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Abstract

Strong toroidal asymmetries in power deposition during lower hybrid current drive experiments have been observed on
TdeV and Tore Supra. These asymmetries are characterized by high heat loads on components magneticaily connected to the
LHCD antenna. The experimental results indicate that fast electrons generated by the tf fields in the scrape-off layer in front
of the antenna are responsible for the localized heat loads. The rf power lost in the edge through this channel increases with
both the edge density and the rf power level. In TdeV, the fraction of the injected power lost can exceed 10% at high power
and high density, while it stays under 2% in Tore Supra. A simple model describing the trajectories of electrons in front of
the antenna suggests that the high N, components of the near field spectrum are responsible for the acceleration of the

scrape-off layer electrons.
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1. Introduction

During lower hybrid current drive (LHCD) experiments
on ASDEX [1], Tore Supra [2] and TdeV [3], large toroidal
asymmetries in the power deposition have been observed.
Components magnetically connected to the LHCD anten-
nas were subject to high and localized heat loads. These
high heat loads are detrimental to LHCD performance as
they have been shown to lead to hot spots and large
impurity influxes. The first section of this paper gives a
description of the toroidal asymmetries observed with
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LHCD on TdeV. This same topic on Tore Supra has
already been reported in [2,4]. The experimental character-
ization of the phenomena in both machines is presented in
the following section. The last section presents a simple
model showing how cold electrons can be accelerated by
the time and space varying electric near field of a LHCD
antenna.

2. Toroidal asymmetries in power deposition in TdeV

TdeV is a divertor tokamak with major and minor radii
of 0.87 and 0.25 m respectively. In the experiments de-
scribed below, it was operated in an upper single null
configuration, with 140 kA <I, < 190 kA and 1.4 T < B,
< 1.8 T. The LHCD system operates at 3.7 GHz and its
multijunction antenna generates a spectrum with N, ad-
justable between 2.0 and 3.3. The main diagnostic used to
characterize the localized heat loads consists of more than
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60 thermocouples installed in divertor plates and limiters,
at several poloidal and toroidal locations. Fig. | is a
poloidal view of TdeV showing the magnetic field lines
from a typical calculated equilibrium. It should be noted
that the outer magnetic separatrix strikes the horizontal
divertor plates while the inclined divertor plates intercept a
large part of the SOL. In most of the experiments de-
scribed below, the directions of By and I, were such that
the connection along the magnetic field lines from the
antenna mouth was to the inclined divertor plates in the
ion drift direction, and to the inner divertor components in
the electron drift direction.

Fig. 2 shows the energy deposited with and without
LHCD on the inclined divertor plates as a function of their
toroidal location. With Ohmic heating only, the toroidal
distribution is fairly symmetrical (Fig. 2a). When LHCD is
used, the energy deposited on all the plates increases as
expected, but large asymmetries develop with some of the
plates receiving as much as 10 times more energy than the
others (Fig. 2b, ¢). The plates receiving the heaviest load
are those that are magnetically connected to the LHCD
antenna mouth. When the safety factor g, is changed, the
location of the highest power load follows the surface
magnetically connected to the antenna mouth. High power
loads were also observed on the components magnetically
connected to the antenna in the electron drift direction, and
experiments with By and/or I, reversed indicated that the
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Fig. 1. Poloidal view of TdeV showing the positions of the plates
and limiters instrumented with thermocouples, and the LHCD
antenna.
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Fig. 2. Toroidal distribution of the energy deposited on the
inclined divertor plates (only plates instrumented with thermocou-
ples are shown), for (a) Ohmic heating only, (b) and (c), LHCD +
Ohmic heating, Pj,;cp =550 kW, 7, =2.4x 10" m~%.

energy deposited on components connected to the antenna
mouth from either direction is of the same magnitude.

The localized high power loads are not due to the
suprathermalelectrons created in the central plasma and
diffusing out. In fact, as the suprathermal electrons reach
the plasma edge, they are rapidly transported to the hori-
zontal divertor plates, where they deposit their energy very
close to the separatrix strike point. Moreover, they are
symmetrically distributed toroidally. The measurements
indicate rather that a sizeable fraction of the rf power is
dissipated directly in a thin plasma layer of ~ 1 cm justin
front of the antenna and that the fast particles created there
follow the open field lines to the plates or limiters, causing
the asymmetries in energy deposition. Note that the TdeV
antenna guard limiters do not intercept a large fraction of
the accelerated particles because they are flush mounted on
the grill mouth.

3. Experimental characterization
3.1. Dependence on Py ycp, 0, and Ny,

On Tore Supra (R=237 m, a=0.80 m, I,=
1.7 MA), localized heat fluxes are also observed on the
antenna guard limiters and first wall components magneti-
cally connected to the antenna rows, and specific experi-
ments were carried out to investigate their dependence on
P_ucp- The LHCD system operates at the same frequency
and uses the same type of multijunction antenna as TdeV,
however with N, between 1.4 and 2.4. Although the
launched power is much higher on Tore Supra, up to
6 MW for two antennas, the power densities, and conse-
quently the electric fields, are of the same order of magni-
tude for the two machines.
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The experiments were conducted in the limiter configu-
ration, with the plasma leaning on the inner wall. The
antennas were set 4 cm behind the LCFS and one of the
outboard vertical limiters was pushed 2.5 cm from the
plasma. In this configuration, for a specific value of plasma
current (1, =0.95 MA, ¢, =6.0), antenna 2 is magneti-
cally connected to this limiter in the ion-drift direction,
with a connection length L, = 15 m. The power dissipated
in front of the grill is intercepted in part by this vertical
limiter, but also by the antenna guard limiters, because
they are protruding 2 mm in the radial direction. The heat
flux on the limiters were calculated in the semi-infinite
wall approximation using the surface temperatures mea-
sured by IR imaging. Fig. 3 shows that the heat fluxes
increase with the power launched by antenna 2 and the
shape of the curves suggests that the dissipation phe-
nomenon is not linear. However, it is not clear whether
this non-linearity is inherent to the power dissipation pro-
cess or if it is due to variations of plasma parameters in
front of the grill with P, . Similar non-linearities with
LHCD power have been observed on TdeV.

The dependence on the density was investigated on
TdeV. Fig. 4shows the fraction of P,y lost on the
inclined plates, F),,, due to rf dissipation in the edge as a
function of the density at the grill mouth. In these shots,
the antenna-separatrix distance is ~ 1.5 cm, g, = 3.9, the
connection length between the antenna mouth and the
inclined plates is ~ 10 m in the ion drift direction, and the
reflection coefficient is in the range of 6 to 12%. The
spatial average of the electric field amplitude at the mouth
of the grill is in the range of 3.2 X 10° to 3.5 X 10° V/m.
The highest values of the electric field generally corre-
spond to low density shots which have higher reflection
coefficients. The density at the grill, n, , was measured
with a Langmuir probe located in the guard limiter of the
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Fig. 3. Heat fluxes on the antenna guard limiters and vertical
limiter magnetically connected to antenna 2 of Tore Supra as a
function of LHCD power, 7i, =2.6 X 10" m™3, 3.0 < R <4.9%.
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Fig. 4. Fraction of P,,cp lost on the inclined plates on TdeV
(F,.) as a function of the density at the grill.

antenna and it was varied by changing the line average
density in the range of 2 to 6 X 10'° m~>. As can be seen,
F\. is well correlated with the density at the grill. The
correlation with 7, (not shown) is not as good indicating
that the edge plasma density is, as expected, a more
relevant scaling parameter. At high density, F, . is more
than 10%, implying that the total loss could be ~ 20% of
P ycp if one takes also into account the losses in the
electron drift direction. It should be noted that on TdeV
good coupling is achieved for densities at the grill in the
lower range of Fig. 4. During normal operation, the den-
sity at the grill is maintained in this range by adjusting the
antenna-separatrix distance.

On Tore Supra, when the line average density was
changed from 1.6 to 3.6 X 10" m™?, the heat fluxes on
the antenna guard limiters were almost unchanged. How-
ever, the weak decrease in the reflection coefficient, from
4.8 to 4.1%, indicates that the density at the antenna mouth
had not varied by much and most likely stayed in the
lower range of Fig. 4. The total power lost on the antenna
guard limiters and on the vertical limiter of Tore Supra
was estimated from the thermographic data and from
calorimetric measurements of the water-cooled vertical
limiter. For all the shots considered, it lies between 1 and
2% of the launched power, which is about 2 times lower
than the lowest value measured on TdeV.

The variation with N, was also investigated. On TdeV,
within experimental errors (~ 20%), no dependence of
Floss ON Njg was observed in the range of 2.0 < Ny <3.3.
On Tore Supra, the IR imaging of antenna 2 guard limiters
shows that the heat load for N, = 1.6 is lower than for
Ny = 2.4. However, antenna coupling calculations with
SWAN [5] for Ny = 1.6 show that a decrease of the rf
field at the antenna mouth could be responsible for the
heat load reduction.
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3.2. Type and energy range of the accelerated particles

Although it was not possible to measure directly which
particles, electrons or ions, are accelerated by the rf field
in front of the antenna, a number of experimental observa-
tions lead us to conclude that they are electrons. One of
these is that the heat load patterns on the antennas of both
machines are those corresponding to passing particles.
Accelerated ions would be expected to be deeply trapped
in banana orbits and ripple wells as they would be heated
preferentially in the perpendicular direction by the rf field.

The lower and upper energy limits of the fast electrons
have been estimated on TdeV. The lower limit comes from
measurements done with a Langmuir probe situated in the
SOL and magnetically connected to the antenna. The probe
was damaged by the high power density flowing in the
SOL, but the heat flux deduced from its /-V character-
istics was significantly below damage threshold. This indi-
cates that non-Maxwellian electrons with E > ~ 200 eV
are responsible for most of the deposited heat load [6]. It
should be noted that fast electrons are likely to change the
sheath transmission factor, but that effect was neglected in
the calculation of the fraction of P, ., dissipated in the
SOL. The upper energy limit was provided by the soft
X-ray detector array, whose detection range is 5 keV to
20 keV, for thick target bremsstrahlung. Since it measured
no emission from the inclined plates bombarded by the fast
electrons, the upper energy limit is estimated to be 5 keV.

4. Model and discussion

Mechanisms responsible for localized heating and parti-
cle acceleration in the vicinity of ICRH antennas have
been studied extensively and are fairly well understood [7].
However, because of the difference in frequency and
wavenumber spectrum, they cannot satisfactorily explain
the experimental observations made during LHCD on Tore
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Fig. 5. (a) Spatial structure of the electric field at the TdeV grill
mouth, at a fixed time, (b) N, spectrum of the electric field shown
in (a).
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Fig. 6. Energy distribution of the electrons before (M) and after
(@) acceleration by the antenna electric field.

Supra and TdeV. A more promising approach [8] is to
study the dynamics of electrons in the rf fields at the grill
mouth. A simple model neglecting plasma effects and
including only the component of the rf electric field paral-
lel to By was used to calculate the trajectories of electrons
in front of the TdeV grill. The equation of motion is:

d*z/de* = (g, /m)E(z. 1) (1)

where ¢, and m, are the electronic charge and mass, and
E(z, 1) is the electric field at the grill-plasma interfacecal-
culated with the SWAN code, for typical coupling parame-
ters of TdeV, P ycp = 550 kW (275 kW per row), reflec-
tion coefficient = 7% and Ny, = 3.3 (Fig. 5a).
Eq. (1) was numerically integrated to obtain the velocity of
the electrons at the exit of the grill, z= L. Calculations
were made for a 20 eV Maxwellian distribution of 2500
electrons, with initial position ;= 0 and a random phase at
the entry of the grill. Fig. 6 shows the distribution of the
final energy of the electrons when they exit the grill,
compared with the distribution of the initial energy. The
final distribution is wider, with a long tail at high energy,
showing that most of the electrons have gained energy
from the field. The mean final energy of the electron
sample is 320 eV and its maximum energy is 2.2 keV,
which corresponds well to the energy range obtained from
the measurements (Section 3.2). The calculations also show
that the acceleration does not depend strongly on the
current drive direction, as similar results are found for
electrons entering the grill at z= L.

The acceleration of electrons in a field which vanishes
on the average in space and time can be undeistood as
follows. The electric field at the grill mouth can be repre-
sented by a superposition of travelling waves with differ-
ent N, values. Fig. 5b shows the N, spectrum of the
electric field used for the calculations described above. In
addition to the lowest N, component, which interacts with
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the electrons near the plasma centre, there are peaks at
much higher values of N, with non negligible intensity.
They correspond to small parallel wavelengths (for
IN,|>50, A;>~1.5 mm) and are due to small scale
length features of the grill such as the septum thickness,
edge shapes, etc. For [N > ~ 50, the waves have a phase
velocity low enough to interact through Landau damping
with thermal electrons in front of the grill. Acceleration up
to ~ 2 keV, which corresponds to interaction with lobes at
| Ny ~ 10, is possible because the field intensity in front of
the grill is Jarge enough for the high N, modes to form an
overlapping system of resonances [9,10].

Given the fact that the high N, part of the spectrum
does not change appreciably with the antenna phasing, the
model correctly predicts that the acceleration will not
depend strongly on Nj,. However, additional work is
needed to explain the parametric dependencies on n, and
Py yep- A more complete model that includes self consis-
tently both plasma and wave propagation effects might be
required.

Two approaches to reduce the fraction of the rf power
lost in the SOL are currently under study. The first one is
to reduce from the outset the available power in the high
N, part of the spectrum by modifying the small scale
length features of the antenna. Secondly, since the high N
components are highly evanescent in a plasma below the
cut-off density, the fraction of power at high N, that would
reach a region of sufficiently high density for efficient
damping could be reduced by controlling the edge plasma
parameters, and in particular the thickness of the vacuum
gap in front of the grill. However, this means that a
compromise between low power dissipation and good cou-

pling would have to be found. Finally, it should be noted
that the strong dependence on n, observed experimentally
implies that power dissipation in the SOL is a more serious
problem for antennas operating at higher N, since the
optimal coupling density increases with N“20
(ne = ne,cut-offA,HzO)'
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