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Abstract

Thia paper describes control of gyrotron microwave
energy output b modulation of gyrotron anode voltage.
At present, Electron Cyclotron Resonant Heatlng (ECRH)
uses flve gyrotrons on the Tandem Mirror Experiment-
Upgrade (TMX-U) for plasma heating. One (s in the
10 kG reglon of each end plug, one at the 5 kG reglon
of each end plug, and one 18 used for central-cell
heating. Also described are the dealgn and operation
of the anode modulati{on system, The operating
advantages of gyrotron anode modulation include power
balance, independent control of each gyrotron, an
abllity to modulate microwave output power up to
50 «Hz, and gyrotron tuning. The performance results
of anode modulatlon will be discussed.

"Work performed under the ausplices of the U.S.
Department of Energy by the Lawrence Livermore
Natlonal Laboratory under contract number
W-TUOS-ENG-48."

Introduction

The TMX-U uses flve 28 GHz, 200 kW, Varian VGA-3050
gyrotrons for plasma heating. These gyrotrons are
powered by two 80 kV modulated power supplles built by
Universal Voltronfcs Corporation. The two gyrotrons
for heating In the outer 10 kG reglons are connected
to the first modulator. The two gyrotrons for heating
the 5 kG reglons and the one for heating the inner
10 kG reglon are connected to the other modulator,
Figure 1 is a block dlagram of the system conf{gura-
tion.
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TMX-U
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Flgure 1. ECRH Sysatem Block Dlagram.

In the original system configuratlon, control of the
gyrotrons was through the 80 %V modulators. All of
the safety interrupts protecting the gyrotrons from
faults were made through the high-voltage modulator.
The anode voltage level was set by a tap changer and a
resistor network., Figure 2 {3 a block diagram showing
how the system was flrst conflgured.
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Figure 2. Flx:d Anode ¥noltage System

Configuration.

The disadvantages of operating the system in this
configuration are as follows:

The failure of one gyrotron during a shot, and the
associated rolling back of the modulator, terminates
the operation of all of the other gyrotrons on that
modulator.

Power balance between gyrotrons is difficult to
achieve. This i3 because the same high voltage
supplied to all gyrotrons may be optimum for one but
not for the others, Consequently, some of the
gyrotrons operate on the edge of mod shifting,
resulting in erratic performance.

Output power control is difficult, due to the hig:u
voltage limitation mentlioned above. Six gyrotrcn
magnet power supplies and the filament current far
each gyrotron must be adjusted to control power
output.

A gyrotron anode modulation system was gesigned and
built to overcome these dlsadvantagea. The system
provides other operating advantages, including:

{. Rf power modulation from dc to 50 kHz. ECRH
energy drlves the plasma potential, and It is
belleved that the modulatlon of ECRH power may
cause a drift-pump action for the low energy lons
trapped in the thermal barrier.

2. tach gyrotron can be operated {ndependently ol the
other gyrotrons.
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3. Rf power can be ramped up or down during shots.
There has been some indication that high ECRH
power In the 10 kG region of the machine causes
the plasm3a density to drop durlng long shorts. An
ability to camp the ECRH power will help (n
determining if this la the case.

In the new configuration, which uses anode modulation,
all gyrotrons are controlled independently from the
console rather than by the high-voltage modulator, In
the event of faults, all safety interrupts for the
gyrotrons are generated by thelir own monltoring
clrecuits as a firat llne of defense. This prevents
the output of the other gyrotrons connected to a
common high-voltage modulator from terminating in the
event of a fault {n one gyrotron. If {nterrupt
circults of a gyrotron fall to terminate its operation
during a fault condition, tha main control console
halts the operation of the high-voltage modulator.
Figure 3 13 a block dlagram of this system.
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Figure 3. Modulated Anode Voltage System
Configuration.

Cyrotron Anode-Modulatlon System
The introduction briefly described the workings of the

old and new syatems. Here We examlne the system
design. Specifications are glve {n Table 1.

Table 1. Anode Modulation Dealgn Specificationa

Gyrotron Frequeney 28 gHz
Cathode Voltage 80 kV max.
Anode Voltage 30 kV max.
Cathode Current 8 A max.
Anode Voltage Modulation 2.5 kV

Rf power modulation T5% & 200 kW
Rf Modulation Rate de -50 kHz

Originally, the gyrotron anode voltage was set by a
resistive string. Figure 4(a) represents this type of
system. Changlng anode voltage settlngs required
opening the gyrotron tank and resetting the tap
changer to a new voltage level, Then the syatem had
to be made up and operated to check the new voltage

level. The cathoa? voltage was measured and recorded
while the ayatem we . running. Next, the Anode voltage
was measured and si“*racted from the cathode voltage.
(For example, a c#.hode voltage of 80 kV to return,
minus an anode vol-aige of 55 kV to return, egualed the
anode voltage of 25 kV.) As one can sce, the
gyrotrons anode voltage is a function of the cathode
voltage and will vary as the cathode voitage changes
and to adjust it was time consuming and difficult. As
shown in Fig. 4(b), the anode modulation system
replaces the tap changer and its resisto:s with a
Thompson CSF TH 5186 tetrode vacuum tube. The tetrode
and resistors R1, R2 now form a resistive divider with
the H 5186 tube as an active element. The current
flow through the tube controis the voltage drop across
RY (250 k@ * 1%). A feedback signal representing the
voltage drop across R! can be fed back to a control
circult to maintaln the voltage drop across RI,
regardless of changes In the cathode voltage.
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Figure 4. Types of Anode Control Circuits.

Gyrotron #node Modulation Control

The gyrotron anode mcdulation control is shown in
Fig. 5. The anocde voltage level set signal is
recelved by the F/0 transmitter/recelver board and
converted to a 0 to 5 V dc reference signal, which is
applied to the reference amplifier on the anode
modulator control board. A 2.5 V reference 18
equivalent to 25 kV anode to cathode of the gyrotron.
The output of the reference amplifier and the feedback
amplifier Is fed to a differential ampli{fler tha:
amplifies the dIfference between them. The ovutput of
the differential amplifier {8 maxtmum at turn on
because the feedback signal is zero, The nutput of
the differential amplifier 13 maxirum b ausc the
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feedback signal (s zero. The differential amplifier’s
output connectsa to one side of a solid-state analog
awitch. When the switch 13 open, the gyrotron 1s off
and the cathode-to-anode voltage (s zero. When the
switch 1s turried on by a TTL level voltage trom the
F/0 recelver-transmitter hoard, the analog voltage 1s
tranaferred from 1lts {nput to its output terminal.
The F/0 transmitter/recelver board experiences a light
pulse for the duratlon of the requested pulse and
converts it to a TTL level pulse. The output of the
switch connerts to the i{nput of the control grid
driver's buffr-.

The control grid driver is composed of two pnp, high
voltage tranaistors connected Iln a modified cascode
arrangement. The grid driver regulates the -700 V
control grid bilas. Driving the grid in a positive
directlon turns -n the tetrode, caualing current to
flow in R1, R2, »id the tube circuit. Current flowing
in this circult produces a voltage drop across Rl.
One side of R} connects to the cathode of the
gyrotron; the other slde connects to the cathode of
the tetrode tube and the anode of the gyrotron.
Therefore, the voltage drop across Rl equals that
across the anode and cathode of the gyrotron. The
anode voltage sense resistor monitors the anode
voltage level and returns a voltage proportional to
itas amplitude, to the feedback amplifier on the anode
modulator control board. As the anode voltage
feedback rigses, the output from the differential
amplifier falls untll the feedback signal equals the
reference voltage. This malntains the anode voltage
at the requested level. Rf modulation i3 achleved by
amplitude modulating the TH 512y control grid voltage.
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Flgure 5. Gyrotron Anode Modulatlon Control
Block Dlagram.

Fiber Optic Control/Data Links

The analog control link 13 composed of a Burr-Brown
FOR-110 recelver and a FOT-110 transmitter. These
optical devices have analog lnput/output capabilitles
with peak-to-peak amplitude modulation (AM) of 1.1 V
over frequencies up to 1| mHz. [See Flg. 6(a).]

Reaistor R! sets the blas vc.tage at the AM input
termlnal to 1.3 V. This sets the output signal of the
fiber optlc transmitter to zero with 2.0 volts input
at D1, Biasing the transmitter’'s {nput results in a
linear output. For a 3 V input, with a digital
voltmeter connected to the output of the recelver, R2
1s adjusted for -1 volt on the meter. the buffer
amplifier {nverts this voltage and produces a galn of
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five. The reference voltage output i3 0 to 5 V de,
with 1 V = 10 kV anode voltage. 1nput to the F/0
transmitter s sent from a LeCroy 860! function-
generator module. The function generator {s capable
af glving a dc offset voltage with an amplltude-
modulated signal riding on it.

Flgure 6(b) shows the turn-on, F/0 control link. The
transmitter's TTL data-input terminal is driven high
for the duration of a shot. Thls signal keeps the
turn-on receiver's output hlgh untll the shot ends.

The data-transmitter F/0 link is sketched in
Fig. 6{c). The TTL input of the transmitter |is
controlled by a 0 to 1 mHz voltage-to-frequency
converter. The transmitter's output proceeds to tne
control console over fiber optic cables. A fiber
optic recelver In the control console recelves the
frequency signal.
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Ftgure 6. Types of Data Links Used in System.

Regulatlon Feedback Clrcuit

An instrumentation amplifier was chosen for its high
galn, high common mod rejection, and wide-bandwldth
characteristics. The reference, feedback, and
differentlal amplifiers make up the instrumentation
ampli{fier, which has a galn of 100 and a bandwidth of
2 mHg. The wide bandwidth {3 needed to reduce the
phase shift between the lnput reference signal and the
feedback signal during the amplitude-modulated
operation. The differential amplifier, the domlnant
pole In the control clircult, has {ts roll-off
frequency set at 75 kHz to prevent the elrcuit from
hunting durlng modulated operation. The feedback
buffer providea lmpedance matching between the anode
voltage sensor and the feedback amplifier. The
voltage follower drives the voltage-to-frequency
clrcult that transmits the anode voltage level to the
control conscle over a F/0 data link. The analog
switch transfers the output from the differential
amplifier to the output-driver clrcult for the
duration of a pulse. The block dlagram in Fig. 7
shows the regulation feedback circult.

Qutput Driver

Flgure 8 13 a schematic of the output driver and {ts
related clrcultry. U9 is an inverting buffer
amplifier used to drive the grid driver amplifier.
The latter ls composed of two pnp transistors
connected in a modified cascode conflguration. The
cascode amplifier allows the cathode of the TH 5186 to
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Flgure 7. HRegulation Feedback Circuit Block

Diagram.

be referenced to the dc common of the anode modulator
control chassis.
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Figure 8. THS!86 Grid Driver CKT.

Descriptlon of System Operation

The high voltage output request i3 sent to the
modulated pewer aupply ' millisecond before turning on
the anode modulator. This charges the 150 ft of RF-
220 coax cable before the gyrotron is turned on.

Upon powering up the ayatem, the gyrotron tank sends
an anode modulator-ready signal to the control console
indicating that it is ready for operation. When the
control console receives this ready signal, it enables
the anode voltage regquest reference slignal
transmitter, sending a constart anode valtage request
signal over a fiber optic link to the anode voltage
requeri recelver in the gyrotron tank. The anode

voltage request reference slgnal 1s left on during
operation to Insure it stabillzes.

When the gyrotron ls to be turned on, an anode turn-on
signal i{s sent to the fiber optic receiver/tranamitter
board. This saignal .s in the form of a light pulse
that lasts for the duration of the requested shot.

The anode voltage and current levels are measured and
processed by the anode modulator control board and the
fiber optic receiver/transmitter board. They are then
sent to the control console over fiber optic cahles.

A block diagram of system operation appears {n Fig, 9.
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Gyro Anode Modulator Block Diigram.
Conclusions

To date, two of the gyrotron tanks have been modifled
to itncorporate anode modulation, and one has been
replaced by a new, smaller tank. These tanks, tested
intensi{vely, were found to perform as designed. We
are now having an additional five of the new, smaller,
self-contained gyrotron tanks buflt to replace the
larger, old ones. The new, shorter tanks leave a
greater distance between the gyroﬁron tank top and the
bottom of the TMX-U vessel. This adijitional space
will permit the installation of longer pulse tubes
with their larger collectors.

The new %anks w1ll have the electron.c capabllity to
control gyrotraon filament voitage as well 23 monitor
the current and voltage of the fllament and cathcde.

Mounting the anode modulation ei.ectronins inside the
gyrotron tank avoids having to drive a long cable and
1ts related capacitances with in alternatlng current.

It is expected that the gyrotron anode modulatlon
system will lmprove prellability, flexiblifity, and
gyrotron control. Many operating conditlions that
might not otherwise be achleved, such as independent
aqutput power levela, modulated Af newer, and staggered
gyrotron operation, are now possible using the
improved system flexibility.




