
 
A plasma-assisted catalytic ionization method for 

the production of positive and negative hydrogen ions has 
been proposed for generating hydrogen pair-ion plasma 
and developing a highly efficient negative ion source 
without any Cs admixture. The production mechanism of 
negative ions is discussed referring to the results of ion 
extraction property at the catalyst surface.1) Hydrogen 
plasma is generated by a dc arc discharge between filament 
cathodes and wall anode in a cuboidal chamber with a 
cross section of 25 cm×25 cm, i.e., so-called bucket plasma 
source. Positive ions in the plasma are irradiated onto a 
nickel grid or a plasma grid under controlled irradiation 
current density and energy. The nickel grid has 100 meshes 
and an aperture ratio of 36.8%. The plasma grid has a 
single aperture of 13 mm-diameter, which is made of 
aluminum (Al-PG). The grid and the Al-PG are negatively 
biased at a dc voltage of Vpc and the irradiation energy is 
controlled by Vpc and the plasma potential s. The 
irradiation current density Jir is controlled by the discharge 
power. Figure 1 shows the Al-PG, an extraction electrode 
with deflecting magnetic field for electron removal, and an 
ion collector.  

Typical extraction current density (Jex) voltage 
(Vex) characteristics in the cases of irradiation of positive 
hydrogen and helium ions are compared at Jir = 10 mA/cm2, 
as shown in Fig. 2. Negative current is superimposed at Vex 
~ Vpc in the Jex Vex characteristics in the both ion 
irradiation. Since a helium atom is not negatively ionized 
in this situation, the negative current superimposed consists 
of secondary electrons in the helium-ion irradiation. When 
positive hydrogen ions are irradiated onto a Cu grid, the 
negative current is found to be superimposed at Vex ~ Vpc as 
the same in the nickel grid. It can be said that negative ions 
are not produced by desorption ionization owing to fast ion 
collision, because hydrogen molecules are not dissociated 
and adsorbed onto the Cu surface. Therefore, the dominant 
component of negative current in the hydrogen ion 
irradiation with 200 eV or more appears to be secondary 
electrons from the nickel surface. It is clear that the energy 
of positive ions for negative-ion production is in the range 
of low energy of 200 eV or less.  

The ion extraction characteristics are measured 
using the Al-PG. Negative and positive ions can reach the 
ion collector biased at Vc = +150 V and 350 V, and the 
current densities of Jc  and Jc+ are measured, respectively. 
Their current densities as a function of Vex, depending on 
the irradiation energy e( s  Vpc) of positive ions, are 
shown in Fig. 3, where the irradiation current density is 

constant at Jir = 10 mA/cm2. A maximum Jc  of 1.3 
mA/cm2 was obtained, when the energy of positive ions 
passing through the aperture of Al-PG is about 20 eV (Vex 
~ 10 V), but Vex at the peak of Jc+ is positively shifted. 
Negative ions are produced on the inner surface of the 
aperture through the processes of neutralization and 
negative ionization of positive ions. An incident angle of 
positive ions to the metal surface is considered to be a key 
parameter for efficient production of negative ions.  
 

 
 
Fig. 1. Schematic view of plasma grid, extraction electrode, 

and ion collector. 
 
 

 
Fig. 2. Extraction current density voltage characteristics 

in irradiation of positive hydrogen and helium ions.  
 

 
Fig. 3. Current density of negative and positive ions as a 

function of Vex, depending on irradiation energy of 
positive hydrogen ions.  
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Hydrogen atoms and molecules are dominantly 
ionized in the peripheral region of a magnetic fusion plasma. 
A certain part of the atoms penetrate deep inside the plasma 
as neutral through charge exchange collisions with hot 
protons. Recently, we found that the far wing part of the 
Balmer-  line profile is due to such high temperature atoms 
in the core region while the central part is due to low 
temperature atoms in the peripheral region of the plasma.1)  
The emission intensity from the core region can be over 105 
times smaller than the peak intensity. 

Last year we developed a spectrometer having the 
dynamic-range over 105 and keeping the wavelength 
resolution of 0.031 nm and the time resolution of 100 ms, 
and applied it to the observation of the Balmer-  emission 
from an LHD plasma (#112883).2) From the observed 
spectrum together with the spatial distributions of the 
electron density and temperature, and the ion temperature, 
we quantitatively estimated the spatial distribution of the 
hydrogen atom density in the core region.2) For a plasma 
having the ion temperature over 7 keV, however, we found 
that separation of the Balmer-  far wing from a continuum 
spectrum is difficult because of the small observation 
bandwidth (about 5 nm) of the spectrometer.  

In this year, we expanded the bandwidth to be 10 nm 
by changing the collimating lens of the spectrometer. Fig. 1 
shows an example of the observed Balmer-  spectra for an 
LHD plasma (#119127). It can be seen that the continuum 
spectrum, which may be attributed to thermal radiation from 
the diverter surface, is well separated from the Balmer-  far 
wing. From the result, it is expected that emission from 10 
keV atoms is detectable, whose Doppler shift is about 3 nm.  

  
 
 

 
 
 
 
 
 
 
 

 
 

Fig.1. Observed Balmer-  spectrum with the high 
dynamic-range spectrometer developed and improved 
in this work after separation of the continuum spectrum. 
The grey curve shows the raw spectrum. 

In this year, we also newly developed a high dynamic-
range spectrometer having high time resolution. For the 
purpose of increasing the time resolution, we adopted a 
photomultiplier linear array (Hamamatsu Photonics, 
H7260S-20) with the high throughput optics2) and a 
telescope lens (Takahashi Seisakusho, FC100-DC). We kept 
the high dynamic-range by setting a custom-ordered spatial 
filter in front of the photomultiplier linear array to selectively 
reduce the emission intensity around the Balmer-  line 
center. We achieved the dynamic-range of about 105, the 
observation bandwidth of 5.1 nm, the wavelength resolution 
of 0.16 nm, and the time resolution of 30 s. We applied this 
spectrometer to the Balmer-  emission observation for an 
LHD plasma with hydrogen ice pellet injection (#122011). 
Fig. 2 shows the result. After the sudden increase in all the 
emission intensities at the pellet injection, the increase in the 
central part and decrease in the wing part of the Balmer-  
spectrum were detected, which can be attributed 
qualitatively to the increase in the hydrogen atom number 
and decrease in the core ion temperature, respectively. 
 

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
Fig.2. (a) Observed Balmer-  spectrum with the high 
dynamic-range and high time resolution spectrometer 
developed in this work. (b) Temporal change of the 
intensities of the Doppler shifted components, which 
is indicated by the arrows in (a), for the injection of a 
hydrogen ice pellet at 3.51 s. 
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