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Abstract 
This paper reviews the mechanical design and 

improvements that have taken place on the loop type 
Ion cyclotron resonance heating (ICRH) antennas that 
are located In the center c e l l region of the Tandem 
Mirror Experiment-Upgrade (TMX-U). 

The west ICRH loop antenna consists of two kidney 
s h a p e d a n t e n n a e t h a t e a c h subtend an arc of 
approximately 170 degrees around the plasma. Each 
kidney shaped element consists of three turns. This 
antenna mounts to the capacitor matching network that 
was b u i l t by McDonnell Douglas and replaces the 
o r i g i n a l 90-degree loop antenna. The antenna Is 
surrounded by a grounded copper box on a l l s ides with 
a cylindrical Faraday shield between the antenna and 
the plasma. An opaque Faraday s h i e l d and a 501 
transparent shield have been designed and used. Two 
d i f f e r e n t e lec tr ica l hook-ups have been used. One Is 
a balanced mode with a virtual ground near the center, 
and the other i s grounded in the middle. 

A computer code (JASON) was used to d e s i g n 
g e t t e r - s h i e l d e d antenna supports that wil l hold off 
very high voltages (83 kV, DC) over a small insulator 
d i s tance (2 .25 inches) in a vacuum of 10 - 5 Torr. We 
a l s o added corona s h i e l d s on the ceramic-to-metal 
jo ints of the matching network capacitors. The system 
now operates rel iably with peak radio frequency (RF) 
v o l t a g e s of 10 kV a t 2-to-1-MHz frequency and power 
leve l s up to 200 kW. 

We have Just Installed a new loop antenna in the 
east part of the central c e l l where the s l o t antenna 
was l o c a t e d . This antenna uses two of the s l o t ' s 
internal coax l ines and the external matching network. 
The f e e d t h r o u g h s d e s i g n e d by Lawrence Livermore 
National Laboratory (LLNL) were replaced with two 
h igh-vo l tage RF feedthroughs designed by Oak Ridge 
National Laboratory (0RNL). 

Figure 1 . 
2 x 170 Degree Antenna Design 

This antenna Is positioned at the 3-85 KG point 
In the west centra l c e l l region of TMX-U (Fig . 1 ) . 
The antenna and matching capac i tors are inside the 
vacuum vessel . 

•Work per formed under th e a u s p i c e s of the U . S . 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract number W-7105-ENG-
18. 
** TRW, Inc., Redondo Beach, CA 

McDonnell Douglas designed and b u i l t the matching 
network and i t s support hardware. The i n i t i a l antenna 
was one that subtended an arc of 90 degrees about the 
p l a s m a . T h i s a n t e n n a produced u n a c c e p t a b l e 
asymmetries in the plasma as indicated by a reduction 
in centra l c e l l density. I t was replaced with two 3-
turn loop antennas, which each subtend an arc of 170 
degrees around the plasma as discussed In Moore [1] 
and Molvik [ 2 ] . These two loops were connected in 
s e r i e s and mounted direct ly to the capacitors of the 
matching network. (See F i g . 2 f o r antenna and 
matching network assembly.) The f i r s t material used 
for the antenna element was 3 / l - lnch-0D, 0 . 0 6 5 - w a l l , 
copper tubing that we flattened and then dri l led holes 
in for vacuum pumpout. Without m a c h i n i n g , t h i s 
configuration gave nice rounded edges for the voltage 
holding that i s required. However, t h i s mater ia l 
proved to be hard to wind onto the kidney-shaped 
antenna form. Also, the inside of the tube could not 
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be c l e a n e d p r o p e r l y a f t e r h a n d l i n g . For these 
reasons, the second antenna we made was constructed of 
1 .25 - by-0 .187- inch copper bar stock. A fu l l radius 
was machined on each edge for voltage holding and then 
the material was annealed. This material was easier 
to wind on the form and, t h e r e f o r e , gave a more 
accurate antenna configuration. The vacuum problems 
were also eliminated. 

This ser ies antenna was later replaced with the 
p a r a l l e l antenna of F ig . 3 . Solid copper bar stock 
(1 .25- by-O.187-Inch cross section) was also used with 
t h i s antenna. The connections in the middle were 
bolted to the grounded box s t r u c t u r e . The copper 
s trap p la te from the small capacitor in -Fig. 2 was 
also connected to both of the large capacitors instead 
of to Just the one. The new cupped supports were used 
to support th is antenna. 

i n s u l a t o r , b) the e l e c t r i c f i e ld potential should be 
distributed along the insulator surface as uniformly 
as p o s s i b l e , c ) the high e l e c t r i c f i e l d s at the 
cera«lc-to-«etal Interface should be avoided, d) the 
strength-to-weight ratio of the support system should 
be maximized, e) the 5 . 5 - l n c h gap between windings 
should be maintained, which meant using 2.25-inch-long 
insulators , and f) the DC h i -po t t e s t should reach 
twice the maximum RF voltage of MO kV. 

-5.55" 

Insulator & Cup High Voltage Antenna Supports 

Figure 1. 

2 Y- 170° Parallel Antenna Element 
Figure 3. 

Insulator Cup Design 
The 2 x 170 degree antenna was f i r s t supported 

between turns , and away from the grounded box, by 
MACOR (machinable ceramic) insulators (Fig. 2 ) . This 
material was chosen because of I t s ease of machining 
to odd shapes, the a b i l i t y to tap directly into i t for 
m o u n t i n g , and i t s g o o d vacuum o u t g a s s i n g 
c h a r a c t e r i s t i c s for an Insulator that can hold off 
high v o l t a g e s . The RF v o l t a g e s expec ted on the 
antenna were from 20 to 10 kV. With a design voltage-
holding capability of 10 kV/lnch along an insu la tor 
sur face , and the short spaclngs involved, I t seemed 
necessary to span the gaps with only an i n s u l a t o r 
m a t e r i a l . However, the MACOR was not a b l e to 
withstand the forces of assembly and i n s t a l l a t i o n in 
the antenna box. It would chip at the edges and break 
at the tapped holes where It was a t tached to the 
antenna turns . These sharp and ragged edges could 
then develop high voltage s t r e s s e s during operation 
and i n i t i a t e breakdown. 

Because of the problems with th>; MACOR i t became 
apparent t h a t the antenna supports needed a new 
d e s i g n . The double i n s u l a t o r and cup d e s i g n of 
F i g s . 1 and 5 was developed to r e l i a b l y hold off 
higher voltages . This configuration was a l so chosen 
b e c a u s e the d e c i s i o n was made to go to the open 
(transparent) Faraday shield discussed l a t e r in t h i s 
p a p e r . T h i s c o n f i g u r a t i o n r e q u i r e d t h a t the 
insulators be shielded from the titanium g e t t e r l n g . 
The other design cr i t er ia were: a) the breakdown, i f 
i t occurred, should be from metal to metal across a 
vacuus gap and removed from the i n s u l a t o r , thus 
reducing the problea of carbon arc tracking on the 

Figure 5. 

The JASON computer code was used to model the 
e lec tr ic f i e ld stresses that might be developed on the 
configurations chosen and to therefore minimize the 
i t e r a t i o n s on t e s t i n g of actual parts. James Barter 
(TRW) did the computer model ing and moat of the 
t e s t i n g at our f a c i l i t i e s . In the f i r s t iteration 
(Fig. 6a), we used standard copper pipe caps with fu l l 
radi i on the edges and a standard 2-inch-long glazed 
s t e a t i t e insulator assembled as shown. The model 
shown, however, uses a Z-lnch-long alumina Insulator. 
This was because we knew we wanted to go to a stronger 
I n s u l a t o r m a t e r i a l than the MACOR. Alumina Is 
approximately three tines stronger than the s t e a t i t e , 
and much stronger than the MACOR. See Table 1 for the 
test resul ts . 
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Figure 6a. 
For the second I t e r a t i o n (Fig . 6b) the JASON 

model shown uses a 2-inch alumina Insulator. However, 
the tes t ( see Table 1) was conducted with a glazed 
2 .0 - inch- long s t e a t i t e Insulator. Though the voltage 
holding in the f i r s t t e s t was good, the reasons for 
going to t h i s conf igurat ion were to provide better 
shielding from the g e t t e r i n g and to d i s t r i b u t e the 
f i e ld s tresses more uniformly along the insulator. 
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Figure 6b. 

For the f i n a l I t e r a t i o n (Fig . 6 c ) , the JASON 
model shown uses the 2.25-inch alumina insulator. The 
t e s t ( see Table 1 ) a l so used this 2.25-inch alumina 
Insulator. No arcing was seen on the Insulator. The 
r e a s o n s for t h i s conf igurat ion were to gain more 
getter shielding, to gain even bet ter uniformity of 
the f i e l d a long the i n s u l a t o r , and e s p e c i a l l y to 
remove the breakdown point from the i n s u l a t o r to 
across the metal gap. 
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The r e l a t i v e d ie l ec tr i c constants that v.?re used 
in the JASON models were 8.8 for the alumina, 5.77 for 
the s t e a t i t e , and 1.0 for vacuum. These values are 
l i s t ed for these mater ia l s in the megahertz range. 
Al l the t e s t data values l i s t e d in Table 1 were taken 
after several shots of conditioning. The d i f f erence 
seen by switching the polarity during the DC hl^h pot 
t es t s was attributed to the e lec tron emitter source , 
which i n i t i a t e s breakdown, being switched from the 
s m a l l - c u p to the l a r g e - c u p e n d s . The a lumina 
insu la tor chosen was 99.11 and unglazed. The reason 
for choosing an unglazed Insulator was to control the 
secondary emission that i s produced by small surface 
Irregulari t ies . The glazed s t e a t i t e provides smaller 
I r r e g u l a r i t i e s , and the higher d i e l e c t r i c alumina 
shou ld c r e a t e h i g h e r l o c a l f i e l d s a t s u r f a c e 
i r r e g u l a r i t i e s than s t e a t i t e ; however, the secondary 
emission of e l e c t r o n s la a p p a r e n t l y l e s s on the 
alumina s i n c e i t t e s t ed s l i g h t l y be t ter than the 
s t e a t i t e . 

Table 1. 

Iteration Polarity 0C Voltage Vacuum 
No. ( l e f t / r ight Holding Pressure 

In Fig. 6) (kV) (xlO-* Torr) 
• / - - / • 

1 ( F i g . 6a) » 55 0.8 

» 80 2.9 
2 ( F i g . 6b) » 70 1.0 

* 61 3.0 
3 ( F i g . 6c) » 83 

85 
5.1 
1.3 

I t e r a t i o n Loca t ion of Arc i ng 
No. 

1 2 3 4 5 
em 

Figure 6c. 

1 (Fig. 6a) At smal l cup on l e f t and along the 
insulator. 

2 (Fig. 6b) From l a r g e cup to ground with some 
along insulator. 

3 (Fig. 6c) 0.7 cm gap between large and small cups 
and ground plane. 

Capacitor Drive Design 

The v a r i a b l e capac i tors used in the matching 
networks of both ICRH systems needed to be remotely 
v a r i a b l e . Since no standard design existed that we 
knew of, we designed a simple mechanism that uses 
b a s i c p a r t s ( F i g . 7 ) . A l l of the f i v e var iab le 
capacitors have the same design so that the parts are 
standardized as much as p o s s i b l e . This s impli f ies 
operation, maintenance, ar.d costs . 

The system c o n s i s t s of a simple DC gear motor 
with a toothed belt drive to the capacitor shaft. The 
shaft i s pinned so i t w i l l not ro ta te as the gear 
turns to r a i s e and lower the shaft. A simple thrust 
bearing i s required to allow the gear to pull against 
the 150 to 300 pound force produced by the vacuum 
loaded capacitor shart ( see F ig . 8 ) . A bushing Is 
required, however, to res i s t the 3lde load produced by 
the belt drive. This system has worked quite w e l l . 
The on ly problems experienced were with the s ide 
loading on the bearing assembly and the need for 
d i s s i m i l a r metals and good l u b r i c a t i o n between the 
shaft and thrust bearing gear. These problems were 
eliminated with the design shown In Fig. 8. 
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A simple disk attached to the top or tfcn shaft 
actuates l i m i t switches t h a t are I n t e r l o c k e d to 
c o n t r o l t h e maximum mechan ica l t r a v e l of the 
capacitors, an arm i s also attached to the top of the 
s h a f t and extends to a l i n e a r potentiometer that 
allows the shaft pos i t ion to be monitored (F ig . 7 ) . 
This g ives a l inear c o r r e l a t i o n between the shaft 
position and the capacitance. 

Corona Rings 
One of the major problems with vo l tage holding 

experienced on the 2 x 170 degree matching network was 
arcing on the c a p a c i t o r s . The capac i tors are ITT 
Jennings vacuum type and are located inside the vacuum 
v e s s e l . The arcing has occurred at the i n t e r f a c e 
between the Insulator and the metal braze sea l . These 
capacitors come with elastomer-type corona s h i e l d s to 
p r o t e c t t h i s i n t e r f a c e , but tftese are not vacuum 
compatible due to outgassing. To solve this problem, 
we i n s t a l l e d copper corona rings as shown in Fig. 9. 
A good e lec tr ica l jo int Is made between the r ing and 
the irregular jo int surface with either wire RF gasket 
or half-moon-shaped flngerstock. 
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Figure 9. 

Faraday Shields 

We have used two type3 of Faraday shields on the 
2 x 'TO degree antenna. The f i r s t (seen in F ig . 2) 
was an opaque 3hield constructed of two concentric and 
s lot ted copper cylinders. A material thickness of 1/8 
inch was chosen, with a spacing between cylinders of 
3/8 inch. The s l o t s were 3/16 inch wide on 1 .33- inch 
centers. The s lo t s were staggered to block a l ine-of-
s i g h t through the s h i e l d . T h i s s h i e l d p r o v i d e s 
e lec tros tat ic shielding and environmental shielding of 
the antenna and matching network from charge exchange 
n e u t r a l s , uv radiation, and titanium gettering. This 
shield, however, attenuated the RF magnetic f i e ld by a 
factor of 1.7 and reduced the coupled power to che 
plasma by a factor of 3 from the maximum p o s s i b l e 
without a shield [ 2 ] . 

To increase the power to the plasma, a new 50J 
o p t i c a l l y - t r a n s p a r e n t Faraday shield was made (Fig. 
10.) This shield i s made of 0.5-inch-0D copper tubing 
with 0 .5 - inch spacing between tubes . This s h i e l d 
provides the e l e c t r o s t a t i c s h i e l d i n g required with 
l i t t l e environmental shielding. The power transmitted 
to the plasma was reduced by l e s s than 10J of the 
maximum p o s s i b l e . The use of th is open shield a lso 
required that we use the cupped Insulator support 
design. 

-4-



East Loop Antenna 

A new dual h a l f - t u r n antenna has Juat been 
I n s t a l l e d on THX-U. (See Fig. 1 for the location on 
TMX-U and see Fig. 11 for the assembly.) I t replaces 
the s l o t - t y p e antenna on the east side of the central 
ce l l region and uses two of the 3 _ and 5- inch coax 
f e e d l i n e s . The t r iax ia l feedthroughs used with the 
s l o t antenna were replaced with two ORNL 9-inch RF 
h igh -v o l ta g e feedthroughs. The e x i s t i n g external 
matching network has a l so been used. The antenna 
e lement i t s e l f i s a s i n g l e - t u r n strap that goes 
completely around the plasma with a ground strap at 
the halfway p o i n t . The strap i s constructed of 
0.25-ineh thick by 6.0-inch-wIde copper bar stock that 
has had f u l l rad i i milled on each edge. The loop Is 
22.25 inches in diameter and is s e l f supporting. A 
50% transparent tube-type Faraday shield, l ike the one 
on the west antenna, Is a l so U3ed on th l3 antenna. 
The antenna i s enclosed in a 1/16-inch-thick copper 
sheet metal box. 

Ent IRCH Loop Antenna 
Figure t l . 

Silver Wire Joints 
One of the Items developed during the new east 

loop antenna design was the current Joints oetween the 
antenna and coax f e e d l i n e s and between the coax and 
the feedthroughs. In the design for the s l o t antenna 
coax l i n e s these j o i n t s had 0.010-lnch-thick s i l v e r -
sheet rings pressed between two 0.065-lnch-wide copper 
s u r f a c e s that had diameters of 1.5 to 5 .0 Inches . 
Even though the s i l v e r i s a s o f t e r m a t e r i a l than 
copper the forces of compression on these Joints were 
distributed over too much surface area to produce good 
e l e c t r i c a l contac t a l l around the circumference. 
Slight inaccuracies In machining and Joining the parts 
compounded the problem of g e t t i n g a good current 
Joint. 

For the new antenna configuration, we reduced the 
contact surface area by using small (0 .032 inch and 
0.062 inch) diameter wire. This Increased the force 
per s q u a r e Inch on t h e m a t i n g s u r f a c e s by 
a p p r o x i m a t e l y s i x . To r e d u c e the e f f e c t of 
i r r e g u l a r i t i e s in t h e m a t i n g s u r f a c e s and 
misalignment, we wanted a "soft" metal. We performed 
compression t e s t s of three different wire materials to 
obtain force versus deflection curves to determine the 
best material to use . The wires chosen were: a) 
annealed 0 .031- and 0.051-lnch-dlaoieter copper, b) as 
drawn 0.032- and 0.062-lnch-diameter s l i v e r , and c) 
annealed 0.0320- and 0.062-lneh-dlameter s i l v e r . The 
compressed lengths were 2.25 inches. I t took 1/6 the 
force to straighten out the kinks in the wire with the 
annealed s i l ver , as opposed to the annealed copper. 
After I n i t i a l kink straightening, a l l of the types of 
wire took about HI pounds per inch of wire length to 
compress the material 0.0002 inch . The annealed 
s i lver wire was, however, approximately 10% s o f t e r . 
As the forces increased above approximately 100 lbs 
per Inch of wire length the annealed s i lver was almost 
501 softer then annealed copper. 

Summary 

The west ICRH l.^op antenna has been improved in 
several ways during the past two years. We have gone 
from a s er l e s -3 - turn-antenna element to a parallel 
c o n f i g u r a t i o n . The antenna s u p p o r t s have been 
improved with the h igh-vo l tage insu la tor and cup 
design. The remote control drives for the capac i tors 
have been Improved to operate re l iably . Addition of 
copper corona rings to the matching capac i tors have 
given improved voltage holding in this area. The new 
transparent Faraday shield has g iven increased power 
to the plasma. 

We have recently added a new loop antenna to the 
ea3t central c e l l which we hope will increase the RF 
power to the plasma. These antenna 3ystem3 Sre al30 
described in S. W. Ferguson13 paper [ 3 ] . 
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