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Abstract 

Ion Cyclot ron Resonant Heating (ICRH) Is part or the 
plasma heating system used on the TMX-U experiment. 
Radio frequency (RF) energy is injected into the TMX-U 
plasma at a f requency near the fundamental ion 
resonance (2 to 5 MHz). The RF r i e l d s impart high 
ve loc i t i es to the ions in a d i rec t ion perpendicular to 
the TMX-U magnetic f i e l d . P a r t i c l e c o l l i s i o n then 
converts th is perpendicular heating to uniform plasma 
h e a t i n g . This paper describes the various aspects of 
the ICRH system. 

Two antennas are used iisside the TMX-U vacuum vessel. 
The antennas are located at each end of the TMX-U 
c e n t r a l c e i l . On the west end of the machine two 
types of loop antenna have been used. On the east end 
of i.he machine a slot antenna and more recently a dual 
ha l f - t u rn loop antenna has been Ins ta l led . 

RF power Tor the system is derived from two upgraded 
m i l i t a r y surplus AN/FRT-86(V) t r a n s m i t t e r s . The 
t r a n s m i t t e r s are each capable of producing 200 kW CW 
and have been recently modifier" _o deliver ^00 kW each 
for 100 msec in class C operation. 

The ICRH system has been conf igured f o r computer 
c o n t r o l of the t r a n s m i t t e r s , and data a c q u i s i t i o n 
system. The e n t i r e system i s capable of be ing 
operated by a single operator. 

"Work performed under the ausp ices of the U.S. 
Depar tment of Energy by the Lawrence Livermore 
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 
W7U05-ENG-H8." 

Introduction 

The ICRH system consists of three major elements; the 
t ransmi t ters , the antenna system, and the contn l /da ta 
a c q u i s i t i o n system. Figure 1 is a s impl i f ied block 
diagram of the ICRH system showing these major 
e lements. Figure 2 is a perspective drawing showing 
the layout of the ICRH system. The two AN/FRT-86(V) 
t r a n s m i t t e r s are used to drive two separate antennas 
inside the TMX-U vacuum vessel. Power is delivered to 
the antennas thru runs of 5-inch heliax coaxial cable. 
For test purposes either of the two t ransmi t te rs 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 ser ia l f iber 
o p t i c highway. Computer c o n t r o l is p rov ided f o r 
t r a n s m i t t e r fo rward power and r e f l e c t e d power. 
Following each shot the computer receives recorded 
da ta d e t a i l i n g t ransmi t te r forward and r e f l e c t e d 
power, antenna impedance both rea l and imag inary 
p a r t s , antenna vo l tage, antenna current, current to 
the antenna plasma l lm l t e r , and much more. 

Transmitters 

The AN/FRT-86(V) transmitters used on the ICRH system 
are m i l i t a r y surplus communications t ransmi t te rs 
o r i g i n a l l / used in class AB opera t ion . They were 
m o d i f i e d by t h e i r m a n u f a c t u r e r , C o n t i n e n t a l 
Electronics Inc. , to supply 200 kW of continuous power 
I n c l a s s C o p e r a t i o n [ R e f . 1 ] , They have been 
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further modified by LLNL to produce 100 kW in pulsed 
serv ice for 10C msec. These modifications have to a 
large extent consisted of converting the Inductor and 
capaci tor power supply f i l t e r s used in the or ig ina l 
design to simple capaci tor f i l t e r s that more eas i l y 
handle the large current surges associated with pulsed 
RF power. M o d i f i c a t i o n s to t ransmi t ter low l e v e l 
drive stages were added to Increase the RF drive powe 
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available to the f i n a l ampl i f ie r g r i d . To a large 
e x t e n t , t h e s e m o d i f i c a t i o n s were coo ied from 
m o d i f i c a t i o n s t h a t Dr. D. Smith had p r e v i o u s l y 
implemented on AN/FRT-86(V) t r a n s m i t t e r s at MIT to 
increase t h e i r output power. The t r a n s m i t t e r i s 
normal ly operated at a load l ine of approximately 300 
ohms fo r 400 kW output pow«r. A d d i t i o n a l l y the 
extensive p r o t e c t i o n c i r c u i t r y associated with the 
t r a n s m i t t e r s nas been mod i f i ed t o a c c e p t the 
a d d i t i o n a l cu r ren t loads of higher power operation. 
Figure 3 is a s impl i f ied schematic of the t ransm i t t e r 
output ne'.work showing some of the modif ications for 
400 kW operat ion. 
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Antennas 

Antennas have been i n s t a l l e d in the TMX-U vacuum 
vessel on both the east and west end of the machine 
for ICRH heating of the TMX-U plasma. 

The f i r s t antenna to be used was ins ta l led on the west 
end of the machine and consisted of a s ix - tu rn loop on 
one s i de o f '.*"e plasma (see Figure " a , 5a). The 
antenna subtem 1 an arc of about 90 degrees above the 
plasma. T h i s c o n f i g u r a t i o n proved unsuccessful 
because i t s asymmetry caused the plasma densi ty to 
d e c r e a s e as power was app l i ed to the plasma. 
Therefore , the plasma heating e f f i c i e n c y was low. 
This antenna was modif ied to the c o n f i g u r a t i o n of 
Figure lb and 5b with the addit ion of two th ree - tu rn 
loops on e i t h e r side of the plasma. This antenna 
proved successful In iemonatratlng s i gn i f i can t s tab le 
plasma h e a t i n g . I t s symmetry eliminated the problem 
associated with the f i r s t antenna. The plasma density 
was n o t e d t o i n c r e a s e s l i g h t l y and h e a t i n g 
e f f ic ienc ies of up to H0< were observed. To maximize 
vol tage ho ld ing of th is antenna the tuning had to be 
c a r e f u l l y matched to create a vol tage n u l l at the 
center of the two loops. To simpl i fy the tuning the 
design was changed to that shown in Figure ->c and 5c. 
This antenna showed the same excellent plasma heating 
character is t ics as i t s predecessor but with the added 
advantage tha t the tuning capacitors (c2 and c3) of 
Figure 5c d id not need to be closely tuned to maximize 
the antenna vol tage holding but only grossly matched 
to share the tuned antenna cu r ren t . E i ther of the 
capac i tors (c2 or c3) could be changed to bring the 
antenna into f ine tune. The inductance of tn 2 x 170 
degree loop antenna is 3.55 uh measured from a point 
Just below the matching capacitors. This antenna has 
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been optimized thru the c a r e f u l design of the open 
faraday shield and the Insulators associated with the 
antenna and matching capacitor elements [Kef. ' L The 
antenna has been demonstrated to hold 10 to 50 <V peak 
on the antenna element. Powers tn excess of 180 kW 
have been applied to the antenna, antenna coupl ing 
e f f i c i e n c y of g rea te r than 80 percent has been 
observed. Ian temperatures of '500 ev have been 
achieved on plasma where shots were 100 kwatts were 
applied to the antenna at plasma densities of 2e12cm-' 
[ 3 ] . 
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On the east end of the TMX-U machine, two d i f f e r e n t 
types of antenna have been used for plasma heating. 
The f i r s t antenna to be insta l led was the slot antenna 
shown in Figure 6. This antenna consists of a long 
hollow copper tube, tapered and f l a t t e n e d at one end 
to conform to the shape of the p laa -a . Associated 
with th i s antenna, but insta l led on the outside of the 
vacuum w a l l , was a high-power matching network 3hown 
schemat ica l l y in Figure 7. The s l o t antenna waa 
connected to the matching network by three f ive- inch 
diameter 50 ohm coaxia l l i n e s . These coax l i n e s 
penetrated the vacuum wall of the TMX-U vessel through 
three high-voltage coaxial feeds. Strapping opt ions 
on these feeds allowed the s lo t antenna to be driven 
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:n various modes of exc i ta t ion ^Bef. 2 ] . Figure 6 is 
cur ren t and magnetic r i e l d d is t r ibu t ion in the s lo t 
antenna for the two predominant modes of e x c i t a t i o n . 
With the two end coaxes cross-strapped as shown in 
Figure 6a, ( f u l l wave, 1 A mode), the s lo t antenna 
Inductance measured from the vacuum wall coax feeds 
was 0.«7 uh. With the antenna dr iven from only the 
center coax feed as shown in Figure 6b (half wave, 1/2 
X mode), the antenna inductance was 0.80 uh. The 
plasma heating performance of the s lot antenna showed 
good electron heating and some ion heating when the 
plasma was kept from contacting the antenna by plasma 
l i m l t e r s . When plasma was allowed to contact the 
antenna, l i t t l e heat ing was observed. Although the 
s lo t antenna exhibited strong plasma loading (antenna 
Q w i th plasma n to 50 vs antenna Q without plasma 
approximately 300), the amount of the Input power that 
cou ld be accounted for in ion heating was usua l l y 
smal l ( less than 20 p e r c e n t ) . The s l o t antenna 
exh ib i t ed good e lec t ron heating character ist ics, and 
dur ing many experiments the s lo t antenna was used 
pr imar i ly b3 a power source to heat electrons. 

The slot antenna has recen t l y been replaced on the 
east end of the TMX-U machine with a dual ha i r - tu rn 
loop antenna shown schemat ica l ly in Figure 8. This 
antenna is an evo lu t ion of the mult i- turn loop used 
on the west end of the machine. The advantages of the 
dual h a i r - t u r n loop are H ) much higher RF magnetic 
f i e l i in the plasma ~egion fo r a g iven antenna 
vo l t age , (2) simple mechanical construction, and (3) 
easy Interface to the ex is t ing s lo t antenna matching 
network and coaxes. The antenna is driven from two 5-
mch coax l ines in para l le l to reduce the inductance 
between the TMX-U vacuum wal l and the antenna. The 
t o t a l inductance measured from the TMX-U vacuum w a l l 
was O . j l uh and the vacuum Q of the tuned antenna was 
517 measured at 3 MHz. Ins ta l la t ion of the dual ha l f -
t u rn loop antenna was completed in October, 1985, and 
performance data on t h i s antenna is minimal at t h i s 
t ime. However, plasma shots with 300 kW applied to 
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the an t enna have been a c h i e v e d , and good p l a sma 
r e s p o n s e as measured on the TMX-U diamagnetic loops 
has Seen o b s e r v e d . The a n a l y s i s of t h e d a t a i s 
incomplete at t h i s time. 

Control and Data Acquis i t ion 

The p r imary c o n t r o l and data a c q u i s i t i o n for th ICRH 
system la p rov ided by an HP9836 c o m p u t e r and an 
a s s o c i a t e d menu-dr iven , c o n t r o l program (see Figure 
1) . The computer is connec ted t o a system c o n t r o l 
CAHAC c r a t e by an HPIB in te r face buss (IEEE-U88). The 
system con t ro l CAMAC c ra t e Includes a 5 megabit s e r i a l 
f iber op t i c data highway tha i connects to CAMAC c r a t e s 
in the t r a n s m i t t e r s and antenna d i agnos t i c a reas . All 
ICRH c o n t r o l and data a c q u i s i t i o n is done over t h i s 
s e r i a l data highway. 

On a t y p i c a l shot the ICRH o p e r a t o r w i l l request a 
spec i f ied power from each ICRH t r a n s m i t t e r . He w i l l 
a l s o s e t a maximum r e f l e c t e d power t h a t t h e 
t r a n s m i t t e r is to allow before shutdown. If for any 
r eason d u r i n g a shot the t r a n s m i t t e r re f lec ted power 
l imi t is reached, the t r ansmi t t e r w i l l turn off for a 
p r e s e t t ime ( u s u a l l y 2 ms) and then turn back on and 
come up to the requested forward power under automatic 
c o n t r o l . The shutdown pe r iod i s to a l low any arcs 
tha t might occur in the antenna to e x t i n g u i s h be fo re 
power is reappl ied to the antenna. 

When a shoe f i r e command is issued by the TMX-U master 
t iming c i r c u i t , t he a u t o m i t i c l e v e l c o n t r o l in the 
t r a n s m i t t e r s wi l l br ing ttU: t r a n s m i t t e r power up to 
t h e r e q u e s t e d value of forward power within 1 to 2 ms 

(see Figure 9a and 9 b ) . The forw? d power r e q u e s t 
t h a t the ICRH o p e r a t o r p r o v i d e s b p e c i f i e s the peak 
power that is to be a c h i e v e d on a given s h o t . The 
ICRH o p e r a t o r has the opt ion of using the t r a n s m i t t e r 
i n t e r n a l control system to modula te the t r a n s m i t t e r 
o u t p u t waveform in a c c o r d a n c e with a preprogrammed 
waveform supplied by a funct ion g e n e r a t o r . The peak 
power ach ieved is s e t by t h e computer forward power 
r e q u e s t . Typical t r a n s m i t t e r waveforms that a re used 
inc lude CW power pu l ses , 5011 duty cycle pulse 3 t r i n g s , 
and vol tage ramps. Figure 9 shows typical t r a n s m i t t e r 
power p u l s e s w i t h v a r i o u s programmed waveforms. 
F i g u r e 10 i s a s i m p l i f i e d d i a g r a m of t h e ICRH 
t r a n s m i t t e r c o n t r o l system showing the control loops 
fo r forward power as we l l as for r e f l e c t e d power 
shutdown. 

During the ICRH s h o t , t h e impedance at the a n t e n n a 
matching network 50 ohm port is monitored by a Hewlett 
Packard network analyzer . The ou tpu t of the network 
a n a l y z e r i s r ecorded d u r i n g a s h o t . Following the 
s h o t , the real and imaginary impedance look ing i n t o 
t h e matching network i s r ead by the HP9836 con t ro l 
computer. The computer then ana lyzes t h i s da ta and 
c a l c u l a t e s the ' *lmum tuning for the matching network 
components t" .nieve maximum power t r a r i f e r to t h e 
p i asma on the next ICRH s h o t . The H r . ; 336 c o n t r o l 
computer is able to read the c a p a c i t o r va lues in t h e 
antenna matching network by means of a group of l i nea r 
potent iometers that c o n v e r t the c a p a c i t o r v a l u e s to 
v o l t a g e j t h a t a r e r e a d t h rough the CAMAC s e r i a l 
highway into the cont ro l computer. The ICRH o p e r a t o r 
i s a b l e to r e tune both ICRH an tennas in the f i v e -
minute tn tershot time frame. Returning is do r t from 
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t h e ICRH t r a n s m i t t e r s using remote control un i t s t ha t 
a l l o w the o p e r a t o r to change the c a p a c i t o r s w h i l e 
m o n - t o r i n g t h e i r c a p a c i t a n c e value on a s e r i e s of 
d i g i t a l vol tmeters . The network analyzer d?ta i s a l s o 
u s e d t o m e a s u r e t h e e q u i v a l e n t p l a sma l o a d i n g 
r e s i s t a n c e and to c a l c u l a t e the efficiency of the ICRH 
system. 

Fo l l owing a s h o t , t h e ICRH computer a u t o m a t i c a l l y 
a c q u i r e s d a t a rrom t h e t r a n s m i t t e r s and an tenna 
d i a g n o s t i c s . This da t a i s then p r o c e s s e d In t h e 
HP9836 c o n t r o l computer and s to r ed in a dual p o r t 
memory where i t 13 r e a d by t h e main TMX-U d a t a 
c o m p u t e r . Phys ics da ta such as ICRH power, plasma 
loading r e s i s t a n c e and magne t i c f i e l d I n t e n s i t y i s 
a c h i e v e d on the TMX-U d a t a b a s e , whi le engineer ing 
data such as t r a n s m i t t e r power supply v o l t a g e s and 
c u r r e n t s a re ach ieved l o c a l l y on a hard disc with a 
t ape backup system. 

D i a g n o s t i c s a s s o c i a t e d wi th tne eas t ICRH an t enna 
Include d i r ec t iona l couplers mounted both I n s i d e t h e 
ICRH t r a n s m i t t e r and a t the 50 ohm input to t h e 
a n t e n n a matching n e t w o r k . A d d i t i o n a l l y , a h i g h 
v o l t a g e sample c a p a c l t l v e divider is used to measure 
t h e v o l t a g e a t the maximum v o l t a g e p o i n t In t h e 
a n t e n n a matching network. Current In the antenna i s 
measured by Rogowskl loops which sample the current on 
b o t h the i n s i d e and ou t s ide of the coax feeds and at 
every point tha t the antenna contacts the TMX-U vacuum 
w a l l . Small loop antennas of approximately a l - lnch 
a rea are mounted at s t r a t e g i c points on the antenna to 
m e a s u r e t h e c u r r e n t in the antenna as well as t o 
d e t e c t spurious cur ren t s t ha t would flow in case of 
a n t e n n a a r c i n g . Large diamagnetic loops surround the 
p l a s m a on b o t h s i d e s of t h e a n t e n n a . T h e s e 
d i a m a g n e t i c loops a re used to measure the magnetic 
f i e l d s t rength at the antenna. 

The ICRH west antenna d iagnos t i c s consist of a pa i r of 
small loop an tennas to moni tor the c u r r e n t in each 

s i d e of t h e a n t e n n a i s w e l l as a h i g h v o l t a g e 
capaci t lve divider to measure the maximum v o l t a g e in 
t h e antenna matching network. A Langmur probe i s 
Ins ta l led between the elements of the Faraday s h i e l d 
t o m e a s u r e p l a s m a p a r a m e t e r s . However , t h i s 
d i a g n o s t i c has y i e l d e d very minimal d a t a due t o 
c a l l b r t l o n d i f f i c u l t i e s . The forward and r e f l e c t ed 
power to the an t enna a r e measured by h i g h power 
d i r e c t i o n a l couplers mounted both at the Input to the 
a n t e n n a m a t c h i n g n e t w o r 1 ' and I n s i d e t h e ICRH 
t r ansmi t t e r . 

Conclusion 

Over the pas t two y e a r s the Ion Cyc lo t ron Resonant 
Heating (ICRH) system used on the TMX-U experiment has 
matured as a major ion h e a t i n g source in the TMX-U 
cen t ra l c e l l . Power l e v e l s delivered to the a n t e n n a s 
have Inc reased s t e a d i l y due to modif icat ions of the 
antennas and t r a n s m i t t e r s . Currently, a t o t a l of 800k 
w a t t s Is a v a i l a b l e from the two ICRH t r a n s m i t t e r s . 
The control and data acquis i t ion system Tor t h e ICRH 
c o n t i n u e s t o e v o l v e wi th t h e main g o a l b e i n g 
automation of the an tenna tuning to a l low t h e ICRH 
c o n t r o l computer to analyze the plasma condi t ions on 
the previous shot and ca lcu la t e the antenna tuning for 
the next shot . Even with these s ign i f i can t changes in 
the t ransmi t te r s and d i agnos t i c s , the main t h r u s t or 
the ICRH program c o n t i n u e s to be the development of 
the antennas J optimized ion h e a t i n g . The problems 
associated with high vol tages and high cu r ren t s in the 
antennas continue to present tough c h a l l e n g e s to the 
e l e c t r i c a l and m e c h a n i c a l des ign of r.he sys t em. 
However, the ICRH a n t e n n a s w i l l be the a r e a s where 
major i n n o v a t i o n s w i l l evolve into newer and b e t t e r 
ICRH heating system. 
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