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MASTER
AN ELECTRON ClCLOTRON HEATING EXPERIMENT ON THE ISX-B TOKAMAK

G. L. Campen, A. C. England, C. M. Loring, and W. L. Wright
Oak Ridge National Laboratory

P.O. Box Y, Oak Ridge, Tennessee 37830, U.S.A.

This paper describes apparatus that will be used
to provide 200 kW of microwave heating at 28 GHz to
the ISX-B tokamak. The program goals and a brief ex-
planation of the principles of microwave heating in a
plasma are included in the introduction, and the
current status of the project is outlined in the
conclusion.

Introduction

The injection of microwave energy is a promising
technique for heating the electrons in a tokamak
plasma. The heating is accomplished by injecting
microwave power at a frequency readily absorbed by some
of the plasma electrons because it matches their
"cyclotron" frequency (the frequency with which an
electron will oscillate in a given magnetic field).
The technique is therefore known as "electron cyclotron
heating" or "ECK."

The primary goal of this ECH experiment is to
investigate the effects of microwave heating in pre-
ionization, bulk heating, and profile modification
roles. In preionization, the aim is to provide an area
o£ heated electrons that forms a continuous path around
the tokamak. With such an area provided before the
energization of the ohmic heating coil, the toroidal
plasma current is easier to establish. Bulk heating,
on the other hand, is the name given to heating that is
done after the toroidal current is established. The
change in the configuration of the magnetic fields
causes the heating effects to be more diffuse, raising
the temperature of the plasma electrons as a whole.
Profile modification is a variation on bulk heating,
with the distinction being that the microwave heating
is applied to a particular region in order to alter the
current distribution in that location. It is expected
that this technique will improve plasma stability.

The apparatus that WJ.AI be used to provide the
pulses of microwave energy can be divided into three
main categories: the "gyrotron" microwave tube, the
80-kV pitlsed power supply, n d the microwave trans-
mission system.

The Gyrotron

The microwave source for the experiment is a
vacuum-tube oscillator called a gyrotron. The gyrotron
that we will be using was made by Varian Associates
of Palo Alto, California. The tube shown in Fig. 1 is
very similar to the one we will be using in the ECH
installation. It was designed for continuous-wave
operation for use on the Oak Ridge National Laboratory
(ORNL) ELMO Bumpy Torus, which is a steady-state
experimental fusion device. The ECH experiments will
begin with a gyrotron that has already been used on the
ELMO Bumpy Torus machine and replaced by a more recent
model.
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Fig. 1. Varian Associates 200-kW 28-GHz
experimental gyrotron oscillator.

Because this particular tube is designed for
steady-state operation, its collector surface is quite
large, with a cooling water system designed to operate
at 400 gallons per minute. However, with pulsed oper-
ation and a maximum duty cycle of 0.001, five gallons
per minute should be sufficient. Cooling water is also
provided to the magnets (which will be operated contin-
uously) , the body of the tube, and the output "window."
The body and "window" flow rates are also appropriately
reduced from their continuous-wave values.

The electron gun area is operated in oil with a
forced circulation system for spot-cooling. The gun
shown in Fig. 1 is composed of a. cathode (the rod-like
structure in the center) and what is called the "con-
trol anode" or "gun anode," which is the cylinder
surrounding the cathode. The tube is designed for a
cathode potential at 80 kV and a control anode poten-
tial of 65 kV to 55 kV. (These potentials are negative
with respect to ground, as are all of the system high
voltages discussed in this paper.)

The cylindrical electron beam originates at the
cathode, with the control anode providing the initial
acceleration. As the electrons travel down the drift
tube, they oscillate around the magnetic field lines.
When they pass through the resonant cavity, they give
up a large portion of their kinetic energy to the
induced electric field, after which they are absorbed
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Fig. 2. Simplified electrical schematic.

by the collector. Meanwhile, the wave induced in the
resonant cavity is propagated out of the tube through
the "window."

The "window," as its name implies, serves to
separate the waveguide, which is gas-filled, from the
vacuum in the tube, while at the same time it is
essentially transparent to microwave radiation. A
beryllium-oxide disk, approximately 2.5 in. in diameter
and 1/8 in. thick, plays the part of the "window pane.";
As mentioned before, the window has a water-cooled
jacket. Also, unlike the window shown in the illus-
tration, ours has a "double-paned" structure with a
low-loss cooling fluid (FC-75) between the panes to
prevent localized heating, which could cause cracking
of the beryllium-oxide disks.

The Power Supply

The power supply provides the 80-kV, 10-A pulse to
the gyrotron cathode. The components of the supply,
with the exception of the capacitor bank, were made by
Universal Voltronics Corporation of Mt. Kisco, New
York. A simplified electrical schematic of the system
is shown in Fig. 2. The major components of the pulsed
power supply are the charging supply, capacitor bank,
ignitron crowbar, modulator, and control anode voltage
divider.

The capacitor charging supply is a 100-kV, dc,
60-mA unit and is mounted in an oil-filled 55-gallon
drum. The 480-V primary is controlled by a motor-
driven Variac, with the desired charging voltage
selected at the remote controls. The capacitors are
charged on constant-current basis, and recharging after
each pulse is automatic. The charging voltage and
current are metered, and there is a variable high set-
point limit on both parameters.

The capacitor bank stores the energy for the
pulse. It is a stacked array composed of 160 separate
capacitors, each rated 157 uF at 5 kV. They are
arranged in 20 series sections with eight capacitors in
parallel in each section. The total bank rating is
therefore 63 uF at 100 kV. Each capacitor has its own
silver-sand fuse and is bled through a 2O-MS2 resistor.
The personnel-safety grounding switch has a contact for
each of the 20 series sections, with 10 kft of current
limiting in each discharge path. The capacitors are
military surplus PCB-filled units, and so the bank is
rather large, and precautions against PCB contamination
were necessary. The bank is 15 ft tall and has a

6- x 14-ft base; it and the charging supply are enclosed
in a Plexiglass-lined expanded-metal cage with a 1-ft
curb.

A high voltage coaxial cable (RG 220/V) is used to
connect the bank to the remainder of the power supply,
which is located 60 ft away on a platform over the
ISX-B tokamak control room.

The crowbar is a high-power switch designed to
protect the gyrotron and the power supply components by
quickly diverting the bank energy into a "dunp" re-
sistor in the event of overloads or overvoltages. The
switch is composed of four ignitron tubes in series and
is capable of going into full conduction within 10 usec
from the time is is triggered. The 5O-S2 resistance in
series with the crowbar absorbs the bank energy and
limits the discharge current to a level that is safe
for the 160 fuses. The 10-2 resistor located between
the crowbar and the modulator assures that there will
be sufficient voltage to initiate crowbar conduction in
the event of a ground fault at the modulator. A second
personnel-safety grounding switch, along with its own
current limiting resistance, is mounted on a frame,
which includes the crowbar resistors.

The modulator controls the width of the gyrotron
cathode pulse and regulates its voltage level. An
Eimac X2062J high voltage tetrode in series with the
gyrotron cathode is triggered into conduction by an
external 10-V pulse and remains in conduction as long
as the pulse is present. Maximum pulse widths will be
about 100 msec and with a typical beam current of 10 A,
the voltage drop at the capacitor bank will be a
maximum of 16 kV. This means that the switch tube
cathode voltage will go from 100 kV down to 84 kV
during the pulse, and the voltage acorss the switch
tube would have to be varied from 20 kV down to 4 kV to
maintain a steady 80-kV output to the gyrotron.

The control anode voltage divider provides means
of supplying a wide range of regulated voltage to the
gyrotron control anode. The 80-kV cathode pulse is
bled through a series string of 200 Zener diodes (at
150 V each) and 500 kf2. This gives a 30-kV drop across
the Zeners at a current of 100 mA. Tap points are
provided at the 70 Zeners, which range in voltage from
65 kV to 54.5 kV, and output of this tap is run to the
gyrotron control anode. The voltage selection is done
remotely by means of rotary switches with insulated
shafts out to the control area.
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Fig. 3. Waveguide elevation.

The Waveguide System

As shown in Fig. 3, the waveguide system connects
the gyrotron output to a port on top of the tokamak.
Most of the waveguide run is composed of 2.5-in.-ID
copper tubing swaged to an ID tolerance of ±2 mils in
order to eliminate burrs and mismatches at joints. The
circular waveguide is used because most of the gyrotron
output power is expected to be in circular-electric
modes. These modes have no wall currents in circular
guide, and so losses are kept to a minimum.

In addition to transmitting the microwaves, the
waveguide system includes monitoring and protective
devices. One such device is the "directional coupler,"
which is located at the right-angle bend in the wave-
guide. Inside the directional coupler is a metal plate
mounted at a 45" angle to the waveguide axes. The
microwave radiation from the gyrotron strikes this
plate and is reflected down toward the tokamak, much
like light off of a mirror. This sort of device is
known as a "miter bend" in microwave parlance, but the
directional coupler is more than just a miter bend, for
the metal "reflecting" plate has an array of holes
drilled through it. These holes allow the passage of
a sample of the incident radiation through the plate,
past a power measuring device called a "sampling
coupler," and into an absorptive load. Any microwave
radiation reflected from the plasma back toward the
gyrotron is sampled and absorbed in the same way by a
second sampling coupler and load.

The sampling couplers are designed to couple out a
small sample of the power in the circular-electric
modes. Besides having one on each arm of the direc-
tional coupler, there is also a sampler at the gyrotron
output and another at the input to the tokamak. As
long as most of the power remains in the circular-
electric modes, these couplers will provide a good
indication of the power levels in the guide, and if a
significant amount of mode conversion is taking place,
the couplers will also help to locate the region where
the conversions are taking place.

Mode conversions to noncircular-electric modes in
the waveguide are undesirable because of the loss in
power due to wall currents, the localized heating that
can result, and the increased probability of arcing.

In order to help eliminate these undesirable modes,
18-in.-long stainless steel sections of waveguide,
called "mode filters," are inserted in the waveguide
run near areas of probable mode conversion. The high
wall currents of these "spurious" modes, combined with
the high resistivity of the stainless steel, result in
rapid attenuation. The directional coupler is a likely
area for mode conversions, and so a mode filter is
placed at both ports of the device. Stainless steel
sections are also placed at both windows to help
protect them from heating damage that could result from
high power levels in noncircular-electric modes.

In addition to their mode suppression function,
the stainless steel sections located at the windows
have pores tor the supply of nitrogen gas as well as a
light-triggered device for sensing the presence of
electrical arcs. For this reason, they are called "gas
and arc detection" sections. The nitrogen is kept at
about 1 psig and is used to provide an indication of
waveguide leaks (which would be a danger to personnel),
while at the same time assuring the presence of a
clean, dry medium in the waveguide. The arc-detection
function consists of a light-sensing diode mounted in
an aperture in such a position that it can observe any
arcs occurring at the window. Because such arcs can be
highly destructive, it is necessary to stop the pulse
immediately if one is detected. A test light is
mounted opposite the detector to provide a means of
checking to see if the device is operating correctly.

The termination of the waveguide run is located
inside the tokamak and is called the "antenna." It is
made of stainless steel tubing and has a canted metal
plate at its open end in order to reflect the micro-
waves toward the center of the plasma. The reflecting
surface of the plate is divided into two parts, with
the level of the left side of the plate raised above
that of the right side by an amount that provides a
half-wavelength difference in the path lengths. This
arrangement converts the circular-electric-mode waves
into predominantly linearly polarized waves,1 providing
for more efficient absorption of the microwave energy
by the plasma as well as a more readily analyzed
interaction.



The final waveguide component is the water-cooled
test load, which can be attached to the gyrotron output
in place of the waveguide run. This load, the Varian
VLA-8000, will be used prior to connection to the
cokamak in order to check the operation of the gyrotron.
Calorimetric measurements on the cooling water will be
used to help diagnose the total power output.

Current Status

At this writing, all of the equipment discussed,
with the exception of some portions of the waveguide,
has been installed. The pulsed power supply is under-
going acceptance testing at our facility. The gyrotron
has not been pulsed as yet, but we expect to be con-
ducting ECH experiments on ISX-B by the end of the
year.
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