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Abstract

Ion Cyclotron Range of Frequency (ICRF) heating on the Large Helical Device (LHD) is characterized by high
power {up to 12MW) and steady state operation (30 minutes). The LHD is a helical device (with a major radius of 3.9m
and a minor radius of 0.6m) with super-conducting coil windings (I=2, m=10}. The main purpose of physical research is
to investigate currentless and disruption-free plasma. Research and development for steady state ICRF heating has been
carried out in recent years: A high RF power transmission system consisting of stub tuners, a ceramic feed-through and
an ICH loop antenna has been developed In addition, steady state operation of an RF oscillator has been achieved at a
power higher than IMW.

A liguid stub tuner has been proposed as an innovation. The liquid stub tuner makes use of the difference between
the RF wave lengths in liquid and in gas due to the dfferent relative dielectric constants. The liqud stub tuner has been
experimentally proved to be a reliable RF component for high power transmission systems. Test results have
quantitatively demonstrated that it can be used at high RF voltage: 61kV for 10 seconds and 50kV for 30 minutes.
Furthermore, the liquid surface can be shifted under high RF voltage without breakdown, which suggests that it can be
employed as a feedback control impedance matching tool to keep reflected RF power at a low level with regard to a

tenporal variation of plasma loading resistance.

Keywords: liguid stub tuner, ICRF heating, feedback control, high power/steady state heating

I. INTRODUCTION

Research and development for hearing in the Ion
Cyclotron Range of Frequency (ICRF) in steady state at
high power has been carried out at the National Institute
for Fusion Science. The LHD is a helical device (with a
major radius of 3.9m and a minor radius of §.6m) with
super-conducting coil windings (1=2, m=10), and the
main purpose is 1o investigate currentiess and disruption-
free plasma[l-4]. The initial plasma experiment was
conducted using 2nd hamonic electron cyclotron heating
(ECH, 84GHz) al a magnetic field strength 1.5T. i
1998{5,6]. In the next experimental cycle, neutral beam
injection (NBI) heating and ICRF heating will be applied
to the ECH plasma. ICRF heating will be applied 1o the
LHD plasma in two heating scenarios: at 12ZMW for
several seconds and in a steady state at 3MW. Research
and development have been carried out since 1993. First,

an RF oscillator system with a wide frequency range was
designed and fabricated The ICRF heating includes
various heating methods such as two-ion-hybrid heating,
minority heating, ion Bernstein wave (IBW) heating and
higher harmonic heating. Since the experimental
magnetic field strength will change from 1T to 4T, the
frequency range has been determined to be from 25 to
95MHz. The RF oscillator can be operated in a steady
state (for 5,000 seconds) at 1.6MW by finding a low
impedance mode to reduce the screen grid cument and ion
current 1n the tetrode tube[7]. In parallel with the
development of the RF oscillator, an RF power
transmission system has been developed, which consists
of stub tuners, a ceramic feed-through, a DC break and
an ICRF heating loop antenna. The ceramic feed-
throughs of a cone shaped type and of a cylindical
silicon nitride (Si;N,) ceramic can tolerate steady state
operation at 40kVI8,9]. The whole system for RF power
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transmission can be operated in a steady state at 40kV[7].
If the plasma loading resistance is assumed to be 502,
the transmission line has the capability to deliver
1.6MW of RF power to the LHD plasma.

In tokamak experiments, ICRF heating is now
accepted as a reliable heating tool. In Heliotron and
Stellarator systems, however, ICRF heating has not
always demonstrated successful heating[10-12]. ICRF-
heated plasma has often suffered from impurity problems.
Recently ICRF heating has been successfully applied in
Compact Helical System (CHS)[13-16] and Wendelstein
(W-7TAS)[17-19].

An L-H mode transition and an ELMy plasma
have prevented ICRF heating from being appliedin high
RF power with a long pulse, due to an increase in
reflected RF power, as observed in many tokamak
experiments. On JIPP T-II U, L-H mode transitions have
been observed above a threshold RF power, followed by
ELMs. At the transition between L- and H-modes, some
of the RF oscillators cease to transmit RF power,
injected power becomes about half and the plasma
returns 0 L-mode immediately[20]. On JET, the
problem has been solved by a radial plasma position
feedback control, where the overall response time is
typically 0.1s [21,22].

On TEXTOR and Tore Supra, feedback contrel can
be done using variable capacitors controlled by computer
in the impedance matching circuit[23. 24]. Experiments
have succeeded in keeping the reflected power at a low
level by this method, at a typical response time of
0.1sec in IMW power operation. However, the life time
of the capacitors is dependent on their movable speed and
acceleration. A 3 dB coupler is also useful for presenting
a constant impedance matching to the oscillator in the
presence of rapidly varying plasma loading such as due
to EMLs[25-27].

Recently a new idea concerning feedback control
using a ferrite core has been proposed, and research and
development has just started[28]. This method utilizes
the non-linearity of the magnetic permeability of the
‘ferrite. The method is now under development for D-IHD
and will be tested on ASDEX-UG. Typical response
time is about lms. In high RF power operation. RF
power dissipation due to ferrite hysteresis may lead to a
temperature increase even if the ferrite is cooled by water.

We have surveyed the present status of ICRF
heating and feedback control impedance matching
methods. It is indispensable to develop a reliable stub
tuner for steady state operation that has the capability of

feedback control. ICRF heating in LHD must heat the
plasma at high power (up to 12ZMW) and in a steady
state (30 minutes). Therefore, it is important for the
impedance matching to follow a temporal variation of
the LHD plasma loading resistance.

In this paper, a liquid stub tuner is proposed as an
innovation. A liquid stub tuner is superior to a
conventional stub tuner because it has no sliding contact.
Therefore, it is important to demonstrate that the liquid
stub tuner can withstand a high RF voltage in long
pulse operation and that its surface can be shifted during
the application of high RF voltage without RF
breakdown. Typical tesponse time may not be fast
enough to respond to L-H transition; however, the Liquid
stub tuner will be useful in I[CRF heating experiments at
high RF power. The principle and the charactenistics of
the Hquid stub tuner will be explained in Sec.Il In
Sec.lIl, the experimental setup will be described In
Sec.IV, experimental results are given. In Sec.V. we
will discuss experimental data and an advanced method.

II. LIQUID STUB TUNER
A. Conceptual Design of a Liquid Stub Tuner

A hquid stub tuner 1s proposed as a new component
of an impedance matching circuit. The impedance
maiching circuit is located between the ICRF heating
antenna and the RF oscillator and generally consists of a
conventional stub tuner, a liquid stub tuner and a phase
shifter. The liquid stub tuner contains a liquid as shown in
Fig.1. Its use is based on the difference between the RF
wave lengths in liquid and in gas due to the different
relative dielectric constants. The liquid stub tuner is able
to be used as a conventional stub tuner by changing the
liquid surface level without shifting the electrical shortend.
Needless to say, impedance matching is always attained by
shifting the shortends of conventional stub tuners and/or
by changing the length of the phase shifter. It is, however,
dangerous to move the shortend of the stub tuner or the
sliding joint of the phase shifter during high power ICRF
heating, because 1kA of RF cument flows there in MW
level heating. Therefore a liquid stub tuner will be
superior to the conventional one.

A function of the liquid stub tuner is illustrated in
Fig.1. RF voltage is V, and RF currents at the T-junction
are I} and [, respectively. RF current, T flows to the liquid
stub tuner and RF cuwmrent is I at the shortend of the
liquid stub tunmer. The relarion between V.Tand ] is

formulated in the following equation;
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RF voltage and RF current on the liquid surface can be
calculated using the second matrix and the RF parameters
(RF voltage, 0 and RF cument, 1) at the shortend in eq
(1). Z, and A, are the characteristic impedance and the
length normalized by RF wave length in the liqud
respectively. RF voltage and RF current at the T-junction
can be calculated using the first matnix and the RF
parameters on the liquid surface. Z  and A, are the
charactenstic impedance of a coaxial transmission line and
the length normalized by RF wave length in the gas

region, respectively. Components of the marix E. F.G
and H are as follow:

E= cos2R Agg COSZMA, ¢ - ZJ/Z, sin2T Ay SIN2TA,

F= 7, cos2RAg SIN2TA 5 + Zosin2T A COSZRA
G= 1/ZSIn2n Ay cOS2TA, ( + 1/Z) cos2NAy, SIn2MA, ¢
H= -Z, /Z,5in2itAgg sin2RA ; + COs2TT Ay, COS2MA,

I' is calculated by eliminating k in the following equation;
I=jH/FV, @)

RF cumrent, T obeys Kirchhoff's taw at the T-junction.
Therefore

L=0'+L=jH/FV+1, 3)

On the other hand, the relation between the RF voltage
and current in a conventional stub tuner is expressed as
follows;

Vil _ 1 oYV ’
L) \-j/Z,/tan2mA; 1)1, @

We derive the relation between the liquid and the
conventional stub tuners by using eqs.(3) and (4) in the
following equation,

1 1-Z /Z,tan2mA ctan27A
tan27mA, tan2mA + Z, / Z,tan 27mA

()

Figure 2 shows the calcutated results of eq.(5) for 3 liquid
stub tuners of different lengths, where the relative
dielectric constant of the liquid is £,=2.72. Ratios of the
characteristic impedance and the RF wave length are
Z /Z=e, " and A /A€, 1n eq(5). The abscissa is a

JZ,sin27A, r COS27A,
cos2mA,. A J/Z,sin2mA

JZ, sin27A, 0\I
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ratio of the liquid height to the total length of the liquid
stub tuner. and the ordinate shows how the liquid stub
tuner behaves like a conventional stub tuner A, as
formulated in eq.(5). When the normalized length of the
ligmd stub tuner is A,=).3. the vanable range of the liquid
stub tuner is from 0.3 to 0.5. When the liquid stub tuner
is short in the normalized length, A,=0.1, it does not
work as a stub tuner. The operating range becomes wider
with the liquid stub tuner length.

B. Fabrication of Liquid Stub Tuner

To test the liquid stub tuner concept. a 260cm long
liquid stub tuner has been fabricated, consisting of a
104mm inner copper conductor and a 240mm outer
aluminum conductor, as shown in Fig.3. Cooling water
flows inside the inner conductor and the outer conductor
is surrounded by a water—cooled copper tube. Silicon oil
(Dimethy! Polysiloxane) is used as the liquid It has
been selected because of the low vapor pressure and the
low dielectric loss. The vapor pressure is less than
0.1torr even at 240°C. The delectric constant. &, is
2.72 and the dielectric loss tangent, tand is 10 1o
3.3x10™ in the frequency range of 10-100MHz (at 25°C),
as shown in Table.1. The temperature dependence of
tand 15 known to be small from 0°C to 100°C at 50Hz;
however, it is not known how tand increases with liquid
temperature in the frequency range (25-95MHz). This
will be discussed in Section IV.E. The liquid surface
level can be shifted by the use of an oil pump and
valves, as shown in Fig.3. The speed of motion of the
liquid surface is 0.5cm/sec. The liquid stub tuner is
equipped with electrostatic probes to measure RF
voltage and a thermocouple to measure the liquid
temperature, At the top of the liquid stub tuner, a gas
stop has been installed to isolate it from other
transmission tmes.

I11. EXPERIMENTAL SETUP

A schematic drawing of the R&D experimental
setup is shown in Fig.4. The RF oscillator system
consists of three stages of amplifiers: IPA (4kW), DPA
(100kW) and FPA (2MW). The final amplifier (FPA) is
composed of a 4m long double-coaxial cavity, which
makes it possible to tune n the frequency range of 25-
95MHz. It has the capability of transmitiing 2ZMW for
several seconds and more than 1.5MW in a steady state.
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High RF power operations of 2MW in 10 seconds and
1.6MW in steady state have been achieved at S0MHz.

In this expenmental setup, RF power was
transmitted to a dummy load or R&D experimental
setup through a co-axial switch. The experimental sctup
was sometimes changed {(as described later), so this
system was very convenient. An RF power of several
W was applied to the R&D experimental setup from
one port of the co-axial switch. An impedance matching
is acquired by adiusting positions of the liquid surface
and the conventional stub tuner. The RF oscillator was
tuned to maximize power at the frequency for which the
systemn was matched.

A double stub tuner system has been adopted as
an impedance matching circuit. The transmission
system consists of 240mm coaxial transmission line
components, whose characteristic impedance is 5002 and
which are in the same configuration as the licuid siub
tuner. Cooling water flows inside the inner conductor
for steady state RF power operation. The stub tuner on
the RF oscillator side is a conventional one with a
sliding contact. The liquid stub tuner has been arranged
on the RF antenna side in the double stub tuner system
as shown in Fig.4. At the beginning of the R&D
experiment. a conventicnal stub tunmer was uvsed there;
however, it was damaged in steady state operation at a
relatively low RF voltage (20kV). An RF cument of
about 400A made a hole in the outer conductor ar the
movabie sliding contact. A mechanism actuated by an
air cylinder was adopted in the movable sliding contact.
When it is moved, the tight contact is relieved by
pressurized air. In spite of careful design and fabrication,
a conventional stub tuner could not withstand steady
state operation even at a relatively low RF voltage: So
it has been replaced with a liguid stub tuner. A
conventional stub tuner did not cause a serious problem
on the RF oscillator side, as the RF cumrent was much
smaller there than on the antenna side. A pre-matching
stub tuner was located near a ceramic feedthrough in
order to reduce the RF standing wave. The RF voltage
could be reduced to 30% between the pre-matching stub
tuner and the impedance matching circuit in the selected
situatton. Experimental data will be described in detail
elsewhere. The performance of the ceramic feedthrough
is another matter of the greatest imporntance for high-
power and steady state ICRF heating, the R&D results
of which are described in other papers[8,9]. In a vacuum
tank, a test R&D loop antenna was installed, which was
a proto-type antenna 430mm wide and 630mm long.

A liquid stub tuner was placed on the antenna side
of a doubie stub tuner system. The liquid stub tuner was
connected to a T junction through elbows and a straight
transmission line as shown in Fig.4. The total length
was 6.5m. The height of the liquid surface could be

changed from Om to 2.2m, so that 34% of the whole
length could be filled with liquid According to eq(5),
the normalized operating length of the liquid stub tuner
can be calculated in Fig.5 in two cases of 40MHz and
50MHz. From this figure, the liquid stub tuner works
from 0.85 to 1.05 and from 1.05 to 1.3 in the
normalized length in f= 40MHz and S0MHz, respectively.

RF power was transmitted to the impedance
matching circuit and the RF antenna through the coaxial
switch and DC break in the transmission system. When
the transmission system can withstand a high RF
voltage, a large RF power can be transferred. Therefore a
high R¥ voltage test of each RF component is required
How much RF power can be delivered to the RF antenna
is deduced by a following equation.

1.V
P, =—R(—2Ly? 6
R (50) ®)

When the maximal RF voltage, Vi, is 40kV or 45kV of
standing wave, the power transmission capability is
estimated to be Pgi=1.6MW or 2MW for the case of the
plasma loading resistance of R=5{2, respectively. The
final goal of this R&D was the achievement of 40kV for
30minutes and 45kV for 10seconds at the transmission
system. Here the RF loading resistance was R=0.4Q
because of the absence of plasma, so that a relatively
low RF power, e.g. 128-162kW, could atiain a high RF
voltage as stated above. The above-mentioned goals were
achieved[7]; however, higher RF wvoltage tests were
sometimes interrupted by vacuumn pressures higher than
1x10” tomr. In this case the transmission system was
disconnected from the antenna at point A as shown in
Fig.4 to increase the test RF voltage in the liquid stub
tuner.

IV. EXPERIMENTAL RESULTS

A. Frequency Feedback Control for High RF Voltage
and Long Pulse Test

The reflected RF power was increased with time
on a long puise test of the liquid stub tuner. A typical
experimental result is shown in Fig.6(z). In this figure,
the time evolutions of forward RF power Py,. reflected
power P, and RF voltage Vi are shown in the case of
the absence of frequency feedback control. Here RF
voltage means the maximal voltage in the standing wave.
RF voltages were measured at several positions between
the RF antenna and the impedance matching circuit. The
maximal RF voltage was determined by fitting measured
RF voltages to the standing wave distribution using the
value of Voltage Standing Wave Ratio (VSWR). RF
voltage was measured by an electrostatic probe inserted
from a port attached to the outer conductor. In this
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operanion, the RF voliage was 22.5kV at the beginning
of the pulse: however, it decreased to 16kV with the
increase in reflected RF power. At the end of the RF
pulse at 50sec, the refleted power fraction P /P,
exceeded 50%. The RF power supply would have been
discontinued to protect a tetrode tube in the final
amplifier by an interlock system which was not used 1n
this experiment. Figure 6(b), on the other hand, shows
typical operation using a frequency feedback control,
where the same forward RF power is applied as 1n
Fig.6(a). In this operation. the reflected power fraction
could be kept less than 1% by a change of frequency
from 42.02MHz to 41.95MHz. In this case the RF
voltage was constant at Vy,=22.5kV. Here the required
frequency change, dfff was 0.2% in 50seconds operation.
When the higher RF power was applied, the required df/f
increased and the modulation rate became faster. The
optimal frequency became almost constant after a few
minutes.

The cause may be attnbuted to thermal expansion
of the transmission lines in radial and axial directions.
Looking for indirect evidence, we examined the
dependence of the frequency in impedance matchig on
the deformation of the transmission line using a
pressurized gas. The shift of the mmpedance matched
frequency was measured while changing the filling
pressure of mitrogen gas from a vacuum to 4kgfem’.
This expertmental result shows how the frequency
changes wath the filling pressure. The frequency shift can
be explained by the increase in the characteristic
impedance and the expansion in the transmission line.
However, quantitative assessmeni has not been done to
explain the phenomena.

B. RF Voltage Distribution 1n Liqud

It is important to measure the RF voltage in the
liqud By measuring RF voltage distribution, the RF
wave length has been found to be shorter in the liquid
due to the fact that the relative dielectric constant is
larger than one. The RF voltage measurement method
used was the same as that described before; however, it
should be noted that the RF voltage was observed to be
larger by a factor of the relative dielectric constant, g
=272 in the liquid Figure 7 shows a typical RF
voltage distribution in the liquid and in the nitrogen gas
(4kg/em?) in the case of a peak RT voliage of 61.3kV
and a frequency of 41MHz Needless to say. the RF
voltage in the liquid was confirmed to be the same as
that between the antenna and the impedance matching
circuit. The liquid surface was found to be 112cm
measured from the bottom of the liquid stub tuner. The
RF wave length in the liqud was A, = 4.4m, which was
shorter than that in the gas, A, = 7.3m. The shortening
rate agreed with the reciprocal of the square root of the

-2

relative dielectnic constant of the liquid A /A=,
Furthermore. the position of the maximal RF voltage
was located just at the liquid surface. Recalling eq(5)
and Fig.5, 1t was found that the derivative of the
resultant normalized length A, could be made largest in
this situation.

C. Operational Regime on High RF Voltage and
Duration Time

It is an important matter how high an RF voltage
Vi and how long a ume the Ligud stub tuner can
withstand without RF breakdown. Two criterta were set
up to decide whether the liqund stub tuner can be used or
not as an RF component in our ICRF heating system:
Whether it could endure Vp=45kV for 10seconds and
40kV for 30minutes. The duration times of 10seconds
and 30minutes were selected as typical of a short pulse
and of steady state JCRF heating on LHD. RF voltages
of 45kV and 40kV are equivalent to a transmission
capability of heating RF power, 2ZMW and 1.6MW for
the plasma loading resistance 5€2, respectively. In the
normal expenmental setup as shown in Fig 4. the
operation time is often limited by the increase in
vacuum pressure, which 1s caused by multipactoring
discharge. When the vacuwm pressure increases (o more
than 1x10° torr, RF breakdown occurs in the whole
vacuum chamber and the impedance can not be maiched
The vacuum condition is improved well by aging the
RF antenna. Both the two criteria described above were
achieved, 1.e. V=58kV for 10 seconds and Vi =40kV
for 30 minutes, respectively.

To test the liquid stub tuner at a higher RF
voltage than these values, the transmission line was
disconnected at point A as shown in Fig.4 to remove
the influence of the increased vacuum pressure. Figure 8
shows results achieved so far in RF voltage and duration
time. 61.3kV and 50kV have been achieved for 10
seconds and 30 minutes operation, respectively. In this
test, no RF breakdown has been observed. The
capability of RF power transmission is calculated to be
3.75MW for 10 seconds and 2.5MW for 30 minutes for
the LHD plasma loading resistance 5Q. It was decided
to adopt the liquid stub tuner as a reliable stub tuner for
the impedance matching circuit of ICRF heating on
LHD.

D. Ligqud Movement Test during High RF Voliage
Operation

In the previous section, the reliable performance
of the liquid stub tuner in a steady state at high RF
voltage was described. Here it is reported whether the
liquid stub tuner can be a feedback control tool to
respond to temporal variation of the plasma loading
resistance during long pulse or steady state ICRF
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heating. To verify its feasibility for use as a feedback
control in impedance matching, the liquid surface was
moved to reduce the reflected RF power fraction at
Vg =46kV operation as shown in Fig.9. The reflected
RF power fraction 2% could be reduced to almost (%
within half second by shifting the liquid surface by
2. 7mm. The velocity of the liquid surface movement
was 0.5cm/sec. In this experiment, the loading
resistance was less than 1€2 and the circuit (} value was
high, so that a liquid surface shift of several mm
restored the reflected RF power fraction to a negligible
level. Purning ICRF heating on the LHD plasma,
however, the plasma loading resistance will be larger by
one order of magnitude than the present value, so that
the required liquid surface shift may exceed several cm.
We will have to develop a system equipped with a
mechanism which can move the liquid surface faster.

E. Temperature Increase in Liquid with St State
Operation

in high RF voltage operation. Ohmic loss on the
inner and outer conductors amounis to a considerable
quantity. The average loss is estimated at a few kW/m in
the case of Vg =40-50kV, With a liquid stub tuner. the
dissipated power due to the liquid dielectric loss must
also be added to the Ohmic loss. The temperature
increase in the liquid was examined during high RF
voltage operation for long pulse. A thermocouple was
installed by replacing an RF voltage probe in a
measurement port. A typical example of the time
evolution of the liquid temperature is shown in Fig.10.
The REF power was applied at V;=40kV for 30 minutes.
At the beginning of this shot, the liquid temperature
increased linearly with time. At the end of the operation,
however, the temperature tended to saturate. The
maximal temperature increase was 26°C as shown in
Fig.10. A series of experiments was camied out to
measure the liquid temperature increase at various applied
RF voltages. Figure 11 shows the dependence of the
liquid temperature increase on RF voltage at 30 minutes
operation in two cases, where the inner conductors (solid
lozenges) and both conductors (solid circles) were cooled
by water. The hiquid temperature increase is proportional
to Vg . In Fig.11, the average temperature increase in
the case of a thermally insulated liquid is also plotted
with a dashed line; this will be discussed in the next
section (V.B).

Concerming RF dielectric loss in the liquid, the
temperature effect on dielectric loss tand was examined.
Some materials have the characteristic that tand increases
and dielectric loss increases non-linearly with the
temperature. It may be possibie to predict that tand does
not increase with the ligud temperature by mecalling the
experimental resulis shown in Figs.10 and 11. That the

liquid tand does not increase with the temperature was
verified in another way. The RF loading resistance was
measured, changing the liquid temperature from 20°C to
60°C. The loading resistance was of the order of .10,
because the RF antenna and the transmission line were
disconnected in this experiment. These data are plotted in
Fig.12. The measured loading resistance data were
almost constant and concentrated at 0.103 = 0.00240Q
over a wide temperature range. Here the loading
resistance mainly comes from the Ohmic loss on the
surfaces of the outer and inner conductors and the RF
dielectric loss in the liquid When the RF dielectric loss
in the liquid. 4.2kW at V;=40kV 1s vsed (discussed later
in Sec.V_A), the fraction of the loading resistance due to
it is calculated to be 0.013€2. If the liquid tand doubled,
we would have been able to observe an increase in the
measured loading resistance. Figures 12 shows that the
non-linear increase in tand is very small.

V. DISCUSSION

A. Calculation of RF Power Dissipation in Liquid

In this section, RF power dissipation in the liquid
is calculated The radial RF electric field E(r,z) can be
formulated in radial and axtal directions r and z when RF
voltage Vi is applied between the inner and outer
conductors with radii of a and b, respectively.

V, 1. 2z
———SI{— 7
mbiayr "2 Y @

E(r,z)=
The RF power dissipation due to dielectric loss P, can
be calculated by integrating in radial and axial directions
using the relative dielectric constant £, a dielectric loss
tangent of the liquid tand and the RF wave length A; in
the liquid.

_ 1 zpb y
P = &t tan&e)_[O L 2mrE*(r,z)drdz

V}?F 1 )” L

= 7€, €, tan dw (=z— —sin(4—7tz})
A

In(b/a) 2 8r
®

As described in the previous section (HLB), the hiquid
surface position is located at a quarter of the RF wave
length as shown in Fig.7. Then Py is

z v?
P ="A¢ce¢ tanbo—EE— 9
L= g Mt O ) )

When A, =4.44m, £,=8.85X 10", £,=2.72, tand=2X 10
* of2n=41MHz, and In(b/a)}=0.83, P, is calculated to
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be 4.2kW at V,=40kV. When the plasma loading
reststance 15 382, the RE transmitted power 1s 1.6MW
at V= 40kV and the ratio of the liquid dielectne loss to
the transmitted RF power is 4.2kW/1.600kW=0.27% .

B Liguid Temperature Increase

The liquid temperature increase can be deduced by
using the above-mentioned dissipated RF power. which
is proportional 1o a square of V, according i eq(9)
When the liquid is assumed to be thermally insulated,
the dependence of average temperature increase T, on
RF voltage can be calculated using a liquid heat capacity
of 0.36cal/g with the following equation:

T.('C) = 0.07 Vg *(kV) (10)

The calculated values are plotted in a dashed line as
shown in Fig.11. The liquid temperature increase 1s
120°C in the case of V= 40kV, if the ligmd is not
cooled. Recalling the vapor pressure of the liqud it is
tess than 0.001torr at this temperatare. which 1s a low
enough vapor pressure in nitrogen gas (4kg/cm’).

C. Feedback Control in Impedance Maiching

The experiment concerning shifting the liqud
surface was described in a previous section (IV.D). The
response time is half a second; however the typical
duration of the H-L mode transition is less than 1ms.
Feedback control in an impedance matching circuit based
on a liquid stub tuner does not have the ability to
respond to a quick transition. A frequency feedback
control method using a twin stub tuner in a double stub
tuner system has been proposed29]. This methed has a
response time of less than lms: it has been tested at a
low RF power level using viriual electrical resistance
instead of the plasma loading resistance. The weak point
of the frequency feedback control is that output RF
power of the oscillator deteriorates if the frequency is
moved far from the central frequency. For example, RF
output decreases by 23% in the frequency modulation of
+0.4% at an RF power level of IMW in our RF
oscillator. The required frequency modutation depends on
how much the plasma loading resistance changes. It was
thought that the best impedance matching circuit for
LHD would be equipped with a liquid stub tuner and
frequency feedback control system. This method has not
yet been applied to a plasma with a high RF power of
IMW; however, future experiments will prove the
validity of a liquid stub tuner vsed in combination with a
frequency feedback control.

This technological research and development
should be important in helping to achieve high RF
power heating or current drive in steady state operation
on LHD and future devices such as ITER.
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Relative Dielectric Constant Dielectric Loss Tangent Vapor Pressure Specific Heat
-3 e}
272 1x10 . at 10MHz 0.04torr at 240°C 0.36
3.3x10°  at 100MHz 2torr at 320°C
Table 2. Experimentally Achieved Results in Liquid Stub Tuner
Duration Time RF Voltage Capability of Transn.nssmn RF L:quid Temperature
at 0.4Q Power at Plasma Resistance, 5Q Increase
10 seconds 61.3kV 3.8MW -
30 minutes 50kV 2. 5MW 35°C

Figure Captions

Fig.1
stub tuner is connected at T-junction of transmission line.
End is electrically terminated.

Fig.2 Operating length tn liquid stub tuner on variable
liquid surface height for 3 cases of normalized length,
A=0.1, 0.2 and 0.3.

Fig.3 Schematic dawing of liquid stub tuner with RF

voltage measured ports, consisting of 240mm of coaxial
transmission line. Liquid surface height can be changed by
pump and valves.

Fig.4 Layout of ICRF heating test stand system for
testing liquid stub tuner. RF power is transmitted from
final amplifier to R&D test section through co-axial
switch and D.C.break. Liquid stub tuner is located at
antenna side in impedance matching system, which
consists of a double stub tumer. To test in high RF
voltage, transmission line is disconnected at A,

Fig.5 Operating length in liquid stub tuner on variable
liquid surface height for 2 cases of 40MHz and SOMHz.

Schemartic drawing of Liquid stub tuner. Liquid

Fig.6 (@) Time evolution of RF power, reflected power
and RF voltage without frequency feedback control in
40kW operation. (b) Time evolution of RF power,
reflected power, RF voltage and frequency with frequency
feedback control.

Fig.7 RF voltage distnbution in liquid stub tuner in
61.3kV operation. Liquid surface level is located at
112cm.

Fig.8 RF voltage and pulse length achieved in liquid
stub tuner for 10seconds and 30minutes operations.

Fig9 Reduction of reflected RF power fraction by
shifting liquid surface height in operation of RF voltage,
46kV.

Fig.10 Time evolution of liquid temperature increase
in 40kV/30min operation.

Fig.11 Dependence of liquid temperature increase on
RF applied voitage in cases of no cooling(in calculation),
inner transmission line with water cooling, and both
transmission lines with water cooling.

Fig.12 Dependence of RF loading resistance on liquid
ternperature.
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