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Abstract.  The power deposition profiles for different poloidal and toroidal launch angles have
been determined by modulating the ECH power and measuring the electron temperature
response. The peak of the measured power density follows the poloidal steering of the ECH
launcher, and perpendicular launch gives a narrower deposition profile than does oblique (cur-
rent drive) launch. The difference in wave refraction between X–mode and O–mode allows
positive identification of an unwanted O–mode component of the launched beam.

INTRODUCTION
Electron cyclotron heating (ECH) and current drive (ECCD) experiments on

DIII–D for advanced tokamak scenarios need narrow beams in nearly pure X–mode to
satisfy the requirement of highly localized deposition and current drive. To date, these
ECCD experiments have utilized two 110 GHz gyrotrons (corresponding to the second
harmonic of the electron cyclotron frequency) that are capable of 1.7 MW of combined
power for 1 s pulses. The electron cyclotron waves are launched from the low-field-side
of the torus with a toroidal angular component of 19° for current drive; perpendicular
launch is also possible using a different mirror geometry. The ECCD launcher is steer-
able in poloidal angle which allows the deposition location to be varied from the
plasma center to the edge without altering the plasma parameters such as toroidal mag-
netic field strength. The polarization of the launched wave required for coupling to the
X–mode is controlled by adjusting the inclination of grooved mirrors located in two
consecutive mitre bends of the evacuated waveguide (1).

Initial ECH experiments on DIII–D have measured the polarization, propagation,
and deposition of the electron cyclotron waves. The power deposition profile is deter-
mined experimentally by modulating the gyrotron power at ~100 Hz and measuring the
electron temperature (Te) response using a 32-channel heterodyne radiometer. In the
limit of infinite modulation frequency (ω), the temperature response ( T̃ ) is everywhere
proportional to the ECH source term with a 90° phase lag from the injected power.
However, in practice the dynamic range of the radiometer is reached before ω is high
enough to make transport effects negligible; experiments on DIII–D find that the appar-
ent power deposition profile narrows continuously with increasing ECH modulation
frequency from 50–300 Hz. For square wave modulation, the power deposition profile
can be found from (2)

Ρ
π

ωabs = 2 3
2

n Te ẽ    , (1)

but this places only an upper bound on the deposition profile width due to the relatively
low modulation frequency.

EXPERIMENTAL RESULTS
The ECH deposition location has been verified as the poloidal angle of the launcher

is varied using modulation techniques. A toroidal magnetic field strength of 1.9 T is
chosen to optimize the radial coverage of the radiometer, which places the second har-
monic resonance near the plasma axis. Figure 1(a) shows the vacuum ray paths, pro-
jected onto the poloidal plane, for various poloidal steerings of the launcher (controlled
by changing the thickness of a shim). In the toroidal direction, the waves are launched
at a fixed oblique angle for current drive, thus the waves can make two passes through
the plasma before striking a solid surface. The measured ECH power density from
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FIGURE 1.  (a) Vacuum ray paths and (b) experimental power deposi-
tion profiles for a scan of the poloidal steering of the ECCD launcher.

Eq. (1) for a modulation frequency of 100 Hz is shown as a function of the normalized
radius (ρ) in Fig. 1(b). The maximum power density is seen to follow the beam steer-
ing. However, a secondary peak in the power deposition profile is also sometimes
observed which may be due to imperfect polarization of the launched waves.

Determination of the polarization of the electron cyclotron waves is possible since
the wave refraction for X–mode and O–mode is noticeably different even in low den-
sity plasmas; therefore, the X–mode and O–mode powers are deposited in different
regions of the plasma. Figure 2(a) shows the ray paths for X–mode and O–mode beams
with off-axis steering, both of which are significantly different from the vacuum ray
path. The power density profile measured for this case (with nominal X–mode
polarization) is shown in Fig. 2(b) along with the theoretical deposition profiles for
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FIGURE 2.  (a) Ray paths for vacuum, X–mode, and
O–mode, and (b) experimental power deposition profile. The
theoretical deposition locations for X–mode and O–mode
along the ray paths are also shown.



C.C. Petty et al. Polarization, Propagation, and Deposition Measurements
During ECCD Experiments on the DIII–D Tokamak

General Atomics Report GA–A23087 6

X–mode and O–mode calculated using the TORAY ray tracing code (3). Both polari-
zations make two passes through the plasma due to the oblique toroidal launch angle,
but while the X–mode power is always strongly absorbed, the O–mode power is weakly
absorbed on the first pass owing to the low electron temperature; the O–mode power is
better absorbed on the second pass since it travels closer to the plasma center. The
experimental power density profile in Fig. 2(a) shows clear evidence of an O–mode
component in the launched waves. This O–mode component is most likely due to
imperfect polarization of the launched beam rather than mode conversion along the ray
path.

In experiments using two different toroidal angles for the ECH launcher, the
absorption profile for perpendicular launch is measured to be significantly narrower
than for oblique launch. Although current drive experiments require oblique launch of
the waves, many transport experiments prefer perpendicular launch owing to the more
localized heating profile. Figure 3 shows the measured power deposition profiles for
both perpendicular and oblique launch; the ECH power modulation frequency is the
same (100 Hz) for both cases. The theoretical absorption profiles from the TORAY ray
tracing code are also shown for comparison. The deposition profiles for both perpen-
dicular and oblique launch show complete absorption of the electron cyclotron waves
and good accountability of the injected power, but the oblique launch case has much
wider wings to the heating profile which leads to a decrease in the peak power density.

One complication in interpreting the power deposition profiles determined from
these modulation experiments is that vertical motion of the plasma can mimic a heat
source, especially in regions where the heat pulse amplitude is small ( Te < 10 eV). In
Figs. 1–3, it is seen that the apparent power deposition profile never goes to zero, even
in regions far from the ECH resonance. Modulation experiments at reduced magnetic
field with the ECH resonance on the high-field-side of the axis still detect a Te response
in the plasma center that is in phase with the off-axis deposition, as shown in Fig. 4.
This cannot be due to the wrong polarization since there is no resonance near the axis in
this situation. In addition, this apparent heat source far from the resonance cannot be
due to radial motion of the plasma because points on both the high-field-side and low-
field-side of the axis see this effect in phase. The most likely explanation of this effect
is vertical motion of the plasma in synch with the ECH modulation, which gives rise to
an apparent Te due to the vertical gradient in Te along the viewing sight of the radio-
meter. This effect must be taken into account to interpret the power deposition profiles.

CONCLUSIONS

The measured propagation and deposition of electron cyclotron waves on the
DIII–D tokamak reported here and elsewhere (4) are in agreement with theoretical
modeling. Scans of the poloidal steering of the ECH launcher (as well as the toroidal
magnetic field strength) have been used to calibrate the ray paths for ECCD experi-
ments. The narrower deposition profile for perpendicular launch compared to oblique
(current drive) launch means that the former is preferred for heating and transport
experiments. Further work is necessary to eliminate the unwanted O–mode component
of the beam; some success has been obtained by scanning the polarizer settings to
minimize the O–mode peak in the measured power deposition profile.

This work was supported by the U.S. Department of Energy under Contract No.
DE-AC03-99ER54463.
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FIGURE 3.  Experimental power deposition
profiles for (a) perpendicular launch, and (b)
oblique launch. The theoretical deposition pro-
files are shown for comparison.
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FIGURE 4.  Modulated electron temperature as a
function of normalized radius when the ECH reso-
nance is located on the high-field-side of the axis.
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