
The investigations on the production processes and
extraction mechanisms of negative hydrogen ions are
still insufficient in cesium-assisted negative hydrogen ion
source for NBI heating. We started this research activity
from this academic year with the intention of investigat-
ing the behaviors of atomic hydrogen and cesium va-
por in a negative hydrogen ion source. In this academic
year, we tried to detect the laser absorption signal in
the Balmer-α line of atomic hydrogen in the large-scale,
arc-discharge negative hydrogen ion source in NIFS.

The system for laser absorption spectroscopy is
shown in Fig. 1. The light source was a diode laser (New
Focus, Vortex II), which emitted tunable single-mode
laser radiation in the wavelength range of the Balmer-α
line of atomic hydrogen. The laser beam passed through
the plasma in the region close to the grid electrode (the
plasma grid) for extracting negative ions. The transmit-
ted laser beam was detected using a photodiode. The
wavelength and the scanning frequency of the laser beam
were monitored using a wavemeter and a Fabry-Perot
interferometer, respectively. The output power of the
diode laser was approximately 15 mW, but the laser
power injected into the plasma was attenuated to avoid
the optical saturation.

We observed no absorption signals in the geome-
try of simple absorption spectroscopy even in a high arc-
discharge power of ∼ 80 kW. This indicates a low density
of atomic hydrogen at the n = 2 state, which may be due
to a low electron temperature in the extraction region of
the negative ion source. Then, we employed frequency-
modulated absorption spectroscopy. In this method, the
frequency of the laser beam was modulated in two man-
ners. One was the wide (∼ 100 GHz), slow (1 s) scan with
a triangle waveform to measure the absorption spectrum
in the entire wavelength range of the Doppler-broadened
Balmer-α line. The other frequency modulation had a si-
nusoidal waveform at a frequency of 600 Hz. The second
frequency modulation was superposed on the first mod-
ulation. The signal from the photodiode was connected
to a lock-in amplifier which amplified the signal compo-
nent at the second harmonic of the sinusoidal frequency
modulation (1.2 kHz). The amplitude of the second fre-
quency modulation was optimized experimentally. This
method (hereafter “the 2f method”) can yield a signal
which is similar to the second-order derivative of the ab-
sorption line profile with a much higher sensitivity than
the simple absorption spectroscopy. The 2f component
in the amplitude modulation of the laser beam, which
occurred simultaneously with the frequency modulation,
was subtracted to obtain the correct 2f spectrum.

Fig. 1: System for laser absorption spectroscopy in the
negative hydrogen ion source in NIFS.

Fig. 2: Examples of 2f spectra at the Balmer-α line of
atomic hydrogen.

Figure 2 shows typical spectra obtained by the 2f
method. It is understood from the principle of the 2f
method that the positive peak is observed at the peak po-
sition of the absorption line profile. The negative peaks
are observed at the inflection points of the absorption
line profile. Therefore, we can estimate the absorption
line profile of the Balmer-α line from the 2f spectrum.
The Doppler-broadening of the absorption line profile
estimated from the 2f spectra gave us an estimation of
∼ 3000 K as the translational temperature of atomic hy-
drogen in the negative ion source. A greater absorption
was observed at a higher arc-discharge power, but the
temperature of atomic hydrogen was insensitive to the
arc-discharge power as shown in Fig. 2.

  
  

Giant negative ion sources for fusion research are 
required to accelerate large negative ion current over several 
10 A up to beam energies of 180, 500 and 1000 keV for 
LHD, JT-60SA and ITER, respectively. In order to 
guarantee the long-time acceleration of such high energy 
and large current beams, one of critical issues is a voltage 
holding capability of high energy accelerators which 
consists of multi-stage and multi-aperture grids. In order to 
achieve higher capability and reduce a breakdown 
probability, physics of breakdowns should be clarified. 

 As for the vacuum breakdowns without beam, a dark 
current due to field emitted electrons is generated at the 
cathode edge of the aperture, and strongly correlate with the 
breakdown probability. Therefore, the voltage holding 
capability of the multi-stage and multi-aperture grids might 
be restricted by the superposition of the breakdown 
probability determined by each aperture. 

However, considering the beam acceleration, much 
higher current of the negative ions is accelerated than the 
dark current. At the same time, several percent of the beam 
directly hits on the acceleration grids. Actually, the 
degradation of the voltage holding capability has been 
observed due to the beam acceleration in many ion sources. 
However, the mechanism of the breakdown due to the beam 
acceleration is not clarified. In order to understand and 
predict the voltage holding capability with the beam 
acceleration, the voltage holding capability has been 
investigated by using the ion sources for LHD, JT-60SA and 
the MeV accelerator for ITER R&D. 

This time, the breakdown probability of the LHD ion 
source (#3) has been obtained after enough conditioning 
with cesium seeding as shown in Figure 1. The breakdown 

probability is defined by the number of the breakdown per a 
shot with the pulse length of 2 seconds. The ion source was 
operated at the perveance matched condition with beam, and 
at a half of the operational pressure without beam. As 
observed in other ion sources, the breakdown probability 
with the beam acceleration is higher than that without beam. 
The estimated voltage degradation defined by the ratio of 
the beam energy at same probabilities is about 3 %.  

In order to compare the voltage degradation in these 
ion sources, the relations between the acceleration current 
and the voltage degradation are investigated as shown in 
Figure 2. In this figure, the voltage difference ( V) from 
that obtained in vacuum are investigated with and without 
beam. In vacuum case ( V > 0), the dark current has been 
observed in these ion sources. However, when a hydrogen 
gas is injected to the ion sources, the dark current is 
decreased with the increase of a hydrogen gas pressure, and 
then the acceleration voltage can be increased. This effect is 
considered to be a suppression of a surface oxidization 
which enhances the field emission current. Therefore, this 
slope of the relation between the voltage and current is 
considered to be the contribution of the electron component.  

In the case of the beam acceleration ( V < 0), the 
voltage degradation due to the increase of the acceleration 
current has been observed in these ion sources. At first, the 
slopes with beam acceleration is mainly caused by negative 
ion component, which seems to be different from the 
electron contribution. However, detail analysis by the 
evaluation of the heat load component on the grids is 
required to understand the difference of these slopes. 

Moreover, the voltage degradation of the LHD ion 
source is smaller than the other ion sources. Considering the 
superposition of the breakdown probability of each aperture, 
the smaller degradation of the LHD ion source might be 
caused by the number of the acceleration stages, since the 
JT-60 ion source and the MeV accelerator have 3 and 5 
acceleration stages. This is the first results of the effect of 
the multiple acceleration stages on the voltage degradation 
due to the beam acceleration. 

 

 
Figure 2. Voltage degradation characteristics 
depending on acceleration current. V denotes the 
acceleration voltage. 

Figure 1. The breakdown probability of LHD-NBI3 

219

§10. Voltage Holding Capability with Beam 
Acceleration of Large Negative Ion 
Current

Kojima, A., Hanada, M., Yoshida, M. (JAEA),  
Kisaki, M., Tsumori, K., Nakano, H.




