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INTRODUCTION

Low-frequency fast-wave current drive (FWCD) with frequencies in the
range from 30 to 100 MHz looks promising for current drive in ITER. Its
theoretical efficiencies are comparable to other current-drive techniques, and it
could be significantly cheaper than other proposed current drive methods because
of the ready availablity of inexpensive (<$1/W), efficient, multi-megawatt rf
power sources.

The most critical issues for FWCD are concerns about the acceptability and
survivability of an appropriate antenna launching system and the lack of an
experimental demonstration of FWCD in a large tokamak. We describe an
antenna array that is flush with the first wall of ITER and should be able to
survive in the plasma environment, present theoretical calculations of FWCD in
ITER, and show results from a brief survey of some present-day tokamaks in
which it might be possible to carry out FWCD proof-of-principle experiments.

ITER ANTENNA DESIGN AND MODELING

A conceptual design for a FWCD antenna array for ITER is shown in Fig. 1.
The system consists of 40 current straps in an array of 10 straps toroidally by 4
straps poloidally. Each strap is approximately 70 cm high by 20 cm wide, with a
20-cm spacing between the straps. The straps are mounted in four modules that
can be installed through two adjacent large radial ports on the midplane. One
section of blanket structure has been thinned down approximately 60 cm to allow
some of the straps to be located between the ports and form a continuous array.
Feed lines for rf power, cooling, etc., all come through the radial ports. The
modular construction allows for easy installation that can be carried out remotely
with proper design, and the array of contiguous current straps launches a kz
spectrum that efficiently drives current in ITER, as is shown below.

A simple 1-D model with step-function density and temperature profiles
that assumes all launched waves will be absorbed by plasma electrons (a valid
assumption in ITER) is used for fast optimization of launcher properties. The
antenna array is modeled as a number of current straps a fixed distance from the
plasma, with a perfectly conducting wall behind the straps. Calculations have
been carried out for a number of antenna configurations and phasing between
straps. Figure 2 shows an optimized wave power spectrum vs toroidal wave
number.
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Current-drive efficiency, calculated using a formula of Khst [1], indicates that
with a toroidal phase difference between straps of about n.4, a current-drive
efficiency 1,-fPrf = 0.106 A'AV is obtained at ne = 1 X U)^ m :i and T(.(0) -
30 keVr for a frequency of 60 MHz, which corresponds to y = nt.RoI, | P, f = 0.5 (ne
in 10-0 m-3, Roinm, lrfin A,Prfin W).

The full wave ICRF code ORION [2] has been modified to calculate flux-
surface-averaged driven current using the same simple analytic current drive
model as the 1-D model. The wave damping processes included are ion cyclotron
damping by fuel components, electron Landau damping, electron TTMP, and
absorption by fusion decay products such as alpha particles. Figure 3(a),
calculated using ITER reference density and temperature profiles, shows the two-
dimensional deposition in ITER of total power launched; Fig. 3(b) shows the flux-
surface average of power absorbed. The small difference oetween total power
absorbed (solid line) and power absorbed by electrons (dashed line) indicates that
the great majority of the power is absorbed by the electrons. Ion cyclotron
resonance locations are also shown on the figure. The D resonance is outside the
plasma, while almost all the launched power is absorbed by the electrons before
the waves reach the second harmonic tritium resonance. Current-drive
calculations from the ORION code are in approximate agreement with the 1-D
results.

PROOF-OF-PRINCIPLE EXPERIMENTS

While these theoretical results indicate the potential for an efficient,
inexpensive fast-wave current drive system for ITER, no experimental
demonstration of the technique has been carried out. We have surveyed several
existing tokamaks to evaluate their capability for performing a proof-of-principle
current-drive experiment in the near future; the results are summarized in Table
1. We have used machine and plasma parameters similar to values that have
been obtained from experiments on each machine, and have used values of rf
power and frequencies that are now available (or will be shortly) at the different
machines. A similar calculation for ITER is shown for comparison. The existing
machines are discussed in the following paragraphs.

Table 1. Comparison of existing experiments using 1-D slab model

Te Prf Ro ,ne Y I/P 1,-f1 Irplp
(keV) (M\V) (m) (1020m"3) (A/W) (MA)

JET >10 32 3.0 0.3 0.19 0.216 - 5 - 1
TFTR >10 10 2.6 0.3 0.18 0.23 -1 .6 -0.5
DIII-D >6 2 1.7 0.2 0.15 0.48 -0.7 - 1
ITER 10-20 120b 5.5 1.0 -0 .5 -0.1 - 8 -0.5
a" Assumes 70% efficiency from generator to plasma, no bootstrap current.
b- 80 MWinto plasma for central current drive; LHH or ECH for profile control.

TFTR. The fast-wave ICH experiment on TFTR has four current straps
mounted in two adjacent ports [3]; up to 10 MW of rf power at 47 MHz should be
available in the near future. The theoretical results shown in Table I, computed
for a phase shift of approxmiately TT/2 between current straps in each port,
indicate that significant plasma current could be driven using FWCD in TFTR,
especially for plasma parameters corresponding to the "super-shot" mode of
operation.

JET. The JET tokamak has high-temperature plasmas, an abundance of rf
power, and 16 current straps mounted in 8 pairs spaced approximately uniformly
toroidally around the machine. However, the calculations indicate that the
present current strap arrangement is not optimal for FWCD. The nz spectrum,



shown in Fig. 4, is basically the wide spectral envelope of a two-strap array
(dashed line), modulated into a series of spikes by the effect of having eight two-
strap arrays in the machine. Consequently, a large fraction of the rf power is
deposited in the bulk of the electron distribution (i.e., ta k ; < V]L. ), and the
current-drive efficiency is quite sensitive to the relative phasing of the antennas.
In addition, the effect of changes in plasma parameters due to the large rf heating
could mask the interpretation of the experiment. The construction of a new
multi-element launcher array would provide a much more controlled experiment.

DIII-D. The DIII-D experiment can generate high-temperature plasmas
with auxiliary ECH power. However, only 2MW of rf power at 30 to 60 MHz is
available. No fast-wave antenna array exists, although one has been proposed [4 ]
that would use a four-strap antenna array mounted in a special port. The results
of modeling this array, shown in Fig. 5, indicate that a smooth nz spectrum with
high directivity could be launched, with the bulk of its power in the range of x\,
(corresponding to vrc, < co/k/. < c) that gives good current-drive efficiency.
Operation at low density and relatively high electron temperature (using ECH)
could result in current drive efficiencies of almost 0.5 AAV. The full-wave 3-D
calculation gives a value of ~0.2 A/W and indicates that the single-pass absorption
by the electrons in DIII-D is not high for some launched n, values, which could
result in an eigenmode in the plasma-vacuum vessel system. However, the
majority of the launched power is at nz values that are highly absorbed.

CONCLUSIONS

Fast-wave current drive appears promising for ITER, with calculated
values of current-drive efficiency comparable to or better than other proposed
current-drive techniques. A conceptual design for a remotely maintainable
launcher array has been carried out.

A proof-of-principle experiment to demonstrate the feasibility of FWCD is
needed. Several existing devices have been examined and could carry out such an
experiment in the near future if it were high in the experimental priorities. In
addition, other devices not discussed here (e.g., ASDEX, JT-60, Tore Supra) also
have the plasma parameters and rf power to do FWCD experiments, with new
antennas.

Virtually none of the machines discussed now has adequate means of
controlling the relative phase of closely coupled antennas, a necessary condition
for good current-drive experiments. This problem is being addressed in the U.S.
rf program at ORNL and in programs at other laboratories throughout the world.
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Fig. 1. Antenna layout for
ITER (equatorial cross section).
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Fig. 2. P versus nz for ITER.

Fig. 3. ICRF power deposition in ITER for nz = 2.0.
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Fig. 4. P versus nz for JET.
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