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1. INTRODUCTION

lon Cyclotron Range of Frequencies (ICRF) heatingniauxiliary heatingsystemthat
canprovide a significantfraction of bulk ion heatingin a reactortokamak[1]. However, to
maintaina high ion heatingfraction during the burn phase whenthe concentratiorof fusion
products will be beyond 10%, the parasitic absorption of ICRF power by alpha pédndistes
be minimised. As severalheating scenariosare envisagedfor reactor operationin a D-T
mixture, it is important to assess the efficiency of these scenariesnsof bulk ion heating.
One s thereforeled to carefully study the interaction betweenthe wave and the energetic
particles. Withinthe quasi-linearapproximation the effect of ICRF heatingon the resonating
lon distributionfunction canbe viewed as a diffusive processin phasespace.The resulting
diffusion coefficient is thereforeintimately linked to the efficiency of the wave particle
interaction. This papercompareswo modelsfor calculatingthe ICRF inducedquasi-linear
diffusion coefficient, and discusses the salient features for coresgssinghe efficiency of
the wave particle interaction.

2. LOCATION OF THE WAVE PARTICLE RESONANT INTERACTION
POINTS

At high energiesthe width of ion orbits canbe of the sameorderastheir distanceto
the magneticaxis. A correctdescriptionof the wave particle interactionthereforerequiresan
accurate description difie particletrajectorieq2]. The unperturbednotion of fast particlesis

well described by three constants of motion, sasthe energy,E, the magneticmoment,p,
and the toroidal momentuf,. In this paper,we usethe samesetof constantof the motion
that was utilised in ref 3. These are a combination oBBEd Ry

Q:= 2VRyV, R
Q= Vv "R- VR, (1)
Qa=y-v,R

The resonance condition between the particle and the wave can be expressed as
W=k (2)

From equations 1 and 2, it is possible to express the resonance condition iof tgrms
Q1, @ and Qs only. For given Q1,Q,,Q;3, this givesa seconddegreepolynomial in ), from

which it is possibleto determiney at the resonanceFrom ), one can compute,R and Z,
obtaining the location of the D6ppler-shifted resonance point for any trajectory.

3. COMPUTATION OF ICRF-INDUCED DIFFUSION COEFFICIENTS

At a given resonancegoint, using an eikonal expansionof the wave field and a first
order expansionof the particle motion in the neighbourhoof the resonancethe energy
exchange between the particle and the wave can be written approximately as:

21T

AE = q\/wvrﬂ&s[ E+‘]n—l(kDp) + E—‘]n+1(kDp)]res COS(AqO) (3)
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where w is the wave pulsation, Ag is the phasedifference betweenthe cyclotron
motion and the wave #be resonancerossing,the time derivativeof the cyclotronfrequency
is taken at the resonandg, and E. arerespectivelythe co- and counter-rotating components

of the ICRF electricfield, k  is the perpendiculacomponenbf the wave vectork, p is the

Larmor radius and,Js the n-th order Bessel function.

Assuming that the cyclotron phase varies very quiekigtis decorrelateetweentwo
successivaesonancesthrough collisions or non-linearly, the energy transfer betweenthe
particleand the wave can be describedas diffusive process,whose diffusion coefficientis

given by Do =20(AE)h,, wherethe summationis over the different resonanceshe particle

encounter during one poloidal revoluti@{AE) is the variance of thehangein energyandT,
is the poloidal bounce time.

When w, is close to zero, the expression A&t given in equatior3 becomessingular.
For trapped particles, this corresponds to cases teaesonanpoint is closeto the banana
tip of the particle trajectory. This can also happenwhen the resonances tangentto the
trajectory, which can occur fdooth passingandtrappedparticles(seefigure 1). In this case,

thefirst order expansionof w. aroundthe resonancepoint is no longer appropriateand a
second order expansi@moundthe extremumpoint of w is required.The expressiorfor AE

obtained in this way involves Airy functions and is continuousg6t° 2" €™

The connection between the coefficient obtaiftedh the first orderexpansiorandthe
one coming from the second order expansion is illustrated in figure 2.

To takeinto accounta completetoroidal spectrum the individual contributionof each
wave number is summed with weights corresponding to the power of each antenna mode.

Do ™ = ZP(ky)Dov (ki) ZP(k;) (4)

This model has beenimplementedin the SPECOcode, which computesthe ICRF-
induced diffusion coefficients of fast particles interacting with a complete toroidal spectrum.

4. COMPARISON OF THE MODEL WITH A COMPLETE CALCULATION

The results of the model discussed in paragraph 3 havecbegraredwith thoseof a
complete calculation obtainedwith the MOKA code [3]. MOKA computesthe complete
trajectories of the particles witim equilibrium magneticfield calculatedwith the IDENT code
and the ICRF electric field that is obtained from the ALCYON code [5]. Tthedull poloidal
and toroidal structureof the wave perturbationare retained.Computationsare madein six
dimensions keepingfinite orbit width effects (including the Larmor orbit) and correlation
effects.

The first casewe studyis for trappedparticlesinteractingwith a singletoroidal wave
number. Figure 3a shows the results of SPECO: the diffusion coefficient is actuaiyloé
two contributionsionefrom the inner leg of the orbit thatis Doppler shifted towardsthe low
field side (LFS) and one frorie inner leg thatis Doppler shifted towardsthe high field side
(HFS). The LFS contribution peaks for particles havingaergyof 600 keV andthendrops
dramatically.At this energy,the Doppler shift makesthe resonancetangentto the particle
trajectory,andthe interactionis thereforemaximum.At higherenergiesthe Doppler shift is
such that there is no more resonantinteraction betweenthe wave and the particle. The
contribution of the inner legcreasesteadilywith energy.The diffusion coefficientobtained
with MOKA is consistent with the above observatigiigure 3b): it peaksat the sameenergy
as the SPECO LFS coefficient and remains almost constant at higher energies.

The secondcomparisonconcernstrappedand passing particles interacting with a
completespectrum.In both cases,the coefficientsincreasestrongly up to 1 MeV and are

almostconstantor higherenergiesThougho(AE) increaseswith energyfor a given wave
number,fewer andfewer wave numbersinteractresonantlywith the particle,as the Doppler
shift getslarger. The agreemenbetweenthe SPECOmodel and the MOKA simulationsis
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good. The only significant discrepancy comes for trapped partitEsergiesunder500 keV.

These particles absogmwer both at their bananatip andat their tangentpoint. The focusing

of the waveasit penetrateshe plasmawill thereforebe importantfor the relative strengthof

the energyexchangeat the resonancepoints. However, this focusingis poorly describedby

the simple wave structure used by SPECO, which at least partly explains the discrepancy .
The comparisoshowsthat at high energiesthe geometryof the particle orbit andits

Dopplershiftedinteractionpoints with the wave play a crucial role for an accuratemodelling

the diffusion coefficients.In comparison,the poloidal structureis of lesserimportance,

because the effects are averaged over the whole toroidal spectrum.

5. SUPERADIABATICITY

From the MOKA simulations, it is possible to compdi#usion coefficientsaveraging
over ten poloidal revolutions instead of one poloidal revolution. In the limit when the
decorrelation hypothesis is valid, the diffusion coefficient should beaimeregardlesf the
numberof poloidal revolutions.However, when stochastizations not sufficient to ensure
wave-particlephasedecorrelatiorbetweensuccessiveesonanceghe energytransfercan no
longer betreatedas a diffusive procesq2,3,6] andthe coefficientaveragedver ten poloidal
revolutions diverges from the one computed over one poloidal revol&igure 3 showsthat
over 1.2 MeV, the correlation effects makesthe diffusion coefficient averagedover ten
revolutionsdrop underthe value averagedver onerevolution. This is characteristioof non-
diffusive behaviours resulting in a reduction of the wave-particle energy transfer.

6. CONCLUSION

This paper discussedrequently made assumptiondor the treatmentof the wave
particleinteraction.It particularly stresseghe importanceof taking into accounta complete
toroidal mode spectrum. At high energies, Doppler shift effects spread the resonarayasints
the whole particle orbit. Becauseof theseshifts, the absorptionat the LFS equatorialplane
crossingof the trajectory can be more importantthan the absorptionat the bananatip for
trappedparticles. The SPECOmodel also emphasiseshe importanceof finite orbit widths
effects, showing that non standard orbits can plaignificantrole in assessinghe efficiency
of the wave particleinteraction(for example,on Figure 3, counterpassingparticlesabsorb
power very efficiently, even at low energies).

The efficiency of the RF heating is alaffectedby cyclotron phasecorrelationeffects,
which playa role at high energiesgspeciallyfor passingparticles.Whereaghis effectis not
likely to play alargerole in presentday tokamaks,t could strongly changethe absorptionof
RF power by alphaparticlesin a reactortokamak,and this parasiticabsorptionshould be
evaluated in the light of the diffusion reduction due to superadiabaticity.
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Figure 1. Tangencypoints for passing(a)
and trapped (b) orbits.
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Figure 3 : SPECOand MOKA simulation
for trapped particles interacting with one
wave number N=20. The first plgtvesthe

location of the resonancepoints(|), the
bananatip(Rmin) and the equatorial plane
crossings(Rroot. ). The secondplot gives
the diffusion coefficientsas a function of

the energy as computed by MOKZtosses
correspond to the quasilinear diffusion
coefficient, averaging over one poloidal

revolution, and circles to the diffusion
coefficientsobtainedwith statisticsover ten

poloidal revolutions. Lastly, SPECO
coefficients are givergne correspondingo

the crossingof the resonanceon the inner

leg of the banana trajectory, tlather oneto

the outer leg.
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Figure 2 : Connection betweehe diffusion
coefficientscomputedwith the first order
developmenbf «c and the second order

developmentThe coefficient used for the
calculations is given in full line.
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Figure 4 : SPECOand MOKA simulations
for trappedand passingparticlesinteracting
with a complete spectrum
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