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Heat loading of acceleration grids has been investigated using a JAERI 400 keV negative hydrogen
ion source, which has a three-stage multiaperture accelerator. To investigate the effect of beamlet
steering on the heat loading, the apertures in the grounded grid were displaced up to 5 mm. The
steering angle increased linearly with the displacement distance of the grid. The obtained steering
angle was 7.5 mrad at the displacement distance of 5 mm. It was confirmed that the steering angle
agrees well with the thin lens theory. Degradation of beam optics due to the steering was not
observed. The heat load of the grounded grid was scarcely changed up to the displacement distance
of 2 mm and then increased from 2.5% to 8% of the total input power when the grid was displaced
from 2.5 to 5 mm. Heat loads of the other unsteered grids were not changed00® American
Institute of Physics.[DOI: 10.1063/1.1405798

I. INTRODUCTION tance of the apertures of 16 mm in diameter was 4.5 mm in
) o ) the grounded grid. It was found that the heat load in the
High power negative ion sources are required for neutral o \ndeqd grid was higher than the expected value. One of
beam injection(NBI) systems in magnetically confined fu- iha yeasons for the excessive heat load is considered to be the
sion devices. For the International Thermonuclear Ex,pe”'displacement of the apertures. However, no study exists for
mental Reacto(ITER), for example, a high power negative e heat load of the grid in the aperture displacement system.
ion source that can produce 1 MeV, 40 A~ ion beams, 14 gesign high power negative ion sources, it is very impor-

has been designédThe ion source has a multiaperture 4t 1o know the characteristics of the heat load when the
extractor/accelerator where 1280 holes are drilled over %pertures are displaced.

wide extraction area of 580 m1L552 mnt: It is necessary In the present article, experimental studies on the beam-
to converge the negative ion beam extracted from eacfy gieering angle and the heat load of acceleration grids are
extraction/acceleration holer beamlex towards the limited reported.

area of an injection port of ITER.

Beamlet steering by aperture displacement is an eﬁgctiVﬁ_ EXPERIMENTAL APPARATUS AND MEASUREMENT
method to converge the multiple beamlets, and is widely
used in the NBI systems equipped with high power ion  Figure 1 shows a cross sectional view of an experimental
sources. Many studies on beamlet steering by aperture digpparatus. A negative ion source, called JAERI 400 keV hy-
placement have been reporﬁa‘&_However, those studies are drogen negative ion source, has a multiaperture, three-stage
for the positive ion sources that have a simple triode or tetacceleratot®** The negative hydrogen ions (¥ generated
rode extractor. The negative ion source has a more complin a semicylindrical plasma generator called “KAMABOKO
cated extractor/accelerator to suppress the electron accelegsurce™? are extracted and accelerated. A beam target plate
tion and to accelerate the negative ions to higher energynade of tungsten is placed at 1.6 m downstream from the
Namely, permanent magnets are inserted in the extractiogrounded gridGRG). Dimensions of the target plate are 250
grid to deflect the extracted electrons, and the negative ion®mx250 mm, and 2 mm in thickness. Footprints of the
are accelerated up to, for example, 500 keV in J¥-80d accelerated beamlets are monitored with an infrared camera
1 MeV in ITER! with a multistage accelerator. Only a few by observing the temperature rise of the target through the
studies exist for the beamlet steering in the negative iorsapphire glas?iThe spatial resolution of the infrared camera
source’ is about 0.5 mm.

The negative ion source for JT-60 utilizes the aperture A schematic of the negative ion extractor/accelerator and
displacement technique to converge the beamlets extractéwgative ion beam trajectory for single aperture is shown in
from 450 mmx1100 mm area. Maximum displacement dis- Fig. 2. The extractor consists of three grids, called the
plasma grid(PG), extraction grid(EXG), and electron sup-
dpresent address: NBI Heating Laboratory JAERI, 801-1 Mukoyama, NakapreSSIOn gﬂC(ES@. The diameter of the apertures Is 14 mm
machi, Naka-gun, Ibaraki-ken 311-0193, Japan; electronic mailin PG. Thickness of PG, EXG, and ESG are 2 mm, 11 mm,
takayant@fusion.naka.jaeri.go.jp and 3 mm, respectively. Distance between the grids is 6 mm
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KAMABOKO SOURCE Infrared camera Reference
PG,EXG,ESG Q Sapphi
pphire glass
/
Negative ion beam
! eXeXeXoXe
- : Teleie e e
! O
[}
[}
A1G L=1600mm ! Permanent Magnet
éﬁ% Target Plate(W)

250mm x 250mm x 2mm FIG. 3. Multiapertures distribution in EXG are shown. There are twenty-five
(5%5) apertures for beam extraction and two apertures for reference. Per-

FIG. 1. Cross sectional view of an experimental apparatus is presented. fyanent magnets are embedded between apertures row to suppress the elec-

JAERI 400 keV negative ion source, which has multiaperture, three-staggon extraction and acceleration.

accelerator, is installed. A target plate made of tungsten is placed at 1.6 m

downstream from GRG. Footprints of the accelerated beamlets are moni-

tored.

position of 0 to 5 mm. Two additional apertures shown in

(PG-EXG and 3 mm(EXG-ESG. The H- ions produced in Fig. 5@ for the reference were not displaced. Beamlets ex-
the KAMABOKO source are extracted by applying an ex- tracted from these two apertures were use_d for the reference
traction voltage between PG and EXG. ESG is electrically’€amlets. The beamlet steering anglis defined as an Eq.
connected to EXG. (@.

The accelerator consists of three grids, called first accel-
eration grid (A1G), second acceleration gridA2G), and Ad !
GRG. The diameter of the apertures is 16 mm. The thickness L’ @
of the grids is 10 mm in the accelerator. The gap lengths are
75 mm(ESG-A1G, 65 mm(A1G-A2G), and 55 mmA2G-  whereAd is a distance between the original position of the
GRG). The same voltage is applied for each acceleratiotheamiet and the deflected position ands a distance be-
stage. Therefore, the electrostatic field strength increasqfeen GRG and the target. Beam steering angle was mea-
stage by stage to the downstream, forming an electrostatig,req in the beam energy range from 70 to 140 keV.
lens. The negative ion beam is converged by the electrostatic Heat |oads on each acceleration grid were measured by

lens. o ~ temperature rise of the cooling watér*
Figure 3 shows the distribution of the apertures in the

extractor. There are twenty-fivgbx5) apertures for beam
extraction and two apertures for detection of reference posi-
tion. Permanent magnets are embedded between apertures
rows in EXG to produce the dipole magnetic field for elec-
tron suppression.

In this experiment, GRG was displaced. Figure 4 shows
a schematic of the beamlet steering by aperture displacement
of GRG. A beamlet is steered using the electrostatic lens
formed in GRG. Figure &) is a photo of GRG taken from
the ion source side. Figure(lj shows the opposite side.
Twenty-five (5X5) apertures were displaced from an original

H—l\ v
Extractor Accelerator

FIG. 2. Schematic of the negative ion acceleration equipniextractor/
acceleratorand negative ion beam trajectory for single aperture are shown.
The diameter of the aperture is 14 rann the extractor. The gap distance
between PG and EXG and EXG and ESG are 6 mm and 3 mm, respectively.
The diameter of the apertures is 16 gaiend 10 mm thick in the accelerator. FIG. 4. Schematic of the beamlet steering by aperture displacement of GRG
The gap distance is 75, 65, and 55 mm from the extractor side. is shown. Beamlet is steered using the electrostatic lens formed in GRG.
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FIG. St.hAp_erture displa_cdement gr:(dBﬁIG) tfor btear_glet _srteeritngf_is szcéwn. FIG. 7. Experimental results of beamlets steering angle and calculated re-
(@) is the ion source side an(b) is the target side. Twenty-fivé5X5) sults by thin lens theory are shown. The beamlet steering angle increases

a_pertures are displaced from an or|g|r1_a| posmon of 0 _to 5 mm. Two addl'Iinearly with the aperture displacement distance in the beam energy range
tional apertures for the reference positioning are not displaced. from 70 to 140 keV.

Il EXPERIMENTAL RESULTS AND DISCUSSION dence on the beam energy was observed between 70 and 140
A. Dependence of the beam steering angle on aperture keV. We confirmed that all the beamlets are steered with the
displacement same angle within the error bar for each corresponding dis-

Figure 6 shows an infrared image of the beamlet meaplacement distance.
igu W : 'mag In Fig. 7, the beamlet steering angle based on the thin

sured at the beam target. By optimizing beam optics, eac[éns theord is also indicated. The steering angfeis ex-
beamlet was clearly observed. Adjacent beamlets rows wer ressed as follows: '

deflected alternately in the horizontal direction. This is due t
the effect of the dipole magnetic field in the extraction grid. _ E 5 9
The outermost beamlets were deflected outward because of 0=— 4VBE>< ' 2

the beamlet—beamlet interactibh.

During the measurement of the steering angle, the mag%’-.\'hereVBE Is a total beam energy, ariis an electrost.atic
netic field in EXG and the beam perveance were kept coniield strength between A2G and GRG. These experimental

stant. The steering angle was measured by the distance brg_sults ag_reed well with the thin lens theory. .
A profile of an unsteered beam has been compared with

tween the original position of the beamlets and deflectedh d Fi h infrared i fth

beamlets. Therefore, influence of the magnetic field wa e steered one. Figurda shows an infrared image of the

eliminated in the measurement. eamlets. Beam energy was kept at 140 keV. The left-hand
eside image was measured for the displacement of 0 mm and

Figure 7 shows a result of the beamlet steering. Th iaht-hand sid d for the displ t of
beamlet steering angle increased linearly as the aperture di 1€ right-nand side one was measured for Ine displacement o
mm. No change in the beamlet image was observed.

placement distance increased from 0 to 5 mm. No depen- . . )
To compare the beamlet profile in detail, beamlet profiles
were described in Fig.(B). There was no change in tempera-

ture distribution of the beamlet core before or after the de-

flection. Beamlet profile deformation, which might be caused
by a disturbance at the fringing electric field or the direct

D interception of the beamlet core, was not observed. The

beamlet divergence(1/e) has been kept at about 5.5 mrad.

B. Heat load of acceleration grid

Figure 9 shows the heat load of GRG as a function of
hydrogen gas pressure in the ion source. The measurement
was performed for the displacement distances of 0 to 5 mm.

Reference beamlet The beam energy was kept at 90 keV. The gas pressure in the
plasma generator was changed from 0.67 to 1.2 Pa, where
FIG. 6. Infrared image of the beamlets at beam ta(@be beam energy is the negative ion current was almost constant to keep the
140 keV) is shown. By optimizing the beam optics, each beamlet is clearlyoptimum beam optics. The heat load in the accelerator con-
observed. For the horizontal direction, adjacent beamlets rows deflect alter-. . .
nately. This phenomenon is due to the magnetic field in the extraction grids'_Sts (?f two cqmponents, one is the heat |Qad due to the
The outermost beamlets are deflected outward of the beam. direct interception of the beam, and the other is the heat load
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FIG. 10. Heat loads on each acceleration grids due to the direct interception
as a function of GRG displacement distance are shown. The heat loads of
A1G and A2G are constant during GRG displacement. The heat load of
| GRG increases as a function of displacement distance.

08

due to the beam—gas interaction, i.e., stripping of negative
ions, in the accelerator. The direct interception does not
change if the beam optics is kept constant. However, the
stripping rate is strongly affected by residual gas pressure in
the accelerator. The heat load caused by the striped electrons
will increase with increasing gas pressure. The heat load due
to the direct interception can be evaluated by extrapolating
RADIUS [mm] the heat load at the gas pressure of 0:¥%4.

_ _ _ Figure 10 shows the heat load on each acceleration grid
FIG. 8. (a) Beamlet images at the beam target measured with an |nfrare% he di . . f . f GRG displ
camera for the displacement distari@ of 0 and 5 mm are shown. The ue to t e airect interception as a function o Isplace-
beam energy is 140 keVb) Temperature distributiofnormalized of the ~ ment distance. We observed that the heat load due to the
beamlets is shown. There is no change in temperature distribution of thelirect interception increased with increasing the displace-
beamlet core before or after deflection. The beamlet divergeilitée) has ment distance of the grid The tendency of GRG heat load
been kept at about 5.5 mrad. '

can be expressed by

04

02 |

T NORMALIZED OF TEMPERATURE DISTRIBUTION
<)
)

-

PGRG/P|N: KX (§)’+ 25, (3)

18- where Pgre/Piy IS the GRG heat load is the constant
I coefficient ands is the displacement distance. 2.5 is the base
of the heat load obtained without displacement, which is an

4mm interception. A solid line in Fig. 10 shows E(B). Such a
3mm tendency of the heat loads can be explained as follows. A
2. bom current density distribution of the beamlet is a Gaussian pro-

8 1. 5mm file, as shown in Fig. ). The experimental result showed

i that only the tail of the beamlet was intercepted. We assume
Omm that the tail is an edge of a simple cone profile. By displace-

ment of the grid, the edge of the circular cone is scrapped.
The scraped volume increases functionally to distance cubed

4 BEAM-GAS REACTION / (5%). The displacement distance éfis the intercepted dis-

//// (STRIPPING) tance at the tail. The heat loads of A1G and A2G, which were
2 i ; not displaced, were constant at the same GRG displacement
0

BEAM DIRECT INTERCEPTION distance

HEAT LOAD DIVIDED BY TOTAL
ACCELARATION POWER (%]

T 1 ML

oy
0 0.2 0.4 0.6 0.8 1 1.2

GAS PRESSURE [Pa] C. Heat load of GRG caused by beamlet deflections

FIG. 9. Heat load of GRG as a function of hydrogen gas pressure in the iorqiue to the dipole magnetic field in the extractor

source for various displacement distances of GRG is shown. The beam ;
energy is kept at 90 keV. The change of gas pressure is from 0.67 to 1.2 Pa. As mentioned, the beamlet rows are deflected by the

The heat load due to the direct interception increases as a function of GrENagnetic field in EXG. The inﬂuenc_e of this d?fleCtion on
displacement distance from 0 to 5 mm. the heat load was not clear. To clarify the relation between
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FIG. 13. Comparison of the heat loads measured with two PG masks and
The H- beam passes The H- beam passes through without mask(5x5 beamletsare shown. Heat load measured for the2
through near the electrode far from the electrode apertures is higher than that for th5 apertures, while the heat load for

5X3 apertures shows lower value.
FIG. 11. Schematic of the two beamlet trajectories is shown. One beamlet

passes through the hole near the electrode and the other passes through the Figure 13 shows the comparison of the heat loads mea-
hole far from the electrode by the effect of the magnetic field in the extractorsured with two PG masks and without ma8k5 beamlets
when GRG s displaced. Heat load measured for thex® apertures were higher than
that for the 5<5 apertures, while the heat load for th&3
the heat load and relative position of the beam trajectory t@Pertures showed lower value. The beamlet deflection angle
the grid aperture, we investigated the heat load on GRG. Thdue to the magnetic field in EXG is estimated about 0.9 mrad
beamlets were extracted fromx5 apertures. Three rows of from the infrared image in Fig. 7. Therefore, the positions of
them were deflected in the same direction of the GRG disthe center of the beamlets are displaced by about 3 mm at the
placement. The other two rows were deflected in the oppositBosition of GRG. The heat load obtained usingZaper-
direction of the GRG displacement. Figure 11 shows thdures was about 5% at the displacement distance of 2 mm,
schematic of beamlets for these two trajectories. One bean{thich was almost the same as the heat load obtained using
let passes through the hole near the electrode and the othe3 apertures at the displacement distance of 5 mm. These
passes through the hole far from the electrode when GRG @xperimental results agreed well with the estimation. We
displaced. To clarify the heat loads produced from these tw&ould confirm that the beamlets deflected by the dipole mag-
kinds of beams, mask plates for PG were adopted. One plaftetic fields in the extractor and passing through near the
covers the aperture of the beamlet passing through far frorfisplaced electrodéGRG) increase the heat load of GRG.
the grid; only 5¢<3 beamlets are extracted. The other p|ateThis result shows that the heat load of GRG due to the beam
covers the aperture of the beamlet passing near to the grifleflection by the magnetic field in the extractor can be re-
only 5x2 beamlets are extracted, as shown in Fig. 12.  duced lower than 2.5% by compensating the deflection.
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