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ABSTRACT

Frequently, high-power pulsed ion cyclotron range of fre-
quency experiments arc limited by breakdown at the vacuum
feedthrough. This paper describes the development and test-
ing of vacuum feedthroughs to increase both reliability and
capability. The ultimate goal of the program is to develop a
continuous-wave feedthrough for the next generation of
fusion experiments. A feedthrough concept currently under
investigation consists of a simple, cylindrical alumina
ceramic brazed between tapered coaxial conductors. A pro-
totype has been tested to voltage levels in excess of 100 kV
for 160-ms pulses and 70 kV for 5-s puises at 28 MHz
Insertion-voltage-standing-wave ratios are <1.15:1 for fre-
quencies below 450 MHz. Aa upgraded water-cooled version
being fabricated for use on TEXTOR will be described.

INTRODUCTION

Radio frequency (rf) heating of fusion plasmas in the ion
cyclotron range c¢f frequencies (ICRF) is now being widely
applied to fusion experiments around the world.!”? It is
currently envisioned that fusion reactors will use this method
to supplement ohmic heating and ncutral beam heating.
Power levels are now in the multimegawatt range where
state-of-the-art techniques must be used to haandle high volt-
ages and curreats at radio frequencies. The barrier between
the pressurized transmission line and the evacuated
transmission line is a particularly crucial component because
its failure affects not only the rf system but also the entire
machine vacnum integrity in many circumstances. This com-
ponent has also been the weak link in voltage handling for
some contemporary puised experiments. The potential prob-
lems at the feedthrough are compounded by operation
approzching steady-state, as will be encountered in the next
generation of fusion experiments.

This paper describes the program at the Oak Ridge
Nativnal Laboratory (ORNL) to develop and test
feedthroughs for present-day and future fusion applications.
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A feedthrough development program has been under way at
the Princeton Plasma Physics Laboratory for a number of
years.* Their cfforts bave fed to the successiul development
of a high-power feedthrough used in the ICRF heating
experiments on the Princeton Large Torus (PLT). The PL™”
feedthrough uses a conical ceramic barricr between inne:
and outer coaxial conductors. The conductors are shaped
primarily to reducc the compopent of the electric field along
the surface of the ceramic. The present paper describes zn
altcrnative concept that uses a cylindrical ceramic barricr
brazed between tapered inner and outer coaxial cooductor.
In this coofiguration, the electric field along the ceramic
surface can also be made quite smzil. In wddition, care bas
been tnken to maintain a constant characteristic impedancs
along the length of the feedthrough by proper adjustment of
the tapered angles of the conductors. This feature minimizes
the insertion-voltage-standing-wave ratio (JVSWR) and
climinates internal reflections. The design affords the use of
relatively simple fabrication techniques, and it can be casily
adapted to long-pulse or continuous wave {cw) use.

'FEEDTHROUGH CONCEPT

A simplified schematic of the feedthrough concept 1
shown in Fig. 1. Contours of constant potential have been
superimposed on the figure.’ In this case, the ceramic bac-
rier is much longer than its diameter. This permits the con-
struction of very gradua! tapers on the inner and outer coa-
ductors, which in turn produces potential contours that are
nearly parallel to the surface of the ceramic. The electric
ficld (V) is consequemtly near'y perpendicular to the sur-
face of the ceramic. The possibility of surface breakdown
can thereby be substantially reduced or climinaied alto-
gether.

A constant characteristic impedaace results from the use
of the siraight tapers on ioner and outer conductors. The
value of the characteristic impedance for tapered linss is
found approximately from
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FIG. I. ORNL fesdthrough concept.

where Lg is the inc.. ctar .= pe; unit length, C; is the capaci-
tance per unit leng.h, and 7 a-1 8, are the angles made by
the outer and inner conducior:. respectively, relative to the
axis of the feedthrougi.. Ti. > [cature is particularly impor-
tant for antennas !i it place the impedance-matching com-
ponents inside ...z .acuum system in an integrated fashion
with the anten . rudiating - :mzot. Examples of such anten-
nas include the rescaant de..ic 1ocp.® now being developed
at ORNL, and the U-slot antenna,” proposed by ihe
McDonnell Douglas Astronautics Company. In these cases,
the vacuum feedthrough is placed at the impedance-matched
input (usually 50 ohms) to the antenna system where
reflected power has been minimized. In this position it is
important that the characteristic impedance of the
feedthrough closely match the characteristic impedance of
the transmission line to which it is connected, in order to
minimize the IVSWR. The IVSWR of a feedthrough that is
short compared to a wavelength is given approximately by

. a+b (2)
5[ - a —b .
where
s+l 2 *
a = B Z
Z, Zy
b = gt Zo Z .

with 3 = 2x/A, £ the feedthrough electrical length, Z the
fecdthrough’s characteristic impedance, and 2y the charac-
terisiic impedance of the transmission line. As an example,
for a fecdthrough that has a characteristic impedance of 100
ohm, hus a line length of A/4=, and is conected to 50-ohm
transmission line terminating in 50 vhms, the IVSWR is
approximately 1.9. Peak power handling for the transmission
system wouid be reduced by a factor of 1.9 unless additional
mulching cquiprment were used to compensate for the
feedthrough mismatch. A 50-ohm feedthrough, on the othe.
hand. wouid not degrade transmission performance in this
situation.

Under normal operating conditions voltage and current at
the impedance-matched point are modest even for power
levels on the order of 2 megawatt (V == 10 kV, [ = 200 A
at 1 MW). Feedthroughs placed at this point, however, will
still need to be designed for much higher voitages and
currents in order to handle occasional accidents or fault con-
ditions that could result in large mismatches.

PRELIMINARY TESTING

A test of the general concept was performed using the
feedthrough diagrammed in Fig. 2. For this test version of
the feedthrough, input and output coanections arc 3% in
The large diameter portion of the feedthrough has a $-in.
inside diameter. The water jacket shown in Fig. 2 was not
used in the tests described here. Analysis of potential con-
tours indicates that the wave ficlds are directed 2t approxi-
mately » 45° angle to the surface of the ceramic. The
impedance of the fecdthrough has been designed to be close
to 50 ohms. Constancy of impedance has not been optim-
ized for this test. The measured IVSWR is less than 1.15:1
for frequencies below about 400 MHz

High-voltage rf testing was accomplished using the experi-
mental apparatus shown schematically in Fig. 3. Basically,
the feedthrough is placed at the end of a section of coaxial
transmission line that is somewhat greater than A\/4. The
fezedthrough is left open circuited at the end cof this fine sec-

_tion so that the input impedance is inductive. A capacitive
tuning circuit impedance matches this inductance and the
sraall equivalent resistance of the transmission line to a
50-chm coaxial transmission line. A transmitter capable of
100 kW of cw operstion over the frequency range 3 to
30 MHz drives the circuiiry. The capacitive tuner is capable
of impedance matching over the frequency range 2G to 30
MHz. Because of the A/4 transformer section, high voltages
are produced at the feedthirough cnd, whereas iow voitages
are maintained at the capacitive tuner. Voltages expected at
the feedthrough can be estimated from
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FIG. 2. Preliminary test version of the ORNL feedihrough.

REFLECTED
POWER

100 «w

ARC
INTERLOCK

[ MONITOR

DuUAL
DIRECTION
COUPLER

R

)
TRANSFORMER SECTION (~5) ,'_

IMPEDANCE

MATCHER (50°*)

——

e A R
L

. 5%, TS
x \FIESSURE CAPACITIVE
_'_ SEAL COuPLER

7104 H.S. SCOPE A

L

FIG. 3. High voltage rf test stand schematic.

| FEEDTHRU
—

ORNL-DWC 86 740 FED

vACUUM
BARRIER yicwinG

=

INFRARED
CAMERA

TO VACUUM PLMPS
110-F v BASE)

l CASACITIVE

) :’T:" DIVIDER



where P is the forward power and R is the cyuivalent series
resistance per unit length within the A/4 transformer sec-
tion. In practice, the A/4 section is made of aluminum so
that the equivalent seriss resistance Ry at its input (R-£) is
approximately equal to that of the parallel capacitor {Rg ==
0.02 ohms) so that half of the power from the transmitter is
dissipated in the capacitor and half in the transformer sec-
tion. From Eq. (3). at a frequency of 25 MHz and for € =
A/4 = 300 cm, Zp = 50 ohms, and R = 7.5 X 1073
2/cm. we find V¥ = 4.4 X i9° P. For cxample, to produce
100 kV at the feedthrough under these circumstances
requires approximately 23 kW into the traasformer section
or 46 kW into the capacitive tuner. These estimates are
within a few percent of what was measured experimentally.

In the tests, a calibrated capucitive voltage probe was
used to monitor the voltage at the feedthrough, as indicated
schematically in Fig. 3. Forward power into the tening cir-
cuit was monitored using a directional coupler (also showr
in Fig. 3). Drive power to the transmitter could be cut cff
in a few microseconds using an electronic attenuator in the
drive circuitry. The attenuatar was triggered on detection of
excessive reflected power 1o protect components in the cvent
of an arc.

The feedthrough was conditioned by repeatedly breaking
down the feedthrough in vacuum using short, 1-ms pulses.
After approximately 20 to 100 pulses, voltage standoff on

/

—

200 mm CONFLAT FLANGES
{10 in. QD}

the vacuum side increased by at lcast a factor of 2. Break-
down principally an the pressurized side of the feedthrough
would occur after conditioring. With 20 psig of SFg on the
pressurized side of the feedthrough, the following results
were obtained:

Pulse length  Breakdown iimit

(s) (kV)
0.001 120
.1 108
RX) 70

Subsequent to the preliminary tests described here, the
feedthrough was adapted for use on the TEXTOR tokamak
at the Institute for Plasma Physics, KFA, Jilich, Germany.
The adaptation consisted principally- of adding transiticn
parts to mate with their connectors. To date, 130 kW has
been applied to their antenna in vacuum using this noa-
optimized feedthrough. With plasma, 500 kW has becn
applied successfully with 1-5 pulses.

TEXTOR FEEDTHROUGH UPGRADE

A larger, more carcfully designed feedihrough using wne
concept just described is currently being fabricated for use
on TEXTOR. A diagram of this fecdthrough is shown in
Fig. 4. In this case input and output connections have 2-in.
outer conductors. Water cooling is provided along the fuil
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length of the inner coaductor, but only the narrow postion of
the ocuter conductor is water cooled. Potential contours
superimposed on Fig. 4 are cvenly spaced at reasonabl:
intervals with no elzctrical stress concentrations. Wave elec-
tric fields are more nearly perpendicular to the ceramic sur-
faces than was the case for the test feedthrough described in
the last section. Much more care has been takea to maintain
a constant characteristic impeuaance along the structure.
Computer analysis indicates an IVSWR below 1.01:1 for
frequencics below 200 MHz.

The ceramic in this case is a 94% pure ALO; brazed at
each end to machined niobium rings. The rings are
sandwiched between flanged parts on the inner and outer
conductors. Metal O-ring vacuum scals are formed at the
nicbium rings. The whole structure can be casily disassem-
bied for inspection or repair.

Testing similar to that described in the last section will be
performed for this {eedthrough except that pulse lengths will
he extended. High-current testing will be performed in addi-
tion to high-voltage testing.

CW FEEDTHROUGHS

The ultimate goal of the ORNL feedthrough program is
to develop a fecdthrough .upable of cw opcration. An
integral part of this program is the construction of a cw test-
ing facility to qualify candidate feedthroughs. Preliminary
work hias been performed to design the cw.fecedthrough.
Currently, the tapered conductor/cylindrical cerzmic con-
cept is being considered. For this application a standard
9-in. coax connection is used that tapers down to 3.9-in.
coax at the narrow end of the taper. The basic problem in
the design is devising an efficient cooling system for the con-
ductors and the ceramic vacuum barrier. Finite-element,
thermal stress analysis of the feedthrough will determine in
detail the effectiveness of the cooling system.

Preliminary estimates of overall cocling requirements have
been obtained analvtically. Tetal power dissipated in the
tupered metal surfaces is given approximately by

e pl— 2 ]2 (4)
o= [ rif s |2

where R, is the surface resistivity, d, and dJ¢ are the
diameters of the large and small ends, respectively, and £ is
the taper length. A reasonable design requirement for
current in the feedthrough is / = 2000 A at 100 MEz. For
copper surfaces, this translates into 2680 W absorbed by the
outer conductor and 6190 W absorbed by the inner conduc-
tor. To carry away the heat, only [-2 gal/min are required.
Surface power density never exceeds 12 W/em?, implying
only modest thermal transfer rates are required over ail por-
tions of the conductors.

Power absorbed withia the ceramic can be estimated from

P, = TFfege tan SEF . (5)

whete ¥ is the ceramic volume, ¢, is the relative diclectnc

constant of the ceramic, and tan § is the loss tangeni. Tne
field within the ceramic. £¢, can be estimated frcm

v 6)

Ey = —— .
¢ t) + e fa

where V is the voltage across the coaductors and £y and ¢
represent the thickness of the ceramic and the vacuum gap,
respectively. A reasonable design  requircient for the
feedthrough voltage capability is ¥ = 100 kV. This
translates into Ep = 4770 V/cm for a ceramic 9.5 ¢m thick
and a vacuum gap of 2.3 cm. For a ccramic 12 ¢m ieng. the
total power absorbed will then be approximately 567 W,

If no active cooling is provided for the ceramic, an upper
bound on its uitimate temperature can be estimated by
assuming the temperature is dictaied onlv by attaiament of
radiative equilibrium with the outer conductor. An approxi-
mate expressicn for the temperature reached in this siteation
is given by

Lo

T‘=_q—‘1—'+ﬂ
L]

s + 7,
ad) ] € Aa

where g is the power absorbed in the ceramic from the
incident rf power; ¢ is a constant equal to 2.4 X 107
W/em*/(K)*; e, and e, are the emittances of the ceramic
and copper outer conductor, respectively; .4, and A; are the
areas of the ceramic ard outer conductor, respectively; and
Ty is the temperzture of the outer conductor. For our exem-
plary cw feedthrough we find that the equilibrium iempers-
ture reached by the ceramic is on the order of 200°C if the
outer conductor lemperature can be maintained ncar room
temperature,

Only a smail amount of active cooling is required 1o bring
the temperature of the ceramic down considerably. If onc
surface of the ceramic were cooled and if we assums, as z
werst case, that all of the power in the ceramic 1s absorbed
on the opposite surfuce, the temperature drop across the
thickness of the ceramic would be givea by

qty (%)
AT = kA,

where & is the thermal conductivity. For an alumina ceramic
with & = 0.18 W/cm/K, we find AT = 3.5°C. For s water
flow over the ceramic surface of only 0.2 pal’'min, the
ceramic temperature will remain balow ~14°C,

It is anticipated at the present time that water cooling of
the ceramiic will eventually be used. This will be done nat
just to carry away heat from power absorption at ion cy<lo-
tron frequencies but zlso to prevent hecating of the czramic
by higher frequency microwaves coupled from other wave
heating systems used ca the fusian device. For example, cw.
multimegawatt lower hybrid current drive/heating and efec.
tron cyclotron heating may be used in fusion devices. These



schemes occur at multiple gigahertz frequencies. At thess
frequencies, strong absorption can occur in ceramics. Water,
being a strong absorber of microwaves, can be used not only
to cool the ceramic but also to prevent the formation of
microwave standing waves within the ceramic. Water cool-
ing can be ecasily introduced by using concentric ceramic
cvlinders with a small coolant passage between the cylinders.
Use of hign-purity aluminas can also help to reduce the
microwave power absorption within the ceramic.
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