deterioration in the coupling of the rf power. Furthermore , 
under t hese circumstances electrons produced in the initial preionisation 
phase would he swept immediately into the wall by the Ix~ drift. The 

volt - second consumption fVldt and t he average rate of current rise 

<lP> ~val u~ ted over t he start-up phase exhibit a similar R4> dependence 

to v1a nd !~ respectiv~y. 
The power d ependence of <ip >ann fVldt for TE 11 0-mode injection was 
i nvestigated. There was a deterioration in these parameters with i nc r easing 
Prf whi c h may be associated wi th the increasing diffic ulty which was 
experienced in co ntrolling ~e to a low level during the current rise as the 
rf power was raised. At the highest powers the discharge wa s not sustained 

adequately after the rf pul se. Vl and i~ were essentially independent of Prf 
in the range 60+135 kW, similar t o result s ohtai ned in ISX-8[ 1]. 

Du ring the preionisation phase smal l plasma currents were often detected . 
Such plasma currents ha ve been observed pre vi ously (2] ann may he associated 
with an asymmetric 1 oss of particles in the presence of to roidal and vertical 
magnetic fields (3 ,4 ] . The magnitude of the currents observed i n CLF.O were 
not reproducihle or predictable but generally increased with rf powe r . At 
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Prf = 120kW currents up to 0 . 6kA were measured with dlp/dt still - 230kA/s 
when the plasma current feedback system was initiated. 

The results obtained with the TE11 0-mode 1 aunch were not as impressive as 
those with the TE01 launch. Whether this is r~ated direc~y to the mode of 
1 aunch or arises because of inferior discharge optimisation in the former 
case is not absolutely certain. Similarly, experiments with a TEll X-mode 
launch yielded yet worse results. As expected, in this case , one was much 
more susceptible to excessive renection associatec1 with the X-mode cut - off 
1 ayer. 

Second harmonic ECRH 
Experiments at the second harmonic with a TE11 X-moc1e launch yielded 
qualitatively similar results to the fu n<jamental TEll 0-mode launch. This is 
illustrated by the R~ dependence of Vl shown in Fig 4. Also shown in this 
case is the variation of the central line-averaged density during the 
preionisation phase, n~, which exhibits a very strong dependence . This 
variation is probahly a function of the relative positions of the cyclotron 
layer and the central ve rt ical chord al ong which the c1ensity is measured , 
bearing in mind the outward fx!!_ drift. Note that the highest 1 ine-averaged 
density achieved in the preionisation phase is approximately 
equal to the X-mode cut- off value implying a peak density which exceeds this 
figure. This suggests that the 0-mode component (generated afte r 
pal arization scrambling due to repeated reflections frorn the vacuum vessel) 
may play a role. 

v1and i~ were essentially independent of rf power in the range fi0+135kW as 

were <ip> an d fV 1 dt since during the power scan no c1ifficulties were 
encountered in control li ng ne. 

The effects 
investigated. 
encountered. 

of varying the rf pulse duration and timing were also 
Within the range of study only very weak dependences were 

Sim ilar obse rvation s were made in ISX-Il [ 1) during 
preionisation at the fundamental. 

Summa ry 
The effectiveness anc1 reliability of 1 ow voltage ECRH-assisted start-up has 
been demonstrated by conducting experiments over a wide range of parameters 
and launching conditions . Well-controlled c1ischarges with v1 < 2V throughout 
have been established. The effective use of second harmonic heating in the 
start-up phase has been demonstrated . 

Kulchar A Get al (1984) Phys Fluids 27, l!l69 
Kubo Set al (1C)83) Phys Rev Lett, so-:-1994 
Tanaka Set al (19R5) Plasma Physanct Contr Nuc Fus Res, 1984, Proc 

lOth lnt Conf, London, I, 623, !AEA Vienna 
[ 4] Wilhelm R et al (1984) Plasma Phys and Contr Nuc Fus ~. lA, 259 
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CURRENT DENSITY PROFILE CONTROL ON JET USING ECRH CURRENT DRIVE 

M R O'Brien, M Cox, T C Hende r , n C Rohinson and n F H Start 

Introduction 

Culham Laboratory, Abfngdon, Oxon, OXJ4 308 
{UKAEA/Euratow Fusion Association) 

The localised nature of electron cyclotron resonance heati ng (ECRH) has 
been successfully exrl Ji ted on several tokamak experiments ( CLEO, T -10, 
Doublet Ill, POX) to reduce the amplitude of, and in some cases completely 
suppress, the sawteeth and m=2 MHO instabilities. The necessary current 
density profile control was achieved by modifying the electron temperature 
profile and in each case the ECRH power wa s a substantial fraction of the 
total heating power. In tokamaks with large, broadly distributed additional 
heating, as in t he case of neutral beam injection, a poss ibly more effective 
method is to control the current density profile directly using ECRH current 
drive . We have studied this possibility for the JET tokama k by ray tracing 
and Fokker-Pl anck cal cul at ions applied to the downs hi fted frequency scheme 
suggested by Fidone, Gi ruzzi and Mazzucat o [ 1]. Cal cul at ions have been mane 
for fundamental X-mocfe ECRH at 60 GHz and 70 GHz and for second harmonic 
X- mode at 140 GHz, these frequencies heing available at present or in the 
near future. The predicted current densities are compared with cal cul at ions 
of the currents required to stahil ise the m=2 resistive mode. 

Current drive calculati ons 
The geometry of the method is depicted in the poloidal cross section in 

Fig 1. In this example the magnetic field on axis is 3.2T so that the 
resonance for 60 GHz lies outside the plasma at R=4.43m. A ray tracing code 
[2] is used to follow rays launched outwards from the top of the torus 
towards the resonance surface. The rays are given a toro idal component to 
achieve current drive and the launch angle is chosen to localise the 
absorption and optimise the current at 1m from the plasma centre where we 
assume the q=2 surface to be for the purpose of this study. For the X-mode 
fundamental the k vect or at 1 aun ch has components {kz, kR, k~) = 
k{-0.64,0. 38,0.66) where ~ is the toroidal angle. We follow a cone of rays 
with a s• semi angle about this central ray corres ponding to HE11 mode 
launch from a 3cm wi de antenna [3] . The rays in Fig.! are extreme rays on 
this cone and the shacfed section shows where absorpti on occurs. 

Typical current and power deposition profil es , whi ch are almost 
i dentical due to the strong localisa t ion, are shown in Fig.2. In this 
particular case ( 'ile = 4 x 101 3 , Te = SkeV) the absorption is 100% and the 
current driven is 112 amps per kilowatt of injected power . The temperature 
and density profiles are taken to have the fom ne = ne(l-<~>) where <1- is the 
pol oidal nux function . In the absorption region the temperature and 
density have values Te ~ 1.3keV and ne- 1 x 10l 9 m- 3 respectively. 
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The sealing of the current per kilowatt of injected power, Pinj , with 
central density is shown in Fig.3 for 60GHz and for central magnetic fields 
of 3. OT and 3. 2T and central temperatures of SkeV and 6keV. The dashed 
sections of the curves show where the absorption has fall en to 1 ess than 
50%. Where full absorption occurs the ~urrent is almost exactly 
proportional to nel• with a value- 240A/kW at ne= 2 x l019m- 3 fall ing to-
70A/kW at ~e= 6 x 10l 9m-l. 
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~ Current drive efficiency 
versus central density for 70 GHz RF 

Similar values are obtained with 70GHz waves as shown in Fig .4. Note 
that for a given magnetic fiel d and temperature the higher frequency allows 
total single pass absorption at higher density (n (max)af2) . For total 
absorption the current is closely proportional toTe. e 

In the case of 140 GHz second harmonic heati ng , the current drive 
efficiency is substantially less than for fundamental, principally because 
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the resonance condition is influenced as ~uch by the relativistic mass shift 
as by the Doppler shift and this allows electrons circulating in both 
directions around the torus to come into resonance. For example, at 
ne=4xl019m· 3

, Te=7keV, B=3 . 4T, the effic iency TJ(=I/Pinj) is 23 A/kW compared 
w1th TJ=l50A/kW Tor 70 GHz fundamental heating. 

The above calculations ignored electron trapping and to study these 
effects we have made Fokker-Planck calculations using the code described in 
ref 4. The results are given in Fig.5 for fixed local density and 
temperature (ne= 4 x 10 1 9m· 3 ,Te = 3keV) and for conditions pertaining to 
the ray tracing calculations , namely absorption at a poloidal angle- 60° 
(from _the outer midpl a~e) and by electrons with v1 - 3ve. As can be seen 
from F1g.5 the current 1s reduced as the flux surface radius is increased 
and even reverses direction for c>O. 33. This effect has been derived 
analytically in re f . 5 and is due to a cancellation of the Fisch-Boozer 
current [6) by a reverse current component arising from the depletion of 
passing electrons in the resonance region [7). 
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A smaller reduction in current is obtained if the power is absorbed on 
the inside of the flux surface[5) which might he achieved hy us ing higher 
frequency (- 90 GHz) and a central resonance (see fig 5) . Access to the 
inside of the flux surfaces becomes easier as they move outwards as fl 
increases. Note that for sawtooth (m= I) stabil i sat ion in the region c<O.l 
the trapping effect is much 1 ess of a problem. 

Tearing mode calculations 
The current profile modifications neec1ed to stabilize the m=2, n=1 

tearing mode have been calculated using the FAR[ B) code which solves the 
incompressible linear resistive MHO equations in ful1 torp}dal geometry. 
The equilibrium is specified by FdF/c1t~> = (1-<~>) 2 + be-a <~> -<~>o) , q0 = 1.1 ~nd 
the pressure P a (1-<1>) 2 • The Gaussian term represents the stabilising 
perturbation and F is the toroidal magnetic field. The profile of FdF/dt~> 

for a= lOO, b=0.05 is shown in Fig.6 as a function of midplane radius. 
The growth rate for fi=O and ol/1 = 6. 7'1. is plotted against <1>0 in Fig . 7 

and shows that stability can be achieved by suitable positioning of the 
perturbation . At the optimum radius the stability requirement is ol/1-3.5'1.. 
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At finite ~ the favourable average curvature has a strong stahil ising 
in fl uence[9] such that , for example , at ~poloidal = 0.12 the stabil ising 
curr ent is only 61 /l-2. 6%. 

50 · 

I 
40 ~ 

FF' i 

] 
I 

10 -

010..::: =----~·------;:------;-::-----:~ 
100 50 0 50 lOG 

r (cm ) 

~ Perturbed current profile 
across the horizontal midplane 

~ Growth rate of n=1 tearing mode 
versus position for 61/ 1 = 6.71 

Con cl us ions 
The tearing mode calcul at i ons suggest that the m=2 mode can be 

stabilised with 61/1-3% corresponding to 150 KA for 5 MA discharges. The 
cur r ent drive cal cul at ions show, i n the absence of trapping that 
effi cienc i es i n excess of 70 A/kW for ne ~6 x 10l 9m-3 can be achieved with 
fundamental heati ng. Thus in t his dens ity range the tearing mode could be 
stahl i sied with 2MW of ECRH power. In addit i on the non-inductive current 
wil l be suppl emented by the 1 ocal l y increased ohmic current due to the 
pl asma heating by the RF. However it should be noted that t~e scheme 
requi res prec i se posit i on i ng of the current perturbation and i s suscepti ble 
t o trapped el ec tron effects . The l atter can be amel io rated by absorption on 
the inside of the f1 ux surfaces. 
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GYROTRON POWER SOURCES FOR ELECTRON 
CYCLOTRON HEATING• 

K. Felch, R. Bier, L.J. Craig, L. Ives, H. Jory, and S. Spang 

Varian Associates, Inc., 611 Hansen Way, Palo Alto, CA 94303 
USA 

ABSTRACT 

Previous publications have dealt with Varian gyrotrons for long-pulse 
or CW output at frequencies of 28, 35, 53, 56, 60,and 70 GHz. Currently a 
development program is in progress to produce a 100 kW CW gyrotron at 
140 GHz. The first experimental 140 GHz gyrotron achieved CW power levels 
of up to 75 kW at 31S efficiency. This is the highest CW power level ever 
obtained in a microwave tube at a frequency above 100 GHz. Recently, in 
pulse tests on the second experimental 140 GHz gyrotron, a power level of 
155 kW at 29S efficiency was achieved . Various measurements made during 
tests on the first experimental 140 GHz tube are summarized and the results 
of parameter variation studies carried out during pulse tests on the second 
experimental 140 GHz tube are presented. CW tests on the second 
experimental tube are currently underway. 

I. INTRODUCTION 

Varian 140 GHz gyrotrons are being developed for use in electron 
cyclotron resonance heating (ECRH ) of plasmas . The present goal of the 
program is to develop 140 GHz gyrotrons capable of generating 100 kW CW . 
The 140 GHz tubes are similar to previous 200 kW CW gyrotron osci llators 
developed by Varian at frequencies of 28 GHz , 35 GHz, 56 GHz, and 60 GHz . l 
In addition, 200 kW , 40-100 ms pulse tubes at 28 GHz, 53 GHz, 60 GHz, and 
70 GHz have been delivered to various fusion laboratories. In the 
following we begin by describing the basic design features of the 140 GHz 
gyrotron. Next we summarize the test results obtained on the first 
experimental 140 GHz gyrotron and then present the most recent results 
obtained during pulse tests of the second experimental tube . A more 
detailed discussion of the 140 GHz gyrotron design and initial tests made 
on the first experimental tube may be found in the references,2, 3,~ 

II. 140 GHz GYROTRON DESIGN 

The design of the 140 GHz gyrotron is centered around an interac­
tion cavit~ which is resonant in the TE~ 31 mode at 140 GHz . Both simple, 
tapered TEo31 cavities and TE~21/TE~31 complex cavities have been tested 
t hus far on the first two experimental 140 GHz tubes . The hollow electron 
beam is formed by a magnetron injection electron gun. The beam is located 

• The 140 GHz gyrotron osci llator is being developed under contract with 
Lawrence Livermore Na tional Laboratory, operated by the University of 
California for the U, S. Department of Energy, under Prime Contract 
W-7405-eng-48. 
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at the second radial maximum of the electric field in the cavity. The 
electron gun is designed for operation at voltages between 50 kV and 70 kV 
at beam currents up to 8 A. The beam has a calculated perpendicular to 
parallel velocity ratio, a, of 1.5 to 2.0 in the interaction cavity. 

The microwave power generated in the interaction circuit diffracts 
into the output waveguide and propagates in the TE8 3 waveguide mode through 
a vacuum window and into the external transmission system. The electron 
beam is collected on the walls of the output waveguide as it follows the 
diverging magnetic field lines of the superconducting gyrotron magnet. The 
uptaper between the interaction cavity and the electron beam collector on 
the first experimental 140 GHz gyrotron has a linear radial profile, while 
the second experimental gyrotron and all succeeding 140 GHz tubes employ a 
nonlinear uptaper which has a calculated mode purity of 98% in the desired 
TE83 mode. The output window is a double-disc design ~hich is cooled by a 
low-loss dielectric fluid flowing between the discs. A superconducting 
magnet provides the 50- 56 kG magnetic field required for operation at 
140 GHz. 

III. 140 GHz GYROTRON TEST RESULTS 

A. First Experimental 140 GHz Gyrotron 
The first experimental 140 GHz gyrotron employed a simple, 

tapered TEg 31 interaction cavity. During pulse tests on the first 
experimental tube, an output power of 100 kW at 28% efficiency was achieved 
when employing a beam vgltage of 60 kV and a beam curregt of 6 A. Mode 
competition with the TE 231 mode at 137.0 GHz and the TE 521 mode at 
144.6 GHz and the apparent mirroring of beam electrons served to preclude 
the achievement of higher powers and efficiencies. Mode competition 
increased significantly at beam voltages above 60 kV, and electron beam 
mirroring occurred when operating at high values of a at high values of 
beam current. 

In CW tests on the first experimental 140 GHz tube , an output power 
level of 75 kW was achieved at 31% efficiency in the desired TE 031 mode . 
At this power level, the measured temperature of the output window was 
108°C, well within the safe operating range for the window. During the CW 
tests, measurements of t he microwave losses in the cavity, window and 
various other portions of the tube were made. While operating at 75 kW CW , 
6.6 kW were measured in the cavity cooling circuit and 3.5 kW were observed 
in the window and other parts of the tube that absorb rf power. The power 
losses measured in the cavity are in agreement with theoretical predictions 
when the effects of su r face roughness and temperature are taken into 
account. 

B. Second Experimental 140 GHz Gyrotron 
Following the CW tests on the first experimental tube, pulse 

tests on the second experimental tube were initiated . The majob desi§n 
change made i n the second experimental t ube was the use of a TE 021 /TE 031 
complex cavity design instead of the simple, tapered TE831 design employed 
on the first tube . The complex cavity design was chosen to try to reduce 
the effects of mode competition observed during tests on the first 
experimental tube. 

Some of the results of an extensive series of parameter variation 
studies on the tube are shown in Figures 1 and 2. In Figure la we have 
plotted output power vs beam current for different beam voltages. The 
cavity magnetic field has been set for optimum output power for each beam 
voltage . At a beam voltage of 70 kV, an output power of 155 kW was 
obtained at 29% efficiency. In general, mode competition with the TE~31 
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and TE~21 modes was no greater at 70 kV than it was at 60 kV, in contrast 
to the results obtained on the first experimental tube. In fact, output 
efficiency at the maximum power for each voltage actually increased with 
increasing voltage, as shown in Figure 1b. 
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The variation of output power with cavity magnetic field is shown 
in Figure 2 for operation at a beam current of 6 A. Optimum efficiencies, 
n, are shown for each value of beam voltage. Again we note the improved 
performance at higher voltages. Higher power levels than those shown in 
t he figures were measured when the gun-anode voltage was incr eased past the 
point where mirroring electr ons caused small amounts of current to be drawn 
to the body and gun-anode portions of the tube. As an example, 170 kW of 
output power was measured at a beam voltage of 70 kV and a beam current of 
7.5 A when the gun-anode voltage was raised in this manner, while a power 
level of 155 kW was measured f or t he same beam voltage and current but with 
the gun-anode voltage set such that no body or gun-anode current were 
observed. Though such operation is possible under pulse conditions, the 
body and gun-anode current would cause excessive heating in CW operation. 

IV. CONCLUSION 

In general, the initial gulse gests on the second experimental 140 GHz 
gyrotron indicate that the TEo21 /TEo 31 complex cavity has significant 
advantages over the TEZ31 simple, tapered cavity design employed on the 
first experimental tube. Higher power levels were achievable, and the 
range of par ameter space available to the desired TEg31 mode was much 
greater for the TEg21 1TEg31 cavity. Evaluation of the second experimental 
tube under CW operating conditions is currently underway. 

Both the first and second tubes employed electron guns of the same 
design. In both tubes the apparent mirroring of beam electrons appeared to 
limit output efficiencies, especially at high values of beam current . A 
second electron gun design t hat should provide a higher quality electron 
beam,~ thereby reducing electron beam mirroring problems, will be tested on 
the next experimental 140 GHz tube. 

The results obtained thus far on the first two experimental 140 GHz 
gyrotrons represent an important step in providing high-power, high­
frequency microwave power for a varie ty of applications. The 75 kW CW 
power level measured on the first 140 GHz tube is the highest CW power 
level ever achieved in a microwave tube at a frequency above 100 GHz. The 
improvements in efficiency and output power levels observed during pulse 
tests on the second experimental tube indicate that further advances in the 
performance of Varian 140 GHz gyrotrons are still forthcoming. 

REFERENCES 

1. H. Jory , "Status of Gyrotron Developments at Varian Associates", Proc . 
4th Int. Symp. on Heating in Toroidal Plasmas, Vol 2, pp . 1424-1430, 
1984. 

2. K. Felch., R. Bier, L. Fox , H. Huey, L. Ives, H. Jory and s. Spang , 
"Design Considerations for a 100 kW CW, 140 GHz Gyrotron Oscillator", 
Technica l Digest- IEEE IEDM , pp. 834-837, Dec. 1984. 

3. K. Felch, R. Bier, L. Fox, H. Huey , L. Ives , H. Jory, N. Lopez , 
J. Shively, and S . Spang, "Recent Operating Experience with Varian 
70 GHz and 140 GHz Gyrotrons" , Course and Workshop on Applications of 
RF Waves to Tokamak Plasmas, Vol. 2, pp . 842-847, 1985. 

4, K. Felch, R. Bier, L. J . Craig , L. Ives, H. Jory, and s. Spang, "CW 
Operation of a 140 GHz Gyrotr on," Submi tted for publication in the 4th 
Special Topics Issue on Gyrotrons of Int. J. Elec tronics, 1986, 



Neutral Injection Heating 

I 



~1 

NEUTRAL BEAK DEPOSITION EXPKRIHBRTS AT ELEVATED DENSITIES 
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INTRODUCTION 

Max-Planck-Institut fUr Plasmaphysik, 
EURATOM-Association, D-8046 Gar ching , FRG 

In the past the penetration requirement s for neutral beams have been 
derived from the postulate that the beam power should be deposited near the 
plasma axis. It has been demonstrated theoretically that the shape of the 
deposition profile is governed by the parameter a/A (a • minor plasma 
radius , A • mean free path of the injected neutrals at line-a veraged 
density). Assuming constant electron thermal conductivity, it can be shown 
theoretically, that decreasing penetration (i.e. increas ing a/A )of the 
beam results in decreasing global energy confinement time and decreasing 
attainable central elec tron temperature, val ues of a/A in excess of 2 
being considered as critical / 1 /. Consequently the beam energies necessary 
to penetrate large plasmas in order to heat the plasma centre lie in the 
range of several 100 keV /2/ , which leads to serious difficulties for 
positive-ion-based neutral beams due to the decreasing neutralisation 
efficiency. As a solution negative-ion-based systems have been proposed, 
which would offer reasonable efficiency, but require the development of a 
new technology. 

In order to make an experimental assessment of the required beam 
penetration a series of experiments were s tarted in L984 in ASDEX, in which 
neutral beam deposition was varied systematically. The first results 
r epor ted at Budapest /3/ showed (in agreement with other experiment B /4/) 
no degradation of heating and confinement within the parameter range 
accessible, but suffered from following drawbacks : t he plasma density was 
too low (ne a 6 x 1013 cm-3) for extremely hollow deposition profiles to be 
produced and the power level was only moderate (1 . 3 MW). This paper 
describes the continuation of the experiments at almost twice the density 
and three times higher power . 

EXPERIMENTAL PARAMETERS AND RESULTS 
The experiments were carried out under the following conditions: 

I 1 • 420 kA, BT a 2 .2 T, ne= 1.15 x 1014 cm-3 , D2-plasma, double-null , 
dfverted. The density was built up with D2 gas-puffing before and during 
the injection pulse ( T = 400 msec), and reached a sta tionary state towards 
the end of the pulse. Comparison was made between sho ts of diffe rent beam 

1Academy of Sciences, Leningrad, USSR; 2Assigned to J ET Joint Und e rtaking, 
England; 3ENEA Frascati, Italy; 4university of Washing ton, Seattle, USA; 
5rellow of the Schiedel-Stiftung , Austria; 6cEN Grenoble, France 
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energy per nucleon, i .e. 40 kV acceleration voltage, HO-injection, <E> = 
25 keV/AMU (PN = 3.6 MW) and 44 kV acceleration voltage , 0°-injection, 
< E> = 13 KeV/AMU (PN • 4 .1 MW), keeping everything el s e identical. All the 
shots were L-type discha rges. 

The global energy confinement time, evaluated from the diagmagnetic Gpol 
during the s tationary phase, does not show a significant difference (see 
Fig. 1). The value of TE = 35 msec i s consistent with ASDEX L- scaling. The 
electron tempera ture profiles during the stationary phase (taken from YAG­
laser scattering and G-shift corrected) are shown i n Fig. 2. As can be 
seen , there is a reduction of about 10 % in Te (O) f or the low- energy case 
(44 kV 0°) inspite of the somewhat higher power. The corresponding power 
deposition profiles are shown i n Fig. 3 . 

DISCUSSION 
If one interprets this reduction of Te(O) for the 44 kV DO-case as the 

onset of degradation of heating, one may identify the corresponding profile 
parameter a/A = 6 with the limit fo r off- axis deposition in t okamaks 
( A = (iie OTOT)-1; iie • line-averaged density, OTOT • total trapping cross­
section). 

In calcula ting a/A • 6 a correction for s teeper injection ang les (15 -
20° on lar ge machines instead of 45° on ASDEX) has bee n applied. Applying 
t his scaling law to larger plasmas yields the curve shown in Fig. 4 . I t can 
be seen that e.g. 70 keV oo in JET or 120 keV oo in NET would be 
sufficient to produce deposition profiles of the same rel ative shape as in 
Fig . 3b and would hence result in non-degraded heating. 

At low energy (E < 20 keV/AMU) the deposi tion limi t may not be 
determined by heating but by impurity radiation due to e nhanced charge­
exchange wall erosion. Enhanced impuri t y (iron) influx was e.g. observed in 
the 44 kV oO-case at the end of a 400 msec-pulse, but was absen t in the 
40 kV H0 -case. Low energy injection at a/ A • 6 may therefore be limited by 
an additional const raint, namely toE > 20 keV/AMU independently of plasma 
s ize and calls for a high proton ratio from the ion sour ces. From the 
present data it cannot be entirely excluded that this limit may even be 
higher ( "" 30 keV / AMU). 

It is important to no te, that hollow deposition pr ofiles as shown in 
Fig . 3b are sensitive t o cent ral impurity radiation leading to radiation 
coll a pse . The viability of hollow deposition profils must therefore be 
confi rmed in l ong pulse experiments. 

I f the princi ple of "profile consistency••, i.e. the invariance of the 
t emperatur e profile with r espect t o power deposition /3 , 5 ,6 / will persist 
in larger t okamaks , it may even not be required to obey a/A = cons t. in 
orde r to produce heating and confinement without degradation. Other scaling 
l aws may have to be considered, e.g . relating A t o the width of the 
t oroidal shell out side q = 2 /6/ , or possibly A • const ., s uggest ing that 
it may be s uff icient t o deposit the power i ndependently of plasma size at 
constant depth measured from the plasma edge and A chosen j ust large 
enough t o avoid enhanced charge exchange wall sputtering (see above). 

It should be noted, that the conclusions cont ained in this paper are 
valid for injection into tokamaks and do not necessarily apply to 
ste llarators. 

Final ly it may be a ppropriate to recons ider the development of power 
r ecovery a nd pl asma sources with high atomic i on yield in comparison with 
negative ions . 
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FIGURE CAPTIONS 

Fig. 1: Global energy confinement time TE vs. species-averaged beam 
energy <E> and ful l beam energy E0 respectively 
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FAST ION BEHAVIOUR DURING NBI IN TFR FROM 
NEUTRON FLUX MEASUREMENTS 

Equipe TFR, presented by M.Fois 
Ass. EURATOM-CEA sur la FUSI ON CONTROLEE 
DRFC CEN, BP n. 6, 92260 FONTENAY -AUX-ROSES 

Introduction 

With the injection lines installed on TFR in 1984 and graphite l i miters , 
the heating efficiency was shown in [1] to be less than in previous 
experiments reported in [3) ; furthermore, ion temperature saturates with 
additional power and electron heating is poor . 

One or the other of these features are shared with most NBI experiments 
in Tokomaks (H regimes excepted) and are currently reworded as 'confinement 
deter iorati on ' but, in order to quantify confinement statements, one has t o 
assume a classically computed power deposition profile. 

In NBI, transmission into the torus, capture by the plasma, confinement 
and slowing down of the captured fast ion popul ation are the successi ve 
s teps where power coupling problems might arise and we decided to start from 
a systematic experimental check on all of these points: by neutral beam 
shine-t hrough calorimetry for transmission and capt ure, by charge exchange 
and neutron emission for fast ions . 

This contribution r eports on one particular experiment in this line: 
neutron flux probing of the injected fast o' population. 

Theory and description of the experiment 

When D0 beams are injected into D' plasmas three components add up to the 
total neutron flux , labeled as beam-beam, beam-pl asma and plasma-plasma: 

3.. 1 
+bb=Jd r f f 2 f!E

1 
,r) f!E

2 
, r ) <a 00vr> dE

1 
dE

2 
V E

1 
E
2 

+b =Jd3 ~ f f(E ,rJ nD(r J <oDDvr> dE 
p V E 

f stands for t he average radial distribution function 
fast i ons , n0 .for the bulk i on density and <a00vr> are 
average react~on rates. 

of t he injected 
t he appropriate 

owing to t he very str ong E 
of f (corresponding t o the 
significantly contribute to 
diffusion and charge exchange 

dependence of o0R, only the high energy part 
beginning of t e slow down process) will 

neutron fluxes ; hence, col l isional radial 
of t he fast ions ( with the central neutral 
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density measured in [2] ) can here be neglected and we can write: 

f(E,r) = I(r) [ - ~~ (E,r) ] -
1 

where I(r) is the radial source term of fast ions , both poloidally and 
toroidally integrated, as calculated by a capture code and 

~~ = - ne(r) T~312 cr> G(El 

classically describes the collisional energy loss of fast ions. 
Typical values, with 4 sources injecting 600 kW on TFR, are: 

8 101 J cm-J , T (0) ~ 1. 4 keV , I . . (E )~ 10 A , E • 34 keV , e 1n) o o <n> ~ 

for these values, the calculated neutron fluxes are: 

.bb ~ 31011 s- 1
, +b ~ 31012 s- 1

, + ~ 1010 - 1011 s- 1 
p pp 

One important remark has to be made at this point: the dominant flux +b 
depends on the power deposition profile through f(E,r): in more detail,+ P 
depends on the capture process through I(r) and on the slowing down proce~g 
through dE/dt, that is information on QQth capture ~ energy transfer are 
coded into + . 

Now, if ~fowing down is assumed to be classical (or actually measured to 
be, as we have done and will elsewhere publish), then + = + (6) 
just reflects the actual power deposition profile through any g~8met~fcal 
parameter 6 characterizing its broadness or radial shape (see Fig.1 for the 
actual 6). 

In particular, concerning saturation problems , the functional dependence 
+ (6) should not change with P if only bulk energy confinement 
d~geriorates and the T (r) profileag~ly negligibly changes with P dd as in 
TFR . e a 

Hence, the basic principle of the here reported experiment is to explore 
the functional dependence +b (6) for different values of P dd; in order to 
make concl usions as directpas possible, purely geometricir action on power 
deposition was preferred rather than changing either injection energy or 
line density. 

This was possible because allowance for easy mechanical tilting of the 
ion sources in the vertical pl ane had been provided on TFR, as can be seen 
on Fig. 1, where the actual 6 parameter is also defined. 

As numerical simulations show in Fig .2a, fast ion profiles can thus be 
modified from ' central' to rather "peripheral" by changing 6 from 0 to 12 
cm; Fig.2b shows the corresponding neu tron emission radial profiles. 

Experimental results and interpretation 

The experimental procedure was as follows. First, ' 6 scans• were measured 
for each source of one injection line; this enabled us to check the neutron 
yield of each source for a given set of operating parameters and to center 
the 6 scale on the plasma axis within ±0 .5 cm. Second, '6 scans' were 
repeated with 2 and 4 sources operating together, thus varying P add. 

For single source operation, the absolute neutron yields were lower 
than calculated (• 40\), but within t he absolute calibration uncertainty of 
t he neutron detectors . on the other hand, as shown in Fig.3a, 4 sources 
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yields were less than 4 times the single source ones, but not by a constant 
factor throughout the 6 range; 2 sources results were i ntermediate. 

The relative comparison between normalized 1 and 4 sources '6 scans' is 
shown in Fig. Jb, together with simulations: the 1 source results fit 
remarkably well thf simulation calculated with the actual experimental line 
density: nl=J.J cm- , while the 4 sources scan is significantly broader. 

This undoubtedly implies a radially broader fast ion profile at high 
energy , that can be simulated by multiplying by 2.5 the actual nl value, 
as also shown in Fig.Jb; this is just a practical trick to simulate a 
broadened fast i on profile and we don't mean that capture is actually 
enhanced, but this also means that if ion heating saturation had to be 
entirely explained in terms of • enhanced • or "abnormal • capture, an 
incredibly high enhancement factor would be required. 

Therefore, rather than look for exotic capture schemes, we decided to 
provide an independent experimental determination of the capture by neutral 
beam shine-through calorimetry: preliminary results show i ndeed that capture 
is quite 'normal' and insensitive to Padd as it should be. 

Conclusion 

Instead of hypothesis, we are now left with a few experimental facts: 

1) Central fast ion density saturates with Padd (charge exchange with 
modulated beam,[2] and neutrons, this paper) . 

2) Fast ion profile broadens with Padd (neutrons,this paper). 

3) Slowing down and capture are normal (charge exchange and calorimetry, 
to be published). 

Therefore the present conclusion is that ion heating in TFR is at least 
partly limited by fast ion radial broadening and two further questions may 
be raised: 

1) Can bulk ion energy confinement deteri oration be entirely excluded? We 
would say not, because absolute fast i on densities cannot be measured 
on TFR with sufficient accuracy. 

2) What mechanism induces fast ion losses and broadening? we don ' t know 
at present, but the fact that neutrons are produced at high fast ion 
energy implies that this mechanism has to act at the very beginning of 
the slow-down process, which is the same conclusion obta ined by active 
charge-exchange and reported in [2]. 
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VELOCITY-RELAXIATION OF INJECTED HP-PARTICLES 
IN A HIGH TEMPERATURE HYDROGEN PLASMA 

Ichiro MORI, Kaoru Ohya* 
Technical College , Faculty of Engineering• 

Tokushima university , Minami-Josanjima 770 Tokus hima Japan 

1 . INTRODUCTION 
Recently , in the neutral beam injection ( NB! ) and the temperature measure­

ment by using H0-beam have been performed extensively . However , the ana lysis 
with a exact cross-sect ion of elastic scattering has not been appeared . 
In this paper, relaxations of H0-beam spectrum after the interaction with a 
hot plasma are anal yzed theoretically by solving a Fokker-Planck equation (FP 
E) . In the following, the results of calculation for the exact cross-section 
and the method to get the Fokker- Planck coeffic ients a r e stat ed. 

2 . CROSS- SECTION 
A cross-section of ~-H+ elastic scattering is cal c ulated by making use 

of a partial wave method. Figure 1 s hows an angular dependence o f the exact 
cross-section /1/ . The cross-section of elastic scattering ,oes• is compared 
with that of charge exchange and the ionization , ocx and oi on , obtained by 
Riviere /2/ as s hown in Fig . 2 . 

The results of the calculation show that the exact c r oss- section approaches 
to that of a Born-appr oximation in high energy region such as 100 KeV . 
The Born-approximatin can then be used to obt ain t he Fokker- Planck coeffi­
cients . For t he analysis of ~-beam, effects of the charge exchange and the 
ionization by H•-particles are included by cons ideration of Riviera 's cross-
sections. 

10"o!--.,;a1~~02~---=o.J"=-""'o.t.;:-;----=as~""'oo;tz---;;a~7~ 
SCATTERING ANGlE ( Dogroo) 

Fig.l Angular dependences of H0- H+ 
elastic scattering cross- section 
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Fig . 2 Elastic scat t ering cross- secti on 
and i ts comparison with cha r ge-echange 
and ionizat~on c ross-sections 
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It is pointed out that there is a cross-point formed by three curves , oes• 
acx and oionin Fig. 2 . If a particle energy exceeds the cross-point energy , 

47 KeV , loss mechanism of HD- particles depends mainly on ionization by H+-
particles . Conversely , if the particle energy is smaller than cross-point 
energy , the mechanism will be decided by charge-exchange . 

3 . FOKKER-PLANCK EQUATION 
Let us consider first an effect of elastic scattering to cal culate the 

coefficients of Fokker-Planck equation (FPE) . We can obtain the f ric t ion and 
difffusion coefficients by using the calculating method studied by Rosenblut h 
et al . /3/ . Results are as in the followi ng . 

e • ~ {4n< aE m ~' ] a --
8
--,-,- t n - -?- (-

2
P ) + (l/6) ·;-=-!h(v)} 

n<omp e me av~ 
( 1) 

(2 ) 

where mp , me, a , t 0 , e and E the proton mass , the electron mass, the Bohr­
radius, the dielectr ic constant i n vacuum, the electric charge and the r ela­
tive energy respectively . I f we assume that t he pl asma has a Maxwellian 
distribution with density of n0 and temperature of T, then the above f unc­
tions h(v) and g(v) are wri tten as follows . 

h(v)=2n0t(a~v)/v ~2n0v-> (3) 

g(v)=n0e-~[(8~v) t (8~v)+(28~v)- 1 ~(8~v ] +n~exp(-(8~)'l]~n0(v+8- 1 v- 1 /2) (4) 

where t(B~) represents an error f unc t ion with an argument of aY~ and the 
relates to a pl asma temperatur e wi t h a formula B=(mp/2kT) . 

The Fokker-Planck equation can be described as 

wher e ~=cos9 and 9 i s an angle between the velocity vector ~ and the ax i s , 
i . e ., beam direction in vel ocity space . The equation (5) can be solved by 
a variables-separation method. Angular part of solution , e(~). is given by 
Legendre f unction wi t h index n , e(~) _=Pn(~) . while a velocity distribution , 
F(v,t) , depends on t he f oll owing equat1 on . 

(6) 

In addition to the effect of elastic scattering represented by the right 
hand side of Eq.(6) , let us introduce the terms which describe the effects o f 
charge exchange and ionization . These terms are represented as 
- F(v , t)n0<ocxv > and -F(v,t)n0<oionv> , where the brakets stand for the mean 
with respect to the distribution of ions , i . e . , Maxwellian and we can use t he 
Riviere ' s expressions for acx and oi on · The fina l equation becomes as f ol lows 
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aF nor a'F ~ aF fnor 1 
at= ~e-•v-·~ + 2 (2-e-•v- ')v-'av -l~(l- 2a-•v-')v-'n(n+1) 

+no<ocxv> +no<oionv:J F + S 

where the last term, S , represents a source term . 

(7) 

The most important feature in Eq.(6) or in Eq . (7) is t he fact that the 
diffusion rate in velocity space of t he HP - particles is directly proportion! 
to the plasma temperature i tself , i . e . , the coefficients of second deriva­
tives in Eqs . (6) and (7) include a factor 8- 1where t he e-•means 2kT/~ as in 
the above notation . Therefore t he effective energy relaxation of ~0-beam 
in the NBI-experiments and also effective contribution on t he temperature 
measurements would be expected with an i ncrease of the plasma temperature . 

4 . SOLUTION OF FOKKER-PLANCK EQUATION 
Now from here on we solve numerically the Fokker-Planck equation by using 

a computer. A solution of Eq . (6) as an initial value problems is s hown in 
Fig . 3 in wh ich an initial function is assumed to be a rectangular distribu­
tion whose normalized value was taken as 103

, i . e . , 

F(0 . 98 < (v/v0 ) ~ 1.02 ; t=O) = 10' 

F (v/v0 , t ) = 0 for other value of v/v
0 

, } (8) 

where v/v0 is an normalized velocity with v0 , the injecting H0-velocity . 
I n Fig.3 , v is taken as the velocity corr esponding to the energy of 100 KeV . 
In the figure the plasma temperature and the densi ty are assumed to be 10 keV 
and 10 1

' m-• respectively . 
Solution for initial value problem in t he presence of ionization and charge 

exchange reaction is s hown in Fig . 4 . In this figure, plasma temperature a nd 
density have the same value as in t he Fig . 3 , however, we must notice that the 
t ime scal e is different from that of the Fi g . 3 . 

' 10 
1r/ .tut 0. 

' 10 IGlu\/ / \\\\ --... 
10 

10 
,,, LO 

.•.. 161 

10 
1$0 I0.1.a 

' 10 
094 096 098 LOO 1.02 1.04 1.06 096 098 1.00 1.02 1.035 

NORMALIZED VELOCITY V/V, NORMALIZED VELOCITY V/V0 

Fig . 3 Solution of initial value problemiFig . 4 Solution of initial value 
of Fokker-Planck equation . The figure problems . Figure shows the rerax­
shows the relaxation of distribution iation of distribution with the 
without cgar ge-exchange and ioniza- !presence of charge-exchange and 
tion . Initial value is assumed to be ionization. 
F(0 . 98 ~ (v/v0 )~ 1.02; t =0 )=10 '. 



292 

Figure 5 shows the velocity distribution at 0 . 23 ~s after the start up 
with a equivalent current of one ampere in continuous injection of HP-beams. 
The plas ma density of 102 • m~ and the te~perature of 10 keV were assumed in 
this figure. 

It is seen from the figure that a relaxation or a diffusion in a velocity-
space is not effective in the high energy injection . In the low energy 
injection, however , i t is much more effective . 

Spectral spreading or the relaxation of distribution function with increase 
of plasma temperature are shown in Fig.6 where the time is fixed also at 0 . 23 
~s after the start up of the injection . Increase of the r e laxiation with 

the plasma temperature certisfies the relati on between the diffusion coeffi­
c i ent and the plasma temperature . 

101 

101 

10 

0.96 0.98 LOO 1.02 1.04 
NORMALIZED VELOC ITY VIV0 

Fig . 5 Effect of injecting energy on 
the distribution. Figure shows the 
distribu tion at 0 . 23 ~s after start 
up of one ampare continuous injec­
tion . Parameter is the inject i ng 
ener gy . 

REFERENCES 

NORMALIZED VELOCITY V/V0 

Fig .6 Effect of plasma temperature on 
the distribution . Figure shows the 
distribution at 0 . 23 ~s after the 
start up of one ampare continuous 
injection . Parameter i s the plasma­
t emperature . 
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FUSION PRODUCT ENERGY SPECTRA IN BEAM HEATED 
D-D , D-T, AND D-3HE PLASMAS* 

Dennis Slaughter 
University of California Lawrence Livermore 

National Laboratory, Livermore, Ca l ifornia, 94550 

INTRODUCTION 

One of the critical parameters in larqe scale fusion experiments is 
the ion speed distribution and its var iation with changes in confi nement 
and heating. Large plasma dimensions and hiqh densities complicate 
direct measurement of this distribution since ions escaping to t he wal l 
are primar ily those which undergo charge exchange i n the outer plasma or 
those wh i ch have suffered many col li sions and si gnificant energy loss 
du r i n? their migration from the central plasma. Severa l previous 
works -5 have shown that neutron and proton fusion reaction products 
generate a spectra l line which is fairly broad due to Doppler 
broadening. For Maxwellian reacting i ons, the Doppler width is related 
to the mean ion energy by eQ. 1 below. 

aE3 = 16 ln2 m3m4QT (1) 

( m3+ m4y 

where 6E3 is the full width at half maximum (FWHM) of the liphter 
reaction product; Q the enerQy re l eased in the reaction, T the plasma 
temperature, m3 and m4 are the masses of the light and heavy reaction 
products respectively. Predictions of spectral shape and fusion product 
li ne width have been extended to non -Maxwellian plasmas by Bogdanov2, 
Lehner and Pohl6, to beam dri ven plasmas by Elevant4, Scheffel 5 and 
Heidbrink7 and to rotating plasmas by Scheffel5 . 

Neut ron spectrum measu rements have confirmed the above model in 
exper iment s with Maxwe l lian deu t erium plasmas8, 9 as well as 
deuteri um-tritium pl asmas l 0-11. Proton spectra due to the D-3He 
reaction have also been determined experimenta l lyl Z-1 3, and 
measurements in non-Maxwellian plasmas have been reportedl 4-19. 

*Work performed by the University of Cali fornia, Lawrence Li vermore 
National Laboratory under the auspi ces of the u. S. Department of Energy, 
contract number W- 7405-ENG-48 . 
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SPECTRUM SIMULATION$ 

The resu lts reported here are based on a Monte Car lo simulation of 
reactions20 in which a variety of ion speed distributions and angular 
distributions were considered. In all cases the appropriate differential 
cross sections, based on the model of Peres21, were used to weight each 
reaction during the accumulation of a simulated fusion product energy 
spectrum. In the case of 0-0 fusion the reaction was assumed anisotropic 
in the center-of-mass system (CMCS) and used the angular distribution 
from reference 6. In the other cases the reaction was assumed isotropic 
in the CMCS. Typically 105 to 106 simulated reactions were sampled 
in order to compile each fusion product energy spectrum. Details of the 
calculations and a more complete presentation of the result s will be 
published elsewhere. 

Several generic ion speed distribution functions were considered fo r 
plausibl e beam heated plasmas and the four whose results will be reported 
here are: 1) isotropic Maxwell i an, 2) isotropi c , monoener9etic, 
3) monoenergetic beam incident on a Maxwellian target viewed at 0 degrees 
relative to the beam, and 4) a three component Gaussian distribution 
characteristic of injected neutral species whose atomic , diatomic, and 
triatomic components are broken up in the plasma into ions with energies 
equal to fu ll , half, and one third ener9y components, respectively. In 
the latter case ener9y diffusion produces three Gaussian components in 
the speed distribution. 

The three component Gaussian dist ribution function is described by 
the form given in eq. 2 below. 

f ( vl : 
3 
"' Bi -1/2 L wre 
i :1 

~1 (2) 

where Vi are the speeds corresponding to the acceleration energy, Eb, 
and the partial ener9y components Eb/2 and Eb/3 . Bi and Wi are 
parameters describin9 the re lat ive populati ons of the injected species 
and thei r width due to energy diffusi on. In all of the results presented 
the width parameters are constra ined by eq. 3 below 

(3) 

so that the speed distribution functi on is described completely by the 
parameters Eb, Bi and y. All of the results summarized below were 
carried out with y:.0425, based on experiments with injection into 
mirror confi ned plasmas, and Bi corresponding to injected species with 
50% at full ener9y, 40% at hal f energy and 10% at one third ener~y . 
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RESULTS 

Results of the simulations were compiled for a wide variety of mean 
ion energies and for all of the reaction types ana ion speed distribution 
functions. Mean energy of the fusion reaction product energy spectr um 
was calculated in each case and the full-width-at-ha lf-maximum {FWHM) 
determined. In addition, a 11 moments about the mean up to order ten ~1ere 
calculated to determine the extent to which the result spectra were 
non-Gaussi an. The Doppler width results may be approximated by a simple 
power law given by eq. 4 below 

6E (4) 

Th i s approximation is simpler than those of Elevant4 and Scheffe l 5 
and slight ly less accurate. Neverthel ess , this power law, together with 
the values of the constants gi ven i n Tab le I represent the data in these 
simu l at ions within 3% over most of the energy r ange 1-lDO keV, and 
within 7% in all cases . 

Table I 
Parameters used to describe Doppl er width in eq. 4 

Reaction D(d,n ) T(d,n) 3He(d,p) 
a h a b a b 

Maxwe 11 i an 64.5 .515 134.8 . 512 116.4 . 554 
Monoenergetic 22.3 .676 55.0 . 717 53.8 . 620 
Gauss ian 33.3 . 625 73 .1 .650 67.8 .609 
80 keV beam 48.6 . 548 11 8. 2 . 504 11 7. 5 . 524 
on Maxwel l ian 

Examination of the table shows that the souare root dependence of the 
Dopp l er width on mean ion enerqy i s a good approximation in most cases . 
In addition, the moments about the mean for the result spectra were 
compared to the moments fo r a Gaussi an distribution and it was found that 
all of t he resu lt spect ra are Gauss i an to order ten at low ion energies 
(<20 keV) and are very near ly Gaussian to the hiqhest enerqy considered . 

CONCLUSIONS 

Examination of the resul t s and t he constants in Tab le I indicate the 
Doppler width is proportiona l to the souare root of mean ion energy , but 
the constant of proportion a 1 ity varies widely among different generic 
speed distr ibution types . For example a line width for D-D neutrons of 
75 keV corresponds to a 1. 2 keV Maxwellian ion distribution but also to a 
6 keV monoenergetic ion distribut ion . These.vari ations are reduced at 
the highest ion energies but are substantial in every case. 
Consequently, a measured Doppler width for the fusion products of these 
reactions may not be used alone to infer the mean energy of reactinq 
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ions. The functional form of the ion speed distribution must be known 
apriori or through independent measurement in order to infer a mean ion 
energy from a fusion product spectrum measurement. Deta iled spectroscopy 
is not helpful since a ll of the reaction product spectra in these 
simulations were found to be Gaussian to high order. Conseouently 
additional parameters in the ion distribution function may not be obtained 
from the details of the fusion product energy spectrum in the cases 
considered here . This is unfortunate in some cases, but the resulting 
s implicity may be he l pful in interpreting some fusion product spectra 
with poor statistics when the form of the ion speed distributiun is known 
with confidence. Nevertheless, there are many other cases, not 
considered here , where anisotropic ion angular distributions produce 
fusion spectral lines which are not Gaussian7. In those cases, 
detailed spect roscopy may provide information on scattering of injected 
neutrals and beam slowing down. 
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NEUTRALISATION MEASUREMENTS FOR THE JET INJECTOR 

R S Hemsworth, *A St3bler , H D Falter , P Massmann, G H Deschamps, and 
A P H Goede 

JET Joint Undertaking, Abingdon , Oxon, UK . *Attached from I . P. P. Garching 

Introduction 
Neutralisation of the extracted beam is , of course , an 

essential part of any neutral injection system. During testing of the 
first JET injector in the Neutral Inject ion Test Bed , extensive measure­
ments have been made of the neut ralisation efficiency with both H2 and D, 
as the working gas, for extraction voltages of up to 80kV. Careful 
measurements of the neutralisation target present in the absence of the 
beam enable an accurate comparison to be made between predicted and 
measured neutralisation efficiencies . The variation in the power in the 
fractional energy ions is independently determined and shown t o support 
the conclusions from the neutralisation measurements . 
Gas Target Measurements 

The JET beam source (PINI) is equipped with a close coupled 
neutraliser consisting of two equally long stages with an overall length 
of 1. 8m. The cross section is racetrack shape of typical dimensions 
0 . ~3m x 0. 18m. The gas is fed into both the plasma source (Qs) and the 
neutraliser (Qn), in the latter case via the gap between the two stages . 
The line density with the nominal neutraliser gas flow (Qn -
18 Torr . 1.sec- 1 ) has been measured by tracking a nude high pressure 
ionisation gauge along the centreline of the neutraliser (see Fig . 1). The 
gauge was calibrated for H, , in situ, against a Baratron capacitance 
manometer . For the case where Qs~o , there is no gas flow in the first 
stage neutraliser, so that the pressure is constant in this region . This 
pressure has been measured as a function of Qn; it is not linear as the 
system operates in the transition flow regime . The pressure profile due 
to Qs has not been measured, but it is assumed to be identical to that due 
to Qn along the second stage neut raliser and to extrapolate linearly back 
to the extraction grids . The pressure at the junction between the two 
neutraliser stages (Qs only , QncO) i s consistent with thi s assumption . 
The gas pressure profile from combined flows of Qs and Qn is taken as a 
simple addition of the individual profiles. 

It is worth noting that Qs is normal ly approximately equal 
to the equivalent flow due to the extracted current , so that the net flow 
from the source to the neutraliser i s usually very small, hence the gas 
target due to Qs is also small . 
Neutralisation Measurements 

The experimental set-up consisted of the PINI and neutral­
iser connected to the Neutral Injector Box containing the deflection 
magnet , the beamline calorimeter , the various i on dumps and the Test Bed 
Box Scrapers. The NIB was connected to the Target Tank containing a -
simulation of the torus duct and the Test Bed Beam Dump . This set-up i s 
shown schematically in Fig . 2 . - - - -

Most of the measurements of neutralisation consisted of 
s imply comparing the power to either the TBBD or the Target Tank pl~s the 
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T88S from similar , usually sequential , shots with and without the deflec­
tion magnet energised . The power to the TBBD and the Target Tank plus 
TBBS were determined by water flow calorimetry , the flow and water temper­
ature rise being independently determined for the t wo sets of components . 
The neutralisation efficiency is calculated as : 

n - (Etbbd I Eo) on 

(Etbbd I E0 ) off 

and/or n • (Ett I E0 ) on 

(Ett I E0 } off 

where (E tbbd I E0 }on is the energy to the TBBD with the deflection magnet 
energised , normalised to the extracted energy , E0 etc . (In practice the 
extracted energy was usually the same for both shots . ) The agreement 
between the measurements was generally ver y good . Since the determination 
of E invol ves the ratio of ener gies , and as the water flow was held 
constant , this frequently reduced to simply the ratio o f the integrals 
under the water temperature rise versus time curve , such as shown in 
rig . 3. Overall the accuracy of this measurement is high <±5% . 

The method described above could not generally be used when 
the beam was intercepted by the beamline calorimeter, since this is 
designed to accept only S1 . 4MW per beam . With the magnet energised and 
the beamline calorimeter intercepting the neutral beam, the total power 
leaving the neutraliser is deposited on the calorimeter and the components 
connected to the Central Support Column , i.e. the various ion dumps and 
the magnet liners~ Thus the neutralisation efficiency is calculated as: 

n - Ecal 
Ecal + Ecsc 

where Ecal is the energy deposited on the calorimeter etc . Again water 
flow calorimetry was used to determine t he deposited energy , except this 
time absolute measurements of water flow and temperature were necessary . 
The error in these measurements is estimated to be -±10% . 
Predicted Neutralisation Efficiencies 

In order to predict the neutralisation efficiency from 
known charge transfer cross sections, the extracted species mix must be 
known . Extensive species measurements for the JET PINis have been made 
with H2 as the working gas(') . Measurements of the extracted species with 
0 2 as the working gas have recently been made, both at Culham and during 
the co urse of thi s work ( 2 ) , these two measurements being in good 
agreement . 

Account must , of course , be taken of reionisation losses in 
the magnet region . It is estimated that - 5% of the neutral beam i s 
reionised with a gas flow of 18 Torr . 1. sec-' . 
Comparison of Measured and Predicted Neutralisation 

The measured and predicted neutral power frac tion versus 
the target gas density for extract ion voltages of 60kV and 80kV with H2 as 
the working gas and for 80kV with 0 2 as the working gas are shown in 
rigs 4 to 6. Spot points are also shown at 60kV and 70kV with 0 2 as the 
working gas . It is obvious that there is very poor agreement between 
measurement and prediction. Reasonable agreement can onl y be achieved by 
multipl ying t he n . l scale by a factor <t . 

As the species extracted from the JET PIN! is well known , 
as are the relevant cross sect ions, the neutralisation measurement is in 
fact a measure of the gas target , n .l , in the presence of the beam , i . e . 
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for the JET system the gas targe t in the presence of the beam i s of the 
order of half that in the absence of the beam. 

Supporting evidence for the concl usion that t he gas target 
is reduced in the presence of the beam can be obtained from the indepen­
dent measurement of the power in the deflected , dumped , fractional energy 
ions. Because of the complexity of the system, accurate absolut e measure­
ments of this power were not possible and the experimental data shown in 
f i g .7 have been ' normali sed ' for the purpose of comparison . It is clear 
that t he variation in the powe r in the deflected fractional ions strongly 
supports the conclusion that the gas t arget in t he presence of the beam is 
indeed ' thin ': The power to the fractional energy ion dumps actually 
increases with the gas flow , whereas a decrease is expected . As 
substantial re- neutralisation of these ions occurs as they traverse the 
magnet the accuracy of determining the reduction in the gas target i s poor 
and no significance is at tached to the discr e pancy between the reduc tion 
factor determined from these data c .f. that from the neutral isation 
measurement . 

A likely explanation for the reduction in t he gas target is 
significant heating of the gas , as recently suggested by Pamela (') . This 
is supported by another exper imenta l observation: The Baratron 
capacitance manometer attached to the neutraliser at the gap between the 
first and second stages shows an increase in the pressure when the beam is 
t urned on (see f i g . lO) . Thi s is precisely the opposite of expectations . 
The beam t ranspor t s particles from the source , effectively reducing the 
ne t fl ow i nto the neutraliser , so t ha t a reduction in the neutral i ser 
pressure is expected , typically of the order of 0. 5m Torr . An increase in 
the measured pressure is expected if the neutraliser gas is heated because 
the system is set up for constant gas flow and it operates in the 
transition flow regime . (As the Baratron is at r oom temperat ure, at the 
end of a piece of relatively narrow bore tube , no pressur e change would 
r esult from a temperature Increase of the gas in the ne utral iser if the 
system operat ed entirely in the molecul ar flow regime due to thermal 
t ranspiration effects between the gauge and the neutraliser . ) I n order to 
explain a reduction in the gas target by a f actor of two, the gas 
temperature would need to be increased to approximately l~OO"C . 

Conclusion 
The obvious consequence of the low neutralisation 

efficiency is that the neutral power t o JET will be lower than predicted . 
Thi s can be amelior ated to some extent by increasing the gas flow , The 
measured gas f low t o create t he design gas tar get in the absence of the 
beam is 18 Torr , l . sec- 1

• Th i s can be increased to 25 Torr . l . sec- 1 without 
exceeding limits such as t he power lost due to reionisation or the power 
loading to the extraction grids. Nevertheless the gas target in the 
presence of the beam will be subs t antiall y below the des ign figure of 
10 ' 0 cms- • . The r eason f or the low neutral i sation is l ike l y t o be 
heating of the neutrali ser gas by the beam. lt is probabl e t ha t t he s i ze 
of t he neut ral i ser c . f . the mean free pa th of the molecules is signi f icant 
in determining the equilibrium temperature of t he gas and thus shoul d be 
taken into account in the design of the future systems . 
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EXTRAC'J'ION 01-' INTENSJ:: H BE!\HS FRO!·I VOLU!II:: SOURCES 

A. J . T. Hol mes and i~ . P . S. Nig htinga l e 

UKAEA Culham Laboratory, Abingdon, Oxon, Eng land . 
(UKAJ;A/Euratom Fusion ASS<'ciat.ion) 

1 . Introduction 

Volume H- plasma sources of fe r many advantages when used as t he ion sources 
for future neutral beam injectors. In t hese sour ces the H- i ons are formed 
by dissociative attachment (collisions between vi bra tionally excited 
molecules and cold electrons 1 , resulting in a large plasma region from 
which many H- beamlets could be extracted in a manner closely analogous to 
positive ion sources . These volume H- sources have the additi ona l advantage 
in that their mode of operation is similar to magnef;lf multipole sources 
such a s those used on the JET neutral ~j~m injector s , An H- ion source 
of this type is described by Nightingale . 

The H- ions a nd electrons in these H- ion sources have the same temperature 
and plasma potential , consequently an applied potential to ext ract H- ions 
would also e xtract a much larger flux of electrons. We describe here an 
accelerator whi ch can suppress these extracted electrons using transverse 
magneti c fields. This accelerator is also capable of f orming a highly 
collima ted H- beam by adj ust ment of the potential of an i nt ermediate 
electrode . 

2. Accelerator Design 

The H- source u~1~ in these e xperiments is described in the companion paper 
by Nigh tingale and we restr ict the descript ion of the e xperiment to the 
accelerator alone. The accelerator has t hree plana r electr odes and two beam 
acceler ati ng gaps and the el ect rodes are supported on Ha t er cool ed flanges 
separated by araldite insulators. The naximum oper ating potential is 50 kV. 
The beam enve lope i s det ermined by the extraction e lectr•ode profiles which 
are shown i n l"ig. 1. The beam foroing electr·ode faces the H- plasma 
generator a s in posit ive ion sour ces and has a pierce profile . However , it 
also contai ns two bar magnets orien t a:ed to give two field maxima of 80 
gauss which suppress the plasma electron flux . The net magnet ic flux 
encountered by the H- ions is zero so that it r emains unde f lected . 

However, the electrons can also cross the f leld by pitch angl e co 111 si ons 
and hence ca n diff use into t he fi rst accelerati ng gap , where the y c an be 
accelerated t o sever a l keV . Thes e electr ons are trapped by a second d i pole 
field a t the front e dge o f the second el ectr ode whose peak value i s 340 
gauss . Thi s deflects the el ectrons into the r•ecess In t he second electrode , 
where they are dumped at an ener gy equal t o tht> fir s t gap potent i a l. The H­
beam is also steer ed by this field and drifts through the e l ect r ode t o the 
rear edge, where it i s s t eered in the opposite di rect Ion by a n oppos i tely 
directed dipole field. 
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The H- beam and less than 1% of the electron flux are then accelerated to 
the full beam energy acr oss the second gap , and the H- beam is steered back 
on to its original axis by a f i nal dipole field in the third electrode. In 
this way the H- beam is exactly on axis and unsteered by magnetic or 
electrostatic lens effects . Experimental observations have shown that the 
residual steering arising from misalignment is less than 0 . 25' . 

3. Experimental Results 
3.1 Beam optics 

A typical beam profile at m1n1mum diver gence is shown in rig. 2 . It can be 
seen that the beam has an approximately gaussian profile but is signifi­
cantly narrower than the extraction aperture radius. This point will be 
discussed in sect ion 3 . 2 , but it causes the concept of beam divergence to 
become meaningless. Instead we use beam radius at 1 . 2 m from the source as 
a measure of the beam envelope . 

The beam is focussed by varying the potential of the second electrode in the 
accelerator . rig . 3 shows the variation in the beam diameter with first gap 
potential. A broad minimum is observed at approximately half the beam 
forming aperture radius when the first gap potential is about 10:r; of the 
beam energy . 

The voltage ratio of the first gap to total beam energy for a collimated 
beam is also virtual l y independent of H- current density, as seen in Fig. 4. 
This data was taken at a virtually constant beam energy and shows that a 
variable current density H- beam can be extracted a t constant beam energy , 
although there is a lower minimum in beam energy for any given beam current . 
This is seen more clearly in Fig . 5, which shows the beam current density 
for various discharge currents and total beam energies . All points in this 
diagram correspond to a focussed beam whose radius is virtually constant 
(the source gas flow is constant in t1is experiment) . 

These resul t s indicate that the accelerator behaves in a manner anal?~yus to 
an electron gun, having an essentially rigid ion emitting surface . As 
the electrostatic l enses forming the accelerating column will have constant 
focal properties for a given geometry and voltage ratio then the beam 
envelope will have a fixed shape if the ion emi tting surface does not move 
as a result of increasing the plasma density . This behaviour has not been 
seen in positive ion sources and is possibly a result of the magnetic field 
parallel to the plasma boundary. 

3 . 2 Beam transpor t 

The beam r adi us at 1 . 2 metres from the source is virtually independent of 
beam current and beam energy, but it is a very strong function or gas 
pressure in the drift region, originat ing from the source . This dependence 
i s seen in Fig . 6 , where at low pressures a very divergent beam is 
observed . 

A probable explanation of this effect is that the beam space charge is over 
neutralised to give a positive space potential relative to the external 
electrodes so that slow positive ions formed by ionisation can be expelled 
from th~ beam. This result has been seen exper !mentally by Coretskii & 
Naida ( 5 l . If thi s is so then the beam enve lope is subject to a force which 
r educes its diame ter until the emi ttance "pressure" establishes a new 
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equilibrium . A simple model for this process indicates that the potential 
should vary quadratically with radius with a coefficient which is virtually 
independent of beam current and energy. Consequently the electrostatic 
force is stronger for large diameter beams of constant ion density , hence 
resulting in more beam compression , which is in qualitative agreement with 
earlier measurements on a/\ 8 mm extraction aperture where a larger beam 
diameter of 16 mm was seen >. 
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PROGRESS IN THE DEVELOPHENT OF A NEGATIVE I ON SOURCE 
FOR USE IN NEUTRAL BEAM HEATING 

11. P. s . Nightingale and A. J. T. Hol mes 

UKAEA Culham Laboratory, Abingdon, Oxen, England . 
(UKAEA/Euratom Fusion Association) 

The use of intense negative hydrogen and deu ter i um ion sour ces in neutral 
beam i njection for fusion plasma heating at high beam energies has been 
proposed for many years, since negative ions offer the possibility of hi gh 
neutralisation efficiencies , and should produce beams with 100% full energy 
component. It is expected tha t future neutral beam heating of l a rge 
tokamaks will r equire DC negative ion currents of more than l OA per source 
at beam energies of more than 100 keV. Thi s corresponds to extracted 
curr ent densities of approximately 30 mA cm-' given t he typical source 
dimensions presently envisaged. 

Several source designs have been considered for negati ve ion production , of 
which t he most promising appears to be the so called ' volume' source , two of 
which are in use at Culham Laboratory. It is now widely accepted that in 
t hese sources H- ions are produced via the production of vibrationally­
excited hydrogen molecules in one section of the source ( the discharge 
volume) by fast electron impact on molecules at electron energies of more 
than 10 eV. The r eaction is: 

H,(v~O) + e (fast ) + H2 * + e + H2 (v*) + e + hv 

where H2 (v*) r efers t o a vibrationally e xcited molecule of v* of between s ix 
and thirteen. This is fol l owed by the diffusion of these molecules into a 
regi on (the extraction volume) of lower electron temperature (0 . 5 - 2 eV) 
where the di ssociat ive attachment r eac tion: 

H,(v*) + e(slow) + H- + H 

takes place wi thout the subsequent substantial destruction of H- that would 
occur at higher e l ect ron temper atures . The H- ions so produced are then 
extracted and accelerated in a simi l ar manner t o existing positive ion 
sources. 

B. The Large Culham H- Source 

The lar ge H- source shown in Fig . 1 has been used at Culham Laboratory to 
demonstrate the level of ion current dens! ty extractable from sources of 
appr oximately the size and power r equ ired for a practical neutral beam 
injector. Using a 6 kV triode accelerator with a 1. 5 mm diameter aperture, 
probe ion beams have been extracted , and the results for H- and o­
extraction are shown in Figs . 2 and 3. These demonstrate that current 
densities of 60 mA /cm' and 25 mA/cm' can be extracted in the t wo cases -
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values which are of the order required for neutral beam injection. The 
functional dependence of extracted H- current on discharge parameters is 
described below , but the maximum observed in the corresponding extracted o­
current has not yet been explained. 

In addition, Langmuir probe measurements have shown that the extractable 
current density should be uniform to within ± 20~ over the central 1000 cm2 

of the source. The Langmuir probes have also been used to investigate the 
axial variation of H- density within the source. These have shown that even 
higher extractable currents .!!!.2l be obtainable by moving the extraction 
aperture further into the source. 

The manufacture of a 100 kV triode accelerator is nearing completion at 
Culham Laboratory , us ing a design based upon the work of Holmes and 
Nightingale (this conference) . This should allow a single beamlet of more 
than 100 mA to be extracted for the first time from such a source. 

C. The Small Culham H- Source 

A smaller ( 10 kW) source (Fig . 4) has been developed at Culham for use in 
source and accelerator design . Using a triode accelerator similar to that 
described by Holmes & Nightingale (this conference) an H- beam has been 
extracted from an 8 mm diameter aperture, accelerated to 27 kV, and focussed 
onto a target 2. 2 metres from the accelerator. The resulting measured H­
current dens! ty and s!mul taneously extracted electron current are shown in 
Figs. 5 and 6. These results demonstrate that the ion current density 
saturates with increasing arc current at a value that increases with 
pressure , whereas the electron current increases with arc current but 
decreases with pressure. Note that this behaviour is identical in form to 
that observed in the large source (Fig. 2) . 

A simple analytical model has been developed at Culham to describe the 
source operation in the high current ' saturation' mode. This assumes that 
the saturation occurs because destruction of vibrat!onally-excited molecules 
by fast electron collisions occurs at high ar c currents . When this occurs 
it can be shown that 

n a 

Langmu!r probe measurements have been used to derive the n+, ne and n_ 
den si ties, using the model of Lea & All en, which show that the model does 
indeed predict the correct n_ scaling. It is now believed that this 
pressure dependent saturation may apply universally for sources run at the 
discharge powers required for a neutral beam source . Although this 
saturation does affect the achievable power and gas efficiency of the 
source, it does not preclude such sources providing ion current densities of 
the required magnltudes. 
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Figure 1 The Culham Large Negative Ion Source 
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LO\~ER HYBRID CURRENT DRIVE EFFICIENCY ON THE 

PETULA-B TOKAMAK AT f : I . 3 GHz AND AT f • 3 . 7 GHz 

C. Gol!mezana, G.T. fiaang , G. AgaM.u, fi . Ba.ttaW.ei!- CWLte.t, 
P. BJUand, G. B!U~6ad, P. Chabvr..t, M. C.temervt, C. Vav.i.d , 
A. GVw.ltd, M. Goruc.lte , P. GJte.tot, w. fie&<~ , M. fieMe, 
G. Ic.lttc.ltenlw , A. Panz<VLe..Ua, F. PM.tartge, F. Rytel!, G. Tanan, 
J-C. Va.t.e.e;t , V. var1 fiotLt.te . 
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Fuo.i.an ContJtoiee - C. E.N .G. - 85 X - 38041 GRENOBLE Cedex (FJtanc.e) 

Current Drive experiments are made in the Petula - B tokamak (R: :12 m, 
a • .16 m, B = 2.7 T, Ip " ISO kA) by means of a 1.3 GHz genera tor(P< 400kW, 
lit = ISO ms) and of a 3 . 7 GHz generator (P < 400 kW, lit " 10- 40 ms) . Experi­
ments at 1 .3 GHz have already been reported /1/. The grill at 3 . 7 GHz is com­
posed of 18 waveguides, 9 in a row , made of 3 juxtaposed multijunctions a llo­
wing the central value of the parallel wave spectrum, N,, to be varied between 
I .S and 2 .7 depending upon the phasing between multijunctions . As compared to 
the 4 waveguide grill at 1 . 3 GHz ( 1.4 <N., < 4 . S) , the wave spectrum is much 
narrower , SO 7. of the launched power being in the main l obe ( < N.,> :!: 0 . 8) . 

At f = 1.3 GHz , the usual operating density for L.H . C.D. is "' 10 13 cm- 3 so that 
access ible values of N., are about I. 4 . Then, the main part of the wave spec­
t r um can reach the plasma center. At f = 3 . 7 GHz with a narrow spectrum , 
accessibility can be a severe problem . Maximum values of N"a~c are I . 6 at 
~e = 1. 4 10 13 cm- 3

, 2 at ~e • 2 10 13 cm- 3 and 2.4 at iie = S tOil cm- 3
• MoHt part 

of a typical wave spectrum centered at Nu = I. 7 will then be inacessible to 
the plasma center. Moreover, the corresponding energy of HF resonant electrons 
i s low (80 keV for Nu a 2 , 40 keV for N .. = 2 . 7) as compared to usual energies 
(ISO keV at N., = 1 .4) in other L . H. C. D. experiments . 

Densi t ' limi t : at f • 1. 3 GHz , t he density limit occur s at ne = 2 10'3 cm- 3 

/2/ /3 as shown in fig . I. At 3 . 7 GHz , the maximum density for which zero 
loop voltage operati on is obtained is li = 2.1 10 13 cm- 3 for Ph . f. = 300 kl< . 
At higher H. F. powe r, a m•2 tearing mod~ develop preventing stable discharges 
to be obtained . For n

11 
> 3 . S 10 13 cm- 3

, such a mode disappear , but the HF powe r 
is then too l ow in order to obtain V = 0 . It is not therefore possible to 
assess the value of the density for which zero loop voltage operation is still 
possible by lack of HF power . 

Density defendence of parametric decay waves indicates a t hreshold at 
iie = 8 10 1 cm- 3 which is usually observed at the density transition . As 
compared to the corr es ponding threshold at f : I . 3 GHz (iie = 1-1 . 2 I 0 13 cm- 3

) , 

an increase by a facto r of 6 to 8 of the density transition can be tentati ­
vely infe rred. This is in agree m" n t with a scaling s uch as n = fCI with o; 
ranging from 1.7 /4/ to 2 as sugges ted in / S/ . t 

At higher densities (~e - 10 1' cm- 3
) , a l arge loop voltage drop is still obser­

ved ( liV/ V " 20 7. for ¥h f = 400 kW) with a corresponding slight increase in 
Te (-v 200 eV) , a decreas~ of the m = 2 tearing mode and a change in the beha­
viour of the scrappe-off plasma. At such high densities , fast ion tails cannot 
be detected and the increase in neutrons is rather weak . 
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Comparison between efficie ncies at f = 1.3 GHz and a t f • 3 . 7 GHz :The power 
dependence of the loop voltage drop is plot ted i n fig. 2 at !le " 10 13 cm- 3

, 

for which accessibil ity plays a litt le role. Tot al r eplacement of the plasma 
current is obtained for the same HF power at f = 1.3 GHz and a t f • 3.7 GHz 
for N,. = 1. 7 . It is t o be noted t hat, at f = 3.7 GHz, 10 % of the HF power is 
absorbed i nto the waveguides due to their small wi dth and the HF power plo tted 
in fig . 2 should be corrected accordingl y . 

In fact, higher ef f iciency was expected from theoretical considerati ons /4/ 
at f = 3 . 7 GHz : TJ. = n RI/P = 1. 1 ins tead of 0 . 75 at N,. = 1. 7. An upshift of 
N,. up t o 2 . I would expl ain the difference although r ay tracing codes indicate 
a possible upshift of only 10 %. Lack of efficiency can be due to the "gap" 
problem. 

Dependences of efficienc y at f = 3 . 7 GHz : from f i g . 2, it can be i nfer r ed 
than an HF power of 400 kW would have been required for a t otal replacemen t 
of the plasma current fo r N,. • 2 . 7, i n agreement with a N,.- • dependence from 
theor y . At higher densities , ne > 3 10 13 cm- 3

, the s ame l oop voltage drop is 
observed for the two indices . It is to be not ed tha t when t he centra l multi­
junction i s fed alone , a br oad wave spectrum i s launched ( I < Noo < 5). The 
r esulting efficiency is much lower , by a fac tor of about 3 . 

Typi cal powe r dependence of the loop voltage drop fo r different dens ities are 
shown in fig . 2 . t:.V/V i s a function of the DC electric field , E, wh i ch resul t s 

in an additional H.F. current /6/ s o that 

I t:.V l p - loh = Ihf + a(Ihf ) .E 
a (I h.f. ) bein~ tXe tH' conductivi t y and Ih . f. the HF current that res ult s 
in alise nce of E field . The enhanced conductivity becomes negligeable a t high 
densi t y . It i s to be not ed that t his e ffec t is i mpor tant at low density due 
to the small size of PETULA. 
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If t he behaviour of V is well explained at N, ~ 2. 7, the main part of the wave 
cannot reach the plasma center at N, = I . 7 for ii > 5 10 13 cm- 3 due to acces­
sibil i ty cri t e r i on. Bu t a significative loop vol~age dr op is observed : "-25 7. 
for Ph . f. = 300 kW togethe r with a modification of the plasma current such 
t hat s awteeth a re stabilized, indicating that a substantial amount of the 
curren t is driven by the H.F . ~loreover , a downshift of the wave spectrum is 
expec ted from r ay t r acing code at these densities . Then , part of the wave has 
to be absor be d i n the outer part of the plasma where the gap problem is impor­
tant due to the low elect r on t empe r ature . At high H. F. power, saturation may 
appear depe nding upon the dens i ty . This is discussed in /7/ . At f = 3 . 7 GHz , 
t he signal A = Be + li/2 which is deduced from equilibrium equations , inc r ea­
ses by a large factor , up to 25 7. . The main part of this i ncrease can be attri­
buted to the i ncrease in poloidal beta . Hagnetic field dependence of/_ and of 
the relati ve current drive efficiency (fig . 3) shows that poloidal beta i s 
i ndicative of the HF current. 

As shown in fifl . 4 , V is constant when the plasma current is increased f rom 90 kA 
to 150 kA , indicating an increase of the efficiency . But , radial electron tem­
perature profiles exhibit a more peaked profile at low plasma current, the 
centra l value of Te being rough l y cons t ant . This difference can explain an 
improve d e ff i ciency at high Ip vi a the gap problem . 

Concl us ions : t he gross behaviour of current drive at f = 3. 7 GHz , taking 
~nto accoun t the limited available power , corresponds t o expectations from 
previous experiments at f • 1.3 GHz . At high densities , a significative part 
of the HF current has to be driven i n the outer part of the plasma wher e effi­
ciency i s r ather low. Improved performances can then be expected on lar ger 
machi nes . 
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CURRENf DRIVE BY FASf HACNETQSONIC WAVES NEAR 
TilE LOWER HYBRID FREQUENCY IN TilE JIPP T- IIU TOKAMAK 

K. Ohkubo. Y. Hamada, Y. Qgava, A. Mohri . R. Akiyama, R. Ando, 
S. Hirokura. E. Kako, K. Kavahata , Y. Kavasumi, K. Masai, 

K. Matsuoka, M. Mugishima, N. Noda, M. Sasao, K.N . Sate, 
S. Tanahashi , Y. Taniguchi . K. Toi 

Institute of Plasma Phl!sics, Nago!P Uniwrsity, Nagoyo 464, Jcrpan. 

Introduction 
This paper deals with the experimental study of cur rent generation by 

interaction of fast magnetosonic (FMS) waves with slide-away electrons i n 
an ohmic discharge. The current drive experiments have been studied for 
hydrogen plasmas in the JIPP T-IIU tokamak (R=93 cm. a=25 cm and 81 =26 kG) 
by using a four-element dipole antenna with a double Faraday shield fed by 
RF at fo=800 MHz. It is found that the plasma current of~ 50 kA is 
maintained by RF power of ~ 80 kW in the l ow density region of ~ 3x 101Z 

cm-3 and that a density limit for FMS current drive is observed contrary 
to theoretical expectations based on linear wave propagation . 

Launcher and Power Spectrum 
As shown in Fig. I . the four-element dipole antenna system consists 

of four sets of dipole antennas with 2.0 cm in width and 19.6 cm in length 
and separated by a distance of 3.6 cm. The elec trostatic field along the 
toroidal direction which is produced by the phase difference b~ between 
adjacent antennas is eliminated by the double Faraday shield. This shield 
also prevents electrons from directl y approaching each dipole antenna. 
Before the fast wave launcher vas installed in the tokamak, E,, Ey and ~ 
components were measured. These measurements show that the E, component 
is negligible. while the Ey component along the y-drection has a 
sinusoidal amplitude distribution. Thus, the radiating field pattern 
shows that the antenna system can only excite the fast wave. 

The power spectrum calcul ated by using the surface admittance of fast 
vaves1 shows that the ranges of Na launched for bcp= (J' and 180' are 
I N,, I = 1- 2 and 3-6. respectivel y. The minimum Nu of FMS- waves which can 
propagate to the plasma center vi th flee = 4x I 0 1~ cm-3 determines the lower 
bound of accessible Nu (Na.ce = I .2) . Ignoring toroidal effects. 11e can 
obtain the maximum N, given by t he attenuation in the evanescent r egion 
extending from the launcher ix = 0) to the cutoff ix = .t'c). By using 
I k.1. (0) I .re = I and c.:,. ~ (:t;,) = ~ "'-'• (Nu~ -I ) and assuming the edge densi ty 
profiJe as~a step plus a ramp model. lle (r \=fie (O; - x ; \fie lo . where l k.!. :O\: 
= (N,--1) 1

' • ~ ;c. we, obtain the upper bound of accessible /1<1 : Nt· ru< ~ " 1 ~ 
(c (V' fie )o/ ' "'-'• 1\;o ))-'

3 ~(2/3 t(C4JI1e •:Ol) /\/4,c llco) • whe re lieu is the 
cutoff density defined by "%>< = U<J . In our experiments the third term 
including the effect of the density step can be neglected . The value of 
:V1cut is about I .4 by substituting (\ 11, )o ~ I . I ' 1011 cm -I which 1s 
measured by three sets of double probes. Thus. t he accessible i'•,'J window 
t o the plasma ( N Rocc < N, < N~cu< ) is rather narrow . Allhoush toroidal 
effects cause an ,v,. -upshift of the waves penetrating into the plasma. fast 
waves with r\'1 larger than 2.6 are cut off even at the plasma center. 



316 

Exper imental Results 
The power reflection charact eristics of individual dipoles and global 

ref l ection from the launcher are invest igated. Reflections i n vacuum and 
for plasma l oaded dipoles en. = 3x 1012 cm-3 ) show almost the same behaviour 
as a function of A~. The typical global reflections I R I 2at A~=OO are 
meas ured as func t ions of ri., and launcher posi l i on r1 . The density 
gradient (9n0 )o i ncreases for high ri., and for ~mall n. Therefore, it is 
inferred that I RI 2 decreases with i ncreasing n. and by reducing n 
because the accessible N11 wi ndow expands due to the decrease in 
evanescent l ength. 

The time evolution of plasma paraneters for a typical discharge is 
plotted in Fig. 2 ._.a) - (h) . When 80 kW of net RF power F'nF is applied with 
A~= 0 ° . a plasma current lp of about 50 kA is sustained with a negative 
loop voltage l'l at constant line-averaged density ri. = 3x 1 01 ~ cm-3 . 
Microwave emi ssion near t he second el ectron cyclotron harmoni c r~. at the 
f requency of "'- 150 GHz and X- ray counts N, integrated over the energy 
range of 10 - 300 keY with a Ge detector are strongly enhanced. The 
measured X- ray spec trum shows an exponentially decreasing tail with T.,,, 1 
~ 90 keY and extends out to around 300 keY which corresponds roughly to 
/li:1 oc~ =1.2. It should be noted that even i n the absence of RF . a small 
amoun t of slide-allay tail with Tctool ~ 30 keY is observed i n t he plasma. 
Because both the central el ectron temperature T~ measured by the Thomson 
s cattering, and t he per ipheral electron temperature Tcp deduced from t he 
intensity ratio of 01'(2s-3p) l ine to Of' (2s-2p) line decrease during the RF 
pulse. the RF-induced changes i n Ip and l'l do not result from bulk 
electron heating. The negative Vl (::. -0.2 V) with dlp/ dt "' 0 eliminates 
the possibility that the sustainment of plasma current can be at tr ibuted 
t o an enhanced conductivity 011ing to a modification of the e lectron tail 
dis tribution. Therefore . it is concluded that the plasma current carried 
by tail el ec trons is caused by FMS current drive. The efficiency of 
cur rent dr i ve by FMS-waves 11 (=Jpri.,R; F'RF ) is 1.7:< 10-2 (I Q-"0 kAm-2 k\f1 

whi ch is as high as that of slow waves in our tokamak. 
The electron density was var ied i n order to examine whe ther current 

drive by FMS-waves can be realized in the high density region as expected 
from linear theory. As shown in Fig . 3. the result fai l s to meet 
expecta.!:_ions . The c,han~es i n l'l and I... due to current drive disappear 
around n. "' 8 .-: I 01- cm- which is almost the same value as t he density 
l i mi t ri., 1,. in slow wave current driv~ 3 . With a perpendicul ar charge 
exchange analyser fast ions are observed during RF as shown in Figs . 3 (c ) , 
3 (d) and 4. The energy spectra of charge exchange neutrals show the 
existence of a tail component and an increase i n T1.l when ri., > 
6 x 10 1~ cm-3 . From t he time evolution of T, !. which increases quickly after 
RF switch-on. the fast ions are not created a t t he plasma center but near 
the periphe1·y through the after -mentioned parame t ric decay processes . 
From the view poin t of linear theory FMS-waves with small .V.l can not 
i nteract directly with i ons . To confirm the correlation of parametric 
decays into ion cycl otron and ion quas i-modes' 11i t h the ion tail 
formation. RF spect ra including intensi t ies !"""" and l lsb of t he pump and 
lower sideband near the frequency .foJ - J., J . respec t i vely. are moni tared 
with an electrostatic RF probe at the scrape-off region. With increasing 
il., the spec trum of received high frequency s ignal s changes f rom a 
monochromati c pump to a s pectrum with pump broadening accompanied by a 
weak l ower s ideband at 770 MHz (Fig .2 ie) and ( f ) .J. If the frequency 
separation between the pump and t he lower sideband is attributed to the 
local ion cycl otron frequency . the posi t ion where i on cyclotron parametric 
decay processes occur would be the ou ter periphery of the plasma colunm . 
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It is concluded that the occurrence of parametric decay correlates ~ith 
ion tail formation and results in depositing a part of the RF po~er at the 
peripheral region. 

Recently. the threshold of the ion cyclotron parametric decay 
instability directly-excited by a fast ~ave ~as studied theoreticallY'. 
and it ~as sho~n that for the fast ~ave pump larger Rf po~ers or higher 
electron densities are necessary than that for the slo~ ~ave pump. The 
slo~ surface ~ave (N•< Nu ace ) created by confluence 11i th the fast 11ave. 
or the slo11 11ave (N11 > Naacc ) converted by density fluctuations6 propagate 
to11ards the 11all. Because the bouncing back and forth of 11aves in the 
peripheral region increases the 11ave energy density , 11e can expect the 
excitation of parametric decay and an increase in the half maximum M1.-c 
of the pump. It is inferred that the observed ion cyclotron parametric 
decay results from these surface ~aves or from the slo11 11aves 11hich are ~ 
mode-converted by de~sity fluctuations. The fact that 6/tr- in the 
density range above llcl ;. is 1-1 . 5 MHz 11hich is much ~ider than the drift 
11ave frequency spread . implies that the injected 11ave suffers from 
repeated scattering or that parametric decay into ion-sound quasi -mode 
occurs~ . A high resolution measurement of the spectrum sho11s that the 
peak frequency 11ith symmetric spectrum is not do11nshifted 11ith respect to 
the pump frequency. Therefore. it becomes evident that the pump 
broadening is caused by scattering at loll frequency density fluctuations . 
Thus it can be concluded that the disappearance of the preformed 
slide-a11ay tail and the' po11er flo~ to the ion tail must be responsible for 
the density limit. 

Relative changes in VL . Ieee . N, . electron temperature. and I ....., 
during Rf ~ere measured as functions of 6~ . It is noted that no distinct 
effect of the directivity of 11ave propagation on the plasma parameters is 
observed . At present. ~e cannot understand the reason ~hy the ~ave 
directivity does not clearly affect the current drive efficiency. 

If. in vie11 of the present result. \le 11ish to extend the region of 
current drive to higher densities , the problems of t he spectral gap. the 
density limit. and the frequency scaling of FMS current drive should be 
studied further. But the prospects for fast ~ave current drive in high 
temperature plasma have been greatly enhanced by the success of FMS 
current drive by interaction 11ith the slide-a11ay electrons. 

The authors 11ould like to express their thanks to Drs. S. Kitaga~a 
T. Watari. K. Yamazaki and D. Eckhartt for their discussions. 
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Introduction : 

D. Zasche , M. Zouhar 

Max-Planck-Institut fUr Plasmaphysik 
EURATOM Association, D-8046 Ga rching 

Stabilisation of sawteeth has become a clue problem for high power addi­
tional heating in large tokamaks where the oscillations in the central 
electron temperature may be as high as 50 % /1/ . In Lower Hybrid experiments 
the sawteeth of Ohmic discharges have been observed to disappea r /2/ , / 3/ . 
In this paper we study the parameter range for stabilisation of sawteeth 
accessible with the LH-system on ASDEX /4/, /5/ . The role of the LH wave 
spectrum is discussed . For application to NBI heating the LH-power require­
ments and the benefits for the energy confinement in sawtooth-free 
discharges are inves tigated. 

Stabilisation of sawteeth in OH-discharges 
The sawtooth period <st r i ses upon injection of LH waves in a density range 
where the waves couple t o supra thermal electrons (ne ~ 3 x 1013cm-3) . In the 
case of LH-current drive 'st continues to change during the rf pulse . The 
values for the first sawtooth after start of the LH and for the saturated 
state are shown in Fig. I for a power scan at ne - 1.6 X 1013 cm-3 . At lOI•I 
power t he sawt ooth per iod rises continuously until the end of the rf . For 
PLH > 400 kW <st firs t increases and then decreases , at high rf p01;er "v~ n 
below the Ohmic value . Above a t hreshold PLH* the sawteeth finally dis­
appear . The time delay <d between start of the LH and the last sa«tooth 
collapse depends s t rongly on t he density and it decreases with incr~asing rf 
power as shown in Fig. 2. The threshold PLH* there is mar kect by dash~d 
lines. Stabilisation of sawteeth is possible only by applying LH-current 
drive spectra. With symmetric spectra in the LH-heati.ng mode t he sawtou t h 
period may be changed but sawteeth reraain present during the whole LH pulse 
( < *::_ I. 5 s) even a t rf powers more than a factor of 2 above the threshold 
PLH with LH-current drive. 

The mechanism for sawtooth stabilisation might therefor" be seeked i.n the 
change of the current profi l e j(r) connected with LH current drive . The 
internal inductance li may be derived from magnetic measur ements with som.o 
precautions . From the quantities llpqu + li/2 (derived from t he equi l i.brium 
fields) and ll~ (from diamagnetic measurements) l t can only be determined i f 
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the pressure is isotropic. During heating and current drive with LH waves of 
high phase velocity (vph ,n • c/2), however, the pressure may become highly 
anisot r opic due to the gene ration of fast electrons parallel to the magnetic 
field /7/ . Therefore direct measurements of j(r) were made for various modes 
of LH operation in ASDEX /8/ , /9/ . In the case of the LH power scan at 
ne • 1.6 x 1013 cm-3 (Figs. 1,2) the pressure anisotropy remains small and 
the stationary value of (C~qu + li/2) - C~ then gives li. At low rf power li 
increases while it drops during LH current drive with PLH > 400 kW as seen 
from Fig. 3. Consequently, the current profile is peaking during low power 
LH-current drive and the higher increase of the sawtooth period <st in 
Fig. 1 might then be explained by an expansion of the sawtooth- unstable 
region within r(q=1). The drop in li at higher power indicates a flattening 
of j(r) and the reduction in 'st could be ex~lained in like manner by a 
shrinking of the q=1-surface. With PLH > PLH j(r) flattens to such an 
extent that the q=1 surface disappears and q > 1 in the entire plasma region 
/9/. Stabilisation of the sawteeth is therefore achieved if j(r) is modlfied 
such that the instability condition (q=1 at some radius) is removed. On 
ASDEX, so far, this is the only method how sawteeth could be suppressed by 
means of LH waves. 

In the parameter range where sawteeth were stabilized about half of the rf 
power necessary for complete LH- current drive was required. For discharges 
with q(a) = 3.5 this can be seen from Fig. 4 where the relative reduction in 
Ohmic input -~PoH*/PoH due to LH current drive at the stability margin with 

* -P~H • PLH is plotted versus ne together vith the absorbable fraction 
PLH ace of the rf power launched in these cases. Because of the uncertainty 
in the deposition profile two cases have been considered for accessibility 
to a/3 and 2a/3 /7/ . 

Stabilisation of sawteeth during NBI: 
The sawtooth period <se during NBI increases with increasing beam power PNI 
(Fig . 5) and above a certain threshold in PNI which augments with ne no saw­
teeth are observed during NBI. In sawtoothing discharges with NBI <st rises 
upon injection of LH power both in heating and current drive mode . Sup­
pression of sawteeth is possible with LH current drive only . The mechanism 
of stabilisation is again related to a flattening of the curren t profile j(r) 
as indicated by a decrease of li. The drop in li does not depend on PNI but 
only on PLH and on the wave spectrum. The minimum rf power required for 
stabilisation PLH* is r ed uced for higher PNI as seen from Fig. 5. 

This suggests that the current profile is flattened in the central plasma 
region already by NBI alone and less LH-power is therefore required for 
higher PNI to remove the q•l surface from the plasma . 

With counter-NBI the threshold power PLH* is even further reduced as seen in 
Fig . 5. Also with NBI alone sawtee th disappear already at lower power in 
this case . This seems to be mainly due to the broad Te(r) profiles which are 
obse rved with counter-NBI . The shorter savtooth period (Fig. 5) might be 
also expla ined by this fact . A contribution from a counter-driven beam 
current reducing the net plasma current in the center and the reby flattening 
j(r) as proposed in a scenario for sawtooth suppression /10/ cannot be ruled 
out . 

In sawtooth-free discharges with NBI higher central electron temperatures 
can be obtained . The Te(r) profiles are plotted in Fig . 6 for the Ohmic 
phase , NBI alone and for NBI combined with LH current drive. With PLH - 540 
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kW which is below PLu* the Te(r) profiles still resemble the profiles with 
NBI alone . The additional LH power replaces mainly the drop in Pou in this 
case . With PLH > PLH* (PLH = 720 kW) sawteeth are suppressed and the central 
temperatures increase . The resulting increase in total energy content is 
small because of the small volume where sawteeth dominate the power loss. 
With lower q(a) the sawtooth-unstable region is larger and a larger gain for 
global plasma heating can be obtained . At q(a) • 2. 75 (Ip • 380 kA, Bt = 
2 . 2 T) sawtooth suppression with PLH = 550 kW resulted in a 30 % increase of 
the total plasma energy content f r om NBI with PNI • 1. 8 MW. Improvement of 
the central confinement by s tabilisation of the sawteeth therefore contrib­
utes also to an appreciable improvement of the global confinement . 
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Abstract : Measurements of t he plasma current density dist r i bution j(r) 
dur ing injection of stat ionary or propagating lower hybrid wave spectra have 
been performed on ASDEX. Positive current drive leads to broade r j(r) pro­
files - while Te(r) is peaking - coupled with an increase in q from q ~ 1 to 
q > 1. The other spectr a inf luence j(r) only t o the extent predicted f r om 
classical conductivity based on changes in Te(r) under the condition 
q(O) - 1. 

Introduc tion: It has been demonstra ted on various experiments that lower 
hybrid current drive (LHCD) can be used to suppress sawt ooth oscillations 
/1- 4/ or influence m/n • 2/1 tear ing modes /2-4/ . Based on magnetic signals 
and the monitoring of MHD act ivity it has been conjectured that these 
effects have t heir origin in an LHCD- induced broadening of the j(r) profi le 
/2-4 / . In the same way, magne tic s i gnals have been interpreted as inferring 
a st r ong peaking of j(r), attained by appropriately adj usting the LH wave 
spectrum /4/. These points have been invest igated on ASDEX hy dir.,ct mea­
sur ements of j (r ) for a variety of LH spectra. 

Experiment : ASDEX was operated in the divertor configuration with parame­
ters: ne • 1.2 x 1013 cm-3 (0 110 11 : 8 x 1012 cm- 3), I • 292 - 301 kA, BT = 
21. 5 kG, a - 39 . 4 cm and R - 167 cm. Approximately sEa kW (0 110 TT: 340 kW) 
of rf power was launched into t he plasma via an 8-waveguide grill with a 
phase difference M/J between the waveguides s uch that a spectrum with N, - 2 
(0 110 11 : N, - 4) was generated symmetrically ( 0 0 11 11 • • , 0 11 0 11 • •. ; LHH) , 
parallel (lli/) • +11/2, LHCD) or antiparallel (ll i/) • -11/2) to the plasma cllr­
ren t /5/ . Zeff in t he ohmic heating (OH) phase- deduced assuming neoclassi­
cal conduct ivity - and the OH/LH loop voltages Vt are given in Table 1 . 

The resulting incremental changes in the diamagnetic beta signal li Bp~ a•1d 
li(B~qu + li/2) (measur ed ·by poloidal f lux loops) are depicted i n Fig. z . It 
is seen that liBP.1 increases to a plateau in -100 - 150 ms. The behavior in 
li(B~q + li/2) is diffe rent; the initial increase in thi s quantity, common to 
all cases , is followed by a slow decrease over - 300 ms to a pla t eau below 
the OH value for +11/2 and 0 11 011. We note tha t Bp~ i s sensi tive onl y t o t he 
perpendicular energy W~ and B~q to the entire energy W•(W~+W, )/2 , so that 
D • [I (B~q + li /2) - liBp~ = li(W,-W~ )/2 + lll i/2 . Hence, the discrepancies D 

!Academy of Sciences , Leningrad , USSR; 2Present address : JET Joi nt Unde r-
taking, England; 3univ. of Washington, Seat t le, USA; 4cEN Gr enoble , France 



324 

seen between 6Bp~ and 6(B~q + li/2) in Fig. 2 can be ascribed t o the 
production of a pressure anisotropy between the directions perpendicular and 
parallel to the magnetic field, and /or to a change in 6 l i, i .e. to a 
redistribution in j{r). 

The effect on j{r) was determined directly by means of a neutral lithium 
beam probe which measures the magnetic field pitch angle ep • tan-1(Bp/BT) 
at the intersection between the beam and optical axis of the detecting 
system {Fig . 1) /6-7/ ; j{r) can be calculated using 9p{r) in conjunction 
with Maxwell ' s equations. Te{z) is registered a l ong a vertical chord {not 
passing through the magnetic axis) by a 60Hz pulsed Thomson scattering 
system {Fig. 1) /8/ . 

Results: The measured pitch angle profiles 9~, adj usted to cyl indr ical 
geometry, for +TI/2 are plotted vs. the flux-surface radius rf in Fig. 
{top, right) for the OH and steady-state LHCD phases along with the corre­
sponding q(r) and j{r) profiles (top, left ) . It should be noted t ha t the OH 
points are well documented with two points each a t rf • - 1. 7, +10. 3 , 14.3 
and 29 . 2 cm. The indicated err or bars on 9~ r eflect the noise level 
associated with the base line of 9~ and of 9~ itself. For OH, the q=1 radius 
is in rough agreement with the ECE sawtooth inve r sion radius (hatched 
region) rst• The application of LHCD leads to a broadening of the j{r) 
profile {from which 61i - -0.12 is comput ed) and an associated increase in 
q{O) from 0.98 + 0 .03/-0 . 01 tq- 1. 14, in concord with previous r esults 
/7/ . While Te profiles are not available fo r this series , the experience is 
always that Te peaks with LHCD in the fashion seen with 0 0 TI TI, thereby 
demonstrating that the LH- driven current is decoupled from the classical 
conductivity profile . 

The {Fig . 3) 9~ and Te profiles for -n/2 exhibit no significant change 
between the OH and LH phases, i.e. D is due solely to a large anisotropy in 
the non-thermal elect ron population in favor of the component parallel to 
the magnetic field . A compari son between the experimental ec points and the 
curves predicted from Spitzer or neoclassical {neo) conductlvity {assuming 
Zeff and t he electric fie ld E are constant) shows no consistent agreement 
with either case. {Fig . 3- the c urve spread reflects the Te error bars . ) 
However, neither model cor rectly predic ts rst' neo gives q{O) values far 
be l ow the q{O) - 0.96 dete rmined from the lithium beam , whereas Spitzer 
generally yields q - 1 onl y very near the axis . If a central zone of 
anomalous resis t ivity or a smal le r E i s postulated such that q - 1 is 
fulfi lled, then neoclassical cond uctivity would describe the experimental 
points reasonably well i n the q > 1 r egi on. However, for fiducial purposes 
the Spitzer curves are used in comparison hereafter . 

The failure of the experimental 9~ curves to cross the axis at rf • 0 for 
both - n/2 and 0 Onn {consecut ive series) is probably due to a slight 
{-0.3°) beam misalignment. The sys t ematic trend of the rf < 0 e~ points to 
increase fo r -n/2 is not understood, as a symmetric behavior for rf- 10 cm 
is not observed. 

The heating s pectrum 0 0 TITI produces a pronounced peaking in Te{r), but no 
distinct change in 9p . In contras t to the OH phase , the Spitzer e&H profiles 
lie above the experimental e~ points, demonstrating that j{r) has not 
tracked the Te{r) change - suggestive that a mechanism which always main­
tains q{O) - 1 is operative. 
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The 0 n 0 n TgH profile is broader in the central region compared to 
0 0 n n , leading t o a narrower j(r) distribution (synonymous with higher 9~ 
values) as corrobora ted by t he Li-beam measurements . LHH produces a decrease 
in Te (r~a/2), which j(r) follows up to L'.tLH- 300 - 400 ms as confirmed by 
9~ from experiment (Fig. 3). Hence j(r) has been alt ered by affecting the 
bul k thermal electron population , changing qOH(O) from -0.97 to qLH(O) -
1.06 and l£H from 1. 35 to ltH- 1.15. The behavior after 6 tLH- 400 ms 
cannot be considered here. 

Discussion : Table I summarizes the experimentally determined changes in q(O) 
and l i, from which we see that q0H(O) • 0 .96- 0 . 98. This implies that only 
a few per cent of the current inside the q • 1 surface needs be displaced 
outwards in order to achieve q > 1 and an associated suppression of saw­
teeth . Such a small change can take place inside one sawtooth period, which 
is congruous with the observed invariance of rst up to the moment of saw­
t ooth disappearance described e l sewhere /1/. 

Taking the experimental 6li it is possible to compute L',B~q for all cases, 
the values of which are i nd icated on Fig . 2 by arrows. Accordingly, +rr/2 
produces a nearly i so tropic pressure (i_. e. 613~q ~ L'.llP.1) , whereas -rr/2 exhi­
bits an extreme anisotropy and 0 0 1f rr lLes in between. These deduced trends 
are consistent with di rect measurements of the non-thermal electron popula­
tion on ASDEX /9/ . 

In passing i t should be mentioned that t he profiles discussed he r e are 
interesting candidates for a "profile consistency" analysis / 10/ inasmuch as 
Te(r) and j(r) are loosely coupled for 0 01111 and decoupled for n/2, but 
both yield approximately the same Te profi le . Further , for 0 n 0 n , LHH 
produces a large, coupled change in Te(r) and j(r). 

Final ly, the Li-beam measurements reported here support the thesis /11/ that 
sawtooth stabilization on ASDEX occurs only when the condition q > 1 pre­
vails in the central region . 
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and experimental e~ profiles (on the 
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the OH and LH discharge phases ar e 
shown for opposite current drive - Tr/2 , 
and the heating spec tra, 0011n , onon. 
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SAWTOOTH BEHAVIOUR IN LOWER HYBRID HEATED FT DISCHARGES 

F. Alladio, R. Ba rtiromo, F. De Marco , G. Mazzitelli, A.A Tuccillo, G. Vlad 

Assor.iazione EURATOM-ENEA sulla Fusione, Centro Ricerche Energia Frascati , 
C.P. 65 - 00044 Frascati, Rome (I taly) 

INTRODUCTION 

Sawtooth oscillations in Tokamak plasmas are conside r ed responsible for 
lowering the maxi mum attainable central electron temperature . In the l as t 
year all the major LH experiments have succeeded in stabilizing sawteeth [ 1] 
even in presence of additiona l heating (2] . In the FT case, the available 
power was not sufficient to fully stabilize sawteeth for la ck of access. In 
the range of power used (PRF ~ 3/4 P0H) an i ncrease of sawtooth period, 
reaching about a factor 4 a t maximum coupled power, is observed on soft x 
ray signals. In this paper we report about the dependence of this increase 
on t he launched spectra and on the related changes in plasma properties, na­
me l y: electrical resistivity and elec t ron thermal conductivity. The experi­
mental sawtoot h behaviour is then interpreted with a code solving t he coupl­
ed non-linear diffusion equations for the perturbed e lectron temperature and 
ma gnetic fi e ld . 

EXPERIMENTAL RESULTS 

Two launchers are installed on FT at 90° and 180° away from the pol oi ­
dal limi ter in the current direction having a 2X2 and 4x2 wave-guide array 
respective l y. _!\l l the r esults presented here are obtained at BT = 60 kG, 
I - 300 kA, n = 3+4Xl0 1 3 cm- 3 . This corresponds to t he electron in t e r ac­
t~on regime, th~ dens ity l i mit being about n = 5X l013 cm- 3 for the used 
frequency of 2.45 GHz. The launched spect ra eare shown i n Fig. 1 . Gene­
rally the 2X2 grill is phased at n launching a symmetric spectrum with most 
of the powe r below n,=3 (Fig. l a). This spectrum is practically identical 
t o the spectrwn of t he 4X2 grill phased O,O,n,n. Fjgure lb shows the 4x2 
grill spectr wn when phased O,n/3,2n/3 ,n. This asymmetric spectrum travels in 
the e lectron drift direction. Both spectra are able to increase the sawtooth 
period as s hown in Fig . 2, but the asymmetric one i s the most effective. The 
sawtooth period r eaches r oughly the same value but with l ower coupled power 
for the ' asymmetric spectrum . A different behaviour is also observed at the 
RF swit ch-on . Al so i n this case there is a greater increase for the asymme­
tric spectrum. Figure 2 shows both the sawtooth repetion time and the Lime 
de l ay between the sawtooth crash and the detection of the heat pulse aL half 
radius . Thi s quantity t oo shows a step a t the RF swi t ch-on and then a s lower 
increase (this time more pronounced with the symmetric spectrum). Figure 3 
summarizes the power dependence of sawtooth repetition t ime after 100 ms of 
RF power (da ta from s ymmetric spectra are plotted with half the coupled pow­
e r). From this figure it is confirmed t ha t asymmetric spectra are by far the 
most effective. This effect can be ascribed to the greater effective ness of 
the asymmetric s pectrum in driving cur rent via fast electron generation thus 



' 

328 

:::i 
7 

" 
7 

.-!2 a) oi b) 
6 

:2 
6 

::2 :::> 
:::> 5 er 5 er: t-1- u u UJ UJ 4 c.. 4 a... (I) (I) 

ffi 3 
er 

~ ~ 3 

\ ~ 2 
0 
c.. 2 

1 
..A 0 0 

- 8 - 6 - 4 - 2 0 2 4 6 8 -8 -6 - 4 -2 0 2 4 6 8 

Nu Nu 

Fig. Power spectrum a) <I> o, o, n, n (as grill 2 x 2 with <1> o, n); 
b) <I> 0, n/3, 2n/3, n 

4 4 

t t t t 
a) b) 

ms 

t t ~ 
ms 

+ t + + + + + + 3 

.,,+++ + + 
3 

+ + ++ + + + 
2 2 • 
·~ lti+!j RF 

•••• +++++ •• + + + + •• 1 ...... ....... • • 
395 405 415 425 435 44!) 395 405 415 425 435 445 

TI ME( ms) TIME (ms) 

Fig. 2 - Time behaviour of sawtooth repetition time (dots) and time delay 
(triangles) of sawtooth h ea t pulse at half radius: a) <1> = 0, 0, n, n; 
b) <1> = 0, n/3, 2n/3, n 

lowering central electr ica l resistivity. Up to the maximum power launched 
the position of the surface q=l, as detected by space resolved soft x-ray, 
is not observed to change. Figure 4 s h ows the time delay at h a lf radius of 
the sawtooth crash propagation n orma lized with density vs the corresponding 
sawtooth period for two series of reproducible s hots. It can be seen that 
the delay with the asymmetric spectrum saturates at a lower level despite 
t h e increase in the period. The two discharges are very simila r in the 
ohmic phase and t h e major difference duri n g RF is due to the larger increase 
of the electron temperature with the symmetric spectrum [3] (aT - 700 eV, 
P - 280 kW). In the other case on ly ar - 200 eV is measureS0 with PRF­
-~80 kW, thus s uggesting a favourable dltendence of electron thermal con-

I 
I 
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duc tivity on Te at least in this power range. For the discharges with sym­
metric spectra where a complete power balance ha s been performed, data on 
the confinement obtained from the heat pulse propagation are roughly in 
agreement with the power balance results (4) . 

In orde r to model the experimental behaviour of sawteetb we have de­
veloped a code solving tbe system of coupled non-linear diffusion equations 
for the perturbed quantities T and B , enabling us to obtain sawtooth 
characteristics for a given disc'ha~ge. ifletails of this calculation are re­
ported in Ref. [5) . Using the electron thermal conductivity obtained from 
the power balance and the measured value of the electrica l conductivity , we 
obtain the experimental repetition time and the time delay of the sawtoo th 
heat pulse in the ohmic phase. To model the RF phase we simply multiply the 
two quantities by a factor constant over the radius. Figu re 5 shows such 
a simulation compared wi th the experimental values about 10 ms after the 
start of the RF pulse (PRF - 280 kW) with symmetric spect rum . As it can be 
seen the repetition time can be modeled by reducing the electrical re s i tivi­
ty by about 70%, well in agreement with the total plasma conductance measu­
rement , while the time delay requires a r-eduction of the electron the rmal 
conduc tivity similar to the one necessary in the e nergy balance analysis. 

CONCLUSION 

The increase of sawtooth repeti t ion time i s i n agreement with an i n­
creas e of electrical conductivi ty. This effect is more importan t when waves 
trave ling in the e lectron drift direction are injected into the plasma with 
respect to the case when a symmetric spectrum is utilized. The i ncrease of 
the time delay for the propagation of the bea t pulse has t o be as cribed to a 
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reduction of the electron t hermal conductivity. These results are in good 
agreement with a model of the sawtooth dynamics and with the energy balance 
results. 
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SUPPRESSION OF SAWTOOTH OSC I LLATIO NS BY LOWER HYBRID 

CU RRENT DRIVE I N THE PETULA- B TOKAMA K 

D. van Houtte, C. Agarici , H. BottoLlier-Curtet , P. Briand, G. Briff od, 
P. Chabert , M. CLement , C. David, A. Girard, C. Gormezano , P. Gre Lot , 

W. Hess, M. Hesse , G. T. Hoang , G. Ichtchenko, A. PanzareLLa , P. ParLange, 
P. Ryter, G. Tonon , J . C. VaLLet 
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I NTRODUCTION 

Powerful additional heating experiments on l arge tokamak s have s hown l i mita­
t i ons of performances due to the presence of internal disruption s . 'rhus , since 
the early work of the Petula Group on the low-m tear ing mode stabilizat i on 
(van Houtte et al , 1984) , the Lower Hybrid Cur rent Drive (LHCD) exper imc·nts 
are mainly aiming at the suppression of sawtooth instabilities which exist. i l! 
inductively driven d i scharges . 

A new 3 .7 GHz RF system (Rey et al , 1986) (PRF ~ 400 kl-1 - 6t <. 100 ms) in 
operation on Petula-B allow3 an RF current to be driven at densities up to 
ii = d . x101J cm-

3 
although wi th a residual amount of Ohmic Heating (OH) 

p~wer . Then extensive studies of sawteeth suppression in larr.e range oJ' plasma 
parameters could be done . 

PLASMA AND RF PARMIETERS 

The LHCD experiments were carried out 9n Petula-B (R = . 72 m and a= . 165 m) 
in the density range 1. x10 13 ~ ne (c;;;-') .,_ 8 . x10 13 for a magnetic :·ield of 
BT=2 .8T . 
The J,>lasms cur rent ( I, (kA) .,_ 230 ) is i nitially driven by t he ohmic: heat. int; 
circuit and kept con s~ant during the RF p:.:lse . The 3 . ·r GHz RP System c onsists 
of a mult i jtinct ion type grill with 9 wavegu ides on a row . Dil"fe r .,nL }Jhasings 
give a parallel in~ex in the range 1 :7 '(: <N li ~ 0:: 2 . ·r: , . 
The sawtooth bP.hav1our has been stud1ed by us1ng coll1n10.teu s urt"ace barr1er 
diodes to measure the soft X-ray emission along dif ferent chords and on<> mova­
ble channe l heterodyne IR inter feromet er to measut·e densi Ly fluctuations . 
Tearing mode with m > 1 ( n= 1) has been observed by a set of Mirnov coils l oca­
ted around the plasma . 

EXPERII~ENTAL RESULTS 

Evidence that LHCD modifies the current. den s ity vrofile a nd affects the ~iasma 
~1HD behaviour has been obtained firslly i.1 low <>cnsity (ne <;: 1. 5x 101

' ""'- ) 

discharges with the 1. 3 Gl!z RF system (large ~1// spect rum cenLered around 2 . ~). 
Sawteeth oscillations , initiall~ present in tr.e Ohmi c Heating (Oil) current 
drive discharr;es , were suppressed within a few msec f o r very low power levels 
and simultaneou sly a m=2 t earinc; mode ''as trit;t;cr cd . IL was conc luded that 
LHCD creates u flattening of the central q-prol'ile risine q(o) above 1 a nd 

. ~ 
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increases t he gradient near the q=2 surface (D . van Houtte et al , 198~) . Wi th 
the new 3 . 7 Gllz RF system , the study of sawtooth stabil i zation has been exten­
ded to higher densities . 

- In low density discharges (ne .,: 1. 5x1 013 cm-
3

) with < N // > = 2 . 7 , the plasma 
I·UID behaviour is sin.ilar to those obtained with the 1. 3 C:Hz RF system . The 
same conc lusions are done . 

-When t he RF current is driven in medium density range (1 . 5x1013 < ne(cm- ') 
~ ~ . 5x 1013 

) , the r.1=2 mode is triggered later and later in the RF pulse as 
density is increased. ~Then low Rl" jJOWer is applied , the sawteeth which are 
present in OH phase, increase in relative amplitude (Fig . 1) and in periodi­
city (Fig . 2) for tt.e first sa·.rtcoth occuring during the RF pulse . As the RF 
.IJOWer is further raised , the characteristics of the sawteeth change markedly . 
1'he cawteeth look like the so-called "coum.!JOund" sawteeth (Fig . 1) observed 
in large t okamaks (Campbell et al, 1985) . For high enough RF .IJOWer , sawtooth 
s t abilizat ion i s ach ieved at t he beginning of RF application and lasts for 
time depending on RF power level. 

- For densi t ies 4 . )x 10 13 < ne (cm-').$. 8 .x1013
, a low RF power level increases 

only the total soft X-tay emission withcut marked change in relative amplitude 
and frequency of the sawteeth . ~/hen the RF power is high enough, depending on 
plasma current and density , the sawtocth cscillations are suppressed . In 
Fig . 3 , a typical shot at a d"nsity of iie = 6 . x 1013 cm-' wi th 240 kW of TW power 
for a 125 kA discharge, is shown . lt is to be noted t hat in this case , only 
35 % ot' the totaJ plasma current (as inferred from the relative lcop voltage 
drop) is RF driven . 

2. 4 

2 . 

1. 6 

l . fl 

SXR 

TIME (m~) 

190 
Fig . l -CentroZ soft X- l'G!' emiss·ion 

in OH sautoothing regime and 
for various RF powe1• leveLs . 
I = 120kA n = 3. 10 13 cm- 3 

p , e " 
and <NI/> = 1. ? 

f (kH Z ) 

Fig . 2 - Sawtooth [1•equency as a 
function of RF power for 
tii.fferent lZa~tjiG _curr ents at 
ne = J . x lO cm Lntlz <N/1>=1. ? 
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'l'he radius of the sawtooth inversion surfO>ce as inferr ed f r om soft X-ray emis­
sion and IR den s i ty fluctuat i ons is a funotion of the plasma current and , in 
OH regime, the usual a/q( a ) dependence i s obtained fur the q(r) = 1 lay~r· 
radius (Fig . 4) . When ID' power is applied t o dr i ve part of the Jlasma current, 
the sawtooth i nversion surface r emains approximately at the same rudial loc a­
tion , as a functi on of RF power , u;ot il the sa•·teeth are no lOII!];er obstrvable . 
As compared to the OH case , t he q( r ) = 1 surface does not change o r i uc reuses 
s l i ghtly depending on q(a) valu e and density (Fig . 4) . 

'fhe RF power J evel 1·equ i red to suppress the sawteet h ) ne reases with the cur­
rent and, is a function of q= 1 surface radius as shown on i"ig . 5 . As a func ­
-cion of' the density no c l ear dependenc· e wi"th the RF power necessary for saw­
toot h suppr ession , appears . 

Electron tt:mperatu r e a s infer red from Tho:nson scatLe r inp does not chant;e signi­
ficantly a nd the iro)Jurity level is a bout. the same durlr.r: the IlF pul~e . Thus 
t he i ncrease in soft X-ray emiss ion must oe mainly a~tributf'd to RF produced 
s upra thermal ele~tr:;ns carry ine; par t of the cuJT<·nt . ln tile ~awtooth-free 
dischar ges , the electron ener::;y confineme~t "time deduced from the temperature 
of the bul k, remains roughly constant as compal"ed to ~hose obtained in OH 
sawtoothing discharges . It is to b" noted that the cne!'CY content within the 
q=1 surface is s mall as compar ed to thP total eucr gy content . 

These sawtooth stabilization r esults have been obtaiut>d wit.h a llf spcc"tl"um 
centered n t 11// = 1 . 7 corresponding to RF r esonant. <Onel'[.Y , Eb , o ! 20 keV . At 
h igh density, only par t of waves s hould be able to !'each the pl asma center 
b"cause of wave acc.,ssibili ty conditions . fl parallel irtuey of !l // = 2 . 7 
(Eb = 40 keV) have also been uGed bu t total st.abil hat ) on was not obt a i ned i n 
the medium and high dcn~ity range with the avai lnhle RF rower . 
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and <N // > = 1. 7. 

- The diameter of the sawtooth inv~rsion surface d~es not change or increases 
slight ly in the presence of LHCD (ne > 1.5x1013 cm- ) and remains approximately 
constant as a function of RF power . This result puts in evidence that, the 
mechanism responsible for internal disruptions, is inhibi ted with a central 
q-value equal of lower than those in 0~ sawtoothing discharge . This conclusion 
is confi rmed by the presence of a m=l, n=l mode into the sawtooth-free plasma 
discharge and by tile esti:::ati on of q(o) made on Petula-B by Lister et al, 
(1986) using the propagation of a shear Alfven wave . 

-Only about 25% to ~0% of the total plasma current is driven by RF
3

when 
sawtoot h- f r ee di scharges a r e obtained at high density (ii >. 4 . lOll cm- ) . Howe­
ver this fraction is not a sufficient condition to suppr~ss the sawtooth acti ­
vity . 'l'he necessary RF power to suppress the sawteeth depends on the radial 
locati on of t he q= l surface through the plasma clirrent value but no clear 
dependence with the density appears. 

- A possible mechanism of sawtooth suppression can be a replacement of the OH 
driven current by an RF current , carried by large enough energy supra thermal 
electrons , inside the q(r)=l surface or within the m=l magnetic island. This 
is in agreement with the small amount of power which can reach the plasma cen­
ter due to high value of accessibility at the center (N //ace "' 2) , with a 
launched spectrum ct>ntered at N;; = 1.7. 
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Max-Planck-Institut flir Plasmaphysik 
EURATOM Association , D-8046 Garching 

It has been recognized in recent years that e .m. waves in the lower hybrid 
(LH) frequency range can produce important effects when absorbed by plasma 
electrons like, for example , current generation , plasma heating and current 
profile modification . In these conditions the electron distribution function 
is not maxwellian but becomes enhanced at high energy depending on the power 
and phase velocity spectrum of the launched waves /1/. 

The aim of the present paper is to study the plasma-wave interaction by 
experimentally determining the f rac tional population of non-thermal elec­
trons under different plasma conditions. The experiments were carried out on 
t he ASDEX divertor tokamak, wher e current drive and plasma heating can be 
s t udied up to an injected power of 1 MW at a frequency of 1.3 GHz. By chang­
ing the relative phase between successive elements in an eight- waveguide 
grill , the shape of the N, index spectrum as well as its directionality can 
be controlled. 

Data on the fractional population nT of tail electrons were obtained from 
measurements of the intensity ratio of a dielectronically excited satellite 
line to the main resonance line of He- like titanium ions by means of high 
resolution X-ray spectroscopy /2/ . A detailed description of the experimen­
tal apparatus and of the data analysis procedure can be found elsewhere /3/ . 

The results obtained in a current drive shot are compared in Fig . 1 with 
those obtained dur ing electron heating. The two discharges have the same 
toroidal magnetic field and plasma current ~nd nearly equal injected RF 
power (PRF " 800 kW) and elect ron density (ne ~ 1. 2 x 1Q13 cm- 3) . The shape 
of the launched spectrum is nearly identical in the two cases and is char­
acterized by <N, > = 2. 

In the first case the plasma current is almost completely driven by the RF 
waves and the feedback system regulates the ohmic power transformer to keep 
the plasma current to the pre- injection value ; consequently the toroidal 
electric fie l d is strongly reduced and comes near to zero . In these 

1ENEA Frascati, Italy; 2cEN Grenoble, France ; 3university of Bochum, 
W.-Germany; 4Academy of Sciences , Leningrad , USSR, Spresent address: JET 
Joint Undertaking, England; 6university of Washington, Seattle , USA 
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conditions a rough estimate of the fractional population of tail electrons 
can be obtained by assuming from quasi-linear theory that a unidirectional 
plateau is formed in the tor oi dal direction in the velocity space from a low 
value V1, a few times the thermal speed , up to a value V2 >> V1, determined 
by the accessibility condition (V2 ~ c/1.55 for the present case ). In this 
hypothesis the central current density is given by: 

V2 + V 1 ( ) 
jRF(O) • e 

2 
nRF 0 

where "RF(O) is the total density of RF-generated suprathermal electrons i n 
the plasma center. This expression can be compared with the value obtained 
by assuming the q val ue in t he plasma center close t o unit, as , deduced f rom 
Li-beam measurements /4/ : 

2 BT 
jRF(O) -~R 

when R, the plasma major radius, i s equal to 166 cm in ASDEX. When the value 
of t he central electron density (ne(O) = 1. 5 x 1013 cm-3) is taken into 
account we obtain for the current drive discha r ge nT(O) m 1 % in good agree­
ment with data in Fig . 1. 

When we compare complete current drive with electron heating discharges we 
1 

find a considerable enhancement of the non-the rmal population in the latter 
case (Fig . 1). This could be explained by a better power absorption i n t he 
plasma , possibly due to smal l differences in the spectrum at high N.,. How­
ever this should lead to an increase in the the rmal energy content in heat ­
ing discharges which is not observed . 

Thus the higher content of non- thermal electrons in heating discharges seems 
to indicate that the tail extends to energies higher than in current drive 
discharges . However the minimum N., accessible to the plasma center is nearly 
the same i n the two cases and so the only possible explanation fo r the 
results i s that the toroidal electric field , which is nearly vanishing only 
in the curre nt drive case , i s effect i ve in accelerating the electron tail to 
higher energies . It is worth to note that in the heat ing discharges dis ­
cussed here the val ue of t he electric field i s abou t 1.4 %of the critical 
runaway field. This r esul ts in a c r itical vel ocity of 0 . 56 c, which is lower 
t ha n the upper limi t of t he quasilinea r plateau, V2 • 0 . 62 c , as deduce d 
f r om access ibility condit ion . 

Hagne tic measur ement s a l so show t hat in the discharges considered here the 
plasma pressure becomes strongly anisotropic in the heating c a se while LH . 
current drive lead s to nearly isotropic heating (Fig . 2). The paral l el and 
perpendicular components of the plasma pressure were derived from three 
i ndependent measurements of Bp (diamagnetic beta) , B~qu + li/2 (B~qu 
equilibrium beta) and li /4/ . 

The influence of the shape of the N., spectrum on the non-thermal popul ation 
was also studied . A power scan with <N.,> = 2 and <N.,> • 4 , (Fig . 3) shows 
for bo th cases a near ly l i near dependence upon the injected power but faste r 
waves ar e more effective in generating fast electrons. This is in agreement 
with observed heating efficiency as well as with current drive experiment 
resul ts / 5/ . 
Also shown in Fig . 3 are t wo measurements taken during opposite current 
drive experiments . In this case the waves have t o push the electrons agains t 
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the a pplied toroidal field and consistently a lower number of tail electrons 
is observed. 

A density scan was also performed at a medium power level (PRF = 430 kW) . 
This is not enough to obtain complete current drive except at very low 
density. The results of the measurements are shown in Fig . 4. For ne ~ 1 x 
1013 cm-3 the loop voltage is nearly equal for current drive and heating 
discharges with <N.,> ~ 2. The different behaviour in the partial current 
drive and heating cannot be due to elec tric field effects and is not fully 
understood. We note, however, that in this experiment heating discharges 
have a higher electron temperature. 

At the highest density all the three spectra give nearly the same result. 
This corresponds to the point where the heating efficiency for the e l ectrons 
is j ust starting to deteriorate because of t he increasing ion a bsorpt ion 
/5/ . In these conditions we perfo rmed spa t iall y resolved measurements for 
two values of the injected power at <N, > = 2 (Fig . 5) : we obtained hollow 
profile, showing a lack of wave penetration to the plasma center. 

To check problem of wave accessibility t o the plasma center, <N,> = 4 spec­
trum was studied in the same plasma conditions , although a t a r educed power 
level (PRF = 300 kW), and the nT profile was still found to be hollow. It 
can then be concluded that in the ion interaction regime the penetration of 
the waves to the plasma center is inhibi ted possibly due to the absorption 
by the plasma edge. 
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~ Profiles of the fractional 
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A MODULAR MULTIJUNCTION GRI LL FOR CURRENT DRIVE STUDI ES AT 3.7 GHz FOR 

PETULA- B AND TORE SUPRA 

G. Rey - G. Berger-By - Ph. Bibet - C. David - M. Goniche - G. Tenon -
G. Agaric i - P. Briand - C. Gormezano - A. Panzarel l a - RF & PETULA Groups 

ASSOCIATI ON EURATOM-C.E .A. - Departement de Recherches sur la Fusion 
Controlee - C.E .N. G. - 85X - 38041 GRENOBLE Cedex (France) 

INTRODUCTION 

A 8 ~M- quasi continuous - 3.7 GHz Lower Hybrid Heating system is being 
designed for mainly current- drive studies on the TORE SUPRA Tokamak. A large 
simplificat ion of the L.H. antenna and of the RF transmiss i on line is obtai­
ned by applying two main ideas : (i) modular design , (ii) internal RF power 
division - 3 dB hybrid junction and E-plane multijunction (H.J. ). The E-pla­
ne M.J. system /1/ br ings not only simplification in the building of the an­
tenna , but also, when used in travelling wave, lowers strongly the power re­
flection coefficient towards the generator. This is a very important point, 
because such a system allows to avoid the use of c irculators - expensive 
elements for large machine . 

In order to test the physical and these technical options chosen for the 
TORE SUPRA experiment, a 500 k\V- 30 ms-3.7GHz experiment has been successful­
ly operated on PETULA-B (see other papers in this conference /2/ to /4/ ). 

2 GENERAL DESCRI PTION 

2.1 The RF power, provided by a 500 kW-30 ms-3.7 GHz ThCSF klyst r on is 
injected to the coupler by means o f an Aluminium, 6m long , SF6 pressurized, 
s tandard WR 284 transmisssion line . The RF l osses i nc luding the insertion 
losses of the circulator and flexible waveguides are measured equal to 0 . 14 . 
3 dB hybrid junctions allow the RF power to be divided in the ratio 1/4:1/2 : 
1/4 between the 3 modulus (1/2 in the central one) . 

Fig . I shows the general view of the low hybrid coupler on Petula . A va­
c uum tank composed by a large movement bellow and a rigid sector for the va­
cuum pumping is connected by means of 0 400 vacuum valve to a Petula port . 

2.2 Fi g. 2 shows the front view of the 18 waveguide- 9 column-2 line-net­
work made from 3 juxtaposed identical modulus. Each modulus is composed of : 
(i) a RF alumina vacuum window with its associated arc detector , (ii) a 3 dB 
hybrid junction , (iii) a 90" phase shifter in order to bal ance the 90" pha­
sing of the hybrid j unction, (iiii) the 0- 120"-240"-3 wg E-plane M.J. sys tem 
( cf . fig . 3a, 3b) . The phase shifters are obtained by changing the wavegui­
de length in the wg by reducing its height. The RF matching of such sections 
is obtained by step transformers. 

By changing the phase of the injected wave between the 3 modulus, the N// 
spectrum excited by the launcher can vary from I .6 to 3. From code calcula­
tions /5/ , the NI/ spect r a obtai ned with a:!: 90" phasing between modulus is 
plotted in fig. ~ . 
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3 LOW LEVEL TEST 

As expected by theorical predictions, self matching property of the 3 wg 
- 0- 120°- 240°- E-plane M.J. is obtained when the 3 loads are in t he same plane 
(fig. Sa) and the powe r reflecti on coef f i ci ent (P.R. C.) is the square of the 
P. R.C. of the loads . For a A /6 spacing of the loads, which leads to the sa­
me phasing (180°) in each seEondary wg, no self matching propert y is obser­
ved (fi g . Sb) . Self matching proper ty is conf i r med on plasma /2/. 

The SWRV of each element of the modulus is lower than 1. 06. 

4 CONDITIONING TECHNIQUES 

4 .1 On a separated test line, argon gl ow dischar ges have been tested / 61 
Such a technique , c urrently used for the 1. 3 GHz exper iment s has been sim­
plified by using a common longi tudinal e l ectrode . High pressur e (~I torr) 
argon glow di scharge is needed in order t o obtain a quasi homogeneous dis­
charge in the 3 r educed waveguides (fi g . 6) . Due to the lowe r ion numbers 
striking the surface with a sufficient energy (~300 eV) /6/, t he t ime dura­
t ion of such a discharge has to be of the orde r o f 10 hours . This procedure 
has to be verified a t high RF powe r on the launcher itself. 

4.2 Up to now , on Petula , the conditioni ng technique, derived from pre­
vious high RF power tests in a test bed , ~~ the following : (i) during the 
cleaning session of the machine with a 10 H

2 
pressure , the RF power is 

gradually increased wi t h a duty cycle of I RF- Sms long-shot every 10 seconds . 
300 to 400 pulses are so performe d during such a session , (ii) between two 
plasma shot s, about 10 short RP pulses are powered at a level slight ly grea­
t er than that r equired for the following plasma shot. 

4.3 Performances : As 2expected, the power density limitat i on due t o the 
multifactor effect (~-f), is greatly decreased by working at 3 . 7 GHz and 
the cleaning of the surface has been achieved by using RF shots conditio­
ning technique . 

Wi th such a techniq ue , after a ove rall one thousand RF conditioning 
shot s , t he full power - 500k\4-30ms - of the klystron has been i njected to 
the coupler . \<hen the cen t r a l modulus. is fed alone with the RP power , thz 
corresponding powe r density

2
- assuming no r eflec t ed power - is ~ 20kW/cm a t 

the RF wi ndow and ~ 'IOkW/cm at the reduced section of the grill. Such va­
lues - however with shor t t i me pulses - a r e twice the ones planned on TS 
Low Hybrid experiments . 
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Fig. I - Implementation o f L.R. coupl er on Petula 
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NEW DEVELOPMENTS IN HIGH-POWER KLYSTRONS 
FOR LOWER HYBRID RESONANCE HEATING APPLICATIONS 

INTRODUCTION 

Earl w. McCune 
Varian Associates, Inc. 

611 Hansen Way 
Palo Alto, CA 9q303 U.S.A. 

Plasma heating using the lower hybrid wave method (LHRH) requires very 
high power at frequencies in the range of 1 to 16 GHz. The necessary power 
levels are in excess of what is achievable in a single power source. 
Consequently, multiple power units are needed. Of particular concern is 
the desire to obtain the required power at a minimum cost. Total system 
cost projections typically reach the conclusion that for minimum cost it is 
necessary to use a minimum number of power units of maximum power 
capability. Therefore, it is important to understand the power 
capabilities and limitations of prospective power sources. 

The klystron amplifier is the device of preference for generation of 
high-power levels at these frquencies. Klystrons have demonstrated good 
reliability while providing high power at good efficiency. Two klystrons 
presently in service for LHRH plasma heating are the VKS-B269A which 
provides 500 kW at 2.q5 GHz and the VKC-7Bq9 which provides 250 kW at 
q.6 GHz. Typical performance values for these klystrons are listed in 
Table 1. These klystron designs provide excellent performance but do not 
represent the maximum power capability at these frequencies and 
consequently do not necessarily provide a minimum cost design for a system 
requiring multiple power sources. 

Table 1 
Typical Performance Characteristics 

Frequency 
Power 
Gain 
Bandwidth (1 dB) 
Efficiency 
Beam Voltage 
Beam Current 
Body Current, No Drive 
Body Current, Saturation Drive 

KLYSTRON POWER CAPABILITY 

VKS-B269A Klystron 

2.q5 GHz 
510 kW 
56 dB 
22 MHz 
52 ~ 
63 kV 

15.7 A 
5 mA 
BmA 

VKC-7Bqg Klystron 

q.6 GHz 
260 kW 
56 dB 
2q HHz 
q5 ~ 

46.5 kV 
12.4 A 

5mA 
33 mA 

It was recognized early in the history of klystron development that 
the power generating capability would ultimately be limited by the 
dissipation capability of the output resonator. Designs were considered, 
even at that time, which would distribute the rf output power over several 
resonators in order to increase overall capability. This technology was 
called "extended interaction" and was described in detail i n publications 
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during the 1960 ' sl 2 3. The extended interaction klystron (ElK) technology 
provides improved performance in two areas: increased power generation 
capability and increased bandwidth performance. Over the past two decades 
little has been done to implement this technology to provide klystrons of 
exceptional power capability. Only one experimental device was reported 
and no products resulted4. This situation arose because other practical 
problems limited power generation and ElK technology was not necessary. 
Devices have been developed, however, using ElK principles for designing 
klystrons with exceptional bandwidth capabilityS. 

The practical problems which traditionally limited power capability 
are: difficulties in forming and focusing an electron beam of hi gh power 
density, difficulties in dissipating the spent beam energy, difficulties in 
providing a window through which the rf power could be extracted from the 
klys tron , and of course, the difficulties associated with power dissipation 
of the cavity resonators. Over the years klystron technology has steadily 
improved, overcoming most of t he above limitations. Electron gun design 
has benefited greatly from computer aided design technology which makes 
possi ble e l ectron beams of high current density with excellent collimation . 
Beam transmission of 99.9J is commonly achieved so that beam power is 
separated essentially completely from the interaction cavities . Collector 
configurations have been developed allowing collectors of arbitrary size; 
therefore, the collector can be constructed as large as necessary to 
dissipate the residual beam power. Window designs have been developed with 
power transmission capabi lity approaching the fundamental waveguide 
ratings. Consequently, present technology allows klystron designs for 
power levels limited only by the dissipation capability of the output 
circuit. This situation was reported in a previous paper where the power 
capability for klystrons using single cavity output resonators was 
described6 . Since that time we have re-evaluated the impact of using 
extended interaction technology and have determined that it can allow 
designs of at least doubled power capability. Design analysis indicates 
that klystrons using this technology are not significantly more complex nor 
is the cost impact large. 

THE EXTENDED INTERACTION OUTPUT CIRCUIT 

The two-gap extended inter action output circuit consists basica l ly of 
two simple klystron cavities coupled to each other by a slot in the common 
wall. The cavities are also coupled by the electron beam which passes 
through both cavity gaps. The power is coupled f r om t he second cavity to 
t he output waveguide via an inductive iris. 

The circuit has two modes of resonance: at one resonance the gap 
voltages are in phase - this is the zero or 2 pi mode , and the other 
resonance is where the gap voltages are in antiphase - the pi mode. This 
circuit can be designed to be operated at frequencies between the two 
r esonances and can provide wide bandwidth performance. The PT 6006 
klystron, for instance, man ufactured by EHI-Varian uses this technology and 
provides 100 kw peak output power over an SJ bandwidth around 1.3 GHz. 

We have r ecently analyzed this design from a different viewpoint. 
Rather than optimize performance over a wide bandwidth, we optimized the 
design to evenly distribute the dissipated power to maximize the power 
capability. When operating at the 2 pi mode we determined t hat t he gap-to­
gap spacing allowed adequate cooling space so that each cavity can be 



345 

cooled as well as previous single cavity designs, Detailed analysis of the 
gap fields using our large signal klystron simulation program resulted in a 
design with equal gap voltages, each 0,7 times that for a s ingle gap 
circuit. Consequently, this design would have twice the power capability 
of a single-gap design. 

KLYSTRONS FOR fUTURE HEATING REQUIREMENTS 

New klystron designs were investigated which take advantage of the 
increased power capability of the two-gap output circuit design. It had 
been previously reported6 that the power generating capability of klystrons 
using a single output resonator is limited to a value which can be 
described with the "figure of merit" relationship, Pf2:16; where P is in 
megawatts and f in GHz. By using a two-gap output circuit , the power 
capability can be doubled, resulting in Pf2=32. We would still recommend a 
conservative design for future rf heating systems wher e reliability is of 
major importance. Consequently we have generated new designs based on 
pf2:16 representing the appropriate power levels for frequencies from 2 to 
16 GHz. The general characteristics of the new designs A through D are 
listed in Table 2, An important determination of this design exercise was 
the finding that the output circuit is still the power limiting element, 
There is st ill more than adequate power capability in all other areas of 
the klystron design. With this thought in mind, we are investigating 
extended output circuit designs using more than two cavities to determine 
possible designs or even high power. Hore cavities i n the output circuit 
causes concerns about positive feedback with possible oscillations for 
operating modes away from the design value. 

Tabl e 2 
Klystron Designs for Plasma Heating Applications 

Using a Two-Gap Output Circuit 

Typical Performance Character istics 

Output Beam Beam 
frequency Power Efficiency Voltage Current 

Design GHz kW s kV A 

A 2 4000 60 125 53 
B 4 1000 55 75 24 
c 8 250 50 45 11 
D 16 62 45 27 5 

While the analysis of the 2-gap case indicated complete unconditional 
stability, that has not been determined for mor e complex circuits. 
Consequently, more analysis is necessary to determine the ultimate power 
capability of klystrons with multiple gap extended interaction output 
circuits. 

CONCLUSION 

New klystron designs have been presented which have power generating 
capability beyond what was possible with previous designs. These designs 
are particularly appropriate for the generation of large amounts of high 
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frequency power where multiple power units are necessary. Consequently, 
they would make possible more cost effective power generation for future 
LHRH systems, 
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NONLINEAR EFFECTS IN LOWER HYBRID HEATING OF TOKAJ~K PLASMAS 

J , A. Heikkinen and s. J , Karttunen 

Nuclear Engineering Laboratory 
Technical Research Centre of Finl and 

P.o. Box 169, SF-00181 Helsinki, Finland 

ABSTRACT: Nonlinear evolution of the parametric scattering of l ower hybrid 
heating waves off ion modes in t okamak plasmas is investigated. Harmonic 
generat ion of the low-frequency i on wave .and its effect on the par ametric 
decay of a l ower hybrid pump to another lower hybri d wave is analyzed , and 
numerical cal culations of the relevant wave- system are carried out. 

INTRODUCTION: Most lower hybrid heating and current drive experiments (11 
show a degradation of efficiency at hi gh pl asma densities such that 
w0/wLH( 0)<2, where w0/2n is the frequency of t he injected pump wave and 
wLH(OJ is the l ower hybrid frequency evaluated at the plasma centre. 
Parametric decay processes are often obse rved (21 above this same density 
limit, and they may be one explanation for the decreased transmission of 
LH-power into the plasma interior. According to the theoretical predictions 
(3) the most probable decay pr ocess would be the decay into a cold lower 
hybrid wave and a quasimode at or near the plasma edge , The linear theory of 
this decay i s well explored , but the nonlinear evolution is less understood . 
By considering the harmonic generation of the low-frequency mode we shall 
determine the saturation effects on the l evel of the sideband power and thus 
on pump depletion . 

SATURATION MODEL: The wave equations describing the low- frequency modes may 
be formula ted in the steady- s t ate approximation as (41 

(~E(w , k)/~(k))~ne/~x - iE(w,k)ne = - a 2n:neH + aF.0E~ (1) 

(~d2w,2k)/~(2k))~neH/~x- iE(2w, 2k)neH = a 2Hn/ (2) 

where "e and "eH are the electron density fluctuations (normalized to the 
background density) relating to t he low-frequency mode with the frequency w 
and the wavenumber k and its harmonic (2w,2k), respectively . Eo(l) is the 
lower-hybrid pump (sideband) field amplitude normalized to the pump field 
amplitude Eoo , and aE0E1 * describes the drive field for "e in the primary 
decay process. We have _a= -l /4 Xe(l+xi)(ne/•~o)k2).. 0/u2 /v~ , where 
u=eE00/meQeis the (~0xB) drift velocity. The linear dielectric function 
describing the low-frequency modes is 

2 2 
e (w,k) = 1 + Xe(w,k) + Xi(w ,k) = 1 + W(w/kzve)/k )..ne 

-1 2 2 
+ {1 + fw(w-.lOi) (w(w-.tQi/kzvi)-1]A.t(~))/k.)..Di , (3) 

where standard notations a re used (the function 1~ is r el ated t o the plasma 
dispersion function Z by Z' (s)=- 2W(I2s)) . A.t(~) is defined by the modified 



348 

2 2 2 
Bessel function I~(~) by A~(~)=I~(~)exp(-~), and ~ck vi /Qi The coupling 
coefficients may be written as 

(4) 

where V is the interaction coefficient 

2 2 2 3 3 
v • 3i(wpi /oi )[A~(~) A 21 C4~)Qi /(w-.I.Qi) ] 

/(l-w)2 (1-t~)* (w- .1.0.)
2 

* 2 
x{ 2 2 + ~ (2w1 w1 (1-W.I.) + W~ (l-W1 )*l)/~, (5) 

~ 3kzvi 

which is due to the coupling between ions. The argument of 14.1. i s 
(w-W i ) /kz v1 : It can be seen that V has sharp maxi ma near the ion cyc l otron 
harmonics w~~Q 1 • This is because A1 (~) is small (<0,1). Note that the re i s 
no singular! t? at w=.m i for V due t o the expansion of 1~1 at smal l arguments; 
w1-l+i(n /2 )11 (w-~o 1)/kzv 1 • According to (5) V gets larger values fo r small 
~. i . e . , at l ow ion t empera tures. Thus it is expected tha t harmonic gener­
a t ion of the low-frequency mode is stronger at the plasma edge. 

NUMERICAL RESULTS: The nonlinear correction (harmonic genera tion) in Eqs . 
(1) and (2) is of the same order as the linear terms, when the absolute 
value of [a!£ (w, k) )2 [a 2/dw, k)] [ a 2H/£(2w , 2k)] exceeds 1 , as may be easily 
checked by solving the equations for ne (wi thout spatial derivatives). We 
denote this value with c. Note t hat C i s proportional to the squared pump 
intensity. We have calculated C as a func tion of w for severa l tokamak 
parameters relevant inside and at the edge of the plasma. Our results 
indicate that at sufficently high pump i ntensity ()lkW/cm2) C may be large 
()1) at the temperature (Te-T i) less than lOOeV and with the density more 
than 1018 m-3. According t o the linear calculations [5] the primary pr ocess , 
too, is strongest at these parameters, i.e.j typical edge conditions . Cas a 
f unction of wrfwo ( w=w0- w1) for N=4•1018 m- and Te•Ti•l5eV is seen in Fig . 
l(a), where other parameters a r e B=4.28T, w0/2n~2GHz , mass ratio 3600 , 
RF-power 300 kW , and the width L of the pump resonance cone 10 cm. The 
parallel refractive indeces of t~e pump and s ideband are chosen as Noz=3 and 
N1z=5, respectively. Spatial growth factor A of the sideband amplitude from 
t he quasimode approximation (low-frequency wave st r ongly damped) 
(E1-pexp(A) , whe r e p is t he noise l evel) f or the prima ry process is also 
shown. It is found t ha t A and C both are strong near WNRi (other peaks nea r 
w-~Qi were i nsigni ficant for A) , and their resonance peaks coincide well . In 
Fi g . l (b) we have the same case, but here we represent the spatial growth 
fac tor A'=.i.n(E 1(L )/p), calculated from the fou r-wave sys t em including the 
primary and secon~ary process, as a function of the coordinate ( 0) along the 
pump wave propagat i on direction fo r va r ious noise levels. w1!w0 is chosen at 
the maximum of A in Fig . l(a). In this case , due to high in t ensi t y and low 
t emperature, the primary instability (the evolution of which i s also shown) 
is absolute in the sense that there is no convective saturation in the n 
direction. l~e may see that harmonic gene ration restores the convecti ve satu­
ration and strongly suppresses the level of amplified f i eld amplitudes . The 
cor r esponding field amplitude profiles accross the resonance cone for E1 , 
ne, and n H are s hown in Fig. 2 for p=0.02 and 0•32 . It can be seen that the 
product o~ the ampl itudes of E1 and n (de t ermines the strength of pump 
depletion) is more than 50 times smalier when harmonic generat ion is con­
sider ed compared to the case when i t is ignored. At smaller pump in tensities 
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or at higher temperatures the primary instability can become convectively 
saturated, a nd the saturation effect of harmonic generation is milde r de­
pending, however, crucially on the noise level p. At large Nlz ()12) the 
strength of the harmonic generation strongly diminishes . 

CONCLUS IONS: The effect of harmonic generation of the low-frequency mode on 
the lower hybrid parametric decay is investigated. With a high pump 
intensity and with typical plasma edge parameters the growth of the sideband 
is effectively restrained, and sideband power levels much less than the pump 
power are observed. 
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Fig . 1 {a) Spatial growth factor A=(rt1E)rf1 ILz of the prima ry ins t :. fl! llt7 and 
the harmonic generation s trength C versus sidenand frequency . 
B•4 . 28T1 w0/2tt~2GHz, mass r a tio 3600, RF- powe r 300kW, L =10 an , 
N• 4•101Hm-J, Te•Ti=15eV, Noz=3, and N1 =S . ( b) Effecttv~ growth 
factor A' versus TJ for various noise ieve l s p . The r.urve marked by A 
corresponds to the case without ha rmon ic gene rat ion . P3rame ters are 
the same as in {a) . 
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Fig . 2 Wave amplitude profiles for E1, neand "eH across the resonance cone 
a t D•32 with p=0 .02 . Parameters are the same as in Fig. 1. (a) 
harmonic generation included , (b) harmonic genera tion ignored. 
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A GENERALI SED DESCRIPTION OF THE ANOMALOUS DOPPLER RESONANCE 
AND THE STABILISING ROLE OF I ON DYNAMICS 
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The anomalous Doppler effect1• 2 is of int erest as a fundamental limit 
on superthermal tail f ormations in tokamak plasmas, and as a probable 
explanation3 of the relaxation oscillations seen in the soft x-ray signal 
from Ohmic plasmas4 and in association with l ower hybrid curren t 
drive.5'6In this application , the divergence of fast-electron motion from 
the parallel direction as the anomalous Doppler instability proceeds is 
responsible for the shift in the predominant direction of electron 
bremsstrahlung, which follows the fast-electron moti on. A number o f 
studies have considered such quasilinear development of the instabil ity. 
The l inear i nstability remains of interest, 7 however, and we shall 
examine this aspect of the phenomenon . 

A collective description of the anomalous Doppler e f fec t arising from 
the interaction of resonant electrons wi th e l ectrostatic waves i n a 
magnetised plasma follows from the dielectric response function. We 
shall show below that ion dynamics play a significant r ole in wave damping 
under conditions where the wavenumber is sufficiently large that the ions 
can be regarded as unmagnetised. For this reason , we i nclude the 
corresponding ion contribution in the expression for the full dielectric 
response function: 

The real part Ereal of E is i n general dominated by cold electron plasma 
terms whic h are insensitiv e to the exact fo rm of f ( v 1 , v R) . For 
(Wb/0) 2 ~ 0.2 , t he electrostat ic waves which are roots of Ereals 0 are 
well described by W a wp k1/k in the frequency range of interest , The 
imaginary part cim of E descr ibes wave-particle resonance, which leads 
t o el ectrostatic wave growth or damping at a rate given by 
y = -(wpk a/k) (Eim/2 ). By Eq. (2), a negative contribution from the 
electrons to cim arises from the n = - 1 term at the parallel resonant 
velocity vAD: (w + Q)/k 1• This is the anoma lous Doppler resonance . 

For a wave of giv en ( w, k 1 , k1), growth occurs if the Landau damping 
terms associated with af;av1 at v 1= Olfk 1 and dfi/dviat vi = W/k in Eq. (1) 
are so weak that they can be over come by the anomalous Doppler resonant 
t e rm involving af/av 1 at v 1= vAD. The latter is proportional to the 
ma gnitude , rather than t he parallel gradient, of the parallel component of 
the electron distribution function at the superthermal parallel velocity 
v 1• vAD' Let us consider an isotropic bulk Maxwell ian electron 
distribution, together with a small tail whose distribution in v 1 is not 
yet specified , but which has a fixed perpendicular t hermal velocity . We 
also specify a thermal ion distribution . I n t his case, we ob tain 
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y (2) 

Here yAD is the anomalous Doppler driving term , yL\1 and yLT describe 
electron Landau damping in the bulk and tail distn.butions respectively, 
and yLI describes Landau d amping on the ions. The dielectric response 
function £ in Eq.(1) is given i n terms of the dielectric tensor £ij by 
£ = kik·£i; /k 2• In the region of instability it will be shown that the 
ion conlrioution to £ij can be neglected . For the electrosraiic waves 
excited by the anomalous Doppler instability, we have Ei = l g ki/k. Let 
us take~ = (k1, 0, k 1). In this case, the rates of energy d1ssipation by 
the electrostatic field on the electron motion perpendicular and parallel 
to t he magnetic field are given by 

<:imz J = I ~~ 2 
Q 

-x 411 2YAo:; 
• w 1~12 k2 k lk I 

Px Re(jXEX) [-1 ~ • k2 411 k2 X 
(3) 

hr £~ )* - (2YLa+2YLT-( 1+Q/W) 2YAoJ 
411 

= Re(j ZE;) = 
w JgJ2 [~ :iJn 

k2 
Pz 

_! 

411 k2 £xz + k2 
(4 ) 

Here ~ ~~2/411 is the electrostatic field energy density of the wave, and 
the factors of 2 arise from the quadratic dependence of power on field 
amplitude. Eq . ( 3) describes the field energy dissipated by the wave in 
increasing the perpendicular kinetic energy of the electrons undergoing 
the anomalous Doppler re sonance. The first two terms of Eq.(4) describe 
the fiel d energy dissipated by Landau damping on the el ectrons, which 
increases their parallel kinetic energy. The final term in Eq.(4) 
describes the paral lel kinetic energy given up by the anomalous Doppler 
resonant electrons. The net flow of parallel kinetic energy from these 
electrons to the field and to perpendicular kinetic energy occurs in the 
ratio 1 : Qlw. This reflects the original concept of Kadomtsev and 
Pogutse ,8 who treated (h/211)0 as the energy quantum of perpendicular 
gyromotion , and (h/211)W as the quantum of wave energy , both of which are 
drawn from the electron parallel kinetic energy. If the energy transfer 
to the field is sufficient to overcome the Landau damping losses, y is 
positive and wave growth occurs: thus , - (Px + Pz) • 2yJ~I2/411 as 
expected. A larger energy transfer occurs from the parallel to t he 
perpendicular component o f electron motion. In both these respects , 
Eqs.(3 , 4) demonstrate explicitly how closely the collective anomalous 
Doppler effect follows the single -particle effect . The essential 
difference lies in the existence o f a threshold, since Landau damping of 
t he wave by the bulk distribution and by the ions , where appropriate, must 
be overcome in t he collective case. This also differentiates the 
instability of an extended tail from that of a beam i n a cold plasma. We 
note also that the contr i bution to Pz from the anomalous Doppler term in 
Eq.(4) is negative , independently of whether the relative magnitudes of 
YLs' YLT' and YAo are s uch as to give overall wave growth or damping . It 
follows that anomalous Doppler resonant electrons may red uce the 
absorption of driven waves that are undergoing damping, while they 
i nc r ease their perpendicular energy at the expense of their paral lel 
e ne rgy. 

Consideration of yLB shows that there are two candidate regimes for 
instability. Let v8 denote the thermal velocity associated with the 
isotropic bulk Maxwellian distribution . Electron Landau damping is weak 
firstly for v 1 ~ 2.5 v 8 , beyond the main body of the bulk , and also for v 
« v8 , deep in the bulk distribution. I n t he latter case, however, a 
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quantitative treatment soows that tM phase velocity of the waves of 
interest is so low that ion Landau dampi ng prevents instability. 
Concentrating on the fir st regime , consider by way of illustration a flat 
tail which contains a small fraction ~ of the total number o f electrons 
and extends as far as a maximum velocit.y vr~: 

F(v l ) 1/1tl12yM' 0 < V I < VM 
( 5) 

• 0 otherwise 

In the Figure, the growth rate y/wp is plotted a s a function of the 
dime nsionless wavenumber coordinates (k1ve(Q, k 1v 8/Q) for a distribution 
f unction as i n Eq . (5 ) with ~ = 0. 001 , vM = 30v8 , characteristic 
perperrlicular tail vel ocity vTl = vB, and "'p/Q = 0.4 . 
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The dependence of growth rate on tai l and plas ma parameters has been 
examined numer ically. For a tail fraction ~ = 0. 001 ( 0. 1\ of electrons 
in the extended tail) we find that: ( i) For w/Q m 0 . 4 , i nstability 

occurs only when vM ) 15 vB. The growth rate rises t o y = 2 x 10-5"'p when 
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vM = 30 vB' and thereafter is insensitive to vM. (ii) FOr vM • 20 vB' 
y = 1.6 x 10- 5"1:, when up/0 = 0.4, but y falls to zero when "1:,/0 < 0.29. 
(iii) The growth rate is irrleperrlent of vTl' We note from Eq.12l that the 
ratio of the anomalous Doppler parallel resonant velocity vAD to t he 
parallel velocity vL at which electron Landau damping occurs is given by 
vp.r/vL = 1 + Ww. Thus, point (i) illustrates the fact that for 
instability to occur, the tail must ext end sufficiently fa r for electrons 
to exist at vADwhen vL is a few times v

8
, so that Landau damping is weak. 

Point (ii) shows that it is possible to suppress the instability by a 
relatively small increase in magnetic field strength at constant density . 
Result (iii) holds only for a Maxwellian distribution of per pendicular 
vel ocitie s in the tail . If there were a plateau in the v1-distribution in 
the anomalous Doppler resonant region, i t is clear from Eq.(2) that the 
instability would be significanUy affected. 

Now consirler the sensitivity to the choice of tail repr esentation. A 
wide range o f monotonically decreasing superthermal tails in the electron 
velocity distribution can be represented by adding ~F(v 1 ) to the bulk 
t hermal distribution, where 

- 1 - Cv n- vDl2/v~n 
FCv 1l - ~e 

n T l 
(6) 

The parameters(~, vD' vT I) can be chosen so that the tail structure has a 
slow , plateau-like decline , or a much steeper fall - off • In the 
parameter range of interest, the value of vD is kept below 4vB i n order to 
avoid describing tails which have a bump rather than a monotonic d ec r ease. 
For these distributions, it is clear that the anomalous Doppler effect can 
play a significant role only for those electrons for which vAD is close to 
the characteristic drift vel ocity of the tail. This has two consequences . 
Firstly , the anomalous Doppler resonance condition can be written 
k 1vD "w k 1/k + Q so that k~ = kHw2/Ck 1vB - Q) 2 -1 ] . The requirement 
that k2 ~ 0 therefore gives jk 1 - CDvDj;c / vDH-"\>/0 and under the 
conditfons of in terest , wp/Q ~ o.s. We conclude that for a wide r ange o f 
monotonically decreasing tail formations , any unstable region in ~ - space 
must be localised around k 1 = Q,/v • This conclusion applies independently 
of the particular region of velocrty space in which Landau damping occurs. 
Secondly, since v 11D = vD' it follows that i n general the corresponding 
value of vL will be so small that it lies within the region of str ong 
Landau damping by the bulk electron plasma. These consider ations suggest 
that monotonically decreasing tails described by Eq.(6) are s table against 
the anomalous Doppler effect . This result is consistent with our 
numerical calculations . 
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A REALISTIC !10DEL FOR SUPRATHERHAL ELECTRON CYCLOTRON EHISSION AND 
ITS APPLICATION TO LH HEATED PLASHAS 

* P. Buratti, R. Lelli , 0. Tudisco 

Associazione EURAT0!1-ENEA sulla Fusione, Centro Ricercbe Energia Frascati, 
C.P. 65 - 00044 Frascati, Rome, Italy 

INTRODUCTION 

Electron cyclotron emission (ECE) measured on FT tokamak dud ng LH 
beating remains at blackbody level at those frequencies for which plasma is 
optically thick , while optically thin frequencies are strongly enbanced if 
plasma density is below the density limit [1]. 

Enhanced ECE at w = 4 w has been used on FT to determine the density 
limit and is used as well to ~~nitor instabilities in momentum space. 

Several attempts have been made to go beyond the use of suprathermal 
ECE as a mere monito r [2]; in this paper we describe a method developed in 
order to obtain quantitative information about non-maxwellian features in 
the electron dis tribution, and discuss the reliability of the obtained re­
sults. 

!1ETHOD 

At least at frequencies greater than the right hand cutoff we can nu­
merically ca lculate, for any given electron distribution function f (p,, 
pi), absorption and emission coefficients keeping into a ccount relativistic, 
finite Larmor radius and finite dens ity effects [3], and solve the radiative 
transport equation. In actual experimenta l situations , i.e. line of sight 
perpendicular to magnetic field, and multiple reflections on the vacuum 
vessel allowed by the low optical thickness, it is not useful to try to in­
vert the relation between f (p,, pi ) and the intensity l(w, 6); it is rather 
preferable to assume a simple model for f (p,, pi ) depending on some para ­
meters (4 in our case), and adjust them until the computed I(w, n /2) is con­
sistent with the data. 

Fo llowing current ideas on LH heating, we assumed a pla teau t ail dis­
tribution , i.e. a constant for Pl < p,/mc < P2, zero outside that range, and 
a gaussian i n pi, with temperature TS. Pl and P2 were assumed positive, but 
a counterstreaming tail would give identical results. The fourth parameter, 
NS, was the density, i ntegrated on a poloidal cross-section to avoid assump­
tions on spatial profiles, which on the other hand are not important, since 
for suprathermals the inhomogeneity of magnetic fi e ld is no l onger the do­
minant l ine-broadening mechanism. 

In order to keep into account wall reflections, we firstly assumed par­
tial reflection and polarization scrambling on parallel walls, adjusting the 
relevant coefficients on thermal spectra. In thi s "slab" model, the rays 
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that reach the detector remain perpendicular to the magnetic fi e ld, and line 
broadening is dominated by downshift due to relativistic electron mass in­
crease. 

The slab model is not realistic for a tokamak with corrugated walls 
like FT, and we developed a more realistic model, in which a total scrambl­
ing of propagation directions, as we ll as polarizations, was assumed. This 
changes the dominant line broadening mechanism from relativisti'c downshift 
to Doppler shift, which is mainly an upshift since emission is stronger in 
the forward direction. 

This "isot~opic" model requires much heavier computations, because e ­
mission has to be computed in all directions, but the agreement with expe­
rimental d~ta is uetter; results from the slab model can be used to estimate 
the error introduced by assumptions on reflections. 

RESULTS 

The ECE spectrum was measured on a shot in which 150 kW of RF power at 
2. 45 GHz where i njected with 0, 1l phasing on a plasma with B = 5. 9 T; ~ = 
= 4X10 1 9 m- 3 , and ohmic power input 423 kW. The bes t values of the parameters 
where: 

Pl 0 ± 0.2; P2 = 2.7 ± 0.2; 

TS 22 keV; 

The uncerta i nties on Pl and P2 were determined by varying the best fit 
value until important discrepancies appeared, whilst those on TS and NS are 
not indipendent: TS can be varied bet••een 15 and 35 keV, and a good agree­
ment with data is still obtained provided that NS·TS is kept constant. 

The re sults of the slab model are: Pl = 0; P2 = 2; TS = 50 keV; NS 
1.5X10 14 m- 1 . 

The momenta o f the tail distribution have been calculated and compared 
to the bulk ones. 

Zero order momentum: the fractional number of suprathermals is l .SXl0- 4 . 

First order: assuming that no suprathermals are counterstreaming, the 
upper limit to suprathermal cur rent is found to be 9%. 

Second order: perpendicular ~ of suprathermals i s 2% of t he bulk one; 
parallel pressure is 28 times greater than perpendicular one. 

We note i n passing that perpendi cular pressure is proportional to 
NS·TS, while the other quantities are affected by the uncertainty in NS. 

The anisotropy of the tail can be described by the average pitch angle, 
which is 0.12 rad, and is likely to be consistent with collisional pitch 
angle scattering. 

The N, for Laundau damping at P2 is 1. 07, while the accessibility con-
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dition is N, > 1. 4; this i s probably because most of the tail (p, > 0. 5 me) 
is beyond the Dreicer critical speed. 

Power lost by cyclotron radiation from the tail . is < 200 W; the frac­
tion reabsorbed by the bulk is about 25%. 

Power P transferred to the bulk by Coulomb col l isions is difficult to 
estimate bec'iuse critically depends on Pl and diverges for Pl = 0; if we 
take Pl = N·vtb/c, we find Pc= 66 k\1 for N = 1, and Pc= 57 kW for N = 2. 
For the results of the s lab model P = 12 kW for N = 1. 

c 

CONCLUSIONS 

The limits of the outlined method are essentially two: 1) no informa­
tion is obtained about the spatial distribution of suprathermals; 2) the 
number of suprathermals is uncertain within a given model for wall reflec­
tions and is model dependent (while perpendicular pressure is fairly con­
stant). 

Significant progress in the understanding of LH waves-electrons inte­
raction could be made in our opinion by comparing the results of our ap­
proach with data from two relatively new diagnostics: high resolution x-rays 
spectroscopy (4], which gives the dens i ty of suprathermals at some l ocation, 
and vertica l ECE measurements (5], that should give detailed i nformation on 
f(p,, p~) in a restricted energy range , and, by a scan, spa t ial profiles. 
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RADIAL DIFFUSION OF Pl.ASHA CURRENT DUE TO SECONDARY EHISSION OF 

ELECTROSTATIC WAVES BY TAIL ELECTRONS 

Viktor K, De cyk , G.J. ~lorales , J.~l. Dawson, and H. Abe* 

University of California , Department of Physics , Los Angeles, CA 90024, USA; 
*Kyoto University, Kyoto , Japan 

As part of an overall pr ogr am to study RF current drive, a collabora­
t ive series of simulat ions with Kyoto University has been undertaken to 
examine wave- enhanced spatial diffusion of RF generated current profiles, 

In prior simulations 1•2 of relaxation of non-Maxwellian current­
carrying plasmas in strong magnetic fields (ne ) Wpe), it was observed t hat 
enhanced electric field fluctuations were associated with the evolution of 
the velocity distribution function. 

The physical picture which developed was that "collisions" between 
superthermal particles involved the emission and absorption of plasma waves . 
Superthermal electrons emitted plasma waves and were slowed down, while 
s lowe r electrons absorbed those waves and were accelerated, 

Since plasma waves were not confined , it seemed reasonable that this 
should give rise to spatial diffusion of current in addition to the 
previously observed velocity diffusion. 

To test this picture, an elect rostati c particle simulation was set up 
as an initial value problem to measure current di ffusion associAted with 
plasma waves. ln 2D slab geometry, an initial current channel in space was 
set up with electrons flowing in the direction along the magnetic field B

0
, 

which is a periodic coo rdinate in t he simulation (Fig. 1), The profile of 
the current channel was a s t e p function in the direction perpendicular to 
B9 , which is a bounded coordinate i n the simulation. The initial current 
c hannel is 21 e l ectron Larmor radii Pe in width, compared to a width of 64pe 
for the s imulation region. 

The initial velocity distribution i nside the current channel (Fig . 2a) 
consis ted of a background Maxwellian plus a distribution of test particles 
with a uniform distribution along B0 , with 0 ( V 1 < Vm• where V m • 6.4 Vth· 
About 36% of the electrons inside the current channel were test particles . 
The sum of these two distributions models a "slideaway" type of distribution 
common in current drive plas~as. The initial perpendicular velocity distri­
bution was Haxwellian with the same temperature as the background parallel 
distribution. Outside the current channel , the initial velocity distribu­
tion consi sted only of the isotropic background Maxwellian. There was no 
external RF present in this simulation- - this was a relaxation problem only. 

In this 2D geometry, with B0 in the plane of simulation (defined by E) 
one expects very little particle diffus ion across 80 because all the 
particle drifts, e . g ., Ex B, are in the ignorable direction. Particles can 
diffuse across the field only by collisions. 
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The simulation was carried out for WpeT • 2000, At the end of this time, 
the current profile was indeed observed to br oaden in space (Fig. 3a). The 
tot al curren t (volume integrated) decreased by 16%. This was due to 
electron-ion collisions which transferred momentum to the ions . (Total 
momentum was conser ved to l part in 10 7.) As expected, the test particles 
do not move across the field lines , and spatial dif fusion of the test 
particle density was completely negligible (Fig. 3b) . Nonetheless, 22% of 
the total current ~<~as outside the initia l cur rent channel by t he end of the 
simulation. The "3/4-width" of the current pr ofile (defined by the inte r ior 
vol ume, which contains 3/4 of the current), increased f r om 16 Pe to 27Pe• 
Initially, all of the current was carri ed by the test particles . By the end 
of the simulation, they carried only 31% of the total current . The rest of 
t he current was being carried by bulk electrons . 

The i nitial "slideaway" parallel velocity dis tribution inside the ori­
ginal current channe l (for V n > 0) is found t o rel ax to a half-Maxwellian 
(Fig. 2b) . The velocity distribution "ith V a < 0 remains Maxwellian ~<~ith 
the original temperature. The final result then i s a two-temperatur e 
distribution in t he parallel direction. These t~<~o half-Maxwellians come to 
equilibrium on a much longer t i me scale . 

The perpendicular velocity distribution heats up, but remains 
Maxwellian. In the inte rior region, <vl) increases from /2 Vthe to 1.6 
Vthe" Energy conservation requir es that perpendicular heating accompany 
parallel velocit y redistribut ion since the final half-Haxwellian distribu­
tion has less parallel energy than the original "slideaway" distribution , 
even for the same momentum. (Total energy was conserved to 0.06%.) 

The physica l process behind this diffusion and relaxation is the 
exci tation of non-thermal fl uctuations driven by the non- thermal velocity 
distribution. A survey of the frequency spectrum of the electri c field 
fluctuations for fixerl k1 was performed. ln this survey , k1 ) 0, and 
therefo re the spectrum for w ) 0 correspondes to waves traveling in the 
direction of electron flow and w < 0 corre~ponds to waves traveling in the 
counter direction. 

The volume integrated f r equency spect rum showed that waves with WLH < 
w < wpe had about 4 times mo r e energy than waves in the range - ••pe < 10 < 
-"'LH• These correspond to the obli<Jue plasma waves ~<~hos e dis persion is 
given by w = wpekl/k . The time evolution of these waves show no evidence of 
instability. 

A more careful look at the spectrum r evealed that for fixed k 1, the 
non- thermal spectrum was confined to the range 2.5 k 1vth < 1.0 < k 1Vm• 
Displaying the electric field spectrum as a funct ion of phase velocity (Fi g . 
4), obtained by summing the f r equency contributions of each k n, r e vealed 
t hat the enhanced waves all had parall el phase velocities corresponding to 
particle velocities in the non-Haxwellian part of the veloci t y distri hution , 
2.5 Vthe < w/k 1 < vm. 

The energy as a function of k1 showed a broad range of k 1 excited, with 
a gent l e peak at k1Pe ~ .1 , and k 1 ~ k l • 

The conclusion is that secondary ~missio n of energetic non-Haxwellian 
plasmas can cause substantial current diff usion acr<lss the magnetic field . 



360 

Work is bei ng done to determine if t his process can be described by the 
Balescu-Lenard equation. 
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(a) 

Fig. 3 (a) Initial and 
fina l parallel current 
profil e shows substant­
ial widening of current 
channel across the mag­
netic f i e l d ; (b) Initial 
and final test particle 
density shows virtually 
no diffusion of test 
part i c l es across the mag­
net i c field. 

Fig. 4 Electric field 
fluctuat i on energy versus 
parallel phase velocity 
at eary times (a) shows 
enhancement for veloci­
t ies co r responding to 
the non-Naxwellian part 
of the velocity 
dist r ibution. 
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POWER AMPLIFICATION FACTOR ON LOWER-HYBRID WAVES DRIVEN TOKAMAKS 

G. TONON 

ASSOCIATION EURATOM- C.E.A. - Departement de Recherches sur la Fusion 
Controlee - C.E . N. G. - 85X - 3804 1 GRENOBLE Cedex (France) 

As shown by many studies Ill , a continuous operation is an attractive 
alternative for Tokamaks . Up to now, only RF waves, for which frequency is 
close to the l ower hybrid freq uenc~0have_~ed to a significative effici ency 
up to electron densities around 10 e.m . For a continuous operati on of 
a Tokamak , the circul a ting power must be not too large and consequently the 
plasma power ampli fication fac t or Q has to be high enough . According to a 
model which determines the current Hrive efficiency when we consider t he 
inject ion of slow-waves on the torus, in good agr eement with the results of 
recent current drive experiments 121 131, we have determined the Q values 
achievable with this type of waves. P 

POWER BALANCE MODEL We ass ume an idealized Tokamak r eactor driven by 
low hybr~d waves, t he power flow diagram of which is shown on f ig. I. The 
plasma ampli fication factor Q is given by : 

( I) Qp • (P~N + PFrJ I PHFT 

where PFN is the neutron power, PF the power released by a-partic le and 
PHFT r epresents the HF injected po~er on the torus . If PHFK is the power de­
l~vered by the generator (klys trons ) , we have : 

( 2) p HFT • ( I - R) ' T ' p HFK 

where T and R are the transmission efficiency of the HF l ine and the cou­
pl ing structure and the mean reflection coefficient of the plasma load res­
pectively. The neutr on power PFN goes into the blanket and is assumed to be 
multiplied by additional nuclear r eactions : ~ represents the blanket mul­
tiplicat ion fac tor. Both the output powe r from the blanket, the charged par­
ticles power and the HF power are converted into e l ectricity by a thermal 
conve rter of an ef f ici ency ~T· When PEG is the gr oss electri cal power and 
PEC the circulating power, we can .define a device amplificati on factorJ1rgi-
ven by : (3) J.f' : PEG I PEC 

The minimum va l ue of the amplification fac tor~is only limited by capital 
costs 141 . Typically, it seems necessary that .?f > 4 to 5. From (I), (2) and 
(3), we obtain, using the power flow diagram shown on fig. I : 
(4)if : nr'k ( 1+(1 - R)tQ (h+MB) ] I (l+~ "r ~!CH I -R)T Q (hH1!)H 

p h+ 1 p h+l 
wher e 'k is the effici ency of the klystron, h=PFal PF a 114 for DT pl asmas 
and TA represents the fraction of the gross electrica~ power used for auxi­
liary needs . We have pl otted on fig. 2 the variation of device amplification 
factor J1f as a function of Q for different values of the klys tron efficiency 
'k· Fig . 2 refe rs_to STARFIRE values crr·o.36 ~=1.23 IJ,.• 0.073) and we 
consider that ( 1-R) T = 0.8. Typically, conventional klystrons achieve 1<-
0,6 151 and it is possible t o reach ~-0.7 to 0.75 using depr~sed collec­
tors 161 . From f i g . 2 , we see t ha t it seems possible to reachil" 4 if the 
plasma power amplification fac t or lies between 20 and 25 . 

It is possible to decrease these Q values using advanced concepts in 
order to : (i) maximase the blanket mu~t i pliaction factor ~~ 171; (i i ) in­
crease the t hermal efficiency n,. using hi gh temperature cycfes : Tt-0. 55 to 
0 . 6 are possible in t his case 1~1 . We have plotted on fig . 3 the variation 
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of Q as a function of t he thermal cycle efficiency n for~= 4 and 5. In 
thispcase, nK = 0.7 and~ • 1. 5. We see that, using aavanced high tempera­
ture cycles, useful device amplificator factors can be achieved with Q -10 
to 20. p 

2 CURRENT GENERATION WITH LOW- HYBRID WAVES The current drive generation 
model is described on ref. 121 and /31. We use the KARNEY and FISCH calcula~ 
tions 191 on the curr~nt drive efficiency nco =<ne> . I .RI PHFT with the 
following plasma prof1les (x=rla) : p 

(5) n ii ( l-x2)Yn and T = T (1 - x2)Yt = T ~ T. 
e e e 1 

In order to avoid interac tion with t he ionic populat ion of t he plasma 
1101, the wave frequency has to be chosen in the range of 3 to 4 GHz. We 
have plotted on the fig . 4 the variation ofnco as a function of the mean 
plasma density <n >, cal culated with f = 3,3 GHz, Z ff = I . 3 and BT = 6 T 
(toroidal magneti~ field value on plasma axis)·. At ffi1s frequency, the opt i ­
mized value of the geometrical periodicity 6 of the coupling structure 121 
is 6 ~ 1.3 cm and we use 32 waveguides along the toroidal magnetic fie l d. We 
see on the fig . 4 that nco decreases with <n > due to the wave accessibility 
condition 121 131. From our numerical simulafions , we obtain the following 
analytical r elation between the HF injected power PHFT and the driven cur-

rent lp : 413 312 -1 -1 
(6) PHFT = 3 .33 (5+Zeff) (l+yn) . R Ip<ne> BT F(T) %J._31A, m, 

10 m , Tesla) 
The factor F(T) takes into account advantageous relativistic effects at 

high plasma temperature / Il l and we use the approximate form 1121 
(7) F(T) = I + 0,46 <T> (I 0 KeV) 

3 PLASMA POWER AMPLIFICATION FACTOR By using the D.T. cross- section given 

liy· : -22 2 
(8) <<rY.>DT = I. I 5 . I 0 . T 

2 2 - 2 we obtain 
(9) PFN+P~a = 0.71<ne> <T> . VPZP . rF 

where : plasma volume V • 2~ R.a
2

.K(R = bla ellipti~ity); mean pl asma 
charge z = <n >I <n.>P; profile factor rF = ( l+y +y) I ( 1+2{yn+yt)). 

p e 1 n t 

From (1), (6) and (9), we have (Z = 1.25 , Z ff = 1. 3 , y 0.25,yt=2) 
I 12 2 P 2 e -I n 

(10) Qp = 0.68 <ne> . a .K B1<T> (1 +0 , 46<T>) Ip 

Using the Trayon-Wesson beta limit 
( 11) f!t • 0. 035 . lp I a BT 

with <T> = 20 KeV and 
(12) q

1 
z 5a

2
B
1

( 1+K2) I 2 RIP 

which leads to : 
(13) Qp = 0 . 52 (A q

1
) 112 . K (I+K2)- I I 2 . a .B

1 
(A=Ria) 

We have plotted on fig. 5 the evo lution of Q as a function of(a . B )for 
various values of K and Aq

1
. We see that in orde¥ to reach Q _ 20 , i t Tis 

necessary to keep(a.B
1

)> 10 m.Tesla. P 
In order t o achieve a stationnary s t ate, it is important that the burn 

margin defined as : .dl • 
(14) ...,."B 

is greater than one . On the 
_ the injected HF power which 

(PFa + ~ABS ' PHFT) I ploss 
relation ( 14), ~ABS represents the 
is absorbed by the plasma and : 

fraction of 
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(IS) P
1 

= 3/2 <n ><T> (1+ 1/Z) . V . TE-I 
oss e p p 

where TE is the global energy confinement t ime . l~e have plotted on the fig . 
6 the evolution of the burn margin as il function of (a.BT)using the ASDEX-H 
mode scaling forTE /13/. We see thavr'B is always h i ghe r than one . 

4 CONCLUSION In order to obtain high values of Q , we have to optimize 
different parameters of the plasma and machine sueR as : 

(i) to operate t2o ma£~ine at high plasma temperature (-20 KeV) and 
moderate densit y (<10 e.m ) 

(ii) to keep(a .BT)> !Om Tesla. 
If these conditions can be satisfied, then it is possible to obtain va­

l ues of Q higher t han 20 whi ch are likely acceptable for a continuous To­
kamak opeFation . 
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STUDY OF PARAMETRIC INSTABILITIES IN THE FT LOWER HYBRID EXPERIMENT 

R. Cesario, V. Pericoli Ridolfini 

Associazi ooe EURATOM- ENEA sulla Fusione, Centro Ricerche Energia Frascati, 
C.P. 65 - 00044 Frascati, Rome (Italy) 

INTRODUCTION 

The interaction of 2. 45 GHz radiofrequency power with the FT plasma 
at different line averaged densities ~ can be well summa rized distinguis hing 
three main de nsity ranges a s report ed in Fig. 4 of Ref. [1]. 

The low density regime (~ < 5•10 13 cm- 3 ) shows strong RF-electron in­
teraction. In the intermediate ;:'egime (5 ·101 3 < ~ < 1.1•1014 ) the interac­
t ion of RF switches to i ons in the plasma pe~iph;ry, while in the third 
regime~ > 1.1·1014 cm- 3 strong parametric decay instabilities (PDI) develop 
and a large broadening of the pump is observed [2 ,6] . 

Many authors have emphasized the importance of parametric ins tabilities 
in reducing the efficiency both in l ower hybrid heating and current drive 
experiments in the high densities regimes [3, 4,5 ] 

2. MODEL ANALYSIS 

In the study of the parametric instabilities occurring in the FT high 
density regime we have utilized the model describe d i n Ref. [ 7) for · the 
evaluation of the threshold power f or the decay of a LH pump into a LH side­
band plus an ion cycl otron quasi mode strongly dampe d on ions. We limited 
our study to this channel since the threshold power of a decay involving a 
quasi mode shows a s t rong dependence on t he pump amplitude [7,8] . The fol­
lowing relationships hold : wci << w

0
, w1 <<wee; w

0 
>> k

0
z·vth e' koL vth i' 

and t he same for Wti W2 = Wo- Wti k2 = ko- kti W~- Wcii W2- WC.- k2 Vth' . j 
ko,t~PL . > 1; ko, 1~pL << 1 whe re the s ubscr1pts 0 ,1,2 re!er ~o tAe 
pump, siaeband and lowefre quency wave respectively and the oth~r symbols 
have their us ual meaning . I f we as s ume for the pump wavevector: lk l << lk 1 , 2 1 
and for the plasma density: wLH ~ w /2 i t follows: w2/k2 ~ v h ; ~2L PL -~1, 
that is the electron response to0 t he l ow frequency fi~ld t se adiabat ic. 
This condition makes negligibl e the ion nonlinearities with respect to the 
electron ones i n driving the decay processes , even if the l ow frequency quasi 
mode is s trongly damped on ions, the effects of ion absorption being con­
tained in the linear ~on susc~tibility [9 ] . 

The assumption lk I << lk1 , 21 is not an i mportant constraint to the 
model validity , but i't allows us t o use simpler mathematical formulas. On 
t he other hand many i nteresting ca ses verify the above i nequality , as we 
checked with an a poster iori control. 

The amplification factor f or t he instability is given by [7] 
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A 

where the convective losses, diJ.e to finite pump ~xtent t are considered as 
the principal loss mechanism. L is the width of the RF grill mouth; u 
is the drift velocity cE/B; c thgzsound velocity= ~(T +T.)/m.; b.= k~ Pi./ 
/2 and I , I 1 are the modifie~ Bessel functions. e 1 1 1 1 

The0 threshold power is assumed as soon as A> 1. 

3. RESULTS OF THE CALCULATIONS AND COMPARISON WITH EXPERIMENT 

For the calculations the following profiles for the FT plasma tempera­
ture and density are assumed: 

neo(l-anr2/ai) 

Teo(1 -aT r2/ai)2·S 

where n , T are the peak density and temperature, aL is the limiter 
radius ! 0 20 c'fu0 and a , a are adjusted to match the values imposed at the 
limiter radius, nL a~d l , which are estimated on the basis of Langumir 
probes measurements reported in [10]. In particular we want to emphasize 
that the density at the limiter radius is determined by both the plasma cur­
rent I and the line averaged density n. In Fig. 1 the graph of the esti­
mated lihres hold powers as a function of the normalized plasma radius for 
various fixed line density values and I = 400 kA is reported. The minimum 
of the curves occurs always near the li~iter radius and rapidly falls down 
for n > 1014 cm- 3 . In Fig. 2 the calculated and measured pump power thres­
holds versus n at fixed I = 400 kA are s hown. The aareement is quite good. 

The variation of t l& threshold line density nth with the plasma cur­
rent, for an injected RF power - 100 kW, is presented in Fig. 3. Both ex ­
perimental data and calculated points are shown. Again the model agrees 
rather well with the experiment. 

CONCLUSIONS AND COMMENTS 

The decay channel taken into account can satisfactorly explain many ex­
perimental findings concerning the development of the parametric instabi­
lities, despite the many hypotesis involved. Thus it can be regarded as the 
main responsible of the obse rved decay process. 

In particular it characterizes the decay as an edge plasma phenomenon, 
as experimentall y found [2], emphasizing the importance of understanding 
the behaviour of the plasma border, especially when the plasma curren t is 
changed. 
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It remains however to explain the characteristic shape of the higher 
harmonics peaks envelope (see Fig. 2a of [2] ) not possible in the present 
simple framework. 

In the near future an attempt in this direction will be made, together 
with calculations on the possible mechanisms responsible of the pump spec­
tral broadening, namely on multiple scattering processes and parametric 
decays involving ion a coustic waves. 

~ 1000 

.c 
o...-800 

600 

400 

200 

0.2 0.4 as o.a 12 

Fig . Calculated threshold powers versus the ratio of minor to limiter 
radius, for selected line averaged dens ities. 

0.4 U7 1D 

Fig. 2 Calculated (conti nous curve) and mea sured (triangles) threshold 
powers versus the line density. 
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Fig. 3 Comparison of the calculated (continous curve) and experimental 
(dots) scaling law of the threshold density with the plasma current. 
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SCRAPE - OFF LAYER AND COUPLING STUDIES WITH THE 3. 7 GHz 18-WAVEGUIDE 

MULTIJUNCTI ON GRILL ON PETULA 

M. Goniche - C. David - G. Tonon - G. Rey - P. Briand -
RF and PETULA Groups 

ASSOCIATION EURATOM-C.E.A. - Departement de Recherches sur la Fusion 
Control ee - C.E.N.G. - 85X- 38041 GRENOBLE Cedex (France) 

A 500 kH-30 ms-3 . 7 GHz L. H. experiment has been operated on Petul a in 
order t o test the physical and technical opti ons taken for the Lower Hybrid 
system of TORE SUPRA. The antenna used to launch the wave to the plasma i s 
a modular 18- waveguide gri ll using mainly the multijunction effec t / 1/ 
(description in friend paper n• 220). This provides a great simplification 
of the antenna , but the 6 waveguides of a module are tight ly RF coupled. 

This paper presents the RF behaviour of such an antenna : self-matching 
properties of the mul t ijunction , plasma R.F . wave coupling. These studies 
have been s upported by scrape-off layer density measurements before and 
during the RF pulses. 

SCRAPE-OFF LAYER DENSITY MEASUREMENTS BEFORE AND DURING THE RF PULSES 

The scrape-off l ayer density was measured by 3 movab le 4 mm micr owave 
interferome ters scanning r adially from r • 145 mm to r = 210 mm (the rail 
limiter is at r = 165 mm) . These i nterferometers ar e toroidally se t up at 
120• away f r om the grill. 

1.1 ~£~!E!£e~!~~-~E-~h~-~£E~E~:~E!_!~~~E-~~~~~~~-~~-~h~-~: 
The averaged edge density ~ was pl otted versus the averaged central 

l i ne density n
0 

wi th a 200 KW RFgpower (fig. 1) . Depending upon the core 
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plasma density ~ , ~ is de£reased or 1 ~ncr~~sed by the RF wave . The thres­
hold density is ~oun~gto be n h ~ SxiO cT3 . ~5 400 KW, similar resul ts 
are found with a threshold de~sity of 3x10 cm . When the RF i s on, the 
variation in the edge density is quite rapid, of the order of 10 ms. ~a­
significant change due t o the ave rage value of N11 was observed . For n<n h ' 
these results are consistant wi th a peaked densi t y profile as measured b§ 
reflectometry indi cating an inc rease of the particle confinement time /2/ . 
The decrease of He sig~al and 1§as i~jection during RF confirm this res ul t. 
At very high dens1ty (n >8xl0 cm at 400 KW), when approaching t he densi­
ty limi t /3/, a third r~gime is established whe r e the edge densi t y is again 
decreased by the RF . 

1.2 ~£E~2~:~;£_~~~~i£l_2E~Ei!~-E~E-~-£~~£E~!-2!~~~-~~~~i£i~~ 
In or der to obtain the density in the grill region (190 ~ r ~ 225) , 

scrape-off density profil es were measured at 2 densiti~~ ~ -~nder and abo­
ve the thres hold , respectively 3 . 8 (fig . 2) and 5 . 7x l0 c~ ( f ig. 3) with 
PRF = 160 K\~. These resul t s confirm the existence of 2 regi mes thr ough the 
whole scrape-off l aye r . We found an exponential decay of the density 

5 

4 

<n1 >= 2.2 

rgrill = 190 mm 

PRF z 160 kW 

\ Vn :1x1012cm-4 

lp = 140kA 

Br= 2.7 T 

r(mm ) 

Figure 2 

6 

Scrape-off densi ty profiles 

lp: 140kA 

Bp 2.8T 

<NI> = 2.2 

'groll = 190mm 

PRF: 170 kW 

Figure 3 

t o t he wall as expect ed from a model assuming a perpendicu l ar diffusion 
of par~ ~cle~3to the wall. The e-fy~d d~3rease l ength L~ is around 20 mm at 
3 . 8x l0 cm and IS nun at 5 . 7xl0 cm . This length of decay L.1. is not 
significantly affected by the RF. By wmput ing j n dl with n = n exp ( -r /L. ) , 
local density n( r ) was obtained for the 2 dens1ti~s (fig . 4' in ~he.grill­
r egion. We found a very weak influence of t he grill mouth position 
( 190 ~ r ( 220) on the scrape- off layer density. 
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Without RF 

With RF 
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s, • 2.8 T 
PHF: 120kW 

19 
Grill pos1t ion (cm) 

Figure 4 - Local density profi l es Figure 5 - Effect of ne on ~Y~n~ou-

2 COUPLING STUDIES 

The coupling has been s tudied as a function of the co r e plasma density, 
the grill position and the RF power. The average reflec tion coefficient, 
p , is the mean of t he 3 module reflection coefficient s /4/. There is no 
e~fect of the RF power on the coupling of this multijunction grill up to 
500 KW. 

2. I ~f~~£~-~E-~~~-£~E~_R!~~~-~~~~~~:£~~~!~!~~-~~~h_£~~2!~~&-~h~~!~ 
The figure 5 shows the coupl ing curves obtained when t93 gr~~l is mo­

ved toward the plasma for the 2 densities : 3.8 and 5.7xl 0 cm . As pr e­
dic ted by coupling theory /5/ , the multijunct ion grill has a very low power 
reflection coefficient : 1%. Moreover , there is a very good agr eement with 
the scrape-off density profil es presented in fig. 4 
-the predicted optimum coupl i ng densi t~ is : 11 _

3 
n = n ff x <N 11 > = 8. 2 I 0 cm 

This g!i l l moutRP~ensit~tig ef fect~vely 1 3eached for a gril l radius r=203 
mm at n =5 . 7 and for r =l97 mm at 3 . 8 10 (fig. 4). These radii a re in 
good qu~ntitative agreement with the optimum matching grill posit i ons 
(fig. 5 ) 

- At N11=2. 2, this agr eement between the coupl ing numerical code /5/ and the 
expet~mental points is still good in a l arge range of grill mouth densi­
ty (fig. 6). 

In the high density regime(~ = 9 10
13 

cm- 3), it has been necessary 
to move the gri ll back in order t8 obtain the best matching . This has been 
correlated to a higher scrape-off density . 

2.2 ~f~~~~E-~~~-R~~~~~gL-~~~-~~~~~~~-~~~!~! : 
The refractive index , N11 , of the launched wave can be changed by adjus­

ting 60m /4/ . The fig . 6 shbws the computed degradation of the coupling fo r 
60m-~ 90" . The experiments (fig. 6 and 7) have qualita t ively verifi ed this 
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5 
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Figure 6 - Effect of t he gri ll mouth density on p~ 

Without circulators, klystrons can 
give their full performance only if the 
reflection coefficient is lower than 37.. 
In such conditions, the achievable range 10 
of N11 is limited by this coupling de­
gradation with increasing 6~. 

3 CONCLUSI ON 

Both the values of the reflection 
coefficients and of the optimum coupling 
density a t the gr ill mouth have been 
found t o be in good agreement with the 
data obta ined from coupling theories. 
The multijunction effect does indeed 

lp = 140kA; 8t;;=2.71 T ; PHF • IOOkW 

SfCOndary 
ILmdtr--

provide a very low global reflection 1J 22 21 20 19 
coefficient : 1% for the optimum gr i ll Grill posillon (cm) 

pos1t1on . This very important point gi- Efff ct of lh• reotroctive index on lhf gnll 
ves a 10% increase of the injected RF coupling. Figure 7 
power and can avoid the use of power circulators generally required to pro­
tect the klystrons against reflected power . 
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SAl't-"ATION AND CONDUCTION STUDIES IN NON-INDUCTIVE 

TOKN1AK DISCHARGES VIA E.C.E RADIATION MEASUREMENTS 

A.Girard , J.M Rax & Petula group 

ASSOCIATION ELRATOt1-CE.A D.R.F.r./5.1.6 

C.EN.6- 85 X_ 3"8£741 GRENOBLE Ct'dl'x (FRANCE) 

lntroduct ion and summary 

L.H.C.D experiments on the Petula B tokamal< have already shown strong 

modifications of the plasma behaviour when a fast electron population is 

sustained by L.H waves .The main response of the plasma to the absorbed 

power is the current but various otner responses can be analyzed .This 

paper reports an expenmental and theoretical study on the use or the 

Electron.Cyclotron.Emission as a diagnostic for the absorbed H.F power .The 

current , the conduction and the saturat ion or the absorption are observed 

and interpreted. 

Link between the E.C.E and the L.H power 

Recent experimental / 1/ and theoret ical /2/3/ studies have shown that the 

E.C.E is a highly sensitive diagnostic or the rast electron population .The 

modification or the electron distribution is a linear funct10nnal K of the 

absorbed Dower W(p) : 

SF(p) = f dp' K(p,p') W(p') 

Therefore R.F induced opt ical properties like the cyclotron em1ssivity 

j and electrical properties like the D.C conductivity a are also linear e.c.e 

functiomals or this power ; 
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j = f dp' j(p ') W(p') 
e.c.e 

a = J dp' I:(p') w(p') 

The respctlSe functions j(p') and I:(p') can be derived in the whole 

momentum space / 3/ ; this involves ~lrrerent approximation in the three 

zones defined in Fig - 1- R.f 

mCjN,, me 
Following the method or reference /4/ an est imate of the convers ion factor 

between the E.C.E power and the L.H absorbed power is given by : 

we is the cyclotron frequency,ws is the (light velocity) coll ision frequency 

A more r1gorous analysis can be found 1n rer 2&3. 

Experimental set -up 

The far infrared rad iat ion(S0 -800 GHz) is measured by a liquid helium 

cooled JnSb detector (QMC) via a 70 mm diameter wedg ed quartz window 

and an oversized (50 mm diameter) waveguide. The emiss ion spectrum is 

investigated with a Mart in- Puplett type interferometer already described in 
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ref 5. This system gives a maximum reso lution of 3 GHz and provides a 

spectrum every ten milliseconds.The whole diagrostic has been absolutely 

calibrated using a lock-in amplifier and two sources at room temperature 

and liquid nitrogen temperature. 

Fog 2 Fig 3 

500 GHl 

Figure 2 shows the obtained calibrat ion spectrum ,and Fig 3 a typical 

current -drive discharge spectrum( 1) ; a thermal spectrum is also plotted 

(2). In order to have an estimate or the total cyclotron radiated power.we 

Integrate this spectrum over frequency and over the plasma surrace , 

assuming ISOtropic radiat ion (because or the ref lections on the vacuum 

vessel ). We round near ly 50 w rad iated over optically thin harmonics ror 

Prr=IOOkW andi\= 3 10 13 cm-3 . 

Saturat ion and conduct ion stud1es 

lt has been able to investigate many density regimes because or the high 

frequency (3,7 GHz ) or the R.F wave .Figure 4 shows the E.C.E signals 

versus increasing incident H.F power at three densities 3<r1e <6 1013 cm -3 

. Be.tow this density range the discharge is runaway dominated ; above this 

range H.F has little effect due to the lack or H.F power .The saturation or 
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the absorbed power is a clear exper imental evidence and is in agreement 

with the thell"etical estimati~Y~S / 2/ 3/ 6/ .The absorbed power thus der ived 

allows us to verify the proposed equaticn ror the current / 3/ 4/ 6/7/ 8/. For 

ex amp le at 3. 1 0 l 3 cm -3 . the set or ex per imenta I data can be f itted by 

the following equaticn of state : 

1p[ ~At 1.7 Pa[KWI • 1.7
2 

Vp[VI Pa[KWI 

in agreement with theory / 3/4/ 6/7/ 8/ 

(if Ph.r > 100 l:w) 

ECE 

Fig 4 
/ 
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COUPLING OF LOWgR HYBRID WAVES TO THE ASDEX PLASMA 

M. Zouhar, T. Vien, F. Leuterer , M. Muenich, M. Brambilla, H. Derfler, 
D. Eckhart t , F. v .Woyna and ASDEX-Team 

Max-Planck- Institut fur Plasmaphysik, EURATOM Association, D-8046 Garching,FRG 

I. Introduct i on 
The ASDEX Lower-Hybrid experiment uses an eight wavegui de gril l antenna 

to launch t he waves. A mean power reflection coeffi cient as low as <R> = 0. I 
is attainable in all modes of operation . However t he reflection coefficients 
Rk in the individual waveguides may vary over a great range {up to 0.9). This 
paper aims at depi cting the reflection patterns ~ = f{k) and comparing 
measurement with theory. 

At high power levels (above 140 kW/waveguide) a breakdown occurs. The se­
quence of phenomena r e l ating to this breakdown is documented and commented on • 

2. Calculated reflection patterns 
Each of the r eflection patterns depicted in the diagrams be l ow consists 

of eight val ues Rk (power reflection coefficients) in the individual wave­
guides. Lines are drawn between adjacent points to render the shapes of t he 
patterns prominent ; they have no physical meaning otherwise. The patterns 
dealt with here all r esult from equal incident ampli tudes in the individual 
waveguides. In each of the diagrams representing computed da t a , t he plasma 
density gradient in front of t he grill i s kept constant and t he plasma e dge 
density i s considered as a parameter. 

The following characteristics are predicted by the theory: 
in general the Rk-patterns are expected to vary fairly sensitively with 
t he plasma edge densi t y. This is true fo r all waveguide phasings . 
a characteristic transition in t he Rk-pattern occurs: at low edge density 
the edge waveguides exhibit low reflection while i n centre waveguides re­
flec tion i s re l a tively high ("ridge-pattern"). The opposite i s true for 
high density ("vall ey-pattern" ). In between an intermediate density 
exists with low reflection in a l l waveguides (overall <R> = 0. 1). 
symmetric reflection pa t terns Rk (k=1 ... 8, axis of symmetry between wave­
guides 4 and 5) a r e expected for waveguide phasings OnOrrOrrOn , OOrrnOOrrn, 
OOnrrnnOO, OOOOrrnnn. Characteristic "double-ridged" patterns are expec ted 
for OOnnOOrrn and OnOnOnOrr phasings, the "ridges" being in waveguides 3 
& 6 and 2 & 7 respectively. 
asymmetric reflection patterns ar e expec t ed for 90 degr ees difference be t ­
ween adjacent waveguides (+90 deg denoted "current drive" phas i ng, 
- 90 deg "opposite current drive", i.e. oppos i te to the sense of the OH­
current) and for similar phasings ( 120 deg, 60 deg, etc.) . 
t he phasings OOnnnnOO and OOOOnnnn have little importance fo r plasma heat­
ing. However, the accompanying Rk-patterns are very particular and fairly 
pronounced in magnitude. They of fe r an additional convenient opportunity 
to verify t he t heory . 
the compu ted Rk- patterns are depicted in Figs . 3a through 7a . 
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3. Experimental reflection patterns 
Good qualitative agreement between experimental and theoretical da ta was 

observed: 
the measured Rk-patterns are shown in Figs. 3b through 7b . In most cases 
data of shots with varying e dge density are pr esen ted . 
the characteristic shapes of the ~-patterns are clearly di stinguished. 
Relative plasma density changes in f ron t of t he gril l were measured by 
means of a microwave interferometer (a t 136 GHz). The Rk-patterns vary 
with density as anticipated. 
the agreement in magnitude is rather coarse . It should be noted however 
that no absolute values "edge and Vn were taken. In addition, the theore­
ti cal boundary conditions are not r eally those of the experiment (infini­
te plane conducting wall surrounding the gri l l, parallel plate geometry ). 
a l l theoretically symmetric Rk-pat te rns experienced some experimental 
asymmetry. Possibly the alignment of the grill relative to the plasma 
torus was no t perfect. 

4. Breakdown i n fron t of the grill 
At high power leve l s (above 140 kW/waveguide at low densities) a br eak­

down in front of the grill was detected. This breakdown was studied in more 
de tai l by t esting a si ngle waveguide (Figs . I and 2) . 

at fi r st (time t = 0), light is detected by the photo-diode PD I viewing 
all along the waveguide into the plasma (Fig . 2 , first t race , positive 
signal ). 
coincidentally several phenomena occur: 
a. A pronounced reflection of RF-power i s indicated by directional 

couple r DC3 (ou tside the gril l vacuum section , trace 3, negative). 
b. At the grill mouth coupler DCI and the grill coupler DC2 (both bei ng 
sidewall couplers within the grill vacuum section, both i ndicating i nci­
dent waves , both signals negative) amplitude modulation due to the poor 
direct ivity of these couplers is c l early visible. The fact t hat the Del ­
signal exhibits just one trough and one crest implies that the l ocus of 
the reflection originates in some distance from DCI and propagates back­
ward. I n passing DCI it causes the DCI-s igna l to vanish ( trace 5). The 
same happens late r at DC2 (t r ace 6). 
250 micr oseconds after t • 0: light appears a t photo-diode PD2 viewing 
perpendicularly into the waveguide ( trace 2, positive, plateau resulting 
from saturation). 
750 microseconds after t 0 : the incident wave is switched off (visible 
a t DC3 , trace 3, negative) as soon as light appears at PD3 (arc detector). 

A possib l e exp lana tion of this sequence of phenomena is : 
breakdown at the edge of the grill. 
reflection l ayer (plasma) moving back to the transmit t e r at a speed of 
about 3000 m/s, driven by the combi ned action of ponderomotive force and 
the force caused by t he. l ocal magnetic fie ld gradient. 

The physics of the breakdown, however, has not yet been ident i f ied . 
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RUNAWAY EFFECTS ON LOWER HYBRID CURRENT RAMP-UP 

V.S. Chan, C.S. Liu,t and Y.C. Leet 

GA Technologies, San Diego, California, U.S.A. 

Runaway effect_, on lower hybrid current ramp-up are studied numerically us­
ing a two-dimensional Fokker-Planck analysis and a nonlinear circuit equation. The 
runaways are produced by a back electric field initially created to offset the rf driven 
current. At high powers, the runaway production rate is large and an additional in­
ductive effect act8 to saturate the back electric field. The current ramp-up efficiency, 
which is proportional to this electric field, is in turn reduced. This may e:r:plain an 
apparent limit in efficiency observed in e:r:periment8. 

However, the anomalous Doppler instobility may be ezcited within a range of 
wpjn. when the inductive field exceeds a few percent of the Dreicer field. This is 
shown to drastically reduce the nonlinear inductonce allowing the recovery of the linear 
current ramp-up efficiency. 

Lower hybrid (LH) current ramping has received particular attention recently 
because of its potential for conserving expensive volt-seconds in large tokamaks and 
fusion reactors where long pulse operation is essential. Experiments performed on 
the Princeton Large Torus (PLT) tokamak have successfully converted radiofrequency 
wave energy to poloidal magnetic field energy with efficiency of up to 30% (1]. 

A concern with respect to the efficiency of the process is that when the strength 
of the inductive field E exceeds a few percent of the Dreicer field Eo= mvv./e where 
m and e are the electron mass and charge, v is the Coulomb collision frequency, and 
v. = .jT./m is the electron thermal velocity, a significant number of nmaway electrons 
can be generated. Even in present experiments, when the power level exceeds a few 
hundred kW, an electric field of a few percent of E0 can be expected. It is conceivable 
that runaway electrons can play an important role here as well as at higher power 
levels. 

The runaways affect LH current ramping in two significant ways. First, if most 
of the back current is carried by nmaway electrons, the resistivity of these electrons is 
much smaller so the decay time of the inductive field (given by the plasma inductance 
divided by the resistance) can be much longer. Secondly, even at the early time when 
the number of nmaways is small, the rate of production of nmaways can be significant. 
This results in a large rate of change of back current which in turn can inductively alter 

tPresent address: University of Maryland, College Park, Maryland, U.S.A. 
tPermanent address: University of Maryland, College Park, Maryland, U.S.A. 
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the back emf, in particular lowering its magnitude provided the runaway confinement 
time is long compared with the time for setting up a steady-state runaway flux. Since 
the efficiency of current ramping is essentially the product of the back emf and the 
rf current divided by the rf power, this effect will reduce the efficiency of rf current 
ramping. The PLT experiment reported that at the highest power of 260 kW, the 
current ramp up rate is 120 k.A/ sec which gives a net inductive ramp up power of 
63 kW. Above this power , a subsidiary effect set in and limited the current ramp up 
process. One may speculate that this is caused by the runaway inductance effect. This 
inductance is contained in a nonlinear circuit equation [2] 

(1 + £) dJ = Vre - vJ - nnec , 
dt 

(1) 

where J is the plasma current, Vre is the effective rf voltage which depends on the 
LH power spectrum, (1 + £) {= 1 + (a2w;/4~)[ln[(8Ro/a) - 7/4]} is the linear 
plasma inductance and (nnec) is the nonlinear inductance term with nn being the 
runaway production rate. Physically, this term accounts for the build-up of well­
confined runaway electrons. Using an expression from a two-dimensional (velocity 
space) analysis, nn = ( ../2/ 1r)nv(Eo/ E)3f2 exp[-Eo/ E - ,j2Eo/E] in which the pre­
exponential factor of (E0 /E) 312 was determined form a numerical fit using a Fokker­
Planck code. J and E, the back emf are related byE ~ -(81rjw;) .C (dJf dt). nnec 
is a sensitive function of E / Eo and when this term becomes comparable to the LHS, 
typically when E/Eo ~ 5%, the nonlinear inductance term will saturate the back 
emf. Figure 1 shows a solution of Eq. (1) with Vre treated as a given parameter. It 
demonstrates that the back emf decays in time much more rapidly when the nonlinear 
inductance is in effect. Since the current ramp-up efficiency is proportional to the back 
emf multiplied by the rf current, this will reduce and then saturate the efficiency of 
LH current ramp-up. For a quantitative estimate [3] we use a realistic LH spectrum 
in the Fokker-Planck calculation to obtain a constitutive relation between E and J for 
different values of applied power (Fig. 2). The rf current Jre = e J:;::::.x dvuvnf is also 
obtained for various E and power. For any initial current and applied power, Fig. 2 
gives Vre and Eq. (1) describes the rate of change of J; specifically whether the decay is 
classical (without the nnec term) or nonlinear. The onset of nonlinear behavior starts 
atE/Eo~ 4%. Ramping at higher power will result in a rapid decay of E (within 
a few tens of v- 1

) back to a small enough E/Eo after which it will decay with the 
classical resistive time. Knowing Jre, the ram ping efficiency 11 = E · Jre/ Prr ~ 36% at 
the onset for PLT type parameters. 

However, another nonlinear process becomes important in a range of wp j n when 
the inductive field exceeds several percent of the Dreicer field. This is t he anomalous 
Doppler instability driven by anisotropy of an electron distribution with a runaway 
tail. A consequence of the instability is wave enhanced pitch-angle scattering of the 
tail particles. This wave pitch-angle scattering frequency is estimated as 
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FIG. 1. Temporal evolution of inductive electric field (a) with run­
away correction, and (b) without runaway correction forT. = 500 eV, 
no = 2 x 1012 cm- 3

, R = 100 cm, a = 20 cm, vp" = C/8.5 
Vm = C /2, and runaway set-up time of 100 v-1

• 

(2) 

where Wp is the plasma frequency, n the electron gyrofrequency, VR = ../Eo/E v. and 
Vo ~ (0/wp)v. for n > Wp· llw decays only logarithmically in vu and is sensitive 
toE/Eo. ForE/Eo greater than 5%, it becomes very effective in pitch-angle scat­
tering the tail particles, thus stopping the runaway production. This is illustrated in 
Fig. 3 which is obtained by incorporating Eq. (2) in a Fokker-Planck equation. The tail 
distribution is isotropized by the wave pitch-angle scattering (vu :» 0). The nonlinear 
inductance effect is reduced and one may expect the LH current ramp-up efficiency to 
improve over the saturated value. 

This is a report of work sponsored by the U.S. Department of Energy under 
Contracts No. DE-AC03-84ER53158 and No. W-7405-ENG-48. 
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FIG. 2. Constitutive relation between J and E for rf driven plasma. 
Curves a to d correspond to increasing applied power of 50, 100, 
200, and 400 kW. c/v. = 30 and n0 = 2 x lOll cm- 3

• 

-20 -10 +10 +20 +30 

FIG. 3. Two-dimensional contour of current ramp-up electron dis­
tribution with wave instability, and reduced distribution. 
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TOROIDAL EFFECTS ON CURRENT DRIVE WITil LO\~ER HYBRID WAVES 

Wang Zhongtian, Qiu Xiaoming , Cheng Xi aoping, Jian Kuangde 

Southwestern Institute of Physi cs, Leshan, Sichuan, China 

T. H. Shih 

Mathematical Department, Hong Kong Polytechnic , Hong Kong 

I t is i mportant to drive steady-sta te plasma current in tokamak by us ing 
radio- frequency waves. Various experiments conceived to test the efficiency 
of a current drive based on quasi l inear Landau decay proposed by Fisch / 1/ 
indicate that such a driving mechanism may be operating. The essence is the 
f unct ion through the quasilinear Landau damping process. However, there is 
a puzzle in the current drive. Ou t s i de the range of the phase velocity of 
rf-waves there are a number of supra-thermal electrons wit h l ower paral l el 
velocity. What fills the gap? Toroidal effects may be responsible for this . 

In present paper quasilinear Fokker- Planck equation is developed by using 
gyrokinetic equat i on . Bounce frequency is introduced into r esonant de­
nominator due to transit motion of electrons along the magnetic lines. The 
resonant region is considerably broadened by the additional period. More 
electrons are involved in the r esonances . Full collision term is employed in 
the numerical computation . Di fferential equations are solved by the shooting 
method as a two-point boundary value problem. The energy gap is partially 
interpreted. 

QUASILINEAR THEORY FOR AXISYMMETRIC TOROIDAL SYSTEM 

A characteris t ic time of the quasilinear process,~~~ · as usual, consider­
ably exceeds both t he period of part icle motion a l ong the small torus azi­
mu th, 1: hand t he particle cyclotron period,"[ 13 • This enables us to obta in 
simpl ified quasilinear equations fo r the averaged particle di s tribution 
function . 

For low frequency , we proceed from the guiding center Vlasov ' s equation /2/ 
in the l imit of electrostatic approximation 

(1) 

where f ((.,)<, x , t) i s the guiding center dis tribution function£=MV'l..2. 
is the particle ~nergy,;.< = i'1V~·2f.l.tl is the conserved magnet ic moment , V.1. is 
the component of velocity of the charged particle perpend i cular to the am­
bient magnetic field , ~ is the perturbed electric potential, x i s the gui­
ding cen ter posit i on, .!?, =-)1/i3is unit vecter tangential to the magnetic field 
line, e is the charge, M is the mass, c is the speed of light , 
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(2) 

is the parallel velocity and 

(3) 

is the unperturbed gu iding center drift velocity across the magnet ic field. 

Considering the collision of the charged part i cle, we get the quasilinear 
equation 

·~ t..!...... vJ ... vf.-.b = -},: ~~Cm Ir. fr, L,. c ( r I t) 
J t i'l. rb - . K < 4) 

where r,_ ·f. rb d t ~ .. e,.;p{ i (' d l: D;. H ~3 1 "l · V;- e,Y . t .h J I 
V 0 ~ - ~ 

.Jl =: ~ , J = p V,1 c/ ~ , J2 1< = lUJ.. - ~ · t , If.k.., f,.). {2/<.,{t, 

·r - ' ;._= 2----
.n.k- :0<-V~, 

C(f , f) is the coll ision term , f 0 is the regular part of t he electron distri­
bution function. 

NUMERICAL RESULTS AND DISCUSSION 

The magnetic configuration proposed by Kadomtsev and Pogutse /3/ is used in 
the numerical calculation. Considering the resonant cond i tion 

(5) 

where m and n are the poloidal mode number and the t oro idal mode number, 
resp~ctively~ q is the s~fety factor,._,h~~f,\;L' R0 the magnetic axis , for the 
pass1ng part1cle we obta1n 

(6) 

where R(x) is the similar driving term to that in Ref . (4), .l s the Bessel 
function of order s, k0 ; m+ nq, <().: ~" d. -~' !:. r<:s.)r 1/ ~~ ~~--{-·, ;,:j .. 

;;.Jr ) ~.,. ~ ... \• .;!. l! •\' ,.,. ~ 
is the thermal veloci t y of the electron, x : v/ve, Ys"'(k0 + s) · r/R0 , s is 
an integer. 

With the velocity v increasing, the electron experiences many resonances. In 
other words, the resonance region is broadened about the launched phase velo­
city. The integer, s, could be any value in princ i ple. Actually J~ drops 
gradually with absolute s increase . Finite term is enough for the calculation. 
For example, when u0 : 2.0, J~/.lb·~ 2.1 x 10-3 fors: 120 . For R0 : 100 cm, 
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q = 1.5, Ve • 1.88 x 109 we have u 120 = 1.16. Setting B = u0 /u120. the 
factor by which the index of refraction, n , is upshifted. I t seems in 
agreement with Karney /5/ . 

Numerical results are pr esented in Fig. 1 fo r the inverse aspect ratio 
r /R0 = 0 .1, using the technigul proposed by Co rd ev /4/, in which f ul l colli­
s i on term is taken into account. 

~ 

10 

~Current density per power density, J/Pd , as a funct i on of ub for the 
Landau campi ng scheme 
Curve 1 is the result presented by Cordey ; 
Curve 2 is our result including t oroidal e f fec t s . 

When toroidal effects are taken into account, higher efficiency can be achie­
ved at bo th hi gh and low phase vel ocity. It i s s imilar to the result pre­
sented by Cordey /4/ . Yet , our resul t is in f avour of the waves with l ow 
phase vel ocity. 

The waves with l ow phase veloc i t y may be exc ited by the runawa y electron /6/. 
C. S. Liu /7/ has given detail s t udy on the problem. 

We greatly app r ec i ate usefu l discussions with Professor Ding Hou-chang and 
Yin Yong- xiang . 
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ELECTROMAGNETIC WAVE PROPAGATION AND ABSORPTION IN 
TOKAMAK PLASMA AT TWO-ION HYBRID RESONANCE 

D.L. Grekov, V.E. D'yakov and A.V. Longinov 

Kharkov Institute of Physics and Technology, Ukrainian SSR 
Academy of Sciences, 310108 Kharkov, USSR 

RF plasma heating using the fast- to-slow mode conversion of 
fast magnetosonic waves (FMSW) in the vicinity of the two-ion 
hybrid resonance [ 1] has been widely applied since the early 
experiments on TFR [2]. However, the possibilities contained 
in this method have not been exhausted as yet, encouraging 
particularly the investigations of the conditions providing 
a peaked energy deposition profi le in the plasma center as 
well as the efficient power coupling to the majority ions. 

This report deals with the propagation and absorption of 
FMSW excited with a high-field side antenna. The calculations 
are performed with the ray-tracing technique for standard T-10 
conditions: B

0
=J T, ne(0)=7 1013cm-3, Te=Ti=1 keV, D+4%H plasma, 

I p=400 kA, ~=35 cm, R
0

=150 cm, and the density, temperature 
and current profiles are parabolic. For these parameters one 
can neglect the FMSW penetration through the evanescent zone 
near the two-ion hybrid resonance. It is taken into account 
that near the conversion point the ray width of the FMSW fast 
mode (FM) ~ 5 K~1= 5 B 0 ( ~LJ :iin t,m ~) -V2w - .l i s considerably 
narrower than the wave packet widt h . The calculations include 
the following mechanisms of the RF energy absorption: electron 
Landau damping, TT~~. and absorption a t the firs t and second 
harmonics of the ion cyclotron frequency for different ion spe­
cies. The energy depositi on profile P?.. = 2 .H'( ~) (ool.= ~ ,1:: ) is cal­
culated by int egrating along each ray and subsequently summing 
up over all the rays. The deposition prof ilesobtained are used 
to cons truct the temperature increa se (~T~) profile s . 

It is assumed for mmplicity that the temperature conductiv­
ity x.~. (1") i s constant. 

From the calculations performed i t can be inferred that 
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(1) to obtain a peaked deposition profile (the main mechan­
ism is the electron Landau damping of the FMSV/ slow mode (SM)) 

and to increase ATe it is worth-while to use antennae covering 
a poloidal angle {}-A~2Ji:"/3 and to shift the two-ion resonance 
towards the weak magnetic field relative to the plasma center 
(Fig.1 ) . The energy radiated by the antenna elements located 

W=2WcNe 

~' 

· a&sor6eu 
,power 

Fig.1 Ray projections on 
the minor cross section for 
ne(0)=7x1013cm-3and Td(0 )=1keV. 

Fig.2 Ray projections on the 
equatorial plane: (1)~0=0, 
(2,2') ir"

0
=0.86, Nno=:t 6. 

in the equatorial plane is absorbed rather poorly, with the 
deposition profile being peripheral. A considerable portion of 
the energy can be carried by the SM into the scrape-off layer 
(Fig.2) , not only decreasing the heating efficiency, but also 
contributing to the impurity influx from the walls due to 
increased Te of the scrape-off layer and the Debye layer poten­
tial rising as the SM is reflected from the wall [3]. These 
effects may be responsible for the radiation,increasing greatly 
at low ratios nH/nd in T-10 and TFR experiments• Therefore in 
the case of Landau damping it is advantageous to use antennae 
with the radiating surface in the vicinity of the equatorial 
plane (A{T~0.5) r emoved; 
(2) under the above conditions the poloidal field is the major 



influence on the SM propagation and absorption. As the elec-
n /I T: 5/2. 2. tron damping length t~9= { ITl K"' ~ n;9 , under low density and 

low Ti conditions the energy deposition profile becomes more 
peaked and the heating efficiency increases. This is confirmed 
by the calculations carried out with ne(0)=3.5x1013cm-3 and 
Ti~0.5 keV (Fig.3); 

a.. 
,p nelol·7·1a3o.t• 
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ne(O)• 5.5·101?>c~i3 
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Fig.J Energy deposition profiles P~ 
and temperature increases aT~ in 
D+H plasma (- -) and D+H+Ne plasma 
(--) in arbitrary units. 

(3) the value of NII 
(Nrr=N·BiiBI) on a ray 
in the region of strong 
SM absorption depends 
slightly on the initial 
value of NIIO (Fig.4). 
The sign of NII is de­
termined by the posi­
tion of the ray origin 
relative to the equa­
torial plane of the 
torus and not by the 

sign of Nrro• Thus 
the antenna asymmetric 
about the equatorial 
plane and located on 
that side whereto 
the toroidal i on drift 
is directed, can be 
used for current drive 
in the direction of 
the plasma current 
(the antenna shifted to 

the opposite side would generate the countercurrent). Without 
going into details of this phenomenon, we only note here 
an apparent advantage of the current-drive method proposed 
which permits one to use even antennae with spectra symmetric 

in Nu; 
(4) the FMSIV propagation and absorption are investigated 

in the plasma with the heavy ion minority [3,4] (Ne22 , nNe/nd= 
5•10-3 , TNe=5Td). Under these heating conditions most of 
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Fig. 4 NI! and N .L vs the ray 
projection length on the minor 
cross section for ne( 0)=7x 
101Jcm-J, Td( 0 )=1 keV and iijQ = 
o.86 (Nrro=:!:6). 

the energy is absorbed by the 
heavy ion minority, providing 
a highly peaked energy absorp­
tion profile (Fig.)). A proper 
choice of the plasma parameters 
would permit the energy trans­
fer due to Coulomb collisions 
from the heavy admixture either 
mainly to deutons or to elec­
trons [ 4 ]. Therefore the f). TNe 
profile can be regarded as 
either a ~Td or a~ Te profile. 
In the latter case the peaked 
shape of the energy deposition 
profile is comparable with that 

in ECRH and at higher densities is even more pronounced. As can 
be seen in Fig.J, the heavy ion minority heating (HIMH) permits 
highly efficient heating of the ion majority with the maximum 
value of o. Ti ( 0). HIMH is especially advantageous for low Zeff 
tokamaks in which there is noion heating due to cyclotron ab­
sorption by natural impurities (TEXTOR, etc).The electron damp­
ing of the SM in the region between the two-ion resonance and 
I CR for the heavy ion minority is only significant at low ne 
and Tiand can be avoided through a proper choice of the hydro­
gen minority concentration and the location of the two-ion hy­
brid resonance relative to the plasma center. The discrepan~s 
between the results presented and those of the TFR group[5]who 
found Landau damping to be significant even in the vicinity of 
the conversion point ar e probably due to the model used in this 
work being more rea listic and the parameters properly chosen. 

In the case of high RF power coupled to the plasma the above 
phenomena can be modified by the two-ion parametric or two­
stream turbulences. 
1. R.Klima et al., Nucl .Fusion, 1975, 15, p.1157. 
2. TFR Group , in : 1st Varenna-Grenoble-gymp.,1978, 2, p.207. 
). A.V.Longinov, K.N.S tepanov,in:RF Plasma Heating,-Gorky,198). 
4. A.V.Longinov et al.,in:12th Eur.Conf.,Budapest,1985,2,p.1)2. 
5. TFR Group, Preprint EUR-CEA-FC-128) (1985). -
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AN ATTEHPT AT MilD MODE CONTROL BY FEEDBACK MODULATION 

OF L.H. DRIVEN CURRENT 

F. PARLANGE, J.C. VALLET and PETULA GROUP 

ASSOCIATION EURATOM-C.E.A. - Departement de Reche rches sur la Fusion 
Controlee - C.E . N.G. - SSX - 38041 GRENOBLE Cedex (France) 

MHD a c tivity in Tokamak dischar ges wi th lower hybrid current drive has 
distinc t features which can be used to stabil i ze t earing modes / 1/ . The m=2 
mode i n particular is easely triggered by the RF pulse . I t is ~3ese~5 in Pe­
tula , in all discharges with RF current at densities n < 2 10 cm . This 
occurs for any q value, even when the RF curren t i s o~ly a small f raction 
of the t otal cur~ent . However , the mode has general ly a low amplitude excep t 
when it is already present in the discharge before the RF pulse (q = 3) . In 
this case , driving even partially the current by waves has the eff~ct of slo­
wing down the island structure rotation and of damping the magnetic f i eld 
perturbation by a factor of 2 / 2/ / 3/ . 

This stabilizing effect is pr obab l y due to a change in t he current pro­
file giving a lower val ue f or ~· , the key parameter in tearing mode stabili­
ty . Peaking of thecurrent pr ofile is l ike l y, although it is not consistent 
with the lowering of internal induc tance which is sometimes observed in that 
density range, at high RF power for example . 

A diffe ren t way of r educing the m=2 tearing mode was recently proposed, 
consisting in driving more current at the 0 poin t of the islands than a t the 
X point, by means of amplitude modulated l ower hybrid waves /4/ /5/ . This 
was tes t ed in Petula in the fo l l owing way . A L. H. wave pul se at 1.3 GHz with 
N If • 2 . 4, asymetri c spectrum is used t o drive a curr ent i n a discharge sho­
wing a large amplitude m=2 mode . The main characteristics of this dischar ge 
are (fig. I) R = 0. 72m a= 0 . 165m BT a 2. 8 T I 174kA 

13 - 3 p 
ne = 1.5 10 cm qa = 3.0 PHF = 170kW 

··-···-. 

Loop voltage 
2 V/div . 

Density 

10 13 I div . 

Hode amp l itude 

Plasma cur rent 
100 kA/div. 
RF pulse 

TO • o .OOOE 18 re +. OOIIE 01 11S.'DIU 

~ - Plasma parameters for shot wi th modulated RF pul se (sol id line) 
and without RF (broken line) 
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The signal of a ~lirnov coil is used to modulate the amplitude of the low 
power oscillator which drives the klystron amplfier. The phasing of the mo­
dul ation, respect to the island structure is changed from sho t to shot, by 
using successively 12 Mirnov coils located 30° apart in the poloidal direc­
tion. The gain of the feedback loop was set in such a way that 100% modula­
tion of the klystron output was maintained throughout the pulse. 

A reference coil signal and the klystron power are recorded and analyzed 
by FFT technique. As usual, in lower hybrid current drive experiment in Petu­
la, the magnetic field fluctuation was r educed by a factor of two, not more 
than in the unmodulated case, and independently of the relative phasing of 
t he lower hybrid wave modulation and the island struc ture within experimen­
tal errors (fig. 2a). 

The q = 2 radius was estimated t o be 13 cm and the width of the is l and 
was reduced from 4 to 3 cm typically . 

The island rotation was slowed down as i n the unmodulated case , from 
6.6 kHz without RF to about 5kHz . However, its f requency was a func tion of 
the Mirnov coil number. Fig . 2b shows the relationshi p be t ween t he Mirnov 
oscillation frequency and the phase difference between t he RF power modula­
tion and the island rotation . o• means that there is an island in front of 
the grill when RF is at maximum. The experimental points c lear ly show the 
ms2 structure . For these shots, the frequency is minimum when RF is switched 
on shortly before an island is passing in front o f the gril l . In othe r c ir­
c umstances, the minimum may be obtained when the RF lags on the island rota­
tion by 45°. 

These results are differ ent from what is predicted by feedback s t abiliza­
tion theory. Two points should be noted when discussing the absence of is­
l and width reduction with a modulated RF pulse. 

First of all , the decrease in the tearing mode amplitude in the unmodu­
lated case did not r eceive yet any clear explanation. It is observed whether 
the ratio of the current in the plasma centra l zone to the total current in­
creases or decr eases with respect to the ohmic case /6/. So that, current 
peaking cannot be systematically associ ated to this mode stabilization. 

Preferential heating inside the islands due t o their already higher tem­
perature as proposed by Rei man /7 I should be ruled out , since modulating the 
wave would have r e i nforced the e f fect. 

On the other hand, the experimental s ituation is far from be ing op timum 
f or a compar ison with the theory of f eedback stabilization by Rutherford /5/ . 
The mechanism relies on the generation of curren t inside the island and im­
plicitly assumes that the rest of the c urrent distribution is left unchanged. 
This would be the case if power absorption in the is land was so strong t hat 
there be no powe r left for inside the q = 2 s urface , or al t e rnatively if 
accessibility prevented the wave to go further than this surface . For the 
case considered here, r ay traci ng fig. J shows that the wave penetrat es in 
the island zone at 40 cm from the grill and travels inside f or about lm (1/5 
of the torus ). In t he poloi dal direction, the wave has to turn by 10° before 
getting in the island. Wave absorption on the other hand is still a matter 
of discussion since interaction of the grill spectrum to a maxwellian distri­
bution leads to curr ent much smaller than observed ( the so cal led gap pro­
blem). However, even i f some link is oissing in the theory , the absorption , 
in any case, should have a st rong tempe rature dependance . 

As a consequence of the weak temperature a t t he edge and of t he rather 
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fast propagation of the wave out of the i sland, the amount of current gene­
rated inside the island , compared to the total current is probably quite 
small. 

The dependance of the i sland rotation on t he phase of the modulati on ho­
wever shows that Lower Hybrid current drive i s sensitive to the presence of 
magnetic islands , whether this is a propagation effect due to changes in 
magnetic field direction or a damping effect due to different electron popu­
lation inside and outside the islands. The is l and behaviour, i n tur n, is mo­
dified by this slight modification of the electron dis tribution. 

/ 1/ 0. VAN HOUTTE and al. -Nuclear Fusion 24 ( 1984) 1485 
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PROBE MEASUREMENTS OF PLASMA INHOMOGENEITIES IN THE SCRAPE-OFF LAYER OF 
ASDEX DURING LH 

M. Lenoci, G. Haas, G. Becker, H. S. Bosch, H. Bracken, A. Ebe rhagen, 
D. Eckhartt, G. Fussmann, 0. Gehre, J. Gernhardt, G.v.Gierke, E. Glock, 
0. Gruber, J. Hofmann, A. Izvozchikovl, G. Janeschitz, F. Karger, 
M. Keilhacker2, 0. Klilber, M. Kornherr, K. Lackner , F. Leuterer, 
G. Lisitano, F. Mast, H. M. Mayer, K. McCorm.ick, D. Meisel, V. Mertens, 
E. R. MUller2 , H. Murmann, H. Niedermeyer, A. Pietrzyk3, W. Poschenrieder, 
H. Rapp, H. Rohr, J. Roth , F. Ryter4, F. Schneider, C. Setzensack, 
G. Siller , P. Smeulders2, F.X. Soldner, K.-H . Steuer, N. N. TsoisS, 

F. Wagner, D. Zasche 

Max-Planck-lnstitut fUr Plasmaphysik 
EURATOM Association, D-8046 Garching 

Electron temperature and density have been measured routinely at the edge of 
the ASDEX main plasma by means of a Langmuir triple probe /1/ which gives 
the saturation current and Te on-line . Therefore one can get with a fast 
radially moved triple probe a complete ne(r) and Te(r) profile in one shot. 
The probe installed in ASDEX can be moved from a preset position 100 mm 
radially inward and backward within 200 msec. lt is placed 22.50° toroidally 
away from the LH launching grill and so poloidally above the equatorial 
plane; the tips are arranged in the form of a triangle with distances of 
7 mm . For a proper function of triple probes it is necessary that the devi­
ations between the floating potenti als of the 3 tips are small compared to 
Te/e . In ohmic discharges this is fulfilled while during LH application we 
observed differences of the order of Te/e. We have investiga ted this under 
different plasma and LH parameters as shown in Table l. 

Table 1 

Series LH Plasma Measurements 

Power 
(kW) 

n, BT(T) lp(kA) iie( cm-3) Species 

I 770 2 2 . 37 300 1. 4x1ol3 o2 profiles of float . pot. 
diff. 

li 750 2 2 . 7x1ol3 

Ill 370 4 2.18 2.1x10l3 

I V 275 4 380 2 .7xtol3 

V 500 300 1.4x1013 1- V-charact. , 
combined double probes 

VI 2 2.9x1013 

VII 2 1. 4x 1013 o2+He I-V-charact., indep-
endent double probes 

VIII 2 2.9xlol3 explorative, indep-
endent double probes 

!Academy of Sciences, Leningrad , USSR; 2Present address: JET Joint Under-
taking, England; 3univ. of Washington, Seattle, USA; 4cEN Grenoble, France; 

SNRC Democritos, Athens, Greece 
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From the floating potential differences we have constructed the electric 
field vector. The direction and absolute value of this show a strong radial 
dependence (Fig. l, 2). In the series I, II, V, VI we found a large 
component parallel to the magnetic field at the innermost radial position. 
At the radial position of the grill the absolute value of the vector is much 
smaller . Despite of the different main plasma density in the series V and VI 
we found a very similar radial dependence of the direction. The same we got 
for the two series Ill and IV with lower RF power, for which the absolute 
value of the vector was always rather small . The reason for the deviations 
in floating potentials may be local inhomogeneities in electron temperature 
or in plasma potential or in f l ux of suprathermal eletrons. These can arise 
from effects connected to decay processes inbetween the grill and the 
separatrix described e.g. by Derfler /2/ or by Motley and Glanz /3/. 

In orde r to distinguish between these possible explanations we operated for 
the series V, VI, VII and VIII couples of tips of the triple probe as doubl e 
probes. The fast movement was modified in such a way that the probe s t ays 
for about lOO msec at the innermost position where the I-V characteristics 
were taken. In ser ies V and VI we measured with two combined double probes 
with tip 3 as common reference tip . Under these conditions tip 3 has to 
carry the sum of the current s of tip l and 2 and from the characteris t ics 
one cannot find floating potential differences. They have to be measured 
independently . The characteristics (Fig . 3, 4) show only small differences 
between high and low main plasma density (corresponding to the ion-RF and 
the electron-RF interaction regime resp. ) and indicate for couple l-3 a 
lower temperature than for couple 2-3. This is in agreement with the direct 
floating potential measurements (Fig . 1, 2) , but not with the relative shift 
of the two characteristics. 

For series VII with parameters like series V but with a changed plasma 
composition we have increased the voltage range to 0 - 600 V in order to 
reach well the saturation . We have used the two couples l-3 and 2-3 alter­
natively and not connected . In this case we find again a lower temperature 
for the couple l-3 than for couple 2- 3 ( Fig. 5) (67 and 80 eV resp.). Now 
the floating potential difference derived from the shift of the character­
istics ( 30 V) is within 30 % in agreement with the temperature difference . 

In addition to this series in the el ectron regime we have done also some 
explorative measurements in the ion r egi11e but ot herwise under the same 
conditions (series VII I). We have f ound again no significant difference 
between high and low density . This may indicate that a plasma exis ts 
inbetween the LH-grill and the separatr ix dominated by the LH-wave or by any 
decay waves and decoupled from the main plasma . 

In other exlo rative measurements we have investigated fo r comparison purpose 
ohmically heated discharges with plasma parameters like series VI and VIII . 
We have found much lower elec tron temperature (15 eV instead of 65-80 eV) 
and higher electron dens ities (2.5- 3 x 1012 cm-3) (Fig . 6) .• This is at 
leas t for the e l ectron regime in agreement with mesureme~s done by Pericoli 
on FT /4/ and El Shaer on ASDEX /5/ who found a strong redution of the 
density in front of the LH grill during RF application. 

Conclusion 
We have observed during LH application on ASDEX with a Langmuir probe having 
3 tips strong poloidal and toroidal deviations in the float ing potential . 
The probe was positioned roughly l m away from the LH-grill in a magnetic 
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flux bundle directly connec ted to the s pace in front of the RF- coupler. 
These deviations exist at all plasma and LH conditions investigated until 
now and can inhibit the operation of a tripl e probe at all. But other fa st 
moved elctrostatic probes may also be dis turbed too, since the radial 
dependence of the floating potential differ ences a c t s l ike a t emporal cha nge 
of the probe potential which cannot be controlled. The mos t i mportant rea ­
sons for these deviations are changes in the elect ron temperature of typi­
cally 10 - 20 eV over a distance of 7 mm . But some findings like a n addi­
tional shift i n the I-V charac teristic or large components of the floating 
potential differences parallel to the magnetic field lines cannot be ex­
plained by t emperature differences . One has t o assume also locall y i nhomo­
geneous fluxes of suprathermal elec trons and di ffe r ences in the plasma 
pot ential . 
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LOWER HYBRID CURRE NT DRIVE IN THE PRESENCE 

OF A CONSTANT DC ELECTRIC FIELD ON PETULA-B 

D. Van Houtte, G. Briffod, c. Gormezano, A. Panzarelw , F. Parwnge 

AMocA.atiort EURATOI4-CEA VRFC/S IG 
CENG-85X - 38041 G4~nobl~ (F4anee) 

In present LHCD experiments, the research i s d irect ed towards a combined 
RF current drive and i nductive curr ent dr ive. This hybrid cur r ent drive 
appears to be the most promising method both to he lp t he OH trans f ormer to 
save volt-second during higher plasma cur rent ramp-up or longer plasma cur­
rent flat top of the l arge tokamaks (Van Houtte et al, 1985) and to improve 
their plasma performances (Gormezano et al, 1984). For such hybrid di schar­
ges, an optimum operating mode is obtained on Petula- B at l ow RF power 
l evel in the presence of a DC electric fie l d . 

LHCD experiments were carried out on the Petula-B tokamak (R a 72 cm, 
a a 16 , 5 cm) at a density of ne = 8 - 9 x 1012 cm- 3for a magnetic fie l d 
of BT = 2.8 T. The ohmic current is driven by an iron cor e transformer . The 
1. 3 GHz RF system consists of an 8 waveguide grill fed by a klystron with 
PRF < 1 MW such that the parallel index of the wave is < N 1 j> = 2 (6Nj /=1 . 5) . 

In LHCD plasma d ischar ges , the Spitzer conductivity, obtained in OH regime , 
no longer holds because the plasma resistance RP is lowered signifi cantly 
by a suprather mal electron t ail generated by the LH waves (Van Houtte and 
Parlange , 1983) . Conse quently the total plasma current lP i n LHCD regime 
may be writ ten as : 

( 1) 

with RRF = 
p 

( 1 /R~F) [vRF -

~H+ 6Rp 

(d(LI~/2)/dt)/Ip] 

V i s the loop voltage and L i s t he sum of t he plasma i n ternal i nductance Li 
and the external i nductance Lb which r epresents the energy s tored between 
the plasma and the vacuum chamber where the l oop voltage is measured. 

In the mode of operation where t he plasma current lp is maintained cons tant 
and Li is assumed constant, we have : 

(2) IRF - (6Rp/~H ~F)VRF = - Ip(6V/VoH) 

with 6V a VRF - VoH 

In t his operating mode , the DC electric field is absent only in the "s t eady 
state" phase where the plasma cur r ent is entirely driven by the RF waves 
(IRF • lp with V= 0) . When the RF power is used to drive a part of the 
plasma current (V > 0) or to overdrive it {ramp-up or recharging of the OH 
transformer (V < O)}, the LH waves interact with parallel or opposing indu­
ced elect r ic field. IRF is t he RF current dr ive that r esults without DC E­
field and 6cr .V(6cr = 0RF - OoH = - 6~/RgH R~F) is the additional current 
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that results from the s i multaneous presence of RF power and DC electric 
field as defined by Fisch ( 1984) i n a s teady regime {d(LI~/2)/dt = O}. 

The gl obal RF current dr i ve effic iency n may be written as 

(3) n •n.( 1 + 6o . VRF/IRF) = - lp(6V/V0H) / PRF 

where n.• IRF/PRF i s the current drive efficiency obtained in a r egime 
where no DC electric field i s present into the plasma (Fisch, 1978) . 

The curr ent drive eff i ciency is a function of t he RF power t hrough the addi­
tional current 6o .VRF . However, in th is mode of operation, as VRF is not an 
independant variable , it is not possible from the relative l oop voltage drop 
t o evaluate t he improvement in efficiency due to the e l ectric field . 

In contrast, t he mode of operation where the loop vol tage V is kept constant, 
permits to obtain an hybrid (OH + RF) current regime maintaining cons t ant 
the t otal DC electric field whatever the level of RF driven current . We 
have : 

(4 ) IRF + 6o(V- Li~F) = Ip [ 1 - (V- LiW) /(V- LigH>] 

where ip • (dlp/dt), L being assumed constant . The r ate of change in the 
plasma current as a function of the loop voltage and plasma current ramp 
for various loop voltages, in the constant loop vol tage operating mode, ar e 
displayed in Fig . 1. I n the (OH+ RF) case, an RF power of 36 kW is applied. 
The rate of change in the plasma current is a linear func t ion of the resi­
dual OH power in both pure OH and hybrid (OH + RF) regimes , indicating no 
beneficial effect f or a particular DC e l ectric field value . The straight 
lines may be represented by the equation 

(5) dlp /dt = V/ L - Rp (lP - I RF)/L 

Phs u curnnt (kA) (0) 
600 

400 

•.2 0 .• 

V1.. (Volt ) 

Fig. 1 -(a) Plasma current f or (b) various loop voltages and (c) rote 
of change in the current as a ,function of the loop voltage with 
and without RF power. ne = 9 .x10 12 cm- 3

, Ip = 140 kA and 
PRF = 36 kii (< N;; > = 2) 
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and justifie the assumption where the inductance L is kept constant for 
obtaining eq. (4). 

In thi s V • C~ operating mode , where V is the sum of a resistive comronent 
R~(I~F- IRF) and an inductive component Li~F, LHCD efficiency may be writ­
ten as : 

(&) T1 •n
0

[1 +ll.o(V- Li~F)/IRF] = Ip [1 - (V - Li~F)/(V - LigH>]!PRF 

Then it is possible to calculate t he current drive efficiency as a function 
of loop voltage for various RF power l evels . Such an efficiency is shown 
in Fig. 2. For a given RF power the current drive efficiency is constant 
as a function of the t otal DC e l ectric f i e l d present in the discharge. In 
contrast, as in the Ip = est operating mode, t he efficiency is i nversel y 
proportional to t he injected RF power through the additiona l current 
ll.cr . Li~F (Fig . 3) . 

The rate of change in the current as a function of the total power for 
various residual OH powen; are plotted in Fig. 4. The dashed curve corres­
ponds to t he pure OH case (PRF = 0) and the PoH = 0 curve corresponds to 
the pure RF case. Between these two pure cases we show various hybri d 
(OH + RF) cases . A particular r egime with a negative loop voltage 
(V = - . 2 Volt) regulation is plotted . In this l atter case a constant elec­
t ric field is directed opposite to the RF phase velocity . Correspond ingly 
to the RF power dependence of the current drive efficiency, it can be noted 
on Fig . 4, an improved efficiency at low RF power level whatever the 
amount of r es idual OH power . The latter is due to the additiona l current 
ll.o (V - Lf~F) which makes the RF power more efficient that OH power to ramp­
up the plasma current in this RF power range . 
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Plasu current (kA) 

TIKE (50 ms/d) 

Loop vol taqe (V} (b) 

RF 

TIME (50 ms / d) 

Fig. 4 - (a} Plasma current for variu~s RF power levels in the V::. c B_t(b) 
operating mode and (c) rate of change in the current as a 
function of t~e total l{f'wer/or va1•ious residual OH powers. 
Ip = 140 kA , ne : 9. 10 cm- . 

~~~~X 
A new mode of operation where the loop voltage is maintained constant has 
been studied experimentally on Petula-B . In this operating mode, it is 
possib l e to maintain a constant DC electric field parallel or opposite to 
the RF phase velocity and less t han or greater than the Dreicer field . The 
current drive efficiency writ ten as n = n.[1 + 6o(V- LfRF )/lRF] does not 
depend on the value of t he total DC electr ic fie l d {E ~ (~/2~R)V} present 
in the di scha r ge but it is a function of the RF power through the additio­
nal current 60. Li~F due to the e l ectric field {EL~ ( 1 /2~R)LIP} caused 
by the increasing plasma current . 
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Nll'IERICAL Sl'UDIES OF LH CURRENT DRIVE 
IN THE PRESENCE OF AN ELECTRIC FIELD 

S. Succi, K. Appert and J. vaclavik 

Centre de Recherches en Physique des Plasmas 
Association Euratom - Confederation Suisse 

Ecole POl ytechnique Federale de Lausanne 
21, Av. des Bains , CH- 1007 Lausanne I SWitzerland 

Abstract The dynamical r esponse of a homogeneous plasma to the 
s~ultaneous application of an RF power source and an opposing d.c. 
el ectric field is investigated by means of a 2-D + 2-D quasilinear code. 
The code evolves in time the electron distribution function , f(v1, v.l., t) 
and the corresponding self- consistently generated wave spectral 
distribution W(k1 , k.L , t) , both in two dimensions. The time evolution of 
the most relevant physical quantities , in particular the plasma current can 
therefore be straightforwardly evaluated. 
Introduction :Recent current-drive experiments in PLT and A.~DEX [1 , 2] have 
clearly demonstrated the ability of lower-hybrid waves not on ly to maintain 
a steady plasma current , but also to increase it ("ramp-up" ) during the 
discharge. Since the time variation of the current induces a d .c. electric 
field opposite to the direction of RF waves, any appropriate theoretical 
description of current ramp-up requires the knowledge of the plasma 
dynamical response to the simultaneous application of the RF power and 
opposing electric field . 

A few theoretical models for such a problem have already been 
developed. The earliest one , due to Borrass and Nocentini [3] , i s based on 
a one-dimensional time- independent Fekker-Planck analysis and it has 
therefore a rather limited range of validity. Later on, Fisch and Karney 
pronpted out a series of papers in which a linearized Boltzmann eguation 
was solved, either by integrati ng the corresponding Langevin equations [4] , 
or, more recently, with a more sophi st icated approach based on the aojoint 
formulation (5]. 

In this paper we present the fi r st results obtained with an entire ly 
different , purely numerical approach, based on a finite- element expansion 
of the two-dimensional electron distribution function , f(v1, v.l. , t), and 
the corresponding wave spectral distribution W(k1 , k.L , t) . OJr code 
solves the 2-D + 2-D quasilinear equations self-consistently in time 
without any s implifying assumption and provides therefore a very detailed 
information on the plasma dynamical behaviour • 

In this paper no atte.rrpt is made to simulate any particular 'lbkamak 
discharge . We rather inves tigate the initial value problem represented by 
the quasilinear equations with the electric fielo , as s uch . We t ake 
therefore a licence to treat the electric field s trength as a free 
parameter and study its influence on the electr on oistribution function in 
t he presence of an RF power source. Particular attention is paid to the 
dynamics of the mechanism by which the electric field opposes and finally 
overcomes· the RF driven current. 
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Basic Equations : '!he basic equations of our model are the following: 

af _ (
6
6ft>cou.+ (6f) + vei ~ 

a t - 6f QL wpe ov1 

ow at = (2y-veiZl W + Sos(k) 

where cylindrical coordinates v 1 , vJ. and k1 , k J. are adopted for both f 
and w. 

6f ) The term ( 6t COLL represents a linearized 2-D collision operator , 
6f h '1' d'ff . (Ot)QL t e quas1 1near 1 uswn operator , and 2y the corresponding wave 

damping rate (only the Cerenkov resonance is inclll::led i n the present 
work). The explicit expressions are given in (6]. z represents t he 
ion-charge number and vei the electron-ion colliswn frequency. '!he t e rm 
s0s(k) models the RF-power source, s(k) being a shape function normal ized 
as js(k)k2dk=1 and S0 a scale parameter which fixes the total RF power 
input. The normalizations adopted are: 

k + k)..o-1; V + VVte ; t + twpe - 1; li + W41tnTA0
3; E + EEo 

where "-o is the Debye length, Eo= JTleVteVei/e , Wpe the plasma 
electron frequency and Vte the electron thermal speed I(T/JTlel · 

Apart fran the nunerical aspects, which will be presented elsewhere 
[7], there are two basic novel features with respect to our previous model 
[8) that are worth mentioning. First of all no assumption is made on the 
perpendicular shape of the distribution function, so that non-maxwellian 
dependencies on v.._ are free to develop. Second, and more i~~p:>rtant for the 
present work , a d .c. electric field is included in the kinetic equation. 

The results : Before presenting our numerical results let us briefly recall 
the bas1c mechanism which governs the competition between the RF waves and 
the electric field. 

In the absence of the e l ectric field the current is ultimatel y 
provided by the number of non resonant (va <v1 ) electrons which can flow 
to the resonant region (v1<v0<v2). When the e l ectric field is present, we 
have basically two scenarios how this flow is opposed. 

The first possib ility (for a relati vely small field) is that the non 
resonant electrons are allowed to access the resonant region, but subse­
quently leave it under the canbined action of the electric field and 
pitch- angle scattering. These electrons will contribute to the bulk or 
runaway (v1<-v0:-11/E) anticurrent depending on whether they quit the 
resonant region with a velocity smaller or larger than v0 • Note that the 
number of antirunaways can be enhanced by the presence of t he RF waves 
because the particles in the resonant strip can be pitch-angle scatt ered in 
the opposite direction with a velocity l arger than v0 • 

As the field becanes l arger it is more and more difficult for the 
electrons to access the resonant region and the corflitions o.f a pure 
anti runaway situation are approached. The fate of the electrons depends 
essentially on t he locat ion of the resonant strip with r espect to v0 • In 
this paper we kept v1, v2 fixed and just varied v0 . 
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We have performed a series of computations assuming the following set 
of parameters: 

So = 10-7 , "ei = o. 75 x 10- 7 , v1 - 3.5, v2 - 10, 
which correspond roughly to the PLT ramp-up conditions [ 1) with a total 
power of about 130 kW. 

In Fig . 1 the time evolution of the plasma current density, j(t) , is 
shown for several values of the d . c. field amplitude, E. From this figure 
we see that an electric field of about 0 . 06 is sufficient to impede any 
current ramp-up ( j{O)-j(t+w)=0.20) . The plateau level on the distribution 
function is reduced about a factor 2 with respect to the case without d . c. 
field and most of the anti current (75%) is carried by the slow electrons 
with \v i\ < v1 . FOrE= 0 . 04 one has a ramp-up rate of about 1000 kA/sec, 
almost an order of magnitude higher than typical experimental values. 

A realistic val ue of E lies therefore somewhere between 0.04 and 
0.06. For E = 0. 04 the anticurrent is completely dominated by slow e l ec­
trons, so that one expects the theory proposed in Ref.[3 ) to be appropriate 
for the prediction of the cor rect steady state value jE"' : j ( E; t+w). 
This is rapidly checked by evaluating the parameter Yo, defined as 
Yo = 2(jo"'-j~)/EjE"' and comparing it with the theoretical value 
YoTH (v22-v1 )/2lnv2/v1• By taking v1-3 and v2-10 one has Yo'l'll-40 , 
not far from the numerical value of about 60. As the parameter E is 
increased this good agreement disappears (we have y0-90 for E=0.06 and 
y 0-190 for E=0.08) , showing that the range of validity of this theory has 
been overcome. In this parameter regime one expects the role of high- v1 
anticarriers to become more and more important. 

This is , in fact , the case as shown in Fig. 2, where the distribution 
function integrated over vJ. , F(v1), is represented for E=0.04 and 
E=0.08. In particular , the RF- produced antirunaway tail is clearly 
displayed in Fig. 3, where the negative high-v1 portion of F(v1) is 
shown for E=O . 08 , with and without RF power. In the present context the 
value E=0.08 is purely academical since we have seen that a realistic value 
has to be anyway smaller than 0.06. However, it is also true that for 
higher RF power , larger values of E will be involved in realistic 
situations so that the role of RF produced antirunaways is likely to be 
important. This , and other questions concerning the influence of the 
relevant parameters, like density, l ocation of the RF spectra and so on , 
will be subject of future investigat ions. 
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INFLUBNCE OF THE N.-SPECTRUM ON LOWER HYBRID CURRENT DRIVE IN ASDEX 

F. Leuterer, M. Brambilla, D. Eckhartt, K. McCormick, M. Munich, 
F. Soldner, M. Zouhar, G. Becker, H.S. Bosch, H. Brocken, A. Eberhagen, 
G. Fussmann, o. Gehre , J. Gernhardti G. v.Gierke, E . Clock, o. Gruber, 
G. Haas, J, Hofmann, A. Izvozchikov , G. Janeschitz, F. Karger, 
M. Keilhacker2, o. Kluber, M. Kornherr, K. Lackner, M. Lenoci3, 
G. Li sitano, F. Mast, H.M. Mayer, D. Meisel, V. Mertens, E.R. Muller 2 
H. Murmsnn, H. Niedermeyer~ A. Pietrzyk4, w. Poschenrieder, H. Rapp, 
H. Rohr , J. Roth, F. Ryter , F. Schnei der, c. Setzensack, G. Siller, 
P. Smeulders2, K.-H. Steuer, F. Wagner, D. Zasche 

Ma~Planck-Institut fur Plasmaphys ik 
EURATOM Association, D- 8046 Garching 

The lower hybrid current drive experi ments in ASDEX so far have been 
performed mainly by operating successive waveguides of the grill at a 
relative phase of Aq Q 1T /2 and with equal amplitudes . The spectrum thus 
excited is considered in this paper as a reference spectrum and is shown as 
spectrum Cl in Fig. 1. With such a spectrum it has been observed, like in 
many other related experiments , that the primary current rate of change, 
-iOH• necessary to maintain a constant plasma current lp, decreased with 
increasing rf-power, PRF· At a specific value of PRF• depending on density 
and plasma current, ioH becomes zero and the plasma current is driven by rf 
alone, while at higher powers the transformer gets recharged /1/ . The 
scaling of these effects was found t o depend on the accessibility of the 
lower hybrid waves and to agree with theoretical predictions /2 , 3/ . It was 
also shown that the current density profile j(r) for rf- current drive is 
different from that obtained for inductive current drive and is no longer 
directly determined by the electron temperature profile /4 , 5/. In this 
paper we describe experiments with "tailored" spectra where phase and 
amplitude in each waveguide are specifically set to produce a N .. -spec trum 
with a definite wing at the high N .. -side. Such a wing is considered 
essential in explaining the magnitude of the driven currents as observed in 
the experiments /6/. These spectra are obtained by appropriately 
superimposing in the grill waveguides f i elds producing each by itself 
different N .. -spectra, res ulting in 

u (l) 
n 

Here Un is the wave amplitude in the n- th wavegui de of the grill . One set 
of such s pectra where we used .AI(~ = '11' /2 , A If& • 5 '11' /6 , and Q1. and a were 
varied, is shown in Fig. 1. Other combinations of A!f~ , ACfz. , a, and<>£ were 
used in order to tailor the wing of the spectrum in different ways (fo r 
example Fig. 6). I n the experiment we have excited each one of these 
spectra with the same total input power of 400 kW . This was about a power 
limit for those experiments because of the very dif ferent powers (up t o tJO 
kW) to be applied to the individual waveguides . A density of ~e = 6 x tol2 
cm- 3 was then chosen in order to obt a in a stationary current drive <ioH RF 
• 0) in the case of the reference spectrum C t. ' 

lAcademy of Sciences, Leningrad, USSR; 2Assigned to JET J oin t Undertaking , 
England; 3ENEA Frascati, Italy; 4university of Washing ton, Sea t tle , USA; 
SeEN Grenoble, France 
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Figure 2 shows the primary current loH(t) which is necessary to maintain 
a constant plasma current lp before and during the application of LH-power 
with the spectra shown in Fig. 1. The curves are displaced for clarity. We 
recognise that for spectra with an increasing fraction of power at high N. 
~he current drive becomes less efficient, i . e. - ioH,RF increases. The same 
loH RF would be obtained with a smaller amount of power, PR~ Cn• if the 
applied spectrum were the reference spectrum C 1. In Fig. 3 ~e plot the 
ratio P£F,cn/PRF,Cl where PRF,C1 is the power resulting in ioH,RF ~ 0 for 
the spectrum C 1. The LH-driven current scales , as: 

1RF,._ _.M-•g•PRF/;.e ' 
where "'• 1.., 

p .. J 1>(N,. )J /'1, / J 'P(II.)riN. 1 3 .. ( N.,.L IN~ - -1) / (Nu~ .6.. "4. /N.~) 
N•a _..., 

and N .. 2 is de termined by accessibility or the lower N .. -boundary of the 
spectrum /7,8/. We therefore may write: 

PRF,~n/PRF,Cl c <r·g)Cn/~· g)Cl ' 

The factor ~·g) depends of course on the choice of the spectrum boundaries 
N .. 2 and N-1· The two lines in Fig. 3 show the calculated ratio 
Cps>cnlif!g)c1• For line a we chose N .. 2 * N-acc • 1.5 and the upper boundary 
N.t was 

H.4 ob 

determined by r a J P(N .. )dN .. / J P(N .. )dN .. • 0.97. For line b N .. 2 was 
c> 0 

either N .. z • N .. acc • 1.5 or determined by r • 0.1 and N .. t was determined by 
r • 0 .9, thus shifting N.2 to values greater than 1.5 for the spectra C 7 
to C 13. We see that in the experiment the current drive efficiency is 
always greater than in the calculation b, while for calcula tion a this is 
true only for spectra C 3 and C 5, but less than calculated for C 9 to C 
13. From this we conclude that in using the above equation for g, which is 
derived for a rectangular power spectrum /8/, we overemphasise the high 
N,.-part of the spectrum while the low N. -part is more efficient with 
respec t to current drive. To describe our experimental results in more 
detail we would thua need instead of the function g a function which does 
not only depend on the boundaries N .. 2 and N .. t of the spectrum but also upon 
its shape. 

We further observed that the signalJ\+1 as deduced from the equilibrium 
field depends remarkably upon the applied spectrum. As an example we show 
in Fig . 4 the difference betweenA+l a .o~qu . + li/2 and .ot (from the 
diamagnetic loop) . This difference changes when LH-power i s applied due to 
the wave generated anisotropy in the electron velocity distribution, 
.O~qu. - .oL which occur s on a fast time scale and is positive, and also 
because o¥ a slowly decreasing li• The dependence of li as a function of 
the applied s pectrum i s shown in Fig. 5 for the set of spectra shown in 
Fig. 6. We see that - .6li increases with increasing power in the high N.,­
part of the spectrum. This has also been observed in a phase scan where the 
shape of the spectrum remains roughly constant but the mean value (N .. ) is 
shifted from 2 to 4 with a directivity dropping to zero. The change in li 
is thus not only related to the amount of rf-driven current, but also to 
the s hape of the spectrum, and the maximum ~li does not coincide with a 
maximum current drive efficiency. This suggests that the higher N.-part of 
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the spectrum is absorbed further radially outward than the low N.-part. The 
generated current density profile depends on the choice of the spectrum, 
and is not only determined by the direct rf-driven current, but also by an 
rf-modified conductivity profile due to bulk heating or suprathermal 
electrons. 

We should also note that while li is decreasing additional power from 
the decreasing poloidal field energy is available in the plasma, leading to 
a further reduction in the loop voltage. 
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BEAT- WAVE CURRENT DRIVE 

J . T. MENDON({ A 

Centro de Electrodinamica, Ins t itute Sup erior Tecnico 
1096 Lisboa Codex, Por tuga l 

1 . Introduction 

I n recent years , a nu mbe r of theoret i cal paper s and 

experimental results have shown t hat it was pos si bl e t o gen~ 

r ate steady - state current s i n toroidal discharg es , by electron 

Landau damping of lower hybrid waves . Various other schemes 

have also been proposed , includ i ng electron- beam injection and 

the use of other kinds of waves in the radio-frequency ranges . 

A different approach to thi s pr oblem is considered in the 

present work . Here we s tudy the nonlinear excitation of an 

e lectrostatic mod e of the plasma , by the beati~g of the high­

- freque nc y electromagnetic waves . The subsequent interaction 

of the electrostatic osc i l la t ions with n early resonant part1 

c l es can lead to a c urrent . The frequencies of t he t wo be~ 

t i ng waves can be c h ose n heigher than any r esonant frequency 

of the pla s ma, i n order to a void the accessibility proble ms 

which a ppear in the lower h ybr i d scheme . 

We pr esent the r esu lt s of both fluid and kinettc calcu l~ 

tion s . The plasma flu i d mode l can he u sed to estimate the 

sat uratio n ampl i tude of t he excit ed wav es . Wi th the kinetic 

descr iption we can de r i ve a cl osed set of equations , descri 

bing th e evolution of t he e l ectrostatic wave amplitude and 

the slow modification of t h e part i cle distribution functions . 

2 . F luid model 

We assume an infin ite a nd homoge n eous plasma , i n the 

presence of a stati c mag netic f i eld B = B z, subjected t o t h e 
- 0 0 

.. 
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action of two high- f r equency electromagnetic waves , described 
by the fields: 

+ + ~ (•+ + . ) Ej(r , t) = 2 aj exp 1kj , r - 1wjt + c.c. (1 ) 

where j=l , 2 and aj are the unit polarization vectors . We assume 

that the linear dispersion relations D(wj , kj)=o are satisfied 

and that the two waves a r e beating ressonantly at a frequencia 

w=w1- w2 , which is nearly equal to the freq uency of some e i ge n­

- osci l lation of the plasma. In t his case, we ex pect that 

the ponderomotive force induced by the t wo waves (1) wi ll dr i ve 

plasma oscillations wi th growing amplitude. If collisions are 

taken into account , this amplitude wi l l saturate at g i ven l evel. 

The simplest way to describe the beat - wave excitat ion 

and saturation is using the hydrodyna mic equations for the 

electron and ion fluids , together with the Poisson equation for 
the electrostatic field E. If we look for a forced solution of 

these equations of the form 

(2) 

+ .. + 
where k=k1 - k2 , v is the i nverse of the saturation time and na 

the electron (a =e) and ion (a=i) density fluctuations , we can 

easily obtain: 

n k.p 
N =- -2 ( r + ____ a) 

a 2v a w-iv (3) 

where ra and Pa are t he ponderomotive terms appearing in the 

equations of mass and momentum conservation , respectively. 

Let us consider, as an exemple , the beat-wave excitation 

of electron-plasma oscillations by two electromagnetic waves , 

propagating along the magnetic field lines. Eq . (3) then leads 

to the following saturation amplitude for the plasma oscill~ 

tions : 

* wlk2 ~ 
2 E

1
E2 k w2kl 

N .!!. ) (4) e 2ve m w1w2w wce-w2 wce - wl 
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A detailed exploration of eq. (3) can give us some 

information about the most convenient configurations for beat­

-wave current-drive / 1/. Further deve lopment s of the fluid 
model can include nonlinear saturation effects and oscillation 

breakdown /2/. 

3 . Kinetic model 

A further step in the theory is to consider a self -consi~ 

tent description of wave - particle interactions , in the frame of 

the usual weak-turbulence theory. The saturation l e vels of the 

excited oscillations are determined by quasi -linear pr ocesses 

which lead to current drive. 

It can be shown /3/ that the evolution equation for the 

zero-order distribution functi ons foa ' takes the form: 

( 5) 

;;t; + ,. 
where ~B(k) and f

0
a(k) a r e the Fourier components of the 

electric field and the corresponding distribution function for 

the electrostatic beat wave . They are determined by the quasi ­

-linear equations , which can be solved by using a mu ltiple time 

scale technique. We can also replace the phenomenological 

collision frequency va by the rate of collision drag due to 

binary collisions between r esonant and non-resonant particles . 

A steady- state solution is then derived, which is equivalent to 

that obtained by Fisch for the lower-hybrid current-drive . The 

main diference is that , in the beat-wave case , the diffusion 

in phase space is determined directly by the intensity of the 

incident electromagnetic waves , and not by the intensity of the 

electr ostatic oscillations. 11 we now apply these results to the 

case of two beating co2 laser beams , with a typical i ntensity 

of 1011 W/cm2 and assume typical Tokomak parameters (n =l014 cm-~ 
0 

Te= 10 KeV) we see that a current of . 1 (e n
0 

Vth) can be driven 

in agreement with previous simulations . 

With respect to the other curr ent -drive schemes, the 

method described here has the advantage of being i nsensitive 



~6 

to acessibility limitati ons and to allow for very localized 

effects , which can be useful for current profile control . But 

it also has the desadvantage of being a nonlinear or second­

- order effect and to require two different sources of radiation . 
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AN ICRF CURRENI' DRIVE EXPEJU!IDIT ON JIPP T- IIU 

R. Ando, E. Kako. Y. Ogawa. T. Watari, 

Institute of Plasma Physics. Nagoya University, 
Nagoya 464 . Japan 

In JIPP T-IIU tokamak the fast wave current drive with five loop 
antennas has been successfully carried out at a relatively high density 
plasma (w~/w~. "'" 5 ) . The RF frequency is 40 MHz and the toroidal field is 2 
kG , which corresponds to w = 13wcH . To exclude the effect of the inductive 
field, the plasma production and the start-up of the plasma current have been 
done with ICRF wave only~ The density and temperature of a plasma produced 
by the RF wave are that n. "'" 2 xi018m-3 and r. "'" 10 eV, where only the fast 
wave can propagate excluding out the possibility of a slow wave current 
drive . This density is two orders of magni tude higher than the density limit 
predicted for the slow wave current drive. 

The maximum plasma current of 3.5 kA is driven with the rf power of 
about 400 kW. The efficiency n=Ipll./ P,1 is around 2xl016 A · m-3 /W, which is 
two orders of magnitude l ower than that of recent lower hybrid current 
drive. We have observed t he clear dependence of the current drive efficiency 
as a function of the phase di fference 6~. When antennas a re phased with 
6~ = ~/4. t he maximum efficiency i s obtained . A calculation shows that the 
wave spectrum is then peaked around Nn "'" 4 . However, a large MHD 
oscillation is observed . although the safety factor Qa is about 10 or more. 
The relatively low current drive efficiency observed will be attributed to 
the l ow electron temperature. 

1. Introducti on : The development of non- inductive current drive is one of 
the key issues in the investigation of tokamaks and t he lower hybrid slow 
wave current drive is the only successful means discovered so far ( I ,2] . 
Its density limit , however, makes its prospec tives very bl eak , and various 
alte rnative candidates have been proposed and discussed in the design work of 
DEMO reactor (3) . The current dri ve experiment presented here bel ongs to 
high speed magnetosonic current dr ive. Here. rf frequency is chosen much 
higher than the ion cyclotron frequency with a plasma dens ity high enough not 
only for a fast wave to propagate, but also for a slow wave to be pushed away 
behind the l imiter . Any mode conversion processes from fast to slow wave 
could not . therefore, occur either because of the na tural density fluc tuation 
of the plasma or the ref l ection at the vaccum vessel wall. With s uch 
conversion mechanism of any small rate, a sizable effect will be brought 
about because t he wave absorption mechanism for a slow wave is much stronger 
than that of a fast wave . To avoid the possibility of the s low wave current 
drive, the following inequali ty is, t herefore . requried , 

. 2 w2· w2 < WfJI (edge ) = ::c 2 I edge 
I + / Wee 

( I ) 

where all quantities are refered to at t he edge of the plas ma. 
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2. Experimental R~: The experi~ent vas conducted on JIPP T- IIU 
tokamak (R/a = 0 .91m/ 0.23m ) with the rf frequency of 40 MHz. The toroidal 
field is as low as 0.2 T so that the rf frequency is high enough to avoid the 
wave to couple with ions. This frequency corresponds to the 13 WcH . Inside 
the vacuum chamber were installed five loop antennas side by side for the 
fast vave curren t drive. The phase differece A~ between each antenna el ement 
i s continuously variable . Figure 1 shows the wave Nn- spectrum calculated 
using an three dimentional vave excitation code, which i s an improved version 
of that written by Messiaen et al . [4) , allowing arbitral plasma density 
profiles and multi -antenna array. We can see from Fig. 1 that the vave 
energy is neatly shaped around N1 =7 when the relative phase difference at 
each antenna i s A~=~/2. 

The plasma is lit by rf i tself with a filling pressure of (2--.4 )x 10-4 

torr. Figure 2 shows signals of a typical discharge, where the plasma 
current of 3.5 kA is ramped up with the rf power only. The r f pulse shown in 
the bottom picture i ndicates a pover level around 300 kW with a pulse length 
of about 30 ms . It takes about 7 ms after the turn on of the rf to break t he 
gas into a discharge. When the plas ma is fired, there occurs a sudden 
increase in the antenna loading followed by a gradual increase of plasma 
current l p. The one turn voltage Vt is negative when t he cur rent rises and 
positive when it fal ls . The plasma density sustained by the r f is about 
2x 1018 m-3 , which is high enough to make fast wave propagate, and t o satisfy 
the inequality given by eq . (1) . Here , the primary winding of the Ohmic 
transformer is s hort-circuited in order to mi nimize the energy stored i n the 
iron core . The s ignal s of the magnetic proble show that the plasma is kept 
in the center of the vaccum chamber during the discharge. 

The relative phase angle between f ive antenna array was changed i n order 
to obse rve vhether the current driven in these experiments i s due to 
wave/ plasma interaction or not. It is important to excl ude out possible 
equilibrium cur rent. Theories demand that the current should be driven in 
the direction to which the wave is emi tted, e ither because of the momentum 
input or caused res istivity anisotropy. The direction of the current is 
found to be primari ly de termined by that of the vertical field. The plasma 
current driven by t he rf is plotted i n Fig. 3 as a function of the phase 
difference A~ for different direct ion of t he ver tical field. When the 
vertical f ield is pointi ng upwards (downwards ) , the current f lows cl ock-wise 
(counter-clock- wise ) and best efficiency is obtained around ~=rr/4 
(~=-x/4 ) . The results of these two cases are consistent to the theoretical 
expectation . whe re the wave gets i ts best clock- wise directional ity with 
~rr/2 and counter-c lock wise directional i ty with A~=-rr/2 . Quantitatively , 
however , the best current dr i ve eff iciencies in the experiment are obtained 
with a littl e shallower phasing angles than ~=± rr/2. This may be explained 
in terms of the Nu- spectrum of the launched wave . In Fig. I wave 
N,- spec trum is compared for the two cases A~=;r;2 and A~x/4 , where 
experimental parameters are used in the computa t ion. Obviously the wave has 
the peak at a l ower N1 for A~ir/4 case than that of IJ.'(Frr/2 case. Since the 
wave couples to faster el ectron with a l ower Nu . the current drive 
ef ficiency could be bette r with a shallower phasing than IJ.'(Fn/2 . 

The dependences on the rf pover and the plasma density have been 
examined . Figure 4 s hovs the pover dependence of the dr iven current , whe re 
plasma densi ty is fixed to 2 x 1018 rn-3 . The cur rent drive efficiency 
11=lpli,! P,1 is r ead out to be around 2x 1016 A· m-3 /W which is two orders of 
magnitude l over than that of conventional LH cur ren t drive . It may be 
attributed to the l ow ~lectron temperature; because this exper iment is a 
start· up expe riment , electron t emperature is l ow if r adiation barrier is not 
broken through. It vas es t ima t ed to be around 10 eV f rom the t ime evolut i on 

J 
j 
I 
I 
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of several visible impurity lines. 
With lp=3 kA which yields safety factor Qa around 10 or more , the plasma 

should have enough rotational transform for good partic le confinement . Thus 
the plasma is expected to exceed the radiation barrier with the power level 
as high as 200 kW. The reason for this low electron temperature (Te """ 10 
eV) is in the MHD instability . There is no adequest theory for explaining 
this instability with a safety factor q0 as high as 10 and a Reynolds number 
as low asS = 2.1 x l 04 . A possible conjecture is that the instability is due 
to the evolution of the plasma parameters ~ and Q0 violating the range 
allowed by the Murakami's empirical l aw (1/qa·Br/ n.R """ 0.7 T/ m-3 -m ) . 

3 Discussion and Summary: The merit of an ICRF current drive is in its 
nature of density limit free. Experiments in LHCD quotes an empirical law 
w~/c.>~e"- 1 as density limit. This value is as high as 5 i n our experimental 
conditions. demonstrating that this new regime has nothing to do with the 
density limit as observed in the LHSWCD. According to the model proposed by 
Wegrowe et al. [5) , the density begins to be limited when the coupling of 
the wave with ions sets i n . This gives t he formula for the critical densi ty 

I _ 4.39 ( 
0 

I , T; ) _ 10.3 
(n.,/ 1020 ) - tz <GHz ) + ·"A(T. Bf ' . (2 ) 

where a is a value around unity . This equation yields the densi t y limit 
about 3 x 1016 m-3 with relevant plasma parameters on the right hand side . The 
plasma density in our experiments is 2 x 1018 m-3 far exceeding the value 
predicted for LHSW current drive. 

In conc lusion, we have demonstrated the fast wave current drive at 
c.J "- 13 c.lci with a relatively high density plasma c.>~/~c """ 5, which is two 
orders of magnitudes as large as that predic ted by the LHCD t heory. The 
maximum plasma current is 3.5 kA with the rf power of 400 kW , and the 
efficiency is much lower than that of the present LHCD. This low efficiency 
seems to be attributed to the l ow electron temperature (T. ""'- 10 eV). because 
of t he onset of MHD instability. The amplitude of the induced cm·ren t 
depends strongly on the phase difference, and the maximum efficiency is 
achieved at 6.<p """ n/ 4 (N1 """ 4 ) . 
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Figure Captions 

Fig. 1 The wave spectra of the five antenna array for (a ) 6~=~/4 and (b) 
6~=x/2 , taking the plasma/ antenna coupling of the fast wave into 
account . The wave spectrum peaks at a lower N1 for a shallower 
phasing angl e . 

Fig. 2 The time evolution of the plasma current, one turn voltage and the 
programmed vertical fiel d , wi t h P,, = 300 kW. 

Fig. 3 The plasma current lp versus 6~. where 6~ is the relative phase 
difference of two antennas next to each other . The plasma current 
flows clock-wise (counter-clock-wise ) for the solid (broken ) line, 
when the di rection of the vertical f ield is upwards (downwards ) . 

Fig. 4 The power dependence of t he driven current l p as a function of the 
injected rf power P,, 
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Abstract 

As a basis for investigating the possib i li ty of controlling current 
profiles in JET we present a short analysis of transit t ime magnet i c 
pumping of electrons by fast magnetosonic waves above the ion cyclotron 
frequency. 

1. Introduction 

The "profile consistency" observed to limit the per formances of addi ­
tionally heated tokamak discharges stressed the interest of decoupling 
the i r temperature and current density profiles. 

The fast magnetosonic wave has been consi der ed as an att racti ve 
candidate for non-inductive current drive /1-2/ . Unlike the slow wave in 
the lower hybrid frequency range, it has indeed the potentiality of being 
eff icient at high density and high tem~erature. Interaction with the bulk 
of the electron distri bution in the centre of the discharge, although not 
the most efficient, would provide the required a bsor ption of the Rf power. 
I n particular the fast wave could be very well suited f or driving a 
reverse current in the central hot and dense plasma of large tokamaks , 
with the hope of s uppr essing " sawteeth relaxations" 131 . 

A mode convers i on current drive scheme near 3 two- ion hybrid 
resonance (Bernstein wave cur rent dr i ve) has been proposed/~/. As an 
alter native , we s ha l l concentrat e i n t his paper on direct electron current 
dri ve from the high f requency Al f ven wave itself. We shall draw some 
pr eliminary conclusions with respect t o wave absorption by t he electrons , 
bearing in mind that ot her l oss channel s s uch as absorption from ions at 
harmonics of Oci or f rom high ener gy f usion products will have to be 
avoided or over come . 

2. Electrodynamics of the fast wave above the ion cyclotron frequency 

We consider frequencies such that o'ci < w' < Oci O~e and densities 
higher than the lower hybrid r esonance density (w'pi>> w ) . The wave has 

both electrost a t ic and electromagnetic components , ie. ~ • - ~ ~ - V~ , 
its electric field is mostly perpendicular t o the equilibrium magnetic 
f ield B0 and its magne tic f ield S parallel t o S0 . Parallel c urrents exist 
due to a small parallel electri c field but also to t he bulk ~VB f orce 
exerted on the electron fluid. This f orce is the only thermal eff ect 
taken i nto account. Solving Maxwell's equations within these assumptions , 
one obtai ns the f ollowing results: 
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- at densities such that w i »··• onl y the fast branch propagates and 
there i s no problem of accessibiYity up to a few harmonics of Oci ; 

near cutoff the wave has all the characteristics of the r ight 
hand~d circularly polarized whistler mode and then transforms itself into 
the high frequency Alfven wa ve (HFAW), n • "A: wp i loci ' at almost 
perpendicular propagati on. 

- if ao is along dz , ~ i n the Oxz plane and if tt i s the angle 
between k and Ox we find t he f ollowing polarization for the HFAW : 

AY. • - jnA ~ COStt Ocilw, Ax << Ay , Ey • j k0 Ay , Bz • j k0 nA Ay 
costt anti Ex= -j k0 nA ~ costt ; 

the energy density carried by the wave is mostly i n magnetic and 
ion kinetic energy and can be expressed as 

W • Wm • w1 • 2Wm • B~l~0 • 0 . 5 "ere se Je~lre J ' where Be is the 
usual ratio of elect ron pressure to magnetic pressure. 

3 . Interaction of t he fast wave with electrons : TTMP vs. LANDAU DAMPING 

Both parallel ( - eEII force) and perpendicular ( - ~VIIB force) electric 
fields act upon the pa r allel velocity of the guiding centre of the 
electrons. However, unlike ions in TTMP heating, electrons see opposite 
forces and the interac tion vanishes at some critical perpendicular energy 
WLcrit' Because the parallel electr i c fi el d adjusts itself so as to give 
a zer o net f orce on the bulk electron fluid (in the limit of zero electr on 
inertia and w i >> w) we expect thi s critical energy to be near the 
thermal energ~ of the bulk electrons. TTMP diffusion will t herefore be 
most efficient on electron tails havi ng perpendicular energies a few times 
above thermal . 

Our detailed calculations show that the total f orce appl ied on the 
guiding centre is 

2 
F11 a j k0 e ~ n11 ~ 

ce ci 

so that the cri t ical energy defined above is indeed 
Wlcrit • <Wl> + me' w'lw' i 

where <WL> is the average perpendicular energy oP the electron flu id 
(<WL> •T ) . It is to be noted that at high density and low frequency 
(50 ~1Hzj W lcrit is indeed near Te whereas at higher frequenc ies (800 MHz) 
it I s much larger so t hat Landau damping is the dominant absorption 
process (cf . Fig. 1) . 

From the expression of the t otal force given above , it is straight­
forward to obtain t he quasil inear diffusion coeff icient and the 
corresponding damping rate. We ass ume a Gaussian distribution in kll 
space for t he wave energy density and , after s ome algebra , we find that we 
can approximate the di f f usion coefficient by the following expression: 

( 
n1 I - n1 10 ) 

2 J 
lln/1 

where n11
0 

i s the peak parallel wavenumber and 6n11 the half wid th of the 
spectr~m . The thermal velocity vte is defined by Te = ~ mv'te and 
Je~ITel ' is r e lated to the average wave energy density W by the expression 
given at the end of the precedent section . 

In high temperature plasmas and at moderat e resonant velocities the 
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Maxwel lian distribution will not be much distorted and we find the 
following damping rate for the wave energy: 

2Y - dW/Wdt ~ (/w/~) w Be xe exp(-xe'l 

where xe • w/k;;vte· 
[ (

w
2 

me' )
2 J 1 + Wpiz • or;-

~. Absorption of the fast wave and steady state current drive 

The results sketched above have been inserted into a Fokker-Planck 
code developed at Culham /5/ . For a given energy density, le . a given 
maximum diffusion coefficient , we obtain the steady state current density 
and absorbed power density and we compute the corresponding absorption 
length Labs - vA/2Y- vAW.(dW/dt)- 1

, where vA is the Alfven velocity. 
Future calculations will i nclude trapping and relativistic effects which 
may reduce the current drive efficiency. 

An example of electron distribution that we obtained is displayed on 
Fig. 2 and it is clearly seen that substantial distortions from Maxwellian 
distributions take place at high perpendicular energy. 

Fig. 3 s hows the absorption lengths resulting from high power (- 0.1 
MW/m') quasili near interaction , as a function of Be and Te. It is clear 
that high Be values (~ 5~) and bulk interaction will be required if the 
wave is to be absorbed in a few passes. In this respect, the advantage 
that the centre of the plasma is accessible to waves with relativistic 
phase velocities along the magnetic field may turn out to be of little 
pract ical interest. 

Nevertheless, as shown on Fig. ~. current drive based on bulk 
electron interaction seems feasible in JET with efficiencies (n • j/2wR 
Pabs l of the order of 0.1 A/W. This i s of the same order of magnitude as 
lower hybrid current drive efficiencies; however, we must emphasize that 
fast wave current drive should occur basically at the centre of the hot 
and dense JET discharges whereas lower hybrid current drive shoul d be more 
peripheral at high temperatures. Both schemes (LHCD and FWCD) seem 
therefore rather complementary as far as profile control is concerned and 
could provide the additional "knobs" t hat one seeks for improving tokamak 
performances. 

Finally, a suggestion for enhancement of the T.T.M.P. absorption 
could be to s tart from a pre-formed non-Maxwellian distribution having 
high perpendicular energy (Y a W~ 2 ). Slide-away discharges or synergia 
effects from combined lower hybrid and fast wave current drive could for 
instance be beneficial . 

Acknowledgments 

We are deeply i ndepted to M. O'Brien , M. Cox and D.F.H . Start for use 
of their "BANDIT" Fokker-Planck code and for frui tful discussions. 

References 

/1/ F.W. Perkins , in ORNL/FEDC-83/1 , Oak Ridge , 1983 
121 D. Moreau and C.M . Singh , in " IAEA Technical Committee Meeting on 

Non-Inductive Current Drive i n Tokamaks" , Culham, 1983 
131 H. Hamnen and J.A. Wesson , private communication 
/4/ J. Jacqui not , Erice Course on Tokamak Startup , Erice , 1985 
/5/ M. O' Brien, M. Cox and D. F.H. Start , paper submi tted to Nuclear 

Fusion, 1986 



1•50MH.t 

T.T.M.P' 

~ Quasilinear diffusion 
coefficient versus perpendi­
cular velocity at high (Landau 
damping) and low frequency 
(T .T. ~I.P.) 

r.-6t.ev 
''o~~-~--~--~--L-~.~~------~ 

e,.,/re 

~ Absorption length versus 
ratio of peak resonant energy to 
electron temperature (Eres/Te) for 
Be • 2. 5% and 7.5% , and forTe~ 
5 keV and 15 keV. Other parameters 
are 80 • 2 . 2 T. , f • 50 MHz, 6n;; 
• 0.5 and H2 plasma 

424 

~Electron distribution con­
tours for B0• 2. 2 T. , f • 50 MHz, 
re - 5 keV, ne • 1.8 x 1020 m-• 
(Be • 7.5$) in a H2 plasma . The 
wave spectrum is Gaussian with 
n;;0 • 2.9 and 6n// • 0.5 

~Ww) 

<>o•o.!----cL-~----!----'---:!•:----!---..J 
e,.,lr. 

~Current drive 
efficiency versus Eres/Te. 
Same cases as for ~ig . 3 
i .e. Be • 2.5% and 7.5% 
and Te • 5 keV and 15 keV 



425 

ION CURRENT DRIVE USING ICRf AND COMBINED ICRf/NBI 

H. Hamnt§n* 
JET Joint Undertaking, Abingdon , Oxon ., OX1q 3EA , UK. 

*On attachment from Chalmers University of Technology, GOteborg, Sweden. 

Introduction 

Among the various proposals to drive non-inductive currents in tokamaks are 
suggestions to use radio frequency current drive in the ion cyclotron range 
of frequencies . In the so-called minor lty regime, this could be done by 
heating a thermal minority ion species [1], or by heating a neutral beam 
injected minority species [2] . 

In the original proposal by Fisch [ 1] , of current drive using minority ions , 
only a qualitative estimate of the current drive efficiency was done. In the 
subsequent papers (3 ,q), analytical studies based on the fokker-Planck 
equation were carried out , for thermal and injected minority ions 
respectively. 

In this paper, we will report on a numer ical study of the cur rent drive 
efficiency for these two schemes . Only the current carried by the minority 
ions will be included, leaving aside possibl e currents in the electron 
species. Electron currents could be created e'lther by direct interaction 
with the wave through Landau- and transit-time damping , or as a "return 
current", resulting from momentum transfer from the minority ions. 

For the calculations presented here, the effects of toroidicity on the 
particle motion along the field lines will be neglected. The fokker-Planck 
equation for the minority ions then read3 : 

~ • C(f) • Q(f ) + S 
at 

(1) 

Here C(f) is the collision operator which has been derived assuming 
Maxwellian distributions of equal temperature for the background species, and 
using a linearised operator for the self-collisions (5). further Q(f) is the 
Rf- operator , using the quasi-linear approximation [ 5), and S is a narrow 
Gauss ian source function representing neutral beam injection . Also included 
in S is a low-temperature Maxwellian sink, with loss rate equalling the 
injection rate. 

for the wave-particle interaction we will use the 

1 a ( Q(f) • -- vJ. D
0 

f(v,) 
v ... av ... 

equation; 

af ) 
av .... 

Here D
0 

is a constant, dependent on the electrical field strength. 
we will use the simple model; 

F(v,) • exp - ( v,w- vo)' 

(2) 

For f(v,) 

(3) 
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Numerical Results and Discussion 

The scaling given by Fisch [1] , for the minor i ty ion cur rent drive is 

J. T 
P ne 

where j is the current density and P is t he power dens i ty . 

(q ) 

The results presented here have been calculated using the 2-D finite-element 
code BAFIC , [6) . We have used one single set of plasma parameters. For the 
ion species we have chosen hydr ogen minority ions and deuterium background 
ions , with Zeff • 1 , re · Ti D 8keV and ne • 5 x 1019 m- •. Throughout, the 
minority ion species concentration has been set at 5~. For the NBI cases , 
the inject ed power density has been set at 0. 1MW/m' and t he injection point 
corr esponds to a pi tch angl e of 15°. 

Shown in Fig . 1 is the efficiency of t he pure I CRF scheme for three different 
interaction velocities v0 vs absorbed power density , using a velocity space 
inter action width w • 0.5vth · For Interaction velocities v0 ~ 3vth it is 
difficult to achieve good numerical convergence. In spite of low power 
absorption (< 5kW/m') , very long high-energy tails are produced . Since the 
current drive is critically dependent upon the variation of the collision 
frequency , the best efficiency is found if the particles stay i n a region of 
velocity space where this variat ion is strong. Being pushed too far out i n 
the tail , electron collisions start to dominate and t he collision frequency 
becomes a lmost constant. Thus , it seems to be diff icult to achieve the 
optimum e ff iciencies predicted by Fisch (1) , wh i ch occur for v0 - 5vth ' wi th 
the high power levels expec ted in forthcoming experiments. 

By tuning the wave to a neutral beam injected species, one may hope to 
overcome this draw- back , simply because there are now more particles in the 
optimum interaction zone , implying less power per particle. That indeed this 
scheme has a much more favourabl e scaling with power is illustrated in Fig.2, 
which has been calculated setting the velocity space interaction velocity v0 
(Eq.(3)), equal to the NBI i njection velocity. 

Both schemes are compared in Fig . 3, again using a very low RF power 
absorption (- 1k~l/m ' ). Al so shown Is Fisch ' s qualitative estimate [1). 
Sur pris i ngly good agreement i s found . However , as noted above , raising the 
RF-absorption for t he pure I CRF scheme , the peak ef f ic i ency drops 
drastically . 

The efficiency for combined ICRF/NBI is shown in Fig. q , for different values 
of the velocity space inter action width w (Eq.(3)) , again setting the 
velocity space interaction velocity v

0 
equal to the NBI injection velocity . 

It is interesting to note that also with homogenous RF- i nteraction i n 
velocity space (w • ., in Fig . q) , there will be consider able currents 
resulting f rom this scheme. 
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Conclusions 

The current drive efficiency 

211R 
• J. 

p 
(A/W) 

has been evaluated for pure ICRF minority heating and f or combined I CRF/ NBI 
(where for the latter scheme j/P denotes the incremental eff ic iency 
associated with the RF-interaction). For low RF-power , the effici encies for 
both schemes agree well with Fisch's qualitative estimate [1 ] . The pure ICRF 
scheme, however , has a very strong power dependence , the efficiencies 
droppi ng dramatically for realistic power densities. Thi s power dependence 
is much less pronounced for the combined scheme. 

Using typical JET discharge parameters, i t is found that currents of the 
order of 2-~MA could be driven with the planned ICRF- and NBI-capaci ty. 
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Figure Capt ions 

Fig.1 Current dr ive efficiency vs. absorbed RF-power density for the pure 
I CRF case: a) v

0
• vth ' b) v

0
=2vth and c) v

0
•3vth' The velocity space 

interact i on width w•0 . 5vth' 

Fig . 2 Current drive effic i ency vs . absorbed RF power density for the 
combined ICRF/NBI case : a) v

0
=5vth ' b) v

0
· 2vth and c) v

0
·3vth ' The NBI 

i nject ion ener gy is 80keV and w=0. 5vth' 

Fig.3 Current drive efficiency vs . velocity space interaction veloc ity for 
the two cases . The dashed cur •1e shows Fisch's estimate , (1] . The 
absorbed RF power density was kept very low (< 5kW/m') . 

Fig . ~ Current drive efficiency for NBI only and the incremental effic iency 
for the combined case (for t hree different choices of interact i on 
width ) , vs . NBI injection velocity (v0 ·vinj) . 
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<abstract> During lower hybrid current drive, changes in amplitude and phase 
of reflected signals at the waveguide grill, and also decreases in t he edge 
plasma density measured by double probes are monitored. The influence of 
plasma density and its gradient at the gri ll mouth on the coupling between 
waveguides and plasma are investigated by a simplified linear gril l theory 
based on a step plus a ramp density model. It is confirmed from the compari­
son with the theoreti cal analysis that change in waveguide coupling during 
current drive is mainly caused by reduction of·density in the scr ape-off 
plasma. 
I. INTRODUCTION 

It has been recently observed t hat t he l ower hybrid current drive 
( LHCD ) by the slow wave of which the r efractive index Nr along the magnetic 
field is relatively small ( ~ l- 2) l ed to a considerable decreasel ,2) in 
the density of the scrape-off layer, but the influence of the density drop 
to RF coupling was not studied. In this paper, we describe the effect of the 
LHCD on the coupling properties which is observed in the JIPP T-IIU tokamak . 
We show the detailed comparison with the numerical analysis based on the 
simplified f ormulation of the grill theory in which the step plus ramp 
density model3 • 4 > is adopted for edge density profile at t he waveguide 
mouth . 

The simpl ified theory is derived by extending t he method discussed by 
Pacher5 > to the case of arbitrary dens ity nwrd at the waveguide mouth . Here 
the higher order evanescent modes and an i ntermediate medium as the vacuum 
between the mouth and plasmas are neglected. Acco rding to the theoryJ> , good 
coupling is achieved by satisfying the equation nwrd ~ nc o I N,Z-1 I , wher e 
nco is t he density corresponding to the slow wave cutoff. The r e lation 
indicates t hat the waveguide array should be movable in order t o minimize 
the ref lected RF power for the waves with Nz determi ned from a given phas­
i ng. 
11. RXPRRIMR?ITS AND DISCUSSIONS 
( a ) RF Meas~ts 

Each high power RF amplified by two klystrons is divided by the magic-T 
and fed to the four-waveguide grill. The RF frequency is 800 MHz ( nco = 
7.9xl09 cm-3 ). Each waveguide mouth with the c ross section of 3.5 cm in 
width and 247 . 6 cm i n height is separated by a 0.5 cm septum. In order to 
control phasing between the waveguides t hree phase shifter s are installed 
and in order to maximize t he grill coupling the waveguides i n bellows is 
movable . The conventional directional couplers on t he WR 975 waveguides are 
mounted to measure the for ward and reflected power . 

Forward and refl ected phases of RF with 800 MHz are monitor ed as t he 
following: each picked-up signal at the four special directional couplers 
developed by one of the authors6 > is mixed wi th the RF from the local 
oscillator with ~ 799 MHz. The beat s ignals wi th ~ 1 MHz from t he I F output 
in the mixer s are applied to synchroscopes, where the beat signal related 
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to forward RF in the first waveguide is connected as a reference to the 
external trigger input of synchroscopes. Here, in order to make monitoring 
clear, a ramp signal triggered at RF switched-on time is superposed on the 
each beat s ignal , and beam intensity of synchroscopes is modulated with the 
gated 200 Hz rectangular wave triggered at the same time. We can measure the 
phases of forward and reflected RF in the each waveguide at interval of 5 
msec . 
(b) Results and Discussions 

Time evolutions of plasma parameters during LHCD are plotted in Figs. 
l (a) and (b) for relativ~ly low RF power Prr ( = 78 - 40 kW) and for phasing 
between the waveguides A ~ = 1C / 2, where RF power is injected into hydrogen 
plasma at Bt = 26 kG. After RF is applied at t = ll2 msec, loop voltage VL 
drops to -0 . 2 volts, and decreasing rate of the plasma current Ip reduces, 
where small inductive field resulted from LPdip/ dt remains. The position of 
plasma column is well-controlled within 0.5 cm during RF in the horizontal 
and the vertical direction (Fig. l(c)). 

The density D• in scrape-off layer is measured by the fixed three sets 
of double probe located at different radial positions , where probes are set 
90 degrees toroidally away from the grill. The time evolution of n. at r = 
26.8 cm is plotted in Fig. l (f) with and without LHCD. The density decreases 
by a factor of 2 and its time dependence is similar to the waveform of ~ . 

As discussed in the reference of (2), the density drop may results from the 
decrease in the Bohm diffusion coefficient D~ in the scrape-off layer due to 
the vanishing DC field . I t is noted that scale length of density in the 
scrape-off layer and line averaged density D; are almost unchanged by LHCD. 
Therefore, the density gradient near the limiter (r = 24.5 cm) must 
increase. The change in density profile in the plasma edge region may be 
related to the increase in global confinement time7 > with LHCD (= 3 msec to 
= 6 msec). . 

The power reflection coefficients I ilJr I 2 and phases srl{ Ilk for four 
waveguides are shown in Fig. l(g) and (h), where k is a waveguide number and 
the waveguide mouth is positioned at r= 27.0 cm. It is found that the 
density drop in scrape-off layer influences I ilJr 12 and arl{ Rk ( k = l ,-,4). 
Here we transform the observed phase difference between forward and 
reflected signals at the special directional coupler to that at the wave­
guide mouth by using the phase difference between the coupler and the mouth. 

By moving the grill as shown in Fig. 2, we examine the power reflection 
coefficients and phases in two inside waveguides at the RF switched-on time 
for A</> =TC /2 . We compare the results with the simplified grill theory by 
substituting t he experimental values of forward electric .field ( in individ­
ual waveguide) Ok (k = 1,--,4) normalized by that in the first waveguide , 
the density and its gradient on the waveguide mouth which are estimated from 
the measured density profile: 

n ( r) [ cm-3 ) = l.8xlO>Oexp{ - (r [cm] - 27) / 0.69 }. (1) 

In the theoretical model, the mouths of two outside waveguides are connected 
to the wall in the same plane·. However, the grill is protruded · into the 
scrape-off layer from the wall. Thus, t he reflection properties of only two 
inside waveguides which are not strongly influenced by the vacuum wall are 
discussed. As shown in Fig. 2, the experimental results of I ilJr I 2 and arl{ 
ilJr in the second and third waveguides during LHCD agree roughly the theoret ­
ical ones. 

By changing At/>, as shown in Table I, we exami ne the power reflection 
coefficients and phases at the RF turn-on time as f unctions of ~. The power 
r eflection coefficients agree approximat ely with the theoretical values . 
Except for the case of A ~ =0" , deviation of observed phases from the 
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theoretical values are within ± 30• . The reason why both calculated I ~ 1 z 
and nrg & are not the same as both I IQ I 2 and arl{ Jb for 6. (I = 0 and n: 
originates in different Ok (k = 1,-- ,4) in each waveguide, where the largest 
d~viation of~ from the ·averaffe value is about 10%. 

Now we analyse time evolution of power reflection coefficients and 
phases of second and third waveguides . As already shown in Fig. l(g) and 
(h), I Rk 1• and arg Rk (k = 2,3) evolve in time due to scrape-off density 
drop during LHCD. The calculated results accompanying with experimental ones 
are shown in Fig. 3. The RF coupling in LHCD is explained by the density 
change in front of the grill. If we wish to obtain good coupling during 
LHCD, it should be necessary to control dynamically Nz by decreasing 6.(1 so 
as to satisfy 11wld :: nco I Nz2 -l I . 

When the grill was more deeply inserted by 1 cm (r = 26 cm) and RF 
power of LHCD increases up to 120-80 kW in 6. (I =n /2, large changes were 
observed in reflection coefficients and phases of the reflected signals in 
all the waveguides. Especially, the phases during the early time after RF 
switched-on remarkably led as compared with ones calculated with density and 
its gradient (estimated from Eq. (1)) at the waveguide mouth. Possible 
explanation for the above phenomenon is that if the tenuous plasma would be 
produced in the waveguides near the gril l mouth, large changes both in 
amplitude and phase of reflected signals occur as a result of the movement 
of tenuous plasma towards the transmitters >. 
<AckDowleds»eots> The authors would like to express their thanks to all the 
members of the JIPP T-IIU group for their support. One (K.M.) of the authors 
wish to thank Prof. M. Sato for their continuous support. 
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Fig. 1: Typical plasma parameters 
during low power LHCD, where wave­
quide mouth is at r = 27 cm. Time 
evolutions of (a) plasma current; (b ) 
loop voltage; (c) the horizontal and 
the vertical displacements of plasma 
position, 6. h and 6. v, respectively; 
(d) line-averaged density; (e) total 
RF power; (f) density in the scrape-
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off layer (r = 26.8 cm); (g) power OUll.Al10N ~ 

reflection coefficients and (h) phases 026:] ·· 02~ in individual waveguides for 6. tf> = · "' · 
n: /2. Here the dashed curves represent '1r 

111 
?

01 
,_, ,._.---,... 

results without RF. k=2 · ~ 
J 3 

0 0 

Fig. 3: Time evolution of power 
reflection coefficients and phases in 
the internal waveguides with the 
density variation in the scrape-off 
layer during l ow power LHCD for grill 
position at r = 27 cm in the same 
condition as Fig. 1. For the theoreti­
cal estimation, the scrape~off dens ity 
evo lution at r = 27 cm 'is used. 
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ICRF CURRENT-DRIVE BY USE OF PHASE-CONTROL OF ANTENNAS 

a) a) b) c) ) Y. Kishimoto , K.Hamamatsu , A.Fukuyama , S. I.Itoh and K.I t ohd 

a ) . Japan Atomic Energy Research Institute, Tokai, Ibaraki 319-11, JAPAN 
b). School of Engineering, Okayama University, Okayama 700, JAPAN 
c). Institute for Fusion Theory, Hiroshima University, Hiroshima 730, JAPAN 
d) . Plasma Physics Labolatory , Kyoto Univer sity , Uji, Kyoto 611, JAPAN 

Introduction 

ICRP wave has been adopted as a major heating method in toroidal plasma 

and has obtained considerable success. ICRF wave can also drive the current 

by introducing the toroidal momentum using an array of phase-shifted antenna. 

In this paper, we present the global analysis of the ICRF current-drive con­

sidering a whole ant enna-plasma system. We restrict our analysis to the curr­

ent- drive that elect rons directly absorb the wave momentum t hrough Landau 

damping. Within the framework of quasi-linear theory, the Fokker-Planck calcu­

lation is combined to the ICRF wave propagation-absorption analysis. 

Wave Equation 

We employ a one- dimensional model of ICRF wave propagation which includes 

the kinetic effects and the plasma inhomogeneity in the x-direction as B(x)• 
2 2 ~ 2 2 ~ 

Bo/(l+x/R) , ns(x)•(ns 0-n
5

)(1- x /a )+fis' T
5

(x)•(Ts0-Ts)(l- x /a )+T
5

• The 

plasma is surrounded by the vacuum region a<lxl <b and t he resistive wall is 

located at x-tb. The multiple antennas with different phases(6
1

, 62 , •• . ,6N) are 

placed in the z-direc tion a t x•- d in this case(a<d<b) . We assum that t he 

plasma is homogeneous in the y- and z- directions . The wave equation is 

+ w2 + A 
!{X!{XE - -

2 
E • iWIJo{l: j + j } , (1) 

s s 
+ A c 

where J (z; 6
1

, 6
2

, • •• , oN) is the total antenna current. The explicit 

form of the induced current j is given in Ref .[l] . We retai n terms up t o the 
s 

2nd order of kxpi(pi: ion gyroradius) and the kinetic effect parallel to the 

magnetic field is described by the plasma dispersion func t ion. 

Velocity Space Equation 

The evolution of the space- averaged electron distribution function is 

governed by t he equation, 

ate a ate [Of J 
ai: = avz Dw avz + ote coll. , (2) 

wher e Dw i s the quasi- linear diffusion coefficient and (ofe/o t )coll.is the 

Fokker- Planck collision term. Introducing the parallel wave number k
0
=n/R, 

the quasi- linear diffusion coefficient is given by 
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fl I E {x) 1
2 

n n 
{3) (w-k v ) 2+6 2 

n z n 
where En(x) is the kn-th Fourier component of the electric field which is 

obtained by solving Eq.(l) and fln represents the width of each resonance 

zone. All available wave numbers are summed up in Eq.{3). The width of each 

resonance is essential for determining the steady state DC current . We 

assume that the width i s the maximum value between the collision frequency 

and the trapping frequency, fln = Max{ve(ve),leknjEnj/m }. As for the col­

lision operator, a Maxwellian distribution in the perpendicular direction is 

assumed and Eq.(2) i s integrated over that direction. We empl oy the model 

collision operator in a multiply ionized pl asma as 

(~!) z Vo~u [g(u)(~~ + uF)] , (4) 
call. 

4!ff u 2 1 
g(u)• -- G(- ) + --=--~ 
. 4./2 2 3.f'i-rr+ lul 3 

2 
where G{x)=lrrexp(x)[l-~(/K) ] (l+2x)-2/K (~:error function), Zeff·s~ion)Zsns/ne; 

effective ion charge state and u:Vz/ve. The collision operator,Eq.(4), is 

obtained by interpolating the solution between higher velocity region vz>>ve 

>>vi and lower velocity region, ve>>vz>>vi with respect to the electron­

electron collision. The steady state solution is obtained from Eqs.(2) and 

(4) as F(u) • Cexp{-Iu ~du } (5) 
0 l+D /g(u) 

A 2 w 
where Dw{u)•Dw/vove and the constant C is determined from conservation of 

partic l es. The DC current is determined from Eq.(5). 

Numerical Results[2] 

Plasma parameters are taken as follows, R•l.3lm, a•0.35m, d•0.395m, b•0.415 
20 -3 I m, f(-w/2-rr)•lBMHz, B0•1.3T, neo•lxlO m ,TeO(•TDO•T80) • 4keV, ~O ~0•10%, 

~s/ns0 (s•e,D and H)•0.05, simulating the JFT-2Mparameters. 

Figure 1 illustrates the two-dimensional structure of the RP waves. Five 

antennas{A
1 

to A
5

) are set in the high-field- side as shown in Fig.l and their 

phases are given by (O,rr/4,-rr/2, 3-rr/4, -rr). The fast wave excited by 5-antennas 

propagates into the plasma center and the major part of the incident wave 

is mode-converted to the ion Bernstein wave(E- and E -components). 
Ax z 

Figure 2 shows the diffusion coefficient,Dw(u) {a) and the deviation from 

the Maxwellian distrib~tion, oF•F{u) -FM(u) {b) at the radial point x/a•-0.96 

(arrow in Fig.l(c)). The sharp two peaks of the diffusion coefficient due to 
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t~e plasma cavity effect are observed at knR•4 and 5 modes and these waves 

mainly contribute to the power absorption and the current-drive. 

Figure 3-(a) illustrates the absorption profiles of electrons and ions 

averaged over the z-direction and the energy flux. Profiles of the 

induced current and t he normalized efficiency are shown in Figs .3-(b) and (c). 

The major part of the incident wave is absorbed by electrons. About 87% of 

the emitted power is absorbed by electrons and 10% is the wall loss . The ion 

absorptions are very weak in this case. The strong absorption in the central 

region and near the plasma surface is due to the Landau damping of the fast 

wave and the ion Berns tein wave. The ion Bernstein wave damps off near plasma 

surface. Sharp peaks of Pe(x) and J(x) are originated from the peaks of the 

wave amplitude. It is found that the current profile follows the absorption 

profile Pe(x). The total induced cur~e~t, J(:J_: J(x)dx)=26.0kA/m and 

the global current-drive efficiency , J /Pe•0.03A/m are obtained. 

Figure 4 shows the density dependence of the global current-drive effici­

ency in the case of Te0~4keV . Inverse dependence of the efficiency with 

respect to the density is observed . 

Summary 

We have studied the ICRF current-drive by combining the 1-D wave code 

and the Fokker-Planck calculation. We have examined the radial profile of 

the induced current and the global current-drive efficiency. In the medium 

size tokamak , the electron power absorption and the associated driven current 

( plasma surface 

" ,, 
D 

·0.2 0 0.2 0.4-0.4 -0.2 0 0.2 04·0.4 -0.2 0 0.2 0.4 
I (m I llml 1 lml 

la I lbl I cl 

Fig.l Two-dimen"sional s t ruc.ture of the RF waves 
in x-z . plane. 
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RF HEATING AND CURRENT DRIVE EXPERH1ENTS ON THE JFT-2M TOKANAK 

T.Yamamoto , K. Hoshino , Y.Uesugi,H . Kawashima,N.Nori,Y .Niu ra ,N.Suzuki, 
T . Matoba ,A.Funahashi , S . Kasai ,T. Kawakami,T.~mtsuda , H . Natsumoto , 

K.Odajima ,H. Ogawa,T.Ogawa,H.Ohtsuka,S . Sengoku,T.Shoji ,H.Tamai ,T .Yamauchi , 
~1 . Hasegawa* , S. Takada** 

Depart ment of Thermonuclear Fusion Research, Naka Fusion 
Research Establishment, Japan Atomic Energy Research Institute 

Tokai -Mura , Naka- Gun , Ibarak i -Ken , Japan 

ABSTRACT 
The second harmonic electron cyclotr on heating (ECH) of Ohmic-heated 

(OH) plasma or lower-hybrid (LH) current driven plasma i s i nves t igated in 
the J FT-2M tokamak. For the OH plasma , it is shown that the ECH makes an 
appreciable change in the plasma current profile followed by excitation or 
suppression of MHO fluctua t ions through adjustment of the t oroida l magnet i c 
field. I t is also shown t hat for the LH current driven plasma , the ECH 
results in a selective heating of fast electrons at a large down-shifted 
electron cyclotr on frequency, which suggests t o pr oduce high efficient 
current drive . 

INTRODUCTION 
The elec tron cyclotron heating offers a promising approach to modifying 

the r adial profiles of electron temperature and plasma current for OH plasma 
because the ECH can be highly l ocalized . The optimum profile con t rol could 
lead to impr ovement of the ene rgy confinement , achievement of the high beta 
plasma , and pr evention of major disruption (1] . On the other hand, an 
effect of selective ECH of an LH sustained electr on tail is of i n terest for 
improvements of the LH curr ent drive ( LHCD) . The electron heating for 
mildly relativistic energy is the most appreciable method for optimizing the 
ratio J/Pd where Pd is the power per unit volume dissipa ted to s ustain the 
curren t J [2] . 

EXPERIMENTAL SETUP 
The experiments have been carried out i n the JFT-2N (JAERI Fusion 

Torus) tokamak , which has aD shaped vacuum vessel with major radius Ro= 
1. 31 m and an i r on cor e transfor mer . The target plasma has the c ircular or 
D-shaped cross section with minor radius defined by inner or ou ter graphite 
l imit e r in the mid-plane, a. The ECH system consists of two gyrotrons and 
t wo oversized waveguide transmission lines. The rf power is generated by 
Varian gyrotron capabl e of producing 200 kW at frequency fa= 60 GHz for up 
to 0 .1 sec . The rf transmission system consists of single mode sect ions, 
two kinds of mode converters , and a conical horn antenna propagating TE11 
mode. The horn a ntenna, placed outside of torus in the mid-plane , radiates 
t he elec tron cyclotron waves with vertical polarization at the i njection 
angle of 8 • 10° to the perpendicular of the toroidal magnetic field at the 
plasma center . The LH waves are launched by four wavegu ides array which is 
fed by four 0 . 75 GHz klystr ons . The phase dif f er ence between adjacent 
waveguides is set at 90° . The Brambilla rf spectrum is concentra ted be tween 
Nf = l and 4 in the par allel electron drift dir ection . 

On l eave from * Mits ubishi El ectric Co ., *'' Mitsubi shi Electric Computer 
System Tokyo Co .. 
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PROFILE CONTROL BY ECH 
Figures 1(a)-(c) show the time evolution of the plasma parameters with 

and without the ECH pulse for three different toroidal magnetic fie l ds , 
Bt • 1. OB T, 1. 19 T, and 1. 24 T corresponding to the radial positions of the 
second harmonic electron cyclotron resonance (ECR) layer of re = 0.01 m, 
0,15 m, and 0.21 m, respec tively. For these discharges, 240 kW of the ECH 
power was radiated into the circular plasma with a • 0. 27 m and the flux 
safety factor at the plasma boundary qs~3. The top traces in Figs. 1(a)-(c) 
show the envel opment of the MHO fluctuations picked up by the magnetic probe 
which have the poloidal mode number of m= 3 and the dominant frequency of 
fMHD~ 4 kHz. It is observed that the MHD fluctuations are suppressed for 
B t a l. 08 T and l. 24 T and those for Bt = 1.19 T are excited by application of 
the ECH pulse. The dominant frequency increased by -2 kHz when the suppres­
sion of the MHD fluctuations occurred, while the frequency decreased in the 
case of the excitation, The ECH is found to make remarkable increases in 
A+ 1/2 = 8p+ 1i/2- 1/2 and stored plasma energy wDIA and drop of the loop 
voltage for Bt = 1.08 T as shown i n Fig. 1 (a), where l3p is t he poloidal beta 
and 1i is the internal inductance per unit length. The value of A+ 1/2 was 
evaluated from the poloidal magnetic field fitting method, and wDIA was 
determined by the diamagnetic measurement, for which the base line was in 
uncertainty. For off-center resonance ECH, i t is observed that the signal 
of A+ 1/2 dec reases even for no decreasing the incremental increase of the 
stored plasma energy 6wDIA during the ECH pulse (see Figs . 1(b) and (c)). 
For these discharges, the broadening of t he current profile compared with 
that of t he OH plasma is indicated through the relation of 6li • 2(6A- 613pDIA) 
where 6BpDIA is estimated from 6wDIA. Furthermore, it s hould be noted that 
6wDIA declines -20 msec after the initiation of the ECH pulse and falls to 
zero level a t the end of the ECH pulse (see Fig. 1(b)), This result seems 
t o indicate a considerable degradation i n energy confinement related to the 
broad~ning of the current profile. The similar results have been observed 
in the ECH experiments on T-10[3]. Figure 2 shows 6A and 613pDIA as a func­
t ion of the t oroidal magnetic field as well as the position of ECR layer. 
The data points were obtained at the end of ECH pulse , It is found out in 
Fig. 2 that no increase of wDIA correlates well with the broadening of the 
current profile . Note that the calculated absorbed ECH powers in single path 
at the end of the ECH pulse are 230 kW, 120 kW, and 0.1 kW for Bt = 1.08 T, 
1.19 T and 1.24 T respectively. 

ECH OF LH CURRENT DRIVEN PLASMA 
The initial combined experiment of the ECH and LHCD was conducted with 

the net radia ted ECH power of PECH = BO kW and the pulse width of td = 100 msec. 
It was observed that the radiated cyclotron waves couple effectively with 
fast electrons created by the LH waves at a large down-shifted electron 
cyclotron frequency. The measured soft X-ray spectrum and electron cyclotron 
emission indicated a selec t ive ECH of the fast electrons with the parallel 
velocities satisfying the relat ivistic cyclotron resonance conditi on [4] . 

The experiments with PECH = 240 kW and td = 50 msec have been carried out 
to improve the LHCD and t o investigate the energy confinement of the LH 
current driven plasma. Figure 3 shows the time behavior of the plasma para­
meters f or Bt= 1.4 Tat which no ECR layer lies in the plasma column. For 
this discharge, the target plasma has the D-shaped c ross secti on with minor 
radii a x b • 0 . 34 m x 0. 46 m and the plasma current is feedback-controlled to 
keep constant during a flat- top current. The ECH is applied during t he LH 
pulse which produces the noticeable drop of the loop voltage resulting from 
the generation of the LHCD. The ECH makes the marked increases in wDIA , 
A+ 1/2, and electron cyclotron emission and no inc rease in the averaged 
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electron density. It should be noted that the ECH yields the more negative 
drop of the loop voltage which suggests an additional current drive by t he 
ECH. On t he other hand, efficient heatings were obtained for Bt = 1.07 T 
corresponding to the center resonance heating of the thermal electrons. In 
addition, the appreciable interactions of the electron cyclotron waves with 
the fast electrons at the peripheral plasma were observed that resulted in 
the increases in the loop voltage and the electron density and the decrease 
in the electron cyclotron emission. Figure 4 shows 6wDIA due to the ECH and 
the absorbed ECH power Pab as a function of the toroidal magnetic field. The 
value of Pab was estimated from dwDIA/dt just after the initiation of the ECH 
pulse. The experimental conditions are the same as in Fig. 3 except the 
toroidal magnetic field. 

Calcul ated absorbed ECH power in single path and resultant additional 
driven current IECH under the presence of the fast electrons created by the 
LH waves are shown in Fig . 5. In the calculation , it was assumed tha the 
lower and upper limits of the parallel momentum of the fast electron tail 
are P1 = 0 . 2 me and Pz = 0 . 7 me which correspond to the velocities of the 
electrons coupled to the LH waves with N; of 5.0 and 1.5, respectively, where 
m is the electron rest mass and c the light velocity. Radial profi les of the 
perpendicular temperature Ti(r) and the densit~ nb(r) of the fast electron 
tail are assumed to be Ti(r)/Tto = {1 - (r/a) 2 }Cl and nb(r)/nbo= {1- (r/a) 2 }an 
with nbo = .(2/ce)(ttn+1)~f/{na (p1+pz)l, respectively , where Irf is the 
driven current by the LH waves. The result shown in Fig. 5 was calculated 
with~= 3 and Cln= 8, on which the t otal ECH power absorbed by the fast 
electrons depends weakly. It is shown that a peak of Pab around B • 1.07 T 
comes from the bulk electron heating at the plasma center and the increase 
in Pab for Bt ~ 1 . 2 T with increasing Bt results from the down-shifted ECH. 
The calculation also indicates that the more efficient current drive of 
the ECH is made for the higher Bt. The dependence of the calculated Pab on 
Bt with Tio= 13- 15 keV seems to be consistent with the observed one . This 
suggests that at least -90 kA of the additional current with a figure of 
merit of IEcH/P ab • 3, 2 A/W for Bt = l. 4 T is driven by the ECH. 
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FIGURE CAPTIONS 
Time evolution of the plasma parameters with and without (solid and 
dotted lines) the ECH pulse for three different toroidal magnetic 
fields . 
Dependence of the incremental increases of A and pol oidal bet a on 
the toroidal magnetic field as well as the position of ECR layer. 
PECH • 240 kW. 
Time behavior of t he plasma parameters at Be• 1.4 T for the combina­
tion of the ECH and t he LHCD. PECH = 240 kW and PLH = 140 kW. 
Absorbed ECH power and incremental increase of the stored pl asma 
energy versus t he toroidal magnet ic field. 
Calculated absorbed ECH power and additional current drive by ECH 
versus the toroidal magnetic f ield as a parameter of the perpendi cu­
lar temperature of the fast electrons . 
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INTRINSIC ELECTRON RADIAL TRANSPORT ASSOCIATED WITH A LARGE AMPLITUDE 

FAST WAVE USED FOR CURRENT DRIVE 

D. Jovanovich and G. J . Morales 

Physics Department, University of California at Los Angeles, Los Angeles, CA 
90024 , USA 

Abstract : An analytical study is made of the cross-field trans port caused 
by the combined action of the perpendicular electric and magnetic fields of 
a fast wave used to generate a current by Landau damping on resonant 
electrons. 

Introduction: At the present time there exists considerable interest in the 
possibility of using fast waves of frequency larger than the ion gyrofre­
quency (w0 ) 01) to generate steady-state currents in tokamak devices. The 
underlying idea is to accele rate resonant electrons (v = w0 /kz) with the 
component of the wave electric field Ez along the confining magnetic field 
~· Most theoretical studies of this topic hove concentrated on effects 
pertaining to pure velocity-space modifications caused by Ez• However, fast 
waves are known to carry their ener gy primarily through the oscillating 
magnetic field and perpendicular electric field !1; the part associated with 
Ez being relatively small. Consequently, in the process of accelerating 
electrons for current drive purposes the wave causes an intrinsic radial 
displacement through the combined action of the E1 • ~ drift and the per­
pendicular wave magnetic field, which for the electrons behaves as a l ow 
frequency magneti c fluctuation akin to those frequently invoked to explain 
anomalous electron heat transport. 

The present study aims to illustrate the principal features of the 
intrinsic radial transport by considering the prototype problem in a simpli­
fied geometry, namely the modification of the average electron distribution 
function, in velocity as well as in configuration space , produced by o 
Landau damped (temporally) fast wave in a slab plasma. To further ellucidate 
the process, some examples of particle trajectories are investigated 
numerically . 

Analysis: We envision a slab plasma confined by a uniform magnetic field 

80 ; in which the zero order density n0 (x) varies in the ~ direction pe rpe nd­

icular to ~) and the invariant direction is y. A temporally damped fast 

wave is assumed to propagate unidirecti onally along ; , but to exhibit a 
standing wave pattern in the x direction. For the sake of brevity, we do 
not discuss the general case including y propagation; here we consider 
k • 0 only. Since the real part of the wave frequency w

0 
is much smaller 

than the electron gyrofrequency ne , but much large r than the elect ron 
collision frequency, the electron behavior is described by a collisionl ess 
drift-kinetic equation 

0 (I) 

' 



442 

where .Yo - (~ X z)(c/Bo) + vil/Bo is the perpendicular drift caused by the 

wave fields g and i 1 , a~d Az • (-eEz + F)/m is the parallel acceleration in 

which the ~irror force F, produced by the wave, appears . For sufficiently 
large w0 , F is small compared to the electrical force, so we neglect it in 
the present discussion. The quantity v is the veloci ty component along z, 
and the gyro-averaged distribution f(r,v,t) has been integrated over 
perpendicular velocities. The first-order perturbed distribution function 
f1 • (l/2>{ft(x,v)exp(i(kz - wt) )+c.c. }, with w • ~ + iy, y < 0, hi « ~. 
is obtained by linearizing Eq, (1) around the initial time independent 
distribution f 0 (x,v). 

· The slow time (compared to 2w/w0 ) evolution of the spat ially averaged 
(along z) modified distribution fz(x,v,t) = (f(£,v,t)> - f 0 (x,v) is 
calculated to order 1!1 2 from 

V•((v (
1

) f
1
>) + ~i_ (<E.f

1
>) 

-D m 3v • (2) 

(1) 
where the first order drift y0 is obtained from a knowledge of the first 

orde r wave fields. Upon evaluation of the right-hand side of Eq, (2) and 
integration over v, we obtain the slow time evolution of the averaged plasma 
density n(x,t) 

a n( t) =!!.... (e2Yt) Re { [(-c )
2 

i (x) i_ (E.(x)n (x) )j + at x , dt 3x B
0

w
0 

y 3x y o 

(3) 

2 l.... (k(
11
e)(-B c )

2 (E (x)E*(x))n (x)]-211al....[(
0
ew

2
°)(-c- )

2 E (x)E*(x)n (x)]j, 
3x w0 0 w0 y z B 3x kv BoWo y z R 

where a • 1 + (w0 /y) arg Ez, nR • (y/k)( 3f0 / 3v)(v • ~/k) is the density of 
resonant particles that contribute to current drive, and nB • n - nR is the 
bulk density. Two physically different radial transport mechan~sms are pre­
sent in Eq, (3): 1) diffusion, represented by a second spatial derivative; 
2) flow, described by a first spatial derivative. The diffusion term does 
not exhibit a wave-particle resonance, and can be understood physically as 
arising from a diffusion coefficient D - (~) 2/At, where the displacement, 
~. is due to the! x io drift in one wave cycle, i.e., ~- (cEy/B0~), 
and the characteristic decorrelation time is the damping time, i.e., D­
(c/B0 w0 )21Eyl2y , The flow terms contain a nonresonant (bulk plasma) contri­
bution that is p~ysically related to a bulk radial velocity vB - (6x/6t), 
where 6x - (6z)(Bx/B0 ), with the parallel displacement 6z caused by the non­
resonant acceleration due to Ez , 6z - (eEz/mC!Jb2), and the effective inter­
action time being, again, 6t - 1/y, to yield vB - 'f\<(fle/~)(c/B0w0)2 E Ez• 
The physical picture behind the r esonant flow is similar , but the parallel 
displacement is modified kinetically because the resonant particles see a 
constant field , i.e., now 6z- (eEz/m)/(k;) 2• 

The consequence of the cross-field bulk diffusion and flow is an 
enhancement in the zero order heat confinement. If the current drive 
scenar io is tried on a target plasma carrying a bulk current, then these 
terms a l so cause a r earrangement of the current profile. The resonant 
particle radial flow may decrease the tail confinement, but a beneficial 

T 
I 
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by-product is that it helps to broaden the RF driven current profile. It 
should be mentioned that in the presence of a k 1 spectrum of waves . 
Equation (3) generalizes (to order 1!1 2> to a sum over kg. 

The previous discussion pertains to small wave amplitudes such that 
particle trapping does not occur. We have considered the single wave 
trapping case and find that the familiar phase-mixing in (v,z) phase space 
results in a flattening of the resonant particle density profile about a 
shifted radial equilibrium. Figure 1 illustrates some features associated 
with the radial transport of resonant elect rons in the trapping regime . The 
bottom half displays the (~v,z) phase-space (elliptical trajectory) in the 
wave frame and just below it the corresponding radial displacement (~,z) 
inthe presence of a single wave having scaled strength p • 0.1 , where p : 
cEykx/w0 B0 , The non-zero radial displacement associated with the bouncing 
particle is evident . The top-half of the figure displays the corresponding 
behavior found in the presence of 3 neighboring waves, each of amplitude 
p • 0.1. The (~v,z) phase-space (top panel) shows a complicated sequence of 
partial trapping and free streaming that results in the net radial 
displacement (~,z) pattern shown in the lower panel . 

Fig. 1 Simultaneous phase-space (~v , z) and radial displacement (~,z) 
pattern for a trapped particle. Bottom half is a single wave case. Top 
half shows the effect of 3 neighboring waves of equal amplitude and 
frequency but different ka· 
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The behavior of a pass ing particle under the combined action of a single 
wave of amplitude p = 0.1 and a random (noise) uniform e lectric field in the 
y direction is illustrated in Fig. 2. The top half shows the phase-space 
( ~v ,z) and radial displacement (~x,z) when the wave effect in the x direc­
tion i s turned off , but with E~ and random Ey pr esent. The bottom half shows 
the behavior when the radial effect of the wave is turned on. It is found 
that the par ticle executes radial oscillations about a randomly diffusing 
center. Strong ~x nonlinearities are found (not shown) at levels of p ~ 2. 

-I·S I\ o 

Fig. 2 Combined effect of single wave and random electric field in y direc­
tion on phase space (~v , z) and radial displacement (~, z) . In top half , 
radial wave effect is off; in bottom half is on. 

This work i s supported by USDOE. 
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SAWTOOTH STABILIZATION AND ELECTRON !{EATING BY HIGH POWER LOWER HYBRID 
WAVES IN ALCATOR C 

M. Por kolab , S. Knowlton, Y. Takase, S. Texter, P. Bonoli, c. Fiore, 
c. Gomez, R. Gr ane t z , D. Gwinn, S. McDermot t , J . Terry -- Plasma Fusion 
Cen t er, MIT , Cambridge, Massachusetts 02139 USA 

Lower hybrid current drive and elect ron heating experiments were 
carried out in sawtoothing discharges in Alcator C (R0 • 64 cm, a • 16.5 
cm) at "moderate" magnetic fields. Sawtooth stabilization experiments 
were performed at B = 6.2 T, n " 1. 1 X 10 14 m-3, with adjacent wave­
guides phased a t 6~ = 90•, while ~lectron heating experiments were carried 
out at B - 5.5 T, n " 1.5 X 10 14 cm- 3 , with 6cl>- 180° . Up t o three 
sets of 4 x 4 waveguiae arrays, operating at f = 4.6 GHz, were empl oyed 
for injecting up to 1. 5 MW of rf power in the lower hybrid frequency 
regime . /! ,2/ In contrast to previous experiments on Alcator C /3/ in 
which SiC-coated carbon limiters were used, molybdenum limiters were 
empl oyed in the pr esent experiments. The advantage of using molybdenum 
limiters is that Ze f f did not increase nearl y as much as in previous ex­
periments , and the grill mout hs were not contaminated by carbon deposits; 
hence the rf power handling of each grill was outstanding. The disadvan­
t age of operating wi th molybdenum limlters is that the high-Z impurity 
radiation from the center of the plasma rose significantly during rf 
injection. The radiation was monitored by spectroscopic means, and in 
these experiments was found t o be a small fraction of the total injected 
power. 

ELECTRON HEATING EXPERU1ENTS 

In Fig. I we display the time history of a typical heating shot with 
Prf : 1.0 MW for 6~ • 180° phasing of the waveguide arrays . For the deu­
te r ium plasma parameters ne: 1 .4 X tol4 cm-3, I" 260 kA , and B = 5.5 T, 
the value of Zeff rose from 1.5 prior to rf injection to 2 .1 during the 
rf pulse. The ion temperatu re increase measured by neut ron yield was 
liTi : 250- -300 eV , whi ch was consis t ent with charge exchange neu tral diag­
nostic measuremen t s of Ti• The electron temperature rise, as measured by 
Thomson scattering, was approximately liTeo " 600 eV from an initial value 
of Teo " 1200 eV with no apparent change in the electron temperature 
pr ofile. The resistive loop voltage dec reased from 1.8 volt to 1.3 volt 
dur i ng the rf injection, in ag reement with the observed elect ron heating 
and rise in Zeff • The total energy content of the plasma was calculated 
from the kinetic temperature profile measuremen ts of a number of similar 
shot s . The results are plotted in Fig. 2 as a function of total injected 
power (Ptot • Poh + Prf) . We notice that the s lope of the curve is reduced 
from that of a straight line which would connect the o rigin to the initial 
ohmic heating points, indica ting a deterioration of the global energy con­
finement t ime, TE· In the same plot we also indicate with the solid line 
t he predictions of the Kaye-Goldston scaling for NBI-heated plasmas./4/ 
We see that the present results do not deviate greatly from such a scaling . 
This i s further demonstrated in Fig. 3 where we display a plot of TE 
ve r sus Ptot > as ded uced from the data in Fig . 2. We have also added a 
second set of data points which are obtained by subtracting the total 
power radiated by molybdenum, as deduced by spec troscopic measurements of 
the mol ybdenum line emission (the radiated power due to iron was found to 
be negligible) . The maximum r adiated power remained within 10-20% of the 
total injected power up to the Prf " 1 .0 m1 (P t o t 1 .3 ~1W) level (at 
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Fig. 1. Time evolution of a typi- Fig. 2. Energy content, W, versus 
cal shot in Alcator C during Ptot = Poh + Prf• Same 
heating experiments. B = conditions as in Fi g . 1. 
5.5 T, Prf ~ 1.0 MU, 64> = 180•. 

higher powers the radiated power began to increase significantly, and the 
data were not used). Bolometric measurements of the inner half of the 
plasma column supported these conclusions. Thus, within experimental 
error the results are similar to Kaye-Goldston scaling for input power. 
However, detailed experimental studies of confinement scaling with plasma 
current were not carried out, and hence a full comparison with such a 
scaling law is not established here. Furthermore, the injected rf power 
in these experiments did not exceed the ohmic power by more than a factor 
of - 3, while the empirical Kaye-Goldston scaling was obtained for values 
near and above this level. 

Numerical studies of these results were ca rried out using the Bonoli­
Englade LH ray tracing and transport code ./5/ It was found that approxi­
mately 25% of the injected rf power is absorbed by electron-ion collisions 
in the plasma periphery . The remaining 75% of the power was abs orbed via 
electron Landau damping. The experimentally measured temperature increases 
were found to be consisten t with not more than a 30% increase in x rf 
relative to X~h (where Xe i s the electron thermal diffusivity) . This 
apparent degradation in confinement is also consistent with the earlier 
SiC limiter r esults in which a 40% larger increase in Te (6Te " 1.0 keV) 
and a 100% larger increase in Ti (6Ti ~ 600 eV) were observed . /3/ Code 
modeling, which included a si~ulation of the large increase of Zeff 
associated with the carbon and silicon injection, indicated that the 
l a r ger temperature rises were a consequence of the significant reduction 
of deuterons due to the injection of l ow Z impurity ions and of an increase 
in input ohmi c power . The agreement with Kaye-Goldston scaling may be 
coincidental, and further experiments at even higher rf power will be 
needed to clarify confinement scalings of l ower hybrid heated plasmas. 
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Fig. 3. Energy confinement time, 
TE versus Ptot • Same 
parameters as in Figs. 1 
and 2 • 

Sawtooth stabilization experiments wer e carried out i n the current 
drive mode of operation (luj> = 90") at IP = 250 kA, ne = 1.1 x 1014 cm-3, 
BT • 6 T, q(a) • 5. As s hown in Fig. 4, the s awteeth in the central soft 
x-ray signal were suppressed during the rf pulse. Sawtooth suppression 
was also evident on the electron cyclotron emission. The l arge increase 
in the x-ray emission resulted from an i ncrease in metallic impurit ies 
(molybdenum). However, when the relative wave guide phasing was changed 
to ll4l • 180" i n discharges wi t h s i mila r parameters , similar impurity 
injec tion was obs erved, yet the sawteeth were not s uppressed, but became 
even l a r ge r (see Fig. 1). Furthermore, in both current drive and heating 
modes of operation the cent r al electron temperature increased by compar­
able values (liTe- 500 eV) above the initial ohmic values. These results 
sugges t that the stabilization is associated with r f current drive , rather 
than by centra l cooling due to enhanced impurity radiation. The central 
temperature increased with r f power even in the current drive mode and 
the temperature profile remained nearl y constant. The sawtooth inve rsion 
radius also r emained nearly constant at r = 3 cm , at least up to the 
threshold power l evel above which sawteeth were stabilized , and hence were 
no longer observable. The sawteeth were e limina ted once the r f power 
exceeded the initial OH powe r level, Poh = 450 kW. This is s hown in Fi g . 
5 , where we see that Prf ~ 500 kW is necessary to eliminate the sawtee th . 
At signficantly higher powers ( Prf ~ 850 kW) the sawteeth were stabilized 
only for time durations of lit- 50 msec into the rf pulse, but then re­
turned for t he r emainder of the pulse. (We note that 50 msec i s app r ox­
imately the L/ R time constant). Based on these results , it i s not clear 
whether the q(O) > 1 condition i s a t tai ned during the rf pulse (which 
would s tabilize sawteeth) , or a more subtle effect is opera tive , such as 
s t abilization by replacement of a fraction of the r esistive ohmic curren t 
with nearly colli s ionless current carr i ed by t he rf-driven tai l electrons . 
Our estimates from the loop voltage drop and heating indicate that under 
these conditions onl y 15-20% of the total current is replaced by rf.:. 
driven currents . Code modeling indicates similar values , and also predic ts 
that the local rf current generat i on i s not sufficiently lar ge to r a ise 
q(O) above unity . At present it has not been established if eithe r an 
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tensity) versus Prf• The 
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for 0.55 _ Pr f(MW) _ 0.85. 
The triangles indicate recur­
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improved energy confinement time, or increased impurity concentrat ion 
near the plasma center accompanies the sawtooth elimination, Further 
studies will be carried out to answer some of these questions . 
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ENERGY DEPOSITION PROFILE CALCULATION FOR LH WAVES 
AND COMPARISON WITH FT EXPERIMENT 

E. Barbato anc V. Zanza 

Associazione EURATOM- ENEA sulla Fusione, Cen tro Ricerche Energia Frascat i , 
C.P . 65 - 00044 Frascati , Rome (Italy) 

INTRODUCTION 

A realis tic description of the physics of heating and c urrent drive 
by LH waves in tokamaks would involve wave propagation in toroidal plasmas , 
absorpt ion by strongly distorted electron and ion distribut ion functions , 
and transport processes [1 , 2]. I f we want to do something simpl er , retaining 
the physics , we may adopt a simplified model fo r the propaga t ion, keeping 
the calculation of the absorption by the strongly distorted distribution 
functions [3) . Transport processes take place on a longer time scale with 
respect to the quasi-linear generation of the tail distribution function 
(d.f.) and can be neglected at least in a first approach. In this paper 
we present a calculation of t he power deposition profile in LH heated plas­
mas, using such a model . I n Sec . 2 the model is briefly descr ibed; in Sec . 3 
the resul ts o btained in applying it to FT experiments [ 4] are discussed ; 
conclusions fol l ow . 

THE MODEL 

A WKB approximation in cylindrical geometry is used i n the treatment 
of the wave propagation, as well as a cold plasma dispersion relation in 
the electrostatic limit . As a consequence of the cylindrical geometr y and 
of the fact that the poloidal wave momen tum l aunched by the grill is vanish­
ing , n.J_ has only the radial componen t , whi l e n

11 
has only the z component 

and it is a constant of motion. Fur thermore , we restrict our att ention 
only t o those solutions providing all t he absorption during the firs t inward 
pass . Withi n this scheme the equation determining the n 11 -spectrum of t he 
wave energy density W(n ll ) at each radial position, in the steady state, is 

.9.{~ w.r) =- 2r rW 
dr gr 
with the boundary condition at r =a 

(1) 

( 2) 

here v is the r adial component of the gr oup velocity , P F(n1 j) i s the 
power gJectrum at t he plasma edge and r=ye+yH+yD+vc is the a~sorption n . . ~ 
due t o r esonant wave particle interaction (ye refers to the electron 
yH to a minority of hydrogen and yD to deuterons) and to nonresonant col 
lisional absorption on t hermal electrons (uc) [ 5] . 
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Equation (1) is coupled through the y ' s to the equations for the elec­
tron and ion d. f., which i n turn depend on W through the RF quasi-linear 
diffusion term. At each radial position the electron tail d. f . is described 

by the steady state 1-D equation [6) : 

a (e) a (e) a VII 
-~- [DQL -... - fe(vu) + C (-,..- + - 2- )fe(v)) 
oVtl oVfl oV\1 VThe 

0 ( 3) 

(The notations are the same as in Ref.[ 6 ] . ) 
. Similar equations [ 1) are assumed to hold for the two ion species 

present i n the plasma (a minority of hydrogen in a deuterium plasma). In 
this case the perpendicular dynamic has to be retained : 

_) __ a_ v.L. [ D( i) !)~ + C(i)(_ a_ + vJ...) fi(v.1)) = 0 (4) 
":1 av.L. QL av.l. a VJ_ v~hi 

where Ci is given in Ref . [7] . 
Following Valeo [ 1 ) , to prevent the solution from extending to un­

physically high energies, we truncate the ion d. f . at sonte velocity vLOSS 
which is connected with some physical process (for example banana-losses) . 
Solving the coupled Eqs ( 1-4) ~eans finding the particle distribution func­
tions with the selr"-consistent power spectrum. This can be easily done , 
since in order to find the distribution functions relevant to a certain 
radial shell we only need the power leaving the pr evious r adial s hell . 

THE RESULTS 

The model has been applied to a typical FT discharge in the electron 
heatin.g regime [ 4]. Two different peak temperatures are considered: the 
one (Te=1 . 7 keV) relative to the ohmic phase at the beginning .of the RF 
pulse and the other relative t o the s t eady stat e heated phase (Te=3 keV) . 
The o ther plasma parameters were ~e=6.1011 cm- 3 , B=8 T. The Brambilla spec­
t rum of the 2x2 waveguides grill was used . 

Figure 1 s hows . the absor bed power density vs radius for Te•l. 7 keV 
(full line) and for Te=3 keV (dotted line), while Fig.2 s hows the residual 
power and the integrated absorbed powe r vs radius in the two cases . 

It is worth mentioning that, although most power is l aunched within 
n11 l>3, the power spectrum is actually extending up to 1\1=6 (see Fig . J). 
The power at high n11 plays an important role, as in the Q-D case [8 ) ; when 
the conditions for the absorption of this part of the power spectrum occur, 
also a f r ac tion of the power at l ow nu is absorbed . This is s hown by Fig . 3 
where the power spectrum at the plasma edge and at r=S cm and a t ral are 
shown . Coming back to Fig . 2, we can comment on it i n this way : at t he be­
gi nni ng of the RF pulse only 50% of t he power is absorbed at the first 
inward pass, while in the heated phase, almost all the power is absorbed. 
This is consi stent with preliminary B poloidal measurements performed on 
FT in spite of the cppper shell [ 9]. We get similar resul ts when t he 2x4 
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(OITOfl) power spectrum is used, but the deposition profile is more peripheri­
cal and a larger fraction of the power is absorbed both in the low and 
the high temperature cases. 

When the density is increased, absor~tion by a 2~3 hydrogen minority 
begins to play a role; an average density ne=l.l 101 'cm has to be reached 
in order to have more power absorbed by the hydrogen ions than by the elec­
trons. The deposition profile for this case is shown in Figs 4 and 5, where 
standard IT density and temperature profiles were used. Although the model 
can reproduce the sharp switching off of the wave electron interaction 
experimentally observed [ 1~], it giv~~ a density limit a factor 2 higher 
than the experimental one ( ne=S 1013 cm ) . . 

To conclude, we summarize the main r esults: 
a) In, the low density regime , where elect ron heating works , most power , 

in the heated phase, is absorbed within half radius by t he electrons , 
without invoking any ad hoc broadening of the n11 s pec trum. 

b) The deposition profile depends on the launched s pectrum. 
c) At higher density absorption by a 11inority of hydrogen ions begins to 

play a role, giving rise to a densit y limit in t he electron wave inter­
action which is a factor 2 higher than the experimental one. 
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Fig. Power density profile absorb­
ed by the electrons at ne=6Xl0 13 cm- 3 

a) fe=1.7 keV; b) fe=3 keV 
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Fig. 4 Power density profile at ne= 
=1.6X1013, fe=1.2 keV, fi=l keV. 
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Fig. 2 Residual power vs r (d) , c)) 
and integrated absorbed power vs r 
(a), b}) at ~e = 6Xl013 cm-3. Full 
lines Te=l.7 keV; dotted lines Te= 
= 3 keV 

J:ig. 3 Power Spectrum vs n,. for 
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Fig. 5 The same plasma as Fig. 4 . 
a) residual power vs r; b) inte­
grated power absorbed by hydrogen 
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sorbed by electrons 
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LOI~ER HYBRID WAVE ACCESSIBILITY AS A ~lEANS FOR CURRENT PROFILE CONTROL 
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Powerful ICRH experiments on J ET / 1/ and Neutral Beam Inject i on of various 
species on TFTR /2/ have recently confirmed the insensitivity of the tempe­
rature and safety factor profile shapes to the heating profile and the 
important role played by the sawtooth activity on the overall performances. 
In order to overcome these limitations, we propose in this paper, in a Toko­
mak operating at constant plasma current : 

. t o control the r esist i ve part of the current by driving and H.F. current 
by Lower Hybrid Wave . 
. T~ act on the current profile, with the constraint that q(o) > 1 by con­
trolling the wave penetra t ion. 

Constant plasma current Tokomak discharges in which a part of the current is 
driven by L.H.W. have been extensively studied on PETULA /3/ and this mode 
of operation has proven to be very efficient in stabili zing the sawtooth and 
M.H.D. activity /4/. 

CONTROL OF THE OHMIC PART OF THE PLASMA CURRENT 

In a purel y ohmic Tokamak discharge, j(r) and T(r) are connected through the 
conductivity . The current profile can usually be expressed as 

r 2 I 2 q (a) 
JP • J(o) ( 1 --)"wi th J(0 ) = .!.lL- (v + 1) and q(o) • --

a 2 1Ta2 V+1 

a being the plasma radius. If in this discharge, operating at constant plas­
ma current, a part of the current is driven by L. H. W. the loop voltage and 
the ohmic current drop in order to satisfy : Ip = I r. + IHF • C5 t ( 1) 
where IHF i s the total H. F. current which includes the additional t erm com­
puted by N. Fisch /5/ in presence of a D.C. electric field. Then, by the 
control of the H.F. power, IHF can be adjusted in order that the safety 
factor on the axis due to the ohmic part of the plasma current is such that 
q(0 ) • 1. This condition and the fact that I Q, r emains connected to the tem­
perature permit to write : 

r 2 V • q (a) 
J n • Jn(o) ( 1 - -_2) wlth Jr.(o) J (o) --

a q (a) V + 1 
w~th the condition IHF = Ip - In = Ip ( 1 - v-;,l 

q(a) (2) and I n= Ip --
" + 1 

(3) 

The current profile JP 
of JHF' If there is no 
of the plasma current. 

= J n + JHF is then f1xed by the radial localization 
H.F . current on axis , q(o) is fixed by the ohmic part 

CONTROL OF THE CURRENT PROF ILE 

In the current drive regime, w > WL11 , the wave is mainl y electrostatic and 
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its penetration inside the plasma is fixed by the accessibility condition 

N;; "'Nacc(o) = (1 + 1,02 ~- a....!;.)
1
/2 + (1,02 ~) 1 /2 

Bcj>2 f2 Bcj>2 
• If the wave index N;; i s greater than Nacc(o) on axis, the wave reaches 
the plasma center and JHF is peaked on the axis . The safety factor is then 
fixed by the sum of the two currents. The stabilization of the sawtooth 
which is observed in these conditions /7/ is due to the generation inside 
the q = 1 surface of an H.F. current carried by energetic electrons 
(V /1 = C/N//) • 
• If N;; is lower than Nacc(o)• the wave penetration is limited to a radius 
r = rs fixed by accessibility condition Nff • Nacc· Moreover, if the width 
of the spectrum, 6N;; • is such that Nt/ + 1/2ANJ/ < Nacc(o)• JHF is loca­
lised in a ring around the axis. In th1s case , the safety factor on axis is 
fixed by I Q alone, and the constraint q0 > 1 is satisfied by the condition 
(3). In absence of an analytical expression of JHF• due to the gap problem, 

.· r- r 
the current profile has been mod,elized /8/ by JHF = J* { 1 - (---s) 2} 

a - rs 
Two examples of the variation ~f the current profile .which can be obtained 
by the localization of JHF are shown in the Fig." 1 for : 

Q(a) • 2 , V= 3 and rs = 0 ,5 a and rs = 0,75 a 

APPLICATION TO JET 

Fig. 3 reproduces two JET temperature profiles /9/. One of these profiles 
is measured at t = 6 sec. when some skin effect is still present and the 
plasma free of sawtooth relaxation . The other one is measured at t =8 .5 sec. 
when sawtooth activity ha~ developped. To maintain Q( o) 1 with the parame­
ters of this discharge ; ne= 2. 6 101 3

, Bcp • 3.45 T, Ip = 2 . 86 MA the requi-
Q(a) 

red H.F~ current is : IijF = Ip (1 -V +
1
) = 0.7 MA 

assuming V= 4.5 and Q(a) • 4. 1 • From the curve Nacc = f( ;) displayed on 
Fig. 2 for f = 4 GHz it can be seen that localization of IHF on a ring of 
radius r = rs = 0.4 a is obtained with a wave spec trum such that : 

N //max = 1. 91 < ·NI/ > 1.61 6N// I <.NJ f> = 0.37 

The number Ng and the width b of the waveguides needed to produce this spec-
. 4TT ~> 22 b = 6cj> _ A_ = 1.26 for llcj> =!!. trum are Ng • -- cm 

64> 6N// 2TT <NI/> 2 

This grill can be easily made with 6 multijunctions /10/ of 4 waveguides 
each. The control of the phase between the multijunctions allowing the l oca­
lization of JHF to be changed at a given density or the localization to be 
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kept constant when the density change. The power required to drive this H. F. 
n( 1013 ) R(m) lHF(HA) 

current is : PHF s = 3 MW 
n 

In this estimation, n = 2.6 1013
, IF= 0 . 7 ~A, R = 3 m and V= 1.8 . The 

value of the efficiency n is taken ~rom PETULA-B data / 11 / obtained for 
similar conditions ; f = 3.7 GHz, n = 3.1 1013 , B~ = 2. 8 T, 
IHF/ I • 6V/V = 0.3 (cf. Fig. 4) . I t should be noted that the improvement in 
the e~ficiency due to the D.C . electric field is greater on PETULA-B t han 
on JET. However , this effect must be compensated by the higher magnetic 
field in JET (3.4 T) and the better directivity of the gril l envisaged for 
JET as compared to the present PETULA- B grill . Hore detailed informations 
on this ext rapolation max_be found in ref. / 12 / . 

Nacc 
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In view of an application on JET , experiments have been performed at high 
density, n • 6. 1013

, B~ = 2 .8 T, with 400 kU, 3.7 GHz generator and a 
grill allowing a wave spectrum with an <N;;> ranging from 1.7 to 2.7 t o be 
launched /6/. 

For <N;;> • 1. 7 and n = 6.1 013
, the wave index is lower than Nacc(o) on 

the axis. However, the wave pene trates inside the plasma as it can be seen 
from the fact that : 

• The reflection coefficient remains unchanged and is very low indicating 
that the wave is not reflected back into the grill / 13/ . 
• Significant loop voltage drop i s observed and sawtooth activity disap­
pears. 

Sawtoo th stabilization is obtained for IHF/Ip = 6V/V = 0.3 and for H.F. 
power of the order of the ohmic power /7/ . For N;; = 2.7 and the same den­
sity , sawtooth relaxat ion cannot be suppressed with the available power. 

In the whole range of density where sawtooth stabilization i s obser ved 
n • 1 to 6 10

1 3
, the accessibility condition, for <N; ;> = 1.7, change~from 

Nff > Nacc(o) . to . N;; ~ . Nacc(o)· However, no evidence of a modification of 
t he radiah profile of Jnp with density can be concluded from our present 
measurements . This may be due t o t he fact that in small s i ze Tokamak like 
PETULA, significant H.F. current can only be driven in the central part of 
the plasma where the higher temperature ( 1 KeV) provide the fast electrons 
required to carry the current . On JET where the same temperature is obser­
ved at r • 0.75 a, and reaches more than 2 KeV at r • 0.5 a, the localisa­
tion of H.F. current should be easier. 
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Lower Hybrid waves at 3.7 GHz and <Ntf> = 1. 7 have been launched i n Tokamak 
discharges wher e <N 1 1> < Nacc(o) . The H. F. current generated in these condi­
tions al l ow the sawtooth activity to be stabilized up to a density of 
6 1013 p/cm' . 

On the basis of these results and on the fact that in hot plasma, the radial 
localisaticn of t he wave shoul d be easier i t appears that i n Tokamak oper a ­
t i ng at constant plasma cur rent the repl ace~ent of a part of the ohmic 
current by an equivalent H. F. cur rent carri ed by fast e l ectrons a l ong the 
l i nes of force and radial ly local ized can be a new and efficient way to con­
trol the equilibrium and the stability of hot and dense pl asma. 
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Abstract 

In the high density regime of folftH~ I (pump frequency: ! .=800 MHz ; 
fw is lower hybrid frequency), m=2 tear ing modes and major disruptions 
at q(a )--.3 are suppressed through rf current drive and /or production of 
high energy tail electrons by injection of fast waves near the lower 
hybrid frequency . Stabilization Qf m=2 tearin~ modes is observed in 
following three cases: in case I n.--.5x I 012 cm- , 131 ~ I . 2 T. in case II 
~9x 1012 cm-3 , ~ 1.7 T. and in case Ill ~ 1.5x 1013 cm-3 , ~ 2.4 T. The 
frequency of the poloidal field fluc tuations decreases by about 70 % in 
case I and by about 30 % in case II during the rf pulse. On the other 
hand , the frequency increases by about 30 % in case Ill. The 
stabilization in cases I and IT is considered to be achieved by slow 
wave current drive localized in the outer plasma region ( r/ cK0 .5 ) . 
since most of the fast waves launched can be mode-converted to slow 
waves in this region. The stabilization in case Ill , where most of the 
rf power in fast waves can be trans mi tted to the central high density 
plasma , is inferred to be due to fast wave current drive and/ or 
production of high energy tail electrons assisted by an ohmic heating 
field. 

I. Introduction 
In many tokamaks, major disruptions were studied for low /31 or high 

ff1 plasmas sustained by an ohmic heating current alone. These 
experiments showed that a large magnetic island caused by the m n=2 ' I 
tearing mode had a domi nant role to trigger the major disruption . 
According to resistive mhd theory, tailoring of a current density 
profile is quite effect i ve for suppression of m=2 tearing mode and 
disruptions ( I ,2) . As methods for tailoring the profile the following 
two options are possibl e: ( i ) local electron hea ting just outside the 
q=2 surface, and (ii) current profile control by r f current drive. The 
former option was successfully tested in the JIPP T- II tokamak using an 
additional current· rise by the ohmic heating field (3.4) . and in T- 10 
using off-axis electron cyclotron heating (5) . The latter option is 
more advantageous t han the former one because the current density 
profile is determi ned by the power spectrum of launched waves almost 
independent of electron energy transport . It has been pointed out by 
recent theoretical work that the l ocal current drive in phase with 
is land rotation is most efficient (6-8 ) . Several experimental 
supports on the lat ter option are obtained from lower hybrid current 
drive experiments: in PEI"ULA-B large is land of m=2 tea ring modes are 
suppressed (9) , and in PLT sawteeth oscillations are suppressed 
exhibiling an enhanced bulk electron heating near the plasmd 
center ( 10) In this paper . we present the s uppression of m-2 modes 
and disruptions through current dr·ive and 'or production of hi t;h enc re;y 
tail electrons by injection of fast vaves. 
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2. Experimental Setup 
The experiments are carried out in the JIPP T- IIU tokamak ( Ro = 91 

cm. aL = 23 cm ) at 81=1 .2- 2.4 T and il.=0.3- 1.6x 1013 cm-3 • The fast 
magnetosonic waves at ]0 =800 MHz are launched with powers up to 150 kW 
into hydrogen plasmas from a four-element dipole antenna array ( I I ) 
where f o roughly corresponds to the 20-th to 40- th ion cyclotron 
harmonic. In the experiments, the phase difference between adjacent 
antennas has been set at ~~=0° to minimize the rf power reflected. The 
ohmical ly heated target plasmas are produced in the following operation 
r.egime of safety factor at pl asma surface q(a)~ 2.5-3.5 and 
n.I(Bt! R) ;: 0.5 . where m=2 tearing modes are strongly excited and major 
disruptions frequently occur. 

3. Stabilization in Low and Medium Density Regimes ( cases I and II ) 
When more than 60 kW rf power is injected i nto low density plasmas 

(fi;,;S7 x 1012 cm-3 ) with large m=2 fluctuations ( l:lo! Boo: 1.5- 2 % ) which 
bring about major disruptions, the plasma current is almost repl aced by 
r f -driven current ( I,f/Ip~ I ) . Then, the amplitude of the fluctuations 
is clearly reduced to the noise level (:SO. I %) as shown in Fig.!. 
The rf power injected is roughly a third of the ohmic i npu t i n t he case 
without rf. A dramatic reduction i n frequency of the fluctuations is 
observed during the rf pulse. Note that the direction of the mode 
rotation is that of electron diamagnetic drift . The reduction in the 
frequency is consistent with the decrease in bulk e l ectron temperature 
due to r f current drive. This result suggests that a tokamak plasma 
sustained by rf-driven current alone is quite stable against low-m 
tearing modes. In the medium density regime of il.=7-9 x 1012 cm-3 ( case 
II ), the plasma current is partially replaced by rf-driven current 
( 11=IrJi l p;S0.3 ) . Then, both amplitude and frequency of the modes are 
reduced roughly by the factor (1- n) . 

4. Stabilization in High Density Regime ( case III ) 
In the fast wave current drive. we encountered the so-called 

density limi tj 11] which is similar to that in l ower hybrid current 
dr ive. i.e .. n,,. ;: Bx 1012 cm-3 . The stabilization of tearing modes has 
been tried in the higher densityil.=l.4-1.6x l013 cm-3 at 81=2.4 T. The 
relative amplitude of fluctuations in the case without rf is about 0.3% 
and grows to more than 2 %, then the discharge is disrupted. The 
fluctuation amplitude is cl early reduced to less than 0. 1 % by injection 
of fast waves ( Fig.2 ) . By the application of rf. the plasma current 
rises accompanying the s l ight decrease in a loop voltage. The second 
harmonic electron cycl otron emission near the plasma center increases by 
about 50 %. Note that the tail electron temperature derived f rom X-ray 
spectra increases from "-4 keY to ~9 keY. The energy spectra of charge 
exchanged neutrals exhibit only a s light tail component ( n; t/n;t;S5- 10 
10: on assumption of bi-Maxwellian; n; 1/ n;b is a ratio of tail ion 
c~nponent to the bulk one ) . In contrast to cases I and II , the 
frequency of the poloidal field fluctuations gradually increases during 
the rf pulse. The increase in the frequency may be due to the increase 
in bulk electron temperature by collisional power flow from tail 
electrons . 

In Fig.3. we sununarize the s tabilization effects by fast wave 
current drive and/ or production of high energy tail electrons for the 
above three cases. This figure shows the relative amplitude of m=2 mode 

T 
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fluctuations as a function of rf power injected into the to Th ' 
figure also sh~ws the resul ts in lower hybrid current driver~~ing als 
4-wave~ulde gr1ll ( 12) , ~here the phase difference between adjacent 
wavegu1de 1s set at ~=90 . They are essent1ally similar to those in 
case II. 

5. Discussion 
From a linear theory of propagation of fast waves near the lower 

hybrid frequency, we cal culate the range of nu for propagation without 
mode conversion to slow waves, i.e. , 1.6::Snu::S2.1 for case I. 
1.4::Sna::S2.3 for case II and 1. 2::Sn.::S2.4 for case Ill. The power 
spectrum of launched waves s preads in the range of I::Sn.::S2.2 at ll<p=Q·. 
For case I , most of rf power may be deposited i n the outer plasma region 
of r/ cK 0.5 . The stabi l ization is considered to be due to current drive 
by slow waves mode-converted in the outer region. In case 11. fast 
waves with about 30 ~- of launched power can propagate into the plasma 
center . The fas t waves with the remaining power will be mode-converted 
in the outer plasma region and absorbed there. In this case, also 
mode-conver ted slow waves will play an essential role i n current drive 
and stabilization of tearing modes. The case Ill is in a typical regime 
where fast waves launched with most of the rf power can penetrate in the 
plasma center. The fast waves will produce high energy tail e lectrons 
around that region . A peaked current density profile which i s stable 
against the m=2 tearing mode ( I) is expected through current drive 
and/ or high energy tai l production assisted by an ohmic heating field. 
The above discussion seems to be consistent with t he experimenta l 
observations. 

The rf power required to stabilize t he m=2 mode seems to be 
appreciably larger than t he theoretical prediction. although the 
predicti on depends on the detailed shape of the curren t density 
profile. It is infe rred that in t his experiment rf-driven curren t 
and/ or high energy tail electrons are not always genera ted 
preferential ly in t he 0- point of a magnetic island against the X-point . 
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Fig . I Discharge characteristics i n the low density regime ( case I ) ; 
lp: plasma current, 11;, : line- averaged el ectron density, Pon : ohmic 
input. P,J: net rf power , ~!Be: relative amplitude of pol oidal 
fluctuations. and P(J ): power spectrum of the f l uctuations . 

Fig.2 Discharge behavior in t he high density regime ( case II I ) ; [": 
second harmonic el ectron cyclotron emission . 

Fig .3 Relative amplitude of m=2 modes as a func tion of ne t rf power for 
cases I , II , III and tha t for lower hybrid current drive. ;so-4 c--Hr51. 2 - 57.6 ms 
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