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ABSTRACT
Steady state Ion Cyclotron Range of Frequency (ICRF) heating technologies have been developed to heat plasma

for more than 30 minutes in the Large Helical Device (LHD). Steady state operation tests of high voltage up to 40 kV^, for
more than 30 minutes were carried out on the RF vacuum feedthroughs and the co-axial transmission line in the test set.
Four types of ceramic feedthroughs eachhaving a diameterof 240 mm were tested. The cone-type alumina ceramic and the
cylinder:type silicon nitride composite-ceramic feedthroughs produced good performances of 40 kV/30 minutes and 50
kV/10 seconds. The others had vacuum leaks when subjected to a long pulse duration. The temperature of the cone-type
alumina ceramic feedthrough was measured during the ICRF operations. By using gas-cooling techniques, the temperature
increase ofthe ceramic was substantially reduced and saturated within 20 minutes. Without any gas-cooling techniques, the
temperature increased linearly and did not saturated. Therefore, this approach could not be used for steady state operation. The
RF dissipation on the ceramic was calculated using the finite element computer code(ANSYS). It was found that damaged
feedthroughs had local high heat spots, which could result in vacuum leaks. A water-cooled co-axial transmission line of 240
mm diameter was designed and tested for steady state operation. The specially designed connector components and Teflon
insulator disks were tested. During the test operation, the insulation gases of nitrogen, sulfur hexafluoride and carbon dioxide
were used to compare the capability of insulation for steady state. For the duration of a 10-second pulse, these gases
performed well up to 60 kV0P. However, for steady state operation, carbon dioxide gas could not withstand voltages above
40 kV0P. The connector components of the transmission line performed without problems below 50 kV^and 1 kA^, fora
30-minute steady state operation. The performance ofthe feedthroughs and transmission line exceeded the specifications for
steady state heating in the LHD.
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I. INTRODUCTION

The ICRF heating system is prepared for a
steady state heating source in the LHDn,2.31. The LHD
has superconducting windings and can sustain steady state
high temperature plasma. ECH heating is foreseen as the
main source for the production and heating of steady state
plasma. During the first phase of the experiment with the
LHD, the steady state ICRF heating of 3 MW is scheduled.
There is a general misconception that ICRF heating devices
are well developed for high power and long pulse duration.
However, it is not easy to obtain a high power system of
more than 1 MW in steady state conditions. The frequency
range of the LHD ICRF is 25-100 MHz. A similar
frequency band is also used at RF transmitter broadcast

stations. However, the output power class of a broadcast
transmitter does not refer to the average power, but to the
peak power value of the AM modulation. Therefore, the
steady state operation of a Mega Watt class is truly an
advanced research.

Much research has been carried out to understand
clearly the steady state ICRF system in the LHDr4.5.6,7.8].
In the test equipment setup for the LHD ICRF system, all
main components were tested for the purpose of developing
the steady state RF technologies. The test equipment
included transmitters, transmission line, a DC break, an
impedance matching circuit, a vacuum ceramic feedthrough,
a test loop antenna and a vacuum chamber. By using the
realistic test equipment, the performance ofthe component
design was confirmed over the frequency range of 45-50



MHz.
In the ICRF system, ceramic feedthrough is

used for vacuum sealing of the feeder line. This enables the
RF power to the antenna launcher to be introduced at the
entrance of the plasma vacuum chamber. It has to withstand
the high RF voltage or the large RF current due to the
presence of the large Voltage Standing Wave Ratio
(VSWR). For the LHD, it is estimated that the RF voltage
on the feedthrough section is between 30 ~ 40 kV. In the
case of antennas, which contain a resonant circuit in order
to increase the input impedance, there is a decrease in
VSWR as well as RF voltage at the feedthrough. However,
even in such circumstances, the antenna has to take care of
the fast load changes that cause high RF voltages on the
feeder lines.

The ceramic feedthroughs for ICRF heating
devices have been developed in major laboratories. There
are reports on the feedthroughs of original design developed
in France, PPPL{9] and ORNLflO.lll in USA,
Garching[12] in Germany and JAERIQ3] in Japan. These
feedthroughs have operated reasonably well in this
application. However, they are designed for pulse operation.
Even if the feedthroughs are designed for long pulse
duration, there are no test records available exceeding more
than a few minutes. It is predicted that for large toroidal
devices such as ITER, ICRF systems will need to operate
for more than an hour. In the LHD, it is planned to carry out
the multi Mega Watt ICRF heating tests for more than 30
minutes. This is the main purpose of this development and
the steady state test of feedthroughs. The basic shapes of the
tested ceramic have partially come from the above
laboratories. However, they have been largely modified to
increase the stand off voltage and to add cooling channels
for steady state operation. With the advanced option for the
feedthrough design, attempts have been made to use silicon
nitride composite ceramic to increase the thermal shock
strength and the mechanical strength compared with that of
alumina ceramic. In addition, the O-ring seal method has
been tried instead of a brazed seal. This paper covers the
steady state operation test for more than 30 minutes using
several types of ceramic feedthroughs.

Another important component is anRF co-axial
transmission line in large VSWR and high RF voltage
section between the low impedance antenna and the first
matching stub tuner. Water-cooled co-axial transmission
lines were developed having a high stand offvoltageforthe
steady state operation. To withstand the high RF voltage of
over 40 kV, a large diameter co-axial transmission line of
240 mm<)> and characteristic impedance of 50 Ohm was
designed. To increase the stand off voltage of the co-axial

line, the shapes of the insulator Teflon plate and conductor
were redesigned and tested. The original design of the
Teflon spacer having under-cut recess structure was
proposed by the JAERI group[L4J. This concept is used on
the LHD transmission line.

A high RF voltage test was conducted to
examine several kinds of gas-filled insulation within the
transmission line. Until now, some reports have produced
similar test results to those carried out in the pulse
operation|15J. In this paper only the steady state operation
tests are reported, giving comparison of insulation gas
species. These results are the first trial within this
frequency range.

In section II, the experimental setup of the
ceramic feedthrough and transmission line tests are
described. In section III, the steady state and high RF
voltage test results of the ceramic feedthroughs are
described. The results are compared with the calculation
produced using the ANSYS finite element code in section
IV. In section V, the results of the co-axial transmission
line with various kinds of insulation gases are reported.

II. EXPERIMENTAL SETUP FOR THE
DEVELOPMENT OF THE STEADY STATE R F

COMPONENTS

In the past, many ICRF system components
have been designed and tested operating at high voltage for
a long duration. The test equipment we used consisted of a
1.5 MW steady state RF transmitter, a co-axial
transmission line of 240 mm(|>, an impedance matching
circuit, a ceramic feedthrough, test antenna and test vacuum
chamber. The layout is shown in Fig.l. The transmitter
output power exceeds 1.5 MW for steady state over a
frequency range from 25-100 MHz. The steady state
operation test of the transmitter at 50 MHz, 1.6 M W and
5000 seconds was achieved by using a very large dummy
load[7]. For the antenna and the feedthrough tests, the
transmission line was terminated by the R & D antenna
loop inside a test vacuum chamber. The first stub tuner
(antenna side) for impedance matching is the liquid stub
tuner, which was originally developed for the previous test
equipment[7]. The contact finger type created difficulties
for steady state operation and therefore the first stub tuner
was changed for a new type of tuner. When using the liquid
tuner, the electric length can be changed even during the RF
operation. The liquid dielectric substance is silicon oil with
low vapor pressure. The test pieces of the ceramic
feedthrough and the co-axial transmission line were placed



in this circuit. There was no artificial dummy load in the
circuit. For this reason, the VSWR between the antenna
loop and the first stub tuner (liquid stub tuner) is very large.
(Of the order of 200 due to the low loss resistance.)

For low circuit resistance, the peak voltage of
the transmission line Vmax is approximated by the
following equation:

Vmax=(Z0XpXPowerf5 (1)

where p is the VSWR on the transmission line between
the antenna loop and the first-matching stub tuner and Zo
is the characteristic impedance of the co-axial line. To test
the circuit at 40 kV peak voltage, the required RF power
was less than 200kW. For the feedthrough test, the pre-
matching stub was used to reduce the voltages of the
transmission line and therefore to focus the test objects on
the feedthrough. However, in the case of the transmission
line test, the co-axial transmission line was terminated at
point A in Fig.l. Several insulator plates were placed near
the peak RF voltage position.

The transmission line has a diameter of 240 mm
to prevent the RF breakdown. It is filled with insulating
gas at 0.4 MPa (3 atmospheric pressure by gauge). A
strong cooling system is used for steady state operation.
All the inner conductors of this circuit are designed so that
circulating water flows inside the antenna strap and the
return conductor, the co-axial feeder line, the ceramic
feedthrough, the matching stubs, and the transmission line.
Two kinds of the water inlet/outlets are used. One is the
shorted end of the impedance tuning stubs and the another is
the insulator pipe atL- or T-junction. The test set of Fig.l
has eight inlet/outlet channels for inner conductor cooling.
Two channels operate through the tuning stubs and six
channels through insulator pipes. The outer conductors are
also cooled through the outside water jackets.

III. STEADY STATE AND HIGH VOLTAGE
TESTING OF CERAMIC FEEDTHROUGHS

In RF heating systems in fusion experimental
devices, the vacuum insulation of the transmission line
presents a problem especially for the long pulse duration.
In the ICRF frequency range, alumina ceramic is used for
the vacuum insulating materials. Through the ceramic
sealing, RF power is fed into the discharge chamber from
the insulating gas-filled transmission line. In the research
and development case, the pressure difference between each
side of the ceramic disk rises to 0.4 MPa(4 kg/cm2). The
diameter of theLHD feedthroughis 240 mm; therefore, the

total pressure driven force is estimated to be about 1.5 tons
on the ceramic disk. In tokamaks, the electromagnetic force
is added to this value, but fortunately there is no quick
disruption in the LHD.

In the LHD, it is planned that more than 1 MW
of ICRF power will be injected for more than 30 minutes
through one feedthrough to the plasma. By assuming the
plasma coupling resistance of 5 Ohm at 50 Ohm
characteristic impedance of co-axial line, in the worst case,
the ceramic feedthrough must withstand an RF voltage of
up to 32 kV(o-peak). It can be reduced by the correct
positioning of the feedthrough along the transmission line.
However, to maintain the options for the use of a wide
frequency range for optimizing the experimental program,
the feedthrough, hopefully, can withstand 40 kV for CW
operation. The RF electric field on the ceramics is
dissipated by dielectric loss due to the finite value of tanS.
It is several hundred Watts in the ceramic disks at 40 kV.
For a long pulse duration of more than several minutes,
thermal stress and pressure driven force can cause severe
problems such as a vacuum leak or discharge within the
vacuum. In future experimental devices such as ITER,
ICRF heating/current drive should operate for an extended
period of a number of hours. To complete the steady state
ICRF system, it is essential to develop the ceramic
feedthrough.

Five different kinds of ceramic feedthroughs,
which were originally designed for the LHD, were tested.
The outer diameter of all feedthroughs is 240 mm and the
inner conductor diameter at the connection point is 102
mm. These sizes are considerably larger than the usual
ICRF feedthroughs. The drawings in Fig.2 shows the cross
section of the tested feedthroughs, which all have a water-
cooled inner conductor. The crank type and disk type have
simple cylindrical inner conductors. Similar to the disk
type, two slightly different types were tested of which one
has cooling channels inside the ceramics while the other
has no channels, as shown in Fig.2. These crank and disk
types have a simple shape of inner and outer conductors
including corona rings to reduce the electric field at the
brazing points. Due to the simple shape of the inner and the
outer conductors, the sizes, weight and costs are relatively
small in comparison with the cone and cylinder types.

The shape of ceramics of the cone type is similar
to that of the Princeton (PPPL) type feedthroughs. The
LHD cone-type feedthrough of this experiment has a large
diameter to withstand the high RF voltage and includes the
forced gas-cooling channels in order to remove the dielectric
heat loss in the ceramic material. The insulation gas was
injected into the ceramic surface through eight outer



nozzles. To prevent a temperature rise in the ceramic, SF6

or nitrogen gas was passed through the nozzles at a rate of
up to 330 liter/minute at 0.4 MPa. The temperature of the
ceramic was measured using an IR thermometer inserted in
a small port, as shown in the figure.

The ceramics of the above three types are made
with alumina (A12O3 99%) and these are brazed with Kovar
(Fe,Co,Ni) alloy to achieve vacuum sealing. However, the
cylindrical type feedthrough is made of silicon nitride
(Si3N4) composite ceramics and has an O-ring type vacuum
seal and, therefore, does not require a brazed seal. The
ASDEX ICRF group, who used alumina ceramicsQ2],
also reported the feedthrough design that does not use
brazing. The silicon nitride ceramic composite of the
cylinder type uses the same material as that used in
microwave windows of ECH system in the LHD[i6]. The
dielectric tangent loss of the Si3N4 composite is very low,
in the order of 10"4 and the thermal stress characteristic is
very strong ,similar to that of the usual Si3N4 ceramics. In
this type, it is not necessary to be concerned about the
thermal cracks that cause the vacuum leak.

The RF tests of the feedthroughs were performed
in the test chamber with the R& D antenna. The
feedthroughs were located near the highest voltage position
between the antenna and the tuners. The test results are
summarized in Fig.3. The tested maximum RF voltages
are shown in the horizontal axis by two kinds of rectangles.
The black rectangles show data for the 30 minutes of
operation whereas the white ones are data for a ten-seconds
operation. There is no good data for the crank type or disk
types compared with the other two types. Two types of the
disk ceramics were tested. One type (Diskl) has a cooling
duct inside the ceramic using fluorinate (FC75) as coolant
liquid to control the ceramic temperature. Another type
(Disk2) has no cooling channel. The crank and the disk
types suffered serious damage due to the thermal stresses
which resulted in vacuum leaks at the brazed sections. The
vacuum leak occurrences are illustrated by asterisks in the
figure. TheRF duration time of these events is also shown.
These problems occurred during the transition to higher
voltage and the longer time of operation. All vacuum leaks
experienced, occurred at the brazed points between the
ceramic and Kovar alloy. As a result, the crank and disk
types could not sustain RF voltages over 30 kV for more
than several minutes.

In the case of the cone and the cylinder types,
high RF voltages of the order of 40 kV were achieved for
long operational times of 30 minutes. These operational
limits are determined by the rise in vacuum pressure in the
test vacuum chamber and not by the feedthrough

performances. The feedthroughs were connected to the test
antenna inside the chamber and the RF power was finally
dissipated onto the chamber wall and the antenna
components. Part of the losses dissipated on to the antenna
were removed by cooling water, but these heat losses
caused a rise in vacuum pressure in the chamber which
finally led to RF discharge in the chamber. The RF
discharge caused a large and rapid impedance change, which
could not be recovered by impedance matching using
frequency feedback control. Both types of feedthroughs can
withstand RF voltages of the order of 40 kV for a duration
longer than 30 minutes without RF breakdown or vacuum
leaks during the experiments. It was concluded, as seen in
Fig.3, that the cone type and the cylinder type can be used
for steady state operation system.

Photographs of the cone-type and cylinder-type
feedthroughs are shown in Fig.4. Figure 4(a) is the cone
type feedthrough having eight gas injection nozzles around
the outer conductor. Throughout the experiment, as shown
in Fig.3, the sulfur hexafiuoride(SF6) gas at 0.4 MPa, used
as the insulation gas, was blown over the ceramic surface at
about 40 liters/minute in order to cool the ceramic surface.
Figure 4(b) shows the cylinder-type feedthrough, which
consists of the silicon nitride composites' ceramic that has
a dark colored surface. This type is demountable by using
an O-ring seal method. Therefore, the ceramic, the inner
conductor, and the Teflon spacer are shown separately. This
picture was taken after the steady state experiment, as
shown in Fig. 3; there was no damage to the ceramic
surface. We did not use the helicoflex type metal O-ring to
simplify the RF current path at the seal section. The steady
state operation was carried out by using the viton O-ring
seal.

After completing experiments shown in Fig.3,
the first choice of the feedthrough for the LHD experiment
was fixed onto the cone type. The manufacturing cost of the
cylinder type was a little higher than the cone type, which
was the reason for choosing the cone-type feedthrough.
Research and development effort was now focused at the
cone-type feedthrough. The temperature measurement
during the RF test became available for the cone-type
feedthrough by using an IR thermometer. The monitoring
of the ceramic temperature was important in order to
develop the steady state devices. It was particularly
important to observe the time for temperature saturation
after a number of hours. The increments in temperature of
the ceramic surface after the 30 minutes of operation were
measured by changing the RF voltage applied to the
ceramic. The results were plotted, as shown in Fig.5(a).
The cone-type feedthrough has a gas-cooling system.



Without gas cooling, the temperature increase exceeded a
linear characteristic for a change in RF voltage between the
inner and outer conductors. The temporal behavior does not
show the saturation trend, therefore the increasing rate of
the ceramic temperature depends on the heat dissipation in
the ceramic. The power loss is relative to the dielectric loss
of the RF field inside the ceramic material. The dielectric
power loss is expressed by the following equation:

Q=o) e E2 tanS (2)
where, CO is frequency, £ is dielectric constant, E is electric
field strength and tan8 the tangent loss. The heat loss
depends on the square of the electric field and usually the
tangent loss is an increasing function of the temperature.
During the 30 minutes' operation, the temperature increase
was almost linear without saturation in the case without
gas cooling. The dependence on the electric field in Fig.5(a)
is consistent with the square dependence in Eq.(2). The
effect of the temperature dependence on the tangent loss is
not clear.

The effect of the gas cooling was remarkable in
the experiments. Ceramic temperature increments were
measured by changing the gas flow rate, as shown in
Fig.5(b). In this experiment, nitrogen gas was used instead
of SF6 gas used in the experiment of Fig.3. The
temperature increments of the alumina ceramic were
reduced from 26 to 13°C by increasing the gas flow rate
from zero to 330 liter/min. The dataobtainedwereatanRF
voltage of 30 kV for a duration of 30 minutes with a flow
rate from all eight injection nozzles. The increase was
suppressed to half that of the non-additional gas cooling
case.

The most noteworthy point is the saturation
tendency during the 30 minutes of operation. The temporal
behaviors of the temperatures with and without gas cooling
were shown in Fig.6. Without gas cooling, the temperature
increased almost linearly up to 30 minutes without any
sign of saturation. This linear increase suggests that the
time constant for heat conduction will be long, partly due
to the temperature dependence of the dielectric loss constant.
Trie dielectric loss-constant of alumina ceramics has a
positive temperature dependence, which causes additional
heat production for an increase in temperature. The positive
feedback of the ceramic temperature is frequently observed
in high power microwave systems such as the ECH
system[l_6]. In the ECH window case, the heat loss
positive feedback on the ceramic window leads to runaway
phenomena, which cause serious damage. Therefore, the
monotonic increase of the temperature is dangerous for
components of a steady state device. However, by using the
effective gas-cooling method, the temperature increase was

suppressed into complete saturation, as shown in Fig.6.
The time constant was about twenty minutes. The increase
in temperature saturation suggests that the cone-type
feedthrough method can be used for a long period of time.
Therefore, the gas-cooling channels are an inevitable means
for the cone-type alumina feedthrough.

IV. CODE CALCULATION OF R F
DISSIPATION IN CERAMICS

As shown in Fig.3, there were significant
differences between the five feedthrough test results. The
fatal vacuum leaks occurred with three feedthroughs at the
brazing points of ceramic part. Before these sudden events
occurred, no signs of impedance mismatching were
observed, which imply that RF breakdown had taken place
in the circuits. In addition, there were no traces of arcing on
the surfaces of the broken feedthrough ceramics. The
vacuum leaks occurred during the phase of temperature
decay. When the three damaged types of feedthrough were
operated, the RF pulse duration was extended step-by-step.
At the same time, other components such as the transmitter
tetrode and the test antenna in the vacuum chamber were
tested. Because of this, the temperature of the feedthrough
increased gradually from the room temperature. In the event
of trouble occurring, the RF pulse was terminated
immediately without going through the procedure of soft
cool down. In such a case, the temperature decay phase was
far more rapid than the warm-up phase. The vacuum leaks
that had occurred, happened several minutes after the sudden
RF shut down. From these observations, it was deduced
that the leaks were caused by thermal stress at the brazed
points.

To compare the test results with the evaluations
of RF heat dissipation in the ceramics, the ANSYS finite
element code was used to analyze the dissipation power
distributions. In this calculation, it is assumed that the
voltage change on the axis direction is negligible.
Therefore, the TEM mode on the co-axial line has the same
electric field pattern as the electrostatic field. In Fig.7, the
dissipation power of the ceramics calculated by Eq.(2) is
shown by the contour line plots. The calculation
conditions are as follows. The RF voltage between
conductors is 50 kV0P, the frequency is 50 MHz, the
dielectric constant ratio is 9.7 and the tangent loss is
0.0002. The dissipation power depends directly on the
electric field strength. In the results shown in the figure, the
electric field is strongest near the central conductor and at
the point where the conductors are close together. This



applies particularly to the crank and disk types where the
electric field is very strong near the central conductor. It can
be seen that the RF heat dissipation in these components
was relatively large. The field strength of the cone and
cylinder type is smaller than other types, and depends
mainly on the gap between conductors along the length of
the ceramic surface. The dielectric constant ratio of the
alumina ceramics is 9.7. Due to the large dielectric constant
ratio, the trend of the contour lines of the electric field
strength is to intersect with large angles with respect to the
ceramic surface.

The calculation results are summarized in Table
I. Peak power, means the dissipation power at the local
maximum point. These points are located at the edge
regions where the ceramics are brazed to the metal
structures of inner and outer conductors. For the disk and
crank types, the peak dissipation power exceeded 6 W/cm3

and 3 W/cm3, respectively. However, the dissipation power
for cylindrical and cone types remains around 1 W/cm3. In
Table 1, the RF voltages are shown at which the vacuum
leaking occurs. The presence of the high peak power and
vacuum leaks occurred simultaneously in the experiments.
This coincidence with vacuum leaks implies that the
thermal stress could cause cracks in the brazed components,
as well as the positions of high heat dissipation, which
coincide with the positions of cracks in the ceramics. If
there were no leaks, the recordings of the CW operation
increased to around 40 kV for 30 minutes, as shown in
Table 1. The experimental results can be explained by the
ANS YS finite code calculations of the RF dissipation
power on the ceramics as mentioned above.

V. HIGH VOLTAGE AND STEADY STATE
TEST OF THE CO-AXIAL TRANSMISSION

LINE FOR THE LHD

For LHD ICRF heating, the power demand
required to heat the plasma exceeds 1MW through one
feedthroughport, assuming a plasma coupling resistance of
5 ohm. The characteristic impedance of the co-axial
transmission line is 50 Ohm. Therefore, a large VSWR
occurs between the antenna loop and the first stub tuner.
The operation of 1 MW into 5 ohm plasma resistance
causes a maximum RF voltage of the order of 32 kV on the
transmission line. To withstand this highRF voltage for a
long duration of time, the co-axial transmission line must
have a large diameter of 240 mm. To remove RF heat loss
in the line, cooling water must be circulated inside the
center conductor.

During the high voltage RF tests, breakdowns
occurred near the insulator section, and arc traces were found
on the insulator disks on every occasion. Teflon plates were
used in the co-axial lines for the insulator plate. Teflon is
regarded as a highly suitable material for an RF insulator.
Recently General Atomics and Oak Ridge National
Laboratory groups made a similar test comparing various
insulator materialsfiS]. From their tests, Teflon was also
proved to be the most suitable material. During our
experiments, if breakdown occurred in a long pulse test,
serious damage resulted on the spacer. Based on many
experiences, the design of the spacer is one of the most
important issues to complete the high performance co-axial
line. The RF breakdown is thought to be triggered locally
by the point of the high intensity electric field. Experience
has shown that it is usually the edge of the spacer holder of
the conductors. To reduce the electric field strength at the
corners along the Teflon insulator surface, the design
concept, developed by JAERI ICRF groupQ4], was
introduced.

The cross section of the newly designed straight
co-axial transmission line for steady state and high voltage
conditions is shown in Fig.8. To remove the heat loss on
the center conductors, the circulating water flows inside the
center conductors. The reduction optimization of the local
electric field strength can be seen in the shape of the Teflon
plates. On both sides of the spacer, undercuts are made to
reduce the local electric field strength along the insulator
surface. Small recess structure which keeps some space at
the point of contact between the Teflon insulator and the
edges of the inner or outer conductors are effective. These
shapes are also shown in the enlarged drawing in Fig.8(b).

The connector parts were carefully designed to
ensure that they were watertight and had reliability of
electrical contact. It is very important to maintain
watertight conditions inside such a closed electric circuit.
For more than five years of test experiments, no water leaks
have occurred through the connector O-rings. To ensure the
electrical contact, the contact fingerplates manufactured by
the Multi-Contact Co. are used at each insertion point. The
contact finger and the O-ring gasket are located in series at
the insert pipe, as shown in Fig.8(b). The photograph of
the inner and outer connectors is shown in Fig.9. The
material of the outer conductor is aluminum, while the
center conductor is silver coated copper. The holes in the
Teflon insulator are used for gas circulation of the
feedthrough cooling. The circulating water flowing inside
the conductor is very effective to remove the heat loss from
the RF dissipation in conductors and connectors. This
cooling technique is an important key factor for the steady



state operation.
The high voltage and steady state test of the

co-axial transmission line was performed at 40 MHz
reduced to a short circuit at half the total length. The short
circuit point is at point A, as shown in Fig. 1. The reduced
test circuit excluded the uncertainties of the feedthrough
section and the antenna loop circuit inside the vacuum
chamber. The length of the high VSWR line is about 8m.
Three Teflon spacers were located near the points of highest
voltage.

Usually, the transmission lines are pressurized
by the insulating gas in order to increase the stand off
voltage. For the insulating gas, three kinds of gas species
were tested: sulfur hexafluoride(SF6), carbon dioxide (CO2)
and nitrogen gas (N2). These gases have been commonly
used by many laboratories as the suitable insulating gas.
However, there is no published data comparing the
performance of these gases in the same experimental setup,
as in the ICRF frequency range. In particular, the
comparison of the insulation gas species were tested in
both pulsed and the steady state operation.

The gas pressure was 0.4 MPa, which is the
same condition as that of the LHD ICRF system. The
results are shown in Fig. 10. The tests were carried out in
two different modes. The first was the pulse operation of
ten second and the other was the steady state operation of 30
minutes. For the pulse operation, the test records of three
species reached up to 60 kV. For SF6and N2, there were no
apparent difficulties in raising the RF voltage up to 60 kV
without observing any indication of breakdown. However,
when CO2 gas was tested, breakdowns occurred while
increasing the voltage to 60 kV. In the steady state
operation mode, CO2 gas appeared to have insufficient
stand-off voltage capability. Break down was observed after
several minutes at 40 kV of CW mode. Therefore, it was
not possible to record data beyond two minutes of operation
for the CO2 gas case. On the other hand, good performance
was recorded for both SF6 and N2 gases. In both gases, no
breakdown was observed until 40 to 50 kV potential was
reached, therefore the data shown in the figure is almost
identical. The difference at the 30 minutes point is not due
to breakdown. The tests were stopped because of the
concern for the safety of the system.
In other experiments conducted, breakdown using SF6 gas
produced considerably dirty, decomposed products and toxic
gas in a steady state mode when the arc detection system
was incomplete. Therefore, it was concluded that nitrogen
gas was the most favorable of the three tested gas species
for the steady state experiments using Teflon insulator
plates.

VI. CONCLUSIONS

Steady state ICRF heating technology for the
LHD has been developed. Several new types of ceramic
feedthroughs and large diameter co-axial transmission lines
were designed and tested. They were designed to introduce
cooling water and to withstand high RF voltage for steady
state operation. Two types of ceramic feedthroughs
satisfied our required specifications and withstood
potentials over 40 kV for more than 30 minutes. Cone-type
feedthroughs having gas-cooling system were chosen for
the LHD antenna system. Ceramic temperature of the cone
type was measured by an IR thermometer. The time
constant of the ceramic was longer than 30 minutes
without gas cooling and gas cooling was necessary to
saturate the temperature rise within the tolerable level for
the steady state operation. By using a strong gas-cooling
technique, the temperature rise of the ceramic surface was
suppressed to 12 °C at the RF voltage of 30 kV. Another
cylinder-type feedthrough having a silicon nitride
composite ceramic and O-ring seal method without brazed
seals also gave good performance.

The ceramic feedthrough experiments were
compared with the ANSYS calculation code,which
evaluates the RF dissipation distribution in ceramics. The
feedthroughs, which did not have good performance, had a
high local dissipation power in the code calculations.

The co-axial transmission line using a large
diameter of 240 mm and with a water cooling channel
inside the inner conductor was newly designed and tested.
With several kinds of insulating gas species, the
performance was tested, and the stand off voltage of more
than 40 kV for more than 30 minutes was confirmed. The
insulating gas species were checked and SF6 and N2 gas
produced good results with the Teflon insulator.

These steady state technology developments
must be useful for future fusion devices since they were
fully incorporated in the design of the LHD heating system.
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Table 1. Dissipation Power Calculation and Comparison with the Experimental Results

Type

Cylinder

Cone
Disk

Crank

Peak Power
(W/cm3)

0.98
1.15
6.86
3.62

Average Power
(W/cm3)

0.3

0.2

1.5
1.2

RF Voltage
for Damage

—

—

24 kV
33 kV

RF Voltage
for 30min.

43 kV

38 kV
21 kV
17 kV

Figure Capt ions

Fig. 1 Layout of the ICRF test stand set for the
test of ceramic feedthrough and co-axial
transmission lines. Ceramic feedthrough was set on
the top of the test vacuum chamber. Cooling gas
was circulated between gas injection ports on the
feedthrough and bottom port on the left side of the
2nd stub tuner. For the test of co-axial transmission
line, circuit was terminated at the point A. Co-axial
line has 240 mm diameter and characteristic
impedance of 50 Ohm. Inner conductor was cooled
by circulating water flowing inside.

Fig.2 Drawings of the tested ceramic feedthroughs.
All feedthroughs were connected to the co-axial
transmission line of 240mm<}> diameter. Crank, disk
and cone types consist of alumina ceramics and
cylinder type consists of silicon nitride composites
ceramic. Cone type has gas injection nozzles and a
view port for the diagnostics. The vacuum seal
method between ceramic andmetal is O-ring forthe
cylinder type and brazing for others.

Fig.3 Tested RF voltages for the various types of
ceramic feedthroughs in pulse and CW operations.
Black rectangles show the records of the 30 minutes
operations and white rectangles show the records of
the 10 seconds operations. After the operations,
vacuum leaks were happened for disks and crank
types on the voltages shown by asterisks.

Fig.4 Photographs of the tested ceramic
feedthroughs. (a) Cone type ceramic feedthrough and
its inner conductor. Gas cooling nozzles are seen on
the outside of the outer condictor. (b) All parts of
the cylinder type feedthrough are shown. Ceramic
material is silicon nitride composite having gray

color. It has demountable structure using O-ring
seal to avoid the crack on the brazing seal.

Fig. 5 Measurements of the ceramic surface
temperature of the cone type feedthrough, (a) by
changing the RF voltage, and (b) by changing the
gas flow rate to cool the ceramic surface. Gas flow
rate were changed with the constant RF voltage at
30 kV,,.P. Each temperature increments are the data
of after 30 minutes operations.

Fig.6 Temporal behaviors of the ceramic
temperature with and without gas cooling in the
cone type feedthrough. Nitrogen gas of 0.4MPa
was circulated by the flow rate of 330 I/minute.
RF voltage on the ceramic was 30-32 kV0P.

Fig.7 TheANSYS code calculations ofRF heat
dissipation in the feedthrough ceramics estimated by
Eq.(2) are shown by the contour line plots. TheRF
voltage between conductors is 50 kV0P, the
frequency is 50 MHz, the dielectric constant ratio is
9.7 and the loss tangent is 0.0002. The darkness of
the contour plot areas are relative expressions and
the absolute values of the RF dissipation power
(W/m3) are shown in the figures.

Fig. 8 (a),(b) Drawings of the newly designed co-
axial transmission line for steady state and high
voltage operation. Cooling water flows inside the
center condictors and the insulation gas circulates
through the holes of Teflon spacers. The recess
structures of the Teflon spacers at the corner edge of
conductors to reduce the local electric field strength
and the O-ring seal for watertight and contact fingers
are shown in the elongated figure (b).



Fig.9 Photograph of the connectors of the co-
axial transmission lines drawn in Fig. 8. These co-
axial lines were used for the feedthrough test and the
high voltage steady state test of the transmission
line with several insulation gas species.

Fig. 10 High voltage test of the co-axial
transmission line with different kinds of insulating
gases. Black rectangles show the records of the
steady state operations (30 minutes or 2 minutes)
and white rectangles show the records of the 10
seconds operations. Filling gas pressure was 0.4
MPa.
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