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Abstract

Ion Cyclotron Resonant Heating (ICRH) is part of the
plasma heating system used on the TMX-U experiment.
Radio frequency (RF) energy {s injected into the TMX-U
plasma at a fregquency near the fundamental ion
resonance (2 to 5 MHz). The RF flelds impart high
veloclties to the lons in a direction perpendicular to
the TMX-U magnetic field. Particle collision then
ccaverts this perpendicular heating to uniferm plasma
heating. This paper describes the various aspects of
the ICRH system.

Two antennas are used inside the TMX-U vacuum vessel.
The antennas are located at each end of the TMX-U
centrai cell., On the west end of the machine two
types of loop antenna have been used. 0On the east end
of .he machine a slot antenna and more recently a dual
half-turn loop antenna has been {nstalled.

RF power for the system is derived from two upgraded
military surplus AN/FRT-86(V) transmitters. The
transmitters are each capable of producing 200 kW CW
and have been recently modifler .o deliver 400 xW each
for 100 msec in class C operation.

The ICRH system has been configured for computer
control of the transmitters, and data acquisition
system. The entire system is capable of being
operated by a single operator.

"Work performed under the auspices of the U.S.
Department of Energy by the Lawrence Livermore
National Laboratory under contract number
WTULO0S-ENG-U4B."

Introduction

The ICRH system consists of three major elements: the
transmitters, the antenna system, and the contral/data
acquizaltion system. Flgure 1 1s a slmplified block
diagram ot the ICRH system showing these major
elements. Figure 2 1s a perspective drawing showing
the layout of the ICRH system. The two AN/FRT-86(V)
transmitters are used to drive two separate antennas
inside the TMX-U vacuum vessel. Power is delivered to
the antennas thru runs of 5-inch hellax coaxial cable.
For test purposes either of the two transmitters can
be connected to a 225 kW 50 ohm dummy load by means of
a coax patch panel. Computer control of the system is
provided by a HP9836 computer and a CAMAC serial fiber
optic highway. Computer control is provided for
transamlitter forward power and reflected power.
Following each shot the computer recelves recorded
data detailing transmitter forward and reflected
power, antenna impedance both real and imaglinary
parta, antenna voltage, antenna current, current to
the antenna plasma limiter, and much more.

Transmitters

The AN/FRT-86(V) transmitters used on the ICRH system
are military surplus communlications transmitters
or{ginall,; used in class AB operation. They were
modified by thelr manufacturer, Continental
Electronlies Inc., to supply 200 kW of continuous power
in eclass C operation [Ref. 4]. They have been
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further modified by LLNL to produce 400 kW in pulsed
service for 10C msec. These modifications have ta a
large extent consisted of converting the inductor and
capacitor power supply fillters used i{n the original
design to simple capacitor filters that more easily
handle the large current surges assoclated with pulsed
RF power. Modifications to transmitter low level

drive stages were added to lncrease the RF drive pcﬁ
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available to the final amplifier grid. To a large
extent, these modifications were copied from
mod:fications that Dr. D. Smith had previously
implemented »n AN/FRT-86(V) transmitterz at MIT to
increase thelr output power, The transmitter i3
normally operated at a load line of approximately 300
ohms for 400 kW output power. Additlionally the
extensive protection circuitry assoclated with the
transmitters nas been modii'ied to accept the
additional current loads of higher power operatlion.
Figure 3 is a silmplified schematic of the transmitter
output ne“.work showi{ng some of the modifications for
400 kW operation.
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Antennas

Antennas have been installed in the TMX-U vacuum
vessel on Yoth the =2ast and west end of the machine
for ICRH neating of the TMX-U plasma.

The {irst antenna to be used was instalied on the west
end of the machline and consisted of a slx-turn loop on
ong slde of '-e plasma {(see Flgure %a, Sa). The
antenna subtenc ‘1 an arc of about 90 degrees above tle
plasma. This configuration proved unsuccessful
because its asymmetry caused the plasma denhsity to
decrease ag power was applied to the plasma.
Therefore, the plasma heating efficlency was low.
This antenna was modified to the conflguration of
Figure 4b and Sb with the addition of two three-turn
loops on elther side of the plasma. This antenna
proved successful in iemonstrating significant stable
plasma heating. It: symmetry eliminated thec problem
assoclated with the first antenna. The plasma density
Wwas noted to lncrease slightly and heating
efficliencies of up to 40% were observed. To maximize
voltage holding of this antenna the tuning had to be
carefully matched to ereate a voltage null at the
center of the two loops. To simplify the tuning the
design was changed to that shown in Figure «c and Sc.
This antenna showed the same excellent plasma heating
characteriatics as its predecessor but with the added
advantage that the tuning capacitors {(c2 and c3) of
Figure 5¢ did not need to be clusely tuned to maximize
the antenna voltage holding hut only grossly matched
to share the tuned antenna current. Elther of the
capacitors (c¢2 or c3) could be changed to bring the
antenna {nto fine tune. The inductance of tn 2 x 170
degree loop antenna ts 2.55 uh measured from a point
Just below the matching capacitors, This antenna has
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been optimized thru the careful design of the open
faraday shield and the insulators associated with the
antenna and matching capacitor elements [Ref. ). The
antenna has been demonstrated to hold 40 to 50 «V peak
on the antenna element. Powers in excess of 180 kW
have been applied to the antenna, antenna coupling
efficlency of greater than 80 percent has been
observed. lon temperatures of 1500 ev have been
achleved on plasma where shots were 100 kwatts were
applied to the antenna at plasma densities of 2elZem-?
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On the east end of the TMX-U machine, two different
types of antenna have been used for plasma heating.
The first antenna to be lnstalled was the slot antenna
shown in Flgure 6, This antenna consists of a long
hollow copper tube, tapered ard flattened at one &nd
to conform to the shape of the plas.a. Assoclated
with this antenna, but installed on the outside of the
vacuum wall, was a high-power matching network shown
schematlcally in Figure 7. The slot antenna was
connected ta the matching network by three five-inch
diameter S50 ohm coaxfal lines. These coax lines
penetrated the vacuum wall of the TMX-U vessel through
three high-voltage coaxial feeds. Strapping options
on these feeds allowed the slot antenna to be driven
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in various modea of excitation _Ref. 2]. Figure 6 is
current and magnetic field distribution i{n the slot
antenna for the two predominant modes of excitation,
With the two end coaxes cross-strapped as shown in
Figure 6a, (full wave, 1 i mode), the siot antenna
inductance measured from the vacuum wall coax Teeds
was 0.47 uh, With the antenna driven from only the
center <oax feed as shown in Figure 6b (half wave, 1/2
A mode), the antenna inductance was 0.80 unh. The
plasma heating performance of the slot antenna showed
good electron heating and some ion heating when the
plasma was kept from contactlng the antenna by plasma
limtters. When plasma was allowed to contact the
antenna, little heating was observed., Although the
slot antenna exhibited strong plasma loading (antenna
Q with plasma 17 to 50 vs antenna Q without plasma
approximately 300), the amount of the imput power that
could be accounted for in ion heating was usually
smail (less than 20 percent). The slot antenna
exhibited good electron heating characteristics, and
during many experiments the slot antenna was used
primarily -3 a power source to heat electrons.

The slot antenna has recently been replaced on the
cast end of the TMX-U machine with a dual half-turn
loop antenna shown schematica'ly in Figure 8. This
antenna is an evolutiopr of the multl-turn loop used
on the west end of the machine. The advantages of the
dual half-turn loop are (1) much higher RF magnetic
f{eld in the plasma region for a given antenna
voltage, (2) simple mechanical construction, and (3)
easy Iaterface to the existing slot antenna matching
network and coaxes. The antenna is driven from two S5-
1nch coax lines in parallel to reduce the inductance
between the TMX-U vacuum wall and the antenna. The
total incuctance measured from the TMX-U vacuum wall
was 0. 34 uh and the vacuum Q of the tuned antenna was
517 measured at 3 MHz. Installation of the dual half-
turn loop antenna was completed in October, 1985, and
performance data on thits antenna ls minimal at this
time. However, plasma shots with 300 kW applied to
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the antenna have been achleved, and good plasma
response as measured on the TMX-U diamagnetic loops
has been observed. The analys!s of the data 1is
incomplete at this time.

Control and Data Acquisition

The primary control and data acquisitlion for th ICRH
system 13 provided by an HP3836 computer and an
associated menu-driven, control program (see Figure
7). The computer is connected to a system control
CAMAC crate by an HPIB interface buss (IEEE-488). The
system control CAMAC crate lncludes a 5 megablt serlal
fiber optic data highway thai connects to CAMAC crates
{n the transmitters and antenna diagnostic areas. All
ICRH control and data acquisition 13 done over this
serial data highway.

On a typlical shot the ICRH operator will request a
apecified power from each ICRH transmitter. He will
also set a maximum reflected power that the
transmitter is to allow before shutdown., If for any
reason during a shot the transmitter reflected poOwer
limit is reached, the transmitter will turn off for a
preset time (usually 2 ms) and then turn back on and
come up to the requested forward power under automatic
control. The shutdown period is to allow any arecs
that might occur {n the antenna to extinguish bvefore
power 13 reapplied to the antenna.

When a shoc fire command is lssued by the TMX-U master
timing circult, the automitic level control in the
transmitters will bring the transmitter power up to
the requested value of forward power within { to 2 ms

{see Figure 9a and 9b). The forwz 'd power request
that the ICRH operator provides specifies the peak
power that i{s to be achieved on a glven shot. The
ICAH operator has the option of using the transmitter
internal control system to modulate the transmitter
output waveform in accordance with a preprogrammed
waveform supplied by a function generator. The peak
power achleved i3 set by the computer forward power
request. Typlcal transmitter waveforms that are used
include CW power pulses, 50% duty cycle pulse strings,
and voltage ramps. Ftigure 9 shows typical transmitter
power pulses with varlous programmed waveforms.
Figure 10 is a stmplified diagram of the ICRH
transmitter control system showing the control loops
for forward power as well as for reflected power
shutdown.

During the ICRH shot, the {mpedance at the antenna
matching network 50 ohm port is monitored by a Hewlett
Packard network analyzer. The output of the network
analyzer {s recorded during a shot. Foliowing the
shot, the real and imaginary impedance looking into
the matching network i{s read by the HP9836 control
computer. The computer then analyzes this data and
calculates the - *imum tuning for the matching network
components t~ _aleve maximum power trsrsfer to the
piasma on the next ICRK shot. The H":236 control
computer i3 able to read the capacitor values in the
antenna matching network by means of a group of linear
potentiometers that convert the capacitor values to
vaoltagea that are read through the CAMAC serfal
highway into the control computer. The ICRH operator
is able to retune both ICRH antennas i(n the five-
minute f{ntershot time frame. Returning is dore from
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Typical Transmitter Power Pulses With Various Programmed Wave-forms
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the ICRH transmitters using remote control units that
allow the operator to change the capacitors while
mon.toring their capacitance value on a serfes of
digitial voltmeters. The network analyzer data is also
used to measure the equivalent plasma loading
resistance and to calculate the efficiency of the ICRH
system.

Following a shot, the ICRH computer automatlically
acquires data from the transmitters and antenna
diagnustics. This data is then processed in the
HP9836 control computer and stored in a dual port
memory where 1t is read by the main TMX-U data
computer, Physics data such as ICRH power, plasma
loading resistance and magnetic field intensity is
achieved on the TMX-U data base, while engineering
data such as transmitter power supply voltages and
currents are achieved iocally on a hard disc with a
tape backup system.

Diagnostics associated with tne cast ICRH antenna
{nclude directional couplers mounted both inside the
[CRH transmitter and at the 50 ohm finput to the
antenna matching network. Additionally, a high
voltage sample capacitive divider Is used to measure
the voltage at the maximum voltage point in the
antenna matching network. Current in the antenna is
measured by Rogowski loops which sample the current on
both the inslde and outside of the coax feeds and at
every point that the antenna contacts the TMX-U vacuum
wall. Small loop antennas of approximately a 1-inch
area are mounted at strategic points on the antenna to
measure the current in the antenna as well as to
detect spurious currents that would flow i3 case of
antenna arcing., Large diamagnetic loops surround the
plasma on both sides of the antenna. These
diamagnetic loops are used to measure the magnetic
field strength at the antenna.

The ICRH west antenna diagnostlcs consist of a pair of
small loop antennas to monitor the current {n ecach

side of the antenna s well as a high voltage
capacitive divider to measure the maximum voltage in
the antenna matching network. A Langmur probe is
tnstalled between the elements of the Faraday shleld
to measure plasma parameters. However, this
dlagnostic has ylelded very minimal data due to
calibr tion difficulties. The forward and reflected
power to the antenna are measured by high power
directional couplers mounted both at the input to the
antenna matchlng networ" and ins{de the ICRH
transmitter,

Conclusion

Over the past two years the Ion Cyclotron Resonant
Heating (ICRH) system used on the TMX-U experiment has
matured as a major {on heating source in the TMX-U
central cell. Power levels deliverea to the antennas
have increased steadily due to modifications of the
antennas and transmitters. Currently, a total of 800k
watts ls avallable from the two ICRH tran-aitters.
The control and data acquisition system for the ICRH
continues to evolve with the main goal being
automation of the antenna tuning to allow the ICRH
control computer to analyze the plasma conditlons on
the previous shot and calculate the antenna tuning for
the next shot. Even with these significant changes in
the transmitters and diagnostics, the main thrust of
the ICRH program continues to be the development of
the antennas "o optimized ion heating. The problems
assoclated with high voltages and high currents in the
antennas continue to present tough challenges to the
electrical and mechanical design of rhe system.
However, the ICRH antennas will be the areas where
major innovations will evolve into newer and better
ICRH heating system.
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