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Abstract

The regimes of EC plasma heating and current drive in the L-2M stellarator are analyzed
theoretically and numerically. A self-consistent model taking into account the modification of
both the electron distribution function and spatial attenuation of the microwave beam during
EC plasma heating is developed. Results of calculations of the electron distribution function
under conditions of EC plasma heating in the L-2M stellarator are presented. It is shown that
the effect of the modification of the electron distribution function on the spatial profile of the
energy deposition is most pronounced in the case of the on-axis heating, and, for the case of
the off-axis heating, this effect is of minor importance. The formation of non-Maxwellian tails
in the electron distribution function with the effective temperature several times higher than
the initial electron temperature is demonstrated. It is shown that, in the case of an oblique
launching of the microwave beam, an efficient current drive occurs. During the microwave
pulse, the current density can attain 1 kAjcifhe spatial profile of the current density is
close to the energy deposition profile.

1. Introduction

The electron cyclotron plasma heating at the second harmonic is characterized by a compact
region of the energy deposition. The localization of this region strongly depends on the
structure of the magnetic field. The influence of distortion of the distribution function on the
spatial profile of the wave absorption could result in displacement of the regions of both the
energy deposition and the current drive. Theory and modeling of these effects with reference
to stellarators are still in embryonic state. This paper is devoted to the theoretical and
numerical study of ECH and ECCD in a stellarator within a self-consistent kinetic model
taking into account both the microwave energy absorption and the spatial attenuation of the
microwave power.
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2. Kinetic Equation

The evolution of the electron distribution function under the combined action of the
microwave field and Coulomb collisions is described by the quasilinear kinetic equation

of 0, 0 0 O
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Here,f is the electron distribution function averaged over the magnetic surfascthe time
normalized to the collision time_' =m’v’  /4me‘n A, , and the thermal electron velocity

is determined as;, = 27 /m,, the subscript O refers to the values on the magnetic Bxis,

the time between successive passes of an electron through the microwave beam. Angular
brackets denote the averaging over the poloidal @hdMe use the following variables:

e=mc T (l+pmic? -1) . n=e-pBT 2)

with p being the electron momentum,= p? /2m B, and B” the resonant value of magnetic

field for electrons with p=0. In deriving the expression fGiDQL>, as well as forr,, the

helical modulation of the magnetic field along the force line is taken into account; i.e., we take
into account both passing and trapped electrons. Nevertheless, the effects related to transport
processes are not included into consideration. Consequently, equation (1) contains no terms
with spatial derivatives corresponding to classical and neoclassical diffusions. Neglecting
variations in parallel velocity of electrons in the course of resonant interaction, for the case of

the microwave beam with a Gaussian profile = EJ, exp(-p’/p; ), we obtain
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Here, E,, is the amplitude of the effective electric field= (c;," /w, ¢ is the harmonic
number,q =v?/vZ, = a(l -b +ys)+br] , 0=1+q"" (o"B/dz (e, /2vTeB)2 Ly =T,/2m,c*,
and "+" corresponds to the sign of . The coefficient of collisional diffusio®,. is obtained

from the angular term of the full collisional operator [1] by the averaging over the bounce
period

— VeJ _
DC - TeE3/2 (Z+ (D(a))(a n) : (4)

Here, J:mefvzdz is the longitudinal adiabatic invarian, is the effective ion charge,

®(x) = (1-1/2x)M(x) + M'(x), and M (x) = 2V [ e dr.
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3. Numerical Model

We consider ray trajectories to be straight lines. The local coefficient of spatial damping
k = P dP/dx is assumed to be constant on a given field line within the microwave beam
aperture. This means that the Gaussian profile of the microwave beam alangxikes
conserved in the course of the beam propagation in the plasma, which complies with the
approach for the deriving of (3). The knowledge of quasilinear diffusion coefficient (3) allows
the calculation of the power absorbed by electrons with the pre-calculated distribution
function on the selected magnetic surface

__om; of
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whereP is the density of the microwave energy flux. Thus, the power absorbed by electrons

and the damping of the microwave field are calculated consistently for each field line.

4. Numerical calculations

When testing the code, we use the parameters of the magnetic field, plasma, and microwave
beam typical of the EC heating experimerXs2(wave) in the L-2M stellarator [2]. The
values of plasma parameters on the axis ngrel700" cm™, T, =1keV;

n, :neo(l—(r/a)é) , T, = Teo(l—(r/a)z), a=1lcm, and Z=2. It is assumed that the
microwave beam with the effective radips =2.75 cm, w=4800" s", k_/k=0.1, and the

power W =230kW is launched in a horizontal plane from the outer side of the torus.
Calculations show that, in the range of super-thermal electron energies, an anisotropic non-
Maxwellian tail in the electron distribution is formed. At the same time, the distribution of
thermal electrons is nearly isotropic. This means that the EC heating is accompanied by a
current drive. The current density gradually increases and attain a value of 1* loy/the

end of the microwave pulser €2 ms) on the magnetic surface on which the energy
deposition is maximum. Distortion of the distribution function during ECH leads to a
displacement of the region of the efficient energy deposition towards the higher magnetic
field, because, in the resonance regiBn=(B"), the electrons gain high energies and get out
from the resonance due to a relativistic decrease in the gyrofrequency. At the same time,
behind the resonances & B"), an increase in the electron energy results in more efficient
resonant interaction between the microwave beam and the electrons. The calculations show
that, under the given conditions, this effect is insufficiently pronounced to cause a noticeable
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increase in the plasma transparency in course of ECH. In Figs. 1 and 2, the radial profiles of
the energy deposition (averaged over the poloidal a@jglere shown forB"/B, =10 and

B'/B, =097, respectively. Dashed lines correspond the profiles at the beginning of the
microwave pulse, and solid lines are for the profiles a2 ms. Note that, in the regime of

the off-axis heating, the distortion of the electron distribution only slightly affects the radial

structure of the energy deposition, whereas, in the on-axis heating regime, it leads to an
appreciable decrease in the energy depositiorFai.
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Fig. 1. Radial profiles of the energy Fig. 2. The same as Fig.1 but B'/By= 0.97
deposition B'/By=1.0

Calculations show that, in the model used (i.e., in the absence of the radial energy transport),
an increase in the mean electron energy occurs in a relatively small intarcakissponding

to the maximum energy deposition. Mean energy increases approximately by a factor of 2.1 in
both the off-axis and on-axis heating regimes. The current drive is maximum in region of the

efficient energy deposition. The peak current densities are almost the same for both off-axis
and on-axis heating regimes.
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