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Introduction.

The ECRH power deposition in low density, high temperature plasmas has been analyzed
at W7-AS for different heating scenarios (fundamental O-mode and second harmenic X-
mode) and different magnetic configurations. These arve characterized by a different size
of the toroidal ripple on the magnetic axis in the toroidal position of power launching (see
Fig. 1} allowing to study the influence of (toroidally) trapped particles. The analysis has
been limited to the case of perpendicular, on-axis heating.

“The deposition profile has been estimated from the analysis of the electron heat transpert
in ECRH power modulation experiments, with the time dependent electron temperatures
{rom ECE measurements. Peaked deposition profiles are usually oblained for both heating
scenarios [rom a 3D Hamiltonian ray-tracing code based on the assumption of Maxwellian
clectron distribution function (single pass absorption). The heat transport analysis pre-
dicts the same peaked absorption profiles, but additionally a rauch broader contribution
35 present, whose width and relative integral contribution with respect to the “thermal”
peeked part depends on the particular heating scenario and magnetic configuration.

The effect of the magnetic configuration on the clectron distribution function in the dif-
ferent heating scenarios being considered, has been clearly demonstrated by means of a
non-linear 2D hounce-averaged Fokker-Planck (I'P) code, valid for the simplified magretic
field geomelry close to the magnetic axis of W7-AS [1].

In a henristic approach, the hroadening of the thermal power deposition profile is expected
ta he related fo the radial transport (determined by the ¥ B-drift) of the locally trapped
suprathermal electrons generated by the ECRH. The particles duift vertically in the local
magnetic ripple, becoming passing particles by pitch angle scattering, and therefore con-
tributing to the energy flux in the outer plasma region without direct BORH deposition,
through thermalization on the flux surfaces.

Fig. L. Magnetic field strength
on-awis, normalized to the veso-
nand field af the ECRH launch-
ing position, versus the toroidal
angle within one field period for
ry = 0345, The sofid line refers
fo the “standard” configuration of
W7-AS, the dashed and the dot-
ted lines corrcapond to the “min-
imum B” and the “mazimum B”
faunching scenerios, respectively.
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Results of the power deposition analysis.

In Pig. 2a, the results of the power deposition analysis for scenarios at By = 2.5 T
in the “standard” configuration of WT7-AS are surnmarized. The power deposition is
clearly broadened for the lower densities both for fundamental O-mode (70 GHz) and lor
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Fig. 2. Power deposition profiles from ECRH power modulaiion experiments versus the
effective radius v. a: By = 2,5 T. The solid and the dushed lines vefer to the fundamental
O-mode heating (70 GHz), for ne = 210" m™® and ne = 10°° m~8, respectively. The
dotted and the dash-dolted lines are the corresponding results for the second harmonic
X-mode heating {140 GHz). b: By = 1.25 T, and ne = 2. 10'® m™3. The solid line refers
io the “standard” configuration, the dushed and the dotted fines to the “mintmum B”™ and
the "mazimum B" launching scenarios, respeclively.

second harmenic X-inode (140 GHz) launching. These findings support the picture of
significant heat transport by suprathermal ripple trapped electrons since hoth the level of
the suprathermal tail decreases and the collisional detrapping increases with density, The
formation of the suprathermal tail in the ripple trapped electron distribution is expected
Lo be more pronounced for X-mode launching 2], leading to & stronger broadening of the
“eftective” power deposition profile. For the O-mode scenarios, however, the lower single

pass absorption and the effect of wall reflections may lead also to an enhanctd bmadtnmg
of the power deposition profile,

The effect of direct heating of ripple trapped electrons becomes more clear from Fig, 2b,
which shows the results of a scan of the toroidal ripple, at By = 1.25 T with second
barmonic X-mode launching. In the “standard” case with 70 GHz launching, the depo-
sition is broadened compared to the 140 GHz discharges of Fig. 2a, and this effecs may
he attributed to the stronger V.B-drift of the tnpped clectrons. In the "maximum B*
scenario, the deposition profile derived from the heat wave 'maiysm is fairly close to the
ra.y-hacmg resuls, and thc broadening of the deposatlon is of minor importance. For
the “minimum 5” scenario, a stronger broadening is found. All results on the power
deposition are consistent wiLh the heuristic model given above.

Convective Fokker-Planck model.

In order to simulate the broadening of the thermal power deposition profile, a simple
PP model has been used, which describes the radial ¥V B-drift of the toroidally trapped
suprathermal electrons generated by the ECRH. [n a first approach, collisional or collision-
less detrapping can be treated as a loss term, i.e., the detrapped electrons are assumed Lo
thermalize on the flux surfaces. Taking lurther trapping of these detrapped particles into
account leads to a kind of diffusive modelling {with inward and outward V B-drifts), Ne-
glecting this effect gives a vonvective model and the ECRH driven deviation of the trapped
particie distribution from the Maxwellian defines the initial value for this convective FP
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model. Both an anaiytical model and the solution of a time-dependent bounce-averaged
FP code [1] are used for the initial distribution function. The drift of the suprathermal
trapped clectrons generated by the ECRI is deseribed by means of the FP equation

afnf _ ity ot — £ 1 L
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where f% represents the bounce-averaged distribution function of the trapped particles,
vyp the drift velocity due to the gradient of the magnetic field, and the angular brackets
depote the bounce-averaging procedure, < ... >y § oldsfup)/ 3&'((,!3/1,”)’ s being the
coordinate along the magnetic field lines.

Stationary conditions are assumed. The presence of a radial electric field is omitted, so
that the drift of the torcidally trapped electrons is mainly in the verlical direction z.
The model is valid in the bulk part of the plasma axis, where the radial clectric field
is negligible. The collision operator is linearized by assuming a Maxwellian background.
This assumption is quite reasonable outside of the ECRH deposition zone. The linearized
collision operator, CH7 is written as the sum of a diffusive term in w = mo?/2Tp(z = 0)
{ox energy ) and a diffusive term in A = viB/ngBg (e magnetic mement)
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respectively, with 8(s) = B(s)/By. wlz) = nv/2e! ne(z]logA/n'll/zi'f/g(D) is the (local}
collision frequency, with log A the Coulomb logarithm, w, = me?f27%(2), and

plw,) = erf( /i) — %\ﬁvﬁexp(—wz) o Mg} = erf{ 0z} - %

Eq. (1) is solved with difference schemes in w and A (implicit difference formalism in z).
The boundary condition f{(A = M) = 0 is used, where the function Ai(z) = 1/8ar(2)
represents the width of the trapped particle region, for different vertical positions =, Sas
being the maximum value of the normalized magnetic field strength @, The derivative
of the distribution function at the loss cone houndary, 8f/A(M = A}, measures the
collisional less of the trapped electrons, while the collisionless detrapping is determined
by the rate of changing of the function Apls).

This model is well suited to describe the effect on the “broadening®™ of the ECRH power
deposition profile of the loss cone size (1.e., the impact of the dilferent magnetic feld
configurations), the magnetic field strength (vyp = 1/B), and the electron density, which
enters via the initial value problem as well as via the loss rate due to callisional detrapping
{the collisional slowing-down is of minor importance),

‘Simulations of W7-AS scenarios.

In the compuiations for W7-AS scenarios, the loss-cone width Ay, has been assumed
constant. Fig. 3a shows the power, normalized to the initial absorbed power, which is
deposited at outer radii, in dependence of various parameters. The resulte are relovant
to the “standard” configuration (A, &= 0.97), The behavior can be simply explained by
the dependence of the ratio between the drift time, 5, and the collision time, r. = 1/,
with respect to the magnetic field strength and the plasma parameters

™D /T rchof‘Tf/EwsN,. o (2)

having neglected the variations with = of temperature and density, and the weak depen-
dence of the Coulomb logarithm cn the eleciron density. The breoadening of the power
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Fig. 3. Fraction of the absorbed power deposited ol the outer radii. a: "Standard”
configuration. The solid line is the result for By = 1.25 T, and n, = 101° m™3, the
dashed line for By = 2.5 T and n. = 10 m~ 3, and the dotied fine Jor Bg =257 and
ne = 210" m=3. b: B = 1.25 T and ne = 10 m3. The solid and the dashed lines are
the results for the “standard” configuration and the "minimum B” scenario, respectively.

deposition turas out to be larger in the case of low density and high temperature, and
for decreasing magnetic field strength. Moreover, from Eq. (2) it results that the power
depaosition profile has a very strong dependence on the energy localization of the ini-
tial suprathermal trapped particles distribution function. The higher the velocity, where
the EC resonance region is localized, the bigger is the effect of broadening of the power
deposition profile.
In Fig. 3b the results for the power deposition in the case of the “standard” configuration
{Mre 72 0.97) and the “minimuwm B” launching (A ~ 0.90}, are compared. Observe that
for increasing loss cone width, the power is deposited on a broader radia) range, and
the particles could even be lost at the plasma boundary, before being thermalized. In
the opposite limit of a narrow loss cone, ihe particles are detrapped by the pitch-angle
scattering in a very short time, and in our model contribute to the power deposition
only in a narrow region close to the axis. The theoretical predictions of this simplified
model for the broadening of the power deposition profile, in particular its dependence on
the plasma parameters and the magnetic field strength, are therefore consistent with the
experimental findings.
In the case of decreasing Ar(z), as it is the case, e.g., for the L2-stellarator, the detrapping
effect of the pitch-angle scattering is weakened, so that the vertically drifting electrons
remain trapped for a longer time [3]. As a consequence, less power is deposited than in
the case of constant loss cone width, Depending on the rate of decreasing of M. and on
their energy, a significant fraction of the electrons may be lost at the plasma boundary. fn
this situation, it becomes important to take into account the presence of a radial electric
field, Qualitatively, it can be observed that the effect of the electric potential is to deviate
the trajectories of the particles inside the plasma, therefore increasing their confinement,
Most of the absorbed power is released in any case in the central region of the plasma,
with the deposition profile width heing determined essentially by the initial loss cone size,
and the velocity distribution. :
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