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ABSTRACT

An jon-cyclotron range of frequencies (ICRF) heating system has been
installed in the Tandem Mirror Experiment-Upgrade (TMX-U) central cell. Qur
initial objective is to heat low dansity jons in the near field of the antenna.
This heating reduces the collisionality of central cell ions, which decreases
the filling rate of the thermal barrier by passing ions from the central cell.
From power- and particle-balance calculations, we determined that 60 ﬁﬂ of
absorbed power s sufficient to heat plasma densities of up to 2 x 10 en3,
These power requirement? are consistent with ion heating results from the
Phaedrus tandem mirror.' Based on this, we have installed a 200-kW
oscillator/power amplifier, tunable to as low as 1.5 MHz. It drivas a 1109,
9 1/2-turn loop agtenna that has a commercially built Faraday shield and
matching network.c The system has been tuned with plasma and is being used
for the initial heating studies at the an-cyclotron frequency wgi.

INITIAL EXPERIMENTS

The first ap?lication of ICRF in TMX-U will be to aid in the formation of
thermal barriers.!s¢ Two other possible applications in the central cel) are
to heat the boundary of the plasma to sustain a-halo that shields the hot core
plasma from neutrals, and to bulk heat the central cell as a supplement to or
substitute for ne%tral beams. We have used results from the Phaedrus tandem
mirror experiment” as the empirical basis for planning these ICRF experiments.

Formation of thermal barriers in TMX-U requires heating the central cell
ions to reduce collisional filling of the thermal barrier to a level that can
be pumped. The bulk of the ion diitribution js heated more effective1¥ by
ICRF at wej than by neutral beams.' This nas been evaluated in detail and is
sutmarized below. Figure 1 shews the power balance for central cell ions--with
and without a thermal barrier. Without a thermal barrier, the ion confinement
is due only to magnetic mirrors in the computation, as shown by the upper solid
line (a). With a thermal barrier, the axial confinement is enhanced by
electrostatic stoppering that reduces end losses py more than an order of
magnitude, as shown by the Jower solid Tine (b). The solid lines depict the
power required to maintain the plasma at the indicated density. The ion
temperature is related to the density by the reguiregea} that the filling rate
of the barrier be low,¢ Tic (eV) = (nc/6.3 x 10° cm™2)¢/2, Losses due to
radial diffusion become significant a% higher temperatures, as shown by the
bend in Vine (b). Charge-exchange losses are included, from the gas required
to fuel the plasma.

We a1so need to determine the maximum power that can be coupled into the
plasma with ICRF and compare with the required powers. The lower edge (d) of
the cross-hatched region indicates the approximate power absorbed by the
central cell p}asma in the Phaedrus tandem mirror. The upper edge {¢) scales
the power by ré = 4 to indicate the higher power absorption expected with the
larger radius of the plasma in TMX-U., The ICRF heating in Phaedrus is believed



AT T L A . -

-2-

to be due to an evanescent fast wave,3 and we expefE empjrical scaling from
Phaedrus to fail near a deuteron density of 8 x 10'¢ em™ because fast waves
will propagate above this density in TMX-U.

An ICRF heating system, based on the above requirements, was installed in
TMX-U in November 1982. The transmitter is an AN/FRT-86, operated in Class C,
yielding an cutput power of up to 200 kW. The output stage has been revised
to lower the mininum frequency to 1.5 MHz to provide the weq resonance at a
2-kG midplane, central-cell magnetic field, A 1100-partial-turn antenna,
Faraday shield, and network to match &he antenna impedance to a 50-Q line
were designed and built commercially.

A change from hydrogen to deuterium operation, and a reduction in the
minimum central-cell magnetic field frem 3 to 2 kG decrea:ed the frequency for
midplane resonance Trom 4.5 to 1.5 MHz, shortly before the antenna system was
delivered. The frequency change was incorporated into the antenna system by
replacing the partial-turn loop with a 39-uH, 9 1/2-turn Toop that fits
within the same Faraday shield and mounts to the same supports. We find that
this produces a radio frequency (rf) magnetic field that is eguivalent to that
of the 110° half-turn loop; we measured the rf field near the antenna in air
at a 56-MW power level. These measurements agree to githin 30% with
computations of the vacuum field of a 9 1/2-turn coil? as well as with
computations® using 10 times the current in a 1100 1/2-turn coil. From
this we have concluded that the multiturn approach is viable.

The ICRF system in THX-U has been operated at 1.5, 1.7, and 2.3 MHz with
the multiturn antenna., The maximum power at 2,3 MHz was 1.5 kW--above which
we observed break down. This power corresponds to about 5 kV on the matching
capacitors. Although this power is insufficient to produce cbservable heating
at higher densities, by follqwing sine {a) of Fig. 1 and operating at a central
cell density of about 1 x 10'' em™> the ICRF heating was sufficient to increase
the density of one end plug by a factor of two and to decrease the axial end
losses of fons relative to electrons. This effect may be due either to direct
electron heating or to excitation of a slow wave that heats ions on the
magnetic beach at the central cell midplane, 1.3 m for the antenna.

These experiments will be continued at higher power levels after making
appropriate alterations to the antenna system. We are evaluating the present
1100 gntenna, pairs of 1809 antennas, and slot antennas with McVey's antenna
code.® Qur goals are to uniformly heat the entire plasma cross section and to
maximize the loading resistance. We have used tie code to investigate heating
from a single 110% antenna, operated at several times the cyclotron
frequency w;th propagating fast waves as in the Elmo Bumpy Torus (EBT)
experiment.’ We find that the heating is both azimuthally uniform and
radially uniform except for a null near the axis with the lowest radial
eigenmode. However, measurements on EBT show that only the tail of the jon
distribution is heated at cyclotron harmonics--rather than the bulk heating
that is required in TMX-U and which we expect from ICRF near wci. We are also
using the code to investigate heating by the near field evanescent waves near
wpi 3s well as by slow waves that would damp on the beach near the centrat cell
midplane.
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Fig. 1. The power required to heat ions in the TMX-U central cell to a
pumpable temperature before (a) and after (b) thermal barrier
formation (95/Tje = 2.44) versus density (nc). The power that can
be couglgd with fCRF is shown for Phaedrus gata (d) and scaled to
™X-U (c).



