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Abstract.
in the 300-400 MHz,range is discussed. The possible advantage of this approach to heating
an ignition device, as opposed to resonant heating of an ion population, is the insensitivity to
the exact value of the magnitude field. Heating with central power deposition during a
toroidal field ramp is therefore possible.

INTRODUCTION
Ion cyclotron resonance heating (ICRH) has been the preferred heating

technique for virtually all proposed compact ignition devices. The high magnetic
field, high operating density, and small access ports envisioned for these devices
preclude electron cyclotron heating or neutral beam injection, with presently available
technologies. ICRH, on the other hand, promises centraI power deposition and strong
absorption at high density. However, operating scenarios for these devices often
include a requirement for heat input during a toroidal field ramp. For example, in the
case of the proposed Igniter device (1), heating during a ramp from 8 to 13 T is
desirable, in order to freeze the current profile and prevent early sawtoothing, which
would expel fhsion alphas. A change of 60°/0in the toroidal field obviously produces
large excursions in the positions of ion cyclotron resonances during the ramp, for a
fixed heating frequency. Off-axis, or even edge, power deposition can result.
Furthermore, Igniter is designed for moderately low aspect ratio (R=l 32 cm, a =47
cm), so that several ion cyclotron layers may be present in the device simultaneously.

If heating at full power for part of the toroidal field ramp, or if heating at
reduced power (e.g. alternating between two frequencies) with occasional off-axis
deposition is acceptable, then ICRH will be adequate. An ICRH system has been
designed” for Igniter (2), and modeling indicates that good heating efficiency would
be obtained for centrally located ion resonances. If, on the other hand, full power
heating throughout the ramp with continuous central power deposition is necessary,
then this would be a difficult requirement for any ICRH system to fulfill.

Direct electron heating, however, is largely insensitive to the magnetic field, if
ion resonances can be avoided. Here we discuss the possibility of heating compact
ignition devices through fast wave electron heating (FWEH), using the Igniter device
as a design basis.

.

FWEH PARAMETERS
400 MHz was chosen as the operating frequency for this study. This

frequency locates the second harmonic of the hydrogen cyclotron resonance on-axis
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at the fill operating field of 13T. The choice of a higher operating frequency would
avoid even the 2!2~ layer. However, at 400 MHz the lower hybrid resonance occurs at
a low density (7 x 10’8m-3)compared to the expected central density of 5-10 x 1020
m-3.At higher frequencies (e.g. 700 – 800 MHz) the lower hybrid resonance occurs at
correspondingly higher density (- 3 x 10’9 m-3). Excitation of the lower hybrid
resonance may therefore be a factor if the operating frequency is increased.

Even though Igniter is projected to operate at modest electron ~, and therefore
the damping decrement per radial wavelength for direct electron heating is modest,
the high operating density and relatively high frequency produce a short radial
wavelength (Ll -2-3 cm). As a resuIt, (a/kJ is large, so that the integrated per-pass
fast wave electron damping is adequate.

A high paralIeI wavenumber (30 m-]) was chosen to damp in the bulk electron
distribution rather than at high V$(=@/kl,)/vTe,since current drive is not expected. The
resultant nll is identical to that chosen for the ICRH system design, so the fast wave
cutoff density will lie at a similar distance from the antenna in both cases.

MODELING OF FWEH
The codes used in modeling FWEH were primarily the 1-D codes FELICE (3)

and METS (4). In Figure 1 is shown the predicted per-pass damping on electrons and
on hydrogen ( 1°/0)at the 2f2” layer as a function of electron temperature for a central
density of 5 x 1020m-3(a) and 1 x 1021m-3(b).
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FIGURE 1.400 MHz fast wave “electron absorption as a function of electron
temperature for (a) nJO)=5 x 1020m-3, and (b) nJO) = 1 x 102’ m-3. The modeled
density profile was (parabolic)O’25.Ti=T=with profile (parabolic)2.

Per-pass absorption is high; 75% total at the higher density, with approximately 1/3 of
the absorbed power deposited on the hydrogen population. Total absorption is
adequate at temperatures greater than 5 keV. Per – pass absorption at projected
operating parameters (- 10 keV) is comparable to that predicted for minority ICRH.

.
Absorption at the 2Q~ layer is reduced at lower magnetic field, when the

resonance is off-axis to the high field side. For fixed plasma parameters, the per-pass



electron absorption is also increased at lower magnetic field (higher electron ~). The
effect of operating at lower magnetic field is shown in Figure 2 (a& b).
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FIGURE 2. Per-pass absorption as a function of magnetic field (a), and redius of
power deposition (b).

Note that in the case where the power deposited in the 2f2~ layer is at r/a> 0.5, the
fraction of power deposited per-pass on the ions is <5Y0,whereas 50’XOper pass is
deposited on-axis in the electrons.
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Figure 3. Fast wave alpha particle absorption (per
pass) as a function of the fast alpha particle density.
The expected alpha population is indicated.

Moderate damping on the alpha
particle population, at 4f2a, is predicted
by the METS code. Here the alpha
particle population is modeled by an
equivalent Maxwellian with a
temperature of 800 keV. The per-pass
damping as a function of the alpha
particle density is shown in Figure 3.
The expected fast alpha population for
Igniter is indicated. Since the slowing-
down time for alphas is very short (-
35 msec) in Igniter, and the absorbed
RF power is a small fraction of the
total alpha power, RF absorption is not
expected to have a significant effect on
the alpha particle population.

Finally, at the beginning of the toroidal field ramp (8 T), an electron
temperature of a few keV is sufficient to produce adequate per-pass damping, as
shown in Figure 4.

FWEH HARDWARE
The sources for the fixed frequency 400 MHz system would be 1 MW CW

klystrons which have been developed for particle accelerator applications. Matching
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Figure 4. Per-pass damping as a
function of electron temperature,
for 8T operation and two values of
the central density. T.= Ti.

and isolating systems have also
community. The high frequency and
a folded waveguide launcher.
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been developed by the particle accelerator
hence short vacuum wavelength are amenable to

SUMMARY
Fast wave electron heating at moderate harmonic number (4-6 ~D) appears to

be well suited to compact ignition devices. Such a heating system would provide
central power deposition with adequate per-pass absorption at a fixed frequency,
regardless of the operating magnetic field. Large toroidal field ramps with full
auxiliary heating would be possible, whereas the use of conventional ICRH would
require reduced power operation during the ramp, or a shutdown of the RF system
during periods when ion cyclotron resonances were located in the edge plasma near
the antenna. FWEH therefore appears to be an attractive option for compact ignition
devices.
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