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Focussing of multibeamlets produced from a large accelerator grid is a key issue of ion
beam application to the neutral beam injector (NBI) of fusion devices. Another issue is
highlighted in a case of negative ion based NBI to compensate beamlet deflection inside
the extractor, where magnetic field is applied for suppression of electron extraction.
Steering of H beamlet was carried out by displacing apertures in an electrostatic
extractor/accelerator composed of four grids, where the beam energy was in the range
of ~50 keV. Out of a few combination of grid displacement, displacement of ESG (3rd
grid) and/or GRG (4th grid) was found to be successful: 1) The beamlet steering angle
of 50 mrad was obtained by displacing the apertures of 9 mm dia. up to 3mm. It was
confirmed that the steering angle was proportional fairly well to the displacement. The
characteristic of the steering, i.e., the steering angle as a function of displacement,
agrees well with the analysis based on the linear optics theory. 2) Neither significant
divergence growth nor the beam interception were observed in the steered beams over a

wide range of operation. The H- beams, of which divergent angle was 5 mrad, was
obtained even under the beamlet steering. Thus the steering by displacement is suitable
for the focusing of negative ion beam generated from multi-aperture grids. 3) It was
found that the steering angle was independent of the magnetic field direction in the
present extractor structure. This is an advantage of the steering technique for
compensation of the beam deflection inside the extractor by magnetic field.

Keywords: Nuclear Fusion, ITER, Neutral Beam, NBI, H Ion, Accelerator, Ion Beam,
Beam Optics, Thin Lens Theory, Beam Focussing, Beam Steering
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1. INTRODUCTION

A technique to steer positive ion beamlet by aperture displacemen’tl‘5 has been
utilized to focus the high current beam produced from a wide extraction area toward a
narrow beamline of neutral beam (NB) injectors for fusion application. In JT-60 NB
injectors® based on positive ion beam, the deceleration grid was displaced to focus the
multi-beamlets extracted from an area of 12 cm x 27 cm toward a focal point (8.3 m
away from the source) in the port on the tokamak.

As the fusion R&D's progress, a requirement in high energy (500 keV ~ 1.3 MeV)
NB was increased not only to heat the plasma but also to drive the plasma current. The
negative ions (H or D) are used as primary beams, instead of the positive ions, to
obtain a high neutralization efficiency (~ 60 %) even in the high energy regime.

A unique design of negative-ion-based NB system” is in the slender beamline,
which prevents both neutrons streaming from the reactor plasma and high gas
consumption rate in the neutralizer. Then the steering technidue for beam focusing has
more importance in the negative-ion-based NB system. The other unique point is in the
negative ion extractor: In general, magnetic field is formed in the extraction gap in order
to suppress electrons accompanying negative ions. For example in the sources
manufactured at JAERI, small permanent magnets are embedded in the extraction grid
(2nd grid) to form dipole magnetic field. Such magnetic fields formed in the extractor
cause beamlet deflection.

Beamlet steering by aperture displacement is an attractive technique to fulfill
above mentioned requirement; beamlet focusing and compensation of the deflection.
The first experiment on the H- beamlet deflection and steering was carried out
displacing grid apertures in an extractor/accelerator with four grids. Among several

combinations of the grid displacements, two sorts of grid displacement were found to be
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successful in the present experiment. The results are discussed on a base of the linear

optics theory in the present paper.

2. EXPERIMENTAL SETUP

An illustration of the JAERI electrostatic extractor is shown in Fig 1. All negative
ion sources manufactured at JAERI have the extractor of such a structure. The extractor
is composed of three grids called plasma grid (PLG), extraction grid (EXG), and
electron suppression grid (ESG), from source side to downstream, respectively. A pair
- of small magnet is embedded around each aperture in EXG to form a dipole magnetic
field in the extraction gap. On single stage acceleration, another grid (GRG) is installed
in the downstream at the grounded potential. Negative potentials are applied in PLG and
EXG against GRG. ESG is electrically tied to EXG. Then negative ions are extracted
from source plasma through PLG aperture toward downstream. Electrons are also
extracted from the plasma, however, they are deflected by the magnetic field and
dumped on EXG. The negative ion trajectory is deflected slightly by the magnetic field.

The cross sectional view of the extractor/accelerator aperture is shown in Fig. 2.
In the figure, both ESG and GRG were displaced with respect to the others as an
example. (Hereafter this is referred to as "ESG-GRG displacement".) The aperture was
drilled in each grid to form multi-apertures of a 4 x 5 lattice pattern as shown in Fig. 3.
In each displacement case, apertures in a column and a row were Kept aligned to obtain
beamlets without steering. In the rest of the apertures, i.e., 3 x 4 apertures, the
displacement was examined every 0.5 mm, up to 3 mm. In the case of ESG-GRG
displacement, the apertures were displaced not only for the direction parallel to the
magnetic field (Fig. 3b), but also for the perpendicular direction (Fig. 3c).

The extractor/accelerator were installed in "Multi-Ampere Negative Ion SourceS”,

The H- beams of up to 60 keV, 7 mA/cm?2 were produced by pure volume operation.
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Through the experiment, the pressure in the beamline was kept to be as low as 0.03 ~
0.06 Pa by H2 gas so that the beam does not blow up due to the space charge.

A Faraday cup, of which opening is 1 mm in diameter, located 827 mm
downstream from the source, was used for the beamlet diagnoses: By scanning the
Faraday cup in a plane perpendicular to the beam axis, spatial map of the beam "foot
print" was obtained. Peaks of the Faraday cup signal were identified as center of the
beamlets from the map.

The beamlet steered angle was determined from a distance between center of
steered and unsteered beamlets in the same row, which affect the same direction and
strength of magnetic deflection. Thus the effect of beamlet steering was observed

separately from the deflection due to magnetic field.

3. RESULT AND DISCUSSION

3.1 BEAMLET DEFLECTION BY MAGNETIC FIELD

An example of beamlet "foot prints" is shown in Fig. 4. This foot print was obtained
when the beamlets were generated from the grid with aligned apertures of the
extractor/accelerator, i.e none of apertures were displaced. Each closed circle indicates
positions of the maximum output corresponding to center of the beamlets. As found in the
picture, well aligned beamlets were observed in horizontal direction. Distance of each
beamlet in the direction was the same as that between apertures. However, in vertical
direction, the beamlets produced from a same column of apertures show a zigzag pattern as if
the beamlets are deflected line by line. This is the deflection of beamlet by the magnetic field
in the extraction gap.

The beamlet deflection of 5 ~ 10 mrad was observed at the H™ beam energy of less than

50 keV. Obviously, such a beamlet deflection increases area of beam footprint, and hence,
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reduces the beam transmission in a reasonably compact negative-ion-based NB system. Some

method to compensate the deflection is desired.

3.2 BEAMLET STEERING BY APERTURE DISPLACEMENT

3.2.1 Beam quality

A picture showing the beam about 1 m downstream from the source is presented
in Fig. 5. In the picture the beamlets were steered in the direction perpendicular to the
paper by ESG-GRG displacement. The five lines of beamlets corresponding to that
produced from five rows of apertures are easily distinguished as shown in the picture.
Thus well converged beamlets were obtained even if the beamlets were steered by
aperture displacement.

Consequently both in ESG-GRG and GRG displacements, the divergent angle of
each beamlet was decreased by 5 mirad by optimizing the source operation. Significant
beam divergence growth or direct interception due to the displacement was not observed

over a wide range of the operation.

3.2.2 Analytical formula

Here we attempt to derive relations between these displacements and the steering
angle by the linear optics theory, which was widely used in the positive ion beam
steering.

In thin lens approximation, the focal length of electrostatic lens in grid aperture is
derived as; F1 = 4V1 / (E2 - E1) for ESG and F2 = 4(V1 + V2) / E2 for GRG. The
strength of the electrostatic field, E, is simply calculated by dividing the voltage by the

gap length as the first approximation.
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Now it is not appropriate to adopt the thin lens approximation for the ESG lens,
since EXG seems thick enough to isolate the ESG lens from E1. If we neglect E1, the

focal length, F1, is simply given as;
F1=4Vi/(E2-E1)~4V1/E2 (D

When ESG is displaced by 61, the steering angle 61 at ESG exit is expressed as

(Vs )iﬁ @
91 (V1 +V2 F]
Here the first part of the product, [V1/(V1+V2)]1/2, is the energy compensation for the

extracted negative ion beam.

The steered beamlet trajectory is compensated by an axial acceleration:

0. =- 2{VI(VI +V2)}1/2 - 2V1 5182 (3)
acc V, F; F,

In the GRG, the steering angle 02 is written as a function of GRG displacement

02;

)
02 =5 )
If both ESG and GRG are displaced, the beam suffers steering in ESG, axial
acceleration, and another steering in GRG, eventually. Then the sum of these angles

appears as the actual steering angle measured at the downstream experimentally.
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3.2.3 Steering angle

The beam steering angles as functions of ESG-GRG and GRG displacements are
shown in Fig. 6. It is confirmed that the beamlet steering angle is proportional fairly
well to the aperture displacement. For the displacement up to 3 mm, the beamlets were
steered by 50 mrad in ESG-GRG displacement, and 20 mrad in GRG displacement.

Analytical results obtained by the formulae (1) ~ (4) are also shown in the figure.
The experimental and the analytical results show a good agreement in GRG
displacement, while the steering angle obtained in the experiment was about 20 %
smaller than the analytical prediction in ESG-GRG displacement. This seems due to that
E1 affects to ESG lens to some extent, though the effect was neglected in the previous
formula (1).

In GRG displacement, the steering angle was measured with a constant ratio of
extraction / acceleration voltage to be V1 /V2=1/11. The result is shown in Fig. 7. The
steering angle did not vary over the acceleration voltage of 30 ~ 50 keV. If the ratio V1 /
V2 is kept constant, the formula (4) becomes independent of the voltage. As the result,
the steering angle is to be 6.5 mrad by the GRG displacement of 1 mm. This is also a
good agreement with the experimental result. Thus a constant steering angle is obtained
“in the GRG displacement if the extractor / accelerator is operated at a constant

perveance.

3.2.4 Effect of magnetic field

A result of ESG-GRG displacement is presented again in Fig. 8. This result
contains both displacements of parallel and perpendicular directions with respect to the
magnetic field. In the displacement of parallel direction, the beamlet steering by the

displacement and the deflection due to the magnetic field take place toward
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perpendicular direction each other, while the perpendicular displacement, the steering
and the deflection occur in the same direction.

There is no significant difference with the displacement directions as in the figure;
i.e., Proportionality of the steering angle with respect to the displacement, and the
maximum steering angle were the same in both directions of displacement. The reasons
are; i) the deflection angle due to the magnetic field is relatively small, and ii) since the
distance between EXG and ESG is short, the deflected beamlet is deposited
immediately onto ESG lens with few deflections. Thus the beamlet steering by the
aperture displacement is almost independent of the direction of magnetic field in the
present extractor structure. This indicates that the beamlet deflection due to the
magnetic field can be compensated by steering the beamlet to the opposite direction

with proper displacement in ESG aperture.

4. SUMMARY

Displacing apertures in electrostatic extractor/accelerator composed of four grids
steering experiment of H™ beamlet was carried out. Out of a few combination of grid
displacement, displacement of ESG and/or GRG was found to be successful. The results
are summarized as follows.

1) Neither significant divergence growth nor the beam interception were observed in the
steered beams over a wide range of operation. The H™ beams of which divergent angle
was less than 5 mrad was obtained even under the beam steering by the aperture
displacement.

2) The beamlet steering of 50 mrad was obtained by displacing the apertures of 9 mm
dia. up to 3mm.

It was confirmed that the steering angle was proportional fairly well to the
displacement. The characteristic of the steering; i.e. the steering angle as a function of
displacement, agrees well with the analysis based on the linear optics theory. Thus the
steering by the displacement is suitable for the focussing of the negative ion beam
generated from multi-aperture grids.

3) It was found that the steering angle was independent of the magnetic field direction
in the present extractor structure. This is an advantage of the steering technique by the
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displacement for compensation of beam deflection by the magnetic field.
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Figure 1. An illustration of the JAERI extractor with single stage acceleration gap.

Electrons extracted together with the ions are deflected by the magnetic field formed by

a pair of magnets.
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Figure 2. A cross-sectional view of the aperture in JAERI extractor / accelerator. The

figure shows that ESG and GRG are displaced parallel direction to the magnetic field.
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Figure 4. A "foot print" of the beamlets observed at 827 mm downstream from the
source. The grid apertures of a 4 x 5 lattice pattern are also shown with shaded lines and
large open circles. Center of beamlets (closed circles) show a zigzag pattern in vertical
direction, as the result of beamlet deflection by the magnetic field.
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Figure 6. A beam steering angie as a function of the displacement. The steering angle
increased proportionally by 50 mrad with the displacement of up to 3 mm. This

characteristics are well agree with the analytical result based on linear optics theory.
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Figure 7. The steering angle in GRG displacement. The beam was produced at a
constant ratio of extraction / acceleration voltage of V1 / V2 =1/11. This is also a good

agreement with the analytical result.
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9.80665 1 2.20462 #1|  0.0980665 1 0.967841 735.559 14.2233
4.44822 0.453592 1 0.101325 1.03323 1 760 14.6959
# B 1Pa-s(N-s/m?)=10P(# 7 X) (g/(cm-s)) 1.33322 x 107" | 1.35951 x 107* | 1.31579 x 10~? 1 1.93368 x 1072
BIE 1m%/s=10'St(X b — 2 2) (cm?¥/s) 6.80476 x 10™* | 7.03070 x 1072 | 6.80460 x 10" 51.7149 1
| J(=10"erg) kgfrm kW= h cal GGHR%) Btu ft « Ibf eV 1 cal = 4.18605 J (it &tiE)
3
;; 1 0.101972 | 277778 x 1077 | 0.238889 | 9.47813 % 10~ 0.737562 | 6.24150 x 10® =4.184J (BLE)
1 9.80665 1 272407 x 1076 | 2.34270 9.20487x 107 7.23301 6.12082% 10! =4.1855J (15°C)
% 36x10° | 3.67098x 10° 1 859999 x 10° 3412.13 2.65522 % 10° | 2.24694 x 107 =4.1868 J(EBRERR)
- 4.18605 0.426858 | 1.16279 x 1078 1 3.96759 x 10~ 3.08747 261272x 10"  {m®E | pS (ILEA)
) 1055.06 107.586 293072%107¢ | 252.042 1 778.172 6.58515 x 102’ =75 kgf-m/s
1.35582 0.138255 | 376616 x 1077 |  0.323890 | 1.28506 x 10~ 1 8.46233% 10" = 735.499 W
160218 x 107" | 1.63377 x 1072°| 4.45050 x 1072¢| 3.82743 x 10"} 1.51857 x 10722| 1.18171 x 107*° 1
b Bq Ci T Gy rad L] C/kg R o Sv rem
5 e & &
1 270270 x 107" & i 100 % 1 3876 B 1 100
[ & & & '
3.7 x 10 1 0.01 1 2.58 x 107 i 0.01 1

(86 % 12 A 26 HEE)






