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Introduction

Models of Power Absorption

Standard theory, presently applied in most cases
a) Quasilinear wave-particle interactigperturbation analysis is valid).

b) Non-oscillatingpart of the distribution function is assumed toMaxwellian
c) Rayandbeam tracingodes

Standard theory, presently applied in some cases
a) Quasilinear wave-particle interaction
b) Non-oscillating part of the distribution functionmmn Maxwellian
c) Bounce averaged Fokker-Planoédes

Reality!!
a) Nonlinear wave-particle interactiqperturbation ar%/alysis IS not valid).
b) Non-oscillatingpart of the distribution function ison Maxwellian(computed from
an integral equation).
c) Kinetic equation solverECNL



Cyclotron Resonance - 2¢ Harmonic X-Mode

Cyclotron resonance line
w — nwe — kyv = 0. (1)

Width of the resonance zone in velocity space

Broadeningof (1) due tofinite parallel beam widtks Av; .

Broadeningof (1) due tononlinear effects> Av, nr.
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Av, >Av, np = linear theory is applicable.

Av, <Awv, nyr = change in thederivative of the distribution functionf, is
strong such that, in the resonance zoh®ecomesymmetricaround the resonant
value ofw, = m.v? /2.



Problem Geometry
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Inner region (containing resonance zone)

e Exact orbitsfrom solution of equations of motion in the wave field.
e Full kineticdescription including gyromotion.
e Neglect of Coulomb collisions.

Outer region:

e Handled by convention@&onte Carlomethod.
e Neglect of wave-particle interaction.



Kinetic Description

Kinetic equation
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f+v Vf+ V><B0 —f+e E+-vxB of _ of
ot op c (9p ~~
N ~ ~ Coulomb collisions
wave-particle interaction
, t distribution function, time
v,p particle velocity, particle momentum
e, ¢ electron charge, speed of light
E, B wave electric and magnetic field
By equilibrium magnetic field
L. Coulomb collision operator
Inner region

Transitions probabilities (seéamendje et al., Phys. Plasma8 (1), 75 (2003)for

more details).
Outer region

Mapping technique (see€asilov et al., Phys. Plasm&s3508 (2002for more details).



The Fortran codes ECNL and TORBEAM

ECNL: ITP TU-Graz

Monte Carlokinetic equation solver.
It implements anonlocal nonlineamodel of wave-particle interaction.
It solves the equation of energy conservation [&w,S + P,,s = 0, along the beam
propagation path in a tokamak geometry using an iterative algorithm.
Output: electrondistribution function profiles of theabsorption coefficienof the
absorbed power densignd of the ECcurrent densityalong with the total driven
current and the globafficiency.

f

Interface
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TORBEAM: IPP-Garching
e Beam tracing equations are solved imokamak geometryor arbitrarylaunching

conditions.

e The power absorptions computed using dcal linear model of wave-particle

Interaction. Theabsorbed power densiprofile as well as thénearparallelcurrent
densityprofile are typical output.



ASDEX-Upgrade: Perpendicular Injection
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e Reductionof theabsorption coefficiertty a factor~ 2 — 5.

e Broadeningof the absorbed power density profile as consequence of nonlinear
effects of wave-particle interaction.



ASDEX-Upgrade: Nonlinear Effects due to Beam Width
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e Resultssuggest a feasible experimdoased on measurementtofal current



High Field Side

Resonance Curves in Velocity Space

Cold Resonance

Wave Propagation

Low Field Side




Towards ECRH/ECCD modeling for ITER

In ITER ECRH/ECCD applications mainly faneoclassical tearing mod®&TM)
control and stabilization.

NTM’s: Instabilities=- Islandsformation=- confinement degradation
Low order rational magnetic surfacestokamaks areesonansurfaces for NTM’s.
Control and stabilization of NTM’s are assential issufor tokamak operation.

ECCD currently applied tocompensatehe loss of current within the island
(ASDEX-Upgrade, ...).
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ASDEX-Upgrade: On and near Rational-g Flux Surfaces
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e ECCD appears to b&=nsitiveto low orderrational-gtokamak flux surfaces.

e With increasing beam widtfincreasing nonlinearity) the region of reduced absorbed

power and driven currengénds to broaden
e Feature outside of reach for bounce average Fokker-Planck codes.




NTM Stability index: A’
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e (1): dynamical equatiorfor the island half-width,w,, where ky and k,; are
numerical constants},. = 8wp./Bj, L, is electron pressure length scale, =
(dlngq/dr)~1; g is the safety factor.

e A’ very sensitivdo thesecond derivativef the current density profile.

= j Linear model: dashed
S .l f Nonlinear model: solid
B — Without current driveno markers
/ With co-current drivecircles
’ With counter-current drivecrosses

e Changing the signf A’ = D’(0) = acting against the evolution of the island width.

e At present,/active” NTM control is being performed.

e Nonlinear feature on rational surfacespens the doorfor "passive” control
mechanism



Conclusions

The tokamak geometiyas been implemented in ECNL.

ECNL has beetenchmarke@ndcombinedwith TORBEAM using annterface
Good agreement between all modielscases where theear theoryis applicable.
Broadeningandshift of the absorption profile in case pérpendicular injection

In ECCDnonlinear reduction of absorption might appeanfader beamsThey are
to be expected INTER, thereforenonlinear effectsnight beimportantthere.

Shift of the absorption profile would cause trezluctionof thetotal EC current

It has been found thgbower absorptiorand current generatiorare sensitiveto
rational-gflux surfaces.

This feature might be important and useful foFM stabilization

Outlook

Consideration of reahagnetic geometry and general topology (islamaff)e region
outside the beanmMapping code for tokamagk

e ECCD modeling for ITER
e ECRH/ECCD modeling for O-Mode Propagation.



