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Abstract

A 1-MW vacuum feedthrough for the KSTAR ICRF antenna is fabricated and high power RF
test is performed. It is designed to have two alumina(Al;Os) ceramic cylinders and O-ring seal

instead of a brazed seal for good mechanical and thermal strength, which is important in long

pulse or steady state operation. For cooling of the ceramics, dry air is circulated in a space

between the two cylinders and the outer conductor. Independent cooling water channels are

installed to cool the inner conductor of the feedthrough. RF high voltage test is performed using
two kinds of ceramics with the purities of 99.7% and 97%. Stable operation is possible with the
RF voltage of 30 kVp at long pulse of 300 sec without any severe damage.
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1. Introduction

lon cyclotron range of frequency(ICRF) heating
of fusion plasma is now being widely applied to
fusion devices around the world.[1-3] Heating and
current drive using fast wave in the ICRF range
have been proposed as one of the main features
for the advanced tokamak operation of the
KSTAR(Korea Superconducting Tokamak
Advanced Research) tokamak which has been
constructed since 1995 as the major national
fusion program.[4-5] The KSTAR ICRF system[6-
71 has been designed to operate at any frequency
in the range of 25~60 MHz and operate for a
long pulse length up to 300 seconds. The ICRF
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system will deliver 6 MW of RF power to the
plasma using a single four-strap antenna mounted
in a mid-plane port, and it will be upgraded to 12
MW with the addition of a second systemn that is a
duplicate of the first.

In the ICRF system, vacuum feedthrough is used
for vacuum sealing between the pressurized
transmission line and the evacuated transmission
line. As the transmission power to the antenna
through the vacuum feedthrough is MW level, it
has to withstand the high RF voltage or the large
RF current. It is a crucial component because its
failure affects not only the RF system but also the
entire machine vacuum integrity. For this purpose,
several types of the vacuum feedthroughs have
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been developed in the major laboratories.[8-12]

A 1-MW vacuum feedthrough has been
developed in KAERI for several years to be used
on the KSTAR ICRF system. It is designed to have
two alumina(Al;O3) ceramic cylinders and O-ring
seal instead of a brazed seal for good mechanical
and thermal strength, which is important in long
pulse or steady state operation. The electric field
and resulting RF dissipation power are calculated
to estimate long pulse capability. A prototype
vacuum feedthrough was fabricated, and RF
power test was performed at =30 MHz.

2. Design and Fabrication of the Vacuum
Feedthrough

The KSTAR ICRF antenna involving the vacuum
feedthrough is shown in Fig.1. Eight vacuum
feedthroughs are required per antenna. The
vacuum feedthrough is located at the outside of
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the vacuum vessel for easy maintenance. Design

requirement of the vacuum feedthrough for the

KSTAR ICRF antenna is as follows.

1) A standoff voltage of 30 kV(rms) is required to
transmit the RF power of 1 MW, and its current
capability of 600 A(rms) is required.

2) It is designed to operate for a long pulse length
up to 300 sec, and operate in the frequency
range of 25 ~60 MHz.

3) The characteristic impedance of the vacuum side
to be connected with 6” vacuum coax is 40 ¢
and that of the pressurized side is 50 Q .

4) The leak rate of the vacuum side should be
lower than 9x 107 Torr 1 /sec.

The vacuum feedthrough for the KSTAR ICRF
antenna is designed as shown in Fig. 2. The
feedthrough is made of two ceramic cylinders and
has O-ring type vacuum seal instead of brazed
seal, which is a unique design. The ceramic of the
feedthrough is made with alumina(Al,O3). The
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Fig. 1. 3-D Drawing of KSTAR ICRF Antenna
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Fig. 2. Cut View of the Vacuum Feedthrough
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ceramic cylinder has two narrow groves on the
outer surface at both ends to enhance the
breakdown strength. The center and outer
conductors are shaped to reduce the component
of the electric field along the surface of the
ceramic. The possibility of surface breakdown can
thereby be substantially reduced. Also, the shape
of the conductors is optimized to minimize the
electric field strength. The electric field strength is
calculated in the space between the center and
outer conductors using the commercial FEM
code(Quick Field). In the case of a voltage
difference of 30 kV, its result is shown in Figs. 3
and 4. The tangential component of the electric
field, which is taken to be the limiting factor on
the surface breakdown, is lower than 0.5 MV/m
on both surfaces. The RF power dissipation due to
the dielectric loss in the ceramic is given by

Pgr = -%-eoe,tanawfszrrEz(r,z)drdz. (1)
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Fig. 4. Electric Field Strength on the Inner(a)
/outer(b) Surfaces, and the Inside(c) of
the Ceramics at V=30 kV of the Voltage
Difference

where ¢, is the relative dielectric constant, tané is
the loss tangent of the ceramic, and Efr,z) is the
rms value of the electric field strength at position
{r,2). In this case, the power dissipation is obtained
using the electric field strength inside the ceramic,
shown in Fig. 4{c). For the alumina ceramic 86.5 mm
long and 6 mm thick, when tand=5x 10", €=10,
V=30 kV(rms), and f=0/2x=50 MHz, Py is
calculated to be 260 W.

If no active cocling is provided for the ceramic,
its temperature can be estimated by assuming the
power absorbed in the ceramic is translated to the
heating power for increasing internal energy and
the radiation loss power. In this case, the power

absorbed in the ceramic can be written
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dAl(T“"‘Tg)
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Prr = at

(2)

where M and C, are the mass and specific heat of
the ceramic, respectively; T, is the initial
temperature of the ceramic; 4t is the pulse
length; ¢ is Stefan-Boltzman constant; A; and A,
are the surface areas of the ceramic and the outer
conductor, respectively; T is the temperature of
the outer conductor; and e, and e; are the
emmittances of the ceramic and the outer
conductor, respectively. At a low temperature, the
first term of Eq.(2) is higher than the second term.
On the contrary, in the case of a steady state
operation, the second term is higher than the first.
If the temperature of the outer conductor can be
maintained near room temperature, i.e. T,=20C,
and initial temperature of the ceramic is To=207C,
T is calculated as shown in Fig. 5. In this
calculation, we used nominal value of the
emittances; e;=0.5 and e;=0.3. For the pulse
length of 300 sec, the maximum temperature is
165°C at f=50 MHz, which means that the active
cooling is required to bring the temperature of the
ceramic below the temperature limit of the Viton
O-ring. At the maximum temperature of 165C,
the radiation loss term of Eq.(2) is lower than 6%
of the internal energy term.

In the center conductor, RF power is dissipated
by the Ohmic loss of RF current and the heat per

unit surface area is given by
Pk:oss = Rs ]2 / (nd)z (3)

where R, is the surface resistance, and d is a
diameter of the center conductor at the concerned
position. The surface resistance is given by

Rs=p/ &, @)

where p is the resistivity, and &, is the skin depth.
In the case of Al6061, which is the material of the
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Fig. 5. Temperature Increase of the Ceramic Due
to the Dielectric Loss

center conductor, the resistivity is 2.65x 108 @
m, and the skin depth is 11.6 pm at the frequency
of 50 MHz. For the center conductor surfaces, the
design requirement of the current, =600 A is

translated into
Pos = 83.5/d% (5)

Total power dissipated in the center conductor can
be obtained by the integration of Eq.(5) along the
surface of the center conductor. In this case, total
power is 1kW, and the power dissipated on the
surface of the minimum radius reaches up to
140W. In the same way, total power dissipated on
the outer conductor is calculated to be 177W.

For the long pulse operation, the feedthrough
has a water-cooling channel inside the center
conductor. Also, it has forced gas-cooling channels
in order to remove the dielectric heat loss in the
ceramic material. The cooling gas is injected into
the ceramic surface through two outer nozzles.

On the basis of the above design, the vacuum
feedthrough was fabricated and its photograph is
shown in Fig. 6. In this study, two kinds of ceramic
cylinders with identical dimensions were used. They
were fabricated by two independent companies;
the first has high purity of 99.7%{named ‘ceramic-
A’ in this study), and the second has a relatively
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Fig. 6. Vacuum Feedthrough Installed on the
Test Stand

low purity of 97% (ceramic-B). The helium leak
rate in the vacuum side of the feedthrough was
measured to be 5.2x10° Torr - [ /sec which
satisfies the design requirement. The water-cooling

channel was tested using pressurized water at 10
kgf/cm?.

3. High Power RF Test

The RF power test of the vacuum feedthrough
was accomplished at =30 MHz using the
experimental apparatus shown schematically in
Fig. 7. The feedthrough is placed at the end of the
test section, and its end is electrically opened,
which means that the voltage at the feedthrough
position becomes maximum. It is connected to the
matching circuit through the pressurized
transmission line in which three voltage probes are
installed. The matching circuit consists of a phase
shifter and a stub tuner, which are both trombone
type. The matched line section from stub tuner to
vacuumn feedthrough is pressurized with N, gas at
2kgf/cm? to increase stand-off voltage. The
matching circuit is connected to the RF transmitter
through the dual directional coupler. The
transmitter has the power capability of 100kW
CW, and its operation range of frequency is 30+
0.5MHz. In this test, dry air was injected into the

Voltage Probes

(30 MHz)

Fig. 7. High Power RF Test Stand Schematic

ceramic surface through two outer nozzles with
the flow rate of 200 LPM, but the cooling water
was not led to the center conductor. The
temperature of the ceramic cylinder was measured
by IR thermometer. During the RF pulse, the line
voltage, the forward/reflected powers, the
temperature of the ceramic, and the gas pressure
in the vacuum chamber were measured. The
temperature of the transmission line was
monitored at several points.

The RF power test for the vacuum feedthrough
with the ceramic-A was performed up to 30.2
kV(peak) at a pulse length of 60 sec. Time
evolutions of RF pulse, the line voltage, the
temperature, and the gas pressure are shown in
Fig. 8. The maximum voltage of the standing wave
was limited by the output power of the amplifier
and the circuit loss. The pulse length was limited by
the overheating of the ceramic which is named
‘ceramic-A’ . The temperature of the ceramic-A
increased up to 112°C(T,=307C), which is much
higher than the expected value of 39°C. It may be
caused by the fact that the tand of the ceramic-A is
abnormally high. From this experimental result, the
tand of the ceramic-A is estimated to be 5x 1073,
one order higher than the nominal value of 5 x 10*.
Multipactor discharge occurred at the beginning
phase of the RF pulse and it was terminated as the
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Fig. 8. Time Evolution of Forward and Reflected
Powers(a), Line Voltage at V-probe #3(b),
Temperature of the Ceramic-A(c), and Gas
Pressure in the Vacuum Chamber(d)

forward power increased. Thereby there is a
narrow peak of the gas pressure in the multipactor
region, as shown in Fig. 8(d). After the multipactor
discharge was terminated, the gas pressure
increased by the surface conditioning. The reflected
power increased gradually during the RF pulse,
which is caused by the temperature effect.
However the reflected power was maintained to be
less than 17% of the forward power, and the
VSWR was lower than 2.5.

For the vacuum feedthrough with the ceramic-B,
a similar test was performed. Time evolutions of
RF pulse, the line voltage, the temperature, and
the gas pressure are shown in Fig. 9. The forward
power decreased and the reflected power increased
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Fig. 9. Time Evolution of Forward and Reflected
Powers(a), Line Voltage at V-probe #3(b),
Temperature of the Ceramic-B(c), and Gas
Pressure in the Vacuum Chamber(d)

gradually during the RF pulse, because the
matching condition of the test circuit was shifted
from the optimum condition by the heating of the
transmission line components. The maximum
voltage of the standing wave was 32.2 kV(peak)
and the pulse length was extended to 300 sec with
the temperature increase of only up to 43T
(To=30°C), which is much lower than that of the
ceramic-A. It means that the tané of the ceramic-B
is much lower than that of the ceramic-A. From
the experimental result, the tané of the ceramic-B
is estimated to be 2x 10™, which is a satisfactorily
low value. The maximum peak voltage of 30kV is
equivalent to a 0.8MW transmission power to the
antenna with 6 2/m of expected plasma loading. It
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means that total power of 6.1MW can be delivered
to the plasma, which fulfills the design requirement.
Standing wave voltage and current along the line
are shown in Fig. 10 with the maximum peak

voltage of 30 kV.
4. Conclusions

The vacuum feedthrough was designed and
fabricated for the KSTAR ICRF antenna. The RF
power test of the feedthrough was performed at
f=30MHz. The feedthrough has a good
performance up to a RF voltage of 30kVp at a
long pulse of 300 sec without any severe damage.
It is known that the key parameter of the ceramic
insulator is low tané rather than high purity. In
future works, a high current test will be performed
with the electrical-short end of the vacuum
feedthrough.
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