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Abstract Introduction 

The Ion Cyclotron Resonant Heating (ICRH) s l o t 
antenna has been a part of the ion and electron plasma 
heating system in the cen t ra l c e l l r e g i o n of the 
Tandem Mirror Experiment-Upgrade (TMX-U). This paper 
presents the mechanical design and arrangement of the 
antenna, coax feed l i nes , feedthroughs, and matching 
network for the s lo t antenna. 

This an t enna i s a s l o t t e d , hollow tube that 
completely surrounds and conforms to the plasma shape 
in the east end of the central cell region. The shell 
is made of copper sheet with 1-inch-diameter copper 
tubing leads. The three feed lines are coax pipe with 
3-inch inner and 5-inch outer conductors. The three 
feed throughs 'a re a t r i a x i a l design for high radio 
frequency (RF) vo l tages and currents of 30 kV and 
700 amps peak, respec t ive ly . The antenna can be fed 
in e i the r a f u l l - w a v e mode or a h a l f wave mode 
depending on the strapping configuration to the three 
feedthroughs. 

The capacitor matching network i s external to the 
vacuum chamber. I t c o n s i s t s of two r e m o t e l y 
con t ro l l ab l e c apac i t o r s , variable from less than 100 
to 1800 pF, and six 1000-pF fixed capacitors tha t can 
also be remotely switched into and out of the c i r cu i t . 
There are a lso p rov i s ions for up to ten add i t i ona l 
fixed capacitors in the system. 

The antenna has been operated to power l e v e l s in 
excess of 300 kW. 

The s l o t antenna is located in the east end of 
the central cel l -egion and extends from the c i r cu la r 
axlsymmetrlc region into the e l l i p t i c a l transition 
region (Fig. 1). The z location, as measured from the 
midplane of the machine, i s from -116 cm to -260 cm 
and the magnetic field varies from 1.05 kG to 5.92 kG. 
The four major par t s of t h i s system include: 1) 
antenna element, 2) coax feed l i nes , 3) feedthroughs, 
and 1) e x t e r n a l matching ne twork . The physics 
concepts which specif ied the design c r i t e r i a a re 
presented in the paper by W. F. Cummins.[1] 

Antenna Element 

Th i s antenna Is a s l o t t e d , hollow tube that 
completely surrounds and conforms to the plasma shape. 
The s h e l l Is made of 0.062-Inch thick copper sheet 
with 1-lnch 0D copper tubing around the s l o t s . The 
1-lnch tubing is also used to form the three leadpairs 
from the s l o t s to the top of the antenna where the 
connect ions are made to the main coax feed lines (see 
Figs. 2 ,3 ) . The 3 lo ts and top or the antenna were 
r o t a t e d 22.5 degrees from the v e r t i c a l so that the 
coax l ines would miss the magnet s t r u c t u r e and have 
shorter paths to the available vacuum ports. 

ICRH Slot Antenna in TMX-U 
Figure 1. 

* Work performed under the auspices of of the U.S. 
Department of Energy by the Lawrence Livermore 
National Laboratory under contract number W-7105-ENG-
18. 
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ICRH Slot Antenna Assembly 

Figure 2. 

The fabrication of the antenna was done by the 
s h e e t meta l shop at Lawrence Berkeley Laboratory 
(LBL). A prototype f u l l - s c a l e t e s t i n g model had 
previous ly been constructed by our 3hop3; therefore, 
the basic Ideas for making this odd-shaped antenna had 
a l ready been developed. An accura te match to the 
plasma cross section was obtained by forming the sheet 
over seven aluminum templates which were machined on a 
NC mil l . The 1-inch tube- to - shee t -meta l j o in t was 
brazed with an 81% copper and 61 s i lver alloy, which 
minimized the heat that could cause warping. Although 
the manufacturer recommended torch brazing, LBL found 
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i t was easier and more effective to use a TIG welder 
with the braze rod. This part icular braze material 
was also chosen because i t required no flux mate r ia l 
to f a c i l i t a t e j o i n i n g . Since this antenna would be 
close to the plasma, th i s procedure provided a be t t e r 
quality vacuum outgassing surface and, therefore, less 
contamination to the plasma. 

The connections from the 1-inch-diameter antenna 
r ings to the 3~inch-and 5-lnch-diameter coax feed 
lines required smooth transit ions from one diameter to 
the next and a l s o r e q u i r e d good RF c u r r e n t 
c o n n e c t i o n s . The a b i l i t y to eas i ly assemble and 
disassemble them r e s u l t e d in the des ign shown in 
Fig. ft. The internal lir.e incorporated a three-point 
set screw arrangement, for assembly. This forced the 
two surfaces together without the need for twisting of 
the coax or antenna. A 0.010-inch-thick s i lver washer 
was placed between the jo ining surfaces to provide 
be t t e r RF con tac t . The external 5 - ineh l i n e was 
connected by making a r ing with the 1-inch antenna 
feed lines and welding a threaded t ransi t ion piece to 
i t . These mating surfaces also had a s i lver washer 
between them. A t h r e a d e d s t a i n l e s s s t e e l r i n g 
e x t e r n a l to the 5 - I n c h coax pressed these pa r t s 
together. 

ICRH Slot Antenna 

Figure 3. 

Antenna to Coax Connection Detail 

Figure ft. 

When these s i lver washer j o i n t s were inspected 
a f te r use, i t was apparent that there was not good 
contact completely around the circumference of the 
J o i n t . However, there were no s igns of arcing at 
these points during full-power runs. Currents of 1000 
amps were experienced at these j o in t s . Because of the 
apparently poor contact, however, these j o i n t s were 
r e d e s i g n e d when the new e a s t loop antenna was 
installed [ 1 ] . 

This antenna also had copper plasma limitera at 
each of i t s ends (Fig. 5 ) . These were bolted on to 
the ends with RF gaskets to insure good electrical 
con t ac t s . Their purpose was to Keep the plasma 
several cent imeters away from the antenna to reduce 
power absorption by ions and e l ec t rons accelerated 
in to the antenna s t r u c t u r e s . These l imi te r s also 
extended outside the shel l to p ro tec t the leads and 
coax from the halo plasma and, t he r e fo re , prevent 
arcing at these high-voltage po in t s . These l imi te r s 
a lso reduced long-wavelength excitation of the plasma 
from RF leakage fluxes at the ends of the antenna. 

Coax Feed Lines 

The coax feed lines are located inside the vacuum 
vessel between the antenna and vacuum feedthrough. 
The l i n e s are made of copper pipe. The sizes chosen 
were 3-inch 0D, 0.065-inch wal l , and 5.125-inch 0D, 
0.125-inch wall pipe. There are three of these coax 
l ines running from the antenna to the vacuum vessel 
wall. 

These coax l i n e s were des igned around the 
following parameters: I) have a 1-inch space between 
the inner and outer pipes with ^ 1/8-t.nch tolerance to 
hold off the possible 50-kV potential between them, 2) 
be as l a rge as possible In d i ame te r to minimize 
inductance but s t i l l f i t between the existing magnet 
s t ruc tures , 3) keep the weight of each assembly as low 
as poss ib le for ease in i n s t a l l a t i o n and for lower 
s t resses on the support insulators , ft) have the i r own 
support s t r u c t u r e , since neither the antenna nor the 
feedthroughs could support them or keep the Inner and 
outer pipes centered with each o ther , 5) have both 
inner and outer pipes e lec t r ica l ly isolated from each 
o t h e r and the r e s t of the machine, 5) allow no 
insulator material in the 1-lnch gap between inner and 
outer pipe because of the high voltages between them 
(10 kV/inch along an insu la tor was used as a design 
value), 7) maintain a vacuum of at least i .0xi0- ! Torr 
In the 1-inch gap between inner and outer pipes, and 
8) p r o v i d e for thermal con t r ac t i on of the plpos 
because they pass through two l iqu id-n i t rogen panels 
at 77°K. 
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The 3-inch and 5- ineh pipes were chosen because 
they were the most r e a d i l y avai lable pipes having the 
th ines t wal l that would al low a 1-inch spacing betwee.i 
them. These s i zes were a l so the largest that would 
f i t between the e x i s t i n g machine m a g n e t s . The 
c o n f i g u r a t i o n of the vessel and magnets required that 
these coax pipes have several bends in them. This d id 
not a l low the inner and outer pipes to be fabr ica ted 
separately and then assembled together. Also, because 
o f t he i r 3izes we found that they could not be bent as 
a coax assembly t o the c o n f i g u r a t i o n needed . To 
fabr i ca te them, the re fo re , we had to sect ion and angle 
them and then j o i n the sec t ions by w e l d i n g . T h i s 
method gave us an annulus spacing of only 3 ' t ' inch In 
places and produced some sharp edges between the inner 
and outer pipes that had to be ground down. 

Since the coax had to have t h e i r own s u p p o r t 
s t r u c t u r e and be e l e c t r i c a l l y I s o l a t e d from the 
machine, the designs i " F igs . 6 and 7 were chosen. 

inner pipe 

5" outer pipe 

Clamp ring 

3" steatite 
insulators 

Channel support 
to magnets 

LEXAN insulators 
to inner tube 

Coax Feed Line Supports 
Figure 6. 

As seen i n F i g . 6 a clamp r i n g held the 5- inch pipe 
without deforming ] - . This r ing then rested on a set 
o f s i x 3 - i n o h - l o , j s t e a t i t e i n s u l a t o r s t h a t were 
supported to the machine magnets. Because of t he 
w e i g h t and a n g l e o f t h i s assembly, two of these 
s u p p o r t sys tems were I n s t a l l e d per c o a x . The 
insulators were stronger than calculated and la te r one 
set was removed. To support the inner pipe, 1 . 5 - i nch -
dlameter holes were put i n the outer pipe so the two 
LEXAN insu la to rs , posl t icr ied 90 degrees a p a r t , cou ld 
p ro t rude through to an ex te rna l support that was at 
machine ground (F ig . 7 ) . A copper plug was made f o r 
the inner ccax to hold the insu la tor . This plug had a 
hole through i t to provide vacuum pumpout of the inner 
pipe. Copper r i ngs , 1/M-lnch in diameter, were brazed 
to the holes In the outer coax to minimize the voltage 
s t r e s s e s . The LEXAN i n s u l a t o r s were necked down at 
assembly because of misa l ignment e r ro r s between the 
inner and outer pipes. These insulators were 5 inches 
long in order to ho ld o f f 50-kV to ground. L a t e r , 
because of the chance of carbon arc t rack ing , some of 
these LEXAN insu la tors were replaced with 5 - inch- long , 
3 / 1 - i n c h - d l a m e t e r alumina i n s u l a t o r s . No carbon 
tracks were observed on the removed LEXAN i n s u l a t o r s , 
however. 

Calculat ions showed that to maintain the required 
vacuum of 1 .0x10- ' To r r i n the coax t h a t on ly one 
add i t iona l 3/1-lnch-dlameter hole was requ i red i n the 
Inner pipe between the support plugs. The other holes 
already required fo r the support I n s u l a t o r s p rov ided 
the remaining vacuum pumpout when molecular f low was 
assumed. 

• LEXAN imulator 

Section A-A 

Inner Coax Pipe Support 

Figure 7. 

S i nc e each coax assembly passed through the 
machine's l i q u i d - n i t r o g e n pane ls , we i n s t a l l e d the 
be l lows assembl ies shown in F i g . 8 to accommodate 
cont rac t ion . The connections to the feedthroughs were 

Center conductor 
of feecthrough 

e-beam 
weld 

e-beam 
weld 

- Stainless steel bellows, 
copper plated on 
inside surface 

Coax Bellows Assembly 

Fig . 8 

also incorporated into these assemblies. The bellows 
that were ava i lab le in the sizes re i u i r ed for the coax 
were a 1.119 ID s t a i n l e s s s t e e l b e l l o w a and a 
1 . 81 - i nch OD beryll ium-copper bel lows. Electron-beam 
welding was used to j o i n the s t a i n l e s s s t e e l bel lows 
to the r e s t of the copper assembly. Because of the 
high RF currents that would now on the inside of th is 
b e l l o w s , I t a l s o had to be copper p l a ted a f t e r 
assembly wi th 0.001 inches of copper. The amount of 
c o n t r a c t i o n expected on the ou te r coax was on the 
order of 3/8 of an i nch , and so the b e l l o w s were 
I n s t a l l e d I n a compressed s t a t e to a l low them to 
expand when the coax cooled. These bellows assemblies 
made the f a b r i c a t i o n more complex, but they a lso 
p roved to be h e l p f u l i n t a k i n g up u n e x p e c t e d 
misalignments encountered during i n s t a l l a t i o n . 
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Feedthrough 

The h igh-vol tage RF feedthroughs used 1th the 
j l o t antenna are a t r l a x i a l design that we developed 
udlng some e x i s t i n g spare 80-kV neutral beam source 
I n s u l a t o r s [ 2 ] , They a l s o I n c o r p o r a t e r e a d i l y 
ava i l ab l e Ceramaseal Insu la to r breaks. A t r i ax l a l 
design was needed because both the Inner and outer 
coax l ines to the antenna could be driven to high Rf 
voltages and currents . The design was driven mainly 
by time c o n s t r a i n t s , because there was not a similar 
type of feedthrough a v a i l a b l e on the market. There 
was a l s o no a t t e m p t t o make i t match a c e r t a i n 
impedance. The basic design parameters required that 
i t hold 50 kV and 500 amps of RF on both the inner and 
outer conductors. 

The f inal des ign, shown in Fig. 9, had several 
dissimilar material Joint problems. The main vacuum 
sea l on the bottom of the 80-kV source Insulator is a 
spec ia l alumina ^e ramlc - to -copper oven b r a z e by 
Varlan/EIMAC. The gap between the outer conductor and 
the source Insu la to r was vacuum b a c k f i l l e d with 
s i l a s t i c to reduce the e l e c t r i c field s t resses that 
might develop In th is gap and also to pa r t l y r e l i e v e 
the mechanical s t r e s s e s that could be transferred to 

1—0 3.81—- Copper plated 
stainless steel 

Silastic backfill 

80 kV neutral beam 
source insulator (AI0 2) 

Brass ring 

Capper ring 

Grounded flange 

Floating outer 
conductor 

HV center conductor 

EIMAC 
Ceramic to copper 
oven braze 

Triaxial Feedthrough Assembly 
Figure 9. 

the d e l i c a t e ceramlc-to-copper EIMAC b r a z e . The 
s i l a s t i c b a c k f i l l used has a lower temperature limit 
or -85 0F. Since the connecting i n t e r n a l coax l i nes 
a r e made of copper, which is a very good thermal 
conductor, we placed double rad ia t ion sh ie lds Inside 
the vesse l wall to insulate the top of the coax from 
the liquid nitrogen panels. The Ceramaseal insulators 
a v a i l a b l e had a Kovar r ing brazed to them. This 
required tha t the metal pa r t s a t tached to them be 
s t a i n l e s s s tee l Instead of the preferred copper. The 
Joints were required to be vacuum t ight and were made 
by e-beam welding. Since the s ta in less has a higher 
e l e c t r i c a l r e s i s t a n c e than the d e s i r e d copper 
m a t e r i a l , the top cap and 3 t a i n l e s s s t e e l bellows 
assembly was copper plated on the in3lde where the RF 
c u r r e n t s would f low. The be l lows was added to 
eliminate the long lever arm produced by the center 
conduc to r t h a t could put a h igh s t r e s s on the 
Ceramaseal Insulators . This s t a i n l e s s s t e e l bellows 
was e-beam welded to i t s mat ing copper cen te r 
conductor. 

The c o n n e c t i o n s to t h e o u t s i d e or t h e 
feedthroughs were made with copper ring3 that clamped 
to the thick s ta inless steel rings of the feedthrough. 
The RF c u r r e n t c o n n e c t i o n , however, was made by 
placing RF wire gasket mater ia l near the Kovar-to-
Ceramaseal Insulator jo int . To reduce the electrical 
r i e l d s t r e s s on the a i r a ide of the Ceramaaeal 
I n s u l a t o r s ( r a t e d at 10 kV DC each) , we made the 
connecting r ings with large 1/2-inch rad i i so that 
they would a l so act as corona r ings . They protruded 
over the enges of the Kovar s leeves to shield the 
shirp edges where breakdown might occur. 

Hatching Network 

The matching network of c a p a c i t o r s , shown in 
Fig. 10, i s used to tune and match the t ransmit ter 
power to the antenna and is located external to the 
vacuum v e s s e l . I t s t a n d s 12 f e e l h i g h , i s 
a p p r o x i m a t e l y 1.5 f e e t by 3 f e e t , and weighs 
approximately 3,100 pounds. I t provided operation of 
the antenna system in the 2- to 5-MHz range. 

The matching network c o n s i s t s of two Jennings 
variable (100 to 1800 pF) c a p a c i t o r s , six Jennings 
r i x e d (1000 pF) c a p a c i t o r s tha t can be remotely 
switched Into and out of the c i r cu i t , and room for up 
to ten Jennings fixed (1000 pF) capacitors that can be 
permanently bolted into the c i rcu i t . The top variable 
capac i to r i s connected in s e r i e s with the incoming 
50-ohm coax l ine from the transmitter. There can also 
be two fixed capaci tors connected in parallel with 
this capacitor. The second va r i ab l e capaci tor , the 
six switchable fixed capacitors, and up to eight rixed 
capacitors are connected in paral le l with the antenna. 
These p a r a l l e l capaci tors are mounted to two large 
1 /2- inch- th ick copper p l a t e s t h a t form the high 
voltage and ground plates. These plate3 weighed in at 
approximately 260 and 130 pounds, r e spec t ive ly . In 
p r a c t i c e we have only had to use three to four of the 
poss ib le ten b o l t e d - l n f ixed c a p a c i t o r s in the 
c i r c u i t . The same var iable capac i to r motor drive 
design, as used on our west 2 x 170 degree ICRH 
antenna, was used on the two variable capacitors in 
th is matching network [3], 

The support ing framework i s made of s ta in less 
steel channels with Clastic insulators to electr ically 
i s o l a t e the high voltage and ground p la t e s . The 
ground p la te is connected to the machine ground at 
only one loca t ion near the bottom of the plate. The 
c o n n e c t i o n s from the matching ne twork to t h e 
feedthroughs (shown in Fig. 10) are made with thin 
copper p la tes . They can be connected in two modes. 
The two outer feedthroughs are connected for the full-
wave mode, or the s i n g l e c e n t e r feedthrough i s 
connected to the plates for the half-wave mode. 



_s_ 

- Ground plate 

- High voltage plate 

•8 fixed 1000 pF 
capacitors 

- Support framework 

- Ground strap 

T M X - U 
vessel 

Slot Matching Network Assembly 
Figure 10. 

To switch the s i x f ixed c a p a c i t o r s we d e v e l o p e d 
t h e d e a t g n shown In F i g . 1 1 . T h i s s y s t e m u s e s a 
pneuma t i c c y l i n d e r t o move a c o p p e r p l a t e t h a t 
c o n n e c t s be tween t h e c a p a c i t o r and main h i g h - v o l t a g e 
p l a t e . The a i r - o p e r a t e d cy l inde r Is I n t e r n a l l y keyed 
t o be n o n r o t a t a b l e and has a s t roke of 3.5 i n c h e s . A 
1 . 2 5 - l n c h - d l a m e t e r LEXAN i n s u l a t o r I s o l a t e s t h e 
c y l i n d e r from t h e c o p p e r c o n n e c t i n g p l a t e . A good 
c o n n e c t i o n I s made be tween t h e p l a t e s by u s i n g 5 
i n c h e s of f l n g e r s t o c k r a t e d at 17.2 amps per inch of 
l e n g t h . The a i r p r e s s u r e i s v a r i e d t o g i v e t h e 
d e s i r e d s w t o h l n g s p e e d . Copper bar s tock I s mounted 
t o t h e p l a t e s t o s t o p t h e s w i t c h e s when t h e 
f l n g e r a t o c k I s p r o p e r l y compres sed . In case of an 
a i r - p r e s s u r e f a i l u r e , t h e c y l i n d e r s e x t e n d t o sho.-t 
t h e c a p a c i t o r s . The e l e c t r i c a l s w i t c h e s used t o 
d i r e c t t h e a i r f l o w t o t h e c y l i n d e r s a r e a l s o 
I n t e r l o c k e d t o e x t e n d the cy l inder rod and s h o r t the 
c a p a c i t o r s in case of power f a i l u r e or i f an a c c e s s 
p a n e l I s removed . These s w i t c h e s work q u i t e w e l l . 
They d id r e q u i r e some r e d u c t i o n in w e i g h t of t h e 
c o n n e c t i o n p l a t e s and Improvement of the connect ion 
between the I n s u l a t o r and the p l a t e . B e c a u s e or the 
Impact f o r c e s and f a t i g u e a s s o c i a t e d wi th making the 
p l a t e connec t ion , s e v e r a l I n s u l a t o r s were t r i e d before 
we s e t t l e d on the LEXAN. 

,.- Non-routing 
pneumitic 
cvlindsr 

- Support Immawork 

• LEXAN 
insulator 

Coop«r 
plates-. 

cq_ !~ 
- Ping«rji- c» 

. ' 
Capacitor-i Capacitor- ' • Capacitor-Capacitor-

U -~-<—~^ 
Pneumatic Cylinder Capacitor Switch Assembly 

F i g . 1 1 . 

Conclusion 

The u s e of a ma tch ing n e t w o r k e x t e r n a l to t h e 
vacuum v e s s e l has g iven us improved a c c e s s to t h e 
c a p a c i t o r s and r e l i a b l e vo l t age ho ld ing in the network 
w i t h o u t much f i n e t u n i n g of t h e d e s i g n . Having an 
e x t e r n a l matching network made i t n e c e s s a r y , however , 
t o d e v e l o p t h e h i g h - v o l t a g e t r l a x l a l f e e d t h r o u g h s 
d i s c u s s e d . Care was a l s o r e q u i r e d in s u p p o r t i n g , and 
e l e c t r i c a l l y I s o l a t i n g , t h e h i g h - v o l t a g e coax feed 
l i n e s . 

he s l o t antenna system has worked qu i t e r e l i a b l y 
from a mechanical point of view. He have e i t pe r i enced 
very few f a i l u r e s during the 13 months of opera t ion of 
t h i s an t enna . S h i e l d i n g of s u p p o r t I n s u l a t o r s rrom 
the t i t a n i u m g e t t e r i n g used In TMX-U has been the main 
Improvement necessary on the s y s t e m . The e l e c t r i c a l 
o p e r a t i o n of t h l 3 s l o t a n t e n n a i s d e s c r i b e d in the 
paper by S. W. Ferguson [ 1 ] and t h e p h y s i c s r e s u l t s 
can be found In the two papers by W. F. Cummins [ 5 , 6 ] . 
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