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1. INTRODUCTION. The ITER fast-wave system is required to serve a variety of
purposes, in particular, plasma heating to ignition, current profile and burn control and
eventually, in conjunction with other schemes, a central non-inductive current drive (CD) for
the steady-state operation of ITER. We analyse, in terms of dimensionless parameters, the
ICRF heating and current drive data that has been obtained in JET with a view to
ascertaining its direct relevance to key ITER requirements. The analysis is then used to
identify areas both in physics and technological aspects of ion-cyclotron resonance heating
(ICRH) and CD that require further experimentation in ITER-relevant devices such as JET
to establish the required data base.

2. PLASMA HEATING. Heating to ignition is a direct extrapolation from the JET
high power (22 MW) minority ICRF heating [I] including that of the high minority (
nH/nHe3<l) heating [2] experiments reported earlier. Also, a 2 MA (magnetically)
steady-state discharge lasting 60 s and heated by ICRH at a level of 3 MW for the entire
duration of the discharge has been produced [3]. Deuterium fundamental and tritium second
harmonic heating scenarios, proposed for ITER, are also scheduled to be carried out later in
the D-T phase of JET.

3. MINORITY-ION CURRENT DRIVE AND BURN CONTROL. With a view to
burn control, the stabilization or destabilization of sawteeth due to magnetic shear control
at the q = l surface has been obtained by minority ion current drive [4,5] in JET. This
behaviour results in a change in the DD reactivity of up to 60% in JET. A model calculation
predicts that by changing the sawtooth period from 3 s to 0.2 s in ITER-EDA like plasmas,
the D-T reactivity could be reduced by a factor of 0.75 [6]. In this preliminary calculation,
the dynamic behaviour of burn control (delayed response-time due to current diffusion) has
not yet been evaluated.

4. ELECTRON-TTMP CURRENT DRIVE. The scenario predicted to be the most
efTective for electron transit-time magnetic pumping (e-TTMP) current drive by fast waves
in ITER is at a frequency (22 MHz) that lies below all ion resonances [1] so as to avoid
strong ion damping. In this domain, the experimental data base is scant principally due to
low /?e (ratio of kinetic to magnetic pressure) and relatively small plasma size and hence weak
damping in present day devices. We note that for good current drive efficiency (rf), one
should operate at normalized speed £ s vp/ve > 2 to avoid deleterious effects of electron
trapping [7] (see Fig. 1), but optimum damping occurs at £ = I/>/2~ (see Fig. 2). This
eventually reflects in lower CD efficiency. The electron damping of the fast wave can be
represented as [8],

where kx is the wave vector perpendicular to the magnetic field, kxi is the imaginary part of
kL and /?, == 2/*0n«Te/BJ where ô is the vacuum permeability. A contour plot of the right hand
side of the above equation in a (/?e, £)-plane is plotted in Fig. 2. It is clear that the absorption"
increases linearly with /?e and it is optimum at £ — IIJT. Using ray tracing [9], we calculate
single pass absorption (SPA) of fast waves by electrons launched from an antenna located
on the low-field side in which the tokamak geometry, profiles and the effect of poloidal field
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FIG. 2. Contours representing fast-wave
e-TTMP/e-Landau dampings (kuj | kj. \) in
(/?e, \Plvt)-plane.
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are fully taken into account. An aspect ratio of 3.2 in the present divertor phase of JET
allows us to exclude H and D ion resonances from the plasma (33 MHz at 3 T without
introducing He3) for an operation of ITER-relevant e-TTMP current drive scheme in JET
in deuterium plasmas. In Fig. 3, we plot the e-SPA as a function of the toroidal field (B*) for
two values of central electron temperature (Te0). To exclude the ion resonances, the ratio of
frequency to B* is maintained constant. As expected, the e-SPA decreases as BJ. The same
data is plotted as a function /?e in Fig. 4 and shows a linear dependence on pt. A minimum
value of SPA of about 10% appears to be necessary from other experiments (Tore Supra and
DIII-D) for significant electron heating. These calculations show that at 3 T in JET, the
e-SPA is poor. An operation at 2.55 T (28.3 MHz) and T* = lOkeV would lead to an e-SPA
of about 12%. Operation at a still lower B, would be better but then the frequency goes out
of the band of the JET ICRF plant which was initially designed for heating rather than the
electron current drive scheme.

We now present the e-SPA results in Fig. 5 for ITER where the operating frequency
(f= 22 MHz) for electron current drive at a given B# = 6T is chosen to exclude all ion
resonances from the device. These results are an average of three rays (at 6 = —20, 0, 20°;
covering the poloidal extent of the antenna) launched from the low-field side of the tokamak.
This permits us to take account of the variation of k,7 due to poloidal field in single pass
calculations more correctly. The single pass damping decreases as vp/ve increases in the range
of Vp/ve shown. Finally, we note that e-SPA depends on /?„ vp/ve and plasma diameter.

In Fig. 6, we present results of normalised current drive efficiency factor (
>CD = < ru > RI/P oc Te rj) for e-TTMP current drive in JET and ITER. These results are
calculated using multiple-bounce multi-ray trajectories and using CD efficiencies from Fig.
1 for ITER-EDA and JET parameters. Here, I is the current driven, P the RF power, R the
major radius and < n« > the average electron density. The higher yCo values in ITER as
compared to JET are principally due to higher Teo and higher antenna directivity in ITER.
The model assumes no loss of power on a ray reflection on the cutoff at the plasma edge
which may be questionable for very weak SPA cases.

5. ICRF FAST-WAVE TECHNOLOGY. We note that on the technology side, the
basic ITER ICRF system (20-60 MHz) does not need to be very different from that of the
present JET system (f= 23-57 MHz and PCEN ~ 32 M W). To take advantage of the different
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fast-wave scenarios spread over a large frequency range, a "violin" [10] antenna (a multiple
resonance, asymmetrically excited antenna) has been proposed (see Fig. 7) in which a long
strap is connected in parallel with a very short section. The latter acts as a matching element
located within the antenna and improves the power coupling property especially at low
frequencies. Its has high coupling resistance capability at a number of desired frequencies
in a wide band [10]. The proposed violin antenna for ITER features a remote ceramic as the
antenna is supported at its two short-circuited ends. The remote ceramic aspect of the ITER
violin antenna is being simulated [11] with the successful operation of JET A2-antennas with
9 MW coupled up to now to a 2 MW single-null divertor plasma [12]. The antennas have
also been tested up to 35 kV in vacuum without arcing. A simplified drawing of the JET
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A2-antenna together with the vacuum transmission line
and the remote ceramic window (also a support) is
shown in Fig. 8.

6. CONCLUSIONS. The fast-wave ICRF system
is well suited for heating to ignition of next-step devices
such as ITER. The minority ion current drive can be
used to control sawteeth. In conjunction with other
methods, the fast wave central non-inductive current
drive can also be used for steady-state operation of
ITER. However, the demonstration of latter is in its
infancy due to low /?e in present day devices. The fast
wave ICRF technology does not need major
developments for the next step and a successful
integration of an ICRH antenna with screen into first
wall of ITER constitutes the main task. The very recent
operation of JET antennas with remote ceramic provides
additional design flexibility.
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FIG. 7. A poloidal view of a proposed "violin"
antenna for ITER with a short and a long

- -/. ' section both short circuited at their far ends.
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FIG. 8. A simplified drawing of a poloidal view of a strap of a JET-A2 antenna. Also shown
is the connection to VTL with a remote ceramic (support) window.
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