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Abstract: In the preseant plan, CIT is to be heated by power in the jon
cvelotron range of frequencies (ICRF), and electron cyelotron heating (ECH)
may be used if suitable rf sources can be developed. We consider the optien of
ion Bernstein wave heating (IBWH). The key points are that a simple vacuum
waveguide launcher can be well-removed from high fluxes of heat and particles
and that the development of a suitable source is straightforward, A practical
point is that an IBWH waveguide launcher, including transition from coaxial
power feeds, fits inside the shield wall surrounding C1T, To confirm IBWH as
an option for CIT, experiments are needed on a shaped. H-mode plasma at
high power. Suecesslul experiments should be lollowed by a tube development

program to allow CIT heating at 200 - 275 Mz,
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1 Introduction

The ion Bernstein wave can deposit energy into thermal ions at several
harmonics of the jon ¢yvelotron frequency. At the edge of the plasma, the
Jannched wave is an clectrostatic electron plasma wave which propagates if
the clectron plasma frequency is above the wave frequency. Resonance with
a unigue component of a D-T plasma can be arranged by chousing the ffth
harmonic of writium, vielding a frequency fMHz = 25 B{Tesla). For CIT
at full parameters (1¢ to [1 Tesla), the frequency becomes 250 - 275 MHz,
sufliciently high for a waveguide to fit into a port with the long dimension
vertical, as required {or proper coupling.

At a reduced field of 7 Tesla the fifth harmanic of deuterium ran be used
in a non-tritium plasma with a 250 MHz frequency. A 200 MHz frequency
keats the fourth harmonic of deuterivm without being affected by the tritium
resonances.

Experimental results on PLT at the 0.65 MW level show good heating, t.e.,
6 e\ kW normalized at #@ of 10" em 3, including a reduction in recyeling and
a reduction in the level of Auctuations as inferred from microwave scattering.

Experiments now planned on PBX-M, Alcator C-Modification, Doublet
111-D. and FT-U should elucidate the ability of IBW to hea: a1 high power,

on noncircular plasmas, and with waveguides.

2 Frequency and Waveguide Considerations

From the puint of view of experimental implementation. [BWH is especially
interesting for medern tokamaks. The absorption takes place at low te medium

harmunics of the iun cyclotron frequency. (Absorption at high harmonics is

8%



called lower hybrid mode conversion. and is a different discipline of plasma
heating.) At low harmonics coil-style antennas with rf sources already built
for ICKRF experiments can vield data on IBWH with minimum expense. At
tmedium harmonics the frequencey is high enough that waveguide couplers can
it into the vacuum chamber.

Tor choose an appropriate harmonic consider Figure 1, where we plot res-
onant frequencey versus magnetic field for the first several possible hvdragenic
species and harmonics. Each line is Lrokien in two halves, representing the high
field (10 T) and reduced field (7 T) ooeration of CIT. The 11 Tesla possibility
for operating CIT is not indicated to aveid unneccessary confusion in this dia-
gram. The high field purtion extends from peak field at 10 T down to 8.2 T,
which represents the total field at the large major radius edge of the plasma.
The poloidal contribution to the total field must be taken into account at the
edge. as well as the shift of the plasma center ontwards. The desired situation
is to choose a frequency which heats one specie at one harmonic at the center,
without having some other hydrogenic resonance on the low feld approach to
the center. For example. look at the fifth harmonic of tritinm which resonates
with 250 MHz in the center at 10 T: the 350 MHz wave inisses resonaling
with the sixth tritium harmonic (= fourth deuterium = second protium) as
it enters from the low field side. Therefure, the Afth harmonic of tritium is a
suitable resonance.

On the other hand. the third deuterium harmonic is not suitable because
of the presence of the fifth tritium harmonic on the low field side; likewise. the
fourth tritium harmonic is not suitable because of the presence of the third
deuterinm harmonic on the low field side.

Now consider operation at reduced field, specifically 7 T. Tritium reso-



nances are shown dashed since the tritium probably would not be present in
low field discharges. A pussible chuice is the fourth deuterium harmonic (=
second protium) at 200 MHz or the fifth deuterinm barmonie at 250 MHz. The
resonance for the fourth deuterium harmonic is unaffected by tritinm which
might be in the plasma, whereas the fifth deuterium harmonic is not practical
il tritium 15 present.

The height of the ports in CIT is about | m. A wavegnide near cutoff
supports a frequency f = 3. 10% (m/sec)/(2 - | m) = 150 MHz. Therefore,
IBWH can be launched by waveguide into CIT at full ficld and also at reduced
field.

Wavegnides with a bread dimension of 1 m launch the power at the plasma,
but do not have to carry the power into the tokamak area. Instead. coaxial
transmission of power is desirable from the rf source to the coupling structure
at the plasma.

Figure 2 illustrates, with a scale drawing, a top view of a possible instal-
lation. Four coaxial lines pass through a shield at the bottom of the drawing,
and couple power ints four wavegnides. The waveguides taper in the nar-
rons dimension at the entrance to a port flange. but the broad dimension of
the waveguide remains the same. The transmission continues withont further
transition to the plasma. Figure 3 shows a side view of the same installation.

Power flow into a port should be similar to the case of ion cyclotron heating,

about 3 MW or more. This represents about § kW /em?.



3 Coupling of Waves to Plasma and Plasma to Wave-
guide

The jon Bernstein wave propagates at densities such that the electron
plasma frequency is above the excitation frequency. Therelore. a coupler
should be placed close to a density of 3. 10% ¢/ em®. Some coupling calcu-
lations indicate that best results are obtained for a density ten times this. so
for the sake of discussion. assume that the waveguide aperture is in plasma of
110", em® density. At such a density. the plasma thermal loading is small.
in the range of a kilowatt per square meter.

This simple calculation needs to be enhanced by results from a coupling
cade, including expected edge density profiles, and analysis of the heat Ruxes.
Issues of & spectrum. poendermotive effects, field strengths. ete. need study
also.

Ancther gond coupling regime uecurs at higher aperture density — n, =
10'2 em™ — where direct excitation takes place (f < fiz). Since the CIT
scrape-uff density profile is not known precisely, this additional coupling regime
offers flexibility to the IBWH waveguide coupling. Of course, the thermal
loading on the coupler increases as the density rises.

Because of the luw density required for conpling, IBWH should be com-

patible with an H-mode pilasma.

4 Previous Experimental Results

The IBW concept was established at low power on ACT-1 at PPPL.
and then moved to a tokamak experiment on JIPPT-HU in Nagova, Japan.

In 1erms of power and heating. the most successful results were on PLT,



where ion temperature was raised from 0.5 ke\' 10 2.0 keV' with 300 kW of
puwer. Scaling studies of minority heating and 3/2 harmonic heating show
6 <V kW, 10%.em* over the range 0.1 MW to 0.7 MW, Other interesting
aspeets of the work on PLT are a possible decrease in edge turbulence and an
increase i particle confinement associated with IBWH.?

Eiperiments at the 180 kW level were carried out on Alcator C. Heat-
ing and improved particle confinement were found, consistent with the PLT

results.

5 Experiments Needed in the Near Term

Experiments are planned on PBX-M at 2-4 MW and D-1{I-D at 2 MW with
induction loop antennas in the period 1989-1990. In these experiments, IBWH
in diverted, shaped and H-mode plasmas at high power will be investigated.
Waveguide experiments with 450 MHz on FT-U at | MW are planned for 1990
and onward. The FT-U IBWH experiment offers for the first time a capability
to lannch jon Bernstein waves via a CIT-relevant waveguide launcher. In
theory. the coupling physics of a waveguide IBWH launcher is simpler than
that of a loop antenna with Faraday shields. In practice, the absence of a
loup and Faraday shield from the plasma region can be expected to reduce
aperational problems, such as generating impurities, increasing recycling, and
breakdown near the antenna, Performance un a waveguide launcher compared
to a loop antenna with Faraday shields is an important future topic for the

IBWH experiments.



6 Plan for IBWH on CIT

CIT can use IBWH withaut significant medification to parts and floor
space. Power in the range 200-300 MHz can be provided alter a four-year
lead time to modify the existing Klvstrode device of Varian Associates with
support {rom CIT for non-recurring engineering (S1000K), and install the cf
souTCe.

The best strategy for CIT is to enccurage the planned experiments on
PBX-M and FT-U. while watching progress on the IC'RF and ECRF physics
and technology for the mainline CIT program. A decision can be made in

1992.3 to transpose some heating power to the IBWH,
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Figures

Possible Resonances for lon Bernstein Wave Heating. Resonant fre-
ywency for several hydrogenic ions (protium. denterium, tritium) is plot-
ted against toroidal field in two bands, one ending at 7 Tesla, and ovne
ending at 10 l'esla. The extent of each band toward lower frequency
represents the decrease in total field toward the outside major radius.
In considering the 1otal field. the poloidal field is important at the large
major radius edge: therefore. the change in total field is less than the
change in turovidal ficld in the range plotied. Heating can be centralized
with fifth harmeonic tritium, and the fourth harmonic deuterium, and no

uther resunances can compete for absorption.

2. Top view of a 4-waveguide coupling structure at the plasma. including

the coaxial transmission lines which carry power to the experimental

region. The figure is approximately Lo scale, as shown,

. Side view of the installation shown in Figure 2. The aspect ratio of the

waveguide is accuratelv shown by comparing Figures 2 and 3.
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