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The investigations compiled in this thesis are aimed at solving problems for the development of

negative-ion beam sources. The following two main topics were examined: (i) a new method for producing
negative ions with solid state ionic devises (Chapter 2) and (ii) problems in the development of negative-ion
beam sources capable of producing high-current and high-energy negative-ion beams with plasma devices

(Chapter 3, 4, 5 and 6).

In Chapter 2, the authors proposed a simple method using solid oxide ionic conductors named solid
oxide ion source (SOIS). Conventional methods using plasma devices are complicated and expensive,
whereas the SOIS is simpler and cheaper. To demonstrate the SOIS, emission characteristics of oxygen
negative ions from surfaces of yttria-stabilized zirconia (YSZ) ceramics were investigated using a
quadrupole mass spectrometer capable of detecting negative ions at elevated temperatures.

Experimental results demonstrated that oxygen negative ions, O, are emitted into a vacuum
selectively from YSZ surfaces at elevated temperature. Hence, the concept of SOIS has been verified in
principle. It was found that the number of emitted O ions increases with temperature of YSZ. Thus, it is
effective to raise temperature so as to promote the emission of O” ions. Experimental results in continuous
operation showed that emission rate of O™ ions decreased with the passage of time. However, it was found
that intervals temporarily recover the emission rate. Thus, short-pulse operations will be suitable for use in
terms of applications.

On the basis of the experimental results, the authors have proposed a model for explaining the
emission mechanism of O ions from solid oxide ionic conductors. The model is based on three key
processes occurring on the surface of solid oxide ionic conductors: (a) formation of oxygen negative ions on
the surface by electron capture of oxygen atoms provided by the migration of oxide ions across the solid

oxide ionic conductors, (b) accumulation of oxygen negative ions on the surface, and (c) emission of O™ ions
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that are present on the surface when an electric field is applied. Using the model, the experimental data
were analyzed; it was shown that the rate determining step of the emission mechanism of O ions would be
the formation process of O ions on the emission surface. It was shown that the dominant emission process
would be the emission from chemisorption sites on the surface rather than the direct emission from anion
sites in the solid oxides at relatively lower temperatures like the present experiment. It was also shown that
the transient response of O emission would be explained by considering the variation in fractional coverage
of chemisorbed oxygen on an emission surface.

To control the emission rate of O ions, the authors studied the effect of electrochemical
polarization between an air electrode and a platinum-coated emission surface. Experimental results showed
that electrochemical oxygen pumping slightly affects the emission rate of O ions. In the case of negative
(i.e. cathodic) polarization, the emission rate was increased. On the other hand, it is decreased in the case
of positive (i.e. anodic) polarization. Such results will be due to the variation in work function on the YSZ
surface.

The authors think that the variation in work function will affect the formation process of oxygen
negative species on an emission surface, so that surface density of oxygen negative species on the emission
surface will be varied by electrochemical polarization, leading to the variation in the emission rate of O ions.
In other words, the decrease in the work function will enhance the formation of oxygen negative species,
resulting in the increase in the emission rate. That is, it will be effective to reduce the work function of
materials on the surface so as to increase emission current.

In conclusion, the authors showed that it is possible to produce negative ions by a simple and easy
method with solid state ionic devices. Since the method is much simpler and easier than conventional
methods using plasma devices, the authors expect that the method with solid state ionic devices will have

great potential, opening up new fields in materials science and technology as well as solid state ionics.

In Chapter 3, optimization of the surface production process of negative ions was examined in the
case of cesium-seeded volume production negative ion source. In general, the effect of the surface
production is several times higher than that of the volume production. Hence, to obtain high-current
negative-ion beams, the surface production process must be optimized continuously over a wide extraction
area. To optimize the surface production, it is required to maintain cesium coverage at optimum value,
about one-half monolayer, over a wide extraction area in continuous operation. The cesium coverage is
determined by evaporation-condensation balance on a substrate. Eventually, it is required to control
substrate temperature so as to produce negative ions efficiently via the surface production process.

To control substrate temperature continuously at optimum for surface production process over a
wide extraction area, a frame-cooled plasma electrode was designed in view of temperature and stress
distributions using three-dimensional numerical simulations. As a material of the plasma electrode,

copper-chrome-zirconium (CuCrZr) was examined, since it has high mechanical strength as well as high
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thermal conductivity. The numerical simulations indicated that the plasma electrode would be kept at about
300 °C, which is optimum temperature for negative-ion production. They also indicated that thermal stresg
in the plasma electrode would be less than yield stress.

To demonstrate it, a frame-cooled plasma electrode was fabricated and tested. Experimenta]
results showed that its surface temperature is continuously kept at optimum over a wide extraction area,
Thus, it was demonstrated that the frame-cooled plasma electrode is applicable to long pulse or continuous
operations, meeting the temperature requirement for the surface production process; in other words,

optimization of the surface production process can be achieved.

In Chapter 4, the influence of space chare between beamlets on beam optics was studied. In view
of applications, beam optics is one of the most important properties of jon beams. Especially, in
high-power ton beam sources, acceleration of beams in good optics is required to prevent high-power beams
from damaging components of beam sources themselves.

To clarify the influence of space charge between beamlets on beam optics, beamlet-beamlet
interaction in an acceleration region was studied at the beam energy ranging from 86 keV to 178 keV.
Experimental results showed that the deflection angle of beamlets at the edge of a beam was about 3 mrad
larger than that at the center of the beam. The deflection angle was independent of beam energy at the same
perveance. It was also found that repulsive force due to the beamlet-beamlet interaction was inversely
proportional to the square of distance approximately. Thus, the influence of the beamlet-beamlet
interaction was found to be not negligible. However, from a beam trajectory calculation, shaping of an
electrode was confirmed to be effective to compensate the influence of the beamlet-beamlet interaction. In
other words, it is possible to compensate the influence of the space charge on beam optics, although the

influence is not negligible.

In Chapter 5, thermo-mechanical reliability of an acceleration electrode in a negative-ion beam
source was examined. Unlike positive-ion beam sources, electrons are also accelerated with negative ions
in negative-ion beam sources. Accelerated electrons will result in significant heat load on acceleration
electrodes.  Thermal ideformation of the acceleration electrodes will cause beam distortion, since
thermo-mechanical reliability of acceleration electrodes is one of the most important issues in high-power
negative-ion beam sources. As an example, an acceleration electrode for producing 40 MW ion beams was
examined using numerical simulation. Numerical simulation showed that maximum aperture-axis
displacement of the acceleration electrode due to thermal expansion would be about 0.7 mm for the heat
loading of 1.5 MW. From the thin lens theory of beam optics, beamlet deflection angle by the aperture-axis
displacement was estimated to be about 2 mrad. Numerical simulation also indicated that no melting on the
acceleration electrode would occur for a heat loading of 1.5 MW, nevertheless, local plastic deformation

would happen. To avoid the plastic deformation, it is necessary to reduce the heat loading onto the

— 164 —



acceleration electrode to less than 1 MW,

Further, the authors showed that a new method using two types of computational models, the
one-half model and the local model, was useful to evaluate thermo-mechanical characteristics of a large
acceleration electrode. The authors expect that the method will also be helpful in the evaluation of the

thermo-mechanical reliability of acceleration electrodes of other negative-ion beam sources.

In Chapter 6, the influence of radiation on insulation gas around negative-ion beam sources was
studied. In high-energy ion beam sources, insulation gas is used for high-voltage insulation. In the case of
negative-ion beam sources, electrons are also accelerated with negative ions. Since accelerated electrons
generate undesirable X-rays, insulation gas around beam sources is ionized by the X-rays. Hence, in
negative-ion beam sources, ionization current through the insulation gas will be one of serious problems,
resulting in heat load of the insulation gas as well as loss of electric power. In addition to the X-rays, in the
case of negative-ion beam sources for nuclear fusion research, insulation gas will be irradiated with neutrons
and gamma rays generated by nuclear fusion reactions. Thus, the influence of radiation on the insulation
gas is one of the most urgent issues in the development of high-energy negative-ion beam sources for fusion
research.

To clarify the influence of radiation on insulation gas, ionization currents and voltage-holding
characteristics of gases were studied using the “Co gamma rays. The experimental results showed that
saturation current increases linearly with gap length between parallel electrodes, gas pressure, and absorbed
dose rate. The saturation current also increased with molecular weight. In particular, in the case of
molecular weigh less than about S0, the saturation current was proportional to the molecular weight.
Degradation of voltage-holding capability during irradiation was about 10 %; the degree of the degradation
did not depend on absorbed dose rate. Further, it was found that a small quantity of SF, gas mixed with air
has lower ionization current and higher voltage-holding capability; mixture of a little SFs gas will be
effective from the viewpoint of suppressing ionization current.

On the basis of experimental results, an experimental formula for estimating saturation current was
obtained. From the results, it was found that ionization current would not be negligible in high radiation
conditions. In such high radiation conditions, other insulating methods such as vacuum insulation will be

necessary instead of gas insulation.
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