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Lower-hybrid wave coupling and impurity generation in TORE
SUPRA* ;
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High power coupling of lower hybrid (LH) waves is affected by the geometry of the coupling
region and thermal and impurity effects. We have carried out LH coupling experiments on Tore
Supra specifically to examine these issues.

/ . Effect of plasma shape
The various plasma scenarios employed in Tore Supra require the plasma minor radii of

0.71-0.79 m. Since the plasma in most cases,.is limited on the inner wall, the RF antennas are
moved in a rather large stroke (=15 cm ). Consequently, both the poloidal and toroidal
curvatures of the flux surfaces in front of the antennas are changed. In particular, when the
antennas are pushed inward, the toroidal radius of curvature is increased from 1.5 to 2.2 m
because of the decreasing effect of the magnetic ripple. In specific experiments, the local
poloidal radius of curvature R(JP°' was varied by changing the ellipticity of the plasma, while the
last closed flux surface position (measured at the mid-plane) was kept constant, insuring a
constant toroidal curvature. When RJ"1 is varied between 0.64 and 0.77 m, (the ideal fit with
grill shape is for RJ50' =0.78 m), the average coefficient of reflection is constant for the two
antenna major radial positions (Fig. 1). The lower coupling measured for the more advanced
(smaller R) position is due to the mismatch of toroidal shapes between the grill and the plasma
when Re101' (=2.0 m) is larger than the radius of curvature of the antenna (Rc=1.6 m).
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Fig. ]. Lit coupling vs poloidal rudius of curvature for two major radial grill positions.

This result was confirmed by an analysis of coupling along the toroidal directiop using RF
voltage measurements on two rows of eight modules of the grill: for tow major-radial grill
positions, the coupling of lateral modules is constant, whereas the reflection coefficient of
central modules is enhanced by a factor 2-3 when there is a toroidal mismatch. In this case, the
field line connecting the two sides of the lateral protection is separated by 4 mm radially from
the central modules. The very steep density gradient in this region (Kn ~ 3 mm) lowers the
density at the grill aperture to a density close to the cut-off density.
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2. LH coupling during combined LH-I CRF experiments
Geometric shadowing and non-linear behaviour (effect of RF power) is studied during

combined launching of ion-cyclotron (IC) and LH waves under two different conditions . In the
first case, LH coupling is measured at low power with a rather large distance between the
plasma and the grill (6 cm), providing n:irginal conditions for coupling at low power and
therefore a good sensitivity to edge plasma conditions. Plasma current scans show that the LH
coupling depends on geometric shadowing by the ICRH antenna located on the ion-drift side.
When the upper row of wave guides is fully shadowed, the reflection coefficient increases from
10% to 20%. Furthermore, when the ICRH antenna launches power (1-2 MW), a further
increase of the coefficient of reflection (CR) to 35% is measured on the same row (Fig. 2),
while the unconnected row is unchanged (not shown).
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In the second case, the LH grill is placed closer to the plasma (3.5 cm) to ensure good
coupling conditions (CR = 4-5%) but is maintained behind the ICRH antenna (0.5-1.0 cm).
Coupling is studied at high power (21 MW/m^): no weakening of the LH coupling is
measured and no dependence on ICRH power level (up to 3 MW ) is observed (Fig. 2).
However, at very high ICRH power (> 5 MW), an increase of reflection is observed on the
modules connected to the IC antenna : this increase of the CR, up to 10%, is, in many cases,
related, in time, to the change of IC resistance coupling, indicating perturbations of the scrape-
off layer all along the flux tube connecting the two coupling structures. When the LH power is
also increased to 5 MW (i.e. 30 MW/m~), the CR returns to 3-4% because of the increase of
local density during LH heating /!/.

We conclude that plasma modifications along flux tubes connected to the LH couple, in
particular, the ICRF antennas, can alter the LH coupling.

3. Effect ofLH power on thermal load and impurity generation
In an attempt to decouple grill-localized impurity generation mechanisms* from global

effects, systematic observations have been made of the LH couplers during scans of plasma
current, power and wave phasings. Observations were made using video imaging in IR, CII,
CIII and Da light. In addition, Langmuir probe measurements of density, temperature, and
floating potential were made in the edge plasma.

The launch phase of the LH waves is strongly correlated with the observation of carbon
emission activity. For 0° wave guide phasing, essentially no carbon emission is observed, but
for +60° or -60° phasing, the entire grill region is illuminated by CIII, while CII emission is
more sporadic and appears localized in the wave guide mouths.
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The IR emission is concentrated in hot spots located on the inside of the lateral
protection on either side of the rank of wave guides. The IR emission intensity does not depend
as dramatically on wave guide phase as does the visible emission, but there is some evidence of
reduced hot spot heating (factor ~2 in raw IR emission) for wave guide phase = -60°.

As in earlier imaging studies of ICRH antennas, the IR and visible emission from the
LH grills have different time scales. The IR emission rises on thermal times scales of ~1 s,
while the carbon and deuterium emission increases on the time scale of a few imaging frames
(20-40 ms). This apparent decoupling of measured surface heating and carbon emission indi-
cates that LH specific plasma effects need to be coupled into the model for the grill-plasma
interface.

The amplitude of the CIII emission during an LH pulse depends significantly on the
plasma current, which we tentatively interpret as reflecting the magnetic connection geometry
(via qa) connecting the grill elements to limiters and wall tiles. The C1I emission varies less
with qa. The CIII emission also shows "streamers" that pass rapidly in front of the grill. In this
and many other instances, the CIII emission shows long scale length transient features that are
not seen in the CII emission, suggesting that the C impurity source is not always local to the
grill.

The Langmuir probe measurements show no evidence of the peaked potential structures
seen in similar measurements on the ICRH antennas HI, suggesting that long range if sheath
phenomena are probably not active in this case.

As with all LH experiments, the acceleration of electrons could play an important role.
The observations of significant dependence of impurity emission on wave guide phase also
support this hypothesis. Simplified, preliminary calculations of electron acceleration just in
front of the grill.s show that energies of ~2(X)-500 eV can be obtained, suggesting a possible
scenario for the formation of the hot spots on the grill on other plasma facing components (e.g.,
wall tiles). The field line connections of the various pans of the LH grill to other plasma facing
components thus need to be controlled carefully to optimize LH performance.

A more detailed evaluation of these mechanisms has also been undertaken using the BBQ
impurity SOL transport code and the CASTEM-2000 finite element thermal analysis code.
Because the incident heat flux to the surface of the LH lateral protection depends on the instan-
taneous temperature of the surface, and this surface is actively cooled, a self-consistent thermal
analysis is required, including the instantaneous local sheath potential. Fast electron, thermionic
emission, and secondary electron emission effects on the sheath potential have thus been included
in CASTEM. The heat flux enhancement due to a fast-electron minority with average energy ~10x
greater than the bulk is included, using the model of Sato and Iwasaki /3/; the inclusion of these
"warm" electrons typically increases the heat flux to the surface by a factor ~2. The heat flux
conducted away from the wall is calculated by CASTEM, and includes contributions due to bulk
conduction, thermal radiation, evaporative and thermionic cooling.

Using this self-consistent heat flux model, the local impurity generation rates on the Tore
Supra lateral protection are computed, using available data for physical, chemical and radiation-
enhanced sublimation. The calculated time evolution of the surface temperature resembles that seen.
in the experiment, although the calculations show local hot spots hotter than those measured with
the IR system; this could be a result of the finite resolution (~cm) of the IR optical system. We use
estimates of the scrape-off layer electron density and temperature from similar discharges in the
BBQ scrape-off layer transport code to calculate the resulting production, transport, and spatial
localization of CII and CIII due to physical, chemical, and radiation-enhanced sublimation (RES)
sources.
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Fin. 3- Calculated impurity yield on the LI I lateral protection. (Left) Sputter yields at various locations. (Right)
Characteristic lime dependence of chemical and RES carbon sources

Fig. 3 compares the physical, chemical and RES sputtering yield distributions on the
LH lateral protection. A predominantly physical sputtering source produces a diffuse emission,
because the panicles are the result of a collision cascade which produces a high energy tail with
a relatively long (-10 cm) mean free path. When the chemical or RES mechanism is dominant,
a highly localized source is expected (Fig. 3, lower left). Because the observed time depen-
dence of C emission more closely matches the calculated time dependence of impurity emission
from chemical sputter (Fig. 3, top right) rather than RES (Fig. 3, middle right), a chemical
rather than RES source appears to be involved for the LH lateral protection.

This model still treats heating of the lateral protection as the source of impurities; a
detailed explanation of the experimental observation of fast rise-time carbon emission from the
grill region itself requires further measurements and analysis.

*Rescarch sponsored in pan by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-
AC05-84OR21400 with Martin Marietta Energy Systems, Inc.
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