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GYROTRON ANODE MODULATION OF THE ELECTRON CYCLOTRON RESONANT HEATING (ECRH) FROM dc TO 50 kH2 
ON THE TANDEM MIRROR EXPERIMENT-UPGRADE (TMX-J) 

C. W. Williams, J. W. Heefner, and R, R. Rupert 
Lawrence Llvermore National Laboratory 

P. 0. Box 808, L-5U0 
Llvermore, CA 9^550 

Abstract 

This paper describes con t ro l of gyrot ron microwave 
energy output by modulation of gyrotron anode voltage. 
At present, Electron Cyclotron Resonant Heating (ECRH) 
uses f ive gyrotrons on the Tandem Mir ror Experiment-
Upgrade (TMX-U) f o r plasma heat ing . One Is In the 
10 kG region of each end plug, one at the 5 kG region 
of each end p lug , and o<ie Is used fo r cen t ra l - ce l l 
heating. Also described are the design and operat ion 
of the anode modu la t i on system. The operat ing 
advantages of gyrotron anode modulation include power 
balance, independent cont ro l of each gy ro t r on , an 
a b i l i t y to modulate microwave output power up to 
50 kHz, and gyrotron tuning. The performance results 
of anode modulation w i l l be discussed. 

"Work performed under the auspices of the U.S. 
Department of Energy by the Lawrence L lvermore 
N a t i o n a l L a b o r a t o r y under c o n t r a c t number 
W-7H05-ENG-18." 

Introduction 

The TMX-U uses f i ve 28 GHz, 200 kW. Varian VCA-3050 
gyrotrons for plasma heat ing. These gyrotrons are 
powered by two 80 kV modulated power supplies b u i l t by 
Universal Vo l t r on i cs Corporation. The two gyrotrons 
for heating in the outer 10 kG regions are connected 
to the f i r s t modulator. The two gyrotrons for heating 
the 5 kG regions and the one for heat ing the inner 
10 kG region are connected to the other modulator. 
Figure l is a block diagram of the system con f igu ra ­
t i on . 

80-kV 
modulator 11 

80-kV 
modulator 2 

East 10 kG r^-Gyro tank-*] 

i 
West 10 kG 

TMX-U 

Gyro tank 
East 5 kG 

Gyro tank 
inner 10 kG 

Gyro tank 
West 5 kG 

Figure 1. ECRH System Block Diagram. 

In the o r i g i n a l system configuration, control of the 
gyrotrons was through the 80 kV modulators. A l l of 
the safety I n te r rup t s protect ing the gyrotrons from 
faul ts were made through the high-vol tage modulator. 
Th<5 anode voltage level was set by a tap changer and a 
resistor network. Figure 2 Is a black diagram showing 
how the system was f i r s t configured. 
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Figure 2. F l x ^ d Anode - V o l t a g e S y s t e m 
Configuration. 

The disadvantages of operating the system in t h i s 
configuration are as follows: 

The fa i l u re of one gyrotron during a shot, and the 
associated r o l l i n g back of the modulator, terminates 
the operation or a l l of the other gyrotrons on that 
modulator. 

Power balance between gy ro t rons i s d i f f i c u l t to 
a c h i e v e . Th is is because the same high voltage 
supplied to a l l gyrotrons may be optimum for one but 
not f o r the o t h e r s . Consequent ly , some of the 
gyrotrons opera te on the edge of mod s h i f t i n g , 
resul t ing In errat ic performance. 

Output power cont ro l is d i f f i c u l t , due to the higi; 
vo l tage l i m i t a t i o n mentioned above. Six gyrotron 
magnet power supplies and the f i lament current for 
each g y r o t r o n must be adjusted to cont ro l power 
output. 

A gyrot ron anode modulation system was designed and 
bu i l t to overcome these disadvantages. The system 
provides other operating advantages, Including: 

1. Rf power modulation from dc to 50 kHz. ECRH 
energy dr ives the plasma p o t e n t i a l , and i t is 
believed that the modulation of ECRH power may 
cause a drift-pump action Tor the low energy ions 
trapped In the thermal barr ier . 

2. Each gyrotron can be operated Independently o." the 
other gyrotrons. 
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3. Rf pouer can be ramped up or down during shots. 
There has been some Ind i ca t i on that high ECRH 
power In the 10 kG region of the machine causes 
the plasma density to drop during long shorts. An 
a b i l i t y to ramp the ECRH power w i l l help In 
determining I f this la the case. 

In the new configuration, which uses anode modulation, 
a l l gyrotrons are con t ro l l ed Independently from the 
console rather than by the high-voltage modulator. In 
the event or f a u l t s , a l l sarety in te r rup ts for the 
g y r o t r o n s are generated by t he i r own moni tor ing 
c i r cu i t s as a f i r s t l i n e of defense. This prevents 
t he ou tpu t of the other gyrotrons connected to a 
common high-voltage modulator from terminating In the 
event of a f a u l t In one gy ro t ron . I f I n t e r r u p t 
c i r cu i t s of a gyrotron f a i l to terminate i t s operation 
dur ing a f a u l t cond i t i on , tha main cont ro l console 
hal ts the operat ion of the h igh-vo l tage modulator. 
Figure 3 la a block diagram of th is system. 

leve l . The cathoa3 voltage was measured and recorded 
while the system w< -. running. Next, the Anode voltage 
was measured and su^racted from the cathode vo l tage . 
(For example, a c? .node voltage oT 80 kV to return, 
minus an anode vol-.age of 55 kV to return, equaled the 
anode vo l tage of 25 kV.) As one can see, the 
gyrotrons anode voltage Is a Tunction of the cathode 
voltage and w i l l vary as the cathode voltage changes 
and to adjust i t was time consuming and d i f f i c u l t . Aa 
shown in F i g . ** (b) , the anode modulation system 
replaces the tap changer and i t s rea ls to ; 9 wi th a 
Thompson CSF TH 5186 tetrode vacuum tube. The tetrode 
and resistors R1 , R2 now Torm a resist ive divider with 
the VH 5166 tube as an act ive element. The current 
flow through the tube controls the voltage drop across 
Ri (250 kfl _ • !%) . A feedback signal representing the 
voltage drop across R1 can be fed back to a con t ro l 
c i r c u i t to m a i n t a i n the voltage drop across R l , 
regardless of changes In the cathode voltage. 

Control 80 kV Control Modulator 1 

. . I I . 
1 • 

. 

Gyro tank 
East 5 kG 

Gyro Tank 
Inner 10 kG 

Gyro tank 
West 5 kG 

. 

\ , . 

. 

Control and monitoring 

Control B0 KV 
Modulator 2 

Gyro tank 
East 10 kG 

Gyro tank 
West 10 kG 

Control and monitoring 

Figure 3- Modulated Anode V o l t a g e System 
Configuration. 

Cyrotron Anode-Modulation System 

The Introduction br ie f l y described the workings or the 
o ld and new systems. Here we examine the system 
design. Specifications are give in Table 1. 

Table 1. Anode Modulation Oeslgn Specifications 

Cyrotron Frequency 
Cathode Voltage 
Anode Voltage 
Cathode Current 
Anode Voltage Modulation 
Rf power modulation 
Rf Modulation Rate 

23 gHz 
80 kV max. 
30 kV max. 
8 A max. 
^2 .5 kV 
75J » 200 kw 
dc -50 kHz 

Or ig ina l l y , the gyrotron anode voltage was set by a 
res is t i ve s t r ing . Figure Ma) represents this type of 
system. Changing anode vol tage se t t ings requ i red 
opening the g y r o t r o n tank and rese t t i ng the tap 
changer to a new voltage l eve l . Then the system had 
to be made up and operated to check the new voltage 
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Figure U. Types of Anode Control Ci rcu i ts . 

Gyrotron Anode Modulation Control 

The gyrotron anode modulation contro l Is shown In 
F ig . 5. The anor.e vo l t age l e v e l set s i g n a l Is 
received by the F/0 t ransmi t te r ' rece lve r board and 
converted to a 0 to 5 V dc reference s ignal , which is 
app l i ed to the r e f e r e n c e ampl i f ie r on the anode 
modulator c o n t r o l boprd . A 2.5 V r e f e r e n c e i<= 
equivalent to 25 kV anode to cathode of the qyrotron. 
The output of the reference amplifier and the feedback 
amp l i f i e r Is red to a d i r r e r e n t l a l amp l i r i e r th.i '. 
amplifies the dirrerence between them. The output or 
the d l f r e r e n t l a l amp l i r i e r Is maximum *t turn on 
becaupe the feedback s igna l is zero. The output of 
the d i f f e r e n t i a l amp l i f i e r is maxlirum b ause the 
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reedback signal is zero. The d i f fe ren t ia l ampl i f ie r ' s 
output connects to one side of a sol id-state analog 
switch. When the switch la open, the gyrotron ts o f f 
and the cathode-to-anode voltage la zero. When the 
switch Is turned on by a TTL leve l voltage from the 
F/0 receiver- t ransmit ter board, the analog voltage is 
transferred from I t s input to i t s output t e r m i n a l . 
The F/0 transmitter/receiver board experlencea a l i gh t 
pulse for the du ra t ion of the requested pulse and 
converts I t to a TTL level pulse. The output of the 
switch connects to the Input of the c o n t r o l g r i d 
dr iver 's buff*"-. 

The control gr id dr iver Is composed of two pnp, high 
voltage t r ans i s t o r s connected In a modified oascode 
arrangement. The g r i d dr iver regulates the -700 V 
cont ro l g r id b ias . Dr iv ing the g r id in a posit ive 
direct ion turns ->n the te t rode , causing cur rent to 
flow in Ri, R2, h id the tube c i r c u i t . Current flowing 
in this c i r c u i t produces a voltage drop across RI . 
One s ide of RI connects to the cathode of the 
gyrotron; the other s ide connects to the cathode of 
the t e t r o d e tube and the anode of the gy ro t ron . 
Therefore, the vo l tage drop across Ri equals tha t 
across the anode and cathode of the gyrot ron. The 
anode voltage sense r e s i s t o r mon i to rs the anode 
voltage leve l and re turns a voltage proportional to 
I ts amplitude, to the feedback amplifier on the anode 
modulator c o n t r o l board . As the anode vol tage 
feedback r i s e s , the output from the d i f f e r e n t i a l 
amp l i f i e r f a l l s u n t i l the feedback signal equals the 
reference voltage. This maintains the anode voltage 
at the requested l eve l . Rf modulation is achieved by 
amplitude modulating the TH 51-o control gr id voltage. 

f i v e . The reference voltage output is 0 to 5 V dc, 
with 1 V - 10 kV anode vol tage. Input to the F/0 
t r a n s m i t t e r i s sent from a LeCroy 8601 func t ion -
generator nodule. The function generator is capable 
of g i v i n g a dc o f fse t voltage wi th an ampli tude-
modulated signal r id ing on i t . 

Figure 6(b) shows the turn-on, F/0 control l i nk . The 
transmit ter 's TTL data-input terminal is dr iven high 
for the dura t ion of a shot. This s igna l keeps the 
turn-on receiver 's output high un t i l the shot ends. 

The d a t a - t r a n s m i t t e r F/0 l i n k i s sketched In 
F ig . 6 ( c ) . The TTL input of the t r a n s m i t t e r is 
c o n t r o l l e d by a 0 to i mHz voltage-to-Trequency 
converter. The transmitter 's output proceeds to the 
con t ro l console over f iber opt ic cables. A f iber 
optic receiver In the contro l console receives the 
frequency s igna l . 

keCior 
BfiOl •i-

Analog liber optic link 

J> 

D.C. liber optic link 

Figure 5. G y r o t r o n Anode Modulat ion Control 
Block Diagram. 

Fiber Optic Control/Data Links 

The analog control l ink la composed of a Burr-Brown 
FOR-110 receiver and a FOT-UO transmitter. The3e 
optical devices have analog Input/output c a p a b i l i t i e s 
with peak-to-peak amplitude modulation (AH) of 1.1 V 
over frequencies up to 1 mHz. [See Fig. 6 (a ) . ] 

l n o u t - / j > — 1 | 1 FOTItO h<c r—J>-^=>n rOflHO I | i - - ( J > - Our 

Frequency fiber optic data link 

Figure 6. Types of Data Links Used in System. 

Regulation Feedback Circui t 

An instrumentation amplifier was chosen for i t s high 
ga in, high common mod re j ec t i on , and wide-bandwidth 
c h a r a c t e r i s t i c s . The r e f e r e n c e , feedback, and 
d i r r e r e n t l a l amp l i f i e rs make up the instrumentation 
ampli f ier, which has a gain af 100 and a bandwidth of 
2 mHs. The wide bandwidth is needed to reduce the 
phase sh i f t between the input reference signal and the 
feedback s i g n a l dur ing the ampl i tude-modulated 
operation. The d i f fe rent ia l amp l i f i e r , the dominant 
po le In the c o n t r o l c i r c u i t , has i t s r o l l - o f f 
frequency set at 75 kHz to prevent the c i r c u i t from 
hunt ing dur ing modulated operat ion. The reedback 
buffer provides Impedance matching between the anode 
vo l tage sensor and the reedback a m p l i f i e r . The 
voltage fo l l ower dr ives the v o l t a g e - t o - f r e q u e n c y 
c i r c u i t that transmits the anode voltage level to the 
cont ro l console over a F/0 data l i n k . The analog 
swi tch t r ans fe r s the output from the d i f f e r e n t i a l 
amp l i f i e r to the o u t p u t - d r i v e r c i r c u i t Tor the 
dura t ion of a pulse. The block diagram in F ig. 7 
shows the regulation feedback c i r c u i t . 

Resistor Ri sets the bias vc.cage at the AH input 
terminal to 1.3 V. This sets the output signal of the 
Tiber opt ic t ransmi t te r to sero with 2.0 vol ts input 
at Di. Biasing the t ransmit ter 's Input r e s u l t s In a 
l i n e a r o u t p u t . For a 3 V Input , w i th a d i g i t a l 
voltmeter connected to the output of the rece ive r , R2 
is adjusted for -1 v o l t on the meter. the buf fer 
amplifier Inverts th is voltage and produces a gain of 

Output Driver 

Figure 8 is a schematic or the output d r i ve r and i t s 
r e l a t e d c i r c u i t r y . 119 Is an I n v e r t i n g bu f f e r 
amplif ier used to dr ive the g r id d r i ve r amp l i r i e r . 
The l a t t e r i s composed of two pnp t r a n s i s t o r s 
connected in a modified cascode c o n f i g u r a t i o n . The 
cascode ampli f ier allows the cathode of the TH 5186 to 
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Figure 7. Regulat ion Feedback C i r c u i t Block 
Diagram. 

be referenced to the dc common af the anode modulator 
control chassis. 
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Figure fl. TH5186 Qrld Driver CKT. 

Description of System Operation 

The high v o l t a g e ou tpu t request Is sent to the 
modulated power supply 1 millisecond before turning on 
the anode modulator. This charges the 150 f t of RF-
220 coax cable before the gyrotron is turned on. 

voltage •-Rquest reference s ignal Is l e f t on during 
operation to Insure i t stabi l izes. 

When the gyrotron la to be turned on, an anode turn-on 
signal Is sent to the Tiber optic receiver/transmitter 
board. This signal la in the form of a l i g h t pulse 
that last3 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 f iber optic cahles. 

A block diagram of system operation appears in Fig. 9-

Figure S'. Gyro Anode Modulator Block Diagram. 

Conclusions 

To date, two of the gyrotron tanks have been modified 
to incorporate anode modulatIon, and one has been 
replaced by a new, smaller tank. These tanks, tested 
I n tens i ve l y , were found to perform as designed. We 
are now having an additional f ive of the new, smaller, 
se l f - con ta ined gyrotron tanks b u i l t to replace the 
la rger , o ld ones. The new, shorter tanks leave a 
greater distance between the gyrotron tank top and the 
bottom of the TMX-U vessel . This add i t i ona l apace 
w i l l permit the i n s t a l l a t i o n of longer pulse tubes 
with their larger collectors. 

The new tanks w i l l have the electronic capabil i ty to 
control gyrotron filament voltage as we l l as monitor 
the current and voltage of t*w filament and oathcde. 

Mounting the anode modulation e lec t ron i cs Inside the 
gyrotron tank avoids having to drive a long cable and 
Its related capacitances with an al ternat ing current. 

I t Is expected that the gyrotron anode modulation 
system w i l l Improve r e l i a b i l i t y , f l e x i b i l i t y , and 
gyrot ron c o n t r o l . Many operat ing condi t ions that 
might not otherwise be achieved, such as independent 
output power levels, modulated Rf powr , and staggered 
gyrotron o p e r a t i o n , are now p o s s i b l e using the 
Lnproved system f l e x i b i l i t y . 

Upon powering up the system, the gyrotron tank sends 
an anode modulator-ready signal to the control console 
Indicating that I t is ready for operat ion. When the 
control console receives this ready s igna l , I t enables 
the anode v o l t a g e r e q u e s t r e f e r e n c e s i g n a l 
t ransmi t te r , sending a constant anode voltage request 
signal over a f iber op t i c l i n k to the anode voltage 
request rece iver In the gyrotron tank. The anode 

-4-


