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FAST-WAVE CURRENT DRIVE MODELLING FOR LARGE NON-CIRCULAR
TOKAMAKS

ABSTRACT. It k widely recognized that a key element in the development of an attractive
tokamak reactor, and in the successful achievement of the mission of ГБЯ, is the development of
an efficient steady-state current drive technique. Fast waves in the ion cyclotron range of frequen-
cies hold the promise to drive steady-state currents with the required efficiency and to effectively
heat the plasma to ignition. Advantages over other heating and current dive techniques include low
cost per watt and the ability to penetrate to the center of high-density plasmas. The primary issues
that must be resolved are:

1. Can an antenna array be designed to radiate the required spectrum of waves and have adequate
coupling properties?

2. Will the RF power be efficiently absorbed by electrons in the desired • elociry range without

unacceptable parasitic damping by fuel ions or a particles?
3. What will the efficiency of current drive be when toroidal effects such as trapped particles are

included?
4. Can a practical RF system be designed and integrated into the device?

We have addressed these issues by performing extensive calculations with ORION, a 2-D
code, and the ray tracing code RAYS, which calculate wave propagation, absorption and current
drive in tokamak geometry, and with RIP, a 2-D code that self-consistently calculates current drive
and MHD equilibrium. An important figure of merit in this context is the integrated, normalized
current drive efficiency, у = (ne /10 2 0 ror^l^p^/P^), where n e is the peak electron density, IRF
is the total RF driven current, and pRpis the RF power required. The calculations that we present
here emphasize the ITER device. We consider (1) a low-frequency scenario (f - 17 MKz) such
that no ion resonances appear in the machine, and (2) a high-frequency scenario (f ~ 51-59 MHz)
such that the deuterium second harmonic resonance is just outside the plasma and the tritium
second harmonic is in the plasma, midway between the magnetic axis and the inside edge. In both
cases electron currents are driven by combined TTMP and Landau damping of the fast waves. We
find that fast waves are quite competitive with other current drive techniques.

DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsi-
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or
process disclosed, or represents that its use would not infringe privately owned rights. Refer-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.



1. NON-INDUCTIVE CURRENT DRIVE IN TOKAMAKS AT FINITE ASPECT RATIO

Electron trapping may severely reduce RF current drive (RFCD) efficiency for normalized
wave phase speeds w s í4/»4|VC < 1, while the reduction is more tolerable at w > î. An analytic

function for the normalized efficiency, j / p = fj, has been provided in Ref. [1] by fitting a semi-

analytic derivation to accurate numerical calculations. The expression for fj is a function of inverse

aspect ratio e on a flux surface, ion charge Z, nomm'ized phase speed w, and poloidal angle 6,

where the electrons receive heating power from the wave. Two limiting forms of f\ were calcu-
lated, corresponding to Landau damping and Alfvén-wave damping (combined TTMP and Landau
damping). Figure 1 illustrates the agreement between the functional form of fj and several numeri-
cal calculations. The ray toeing studies reported here interpolate between the Landau and Alfvén-
wave limits by monitoring the ratio X s (ûP/ûJpiXmcfyTe). When X à 1, typical of lower hybrid
current drive (LHCD), the Landau process dominates; X S 1 , typical of low-frequency fast-wave
current drive (FWCD), corresponds to the Alfvén-wave result

2. FWCD EFFICIENCY IN ITER AT 17 MHz

In these calculations we have taken ITER parameters as given for the steady-state technology
phase: Rmaj = 6 m, Ищщ = 2.15 m, BQ = 4.8 T, к = 2.0, S = 0.4. There is an additional 10 cm
scrape-off region between the plasma and the antenna. We have assumed a peak temperature of

Te(0) = 33 keV, C O - 20 keV, and peak density ne(0) - 1.1 x 1020, (Пе> = 0.7 x 1020. where a T

= 1.0, On = 0.5. The antenna aiTays under consideration consist of a great many (24-60) individu-
ally phased straps. Therefore, the power spectrum excited is very narrow in toroidal mode number
NT- The designs considered include an array of in-port and wall-mounted antennas at the equatorial
plane of the tokamak and an array of antennas integral with the blanket modules located above the
equatorial plane at 9 « 40°. With the antennas located at the equatorial plane we obtain power
deposition and RF-djiven current profiles that are peaked on axis. From the RAYS code we obtain
у in the range 0.25 to 0.39 and one-pass absorption of 0.27 to 0.59 for toroidal mode numbers 4 <
NT ^ 7. These results are in substantial agreement with calculations using the ORION full-wave
code. We have also considered a poloidal array of antennas (four individually phased straps) filling
the entire port and focused poloidally toward the magnetic axis. For example, rays launched from
20° above the equatorial plane have y in the range 0.26 to 0.33 with one-pass power absorption in
the range 0.25 to 0.54. These rays also produce a current profile that is peaked on axis.

When the launch point is not at the equatorial plane, пц varies widely along the ray trajectory
owing to the large projection of k in the poloidal direction. For example, when the initial launch
point is at 6 = 40°, rays launched with пц — 1 rapidly upshift to пц ~ 5. Since the current drive effi-
ciency depends sensitively upon vptase/vuamaly the effect is to drastically reduce y. Also, rays
launched at this location do not pass through the magnetic axis, resulting in hollow profiles for
power deposition and driven current As a result, the maximum у that we were able to attain with
the launch point at 40° was 0.24 and more typically was of order 0.1.

Calculations with ORION show strong evidence of toroidal and poloidal eigenmode struc-
ture. By tracking these modes it is possible to obtain very peaked power deposition profiles and
therefore large values of Y (~0.45) and high antenna loading resistance. Unfortunately, because of
an approximation for k|| used in the code (k« = kiœmdai), which neglects the kj upshift, the values



obtained for Y in ITER are not reliable for waves propagating very far above or below the equator-
ial plane. Also, the ray tracing calculations do not include the coherent interference structure of the
multiple rays. Thus, any ability to control the deposition by tracking eigenmodes does not appear
in the ray tracing. We conclude that y in the range 0.3 to 0.4 should be obtainable with an antenna
array located at the equatorial plane and that improvements may be possible by tracking modes.

3. SELF-CONSISTENT ITER MHD EQUILIBRIA WITH FWCD AT 59 MHz

Self-consistency of RFCB and the plasma equilibrium is found for a fixed pressure, p(y), as

a function of the normalized poloidal flux \|/. The flux-surface-averaged bootstrap current density,

H = (j1( B> /<B2>, and RP current density, G = <j~̂ B> /<B2), determine the equilibrium [2], and

these functions are calculated on the equilibrium flux surfaces. Near the edge (V = 1) FWCD pro-

vides the 'seed current' for the bootstrap effect. The current drive efficiency, Y ^ ^ R C - I C ^ P 1 ^

computed from the resulting equilibrium current IQ and the total launched RF power, is a com-

posite figure of merit that accounts for all RF contributions. A superscript В (у8) indicates that the

bootstrap contribution to I o is also included.
In contrast to wave-driven currents, the bootstrap current increases with smaller aspect ratio.

The present results are based on the finite-aspect-ratio formulation of Hirshman [3], which is valid
in the banana regime for a single ion species. Whereas the RFCD theory is easily generalized for
multiple ion species, the accuracy of the bootstrap results remains uncertain for arbitrary mixtures
of ions, especially when similar masses are involved (D, T, He). Nonthermal ions (alphas) are also
treated in an approximate fashion in the calculation.

In these ray tracing calculations we use the ITER specifications: A = 2.8, к = 2.0, S - 0.55,
RQ = 6.0 m, B o = 4.85 T, and peak pressure p 0 = 1.58 MPa. The temperature profile is T(y) =
T0\j/°-9 and the density is n(y) = noxj/0-5. The temperatures (Ti0 <. T c o = 38 keV) and densities
(пеО = 1.3 x 1020 n r 3 ) were adjusted to have Px = 6% and Z - 2. Based on the divertor location
and preliminary antenna studies, we limited the fast-wave antenna location to the outboard first
wall within the bounds of ±2.8 m from the midplane. For frequencies - 51-59 MHz and ПЦ ~ 1.2,
the fast wave is strongly damped on electrons in a single pass through the plasma, and ion damp-
ing (mainly second harmonic tritium) is small—typically only ~5% of the Launched power. The
lower hybrid waves (8.0 GHz) achieve maximum penetration at Пц = 1.9, but at high T e they can-
not reach very deeply into the plasma. The wave spectra versus пц are adjusted to achieve equilibria
with monotonie safety factors q(\|0 and minimal RF power.

With no bootstrap contribution, additional high-frequency (-800 MHz) fast-wave power is

needed to fill in the current density profile around the mid-minor radius (\j/ - 0.5). In a typical cal-

culation, without the bootstrap effect, IQ = 16.7 MA is generated by a total RF power P^ = P L H +

pLFFW _ 338 MW, with y = 0.26.
Of course P C D > 200 MW is unacceptable for ITER, but the bootstrap effect provides large

savings in external power. Figure 2 illustrates an equilibrium solution including the bootstrap cur-
rent, and the result is much more reasonable, I o = 18.2 MA and P** = 120 MW, provided by P L H

= 65 MW and PPW = 55 MW. In this case Y8 = 0.75, so roughly two-thirds of the total current is
supplied by the bootstrap effect Further reductions in the fast-wave power and complete elimina-
tion of the lower hybrid system allow the generation of equilibria with almost all the equilibrium



current provided by the bootstiap effect In the extreme case, equilibrium is achieved with
7.5 MW, provided by only fast waves at 51 MHz, with "y8 = 8.8; the drawback in this limit is that
the total current is low (< 14 MA). However, MHD stability of similar low-current equilibria was
tested and found acceptable in the context of the ARIES tokamak геасюг study [4].
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FIG. 1. Current drive efficiency versus parallel phase

speed for Alfvén-wave current drive with Z = 2.0. Top
curve ise = 0: dashed curve is e=0.03 and 6=л; and

bottom curves (with open symbols) are e = 0.10 with

wave damping at four different poloidal angles (tri-

angles: я, circles: 3TZI4, squares: л/2. diamonds: 0).

Curves are analytical formula and points are numerically

derived.
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FIG. 2. Self-consistent RFCDIMHD equilibrium with

Io = 1.82 MA, ne * 0.82 xl&O m-3t jroyon coeffi-

cient of 3.4, andRFCD power of 120 MW. (a) Con-

tributions to (j//B)fromLHCD andFWCD (dashed),

bootstrap (chain-dotted), and total (dotted), (b) Toroidal

component of current density in midplane. (c) Ray

trajectories, (d) Safety factor.


