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Introduction

RF power in the ion cyclotron range of frequencies (ICRF) has been chosen as the
primary heating technique for BPX. This decision is based on the wide success of ICRF
heating in existing experiments (JET, TFTR, JT-60), the capability of ion cyclotron
waves to penetrate the high-density plasmas of BPX, the ability to concentrate ICRF
power deposition near the plasma center, and the ready availability of high-power
sources at the appropriate frequency. The primary task of the ICRF system is to heat
the plasma to ignition. However, other important roles are envisaged; these include
the stabilization of sawteeth, preheating of the plasma during current ramp-up, and
possible control of the plasma current profile by means of fast-wave current drive. We
give a brief overview of the RF system, describe the operating scenarios planned for
BPX, and discuss some of the antenna design issues for BPX.

Overview of the RF System

The RF system will provide at least 20 M\V coupled to the plasma throughout
the frequency range 50-100 MHz for pulses at least 15 s long. This is to be provided
by 16 power sources having a power capability of at least 2 MW per unit at 82 MHz.
Quick frequency change operation will be provided in two frequency bands centered at
82 MHz and 54.7 MHz, with operation at any frequency in the tuning range available
upon reconfiguration of the tuning system.
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The antenna will be of a 'hybrid' design with the current straps and feeders inserted
through a port, while the Faraday shield assembly will be mounted on the vacuum
vessel wall from inside the device (Figure 1). The rationale for this is to maximize
the radiating area of the antenna by permitting the electrically active, current strap
components to fill the port area. This optimizes the fcy spectrum within the limitations
of port size but allows removal of the electrical assembly through the port for ease of
remote maintenance. There are four current straps (a 2 x 2 array) in each antenna
unit and a total of four antenna units. Each current strap is grounded at the center
and driven at top and bottom by coaxial transmission lines. The Faraday shield is
a single-layer, open design (33% optical transparency) which is passively cooled. The
material is high-conductivity carbon-carbon tiles, mechanically attached to Inconel rod.
For an estimated 'worst-case' specific antenna loading resistance of 8.3 Q/m (discussed
in section 4) the maximum RF voltage in the system for 20 MW of coupled power is
33 kV.

ICRF Heating Scenarios

The standard operating scenario for bulk heating at full toroidal field (BQ = 8.1 T)
is to use 3He minority heating in a bulk plasma consisting of 50-50 deuterium-tritium
(D-T) at /RF ~ 82 MHz. As the bulk plasma beta rises, direct second harmonic heating
of the T component, which coincides with the 3He resonance, takes over. At the high
densities employed on BPX, and because of the enhanced collisionality of 3He2+, strong
tail formation is not expected. This will result in bulk heating of the background ions
rather than electrons. With the high plasma current of BPX, confinement of tail popu-
lations is not expected to be an issue in any case, but it will certainly not be important
for 3He. Because the wave power propagates essentially radially inward from the an-
tenna and since density gradients provide an additional refractive focusing, the wave
energy and subsequent absorption are concentrated near the plasma center. Radial pro-
files of power deposition in each species as calculated by the ORION 2D full-wave code1

show that the heating is indeed centrally peaked with most of the power deposited in
the 3He and T components. The single-pass absorption 'reflection/transmission/mode-
c.onversion has been calculated using a ID full wave-code.2 Even at the modest density
and temperature of start-up conditions (ne(0) = 1.8 x 1014 cm~3,Te = T, = 4 keV).
the single-pass absorption is ~ 60% for 773He = 1.5%. At 2/3 field (Bo = 5.4 T),
two heating modes are available, minority 3He at /RF ~ 54.7 MHz and minority H at
/RF - 82 MHz.

Additional RF scenarios will be employed for special purposes such as heating
during the pre-activation phase of BPX using 3He in H or 4He majority plasmas at
/RF ~~ 54.7 MHz, off-axis heating during the Bj ramp, fundamental D heating in DT
plasmas at /RF — 61.5 MHz, high-frequency minority H heating at /RJT — 123 MHz.
and fast-wave current drive at low field.

Antenna Design Issues

Plasma physics has an impact on ICRF antenna design in two primary areas: an-
tenna loading resistance and Faraday shield design. For a given antenna design with
specified voltage limits, the power that can be coupled to the plasma per antenna is
proportional to the antenna load resistance. This quantity can vary over a wide range
depending on antenna design and is particularly sensitive to details of the plasma den-
sity profile. Therefore, considerable effort has been invested in using the Oak Ridge



recessed antenna modeling code RANT3 to determine the 'worst-case' density profiles,
determining loading for these profiles, and investigating the sensitivity of loading to
variations around these difficult profiles. It is known that ICRF loading typically drops
during the transition from L-mode to H-mode and that H-mode density profiles tend
to be very flat with steep gradients just inside the separatrix and with low plasma
density in the scrape-off region. To model this we use the piecewise linear model shown
in Figure 2. At relevant densities, loading is a decreasing function of volume-average
density, a decreasing function of profile steepness, A —+ 0, and an increasing function
of scrape-off length, A,.

Figure 3 shows loading versus A for a high-density case near the Greenwald limit
(ne) = 4.4 X 1020 m~3 for various values of separatrix location d, and A,. In all cases
the density at the separatrix is taken as 10% of the peak density. The current straps
are driven out of phase (dipole phasing). It is clear that the critical issue is loading
at the highest volume-average density, with steep profiles (A ~ 0) and with very little
plasma in the scrape-off layer. Therefore, the reference profile for specification of the
RF sj'stem is taken as the 'worst case' of a flat density profile, A = 0, with no scrape-
off plasma, A, = 0. We see that at the nominal separatrix location, d, = 4 cm, the
minimum loading is 8.3 Q/m. This value must be reduced by an end effect factor of
0.92 as obtained bjr scaling from measurements on the TFTR antenna.

Another important consideration in antenna design is minimization of ICRF-related
impurities. Theoretical modeling and correlation of calculations with experiment have
indicated that local ICRF impurity generation is dominated by energetic ion impacts
caused by enhanced, RF-driven sheaths.4 The BPX Faraday shield design makes use
of the principles of impurity minimization indicated by this work. In particular, the
front surfaces of the shield blades are made of carbon, a low-Z material with self-
sputtering yield < 1 at all energies with normal incidence; the shield blades are tilted
and contoured to minimize the RF magnetic flux linkage of field lines that intercept the
shield structure; limiters will be strategically placed to minimize the plasma density
near the Faraday shield; and the system has sufficient loading resistance to permit full
coupling power with dipole phasing of the current straps.

Conclusion

The heating scenarios planned for BPX are those commonly used on existing ex-
periments (3He and H minority). Adequate single-pass absorption is expected with
quite small minority concentrations (^He < 1.0%) for minimal fuel dilution. The RF
system design is conservative from a voltage/loading standpoint and makes use of the
latest understanding of impurity influx physics.
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Fig. 1. Perspective view of the BPX Hybrid Antenna.
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Fig. 2. Piecewise linear density profile
model for H-moile.

REFERENCE
LOADING VALUE

Fig. 3. Loading resistance (ft/m) for the
BPX Hybrid Antenna for a density at the
Greenwald limit.


