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Coupling to plasma in the H-mode is essential to the success of future ignited
machines such as CIT. To ascertain voltage and current requirements for high-power
second harmonic heating (2 MW in a 35- by 50-cm port), coupling to the DIII-D
tokamak with a prototype compact loop antenna has been measured [1,2]. The results
show good loading for L-mode and limiter plasmas, but coupling 2 MW to an H-mode
plasma demands voltages and currents near the limit of present technology. We report
the technological analysis and progress that allow coupling of these power densities.

Introduction

Loading on the DIII-D prototype antenna at 30 MHz ranged from 1 to 3 fi in
diverted L-mode, beam-heated discharges and was approximately half that for H-mode
12). Loading in limiter discharges was as high as 6 (I over the 40-cm current strap length,
tn general, this range of loading is being used to assess antenna power capabilities. Our
goal is to provide 2-MW capability for frequencies from 30 to 60 MHz, based on these
measurements. If the prototype antenna is unchanged, the power capabilities scale as
shown in̂  Fig. 1. Plasma loading must be increased by a factor of 2 at the high power
level to maintain a voltage maximum below 30 kV (the previous limit on commercial
capacitors) and by a factor of 4 to keep currents below 650 A. The only ways to ensure
operation with some margin of safety are to (1) improve the voltage capabilities of the
high-voltage elements and (2) modify the antenna structure to link more mix to the
plasma.

High-Voltage Tests and Improvements

To improve the voltage capabilities of the antenna, we have developed and tested
two capacitance matching structures. These structures were tested to full voltage dur-
ing long-pulse to cw operation in the ORNL RF Test Facility (RFTF). Constraints on
the structures include range of capacitance required, room for housing the structure,
and cooling requirements. The required capacitance ranges from a minimum of 10 pF
to a maximum of 150 pF. The total space available for these structures is approximately
25 cm in diameter by 1 m long. Although it can be 1 m long, the active part must
be less than =̂30 cm because of upper frequency (60-80 MHz) considerations. The
available cooling techniques implicitly limit the pulse length or the current density in
moving parts.

In RFTF, we first tested a Jennings CWV 250 capacitor, rated at 650 A rms and
30 kV peak. This commercial capzicitor reached its maximum rated voltage at 25 MHz
in a cw version of the prototype antenna after some slight modifications to a corona
nnf The maximum voltage was limited by available transmitter power. An equivalent
Comet capacitor was successfully run at 900 A cw, 30 kV. Both capacitors were tested
under a variety of conditions, including good vacuum, high gas pressure, magnetic
fields, fields plus high gas pressure, and plasma. The maximum current is limited by
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Fig. 1. Maximum power
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antenna vs plasma surface
impedance (Zp). The an-
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Fig. 2. The ORNL capacitor for the TFTR antenna.

internal cooling on the moving bellows. These voltage and current ratings had to be
improved, so high-current, high-voltage capacitors were developed; one by Comet for
use on Tore Supra and one by ORNL for use on TFTR.

The Comet Capacitor for Tore Supra

Specifications for the Comet capacitor included 750 A rms at 80 MHz, 50 kV peak,
and 13 to 150 pF cw. Although the actual full voltage of 50 kV is as yet untested,
the capacitor's internal electric fields at full voltage were the same as tested on RFTF,
%100 kV/cm. This high field allows a 15:1 capacitance range in the allotted space.
The only major principle that was untested was the current rating. This was tested to
full cw current on a "capacitor killer" at ORNL.

The ORNL Capacitor for TFTR
The second approach was to design a capacitor specifically for fusion use. The

ORNL design (Fig. 2) is the same as the commercial designs, except that motion is
accommodated by finger stock and no cooling was permitted for the 2-s rf pulses. The
range of capacitance (14 to 97 pF) was sacrificed to reduce the internal electric fields
to 43 kV/crn at 50 kV. This capacitor was fully tested in an antenna structure and
sustained 65 kV, 800 A at 47 MHz for a variety of test conditions. On the basis of the
three capacitor tests in real antenna structures, it is believed that the DIII-D antenna
voltage and current limits can be pushed to 50-60 kV and 1 kA for 2 s.

Antenna Improvements
The DIII-D antenna design was analyzed with a two-dimensional magnetostatic

model similar to that of Mau [3] and Chen [4], The analysis solves for the poloidal
component of the vector potential, Ay , from which the magnetic field and strap induc-
tance may be calculated; the plasma surface is assumed to be a conducting boundary.
Two coupling factors are also calculated: the current coupling factor or specific ra-
diation resistance R and the voltage coupling factor R/L2. The specific radiation
resistance is the ratio of the antenna loading resistance per unit length to the plasma
surface resistance,



\BZ\2 dz ,

where V is the inductance per unit length and the plasma resistance Rv\MmB has been
integrated over the toroidal direction. This factor indicates how well the toroidal flux
is coupled to the plasma surface; it depends only on the launcher geometry and plasma
position and is independent of plasma properties.

The voltage coupling factor R/L2 is proportional to the loading per strap volt and
depends on the operating frequency as well as the antenna/plasma geometry,

J —
R/L2 = r \BZ\2 dz = (

J — so

Here L is the normalized inductance per unit length (L = L'/^o), VO is the maximum
allowable voltage excursion, a is the total strap length including leads, and h is the
poloidal extent of the strap (radiating length).

The analysis has been validated by comparison with the electrical measurements
performed on a bench-top model of the DIII-D antenna [5j. The experiments used a
vector impedance meter to measure the antenna inductance and resistance, with sheets
of dissipative material serving as a resistive "plasma" load. Four different current straps
were studied:

Thickness Width
Strap ( c m) (c m)

Beanpole 2.54 2.54
Popsicle Stick 2.54 8.00
Fat Man 5.50 8.00
Surfboard 2.54 16.00

The cavity was 20 cm wide and the distance from first wall to "plasma" was 6.25 cm;
the positions of the current strap and the back wall were adjustable. After accounting
for the lead inductance, the electrical length, and the residual resistive losses, the model
calculations and the experimental measurements for resistance and inductance agreed
quite well. For example, Fig. 3 is a comparison of calculations and measurements for
antenna loading, normalized to the resistance of the dissipative surface, as the cavity
depth changes. The success of the calculations prompted us to reanalyze the DIII-D an-
tenna geometry to estimate the improvement in coupling due to the proposed changes.
The modifications included (1) removing the back tier of rods from the Faraday shield,
(2) moving the current strap forward by a distance corresponding to the thickness of
the back tier of tubes, and (3) retracting the back plane from the current strap, thus
minimizing undesired return currents in the backplane.

Increasing the cavity depth from 15.24 cm to 17.78 cm with the strap position
kept constant increased L' by 8%, R by 18%, and RjL2 by less than 1%. Decreasing
the distance between strap and first wall from 5.08 cm to 3.10 cm with the depth
held constant decreased L' by 1%, increased R by 75%, and increased R/L2 by 79%.
Changing both strap position and cavity depth increased L' by 4%, R by 93%. and
R/L2 by 80%; the power coupling should increase by about 80% for short pulses, for
which the antenna was previously voltage limited, and by about 93% for long pulses,
for which the antenna was current limited.
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Fig. 3. Comparison of theoretical cal-
culations with measured loading for four
different current strap shapes.
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Fig. 4. Maximum power capability
of modified antenna vs plasma surface
impedance [Zp). The antenna loading (in
ohms) is 0.1626Zp.

Conclusions
Ultimately, the goal of achieving high power density in the H-mode requires the

pursuit of technology development and optimization of the antenna structure. The
results of our efforts are illustrated by comparing the power limitations in Fig. 1 with
those of Fig. 4. With 60-kV capability, a factor of 4 in power capability was gained. The
antenna modification produced another factor of 1.8. This gain will be confirmed by
more coupling measurements in the DIII-D tokamak this summer. These improvements
should allow us to meet the high-power target for DIII-D.
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