HTML AESTRACT * LINKEES

PHYSICS OF PLASMAS12, 012502(2005

Modeling of nonlinear electron cyclotron resonance heating
and current drive in a tokamak

Richard Kamendje
Institut fir Theoretische Physik, Technische Universitat Graz, Petersgasse 16, A-8010 Graz, Austria

Sergei V. Kasilov
Institute of Plasma Physics, National Science Center “Kharkov Institute of Physics and Technology,”
Ul. Akademicheskaya 1, 61108 Kharkov, Ukraine

Winfried Kernbichler
Institut fir Theoretische Physik, Technische Universitat Graz, Petersgasse 16, A-8010 Graz, Austria

Ivan V. Pavlenko
EURATOM-Etat Belge, Université Libre de Bruxelles, Campus Plaine—CP 231, Boulevard du Triomphe,
B-1050 Bruxelles, Belgium

Emanuele Poli
Max-Planck-Institut fir Plasmaphysik, Bolztmannstrasse 2, D-85740 Garching bei Miinchen, Germany

Martin F. Heyn
Institut fur Theoretische Physik, Technische Universitéat Graz, Petersgasse 16, A-8010 Graz, Austria

(Received 19 July 2004; accepted 29 September 2004; published online 3 December 2004

Electron cyclotron resonance heating and current drive are modeled in tokamak geometry taking
into account nonlinear wave-particle interaction and the inhomogeneity of the distribution function
on magnetic surfaces. The model includes self-consistently coupled beam tracing and Monte Carlo
computations of the electron distribution function. The method of Green’s function for the
computation of the generated current is described. For the Axisymmetric Divertor Experiment
Upgrade[Leutereret al, Fusion Eng. Des53, 485 (2001)] parameters and high beam focusing,
nonlinear wave-particle interaction effects appear to be important for perpendicular launch of the
microwave beam and not important for oblique launches where they stay below the “threshold.”
With defocusing the beam two to three times along the direction of the magnetic field nonlinear
effects of wave-particle interaction start to be important also for oblique launches. The effect of
decreased current in case of increasing the microwave beamwidth is demonstrated. The decrease of
both power absorption and generated current around low-order rational magnetic surfaces is found.
Its possible effect on the tearing mode stability index is discusse®0@ American Institute of
Physics [DOI: 10.1063/1.1823415

I. INTRODUCTION nary wave modéO mode or the second harmonic resonance
for the extraordinary wave modX mode, the wave propa-
f gation problem is solved using the cold plasma dielectric

heating and sustainment of the stationary plasma current iﬂermlttlwty wh|lg t_h(_armal effect_s, which provide the correc-
toroidal fusion devicegtokamaks and stellaratgrsan im- tion to the_permlttlwty responsible for the wave absorptlon,
portant feature of these methods is the high localization off® taken into account by means of the wave absorption co-
both power deposition and ECCD current profiles, Whichefflmentlwhlch is §ma|| cqmpared to the wave vector. The
makes them useful for the control of the radial current pro-£XPressions for this coefficient for the homogeneous Max-
file. In particular, a very precise positioning of the generatedVe!lian plasma in a uniform magnetic field are used in most
current around a given magnetic surface is necessary for tfgSes where ECRH/ECCD is modeled on the basis of linear
suppression of neoclassical tearing mods3M) in toka-  theory.
maks. Therefore, the accurate modeling of ECRH and ECCD The assumption that the electron distribution function is
is a practica”y important prob|em_ close to a Maxwellian is Usua”y jUStlfled by the fact that, in
At the present time, such a modeling is performed in theoff-axis heating scenarii, the magnetic surface average of the
framework of linear theory of wave propagation and absorpheating power per electron is small compared to the power
tion with the help of ray-tracing or beam-tracing methods,exchanged by a given electron with other electrons via Cou-
which are well justified by the fact that the parameter oflomb collisions, which restore the Maxwellian distribution
geometrical optics, namely, the ratio of the wavelength to thenuch faster than quasilinear effects distort it. However, this
characteristic scale of plasma or magnetic field inhomogeneargument is not generally valid because it does not take into
ity, is typically very small. In standard ECRHECCD) sce- account the fact that power is highly localized both, in space,
narii using the fundamental cyclotron resonance for the ordiwithin the small interaction region on the magnetic surface

Electron cyclotron resonance heati(fCRH) and elec-
tron cyclotron current drivéECCD) are standard methods o
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where the microwave beam crosses it, and in velocity spaceulation of the current driven by the wave is a more compli-
where the interaction is localized in a narrow resonanceated problem whenever the electron distribution funcfion
zone. There are two possibilities for the formation of essenis modeled with a Monte Carlo method. Indeed, although the
tially non-Maxwellian distribution functions in case of off- local changes irf in the resonance zone can be significant,
axis ECRH(ECCD). the overall change of remains very small: the average par-
The first of these possibilities is connected with the non-allel electron velocityV, is much smaller than the thermal
linearity of wave-particle interaction within the beam, velocity vy. Therefore, the statistical noise appearing when
namely, with the trapping of resonant particles by the wavemodeling f results in large fluctuations iv,. In order to
In Ref. 1 it has been shown that this effect is importantovercome this difficulty, similar to the method used in the
already in present day experiments with second harmonitinear theory of the current drive, a method for the compu-
X-mode ECRH. The nonlinearity can be roughly charactertation of current using Green’s functigicurrent drive effi-
ized by the nonlinear change of the wave-particle phase aftégriency) has been implemented in ECNL. This method is dis-
a single pass of the particle through the microwave beam. Igussed in Sec. Il C.
case of second harmoniemode resonance this parameteris ~ Section IV presents the results of the modeling obtained
given asey ~ (L jw/C)(Ey/By)Y2tany, wherel,, o, c, E,,  for the Axisymmetric Divertor Experiment UpgrateAs-
and B, are the parallel beamwidth, the wave frequency, thdDEX Upgrad¢ parameters. In particular, as found in the
speed of light, the amplitude of both the wave electric field modeling, the sensitivity of ECRH and ECCD to the pres-
and main magnetic field, respectively. Here jarv /v, is ence of rational magnetic surfaces is demonstrated together
the tangent of the pitch angle. For the case of fundamentatith its effect on the tearing mode stability.
resonance for th® mode, ey, ~ (Ljw/¢)(Eq/Bg) '/ tan"? x. Finally, the applicability of both the model and the re-
For present day experimental parameters, fontari, these  sults of the modeling are discussed in Sec. V.
parameters approach unity. In the reactor case, these param-
eters will be increased because of the increased beamwidth,

and the increased magnetic fiefld ~Bo). ~ll. WAVE ABSORPTION IN A TOKAMAK GEOMETRY
Another possibility for a strongly non-Maxwellian distri-
bution function is given by ECRKECCD) in the vicinity of For the computations using the TORBEAM-ECNL com-

low-order rational magnetic surfacgsee Ref. 2 In this  bination of codes, the analytic equilibrium model of the to-
case, electrons leaving the microwave beam can reenter kbmak has been used,

several times after only a few toroidal rotations. Even if the )
nonlinearity is smalky <1 the time between reentries is too R=Ro+rcosf-A(r), Z=rxr)sind, (1)
short for Coulomb collisions to destroy small modificationsyhere fines r=const correspond to the poloidal cross-
of the distribution function caused by the wave. Thus, thesgetions o =const of the magnetic surfaces in cylindrical co-
modifications can accumulate during few successive elecsdinates(R,Z,¢). Here, A(r) and «.(r) are the Shafranov

trons passes through the microwave beam along their "shoghft and the elongation, respectively. Temperature, density,
path,” leading to a significant deviation of the distribution 5nq safety factor profiles are parabolic,

function from a Maxwellian.
2

ECRH (ECCD) modeling in such cases must include, No=ny(r) = ng + (N1 —n )r_ 2
besides raybean tracing, a separate procedure for the com- e € 0 02’
putation of wave absorption which is not described by linear
theory anymore. This requires the computation of the elec- r2
tron distribution function. Based on a Monte Carlo method,  Te=Te(r) =T + (Tl_TeO)?v 3)
such a procedure of the computation of the distribution func-
tion has been developed in Ref. 1. The main focus in that 2
paper was on the proper description of the nonlinear wave- q=q(r) =g+ (qy - q°)§’ (4)

particle interaction with the microwave beam while the ge-

ometry of the main magnetic field outside the beam was . . .
wherea is the minor radius.

e e e e e o WA th beam-racng model sed n TORBEAV, e
2 . . wave electric field is assumed in the form,

ered. The problem of wave propagation in this geometry is
solved using the beam tracing code TORBEAMhich has E(r,t) = A(PRef(Dexdis(r,7) - &(r, 7 —iwt], (5)
been modified in order to use the nonlinear absorption coef-
ficient obtained from the kinetic modeling with the Monte wherer is the reference ray parametér) andf(7) are the
Carlo code ECNL. The problem geometry and the couplingvave amplitude and the polarization vector computed on the
of TORBEAM with ECNL are described in Sec. Il. reference rays(r, 7) and ¢(r , 7) are the real and the complex

In contrast to the precedent wdrivhere only the per- phases, which describe the curvature of the wave front and
pendicular propagation of the wave beam with respect to théhe beam localization around the reference ray, and the
main magnetic field has been modeled, the general case of arave frequency, respectively. Here some renotation has been
arbitrary propagation angle is treated for midplane launchingnade as compared to Ref. 3. The paramete#(r) is the
scenarii. Unlike the computation of absorbed power, the calsolution to
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dg(7) _
dr =0,

[r-a(7] (6)
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szf deJ dengS- V X, (13)

whereq(7) are the coordinates of the reference ray. In case¥here g is the Jacobian of coordinate§ 6, ¢. Here, the
of interest, Eq(6) has a unique solution in the vicinity of the distance from the magnetic surface to the main torus axis,

reference rayr —q|<L , whereL , is a typical perpendicu-
lar beamwidth. The phasesand ¢ in Eq. (5) are represented

X=X(r)=Ry—r—A(r) (14)

by quadratic polynomial expansions over coordinates arountf used instead of as an independent variable for labeling
the reference ray—q(7) such that the shape of the beam is the magnetic surfaces. Ignoring small variationsxandv,
Gaussian. In the standard approach of beam tracing, th#ithin the beam in Eqg11) and(9) as well as such a varia-
wave absorption is taken into account in the amplitude whicHion of vq- Vr, one obtains

changes along the reference ray according to usual geometric dP, a

optics,
dlv——W<£V Vgt ) (7)
d = Ty 9T
IE2 (1 a )
W= ——f* . | =—=w%] f, 8
16 wr?wws ®

wherel is the distance counted along the reference vgys
the group velocityW is the wave energy density, adds the
dielectric permittivity tensor of the cold plasma. In E@), «
is the absorption coefficient,

a:prSZZwk-ng, )
vgW ckog

wherepg,sis the absorbed power densikys VS(r , 7)| =) is
the wave vectorg is the speed of light, and is the absorp-
tion index (imaginary part of the refraction indgxbtained

dX ~cosg (19
where B is the angle between the normal to the magnetic
surfaceVX and the group velocity at the intersection point of
the reference ray with the surface.

The local relation(9) between the wave energy density
and the absorbed power density is, strictly speaking, not
valid even in linear theory because cyclotron absorption is an
essentially nonlocal process: the energy coupled to the field
by an electron in a given spatial point of the wave beam is
determined by the interaction of this electron with the wave
on its whole path through the beam. However, usually, the
violation of the local relation is small as long as the change
of the absorption coefficient within the beam due to the mag-
netic field variation along the field line is small as well as the
uncertainty in this coefficient due to the finite width of the
wave spectrum of parallel wave numbégsThus, the influ-
ence of the absorption on the microwave beam profile across
the beam can be ignored in this case. In case of the nonlinear
wave-particle interaction, the influence of the absorption on
the beam profile can be significaisee the discussion in Sec.

from the anti-Hermitian part of the _dielectric permittivity v/ of Ref. 1). However, this influence will be ignored in
tensor of the homogeneous plasma in a homogeneous Mage present study where wave absorption will be taken into

netic field. Equatiori7) approximates within geometrical op-

tics the energy conservation law,

V- S+ Paps= 0, (10)
whereS is the Poynting vector,
c|E[2
S~=vyW=_—[k-Refk -f*)]. (11
87w

As long as the linear relatiof®) betweena andp,ysis valid

account only in the total power conservation lgl2) assum-

ing that the results are qualitatively valid. In this context, Eq.
(15) will be used as a definition of the absorption coefficient
through the absorbed power calculated by the kinetic Monte
Carlo code ECNL for a given value of the beam amplitude.
Since suchy is a nonlinear function of the beam amplitude,
the computation of both the beam amplitude and absorbed
power profiles over magnetic surfaces is performed by itera-
tions until these profiles become consistent with each other.

lll. KINETIC MODEL

and the spatial scale of the absorption coefficient as well aa. Integral equation for the phase space flux density

the absorption length are much larger than the beamwidth,
Eq. (7) represents the total power balance in the beam. The

exact total power balance is obtained by integrating (EQ)

each other and which are not tangential to the beam. F
midplane off-axis ECCD scenarii with the resonance zone
located on the high field side, a convenient choice for thes%‘

surfaces is given by magnetic surfaces, which results in

dPy(X) i T
;—x=—f_wd0fwd<p\gpabs,

(12)

For the computation of absorbed microwave power and
generated current, the electron distribution funcfigsrmod-

8Ied using a Monte Carlo method. For this modeling, a toka-

mak with circular concentric magnetic surfaces is assumed.
est particles representing electrons are followed on the
agnetic surfaces using a conventional Monte Carlo proce-
ure. Whenever they are crossing the beam, their perpen-
dicular velocity is randomly changed by a finite amount ac-
cording to the nonlinear wave-particle interaction model of
Ref. 1. The spatial regions where each of these models is
used is separated by two poloidal cudsandB, located close
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and the Gaussian microwave be&bh®) has been reduced in
Ref. 1 to a one-dimensional problem described by the Hamil-

200 R . tonian
: ] H=0w- 1w+ ewe” cosy, (18)
150 223 :
- J- | 1 where the dimensionless parameters are
E N ; [5
[ A e . 1 2Lk, e
% 100 e NG, S - €= \|||—W;E0|fx‘ ify|1
i o N L : ] UilfTow
r 1 =7 | Koy~ 2w, -5 Tw].
[ : ‘ ath 1 |U||| 1“1 c0 2C2

ol 2t 1 o = The independent variables here are the dimensionless reso-

. =TTt nant perpendicular action, the wave-particle phase and the

0 50 100 fer] 150 200 dimensionless time given by

X [cm
, , , : V2L |wgglv? o)t
FIG. 1. Schematic location of the poloidal cétsaindB. The crossing of the =, = 2¢g + (kHUH -w)t+ Yoo T=———,
cold cyclotron resonance line=2|w|, with the magnetic field linédashed lvlc V2L,
curve) locates the resonance zone.
(20

respectively. Hereg, my, v |, v), ¢4, and iy are the electron
to each othelsee Fig. 1 In the small inner region which I(;hceiltrget,ht:e rfjt gzzs'atsg fhegpfgfs'f::]?r ?]r;(lethsehﬁ?r?gsl ;’s_'
contains the cross section of the beam with the magnetic Y gyrop ' P ' P

surface, the kinetic equation is simplified to a Vlasov equa—t'vely’ andweo=€By/ (myC) <0 is the nonrelativistic electron

tion ignoring the Coulomb collision integral. In addition, the cyclotron frequengy. The chgnge Qf the parallel velocity of
electrons is negligibly small in the inner regibn.

effect of the magnetic field inhomogeneity on electron orbits Using the fact that ticl tering the i .

is neglected in this region. Namely, it is assumed that an sing q N ?j(.: 'ba partic eshen T}“ng h N |n|ngr region

electron entering this region through the paiKt 6) on one have Ia random .|str| Et'o.n oaler_th ehp ﬁﬁet ? sho utlonhtod f

of the cuts moves in the uniform magnetic fiedg where the Vasoy gquaﬂon obtained with the €lp 0 the met'o 0
characteristics can be transformed to an integral relation be-

Bo=BI(ryy) is the value of the tokamak main magnetic field attween the gyroaveraged pseudoscalar flux densities of elec
h intr ,=r (X, 6) in the inner region where the electron ) - ) )
the pointr =rm(X, 0) in the inner regio ere the electro trons entering the bearh™ and of electrons leaving the

passes through the given wave electric field maximum on it%eam rou (see Ref. 1
orbit. Introducing the local Cartesian coordinate system with ' '
the z-axis directed alon@3, and thex-axis directed along ou A — )
k= {Vs(r,n)~[Vs(r,7)-Bo/BolBo/Bo} -, the microwave (X, 0,Ui,v||)—f dv} P7(v v )X, 0,0 ,v)).
electric field is transformed to 0

(21)
~ z . . .
E = E, Ref exp{i(ka +kz-ot) - P] , (16) Here, the incoming flux density,
I
JVE (T AN
. in— 21T —
with the constant&,= [Vs(r, 7) -BO/BO]|,:TO, f=f(7), I 20 f_ﬁd‘f’gf 27AXAGAD | Av At (22
r’(6 - 6o) where
Eo= A(To)exl{_ (g To)] = A(To)ex%— Tzo :
s - B¢
(17) J=\gv,, Vﬁ":uHE, B*=B- Vo (23

where 7 is the reference ray parameter at the intersectiorare the Jacobian of phase space coordinates and the contra-
point with the magnetic surface ary is the poloidal coor- variant toroidal component of the parallel velocity, respec-
dinate of this point. Here the quadratic terms in the expantively, is calculated on cué for particles withv;>0 and on
sion of the real phass around the reference ray have beencut B for particles withv,<0. Here,I'" is also expressed
neglected assuming the curvature of the phase front to béarough the number of electrons passing through the element
small. Moreover, both, parallel and perpendicular beameof the cutAXA#6 in the velocity rangeAv | Av; per time in-
widths L, and L ,, which are defined by quadratic terms in terval At (see also Ref.)5 In the definition of the outgoing
the series expansion of the complex phasaround the ref-  flux densityI®"t cuts A and B should be swapped. The tran-
erence ray, have been replaced by their geometrical meansition probability density(TPD) PH, which describes the

For the case of second harmonfemode propagation, change of the perpendicular velocity of electrons due to their
the problem of electron motion in the uniform magnetic field nonlinear interaction with the microwave beam, is
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Fin(X, 19,UL,U”)

=f dﬁ’J dv’lf doPO(9,v v v ,v))
- 0 —%

W v’ v
PRw ,0)) = ——=Phgw,w') = =Pw,w'), (24
(L)) P, A(W,W') o Ap(W,W'), (24)

wherew=w(v ) andw’'=w(v',) are given by Eq(20) and
the discretized TPDP2; is given by Eq(60) of Ref. 1. In the XTU(X, 9" v ,v)), (29
following, the relation(21) will used also in the symbolic

where
operator form,
PO(9,v 1,013 ,0',v)) = Pyv g0 o809 =
[out = pHin (25) - 27q)0(v) + 8O - ¥
+ 27/ -v
The dependencies of the discretized TPB; on parallel Ol lj”)],
velocity, beam and magnetic field parameters enter this func- +P (v ,vp0],v) 80 - 3.
tion only through the dimensionless parameteend() [Eq. (30)

(19)]. Therefore, for the purpose of Monte Carlo modeling, A N N _
this quantity has been precalculated in the whole parametéfere Pi(v_,vj;v’ ,vj) is the transition probability density

range except in the regions where the nonlinearity parametelfom the velocity space point, ,v; to the pointv , v in the
case that the particle traverses the outer regign,>0,

P.(v,,v;v’ ,v)) is such a TPD in the case that the particle

ey = Ve =~ oby [N.Ev, (26)  returns to the starting cutyjv;<0 and® is the Heaviside
2B, [v| step function. Combined together, relatiof25) and (28)

provide a homogeneous integral equation for the flux density
is very small(there the quasilinear approximation is ugsed Ut SHAGoLL
very large(there the adiabatic model is ugedee Ref. 1. [P = PP (31

HereN, =ck, /o~1 is the perpendicular refraction index. It should be noted that for midplane heating scenarii
In the outer regiorfwhich is the region delimited by the ith the resonance zone located on the high field side, the
cutsA andB and not containing the cross section of the beamgffect of toroidicity in the outer region does not have a sig-
with the magnetic surfagehe amplitude of the beam is ex- pjficant influence on the distribution function in the reso-
ponentially small and, therefore, the wave electromagnetiance zone located in the passing particle region of the ve-
field is neglected there. Moreover, the tokamak geometry ifocity space. However, this effect as well as the momentum
simplified for the modeling of the distribution function in ¢onservation during Coulomb collisions is important for the
this region. Namely, in a computation with a givEvalue in - generated current. The procedure taking these effects into

Eq.(12) the magnetic surfaces are assumed to be circular angecount in the computation of the current is described in Sec.
concentric around the magnetic axis locatedRa&tR=R, ||| C.

—-A[r(X)] wherer(X) is the solution to Eq(14). The small
radius of quasitoroidal coordinatég, ¥, ¢) associated with
this axis, coincides witm(X) on the considered surface, but
differs fromr on the nearby surfaces labeled wih so that
X'=Rs—p=X-r(X)+p. Thus, the Jacobian of coordinates The formal solution to Eq(31) is

(X, 8, ¢) coincides with the Jacobian of quasitoroidal coordi- K

nates,\g=pR=p(Rs+p cosd), on the reference ray=n. o= lim 12 (PHPO)E (32)
The cross-field transport, the momentum conservation during Koo Kioy '

collisions, and the toroidal inhomogeneity of the magnetic

field are ignored in the outer region defined above. The kiwhere a particular choice foiF is F=C,d(X~Xp)d(¥

netic equation corresponding to this model has the form  ~%0)3(v, —v 0 8 —v)o) andC, is a normalization constant
(F can be an arbitrary integrable function of phase space

e e e variables. This formal solution can be presented as an ex-
+ LT AT (27)  pectation value of the test particle density on the cut aver-
dt  qRIY  Rsde aged over the Markov chain,

Fout(xy "91 U, UH)

B. Monte Carlo algorithm

Here, L¢y is the Coulomb collision operator for isotropic
Maxwellian background particles arfis the safety factor. = C..8(X = Xg) lim 1
In steady state, the formal solution to E&7) can, again, be N O e K
expressed through the relation betwd&Ht and "™,

K
X2 89— 98w, — v v, - v, (33
Fin - ISOFOUI (28) k=1
where the chain is determined by the following recurrence
which explicitly reads relations(the variable X remains unchanged
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(see, e.g., Ref.)6As for VO(v',,v[) and VP(v' ,v/), these

t_ t t
=0, =% +FSgr(UHk)®(U\I\rI]<U\(\)I:J—l ' (34) guantities are obtained using a conventional Monte Carlo
procedure for solving the drift-kinetic equati(7)r$tarting the
o= VH (9 pin, o) o1 = VO (pOUL ot ) (35) ort?lt of a test .partlcle with the \{elocme(sL ,up) in 'Fhe out-
going flux region of the respective cut and following its ran-

pOUt=pin i —\O(,out - out y (36) _dom vyalk until it hits one of the cuts at a location in the
= Vil Vike= V0 Teanvlics _ _ incoming flux region,VQ (v’ ,v[) and VP(v' ,v|) are ob-
and the initial conditiondg= 9, v"7=v .0, vj§=vje- Here, tained as the values of, andy, at the hit point, respectively.
the superscripts “in” and “out” on the variables indicate thelt should be noted that, due to a simplified tokamak geom-
incoming and outgoing flux regions, respectively, a@ etry, the conventional Monte Carlo metﬁu@quires only a
V9, and V{ are random numbers defined by the following few steps per sampling of these quantities in the long mean
expectation values: free path regime. The case of a realistic geometry will be
50, - VT(ﬁvavu)) =P, 0)), (37) gmﬁ::eéfefiign?;ure using the technique of Ref. 5 which has
— — The limit of zero toroidicity,p/R;— 0, used in the tran-
8o, = V2,0 = VL0 sition probabilities(38) will not be used for the derivations
=Pyv ,u5;0",0))O@) + Py(v v ,0)0(-vp)). presented in the following, where the final formulas are in-
(39) dependent of toroidicity.
The normalization constai@, in Eq. (33) is determined
The small change off due to the rotational transform in the by the expression for the particle densityaveraged over the
inner region is ignored in Eq(34). The sampling of volume between two close magnetic surfatasch averages
VT(ﬂ,vl ,v;) using the known TPCPH(v, ,v')) is standard are referred as flux surface averages in the following

1 ™ _ X+AX/2 T ™ -
X)=—7F— doy dax’ dd | devgn(X',d,
ne( ) 47TZAX(J_7T ' g) fX—AXIZ f—'ﬂ' J;ﬂ' o gn( gD)

1 X+AX/2 T o0 159
= dx'| do| d do (X, 9,0, ,0)Atv 0y, 39
ZWPRSAXJX—Axlz f fo ”f X B0 1,0) AL 0 (39)

where At(v | ,v;) is the average time it takes for a particle density(33) and also the following expression for the incom-
leaving the region of the beam with the velocity, ,v;) to  ing flux density,
reenter this region. The sample of this quantlty, is ob-

tained as a by-product when samplisi, , anduv|},, within (X 301,09
a conventional random walk procedure. Substituting(B8) o1
in Eqg. (39) and replacing therdt(v9y,v(y") with At,, one =CpdlX - XO)PL'L“Oo K
obtains <
) Co % N o) xkzl (-9, — v, — v, (42
e = K- =

2mpRAX K- K25

one obtains with the account of E@LO)
ECRH power absorption can be characterized by the total

absorbed power density in the layer between two close mag- dPy(X)

=272 Ne lim
netic surfacegsee Eq.(12)]. It is given by the difference dx PRMo € Koo
between the incoming and the outgoing kinetic energy fluxes K 1K
within the layer, X(Z A_tk> D [(_UTkz—outz] (43)

dPu(X) _ 2— - dx’ dﬁ d d - -

dX X—AXI2 VL il It should be noted that essential contributions to the second

5 sum in Eq.(43) come only when the test particle passes

X [T(X!, 9,0, ,v;) - TOU%X, 9 vbv”)]mov through the resonance zone which is very narrow both in

coordinate space, where it is limited by the beam region, and

(41) in velocity space. Moreover, the location of this resonance

zone in velocity space is usually in the high energy region

Substituting in Eq(41) the expression for the outgoing flux scarcely visited by test particles. Therefore, the variance in

Downloaded 31 Jan 2005 to 129.27.161.32. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



012502-7 Modeling of nonlinear electron cyclotron resonance... Phys. Plasmas 12, 012502 (2005)

the absorbed power would be very large if one would di- Jof - "

rectly use the simple Monte Carlo procedure described here. VHE —Laf=(Q >t>¢g- (48)
Hence, this procedure has been complemented by a weight

windows technique based on a splitting-roulette algorithnThe linearization of the collision integral here is justified
and has been applied, in particular, in Ref. 8 for the compubecause the distribution function can strongly differ from the
tation of high energy “tails” of the minority ion distribution Maxwellian only in the resonance zone and in the high en-
function during ion cyclotron heating. ergy region of the velocity space. The amount of electrons in
these regions is small. Therefore, the contribution of these
electrons to the Coulomb diffusion coefficients which are
integral moments of can be treated as a linear perturbation.

C. Green’s function method for the current density ' ; g )
The solution of Eq(48) in terms of Green'’s function gives

The parallel current density, for the current the following expressignompare to Ref. 9
e X+AX/2 T o ]
=== daX'| dd| d I BydaB= | d®xvai = 5
W pRAXJX_AX,2 f_ﬂ JO VL deX\gB JdX\gj” Zwefdz\b”f
) , B(X',9)
Xf_m dv; sgn(v) (X ,ﬁ,vbv”)m, (44) = 2776[ d°zIG(Q 0, (49
can also be computed in a straightforward way, whe.re the following short notation has been introduced for
the integrals,
R, K -1K B(X ﬂout)
P= S i At out 1 Uk X+AX/2 T -
=2y i'inw(glmk) 2 SO B oy f dSXEJ dx'f do f de,
X=-AX/2 - -
(45)
where it has been used thiatB is constant on the magnetic f &5z = f d3wa deJm doy. (50)
surface. However, such a method gives a large relative vari- 0 -

ance in the result as compared to such a variance in the
absorbed power density. This large variance comes from tak Ed. (49), G(X, 3,v , ,v)) is the generalized Spitzer—Harm
ing into account in the expression for the current the comfunction which satisfies the adjoint kinetic equation
plete distribution function where the current generated by
particles withv,>0 is almost compensated by the current ‘i‘inM + I:CLGfM =-v,fum, (51)
generated by particles with;<<0. Since both these large Jz
contributions have statistical errors, the resulting current is . . . .
strongly polluted by statistical noise. Much better results are, herng IS a Maxwelhan..Slnce _the wave eIectromagnetlc
obtained using a precomputed current drive efficiency whic |eld_ in the source terrt|47) is negligible " th? outer region,
also allows to take into account the toroidal magnetic field"® iNtegration over in the last expression in EGS0) can
inhomogeneity and momentum conservation during Cou-b.e rgduced to the INNer region. In this inner region thg colli-
lomb collisions of nonresonant bulk electrons determiningSlon integral can _be ignored in E@6) when expressing in

Eq. (47) through its value on the boundagy= ¢, for cut A

the current. . :
For this purpose, the kinetic equation is rewritten inOr #=¢8 for cut B). For this purpose, the solution of the

guiding center variables=z(r ,p)=(x,v  ,v,) and ¢, where Vlasov equation resulting from E@6) using the method of

x are some curvilinear spatial coordinates of the guiding Cengharactergfstlc?hhas bee]rl L:jzd;tn Refl. 1.‘ lg?ﬁ rng I'n.(;h'ls V'?‘
ter being(X, 9, @) in this case, sov equation the cross-field drift, replacing the poloidal vari-

able 9 with the field aligned variabl@=39+(¢—¢4)/q and

gf  of gf - y the velocity space variablas, andv; with the integrals of
—+V - -Lcf=Q", (46)  drift motion u=v? /2B and&=(v? +v?)/2 and rewriting it in

at 0z Iy : I !

the form of a conservation law, after time and gyrophase
_ averaging, the source term is expressed as
H ~ 1 ~\ 92 of
Q" =-¢ E+EVXB %5_2" (47) 19 1 (™
H e |2\
Q04,7 35,9V 5, f_wd¢g<f>t, (52

whereV' =7 are equations of guiding center motionandp
are the particl~e velocity and the kinematic momentum, rewhere J'=JB/(v,|v)|). Substituting Eq.(52) in Eq. (50),
spectively, and is the wave magnetic field. Assumi@'to  where the integration variables have also to be swapped, per-
be known, neglecting the contribution of the cross-field driftforming the integration ovep between the cuts and ignoring

in Vi, linearizing the collision integral and averaging E46) the small variation ofG along the drift orbit(with ¢ vari-

over time and gyrophase one obtains a stationary driftable) caused by collisions in favor of the variation jfone
kinetic equation with a source term, obtains
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T _ -1 X+AX/2 T 10 ASDEX Upgrade Parameters, ¢i&i =0°
jj=e AXJ ddgB f dX’f dd R — NONLINEAR
o o --- LINEAR

X-AX/2

Xf dUJ_J‘ dUHG(X,,’(9,UJ_,UH)[FOUt(X,,T?,UJ_,UH)
0 —o0

-IN(X, 9,0,,0)]. (53) TE
4.

Here, the variables have been swapped back after the inte- %
gration overe and the definition of flux densitie®2) has o

been used. In analogy with EG1), the current density can
be expressed in terms of Markov chain variables,

B K -1
ji=en— lim (E Atk)
Ba ke \ (=1

0.53 0.54

ASDEX Upgrade Parameters, %E. =0°

K
X X [GX, oS o - X, O v T o], (54) ) — NONLINEAR
k=1 Iy --- LINEAR
4 Y
where '
1 1 ("dd Do
—=—] —. 55 :
By 27wJ_, B 69 :
In the following, the flux surface average pfobtained by
putting in Eq.(53) B=B, will be used. The functior has !
been precomputed for the long mean free path regime using :
the method of Ref. 10 and has been used in Monte Carlo ;
0.53 0.54

calculations in the form of interpolation. This allowed to
reduce the relative variance in the current to the level of such

a variance in the absorbed power. FIG. 2. Absorption coefficientr and surface averaged absorbed power den-
sity paps @s functions of the dimensionless radida for the case of perpen-
dicular launch. Solid—nonlinear model, dashed—linear model. The “cold”

IV. RESULTS OF THE MODELING resonancen =2 wg| is located at/a=0.503.

A. Midplane off-axis ECRH and ECCD

The modeling with the TORBEAM-ECNL combination mally focused beantsee Fig. 3 Moreover, the effects of
of codes has been performed for beam and plasma paragiateay formation are also not important for this off-axis
eters in the range of interest at ASDEX upgrade. Plasmgccp scenario. However, the linear model stays here right
major and minor radii, the magnetic field strength on they, the margin of the applicability region. This can be seen
axis, central and edge values of the electron density, the tenz, Fig. 4 where the nonlinearity paramet@6) averaged
perature, and the safety factor profilsee Eqs(2)~(4)] are  yith the exchanged power density in velocity space,

a=65 cm, Ry=165 cm, B,,i=2.1 T, np=6x 10 cm™3, n, « .,
=102 cm 3, Ty=2.4 keV, T,;=0.24 keV, qy=1, andq,=4, = im| S e

respectively. The wave frequenay/27=140 Ghz corre- en= M k:l|(”ik (w5

sponds to the second harmonic resonance located at the high «

field side, 1=k (r)<1.5, —10 cm<A(r)<5 cm. The input 5 ~

power isP=0.5 MW. The case of low field side launch in XEENL(ﬁE'UTk'U\I\W(UTk) - W7 (56)

the midplane is considered. The initial width of the micro-
wave beam 2.97cm and the initial focusing RL/ is shown together with the surface averaged absorbed power

=1/129.4 cm results in an average beamwidth in the absorgensity as a function of the relative parallel beamwidth
tion zone of(L,L ,)>=3 cm. Two specific toroidal launching L,/L,q in the point of maximum linear absorption. For this
angles,¢;,;=0° and ¢;,;=—-10° (this leads to 70° angle be- scan, the power in the beam in the maximum point of ab-
tween the magnetic field and group velocity in the absorptiorsorption is kept unchanged and equal to 500 kW. With in-
region, see Fig. JLlhas been chosen for the investigations. creasingL;/L,o the nonlinear reduction of the absorbed
In the first case, as in the earlier computations for thepower causes a reduction in the local current dengge
Wendelstein 7-AS stellarat@iv7-AS) parameteré,nonlin- Fig. 3), while, as far as the beam does not get too narrow
ear effects reduce the absorption coefficient significantlysuch that the parallel spectral width becomes comparable
leading to the broadening and radial shift of the absorbedvith k, the magnitude of,/L, has no effect on the linear
power density profilésee Fig. 2 At the same time, nonlin- calculation, where an instantaneous redistribution of the ab-
ear effects are not significant in the second case for the nosorbed power along the field lines is assumed. The total
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6 ASDEX Upgrade Parameters, ¢ini =-10°
1. T T T r
a) — 3xBW
1.4} --- 1xBW
‘‘‘‘‘ LINEAR
;i 0.6 0.65
014 ASDEX Upgrade Parameters, ¢mi =-10°
' b) ’ ‘ — 3xBW
--- 1XBW ||
‘‘‘‘‘ LINEAR
0.45 0.5 .55 0.6 0.65
r/a

—6X 10" ASDEX Upgrade Parameters, ¢ini =-10°

wg,

—4t

— 3xBW
--- 1xBW
‘‘‘‘‘ LINEAR
0 0.45 0.5 .55 0.6 0.65
r/a

FIG. 3. Surface averaged absorbed power density surface averaged
parallel current density;, and total driven current as functions of the
dimensionless radius/a for the toroidal injection anglep,;=-10°. The
position of cold resonance=2|w| is shown with solid vertical line. Indi-
cations X BW and 3x BW correspond to the nonlinear model with normal
parallel beam width.; andL, increased three times keeping the same input
power in the beam, respectively.

Phys. Plasmas 12, 012502 (2005)

. LII = 2.'94 cm, . q’i.m' =-10°

—— NONLINEAR
--- LINEAR

r/a=0.473

2. 3 .4 5 _8 7
beam increase factor

LII =2.94 cm, ¢im =-10°

r/a=0.473

| — NONLINEAR |

3 4 5 6 7
beam increase factor

(=]
Al

2

FIG. 4. Dependencies qf,, for the nonlinear and linear mode(f®p) and
average nonlinearity parametés6) e, (bottom) on the relative parallel
beam widthL,/L,q whereL, is a beam width given by TORBEAM.

B. ECCD near rational magnetic surfaces

Changing in the ASDEX upgrade parameter set of Sec.
IVA B, and Ty to 2.157 T and 5 keV, respectively, the
power deposition profile for the launching anghg;=-10°
is centered around the low order rational magnetic surface
with g=3/2. Thesame localization is retained in case where
Ny is reduced by a factor of @ is increased by a factor of
3, andB,,;s is increased td®,,;s=2.19 T so that the effects of

ASDEX Upgrade Parameters, ¢. . =-10°

value of the current is also reduced due to the shift of the
absorption profile towards the cold resonance zone where the
local current drive efficiency defined as a ratio of surface
averaged current and absorbed power dens#eR/ paps iS
smaller. The change af from the linear value is not large in

all caseqsee Fig. 5.

-0.4
X — 3xBW
% --- 1xBW
_oat s LINEAR
—
IE—Oz- 1
< -0.1f 4
oy
0 = \

0.1

042 044 (046 048 05 052 054 056

T/a

FIG. 5. Current drive efficiency; for cases shown in Fig. 3.

Downloaded 31 Jan 2005 to 129.27.161.32. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



012502-10 Kamendje et al. Phys. Plasmas 12, 012502 (2005)

15 Tag=5KeV, ny=6110"om™, B, =2.157T T, =15KeV, n =10"em™, B =2,19T
o a) P [7 7 [— NONLNEAR a) HE — NONLINEAR
--- LINEAR ¥ --- LINEAR
-~ BOUNDARIES 0.6 N BOUNDARIES
o 4l
|E 1
=
2
S05¢
Q,
’I \\
0.38  0.39 42 043 044 045 Y
a
+q4n13 -3
o Teo =5 KeV, ny=610Tem™, By =2157T (4 Tog=15KeV, n,=10"%cm™, B =2,19T
-0. . : — 1.
i — NONLINEAR H B — NONLINEAR
; === LINEAR b) il --- LINEAR
Pl BOUNDARIES -t.2r = BOUNDARIES
i ] I":—~\ :
i -1 DA
i i~ Joie
i 9 PN AN
i E o8 :" : : “‘
i ’ ! 'y
i < 06 ; o B
! =) A%
L 3/3 —=0.4 i Y
! A ]
i ‘ [
i 02/ il
o i i ey S igi30
0.38 039 04 041 042 043 044 045 ob=Z I ML PP
r/a 0.35 0.4 0.45 0.5

FIG. 6. Surface averaged absorbed power dengity(a) and surface aver-
aged parallel current densify (b) as functions of the dimensionless radius
r/a for the nonlinear and linear models. Cold resonance position and bound>€C: IV B).
aries of region(57) are shown with solid and dashed-dotted vertical lines,
respectively.

FIG. 7. The same as Fig. 6 for the extreme long mean free path régfme

This is better seen in Fig. 9 where the distribution function is

shown as a function of the perpendicular velocity for a fixed
the formation of the plateau on the distribution function andvalue of the parallel velocitydistributions along dashed
the consequent quasilinear degradation of absorption anthes in Fig. §. In this figure, the distributions fot/= on
current drive become significant. In both these cases showhe other side of the beam where resonant electrons are leav-
in Figs. 6 and 7, the reduction of the absorbed power densityg it are also shown.

Pabs and of the generated current densjfycan be seen The poloidal asymmetry of can also be seen on the
around a rational magnetic surface in the region whgre magnetic surface located outside the regib) (Fig. 10).
satisfies the inequality Such an asymmetry comes from the fact that the relaxation
M al time of the distribution function in velocity space remains
vl AQe = Py (57)  comparable with the relaxation time over the magnetic sur-

face even in the extreme long mean free path regime. The
Boundaries of this region where the field line can reenter théirst of these mentioned relaxation times is the Coulomb dif-
beam at least once aftbt=3 toroidal revolutions are shown fusion time across the resonance zone in velocity space

in these figures with dashed-dotted vertical lines. In the secthe width of this zone is determined either by the broaden-
ond case, the quasilinear degradation of absorption and cuing of the cyclotron resonance line due to the spectral width
rent drive can be seen also on irrational magnetic surfacesf the beam, or by the broadening due to nonlinear effects
The reduction of the absorption can be clarified considering\v | ~ maxc?,/ (oL ),c(Eg/By)?<v,].  Thus, 7

the distribution function on two magnetic surfaces whose:Avi/(vcvz) where v, is a collision frequency. The relax-
positions are shown with short solid vertical lines in Fig. ation time over the irrational magnetic surface is roughly a
7(a). Comparing the distribution function at two different return time to the beam,,;=4m?Ryr/(L ,v,), which is larger
spatial points of the magnetic surface within the regid  than the toroidal bounce time by a factom2L , > 1. These

on cutA (incoming flux region, namely, in the region of the times appear to be comparable in the considered “extreme”
beam®== and away from the beant=~3x/2 one can ob- case (with Av, /v~0.1, v.~2X10®s-1, v~6
serve a much more distinct plateau brat the pointd=7  x10°cms?, and r=26 cm one hasr,~5%x10°s and
where electrons return to the beam aftkturns(see Fig. 8. Tms~ 107° S), while in more realistic cases the first of them
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T = 15KeV, neo=1o13cm-3, B,=219T x 10T = 15 KeV, neo=l10130m'3, B,=219T

i — Entry: r/a = 0.411
a) _ 6.5t —— Exit:r/a=0.411
rla = 0.411 —-e— Entry: r/a=0.411

5.5

4.5

1.15 1.2 1.25

1I 1.2)5 1.1
UJ_/ Uth,

é 3 FIG. 9. Electron distribution function over perpendicular velocities on the
/ magnetic surface within the regiofb7) r/a=0.411. The corresponding
U)|/ Vth value ofv;/vy=1 is shown in Fig. 8 with dashed-dotted line. Line with no
markers—distribution on entry of the beam &t 7, diamonds—9= on
exit of the beam, circles-8~ 37/2 (region with no beam The distribution
T =15KeV, n = 10" cm_3, B =219T of electrons which enter the bedentry) exhibits a much more pronounced
60 80 0
H T plateau around the resonance zoneders as compared t@~ 37/2 (see
b) also Fig. 8. The distribution on the other side of the be&Bxit) where
r/a=0.411 resonant electron are leaving is the most perturbed.

the same time, the current profile with a dip given by the
nonlinear model results iA’=5.1 cni! and A’=-1 cnit
for co- and counter-ECCD, respectively, i.e., the sigiAbfs
changed to the opposite, as compared to the linear model.

V. DISCUSSION AND CONCLUSIONS

The modeling of off-axis midplane ECRH and ECCD in

a tokamak has been performed with taking into account the
effects of nonlinear wave-particle interaction and the inho-

2 3 mogeneity of the electron distribution function on the mag-
UII/”th netic surface, but neglecting the radial transport of electrons.
FIG. 8. Contour lines of the electron distribution function on entry of the For this purpose, a kinetic Monte Carlo code I-ECNL has been
beam for the magnetic surface within the regi&7) for 9= (a) and ¢ developed and coupled V\,”th the beam tr'acm'g code TOR-
~3m/2 (b). The thick half circular line is the cyclotron resonance lime ~BEAM. The Green’s function method applied in ECNL for

=k, —2w[1-v?/(2¢?)]. Stronger quasilinear effect in the beam region is the calculations of ECCD current allowed to take into ac-
observable through the stronger distorsion of contours on@latround the
resonance line as compared to ploby.

i
i
0 L
1

x 10 Tg = 15KeV, no= 10%om™, B =2,19T
— Entry:r/a=0.419
is smaller. Therefore, the electron distribution function is es- 5.2 I Exitt r/a/= 0-5”439
. . . . . . niry: r/a = 0.
sentially a four-dimensional function on magnetic surfaces in Y

case of off-axis heating scenarii. |

As it is known™ the stability of the tearing mode can be 48
influenced using ECCD around rational magnetic surfaces 46}
because modifications of current around these surfaces g

modify the value of the tearing mode stability ind&x. The
presence of a relatively small dip on the ECCD current pro- 4.2t
file exactly at the rational surface is able to change the situ-

: : . . . 4
ation dramatically. Calculations df’ in the cylindrical ap-
proximation of the tokamak with the toroidal current taken as 3855 13 115 12 15
a sum of the Ohmic current corresponding to gharofile (4) 'UJ_/vth

and ECCD currents shown in Fig(§ give for the stability o _ _
index without ECCD A’=-0.055 cmit. With co- and FIG. 10. The same as in Fig. 9 for the magnetic surface located outside the

. . . region (57) r/a=0.419. The difference in distributions on enfyoloidal
counter-ECCD calculated using the linear absorption modelsymmetryis due to the fact that relaxation times in velocity space and over

(no dip), A’=-3.3 cn!, andA’=1.9 cni?, respectively. At  the magnetic surface are comparable.
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count momentum conservation and toroidicity in the case ofnents an increase in the power transmitted after a single pass
a simple test particle dynamics. In addition, it reduces theof the beam through a low density plasma has been measured
statistical errors in the current to the levels of such an error iras compared to the predictions of linear theory. At the same
the absorbed power. time, detailed measurements of the ECCD efficiency on the
Within the Monte Carlo model, a few approximations DIII-D tokamakX® a device of the same scale as ASDEX
have been made. In particular, Coulomb collisions have beenpgrade, show a good agreement of these measurements with
ignored in the inner region. Their effect on the wave-particlethe predictions of linear and quasilinear theory.
interaction can be estimated using the decorrelation function Note that the onset of nonlinear effects is linked more
6d introduced in Ref. 12 and in its relativistic form in Ref. with an increase of the microwave beam cross section rather
13. This function is proportional to the variance in the wave-than with an increased power in the beam. This can be seen
particle phase during the interaction time. Using the estimatérom the nonlinearity parameteg, , Eq. (26), which weakly
3 scales with power aP* while its scaling with the beam-
S ~ EE(L9> , (58)  width is L}"L7*%. The positive scaling with, is due to the
wC\ 'C fact that for larger, the increase in the electron interaction
time with the beam prevails over the reduction of the wave
amplitude and leads, as a result, to a larger nonlinear shift of
the wave-particle phase. The scaling with the pitch angle
enL~ tany indicates that nonlinear effects are less significant
if the main power absorption is done by strongly passing

cross-field transport on the deformation of the distributionP2rticles. <In1 ?reient _dfyAte;(hperlment? W'th vgecllcéocused
function in the resonance zone has also been neglected b @q_mSENLt_\I Of_tf;]mtx— <'1 | N stame Ime, '? L th sc;z-
cause it is small compared to the effect of Coulomb collj-nar! particies with tary piay the main rofe in the ab-

sions. For the estimate, relating the change of the cyclotroiorpt'on’ espemally_ i3 IS h'gh' Lm_ear and qua_smnear
resonance condition theory are well applicable in this velocity space region, what,

in particular, has been confirmed for DIlI-D parameters by
v direct computations of electron orbits in the wave electro-
w= 2“’00<1 + ?) ~kw =0, (59) magnetic field in Ref. 16. However, in a reactor-scale device,
this velocity space region will shrink due to increased
due to radial diffusion affectingw,, to its change ey >1 attany=1 owing to larger beam widths, larger main
due to collisional diffusion, one  obtains magnetic field ey ~Bi?) and higher power in the beam.
(v.R3/D | )"Y2/max(v?/c?,Nw/c), which is typically smaller In the vicinity of low order rational magnetic surfaces,
than one. HereD, is the radial diffusion coefficient. The the quasilinear effect becomes important. It leads to the for-
effect of plasma rotation, which has also been neglected imation of a plateau on the electron distribution function and
the model, is small as long as the plateau establishment timee consequent reduction of power absorption and generated
7. 1S small compared to the time needed for a toroidalcurrent there. As a result, current profiles with a dip on the
plasma displacement by one beamwidif+L,/Vg,, where rational surface are created. The presence of such a dip can
VE¢~qRov$/(a2wco). In the considered cases,/7,~0.1.  change the sign of the tearing mode stability ind€xto the
In addition, toroidal trapping of electrons does not play aopposite as compared to the profile following from linear
decisive role in the process of plateau formation in ECCDtheory which is without a dip. Hence cocurrent drive be-
scenarii with midplane heating in the case of a resonanceomes destabilizing and countercurrent drive becomes stabi-
zone location on the high field side which is of interest herelizing. This conclusion, however, shows only the tendency in
The modeling for ASDEX upgrade parameters showshe considered parameter range because the effect of the
that the reduction of the absorption coefficient and the broadeross-field radial transport of current-carrying electrons is
ening of the absorbed power density profile due to nonlineanot taken into account in the computation. Roughly, radial
effects is significant for heating scenarii with injection anglestransport would smear the current over the radial séale
close to perpendicular. At the same time, in the ECCD sce- (D, / v.9*? where v is the collision frequency for supra-
nario with a well focused beartL;=3 cm) both nonlinear thermal resonant electrons. The process of radial relaxation
effects and the quasilinear distortion of the distribution func-of current carriers occurs on a much longer time s¢alé¢he
tion are not significant. However, when increasing the micro-order of the current destruction tilmé¢han the process of
wave beam size by a factor 3 in the parallel direction whileplateau formation which takes place on a time scale of the
keeping the same input power in the beam, nonlinear effectsrder of collisional diffusion time across the narrow reso-
become important. They reduce the absorption coefficienhance zone in velocity space. Estimatimg~2Xx 10* s™*
and shift the power deposition profile towards the regionandD , ~10* cn’s™* one obtainsdr ~0.7 cm which is com-
with lower current drive efficiency. Therefore, nonlinear ef- parable with 0.8 cm being the half-width of the regi@@Yv)
fects could be observed from the total value of ECCD cur-containing the dip on the current profilsee Figs. 6 and)7
rent which is reduced for such a defocused beam. Though, such an estimate might use too large values of
It should be mentioned that nonlinear reduction of theanomalousD ,. The formation of transport barriers around
absorption of perpendicularly injected microwave beams hakw order rational magnetic surfaces in ECRH heated plas-
been observed on the W7-AS stellardtbin these experi- mas on the Rijnhuizen Tokamak ProjEctRTP) suggests

for the parameter valueg=4x 10* s’%, L,=3 cm,v/c=0.1,
ando~8.10'" s, one obtainss® ~ 10°3. Therefore, the ef-
fect of collisions on wave-particle interaction is negligibly
small. However, for very wide beants=30 cm this effect
would become increasingly important. The influence of

2
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lower values of anomalous transport there. In particular, asf the publication is the sole responsibility of its authors and
shown in Ref. 18, the anomalous transport caused by a smatl does not necessarily represent the views of the Commis-
scale magnetic perturbations can be strongly reduced aroursibn or its services.
low order rational magnetic surfaces. As shown above, the
radial transport is not important for the plateau formation. ‘R. Kamendje, S. V. Kasilov, W. Kernbichler, and M. F. Heyn, Phys.
Therefore, the toroidal asymmetry of the distribution func- ,P'asmas10 75 (2003.
. ere Ode’ the to 0 dla a?y h etly of the dISt butio .u .C 2R. 0. Dendy, Plasma Phys. Controlled Fusiaf 1243(1985).
tion and, respectively, of the eeCtron cyclotron emission 3E. Poli, A. G. Peeters, and G. V. Pereverzev, Comput. Phys. Commun.
would not be affected by the cross-field transport. Note that 136 90 (2001.
incomplete relaxation of the distribution function over near- ‘F. Leuterer, M. Beckmann, and H. Brinkschulte, Fusion Eng. 585485
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