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Abstract

SELF-CONSISTENT CALCULATIONS OF THE POWER DEPOSITION AND VELOCITMSTRIBUTION
DURING ICRH INCLUDING FINITE ORBIT WIDTHS, SPATIAL RF-INDUCED DRIFT AND
DIFFUSION.

Self-consistent calculatiors ICRH for toroidally directedwave spectrumhaverevealedthe importance
of including finite orbit width and RF-inducedspatialtransport.This is in particularimportant for heatingat
higher harmonicsin which casethe cyclotron absorptiondependsstrongly on the details of the distribution

function.

1. INTRODUCTION

Heating with waves ithe lon Cyclotron Rangeof Frequencies|CRF, resultsin ion and electron
absorption, Further ion or electron currents can be drivelainyching toroidally directedwaves.
If the power density is sufficiently strong, the velocity distributions of the heatedion species
become anisotropic and non-Maxwellian, which may affbetpower depositionprofiles and the
partition of the absorbedpower betweenthe different plasmaspeciesas well as the collisional

power transfer. This becomesparticularly important for scenariiwith moderateor weak single
pass absorption, in which case #wolution of the velocity distributions can significantly change
the power partition and power deposition profiles. For such casesthe velocity distribution and
power depositionhave to be calculatedself-consistently.For asymmetricwave spectraor high

power densitiesin medium sized machines,RF-inducedspatial transportand finite orbit width

effects become important. A quasi-lineartheory for general wave-particle interactionsin a
toroidal plasma including these effects had been derived in Ref. [1pramdpecialisedor ICRH

[2]. A code SELFO,calculating self-consistentlythe power deposition and velocity distribution,
including these effects has been developed [3]. In the code it is doiterdtjvely computing the
velocity distribution in a toroidal geometrywith the Monte Carlo code FIDO [4] and the wave
field with the global wavecode LION [5, 6] or the ak -wavefield model [7]. In order to self-
consistentlyinclude the effects of the non-Maxwellian ion distribution function on the wave
absorption the dielectric tensor is constructexn the calculated3D-distribution function in the
torus.
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The FIDO code calculatesthe distribution function of the heatedion speciesin a toroidal

plasma witha Monte Carlo method. The distribution function is given in termsof invariantsof
the equation of motion for unperturbed orbits (E, Pg, A), where E is the energy,
P,=Rmv ,+eZy(r) is the canonical angular momentum and A =Bou/E is an adiabatic

invariant, defined by the ratio betweenthe magnetic moment and energy normalisedwith the
respect to the magnetic field at the magnetic axis. Since there isumiduee relationshipbetween
these invariants and the orbits; the same triple may describe different typdstefA label o is
introduced to distinguish between them.
The ak-wave field model is based on the assumption that the wavectielthe describedas
a superposition of two wave fields of@ weakand one for strong damping. The wavefield for
strong damping is computed with ray tracing. The wave fietdweak dampingis givenin terms
of eigenfunctionsof a circular cylinder [7]. The model allows for including the upshift of the
parallel wave number due to the finite poloidal magnetic field.
To include the contribution to the dielectric tensor from the distribution function of the
heatedion speciescalculated with the Monte Carlo-code FIDO, which gives the distribution
function as a set of orbit invariants, the local velocity distribution function f(vg,v,) is

constructed, which is then used for calculating sheceptibilityfor plane wavespropagatingin a
guasi-homogeneous plasma expressed in a local orthogonal coorslistm(x, y, 2), wherez is
along the magnetic field andchosen so thdt, = 0 [8].

2. MINORITY ION CURRENT DRIVE

Minority ion currentdrive including finite orbit width effects and RF-inducedspatial transport
has been studiesh Ref.[9, 10]. In a standardITER like plasmareversedshearcan be achieved
by on-axis heating afi-particles with a toroidally directed wavearallel with the plasmacurrent,
here represented by a single toroidal mode numjer #2. The inward RF-inducespatialdrift
accumulatesa-particles with non-standardtrapped orbits near the magnetic axis. These orbits
produce a centrally peaked ion current parallel with the plasma current [11, 12]. Theulpgaxkt
causedby collisions with electronsand background plasma speciesproduce a resulting anti-
parallel current (assumingZesf < 2). Also the currentproducedby TTMP and ELD is strongly
peaked on axis dut the trapping and is anti-parallelto the plasmacurrent asshownin Fig. 1.
[10]. For these calculations the power partition between the plasma spasikspt fixed to 42%
on thea-particles, 56% on the electrons and the remai@¥gon the other speciesaccordingto
the initial power partition as calculated with the LION-code.

3. FAST WAVE CURRENT DRIVE IN THE PRESENCE OF PARASITIC ION ABSORPTION

The tail formation during fast wave electron current drive at the third harmonic of the deuterium
cyclotron resonance has been studied [3, TBE absorptionby the ions at w = 3wcp, which is
here a parasitic absorption mechanism, increases rapidly with perpendicular v@lugf‘y If the

tail ions are confined to the region where the power absorptistidag, the formation of the tail
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significantly reducesthe current drive efficiency, whereasif the tail formation is curtailed by
removing fast ions from this region by an RF-induced pinch, the ion absorption is then reduced
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Fig. 1.Driven current in an ITER-like plasma Fig. 2. Energy distribution of deuterium
with on axis heating of a-particles at the during third harmonic heating for different
fundamental frequency, ny= -42, jmisthe phasings: ny= 25 (full) and ny = -25

a-minority ion current, jiot iSjm minus the back (dotted).
current, je is the electron current driven by TTMP
and ELD. Total heated power 50 MW.

These findings arén agreementwith thoseobservedin JET, wherehigh energyions are formed
resultingin dominatingion absorptionand little direct electron heating [13]. However,in Tore
Supraelectroncurrentdrive is observed[14]. In order to illustrate the effects of the different
phasingswe have used the following parametersBp=2.08T, Rp=2.28m, a=0.75m, Ip=0.75MA,
P=5MW, rp=4x101%m-3, n=ryx(1-0.95«(1/a)?)1/2, Tp=Te=5keV, n=25 and ny=-25. For a wave
propagatingin the oppositedirection of the plasmacurrentthe fast ions are removed from the
centre as they start increasing their energy and alsoser, whereasfor a wavedirectedparallel
to the plasma current the RF-drift is directed towards the magames@cting asan inward pinch;
the high energy ions are then well confined and a high energy tail builds up as seenbeFig.
2. The presence of a tail enhances the single pass damping resultinpangeof the wavefield
from that of a weak damping scenarioto that of strong one as can be seenin Fig. 3. In the
absence of a tail only 10% of the power is absorbed)by3wcp and in the presence oftail the
absorption increases to 5084r the casethe wave propagatesoppositeto the plasmacurrentand
80% when it propagates paralld@lhe correspondingfast wavedriven currentsbecome98kA and
16KA, respectively. By replacing thdeuteriumwith Helium, the tail formation is reducedas well
as the asymmetry, with similar plasma parameters but with half abthdensity we found driven
currents of 110kAand 30kA. Similar asymmetriesand driven currentshavebeenfound in Tore
Supra [14]. However, in Tore Supra no high energy tails have been detected.
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Fig. 3. The electric field component E; for nyp = -25 in the absence of a tail, to the left, and
during steady state in the presence of a tail arising from 5 MW of total coupled power to the right.

4. CONCLUSIONS

For heating and/or current drive with a toroidally directed wave spectrum the RF-induced spati
transport and finite orbit width have an important effecttlomformation of the high energy tail,
which will affect the power partition, the structure of the wave field and the current drive
efficiency. Similar asymmetriesand driven currents have been found in Tore Supra [14] as
obtained from the self-consistent computations with the SELFO-code.
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