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Abstract. Recent results obtained with high harmonic fast wave (HHFW) heating and current
drive (CD) on NSTX strongly support the hypothesis that the onset of perpendicular fast wave
propagation right at or very near the launcher is a primary cause for a reduction in core heating
efficiency at long wavelengths that is also observed in ICRF heating experiments in numerous
tokamaks. A dramatic increase in core heating efficiency was first achieved in NSTX L-mode
helium majority plasmas when the onset for perpendicular wave propagation was moved away
from the antenna and nearby vessel structures. Efficient core heating in deuterium majority
L mode and H mode discharges, in which the edge density is typically higher than in
comparable helium majority plasmas, was then accomplished by reducing the edge density in
front of the launcher with lithium conditioning and avoiding operational points prone to
instabilities. These results indicate that careful tailoring of the edge density profiles in ITER
should be considered to limit rf power losses to the antenna and plasma facing materials.
Finally, in plasmas with reduced rf power losses in the edge regions, the first direct
measurements of high harmonic fast wave current drive were obtained with the motional Stark
effect (MSE) diagnostic. The location and radial dependence of HHFW CD measured by MSE
are in reasonable agreement with predictions from both full wave and ray tracing simulations.

1. Introduction

Radio frequency (rf) heating and current drive (CD) are essential components in many magnetic fusion
devices, including ITER. Experimental and theoretical studies on NSTX are focused on optimizing
core heating and current drive efficiency by minimizing power losses in the edge regions, an issue of
importance in ITER [1]. These studies are also needed to establish the viability of devices based on the
spherical torus (ST) concept, such as ST-CTF [2], which may depend on rf waves to sustain long-pulse
reactor-grade plasmas and assist with noninductive plasma start-up. In the NSTX device, the
effectiveness of high harmonic fast waves (HHFW) for providing core heating and q(0) control to
establish fully noninductively sustained H-mode scenarios, and for providing HHF W-driven bootstrap
current for noninductive current drive during the ramp-up phase of the discharge, is under

investigation.



The HHFW system on NSTX is particularly well suited for studying the competition between core
heating and edge power losses as a function of antenna phasing. The NSTX HHFW launcher has 12
antenna straps that can deliver up to 6 MW at 30 MHz [3]. By feeding this strap array with six
decoupled sources, very good toroidal spectral definition is obtained. In NSTX, the equilibrium
magnetic field lines in front of the launcher have a significant pitch with respect to the vertically
aligned antenna straps, by virtue of the larger edge poloidal field components in an ST device relative
to a conventional tokamak. Hence, there is a significant difference in the launched parallel wave
spectrum relative to the toroidal spectrum that depends on the edge safety factor, q. Figure 1 shows the
relative power coupled into the plasma as a function of the toroidal mode number, N, for various set
strap-to-strap phasings, ranging from -30° to +180°, calculated with the RANT3D code for plasma
conditions typical of those discussed in this paper [3].
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Figure 1 NSTX antenna spectrum (power coupled into plasma) vs N, for different phasings.

Because of the inherently high beta of NSTX plasmas, the HHFWs experience strong nearly single
pass absorption via electron Landau damping and transit time magnetic pumping [4]. Shown in
figure 2 are ray paths in the toroidal (a,c) and poloidal (b,d) cross sections, respectively, obtained with
the GENRAY code [5,6] for waves launched with parallel wave numbers, k,, over the range accessible
with the 12-strap antenna for typical OH target conditions [ne = 3.3x10" m™, T,, = 1.1 keV] in (a)
and (b), and for the rf-heated plasma conditions [slightly hollow density profile, ng =2.3 x 10" m~,
peak ne = 2.7x10" at p~03, T, =2.8 keV] in (c) and (d). The solid dot at the end of each ray path
represents the point at which at least 80% of the power launched on that ray has been absorbed. As
expected from theory [4,7], the absorption rate increases as the plasma is heated and is lower for the
ray launched with -30° phasing. However, it is interesting to note that even this ray is strongly
absorbed in less than a single toroidal or poloidal transit of the rf-heated plasmas. The interaction of
these waves with the inner wall of the vessel is also minimal, due to the n,” =R cutoff [7] that moves
significantly into the plasma on the high field side of the magnetic axis. These absorption properties of
the HHFWs in NSTX provide the opportunity to study core heating as a function of antenna phasing
and to separate out rf power losses near the antenna from rf power losses elsewhere in the plasma.

In this paper, experimental studies on NSTX of the dependence of the core heating and current drive
efficiency as a function of the antenna phasing are discussed and compared to simulations obtained
with a range of advanced state-of-the-art rf simulations. The results of these studies strongly support
the hypothesis that the onset of fast wave propagation right at or very near the launcher is a primary
cause for the reduced core heating efficiency observed at long wavelengths [8] in NSTX and in ICRF
heating experiments in numerous tokamaks. Perpendicular wave propagation begins when the local
edge electron density exceeds the critical electron density, ne, at the n,” = R cutoff of the fast wave. In
the HHFW frequency range, in which the wave frequency is much higher than the local fundamental
ion cyclotron frequencies and much lower than the local lower hybrid frequency, the cutoff condition
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Figure 2 Ray paths for -30° (red), -90° (blue) and 180° (green) strap-to-strap antenna phasings for
OH target conditions (a =toroidal, b=poloidal views) and for rf-heated plasma conditions
(c=toroidal, d=poloidal views), for a discharge with By =0.55 T and I, = 600 kA. Solid dot shows
where 80% of initial power is absorbed.

is given approximately by n,* = mpez / (w* |Qe|), when the density is sufficiently high so that the
contributions of the displacement current can be ignored. Hence, the critical density is proportional to
k,/* * B/ . A dramatic increase in core heating efficiency was achieved in NSTX L-mode helium-4
majority plasmas when the edge density was lowered, thereby moving the location where the HHFWs
start to propagate away from the antenna and nearby vessel structures. The heating efficiency scales
with the launched antenna spectrum and the local magnetic field, consistent with the scaling of the
critical density for onset of perpendicular wave propagation [8]. These results indicate that careful
balancing of the edge density in front of the antenna in ITER may be required to limit edge power
losses from direct fast wave damping while at the same time insuring adequate coupling of the power
into the plasma. Finally, the location and radial profile of HHFW CD measured with the motional
Stark effect (MSE) diagnostic [9], obtained in plasmas with reduced rf power losses in the edge, are
discussed. The measurements are in reasonable agreement with simulations obtained from the
GENRAY ray tracing code, as well as the AORSA [10] and TORIC [11] full wave codes.

2. Fast Wave Core Heating Efficiencies in NSTX

The core heating efficiency in NSTX in L-mode plasmas composed primarily of helium-4 has been
inferred from a series of similar discharges at fixed phasing but different magnetic field strengths, and
at fixed magnetic field with a range of phasings. In order to quantify the amount of rf power deposited
to in the core of the plasma, rf power pulses are applied and the time evolution of the either the
electron stored energy, We, or the total stored energy, Wr, is fitted with an exponential rise function of
the form:

W(t) = Wy —(Wo-Wp) x (1-¢"t/Te) | (1)



where W is the relevant stored energy at the beginning of the pulse and W is the asymptotic value
that would have been obtained in the steady-state limit [12]. The electron stored energy is evaluated by
integrating the kinetic electron pressure measured by Thomson scattering over the magnetic field
surface volumes inferred from the magnetic equilibrium code, EFIT [13]. The rf-induced change in the
electron stored energy, AW,, is equal to the difference between Wr and the asymptotic value of W,
that would have been obtained without the rf pulse, while the rf power into electrons in the core is
given by P;s. = AW./t.. Finally, the core electron heating efficiency is then defined by ne= Pt / APy,
where APy is the increment in the applied rf power in the pulse. For the experiments described in this
report, the change in the ohmic heating power during the rf pulse is less than 100 kW, as inferred from
changes in the loop voltage and plasma current, and so can be neglected in the core heating efficiency
estimates. The total core heating efficiency, nr, is similarly inferred using the time evolution of total
stored energy, Wr, obtained from EFIT. For the plasma conditions obtained in these experiments, the
HHFWs are predicted to damp directly almost entirely on the electrons [4], so changes in W, are a
reasonable measure of the HHFW power deposition to the bulk of the plasma [8,12].

In previous experiments [12] at a fixed toroidal magnetic field of 0.45 T, a plasma current of 0.6 MA,
line-integrated electron densities of ngl ~ 2.5 x 10" m'z, and otherwise similar plasma conditions, the
core electron heating efficiency for a fixed strap-to-strap phasing of -90° (k, = -8m’) was
approximately equal to 22%, in contrast to the 48% efficiency achieved with 180° phasing (k, =
14 m™). The corresponding total core heating efficiencies at these phasings were 44% and 68%,
respectively [8,12]. Power losses due to parametric decay instabilities (PDI) and associated edge ion
heating were comparable for both of these phasings, and hence could not account for the large
difference in core heating efficiencies [8]. These experiments were later repeated at a higher magnetic
field of 0.55 T, with a plasma current of 0.72 MA, chosen to keep the edge q approximately the same
as in the experiments at 0.45T. Similar densities were achieved at the higher Br, ranging from
nl ~2 x 10" m? during the first rf pulse to ~2.5 x 10" m™ during the second and third rf pulses. The
results are shown for AW, in figure 3 and for AWr in figure 6 later on. As seen in figure 3, the change
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Figure 3 Time evolution of the electron stored energy during rf heating at different B for fixed
phasing, and for different phasing at fixed Br.

in AW, is about a factor of 2 higher at B,=0.55 T than at 0.45 T for -90°phasing (k, = -8 m'l). Note
moreover that with the magnetic field fixed at 0.55 T, comparable increments in AW, were obtained at
both -90° and 180° phasings for the second and third rf pulses in the discharges, but not in the first
pulse, where the observed increase in AW, is noticeably less with the -90° phasing (k, = -8 m™).
During the first rf pulse for the shots at 0.55T, the edge density measured approximately 2 cm in front
of the antenna with the Thomson scattering diagnostic exceeded the critical density of 5 x 10'" m™ for
onset of wave propagation perpendicular to the magnetic field at k,= -8 m™', but not during the second
and third pulses, when the heating efficiency for both the k,=-8 m™ and 14 m™' cases is comparable.
During the second and third pulses at 0.55T, the time-averaged ratio of the electron density, measured



2 cm in front of the antenna, relative to the critical density, <n./n.>, is equal to 0.81+0.12 with the
-90° phasing and 0.24 + 0.05 with the 180° phasing. For these two discharges, the distance between the
last closed flux surface and the Faraday shield surface was approximately 4.4 cm. For the earlier
discharge taken at 0.45 T with -90° phasing, the ratio <n./n..>, also time-averaged over the second and
third rf pulses, was approximately equal to 1.02 % 0.3, with n,. ~ 4 x 10'" m™. This higher ratio is
consistent with the observed reduced change in W, at the lower Br. For this discharge, the distance
between the last closed flux surface and the antenna straps was approximately 5.3 cm, suggesting that
significant wave propagation occurs outside of the last closed flux surface in the vicinity of the
launcher and surrounding vessel structures. However, because the energy confinement tends to
improve while the edge density profiles tend to be steeper at higher Br, it is more difficult to separate
out the effects of antenna phasing, onset of wave propagation and improved confinement when
comparing discharges at 0.45 T to those at 0.55 T. During these experiments, the edge reflectometer
was used to measure the edge density profile on some shots and parametric decay instabilities on
others, with the result that edge density profiles are not available on enough of the discharges to
quantify the separation distance between the antenna face and the location where perpendicular wave
propagation begins, as a function of magnetic field and antenna phasing. These studies will be
conducted in future experimental campaigns on NSTX. Nevertheless, the correlation reported here
between the change in W, and the ratio <n./n.> at 2 cm in front of the antenna, as a function of
antenna phase, strongly suggests that onset of wave propagation near the antenna or vessel wall can
lead to a substantial decrease in core heating efficiency and corresponding loss of power in the edge
regions.

The propagation of HHFWs can be reasonably simulated using a cold plasma model [4]. In figure 4a,
the cold plasma wave propagation characteristics for the HHFWs are displayed as a function of the
edge density for a magnetic field strength of 0.282 T in front of the antenna, corresponding to the
0.45 T on axis case shown in figure 3. For a given ky, if the edge density is too low, the wave is “cut
off” (k, = 0) and does not propagate into the plasma. In this case, the wave will “evanesce” into the
plasma until it reaches a point where the local density exceeds the critical density and propagation
commences. The local group velocity then specifies the direction in which the wave energy
subsequently propagates in to the plasma. In figure 4b, the angle that the group velocity makes with
respect to the edge magnetic field is drawn for HHFW heating (180°) and current drive phasings (90°)
in NSTX as well as for low harmonic ICRF heating and current drive in ITER. The HHFWs in NSTX
tend to propagate at a small angle relative to the equilibrium magnetic field over the range of operating
densities, while the lower harmonic fast waves in ITER can penetrate more readily across the field
lines as the density encountered by the waves increases.
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Figure 4 Dispersion relation (a) and angle of group velocity (b) with respect to magnetic field
show that lower phasings propagate closer to the wall for a given density profile.



As inferred from figure 4a, for a given edge density profile and magnetic field, the waves with the
lower launched k,’s begin to propagate much closer to the antenna than those with higher k’s.
Increasing the edge magnetic field moves the onset for propagation away from the antenna for all
values of ky, for a fixed frequency. If the waves begin to propagate too close to the antenna, the NSTX
results presented here suggest that power is lost in the edge regions, most likely due to such processes
as collisions, rf sheaths, and sputtering associated with direct fast wave interactions in the vicinity of
the antenna and surrounding structures. Previous studies of ICRF heating at lower harmonics indicate
that if the distance between the antenna and the point at which propagation begins is too large, that it
becomes difficult to couple sufficient power into the plasma. For this reason, the ITER project is
considering enhancing the scrape-off density to improve coupling with a large antenna-plasma gap
[1,14]. Since the density profile in the scrape-off region of ITER is presumed to be rather flat, if the
density near the launcher is close to and slightly above the critical density, then the ICRF waves may
propagate for a considerable distance at a relatively small angle relative to the equilibrium field, until
the local density finally increases. Thus it is possible that wave propagation will occur near the blanket
surface and the antenna in ITER under these conditions. The NSTX results indicate that careful
balancing of the edge density in front of the antenna in ITER may be required to limit edge power
losses from direct fast wave damping while at the same time insuring adequate coupling of the power
into the plasma.

Though the results presented here indicate that the onset of perpendicular wave propagation near the
launcher correlates with the observed degradation of core heating efficiency at the smaller launched
k,’s, further studies are needed to identify the specific edge loss mechanisms responsible for the
degradation. As mentioned previously, this trend is also observed in low harmonic ICRF heating in
conventional tokamaks, where the core heating efficiency with 180° phasing is always substantially
higher than that obtained with 0° phasing [15]. A number of mechanisms have been proposed,
including collisional losses [15], surface wave propagation associated with large poloidal wave
numbers excited by sharp boundaries of the current strap in the poloidal direction [15], antenna
reactive field losses [8] and rf sheath dissipation [16,17,18]. The power losses from most of these
mechanisms are predicted to increase at higher edge densities. The collisional losses in the edge are
predicted to decrease at higher antenna phasings [15]. Parametric decay instabilities may account for
some of the losses, but as discussed above, are not large enough to account for the observed
degradation of the core heating efficiency on NSTX, so that a number of processes may be
contributing to the net loss. Sheath rectification losses in particular are associated with hot spots on
antennas and nearby limiters and in general are exacerbated when the current straps are not aligned
with the equilibrium magnetic field [16,17,18]. Visible light pictures, taken with a fast camera at the
end of the 2008 experimental campaign, of a few NSTX H-mode discharges with and without HHFW

Figure 5 Visible light camera picture showing toroidally localized HHFW interaction with the
divertor in an NSTX H-mode plasma (I, =1 MA, Pxg =2 MW, By =0.55 T, P,y ~ 1.8 MW, -90°
phasing). Different exposure times were used for the two frames in the figure.



heating, provide evidence that fast wave interactions in the scrape-off layer appear to be heating tiles
on the outside of the divertor in the bottom of the vessel. As shown in figure 5, the toroidally localized
hot spot appears to be linked with the antenna along the field lines and is absent in discharges without
HHFW heating. Note that the slant of the equilibrium magnetic field lines relative to the vertically
oriented antenna straps is particularly evident on the left-hand side of the discharge. It is not clear if
the heating is due to direct interaction of the waves with the divertor surface, or from the impact of
particles accelerated by the rf along the magnetic field lines, or if sheath effects are responsible. Based
on the few visible light pictures available, the intensity of the hot spot appears to be more intense with
lower antenna phasings, and to decay away on time scales consistent with conductive and/or radiative
cooling when the HHFW is turned off. More detailed studies of the dependence of the hot spot and its
time evolution on the HHFW power, antenna spectrum, edge densities, and ELM behavior are planned
for the upcoming run campaign on NSTX and will be reported in a future paper.

Previous HHFW heating experiments on NSTX in deuterium plasmas at 0.45 T were rather
unsuccessful [8], in part because control of the density is more difficult in deuterium than in helium
operation, so the edge densities tended to be higher. After extensive wall conditioning and avoidance
of MHD activity that in general can degrade the overall confinement and stability and time evolution
of a discharge, HHFW heating in deuterium plasmas at the higher magnetic field of 0.55 T was as
successful as that in helium plasmas [3], as seen in figure 6. Indeed, central electron temperatures of
5 keV have now been achieved in both He and D plasmas at Br = 0.55 T with the application of
3.1 MW HHFW at -150° antenna phasing [19]. The rf induced change in total stored energy still
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Figure 6 RF-induced increments in electron stored energy comparable in both He-4 (P~ 1.8 MW,
80 msec pulse) and D (P,s~ 1.1 MW, 230 msec pulse) discharges. Red circles indicate results
obtained with shorter rf pulses (P;s~ 1.3 MW, 67 msec pulse) in D discharges with Li injection.

dropped precipitously below -60° phasing for this initial phase scan in deuterium. According to the
Thomson scattering diagnostic, the edge density for the -30° discharge was significantly higher than in
the other discharges in the scan, most likely due to an MHD instability whose presence correlated with
the time evolution of the edge density. Measurements indicate the edge density 2 cm in front of the
antenna for the -30° discharge was approximately 1.8 x 10'® m™. This density is above the critical
density for propagation consistent with the conclusion that high edge densities lead to increased edge
power losses and corresponding degradation of the core heating efficiency. With additional edge
conditioning obtained with lithium injection, a further reduction in the edge density at -30° phasing to
0.5 x 10" m™ was observed with the edge reflectometer [20], resulting in the first significant heating
in D plasmas at this phasing, as indicated by the open red circle at -30° in figure 6. However, the rf
pulse length in the discharges with Li conditioning were only about 67 msec in duration, compared to
the 230 msec duration for the scan of deuterium discharges shown in figure 6. As a result, the stored
energy increment obtained at -150° phasing in the discharges with the Li conditioning was less than in
the longer discharges without it. Because of this difference in rf pulse lengths, it is difficult to
accurately compare the performance of the discharges. Nevertheless, these studies indicate that
extensive conditioning to reduce the edge density results in better core heating efficiencies over a



range of antenna phasings, consistent with the conclusion that edge power losses can be significant if
the wave begin to propagate too close to the launcher and surrounding structures.

3. MSE Measurements of HHFW Current Drive

By operating at higher magnetic fields and with reduced edge densities, the first direct measurements
of HHFW co-current drive [8] at an antenna phasing of -90° were obtained with the motional Stark
effect (MSE) diagnostic [9]. The MSE measurements, obtained using modest rf power (~1.8 MW) and
short rf pulses (~ 80 msec), indicate that about 15 kA of noninductive current was driven by the
HHFWs within p < 0.2, as shown in figure 7. The magnitude of the driven current profile is
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Figure 7 Comparison of MSE data with AORSA full spectrum simulation using MSE-constrained
equilibrium obtained with LRDFIT.
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Figure 8 Comparison of MSE data with AORSA full spectrum simulation using an equilibrium fit,
without the MSE constraint, from EFIT2.

normalized assuming that 67% of the launched power, or about 1.2 MW of power, is actually coupled
into the core plasma, consistent with changes in the total stored energy of the discharge. Even with the
modest power and rf pulse lengths used so far, the rf-driven current is sufficient to transiently decrease
q(0) from 1.0 to 0.6, as inferred from the pitch angles near the axis measured by the MSE diagnostic.
Simulations obtained with the AORSA code [10], using the Ehst-Karney (E-K) parameterization [21]
and the full spectrum of launched waves, are shown in figure 7 for comparison. Electron trapping
effects effectively limit the rf-driven current to the plasma core in NSTX and other ST devices,
consistent with the MSE measurements and previous modeling studies [22]. It is important to note that
agreement between the simulations and the measurements improves as the plasma parameters used in
the equilibrium reconstructions are more tightly constrained by experimental measurements. In



particular, better agreement is found by using an equilibrium fit constrained by the actual MSE pitch
angle measurements and kinetic plasma profiles, as shown in figure 7 with the LRDFIT [23] code,
rather than the equilibrium fit constructed without the MSE constraint, as shown in figure 8 from
EFIT2.

Simulations of the noninductive driven current in this discharge obtained with the AORSA and
TORIC full wave codes, using the E-K parameterization, as well as the GENRAY/CQL3D ray tracing
and bounce-averaged Fokker-Planck package, are remarkably consistent, as shown in figure 9. The
noninductive driven current density profiles are shown for the single peak toroidal mode number,
N,=12, launched by the HHFW antenna. Note that the predicted magnitude of the noninductive
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Figure 9 AORSA and TORIC simulations, with and without trapping, and GENRAY, with
trapping, of the HHFW-CD for N,=12.

currents obtained with Ny=12 is considerably higher than that obtained with the full spectrum that is
shown in figure 7, indicating the importance of including the back lobes of the spectrum in the
simulations. The driven current response as a function of the toroidal mode numbers retained in the
full spectrum, obtained with AORSA and including trapping effects for each N,, is compared to the
vacuum spectrum launched by the antenna for -90° in figure 10, while the corresponding radial power
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Figure 10 RF power launched in vacuum and corresponding driven current response, from the
AORSA code.



deposition profiles for the vacuum spectra peaks at Ny=12 and N,= -36 are shown in figure 11. These
simulations indicate that the power on the back lobe, which is launched at a very high k, (N, ~ -38), is
damped well off-axis, where the corresponding noninductive driven current is lost due to trapping
effects. This effectively reduces the power available for current drive by about 50%, thereby
accounting for the difference in magnitude between the integrated currents found with the full
spectrum in figure 7 and the single N, spectrum in figure 9.
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Figure 11 Radial power deposition profiles from AORSA for Ny, = 12 and Ny, = -36, showing off-
axis deposition at the higher toroidal mode number.

The GENRAY / CQL3D simulation, with a single N,, for this particular discharge, indicates that the
driven current profile may be somewhat narrower than suggested by the E-K parameterization. Since
the E-K parameterization is based on solutions of the adjoint equation for rf-driven currents in
conventional aspect ratio tokamaks, the difference may be due to the more accurate treatment of the
NSTX equilibrium in the calculation of the driven current in CQL3D, but further comparisons to more
accurate experimental measurements will be needed to quantify this effect. Simulations with the
GENRAY code, which can solve for the induced current using the ADJ module [24] instead of
CQL3D to solve the adjoint equation for the exact NSTX equilibrium are also underway and will be
compared in the future to the MSE data and the full-wave simulations provided here. As these wave
modules are integrated into the TRANSP transport analysis code [25], further simulation studies will
be able to examine the impact of neglecting the back EMF on the driven current profile (the
assumption of steady-state conditions).

4. Conclusions

The results obtained with HHFW heating and CD on NSTX strongly support the hypothesis that the
onset of fast wave propagation right at or very near the launcher is a primary cause for the reduced
core heating efficiency observed at long wavelengths [8] in ICRF heating experiments in numerous
tokamaks. Since the critical density needed for wave propagation scales as B x k/ /o [7], moving the
location at which the fast waves begin to propagate away from the antenna and nearby structures, by
increasing the magnetic field and extensive conditioning to reduce the edge density, resulted in better
core heating efficiencies over a range of antenna phasings. The observed degradation at the lowest
antenna phasing is thus most likely due to power losses from collisions, rf sheaths, and sputtering
associated with direct fast wave interactions in the vicinity of the antenna and surrounding structures.
The impact of these various loss mechanisms on lower harmonic ICRF heating in conventional aspect
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ratio tokamaks has been discussed in previous studies [15,16,17,18]. The impact is particularly
pronounced in NSTX since the HHFWs are nearly totally damped in a single transit of the device. It is
thus likely that the main power losses to the edge occur from the initial interactions with the antenna
and surrounding structures. This makes the NSTX plasma an ideal test-bed for benchmarking models
in advanced RF codes for RF power loss in the vicinity of the antenna. Numerical studies to evaluate
the relative importance of these various edge loss mechanisms are underway in the RF SciDAC
project [26]. The ITER project is considering enhancing the scrape-off density to improve coupling
with a large antenna-plasma gap [1,14]. The NSTX results indicate that careful balancing of the edge
density in ITER should be considered to limit edge power losses from direct fast wave interactions
with the antenna and plasma facing materials while at the same time insuring adequate coupling of
power across the evanescent layer in front of the launcher.

Experiments have begun on NSTX to optimize HHFW core heating of neutral beam driven H-mode
deuterium plasmas. Again with a well conditioned wall, significant core electron heating, as evidenced
by an increase ~ 0.7 keV in T(0) and a factor of ~ 2 in central electron pressure has been observed for
0.55 T operation with an antenna phase of 180° (k, = = 14 m™, 18 m) [19]. This result contrasts
strongly with the total lack of heating found earlier at Br = 0.45 T in deuterium plasmas, and is useful
for the study of electron transport in the NSTX core plasma [27]. Over the next few years, NSTX
experiments will explore HHFW CD in L- and H-mode deuterium plasmas with longer rf pulses and
higher rf power to permit more accurate and nearer steady state MSE measurements. Simulations
obtained thus far with the AORSA and TORIC full wave codes, using the E-K parameterization, as
well as the GENRAY/CQL3D ray tracing and bounce-averaged Fokker-Planck package, are
remarkably consistent with MSE measurements of approximately 15 kA of noninductive driven
current within p < 0.2 for 1.8 MW of input rf power (~1.2 MW absorbed). The comparisons highlight
the impact of trapping effects on noninductive currents driven off-axis and indicate the need to
optimize the launched spectrum to minimize trapping-related degradation in the current drive
efficiency. However, even with the modest power and rf pulse lengths used so far, the rf-driven
current is sufficient to transiently decrease q(0) from 1.0 to 0.6, as inferred from the pitch angles near
the axis measured by the MSE diagnostic. With the ability to drive both co and counter CD by
appropriate phasing between the launcher straps, the HHFW system may therefore provide a tool for
q(0) control, needed to achieve long pulse high performance discharges in NSTX and future ST and
other fusion devices.
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