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Abstract
The results of high power injection with a neutral beam injection (NBI) system for the

large helical device (LHD) are reported. The system consists of three beam-lines, and two
hydrogen negative ion (H" ion) sources are installed in each beam-line. In order to improve the
injection power, the new beam accelerator with multi-slot grounded grid (MSGG) has been
developed and applied to one of the beam-lines. Using the accelerator, the maximum powers of
5.7 MW were achieved in 2003 and 2004, and the energy of 189 keV reached at maximum.
The power and energy exceeded the design values of the individual beam-line for LHD. The
other beam-lines also increased their injection power up to about 4 MW, and the total injection
power of 13.1 MW was achieved with three beam-lines in 2003. Although the accelerator had
an advantage in high power beam injection, it involved a demerit in the beam focal condition.
The disadvantage was resolved by modifying the aperture shapes of the steering grid.

keywords : NBI_ negative ion source.

1. Introduction
Neutral beam injection is a powerful and reliable method for plasma heating. As the

sizes of plasma confinement devices become larger, the beam energy of the NBI should be
higher to deposit the beam power at the core part of the plasmas confined in the device.
Hydrogen negative ions have much higher neutralization efficiency than hydrogenous positive
ions in the energy range of more than 100 keV [1].

The LHD consists of super-conducting coils to investigate steady state confinement
plasmas [2]. The thermal insulating structure for the super-conductor is thick to make the NBI
ports narrow and long. This requires the beam divergent angle should be less than 10 mrad.
The typical major radius of the LHD plasma is 3.7 m and the aspect ratio is six. Considering the
shine-through ratio and beam deposition profile, the maximum energy of the LHD-NBI is
designed to be 180 keV. The beam power is chosen 5 MW per beam line, and the equivalent
hydrogen atom (H°) current corresponds to -28 A at the energy of 180 keV. The cesium seeded
H" ion source is adopted to enhance the H' current and to reduce the beam divergence,
simultaneously. The pulse duration for beam injection is normally set at 10 sec.

The LHD experiments with NBI have started with two beam-lines since 1998 [2], and
the third beam line has been built in 2001 [3]. The layout of these beam-lines is shown in Fig. 1.
All the beam axes are set in the direction tangential to the magnetic axis of the target plasma
confined in LHD. One of the beam-lines, beam-line 2, is oriented to the injecting direction
opposite to the other beam-lines. In the high power injection, the voltage breakdown at the
accelerator has limited the injection power and beam energy. In order to remove the breakdown
problem, a new beam accelerator has been developed and applied to the ion sources for the
beam-line 1 since 2002 [4]. The accelerator includes the combination of multi-hole electrode
grids and multi-slot grid to reduce the heat load onto it. The accelerator contributes to the
increase in the injection power and pulse duration.

In this article, we describe the structure of the ion source for high power injection, the
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beam characteristics of the source and progress of the injection records of the high power short
pulse injections, the disadvantage of the accelerator with MSGG and its solution.

2. Negative Ion Sources for LHD-NBI
The detailed explanations about the negative ion sources for LHD are described

elsewhere [5-7]. Figure 2 shows a short side cross-sectional view of the hydrogen negative ion
sources for LHD-NBI beam-line 1. The structures of the ion sources for the beam-lines 2 and 3
are similar to that for the beam-line 1 except for some small differences. The ion source can be
divided into two parts at the plasma grid, which separates the arc chamber and the beam
accelerator. The chamber wall made of oxygen free copper (OFC) and its inner size is 1400
mm in height, 350 mm in width and about 230 mm in depth. The arc plasmas are confined by
the magnetic field induced by the multi-cusp and a pair of filter magnets, which cause the
dipole magnetic field inside the chamber to be parallel to the chamber short side. The electrons
emitted from the filaments are trapped in the filter field, and they decrease their energy by the
collisions with neutral hydrogen gas inside the chamber. The energies are low enough to avoid
the distraction process of H" ions with electrons. The production rate of H" ions is able to rise by
seeding Cs vapor into the arc plasmas, and the vapor is injected by three Cs lines set at the
backside plate of the arc chamber.

Figure 3 a shows the layout of the accelerators, which consists of three electrode grids
called plasma grid (PG), extraction grid (EG) and grounded grid (GG), and all the grids have a
multi-hole structure. The apertures of the EG exit and GG are displaced to converge the all H"
beamlets at the pivot point of about 13m apart from the GG. The PG of the other grids are made
of molybdenum (Mo) and OFC with water-cooling channels, respectively. Figure 3b indicates
the accelerator with the multi-slot grounded grid (MSGG), whose single slot corresponds to a
row of the multi-hole grounded grid (MHGG) shown in Fig. 3a. The transparency of the
MSGG is about twice as large as that of the MHGG Differing from the acceleration of positive
hydrogenous ions, H" ions separate into hydrogen atoms and electrons (stripped electron) via
the collisions with neutral hydrogen gas leaking from the arc chamber. The stripped electrons
and H° carries the heat load onto the grids, and the heat load to the GG is much larger than the
other grids. The heat load is considered to become lower with the increasing grid transparency.
The heat load onto the MSGG was decreased 50 % of that onto the MSGG [5]. The reduction of
beam heat load is expected to decrease the frequency of the voltage breakdowns between SG
and GG. In the accelerator with the MSGG, the beamlets cannot be converged in the direction
parallel to the long axis of the slots, and then a new grid with displaced circular apertures is
added. The grid is called the steering grid (SG), which is made of Mo for the purpose of
decreasing the sputtering and thermal distortion caused by the back-streaming positive ions
onto the grid.

3. High Power Beam Injections
The injection power as a function of the beam energy is shown in Fig. 4. The dotted

line indicates the 5/2 power of the beam energy; it originates from the Child-Langmuir's low.
The beam energy achieved the value of 189 keV at the maximum in 2003. Most of the plot
points follow the Child-Langmuir's low, while the data obtained in 2004 exceed the line around
the energy of 170 keV. Although it is not clear why the saturated H" current increases beyond
the Child-Langmuir's low, such current jumps are sometimes observed after a large amount of
Cs is seeded in the arc chamber. In the same year, the injection power of 5.7 MW is achieved
with the energy of 186 keV. Last year the power of 5.7 MW was obtained with a lower beam
energy of 175 keV. The difference between both cases is considered the amount of seeded Cs
into the arc chamber.

The progress in the maximum injection powers since 1998 is shown in Fig. 5. The
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beam injection using the accelerator with the MSGG has started since 2002. The data is
compared within the record of the beam line 1. After applying the MSGG, it was possible to
increase the injection power to more than 3.5 MW, the design energy value of 180 keV. As the
next step, the K current was planned to increase the injection power in 2003. The H- current
value is sensitive to the amount of Cs in the arc chamber and the PG temperature, which is risen
by the radiation of arc plasmas and heat flow carried by charged particles in the plasmas.
Therefore, arc balance in the long axis direction of the arc chamber was tuned carefully. The
injection power went up to 5.7 MW with the energy of 186 keV by this tuning [7]. In 2004, the
same maximum power was obtained, although the beam energy was lower than 180 keV.
Additional to the merit of the new accelerator is its conditioning time. It takes a considerably
shorter time to reach the maximum energy of 180 keV, because of the decrease of the voltage
breakdowns between the SG and MSGG.

Progress of the total injection power with three beam-lines is indicated in Table 1. It is
shown in the table that there is a large improvement of the injection power, which is brought
about by the addition of the beam-line 3. The same multi-hole grounded grids are installed in
the beam-line 2 and 3, the flow rates cooling-water for the MHGGs are about 20 m3 / hour. The
flow rates are much higher comparing to that in the MSGG for beam-line 1. With the aid of the
higher heat removal rate, which is proportional to the water flow rate, both of the beam-lines 2
and 3 achieved the maximum injection powers of around 4 MW. Improvement for every
beam-line has been successively made. The injection power has increased year by year,
consequently. In 2004, the injection power decreased comparing to the previous year, and that
was caused by the mechanical fatigue of the parts of the ion sources.

Year
Total injection power

1998
3.7 MW

1999
4.5 MW

2000
5.2 MW

2001
9.0 MW

2002
10.3 MW

2003
13.1 MW

2004
11.3 MW

Table 1. Progress of the total injection power with three beam-lines for LHD

4. Disadvantage of the Accelerator with MSGG and the Solution
Although the accelerator with MSGG has the advantage to obtain high injection

power, the system involves a large disadvantage caused by the different symmetry of electric
field near the SG and MSGG. The influence is observed as the separation of focal condition in
the direction of the slot long and short axes; the separation is not observed in accelerators
consisting of multi-circular aperture grids. Figure 6 shows the typical focal characteristics in
the accelerator with the combination of the SG with circular apertures and the MSGG. The
e-folding half widths in the directions parallel and perpendicular to the slot long axis is plotted
with respect to the change in the voltage ratio (/{v) of the acceleration voltage (vacc) t 0

extraction voltage (yext). As shown in this figure, it is clear the minimum beam widths are
obtained at different ^v . In the practical operation, the Rv is set within the range indicated by
the gray part in Fig. 6. The beam profile elongates in the direction perpendicular to the slot long
axis.

The elongation of the beam profile induces the irregular concentration of the beams on
the surfaces of the components inside the beam-line. The beam injection port and beam dump
have melted [8]. The investigation has been done to decrease the separating focal condition
using a small-scaled ion source consisting of the SG with multi-racetrack apertures. The
dimension of the racetrack aperture is 13 mm x 10 mm, and the long axis of the racetrack is
oriented to the direction of the MSGG slot long axis. There are some differences between the
small-scaled source and LHD ion source, for instance the grid gaps, applied voltages and so on.
The SG with racetrack apertures is investigated to confirm the validity for the reduction to focal
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separating characteristics in LHD-NBI. The focal characteristic with a combination of the SG
racetrack apertures and MSGG is indicated in Fig. 7. The long and short axes of the racetrack
are 13 and 10 mm, and the long axis corresponds to the slot long axis of the MSGG. The voltage
ratios obtaining the minimum widths in the long and short direction of MSGG slot become
closer in the system with racetrack-SG apertures comparing to that with circular apertures. By
modifying the shape of SG aperture, the damage inside the beam line is believed to decrease,
and the beam port-through efficiency is expected to increase. The new SG with the racetrack
apertures is scheduled to be installed in the ion source of beam-line 1 in 2006.
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FIGURE CAPTIONS

Fig. 1. Bird's-eye view of the Large Helical Device (LHD) and three beam-lines; every
beam-line is equipped with two ion sources. The beam directions of all the beam-

lines are tangential to the LHD magnetic axis.
Fig. 2. A cross-sectional view of a hydrogen negative ion source for LHD. The view

indicates the short side cross-section.
Fig. 3. Schematic views of the accelerators with the multi-hole grounded grid (a) and the

multi-slot grounded grid (b). The former is installed in the ion sources for the beam-
lines 2 and 3, and the latter is installed in the sources for beam-line 1.

Fig. 4. Progress of the maximum injection power. Open squares and solid circles indicate
the injection power obtained using the accelerators with the MHGG and MSGG,
respectively.

Fig. 5. Injection power as a function of beam energy. The data is obtained in the beam line 1
whose ion source is applied to the multi-slot grounded grid. Dotted line indicates the
5/2 power of beam energy.
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Fig. 6. e-folding half width of beam profile as a function of voltage ratio (Rv) of acceleration
voltage {vacc)t0 extraction voltage (yext). The solid circles and solid diamonds
indicate the widths parallel and perpendicular to the slot long axis of the MSGG,
respectively. The shape of the SG aperture is circular with a diameter of 13 mm.

Fig. 7. e-folding half width of beam profile as a function of voltage ratio (Rv). The data was
obtained with use of the accelerator with MSGG and racetrack SG apertures
(10x13 mm).
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