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Title Development of a Large RF-Driven Hydrogen Negative Ion Source

In the next step fusion experimental devices such as ITER(International
Thermonuclear Experimental Reactor), long pulse or continuous D-D/D-T
burning experiments are proposed. In the second phase LHD(Large Helical
Device) experiments, long pulse D-D experiments are also planned. A neutral
beam injection (NBI) system in these devices should be operated continuously
without maintenance for a long period, because the accessibility to the device is
extremely restricted due to its radio-activation. The neutral beam injection energy
in these devices is more than several hundreds keV. The neutralization efficiency
of positive hydrogen ions is reduced to less than 20 % for such a high beam
energy, while that of hydrogen negative ions is as high as 60 %. Thus, the
negative ion beams should be utilized in these NBI systems. An rf-driven ion
source is prospective for the long lifetime operation, because it has no erosive
electrode like a filament that limits a lifetime of the ion source. The rf-driven
positive ion source for the NBI system has been developed and generated high
density plasmas by the inductively coupled discharge. There are two methods in
the inductively coupled rf discharge. One is winding an induction coil antenna
outside the plasma generator, and the other is immersing an induction coil antenna
into the plasma generator. Since in the former method the plasma generator must
be made of dielectric materials like quartz, it is difficult to enlarge the plasma
generator due to its brittleness. On the other hand, it is easy to enlarge the plasma
generator in the latter method since the plasma generator can be made of metal.
Moreover, the plasma confinement can be improved by providing the cusp
magnetic field on the inner surface of the metal plasma generator. A small rf-
driven negative ion source with an immersed induction coil antenna has been
developed and an intense negative ion beam has been extracted. However, this ion
source is much smaller than that required for the future NBI system. Therefore, it
is important to develop a large rf-driven negative ion source applicable to the NBI
system and to investigate its characteristics.

In this thesis, the results of research and development of a large rf-driven
hydrogen negative ion source, which is applicable to the future NBI systems, are
described. The large rf-driven hydrogen negative ion source with an immersed
induction coil antenna has been constructed, and the characteristics of the
generated rf plasma were investigated. The optimization of the negative ion
production was also performed in the pure-volume operation and a negative
hydrogen ions were extracted. The enhancement of the negative ion production
efficiency was confirmed in the cesium-seeded operation. For a long lifetime
operation the antenna shielding materials and shielding method were also
developed.
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The rf-driven hydrogen negative ion source consists of an rf plasma
generator and an accelerator. The plasma generator is made of stain less steel, the
dimensions of which are 30 cm x 30 cm in cross section and 20 cm in depth. A
cusp magnetic field for the plasma confinement is generated by permanent
magnets around the plasma generator. A strong magnetic filter field, which is
important for the negative ion production, is also generated in front of the plasma
electrode by permanent magnets. The electron temperature in front of the plasma
electrode should be about 1 eV in order to produce the negative ions efficiently
and to avoid the negative ion destruction. The magnetic filter field separates the
low electron temperature region(extraction region) from the discharge region
(driver region). The maximum filter field strength is 100 G on the axis and the
line-integrated filter field strength is 1030 Gem. In order to generate the plasma
efficiently by the inductive rf discharge, an induction coil antenna of rectangular
shape of 20 cm x 20 cm is immersed into the plasma generator. In order to
couple an rf power inductively, the antenna is shielded with a dielectric material.

* The accelerator is composed of a plasma electrode, an extraction electrode
and a grounded electrode. The extraction electrode and the grounded electrode are
inlaid with the permanent magnet rows in the vicinity to the beam aperture for
suppression of the electrons included in the negative ion beam. The extraction
electrode and the grounded electrode were electrically connected to the ground
potential in the experiments, and the applied maximum extraction voltage was 8.6
kV. The negative ions were extracted from a single aperture of 13 mm in diameter
on the plasma electrode. The negative ion current was measured by a calorimeter
located 17 cm downstream from the plasma electrode.

An rf power supply system is composed of an rf signal generator, an rf
amplifier, a directional coupler, a matching circuit and a DC isolation transformer.
The frequency is 2 MHz. The maximum rf output power is 30 kW and the pulse
duration is 1 sec with a duty factor of 1/30. The forward and the reflected rf
power are measured at the directional coupler, and the difference between the
forward and reflected rf powers is defined as the rf power.

The rf plasma was produced efficiently by matching the output impedance of
the rf power supply with the plasma impedance using the matching circuit. In
order to investigate the coupling characteristics of rf power to the plasma
produced by the inductive discharge, the rf power flow in the plasma generator
was measured calorimetrically, and the supplied rf power to the antenna was
calculated with the antenna voltage and the current including their phase
difference. By estimating the equivalent plasma resistance, it is found that the
coupling efficiency is improved as the rf power increases. The plasma production
efficiency was compared for a 1-turn antenna and a 4-turn antenna by measuring
the ion saturation current density. Since the 4-turn antenna has a larger surface
area than the 1-turn antenna, there is a larger plasma loss area for the 4-turn
antenna. As a result, a higher plasma density was obtained in the case of the 1-
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turn antenna.

The plasma parameters were measured by a Langmuir probe. The electron
temperature in the extraction region is high compared with that in the filament-arc
type sources. In the filament-arc type ion source, it has been reported that the
electron temperature in the extraction region decreases as the filter field strength
increases. In this rf-driven ion source we investigated the dependence of the
electron temperature in the extraction region on the magnetic filter field strength.
It is found that in the rf-driven negative ion source a much stronger filter field is
required to reduce the electron temperature in the extraction region to about 1eV
compared with the filament-arc type negative ion source. The required filter field
strength is about twice that in the filament-arc type ion source.

At 28 kW of an input rf power, the electron density and the ion saturation
current density reach 1.5 x 1012 cm-3 and 300 mA/cm2, respectively. The
electron temperature and the plasma potential are not sensitive to the input rf
power, and they are 4 eV and 19 V, respectively. The behavior of the plasma
parameters in the extraction region indicate nearly the same tendency as those in
the driver region. The electron temperature is about 1/3 of that in the driver
region, as well as the electron density and the ion saturation current density. The
plasma potential is 5 V lower than that in the driver region.

Hydrogen negative ions were extracted in the pure-volume production mode.
The negative ion current was measured by the calorimeter with a collector of 6¢cm
in diameter. The negative ion current increases as the input rf power increases,
and reaches 5.5 mA at 15 kW of an input rf power and 8.6 kV of an extraction
voltage. This ion current corresponds to a current density of 4.1 mA/cm2. The
current density normalized by the rf power density in the plasma generator is 5.0
(mA/cm2)/(W/cm3). Taking the loss power in the rf transmission line into
account, the negative ion production efficiency in the rf-driven ion source is
superior to that in the filament-arc type ion sources. The bias voltage was applied
to the plasma electrode against the plasma generator for reduction of the electrons
extracted together with the negative ions. The negative ion current is kept high
and the extraction current is suppressed enough by the optimum bias voltage. The
optimum bias voltage is higher than that in the filament-arc type ion sources, due
to the high plasma potential in the extraction region in the rf-driven ion source.
Difference between the optimum bias voltage and the plasma potential is a few
volts.

A cesium seeding has been reported to result in the improvement of the
negative ion production efficiency and the reduction of the operational gas
pressure in the filament-arc type ion sources. The cesium seeding effects were
investigated in the rf-driven negative ion source. Since it was necessary to raise
the temperature of plasma electrode to about 250 C with a sheath heater to
observe the cesium effects, a molybdenum plasma electrode was used. The
results showed the similar effects to the filament-arc type ion sources, that is, the
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optimum operational gas pressure was reduced from 12 mTorr to 11 mTorr, and
the negative ion current was increased from about 4mA to 5.3 mA at the same
input rf power. The optimum bias voltage was reduced from 17 V to 11 V, which
was not observed in the filament-arc type sources. This is ascribed to the
reduction of the plasma potential in the extraction region by the cesium seeding in
the rf-driven ion source.

From an engineering point of view, it is important to choose or develop a
durable antenna shielding material to extend the lifetime of rf-driven ion source.
We have tested four kinds of antenna shielding materials; quartz sock (cloth of
quartz fibre), porcelain enamel, quartz tube and ceramic tube. The durability tests
were performed under the operational conditions of 27 kW of an input rf power
and 1 sec of a pulsed discharge in every 90 sec. After number of shots, the quartz
sock and the porcelain enamel were burned out or damaged by abnormal
discharges, while the quartz tube and the ceramic tube had no damage. This result
is explained by their thermal characteristics. The melting point of the porcelain
enamel (silicic glass) is 800 ‘C whereas these of the quartz tube and the ceramic
tube (99 % Al,03) are 1600 C and 2030 C, respectively. The heat conductivity
of the quartz sock is extremely low, while the quartz tube and the ceramic tube
can be cooled by blowing the inside of the tube. There is no observation of the
sputtering on the tube surfaces, and the tube surfaces are coated thinly with the
plasma generator materials. Thus, the quartz tube and the ceramic tube have no
problem as the antenna shielding materials for the present operational conditions.
Although the further endurance test is required at a higher power in a continuous
operation, the quartz is promising for he long lifetime operation.

From these experimental results it was concluded that the developed rf-
driven hydrogen negative ion source has the performance that is required for a
high power hydrogen negative ion source for fusion application, such as, the high
plasma production efficiency, the high negative ion production efficiency, and the
potential of a long pulse operation. The developed rf-driven ion source and the
experimental results described in this thesis give a basis of the design of a long

lifetime large rf-driven negative ion source required in the future fusion
experimental devices.
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