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The LHD is scheduled to finish construction and go into its experimental phase in
early April 1998. Three heating schemes, ECH, ICRF, and NBI have been adopted.
Since the LHD has super-conducting coils, one of the missions of plasma heating in LHD
is demonstration of a steady state plasma. Intensive technology development for steady
state plasma heating has been carried out at NIFS since 1992. This paper summarizes the
achievements of these developmental activities in the past several years. The knowledge
obtained is also useful for ITER, where steady state plasma hearing is essential.

ICRF STEADY STATE TECHNOLOGY DEVELOPMENT
R&D experiments have been conducted using a test assembly which consists of a

transmitter, a dummy load, transmission lines, a co-axial switch, a DC-break, an
impedance matching circuit, a pre-matching stub tuner, a ceramic feed through, and a test
loop antenna installed in a vacuum chamber.

The transmitter was newly designed and constructed. A unique double coaxial output
cavity was employed to facilitate wide band frequency tunability from 25 to 100 MHz.
An Eimac tetrode 4CM2500KG was used. With forced air cooling of the cavity, an RF
power of 1.6 MW was obtained for 5000 sec, a long pulse record of this range of
frequency and power.

New standardized design for water cooled coaxial lines and junctions were
developed and tested; the diameters of outer and inner coaxes are 240 mm and 104 mm.
The original idea of a liquid stub tuner has been employed in impedance matching circuit.
It utilizes the difference of the RF wave length between the gas and liquid in order to
eliminate the sliding contactors used in conventional stub tuners. The latter had been
causing difficulties in making reliable stub tuners for high power long pulse ICRF system.
Another key component where our R&D work is extended is a vacuum feed through; the
inner and outer conductors are water cooled and the ceramics are gas cooled. Various
shapes of the ceramics were tested and Si3N4 was examined as a new feed through
material.

To summarize the steady state component development, all the components listed
above finally cleared the stand off voltage of 40 kV for 30 min. It should be noted that
the stand off voltage is higher by about 20 % for shorter pulses than 10 seconds. The
liquid stub tuner was demonstrated to be a reliable component by standing off 50kV.
Tunability was also demonstrated by varying the liquid surface height with 46 kV of RF
voltage. Here, 40 kV of operating voltage corresponds to 1.6 MW injection to the plasma
in LHD, assuming a plasma loading resistance of 5Q.

For coming LHD ICRF experiments, two kinds of antennas have been designed and
fabricated. One is a conventional loop antenna for fast wave heating and the other is a

folded wave guide antenna(FWG) for ion Bernstein wave heating. The steady state
technology obtained in the R&D was fully incorporated in the design of these antennas.

ECH STEADY STATE TECHNOLOGY DEVELOPMENT
The most important issue of steady-state ECH is development of Continuous Wave

Gyrotron. CPI has been the partner in the development of 84GHz high power CW
gyrotrons. By means of strong water cooling of the tube, the gyrotron achieved 500kW
for 2sec, 400kW for 10.5sec, 200kW for 30sec. and lOOkW for 30min. Long pulse
operation at high power levels (500kW) was limited by the temperature rise of the output
sapphire double-disk window, which can be replaced by better ones in the near future.
The records with lower power (<400kW) and longer pulse are limited by the degradation
of vacuum condition; an important understanding gained in these experiments. A new
84GHz gyrotron was fabricated with improved pumping. It is equipped with a CPD
collector to reduce thermal load. The basic CPD performances of the gyrotron was
confirmed and it is under test for long pulse and CW.

High power CW vacuum barrier windows are another important issue. We
propose a low loss silicon nitride composite disk with surface gas-cooling as a new type of
window. Tests of a gas-cooled window with a diameter of 88.9mm demonstrated
transmission of 130kW CW power in HE,, mode with a small rise of the peak temperature
of the disk. The power flux density exceeded 8 kW/cm2 on the center of the window.

NBI STEADY STATE TECHNOLOGY DEVELOPMENT
The NBI system of LHD is designed for high energy (180keV), high power

( 15MW) and pulsed operation (10sec). The decision to use negative ion sources has
provided a substantial challenge. The developmental work in the past several years has
concentrated on extracting 30A~40A of negative ion beam and that goal has been reached.
Aside from this original thought of pulsed high power injection, there is another interesting
path of steady-state operation (-30 min) with lower power. Here, development of a long-
pulse negative ion source is important. The key is in the suppression of the accelerated
electrons, which causes heat load on the downstream grids.

Recently, the shape of the extraction grid hole was optimized so that the generated
secondary electrons would not leak into the acceleration gap and the operational gas
pressure was lowered in order to eliminate the neutralization of the negative ions during the
acceleration, one of the process which produces electrons.

As a result, the heat load of the grounded grid was reduced and production of a long
pulse high-power negative ion beam was obtained ( 330 kW for 10 sec by use of 1/5 grid
area of the LHD-NBI source). Based on this result, a prototype negative ion source has
been designed and fabricated, which has a three-grid single-stage accelerator with grid area
of 25 cm x 125 cm. Negative ion current of 24A has been obtained now with an
acceleration energy of 98 keV for 0.6 sec. In a long pulse test, 1 MW for 10 sec.,
injection was reached as confirmed on the beam dump located 13 m down stream. The
water temperatures of extraction and grounded grids rise to saturated levels suggesting that
it is steady state in effect. The steady-state neutral beam injection into LHD starts in 1999.
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