
e94]

Bounce Averaged Fokker-Planck Code
for the Simulation of ECRH at WT—AS

N Marushchenko
institute of Plasma Physics, NSC KIPT, 310108 Kharkov, Ulrraine

U Gasparino, H Maafiherg, M Rome”
Max-Planck Institut fiir Plasmaphysik, EURATOM Association,

9-85 ?48 Garching', Germany

For the modelling of low density ECRH discharges a full kinetic description is needed,
The basic equation describing the electron distribution function, f,,, is the gyro-averaged
Fokker—Hench (FF) equation in a 5-dimensional phase space with the quasi—linear diffusion
term. So far, a fully self-consistent solution of this problem is clearly outside the bounds
of numerical possibilities.

Fit sufficiently low collision frequencies, the phase space dimension can be reduced by
bounce- averaging of the kinetic equation. The bounce—averaging procedure is based on the
existence of a very fast time scale, relevant to the quasi recurrent motion of the particles
along the field lines. In a locally periodic magnetic field a particle can be reflected (trapped
particles), or it can suffer a periodic variation of its parallel velocity, without changing the
direction of its motion {passing particles). The bounce-averaging procedure is explicitly
defined, for an arbitrary function A, as <: A L‘s-{,5 if} girl (ls/u”, where r E girls/u” is
the “bounce time". The integrals are defined over a complete bounce orbit for trapped
particles {i.e., from one turning point to the other, and back), and over a complete period
of the magnetic field for passing particles.

For a general magnetic field configuration the bouncevaveraging has to he performed
numerically for every particle population (trapper! and passing), and trapping/detrapping
mechanisms have to be formulated by suitable boundary conditions. In the axisynn‘netric
(tolramalr) case, only one population of trapped particles exists. Moreover, the conser-
vation of the toroidal momentum allows a further reduction of the dimensionality of the
problem, and the Fl3 equation can be solved in a 3-dimensional phase space of invariants
(energy, magnetic moment, and toroidal momentum) [1.] A general stellarator magnetic
field configuration is characterised, on the contrary, by the existence of local [helical and
toroidal] mirrors, and there is no rigorous tvay to define the different. trapped particle
populations. '

Limiting the analysis to the treatment of central (on~axis) ECRH, a hounce~averaged
FF model can be introduced, which is well suited to treat the specific magnetic config-
uration ell'ects of WT-AS close to the axis, where the toroidal mirror term dominates in
the Fourier expansion of 5’. Here the radial and poloidal variations of B are disregarded.
The problem is finally formulated as a time—dependent 2D Fokker-Planck equation, for
the different populations of trapped particles and passing particles. rI'he FF equation is
written as '

a i . . .
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,f'jfl represents the bounce~averaged electron distribution function, which has to be con‘
sidered as a function of time and two invariants of motion. The index i = :l:, n. labels the
different particle populations: passing particles, with positive (+) or negative (a) parallel
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velocity, and tl‘f—IrI-"rP‘Ed particles [Tl = 1, - . . , N,, with N, the number of toroidal ripples be-
ing considel-ed). C 2 En, (2:5.e represents the Fokker-Planck collision term, where the sum
,5 performed over the particle'specles cr (electrons and ions) existing in the plasma, 3,;
is the quasi‘linea'r diffusion operator describing the absorption of the EC waves in local

apProfi-tli: 1 El ' 3'

3,; I Efifimettfi‘ _ (2)
with QLJ. the dominant component of the quasi-linear diffusion tensor, 5d,, o: End/flu“ is
a term representing the effect of a dc electric field, and Sign is a general sourCe and loss
term allowing for particle and energy conservation in order to obtain stationary conditions,
and, in general, for modelling of the anomalous electron energy transport. This kind of
modelling conserves the essential features of both the-quasi-linear diffusion driven by the
ECltfl absorption and the effect of the power loss term in velocity space.

A numerical code has been developed to solve Eq. (1) taking into account the simplified
magnetic field geometry close to the axis of WT-AS. The code allows to consider an
arbitrary number of toroidally trapped particle populations (in the case of WT—AS, N, =
5). Several particle populations are physically distinguished: two populations of passing
particles, particles being trapped in the toroidal mirror where the ECRH is launched, and
particles being trapped in the other toroidal mirrors. The boundary condition hetWeen
the trapped populations and the'comrnon populations of passing particles is given by the
continuity of the distribution function and the conservation of the total particle flux.

The numerical solution of Eq. (1) is found by means of a conservative alternating
direction implicit scheme [2}. The Coulomb coefficients and the parameters of the source
and loss terms are recalculated at each time step. Polar coordinates aroused in velocity
space. Note that these. are the most natural coordinates for the collision term, while the
RF and the electric field terms are represented more naturally in cylindrical coordinates.
As a consequence, convergence problems could appear for situations with very strong RF
heating, localised in velocity space close to the boundary between passing and trapped
particles. The code has been bench-marked with the FPPAC code [3], where a homoge-
neous magnetic field is used, by reducing the size of the trapped particle region in velocity
space. Full agreement has been obtained. '

The time-dependent solution allows the simulation of quite different situations, e.g.,
. the iteration of the heating and power losses with respect to a fixed temperature, defined,

e.g., by the slope of distribution function in the limit or —i U. .
In the collision operator, the ion distribution functions are assumed to be Maxwellian

.with constant temperatures, while the non-linear electronneleotron part, C”, includes the
first two Legendre harmonic terms in p, allowing for conservationlof total momentum and
energy. Note that a nonlinear treatment of the collision term is mandatory in order to
describe the energy flux in phase space. The non negativeness of the distribution function
is also assured. _

Note, that using of the local quasilinear operator as base for obtaining the bounce
averaged one, which was formulated and studied in [4] with taken into account nonlocal
effects, can be done when the width of the RF beam is is small enough, i.e. if the change
of the phase of wave-particle interaction due to the magnetic field inhomogeuity is small
during crossing RF beam by particle, M1 N NfcttB/[peftil <51, where 45:, (9,, R are the
toroidal n-iodulation, electron gyroradius and big radius of device, respectively.

The specification of the quasi-linear diffusion coefficient requires, in general, the lsnowlw
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edge of amplitude and spectrum of the local RF fields. These are determined by the prop-
agation characteristics of the waves involved. In particular, the amplitude of a component
of the wave spectrum at a given point depends on the amount of damping it experiences
while propagating through the plasma. This, in turn, is a complicated function of the
electron. distribution function along the path of the wave. Thus, in general, the determi-
nation of the electron distribution function and the quasi-linear diffusion coefficient must
be made simultaneously. The most common approach is to use Maxwellian absorption
rates calculated for a uniform magnetic field. Following this approach, the quasi-linear
diffusion coefficient has been computed by means of a 30 Hamiltonian ray~tracing code.
In particular, only the QLJ. component of the diffusion tensor, has been taken into ac-
count, the acceleration due to the EC waves being mainly in the perpendicular velocity
direction. The diffusion coefficient is averaged on a small magnetic flux tube around the
axis. This is equivalent to describe the effect of the heating by means of an “effective“
quasi-linear diffusion coefficient independent of the radial and poloidal coordinates. The
toroidal dependence [a Gaussian profile is assumed) of the injected beam is retained for
the bounce-averaging. This simplified approach is justified for focused EC beams.

In the lonr density ECRH discharges, radiative losses as well as collisional electron-
ion power transfer are fairly small, and the radial electron energy transport plays the
dominant role. In general, the so called anomalous transport, Le, a mechanism being not
understood, has to be formulated as a power sink in phase space for the Fokker-Planck.
modelling, in order to attain stationary conditions. The resultant distribution function
depends sensitively on the form of this power loss term. Quite different loss models can
be tested, e.g. a convective term, defined only in the trapped particle region, for the
simulation of fast losses of energetic trapped electrons due to the radial drift [5], a loss
model at low I); simulating the parallel power losses in case ofstrong magnetic turbulence,
or a simple isotropic loss term, proportional to {of— s: n2 >)f,.g.

The code allows to study the deviation of the stationary electron distribution function
from the Maxwellian for the different populations in many different physical situations,
e.g., in terms of the field ripple, the heating power density, the heating scenario (funda-
mental O-mode and second harmonic X-mode), and the electron density [5].

Here we report only two examples of applications of the 'code. Perpendicular ECRH at
the second harmonic X-mode with a minimum of B at the launching position, leads to very
high power densities for the electrons being trapped in the local mirror at the launching
plane. The formation of a strong tail is found by the FP simulations for this population
of electrons. Fig. 1 shows the bounce—averaged electron distribution function far}, as a
function of the parallel and perpendicular velocities computed in the toroidal position
of minimum B. Note that a deviation from the initial Maxwellian distribution, though
much smaller, can he observed in the other toroidal ripples, due to the collisional energy
transfer. The distribution of passing particles remains close to the initial Maxwellian
distribution.

The code allows also to study scenarios with oblique RF injections, and therefore to
estimate the EC driven current. In the example shown in Fig. 2, the most part of the
input power is absorbed by barely passing particles, with a definite sign of the parallel
velocity. The trapping as a consequence of their acceleration in the perpendicular velocity,
determines a loss of momentum of this population of passing particles, and the toroidal
induced current turns out to be in the direction opposite to that of launching [6]. A
similar scenario has been experimentally studied, as reported in Ref. [T]
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Fig.1. 211d harmonic xrmode, 1: . .minimum B" scenario: isoline plots of the bounce-

avel aged electron d1str1bution function with trapped electron population withm the ECRH
launching plane (right) and for the other field periods (left). Parameters are following
11.: .- 1 — 10131211114, Tc 2 1.5lreV. Pub, = 1{ll=l/’/cn'1.3 (corresponds to 4UUkW of total inputed
RF power}. . '
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F1g 3‘ Case of oblique launching of RF beam for ’lminimum-B“ scenaiio (r1ght and
left are the same as above]. 'Dotted line is the resonant line on axis at minimum B
point. Parameters are following 11.1 = 1.5- 101301114. Ta = 1.551002 Pm = NIP/0111.3.J
N“ Fm 0.1851. cfl/w = 3.996. Note. that due to effect of trapping of some part of passing
electrons the resultant current ((011) 41.012090.) has the opposite to sign of NH. The
local coeffinent of quasilinear RF diffusion is given from 3D 1'113' tracing modelling
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