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1024 10-1 d
1021 10-2 c
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(b)
rad sr
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In the neutral beam (NB) system for heating and current drive of ITER, detailed designs of a five stage 

Multi Aperture and Multi Grid (MAMuG) accelerator to produce 1 MeV 40 A D- and 870 keV 46 A H- ion 

beams are ongoing. However, it was expected that shinethrough power from the 870 keV H0 beam was 

above tolerable level for the maximum plasma density prior to any H mode. Therefore, it was required to 

reduce the beam energy to 500 keV with maintaining high beam current. The objective of this study is to 

identify necessary modifications from the original five stage accelerator to a three stage accelerator to 

produce 500 keV H- ion beam through the physics design based on a beam optics, a beamlet steering and a 

stripping loss of negative ions. In the beam optics study utilizing a 2D beam analysis code, necessary 

modifications in aperture diameter, grid thickness and grid spacing were proposed. In a 3D multi beamlets 

analysis, aperture offsets in the ESG (Electron Suppression Grid) to compensate beamlet deflections and 

another aperture offset in the GRG (GRounded Grid) to steer the beamlets to a focal point were designed. 

In a 3D gas flow analysis, it was confirmed that stripping loss of negative ions was not changed and gas 

density around the beam source satisfied a design requirement for high voltage holding in a modified 

accelerator configuration proposed in the beam optics study. Finally, the items for modification were 

summarized. 

Keywords: Neutral Beam Injection, Negative Ion Accelerator, Beamlet Steering
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1. Introduction 

In the ITER neutral beam (NB) system for plasma heating and current drive, a five stage Multi Aperture 

Multi Grid (MAMuG) accelerator capable of accelerating 1 MeV 40 A D- and 870 keV 46 A H- has been 

designed. However, so as to suppress the shinethrough in the initial H- operation of ITER, it was required to 

reduce the beam energy to 500 keV maintaining the high H- ion beam current. The JAEA has started 

physics design of 500 keV H- accelerator. The targets of this study are to design a 500 keV H- accelerator 

and to identify the necessary modifications from the original five stage MAMuG accelerator to the 500 keV 

H- accelerator suitable for the shinethrough mitigation maintaining the injection power as high as possible. 

In Chapter 2, the original design of the five stage MAMuG accelerator is reviewed. In Chapter 3, the 

basic design of the 500 H- keV accelerator is defined. In Chapter 4, the accelerator structure is examined 

and optimized based on the beam optics in the two dimensional beam analysis. In Chapter 5, compensation 

of beamlet deflections due to its space charge repulsion and magnetic field, and beamlet steering for 

focussing are analyzed in three dimensional beam calculations. In Chapter 6, gas flow and stripping loss are 

evaluated in the JAEA gas flow code. In Chapter 7, the items regarding the modifications of accelerator 

structure are summarized. 

2. Review of five stage MAMuG accelerator to produce 1 MeV 40 A D- and 870 keV 46 A H- ion beams 

Figure 2.1 shows the original five stage MAMuG accelerator capable of accelerating 1 MeV 40 A D- and 

870 keV 46 A H- 2.1). The extractor consists of a plasma grid (PG) and an extraction grid (EXG). The 

accelerator has four acceleration grids named A1G, A2G, A3G, A4G and a grounded grid (GRG). Each 

grid consists of four segments, which are lined up in longitudinal direction. In each segment, 320 apertures 

are drilled to accelerate each beamlet through them. And hence in total, 1280 beamlets are accelerated. 

Figure 2.2 shows the detailed configuration around one aperture in the accelerator. Diameters of the 

aperture are 14 mm in the plasma grid and 11 mm in the extraction grid. The extraction gap distance 

between the plasma grid and the extraction grid is 6 mm. The voltage applied between the plasma grid and 

the extraction grid is 12 kV at the maximum. So-called "electron suppression grid (ESG)" is attached to the 

backside of the extraction grid. The grid in the accelerator is 20 mm in the thickness and 16 mm in the 

diameter. The acceleration voltage is applied to each grid equally. Therefore, 200 kV is applied to each grid 

for 1 MeV beam acceleration. The acceleration gap distance between each acceleration grids is shortened 

progressively toward downstream such as 86 mm, 77 mm, 68 mm, 59 mm and 50 mm. 

In the integrated design of NB power supply system 2.2), the capable beam current at top of the 

accelerator was designed to be 66 A, which takes into account a safety margin of 5 % in the power supply 

current. In order to produce 1 MeV, 40 A D- ion beam or 870 keV, 46 A H- ion beams, it was estimated that 

the negative ion currents extracted from the plasma grid were 59.4 A (300 A/m2) D- and 62.8 A (320 A/m2)

H-, respectively. 

.
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(a)

(b)

Fig.2.1. The five stage MAMuG accelerator to accelerate 1 MeV 40 A D- and 870 keV 46 A 

H- ion beams.  

(a) Longitudinal direction and (b) horizontal direction. The ion beams are accelerated from top 

to bottom in the figure. 
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.

Fig.2.2. Accelerator structure around one aperture in the five stage MAMuG accelerator. 
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3. Basic design of accelerator to produce 500 keV H- ion beam 

So as to produce 500 keV H- ion beam, number of acceleration grid can be reduced from five to three 

because the capable acceleration voltage in each acceleration grid was designed to 200 kV as shown in 

Chapter 2. The accelerator with shorter gaps is also desirable to reduce/suppress stripping loss of negative 

ions in the accelerator and also to obtain higher H- ion beam current. Therefore, the three stage MAMuG 

accelerator was designed in this study. The A4G and GRG in the original five stage MAMuG accelerator 

are removed. The acceleration grids are named A1G, A2G and GRG. The ion beam current at the plasma 

grid is defined to be the maximum current in the power supply capability due to requirement from the ITER 

organization 3.1).

The beam energy and current in this study were defined as follows. 

� H- ion beam energy : 500 keV 

� H- ion beam current : 66 A (maximum current in power supply capability. See Section 2). 

It was estimated that the H- ion current density which is extracted from the plasma grid was 335 A/m2. Here, 

the total current of 66 A was divided by the total extraction area of 1280 apertures, 1970 cm2. Note that the 

H- current density of 335 A/m2 is higher than those in the existing negative ion sources. In the MeV Test 

Facility (MTF) to demonstrate the ITER class high power beam acceleration 3.2), it was estimated that the 

extracted H- current density was 260 A/m2 at 1 MeV under the optimum beam optics. In JT-60U negative 

ion source 3.3), the required D- current density at the plasma grid was estimated to 280 A/m2 H- at 500 keV 

under the optimum beam optics. 
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4. Optimization of the grid structure based on the beam optics study 

4.1 Introduction of beam optics study 

Based on the basic design of the accelerator as described in Chapter 3, the structure of the three stage 

500 keV H- accelerator with 335 A/m2 H- was examined by utilizing the two dimensional beam trajectory 

analysis code, BEAMORBT 4.1). The diameter of aperture, the gap length between grids and the thickness 

of acceleration grid were optimized through analyses of beam optics such as the beam trajectory and the 

Root Mean Square (RMS) divergence angle. 

4.2 Two dimensional beam trajectory analysis 

The two dimensional beam trajectory analysis code, the BEAMORBT, was developed to calculate the 

positive ion beam trajectory, and hence, the current analyses have been done assuming that the negative 

ions are accelerated based on an identical physics to that of positive ions. Thus the emitter surface of 

positive ions is defined according to the Child-Langmuir law. The space charge made by the beam particles 

is included in the calculation of beam trajectory. The BEAMORBT was applied to the design of the 

negative ion accelerators for the MTF 4.2), JT-60U 4.3) and ITER 4.4).

When the BEAMORBT is applied to calculation of negative ion trajectory, it is necessary to pay 

attentions the following matters. 

� The emitter surface of negative ions is defined according to the Child-Langmuir law, simply utilizing 

the emitter surface obtained in the analysis of positive ions. 

� It is assumed that the negative ions distribute uniformly in the aperture and the space charge given by 

electrons is negligibly small. The space charge effect is proportional to the production of current and 

mass. It was confirmed experimentally that the extracted negative ion current and electron current was 

comparable 4.5). Then, the space charge effect by electron is expected to be small, that is, about 

one-fortieth of that by negative ion. 

� Negative ions, extracted from aperture edge in the plasma grid, were neglected in the analyses in order 

to get better representation of core beams rather than beam halo formed by the ions extracted from 

edge region of aperture and then accelerated in fringe field. 

� The effect of stripping within the accelerator (reducing space charge with distance) is not taken into 

account. 

It is regarded from these matters that the absolute values of calculated divergence angle by the 

BEAMORBT will be smaller than the measured ones. 
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As example of the beam optics study, the divergence angles in a five stage MAMuG accelerator of the 

MTF are shown in Fig.4.1. The beam energy was 750 keV. The divergence angles were measured by a 

beam optical measurement 4.6), where H� light intensity from the beam path was detected by a CCD camera. 

The beamlets were extracted from aperture array in a lattice pattern of 3 × 3. Then, 3 x 3 beamlets were 

superimposed to three columns in a view of the CCD camera. The divergence angle was analyzed in each 

superimposed beamlets as represented "left", "center" and "right" according to the image appeared in the 

monitor as shown in Fig.4.1. The divergence angle was defined by assumption of point light source at 

plasma grid. The distance between the plasma grid and CCD camera is about 2.5 m. The minimum 

divergence angle was about 5 mrad at Vext = 5.5 - 5.7 kV. The beam current density measured by a 

calorimeter was 134 A/m2. Taking into account of the stripping loss of H- ions in the accelerator, the H-

current density at the plasma grid was estimated to be 200 A/m2.

In a numerical study by utilizing the BEAMORBT, the H- ion beam trajectories with the current density 

of 200 A/m2 at the plasma grid were analyzed. The calculated divergence angle became also minimum at 

Vext = 5.5 kV. The curve of divergence angle in the BEAMORBT showed good agreements with that in 

the measurement. However, the absolute value of divergence angle in the BEAMORBT was 3 mrad and 

smaller than those in the beam optical measurement. The smaller divergence in the numerical results will 

be caused by the assumptions in application of 2D beam analysis as expressed upper. The divergence angle 

in the measurement might be overestimated by the assumption of a point light source at the plasma grid. 

4.3 Results 

4.3.1 Extraction gap distance 

Figure 4.2 (a) shows RMS divergence angle of H- ion beams as a function of extraction voltage, Vext. In 

the right axis, the accelerated H- ion current from one aperture is shown. If all H- ions are accelerated 

without loss at the grid, the accelerated H- ion current will be about 515 mA. The extraction gap distance 

was the original one, 6 mm. It looks that the minimum divergence angle was obtained at Vext = 7.5 kV. 

However, the beam current decreased gradually at Vext < 7.8 kV due to loss of the H- ion beam at the 

extraction grid. 

Figure 4.2 (b) shows the beam trajectory at Vext = 7.8 kV. The beam trajectory passed very close to the 

extraction grid. The beam expanded inside the aperture in the extraction grid due to weak electric field and 

space charge effect, which was larger at the low energy. Then, peripheral part of the beam was intercepted 

and lost in the extraction grid at Vext < 7.8 kV. When the extraction voltage was increased, the beam 

trajectory was much squeezed in the extraction gap and then emerged to the accelerator without 

interception at the extraction grid, but expanded considerably in the accelerator. As the results, the beam 

divergence angle became larger. These results show that there was no optimum beam optics in this 

configuration of extractor and accelerator. In the present design, it seems that the extraction gap distance 

was too long to extract such high density H- ion beam. 
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Figure 4.3 (a) shows the RMS divergence angle and the accelerated H- ion current as a function of Vext 

at a shorter extraction gap distance of 5 mm, which made the electric field strengthen. The minimum 

divergence angle was obtained at 7.0 kV without the beam loss. 

Figure 4.3 (b) shows the beam trajectory at Vext = 7.0 kV. The beam was departed from the extraction 

grid surface. Thus the beam interception at the extraction grid can be suppressed by using shorter extraction 

gap of 5 mm. 

4.3.2 Diameter of aperture in the extraction grid 

Figure 4.4 shows the RMS divergence angle and H- ion beam current as a function of diameter of 

aperture in the extraction grid. Referring to the results of section 4.3.1, the extraction gap distance was 5 

mm and the extraction voltage was 7 kV. In case (1) shown in Fig.4.4, the diameter of aperture in the 

electron suppression grid was kept to be 14 mm as in the original. The beam current decreased with 

increase of the aperture diameter in the extraction grid. This was caused by the expansion of beam in the 

extraction grid and interception at the electron suppression grid as discussed in Chapter 3. In case (2) 

shown in Fig.4.4, the diameter of aperture in the electron suppression grid was changed in proportional to 

the increase of the diameter of aperture in the extraction grid. When the diameters of aperture in the 

extraction grid were 11 mm in the original and 14 mm, the diameter of aperture in the electron suppression 

grid were 14 mm in the original and 17 mm, respectively. The beam current was maintained when the 

diameter of aperture in the extraction grid was varied. The minimum divergence angle was obtained at 14 

mm in diameter of the extraction grid, which was same as the diameter of aperture in the plasma grid. 

Figure 4.5 shows the beam trajectories at 11, 14 and 16 mm in the diameter of aperture in the extraction 

grid. Each diameter of aperture in the electron suppression grid was 14 mm in original, 17 mm and 19 mm, 

respectively. The reasons of bad beam optics in small diameter as 11 mm could be considered as follows. 

The beam that was extracted from the aperture of 14 mm in diameter in the plasma grid was much squeezed 

in the smaller aperture in the extraction grid. Then, the beam expanded downstream of the extractor. The 

beam also passed in the fringe field around aperture of the extraction grid and was diverged. When the 

diameter was large such as 16 mm, the beam was divergent by the weaker electric field. It is shown that the 

optimum beam optics was obtained when the diameters of aperture in the extraction grid was the same as 

that in the plasma grid. 

Figure 4.6 shows the grid structure of original and proposed here. 

Note the following two comments. One is that it is expected that the stripping loss of negative ions 

increases in the extraction grid with the larger aperture. This is discussed in Chapter 6. Another one is that 

it is expected that the displacement in aperture offset for compensation of beamlet repulsion will be limited 

about 1 mm because pitches between neighbouring apertures are 20 mm and 22 mm in each direction. This 

is discussed in Chapter 5. 
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4.3.3 Acceleration gap distance 

Figure 4.7 shows the RMS divergence angle as a function of 1st acceleration gap distance between ESG 

and A1G. The 1st acceleration gap distance was changed from the original gap distance of 86 mm. The gap 

distance between A1G and A2G (2nd acceleration gap) and A2G and GRG (3rd acceleration gap) were 

kept in the original ones of 77 and 68 mm. The divergence angle became smallest around the original gap 

of 86 mm in gentle sloop of the divergence angle curve. The minimum divergence angle was obtained at 88 

mm. Thus from this figure, the optimum beam optics can be obtained in the range of 88 mm ± 2 mm in the 

1st acceleration gap distance. 

Figure 4.8 shows beam trajectories at the 1st acceleration gap distance of 80, 86 and 90 mm. At 80 mm, 

the beam was squeezed by strong electric field. When the beam was much squeezed, the beam started 

expanding in the downstream due to its own space charge. Hence the best beam optics, i.e. minimum 

divergence angle, was achieved when the squeezing of beam was suppressed maintaining substantial 

diameter. On the contrary, at 90 mm, the beam becomes divergent by the weaker electric field. 

Figure 4.9 shows the RMS divergence angle as a function of 2nd acceleration gap distance. The 1st and 

3rd acceleration gap distances were kept to 88 mm and 66 mm, respectively. The divergence angle was 

almost constant within ± 10 mm around the original gap distance of 77 mm. Thus the beam optics is not 

sensitive to the 2nd acceleration gap distance.  

Figure 4.10 shows the RMS divergence angle as a function of 3rd acceleration gap distance. The 1st and 

2rd gap distances were kept to 88 mm and 77 mm, respectively. The divergence angle was almost constant 

within ± 10 mm around the original gap distance of 68 mm. 

In the mechanical point of view to modify the accelerator, it is useful if the gap distance in the 500 keV 

three stage MAMuG accelerator was closer to that in the original 1 MeV five stage MAMuG accelerator. 

Therefore, it is proposed not to change the gap length even in the 500 keV accelerator, namely, to maintain 

the 1st, 2nd and 3rd acceleration gap distance as it was, to be 88, 77 and 66 mm, respectively. 

4.3.4 Acceleration grid thickness 

Figure 4.11 shows the RMS divergence angle as a function of acceleration grid thickness. The 

acceleration grid thickness was originally 20 mm. To suppress the beam divergence by the fringe field 

around the aperture edges and the secondary electron emission by ion bombardment to side wall of the grid 

aperture, the thinner grid is favourable. On the contrary, the beam diverges when the electric field around 

the thinner grid is weaker. The RMS divergence angle slightly increased at the thickness > 7 mm. Then, the 

grid thickness can be reduced from 20 mm to around 10 mm. 
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4.3.5 Beam optics at each current density 

Figure 4.12 shows the RMS divergence angle as a function of extraction voltage at each current density 

of 260, 300 and 335 A/m2. The extraction gap distance was 5 mm. A diameter of aperture was 14 mm in 

the extraction grid. The 1st, 2nd and 3rd acceleration gap distance were 88, 77 and 66 mm, respectively. As 

introduced in Chapter 3, we worry about the very high current density and wonders if it is prudent to 

prepare for some case with lower current density. The divergence angle shown in Fig.4.12 as a function of 

current density indicated that the divergence angle was able to be smaller under lower current density by 

choosing a suitable extraction voltage even in the maximum acceleration voltage of 500 kV. 

4.4 Summary of beam optics study 

The three stage MAMuG accelerator which accelerate 335 A/m2 (at the plasma grid, totally 66 A) H- ion 

beam up to 500 keV was examined and designed from the viewpoint of beam optics. The items to modify 

from the original five stage MAMuG accelerator were summarized in Table 4.2. It was found through the 

analyses utilizing the 2D beam analysis code that the divergence angle was sensitive to the extraction gap, a 

diameter of aperture in the extraction grid and the 1st acceleration gap distance. On the contrary, the beam 

divergence angle was not sensitive to the 2 nd and 3 rd acceleration gap distances. In the studies of the gas 

flow / stripping loss of negative ion (see Chapter 6), the modifications shown here will be included and 

examined. 
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Table 4.2. List of modification items from the five stage MAMuG accelerator to the 500 keV H-

accelerator.

Items The original five stage 

MAMuG accelerator 

500 keV H- accelerator 

Number of acceleration grid Five Three

Ion beam energy 1 MeV for D-,

870 keV for H-

500 keV for H-

Extraction ion beam current 59.4 A D-, 62.8 A H- 66 A H-

Ion beam current density 300 A/m2 D-, 320 A/m2 H- 335 A/m2 H-

Extraction gap distance 6 mm 5 mm

Diameter of extraction grid 11 mm 14 mm

1st accel. gap distance and 

tolerance 

86 mm 88 mm ± 2 mm

2nd accel. gap distance and 

tolerance 

77 mm 77 mm ± 10 mm

3rd accel. gap distance and 

tolerance 

68 mm 68 mm ± 10 mm

Thickness of acceleration grid 20 mm Acceptable to reduce to 

10 mm
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Fig.4.1. Divergence angle of H- ion beam in a five stage MAMuG accelerator of MTF. 

The divergence angles were obtained by the optical beam measurement and by 2D beam 

trajectory analysis code, BEAMORBT. 
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(a)

(b)

Fig.4.2. Calculated beam optics in a three stage MAMuG accelerator. 

Two accelerator grids in the original five stage MAMuG accelerator were removed. 

The extraction gap distance was 6 mm. 

(a) RMS divergence angle (left axis, circles) and H- ion bean current (right axis, 

squares) from one aperture against extraction voltage. 

(b) Beam trajectory at minimum divergence angle when Vext was 7.8 kV. 
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(a)

(b)

Fig.4.3. Calculated beam optics at extraction gap distance of 5 mm. 

(a) RMS divergence angle (left axis, circles) and H- ion beam current (right axis, 

squares) against extraction voltage. (b) Beam trajectory at minimum divergence angle 

when Vext was 7.0 kV. 
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Fig.4.4. Calculated RMS divergence angle against a diameter of aperture in the 

extraction grid. 

The extraction gap distance was 5 mm. The diameter of aperture in the electron 

suppression grid was (1) maintained to be 14 mm in and (2) 3 mm larger than that 

of in the extraction grid. 
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(a)

(b)

(c)

Fig.4.5. Beam trajectories at each diameter of aperture in the extraction grid. 

Diameters of extraction grid were (a) 11 mm, (b)14 mm and (c) 16 mm. Diameter of 

electron suppression grid was 3 mm larger that of the extraction grid, that is, (a) 14 mm of 

original, (b) 17 mm and (c) 19 mm. 
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Fig.4.6. Cross section of grids in the extractor. 

(a) Original and (b) designed configurations in this study.
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Fig.4.7. Calculated RMS divergence angle against gap distance between ESG and A1G 

(1st acceleration gap). 



JAEA-Research  2008-100

－ 18 － - 18 -

(a)

(b)

(c)

Fig.4.8. Beam trajectories at each distance of the 1st acceleration gap. 

The 1st acceleration gap distance were (a) 80 mm, (b) 86 mm and (c) 90 mm. The 

divergence angle of each beam trajectory was corresponded with the data of Fig.4.6. 
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Fig.4.9. Calculated RMS divergence angle against gap distance between A1G and  

A2G (2nd acceleration gap). 
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Fig.4.10. Calculated RMS divergence angle against gap distance between A2G and GRG 

(3rd acceleration gap). 
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Fig.4.11. Calculated RMS divergence angle against acceleration grid thickness.  

20 mm is the original thickness. 
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Fig.4.12. Calculated RMS divergence angle in each H- ion beam current density at 

acceleration voltage of 500 kV. 
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5. Physics design for beamlet steering 

5.1 Introduction of beamlet steering 

In the large negative ion sources in neutral beam (NB) systems of JT-60U and ITER, excess heat loads 
on the accelerator grids and downstream components are one of issues in an extension of beam pulse length. 
A part of heat loads is generated by deflected beamlets due to their own space charge repulsion 5.1), 5.2). In 
JT-60U, metal bars were attached around the aperture area at the exit of the final grid in the extractor, 
namely, electron suppression grid 5-3). Formation of the electric field distortion around the metal bars steers 
the beamlets from outermost apertures to counteract the beamlet deflection, but the field distortion can not 
propagate to all extraction area. 

In order to steer the beamlet for compensation of beamlet deflections, beamlet steering using aperture 
offset that is estimated according to thin lens theory 5.4), 5.5), 5.6), 5.7), 5.8), 5.9), 5.10), 5.11), 5.12), 5.13), 5.14) is examined 
in this study utilizing three dimensional beam calculation code, OPERA-3d. In Sections 5.4.1, 5.4.2 and 
5.4.3, the existing three stage negative ion accelerator of JT-60U is applied as the analytical model. In 
Section 5.4.1, the beamlet deflection by only the space charge repulsion and that compensation by aperture 
offset in the electron suppression grid are studied. In Section 5.4.2, the beamlet deflection by not only space 
charge repulsion but also magnetic field is analyzed. In Section 5.4.3, the beamlet steering toward focal 
point by aperture offset in the grounded grid is studied. Finally, in Section 5.4.4, proper aperture offsets in 
the three stage 500 keV H- accelerator for the ITER NB are estimated based on the results in Sections 5.4.1 
– 5.4.3. 

5.2 Calculation model 

Figure 5.1 shows the calculation model of a three stage multi aperture and multi grid (MAMuG) 
accelerator. In this study, fifty beamlets extracted from the apertures in a lattice pattern of 10 x 5 were 
analyzed. The apertures were located every 19 mm in X and 21 mm in Y directions. The accelerator grid 
structure was modelled on the JT-60U three stage D- ion beam accelerator 5.14). The negative ions were 
emitted by the voltage difference (extraction voltage, Vext) applied between a plasma grid (PG) and an 
extraction grid (EXG). The permanent magnets for suppression of co-extracted electron were embedded 
into the EXG. This vertical magnetic field was generated around the EXG as shown in Fig.5-1. The 
beamlets are deflected in ±X directions alternatively in each aperture line by this vertical magnetic field. 
An electron suppression grid (ESG) was attached at the bottom of the EXG. The accelerator consisted of 
three grids, namely, 1 st and 2 nd acceleration grids (A1G, A2G) and grounded grid (GRG). One-thirds of 
the acceleration voltage (Vacc) was applied to each grid. Vacc was 500 keV at the maximum. This 
accelerator was designed so that the optimum beam optics was obtained at D- current density (JD-) of 200 
A/m2, Vext = 8 kV and Vacc = 500 kV 5.12). In a typical operation condition of Vacc = 340 kV, it was 
obtained under maintaining the optimum perveance (P = JD-/Vacc1.5) that JD- = 110 A/m2 and Vext = 5.4 
kV. 
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Multi beamlets analysis was carried out by utilizing the three dimensional beam calculation code, 
OPERA-3d on PC with the operating system of Windows 5.15). The beam trajectories started from the fixed 
beam emitter position. The iterative calculation of beam trajectory and electric potential generated by the 
space charge of beams were continued till obtaining the convergence. The beam emitter surface as the 
plasma boundary was able to be obtained from the Child-Langmuir law. To decide the beam emitter 
required for OPERA-3d, two dimensional beam calculation code, BEAMORBT 4.1), was used. The 
BEAMORBT calculates the beam trajectory extracted from the beam emitter surface, which was decided 
by the Child-Langmuir law. Figure 5.2 shows the beam trajectory in BEAMORBT at Vacc = 500 kV, 200 
A/m2 D- ion beam. 

Figure 5.3 shows a beam trajectory and meshes around an beam emitter in OPERA-3d. When the emitter 
surface in BEAMORBT was directly transferred to OPERA-3d as shown in Fig.5-3 (a), the emitter surface 
was close to the PG surface. Then the mesh size around PG had to be subdivided into 0.1 mm to maintain 
high accurate electric field calculation, and subsequently, huge amount of memory was required. The 
number of beamlets was limited to only five because of the memory limitation (3 GB) for one application 
program in Windows OS. As a solution to increase number of beamlets, the beam emitter was changed to 
PG exit maintaining the particle position in BEAMORBT as shown in Fig.5-3 (b). At PG exit, the beamlets 
were far from the grid and the mesh size could be made relatively rough, 0.5 mm. Finally, the number of 
beamlets could be increased from five to fifty. Each beamlet consisted of 400 particles. 

5.3 Beamlet steering by aperture offset 

Figure 5.4 shows a schematic illustration of beamlet steering by the aperture offset in the ESG in the 

three stage negative ion accelerator. When aperture offset 0�  is applied to the ESG, steering angle 0�  at 

the ESG is expressed as, 

00
0

0 �

�

� C
F

�� .   --- (1) 

Where F  is a focal length,
12

4
EE

VF BE

�

� . 12 ,, andEEVBE  is beam energy (keV) and electric field 

strength after and before the grid with aperture offset. 
This deflected beamlet at the ESG is displaced from the axis of aperture in the acceleration grid even 

without aperture offset. The steering angle by these substantial aperture offsets at A1G, A2G and GRG, 

321 ,, ��� , can be expressed as follows. 
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Then, the steering angle 3�  at accelerator exit is defined by � , which is the ratio of extraction voltage 

and acceleration voltage. In this accelerator, 3�  can be expressed as follows. 

� � 003 73.8 ���� �� C   --- (5)  (See Appendix 1) 

Eq.(5) shows that the steering angle by aperture offset is proportional to the distance of aperture offset and 
does not vary with the beam energy when the ratio of extraction voltage and acceleration voltage is 
maintained 5.11).

In the ITER NB accelerator, it was designed that beamlets are steered to a focal point by the aperture offset 
in the GRG. It has been verified experimentally that the aperture offset in the GRG steered the beamlets 
according to the thin lens theory 5.12). The focal point is the exit of residual ion beam dump (RID). Focal 

length by the aperture offset in the GRG, FGRG-RID, is expressed as 
1
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electric field strength before the GRG, that is GRGGA
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5.4 Results 

5.4.1 Aperture offset in ESG to compensation of beamlet deflection by space charge repulsion 

Figure 5.5 shows the bird's-eye view of the fifty beamlets in the accelerator. Vacc, Vext and JD- were set 
to 340 kV, 5.4 kV and 110 A/m2, respectively. The magnetic field was not taken into account in this section 
to clarify the beamlet deflection by only space charge repulsion. 

Figure 5.6 shows the calculated beam footprints before the aperture offset at 3.5 m downstream from the 
GRG, which corresponds to the position of the beam footprint measurement in the JT-60U experiment. The 
beamlet deflections were different in each aperture position. The center beamlets from peripheral apertures 
were most deflected outward, 6 mrad. The deflection angle of beamlets on the corner was 4 mrad. The 
beamlets in inside were deflected with the angle of 2 – 3 mrad. 

Figure 5.7 shows the change of beamlet deflection angle from peripheral apertures of the aperture area, 
L3, L4 and L5 on column 10 in Fig.5-6. The beamlet deflection was not significant in extraction gap and 
increases gradually in the 1 st acceleration gap between the ESG and the A1G. It can be considered that the 
aperture offset according thin lens theory is useful at the ESG because the center of beamlets are still close 
to center of aperture. 

Figure 5.8 shows (a) the distance of aperture offset in the ESG and (b) calculated beam footprint after 
aperture offset. To compensate the beamlet deflection of 6 mrad, the necessary aperture offset is 0.7 mm 
from Eq.(5). In Fig.5.8 (a), proper aperture offset to steer the beamlet and compensate the beamlet 
deflection shown in Fig. 5-6 were calculated from Eq.(5) and applied to all apertures in the ESG. These 
offsets were also applied to symmetrical region with respect to X and Y axes. In Fig.5.8 (b), it is shown that 
the beamlets flied straight from the GRG to downstream and were still within the projected position of each 
aperture even at 3.5 m downstream from the GRG. It was shown that proper aperture offset can compensate 
the space charge repulsion of all beamlets. 

In Refs.5.8) and 5.9), it was indicated that the beamlet deflection angle by the space charge repulsion 
does not vary with the beam energy when the perveance (=JD-/VBE

1.5) is maintained. To confirm this in this 
3D numerical analysis, the beamlet deflection angle was examined when the beam energy was changed 
under the same perveance. Figure 5.9 shows the beamlet deflection angles of 340 keV, 110 A/m2 D- ion 
beam shown in Fig.5.7 and of the 500 keV, 200 A/m2 D- ion beam. The perveance and the ratio of 
extraction and acceleration voltage were the same in both beam conditions. It is clear in Fig.5.9 that the 
beamlet deflection angles were almost same in each aperture position. It was shown that the beamlet 
deflection angle by the space charge repulsion was the same maintaining the beam optics even if the beam 
energy was varied. 

In real operation of NB accelerator, the extraction voltage is scanned to tune the beam optics. To 
investigate how sensitive is the steering angle of beamlet to extraction voltage, beam steering angle at 
aperture offset of 1.0 mm was calculated from Eq. 3 - 5 in each extraction voltage. Figure 5-10 shows the 
beam steering angle as a function of extraction voltage. The acceleration voltage was 340 kV and 500 kV. 
The optimum extraction voltage was 5.4 kV and 8.0 kV, respectively. When the extraction voltage was 
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scanned ±1 kV around the optimum extraction voltage, the steering angle changed about ±1.0 mrad at 
Vacc=340 keV and ±0.5 mrad at Vacc=500 kV. 

5.4.2 Aperture offset in ESG to compensation of beamlet deflection by magnetic field 

Figure 5.11 shows the calculated beam footprint at 340 keV, 110 A/m2 by not only space charge 
repulsion but also magnetic field. The beamlets deflected in ±X alternatively at each line due to the dipole 
magnetic field around extraction grid. 

In Fig.5.12, deflection angles in X direction are shown. The deflection angle in +X and –X under 
magnetic field is shown as � and �, respectively. As a reference, deflection angle without magnetic field 
in Fig.5-9 (a) is put as �. The differences between before and after including magnetic field are shown as 
�(=�-�) and �(=�-�). These different, that is, deflection by only magnetic field, was about 5.4 mrad 
and was constant in each aperture column. When the beam energy was 500 keV, the deflection angle by 
magnetic field was 4.6 mrad. The deflection angle by magnetic field is proportional to 1/�(beam energy). 
Proper aperture offset to compensate these, about 0.65 mm for 340 keV beam and 0.5 mm for 500 keV. 
This was consistent with the previous experimental results 5.12), and original design 5.11).

Figure 5.13 shows deflection angles as a function of beam energy when the magnetic field was applied. 
When the aperture offset was set to 0.5 mm, which was proper aperture offset for compensation of 500 keV 
beamlet deflection by magnetic field, the deflection angle at 340 keV beam was suppressed to within 1 
mrad. 

5.4.3 Aperture offset in GRG for beamlet focussing 

In the ITER NB design, the beamlets are focused at the exit of RID as shown in Fig. 5.14. In the aperture 
arrangement of 5 x 16 in one segment of the ITER accelerator, the beamlets from five aperture columns in 
X are focused horizontally toward the center aperture columns as shown in Fig.5.14 (a). In this calculation 
model with 10 x 5 apertures, beamlets from five aperture lines in Y were steered to the same focal length of 
ITER by the aperture offset in the GRG as shown in Fig.5.14 (b). The distance between the accelerator exit 
to the RID exit is 7200 mm in the original five stage 1 MeV D- accelerator. That would be 7259 mm in the 
three stage 500 keV H- accelerator. In this study, this distance of 7259 mm was defined as the focal length. 
The aperture offset in the ESG to compensate the beamlet repulsion was applied as shown in Fig.5.8. Then, 
all beamlets reached in the center of the original aperture position in the GRG. 

In this calculation model as shown in Fig.5.14 (b), required steering angles of beamlets toward the exit of 
the RID were 5.6 mrad in L1 and L5 and 2.8 mrad in L2 and L4. The aperture offsets in the GRG 
calculated from eq.(6) were -3.7 mm in L1, -1.8 mm in L2, 0 mm in L3, +1.8 mm in L4 and +3.7 mm in L5. 
The beamlets which were compensated the beamlet deflections by ESG aperture offset and flied straight, 
were steered to the focal point by these GRG aperture offsets. Fig.5.15 shows the calculated beam footprint 
at the focal point, that was the exit of RID, utilizing the aperture offset in the GRG. It was confirmed that 
all beamlets were collected at the center aperture line and focused at the target position. Numerically, it was 
shown that the aperture offset in the GRG steer the beamlets according to thin lens theory. 
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5.4.4 Estimation of proper aperture offset in the three stage 500 keV H-accelerator for the ITER NB 

The deflection angle of beamlets and the proper aperture offset in the three stage 500 keV H- accelerator 
for the ITER NB are estimated from the calculation results shown in previous sections. 

5.4.4-1 Compensation of beamlet deflection 

In Fig.5.16 (a) and (b), the aperture arrangement of this calculation model and the 500 keV H-

accelerator for the ITER NB are shown, respectively. The magnets for electron suppression were embedded 
horizontally between lines of aperture in both Fig.5.16 (a) and (b). The beamlet are deflected in ± X 
alternatively at each line due to the dipole magnetic field in Y direction. In the 500 keV H- accelerator for 
the ITER NB, there are sixteen groups of apertures. In each group of aperture, the apertures are arranged in 
the lattice pattern of 5 x 16 as shown in Fig.5.16 (b). In quarter region of one group, the aperture positions 
were numbered as lines 1-8 (L1-8) and as columns 3-5 (C3-5). 

The electric fields in each aperture position, which were generated by the all beamlets’ space charge, are 
also shown in Fig.5.16. As a simple approximation, it is assumed that the distance between beamlets is a 
pitch of apertures, X0 in X and Y0 in Y. The electric field generated by all beamlets’ space charge, EX and 
EY, were normalized by electric field from next beamlet’s space charge in X and Y, EX0 and EY0. These are 
expressed as follows. 
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The maximum EX and EY are obtained at the center beamlets in peripheral column and line. In this 
calculation model shown in Fig.5.16 (a), the maximum Ex and Ey are 3.7EX0 at C10-L3 and 4.2EY0 at 
C6-L5, respectively. In the 500 keV H- accelerator for the ITER NB, the maximum Ex and Ey are 3.4EX0 at 
C5-L1 and 3.9EY0 at C3-L8, respectively. 

In figure 5.17, the deflection angles � by a space charge repulsion of (1) 500 keV, 200 A/m2 D- and (2) 
340 keV 110 A/m2 D- as shown in Fig.5.9 and (3) 340 keV 130 A/m2 D- in this calculation model were 
plotted as function of electric field as shown in Fig.5.16 (a). In the approximate straight lines against EX

and EY, the proportional constants were (1) 1.49, (2) 1.43 and (3) 1.67 in deflection angle in X and (1) 1.38, 
(2) 1.35 and (3) 1.61 in deflection angle in Y. The deflection angles under the same perveance as (1) and 
(2) showed the same linearity. The ratio of proportional constant between (2) and (3) was the same as the 
ratio of current density, 1.18. That is, the deflection angle by the space charge repulsion was a proportional 
to beam current at the same beam energy. 

The effect of mass of beam species to beamlet’s space charge repulsion could be considered as follows 
5.9), 5.10). The electric field generated by one beamlet’s space charge, Er, is proportional to beam current and 

m (m is mass of beam species). Extracted beam current is proportional to mV /5.1  (V is acceleration 
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voltage) according to Child-Langmuir law. From these, the electric field generated by H- ion beam and D-

ion beam can be expressed as follows. 
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This shows that the Er does not change due to the mass when the extracted beam current is decided by the 
Child-Langmuir law. In the 500 keV H- accelerator for the ITER NB, the design value of H- current density 
is 335 A/m2. From Eq. (7), the deflection angle by space charge repulsion and proper aperture offset can be 

estimated by using the converted current density from H- to D-, 236 A/m2 (=335 A/m2 ×
�� DH mm / ).

Then, the proportional constant for the 500 keV H- accelerator for the ITER NB can be estimated as the 
product of the proportional constant of (1) and ratio of current density, 1.28 (= 236 A/m2 / 200 A/m2). At 

results, the proportional constant of the 500 keV H- accelerator for the ITER NB were 1.9 in X and 1.7 in Y 
as shown as (4) in Fig.5.17. The maximum deflection angle was estimated to 6.4 mrad (EX= 3.4EX0) in X at 

C3-L1 and 6.7 mrad (EY= 3.9EY0) in Y at C1-L8. To compensate these beamlet deflections, the proper 
aperture offsets could be obtained as to be 0.73 and 0.77 mm from Eq. (5). In Fig.5.18 (a), the aperture 

offsets in the ESG to compensate only beamlet deflection due to space charge repulsion are shown. 

The deflection angle by the magnetic field is proportional to ./1 m  Then, deflection angle by 

magnetic field for 500 keV H- ion beam can be estimated as the production of the deflection angle of D- ion 

beam shown in Section 5.4.2 and 
�� HD mm / . That is 4.6 mrad x 1.414 = 6.5 mrad in X direction. To 

compensate this beamlet deflection, proper aperture offset was 0.75 mm from Eq. (5).  
Finally, aperture offset for compensation of beamlet deflection by both the space charge repulsion and 

the magnetic field could be estimated. The maximum aperture offsets in all beamlets were obtained at 
peripheral apertures. They were about 1.5 mm in X at C3-L1 and about 0.8 mm in Y at C1-L8. Fig.5.18 (b) 
shows the aperture offsets in the ESG to compensate the beamlet deflections due to both space charge 
repulsion and dipole magnetic field. 

As indicated in Chapter4, acceptable distance of aperture offset in the ESG with a diameter of 17 mm 
could be within 1 mm if the pitch of apertures in X is fixed to be 20 mm. In order to make the aperture 
offset to be less than 1.0 mm, the field correction plate is useful as the additional compensation technique 
for peripheral beamlets. Ref.5-3) showed that the field correction plate with 1 mm in thickness could steer 
the beamlet to 4 mrad. When the field correction plate with thickness of 1 mm was attached at the backside 
of the ESG, the aperture offset at peripheral aperture can be suppressed to be 1.0 mm. Fig.5.18 (c) shows 
the aperture offsets in the ESG with the field correction plate (thickness of 1 mm). 

Fig.5-19 shows the aperture offsets in the ESG in Y direction. 



JAEA-Research  2008-100

－ 30 －
- 30 -

5.4.4-2 Beamlet focussing to RID exit 

As shown in Fig.5.20, aperture offset in GRG in the three stage 500 keV H- ITER accelerator was 
estimated from eq.(6). As shown in 5.4.3, the focal length from GRG to the exit of RID is 7259 mm. When 
the gap between the A2G and the GRG was 68 mm, 1x� = 4.5 mm and 2x� = 2.2 mm. When this gap 
between A2G and GRG was set to the same gap length to that between A4G and GRG in the original five 
stage D- accelerator, 50 mm, 1x� = 3.3 mm and 2x� =1.7 mm. It seems that aperture offset 1x�  of more 
than 3 mm is relatively large against the aperture diameter of 16 mm. This may require further study to 
shorten the aperture offset, for example, by combination of smaller aperture offset at the ESG and the 
GRG. 

5.5 Summary of beamlet steering 

In the three stage 500 keV D- accelerator model, the beamlet deflection were studied in detail and 
aperture offset in the ESG was examined utilizing 3D beam calculation code. Then, the aperture offset to 
compensate the beamlet deflection and to steer the beamlet to focal point in the three stage 500 keV H-

accelerator for the ITER NB was extrapolated and estimated. The exact aperture offsets in the three stage 
500 keV H- ITER NB accelerator was clarified. The results are summarized as follows. 

� Aperture offset in the ESG is effective to compensate all beamlet deflections by space charge 
repulsion. 

� Beamlet deflection by space charge is independent of the beam energy when the perveance is 
maintained. 

� When magnetic field in the extraction region was applied, it was confirmed by the present analysis 
that the aperture offset of 0.5 mm is enough to compensate the beamlet deflection of 500 keV D- ion 
beam. This is consistent with the previous experimental results, and original design. Even in beam 
with lower energy like 340 keV, the beamlet deflection angles can be suppressed to < 1 mrad with the 
aperture offset of 0.5 mm. 

� The deflection angle and the aperture offset in 500 keV H- three stage accelerator for the ITER NB 
were estimated. The deflection angles by space charge repulsion are about 6.5 mrad at the maximum, 
and the required aperture offset to compensate this beamlet deflection is 0.75 mm. The deflection 
angle by the magnetic field is 6.5 mrad. Proper aperture offset is also 0.75 mm. Totally, aperture offset 
of 1.5 mm is required at the maximum. 

� To suppress the distance of aperture offset to be less than 1.0 mm, it is necessary to use both of 
aperture offset and field correction plate for the beamlets in the peripheral apertures. 

� Required aperture offset in the GRG to focus the beamlets to the RID exit is estimated to be more than 
3 mm from thin lens theory. This seems relatively large against the diameter of apertures in the GRG. 
This may require further study to shorten the aperture offset, for example, by combination of smaller 
aperture offset at the ESG and the GRG. 
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         Fig.5.1. Calculation model of multi apertures and three stage accelerator. 
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Fig.5.2. Beam trajectory in 2D beam code, BEAMORBT. 
Vacc = 500 kV, Vext = 8 kV and JD- = 200 A/m2.
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(a) (b) 
Fig.5.3. Beam trajectories and mesh near PG in OPERA-3d. 

Beam particles start from (a) emitter surface and (b) plasma grid exit,  
where initial particle position and velocity are transferred from Fig.2. 
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Fig.5.4. Steering angle in three stage negative ion accelerator when the aperture offset is 
applied in ESG. 
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Fig.5.5. Fifty beamlets in the three stage accelerator without aperture offset. 
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Fig.5.6. Calculated beam footprint at 3.5 m downstream from GRG before setting aperture offset. Red 
points indicate the center of each beamlet at the downstream, whilst the white circles represent the 
original position of the apertures. The beamlets are deflected outward. 
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Fig.5.7. Change of deflection angle of beamlet center in the accelerator. 
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(a)

(b)
Fig.5.8. Calculated beam footprint after proper aperture offset. 
(a) Proper aperture offset. (b) Calculated beam footprint after proper aperture offset. 



JAEA-Research  2008-100

－ 39 －

- 39 -

(a)

(b)
Fig.5.9. Deflection angle of 340 keV, 110 A/m2 D- ion beam shown in Fig.7 and 500 keV, 200 

A/m2 D- ion beam. The perveance is maintained in these two beam conditions. 
Deflection angle in (a) X and (b) Y. 
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Fig.5.10. Steering angle due to aperture offset v.s. extraction voltage. 
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Fig.5.11. Calculated beam footprint without aperture offset. 
Beamlet is deflected by not only space charge repulsion 

but also magnetic field in the extractor. 
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Fig.5.12. Deflection angle in X direction. 
Difference of deflection angle between �without and ��with magnetic field is about 5.4 
mrad (��) in all beamlets. 
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Fig.5.13. Deflection angle before and after the aperture offset of 0.5 mm under magnetic field. 
This aperture offset is properly to 500 keV beam. 



JAEA-Research  2008-100

－ 44 －

- 44 -

(a) (b)
Fig.5.14. Beam focusing to an exit of RID. 

(a) in 500 keV H- ITER NB accelerator and (b) in this calculation model. 
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Fig.5.15. Calculated beam footprint at focal point, the exit of RID. 
Beamlet deflections in the accelerator were compensated by aperture offsets in the ESG.  

Then, aperture offsets in the GRG were applied to steer the beamlets toward the focal point. 
White circles shows the original aperture positions in the GRG before aperture offset.
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(a)

(b)
Fig.5.16. Electric field from all beamlets’ space charge, EX and EY, are normalized by electric field 
from next beamlet, EX0 and EY0.
Electric field (a) in this calculation model and (b) 500 keV H- ITER NB accelerator. 
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(a)

(b)
Fig.5.17. Deflection angles as a function of electric field from all beamlets’ space charge. 
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(a)                      (b)                        (c) 
Fig.5.18. Aperture offset in X in the ESG in 500 keV H- ITER NB accelerator. 

(a) Aperture offsets for only compensation of beamlet repulsion, (b) aperture offset for 
compensation of beamlet deflection by space charge repulsion and the dipole magnetic field, and (c) 
aperture offset when field correction plate of 1 mm thickness is used. 
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Fig.5.19. Aperture offsets in Y in the ESG. 
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Fig.5.20: Aperture offset in the GRG to focus the beamlets at the exit of RID. 
When gap length between A2G and GRG is 68 mm, 1x� = 4.5 mm and 2x� = 2.2 mm. 
When gap length between A2G and GRG is 50 mm, 1x� = 3.3 mm and 2x� =1.7 mm. 
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6. Studies of gas density distribution and stripping loss of negative ions 

6.1 Background 

In the basic physics design study of 3 stage 500 keV H- accelerator utilizing 2D beam analyses code, 

some modifications from the original accelerator configuration were proposed from viewpoints of beam 

optics. Main difference from the original configuration is a diameter of aperture in the extraction grid. That 

diameter is changed from 11 mm in the original to 14 mm. The issue due to the expansion of aperture 

diameter could be increase of stripping loss of negative ions because it was expected the gas flow increases 

in the accelerator with the larger apertures. In JAEA gas flow code 6.1, 6.2), gas distribution along beam path 

and around the vacuum insulation beam source (VIBS), and stripping loss of negative ions were analyzed 

in original accelerator configurations and the proposed one. 

6.2 Calculation model 

Figure 6.1 shows an outline view of the calculation model. In the beam source vessel, the constructions 

from a beam source (BS) to a midway of a gas neutralizer (GN) were included. 

Figure 6.2 shows the calculation model of beam source. The beam source consisted of the plasma 

chamber, the plasma grid (PG), the extraction grid (EXG), the electron suppression grid (ESG), 1 st and 2 

nd acceleration grids (A1G and A2G) and the grounded grid (GRG). Each grid was supported by grid 

support frames and mounting flanges. Mounting flanges were supported by cylindrical ceramic insulators, 

namely, post insulators. The gas injected from top of the beam source flows into grid apertures or in gaps 

between grid supports, and then is absorbed to cryopump. To model the gas temperature inside discharge 

plasma, the initial temperature of gas and the chamber wall temperature were set to 1000 K. The 

temperature of plasma grid was assumed to be 593 K. The other wall temperature was adjusted to be 313 K. 

The accommodation factor was set to 0.3 6.1, 6.2).

Figure 6.3 shows the apertures arrangement. There were sixteen groups arranged in 4 x 4 square lattice 

patterns. In each group, 80 apertures were drilled in a lattice pattern of 5 x 16. The total number of 

apertures was 1280. The gas densities in R11, R12, R21 and R22 in Fig.6.3 were obtained as an average of 

symmetrical four positions because this VIBS had a symmetrical configuration to X and Y axes. The 

stripping loss was obtained along the beam path in apertures located at R11, R12, R21 and R22. 

Figure 6.4 shows the calculation model of gas neutralizer with 4 channels. Gas was injected from 20 

holes of 4 mm in diameter at the midway of neutralizer 6.3). The mirror boundary was set to slightly (4 mm) 

downstream from the midway of neutralizer in order to save the number of particles. The initial gas 

temperature was set to 313 K. The wall temperature was set to 313 K. The gas from the neutralizer flows 

inside accelerator or around VIBS, and then reached to the cryopump. 
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The cryopump was positioned along the inner wall of the vacuum vessel (beamline vessel) wall as shown 

in Fig.6.1. The cryopump was simplified as a simple surface with adsorption probability of 0.2 and 80 K as 

the surface temperature 6.1).

In this study, two types of three stage accelerator, namely Model 1 and Model 2, were examined. Model 

1 has the same configuration of the extractor and the A1G and the A2G and the A3G in the original five 

stage accelerator. In Model 2, which is proposed one in the basic physics study in Section 3, diameter of the 

EXG aperture and gap lengths were modified. Table 6.1 shows the difference between Model 1 and Model 

2. The diameter of aperture in the extraction grid was changed from 11 mm to 14 mm to obtain better beam 

optics. The gap distance between the PG and the EXG was changed from 6 mm to 5 mm to extract much 

higher dense negative ions. The acceleration grid thickness was changed from 20 mm to 10 mm to decrease 

secondary electrons as another proposal from the physics design study. 

6.3 JAEA 3D gas analyses code 

JAEA three dimensional Monte Carlo gas flow analyses code (JAEA gas flow code) 6.4) can takes into 

account the following features. 

� Three dimensional configuration of device 

� Initial gas temperature with the Boltzmann distribution. 

� Incident angle at gas injection or reflection angle at wall of gas particle following to the 

Cosine's law. 

� Interaction with wall (accommodation factor, absorption probability) 

As the results of the analysis, gas density, gas temperature and stripping loss of negative ions are 

obtained. In the simple calculation model like a cylinder with orifice and single aperture multi grids 

accelerator model, it was confirmed that the gas distributions obtained by this gas flow code showed good 

agreement with ones in theoretical estimation. 

This code has been applied to the ITER accelerator design works 6.1, 6.2). In these works, the calculation 

model was made simplified because of limitation in computer resources and much complicated 

configurations such as multi apertures and grid support structures in the VIBS. For this simplicity, the 

passing probability through the apertures was assumed instead of constructing detailed model of multi 

apertures, post insulators and so on. 

In order to simulate the gas flow more in details and accurate, the preprocessing was improved when this 

code was converted from UNIX computer to Windows PC. The new preprocessing made possible to 

construct much easier the full and detailed 3D configuration of the ITER accelerator. 

The cross section of calculation region was able to be confirmed in 3D view as shown in Fig.6.5. Fig.6.5 

(a) shows the overview of this calculation model. The complicated grid support such as the support frames 

and the post insulators were included. The beam source and the neutralizer in the beam source vessel were 

included. Fig.6.5 (b) shows the apertures in the plasma and extraction grids. All apertures were included in 

this calculation model. 
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6.4 Results 

6.4.1 Gas flow from the ion source 

Figure 6.6 (a) shows a projection in YZ plane of trajectories of 1000 gas particles injected from top of 

the beam source. To check the gas flow in the beam source, the absorption surface was simply defined at 

the boundary between the beam source and surrounding vacuum like S1, S2, S3, S4, S5 and S6 as shown in 

Fig. 6.6 (b). The accelerator was the original five stage one. The numbers of particles, which escaped to S1, 

S2, S3, S4 and S5, were 443, 284, 118, 55 and 22, respectively. The number of particle, which reached the 

accelerator exit, S6, was 78. Thus the number of particles escaping between support flange of top and A1G, 

A1G and A2G, and A2G and A3G, were relatively larger than that through the accelerator exit. 

Figure 6.7 shows the particle distribution when the number of particles was increased to 10000, 50000, 

100000. When the number was more than 50000, increase of the density distribution was saturated. 

Therefore, 100000 gas particles were traced from the beam source. 

Figure 6.8 shows the projection of trajectories of 100 gas particles from 1 hole in left channel of 

neutralizer. It is shown that the gases expanded widely in the beam source vessel. In the gas density 

calculation, 60000 particles from 1 hole, totally, 240000 particles from the neutralizer were injected and 

traced.

6.4.2 Gas density distribution in the accelerator 

The gas density profiles in Model 1 and 2 along four beam paths R11, R12, R21 and R22 are shown in 

Fig.6.9 (a) and (b), respectively. To clarify the difference due to the diameter of the EXG aperture, the gas 

was injected only from the beam source. A horizontal axis is a distance from the plasma grid to 

downstream. In both models, the gas density was different depending on the aperture positions (R11, R12, 

R21 and R22) in the large beam extraction area. The gas density was highest in the center region (R11) and 

was lowest in the periphery (R22). The gas density decreased gradually and became about 1.0x1012 cm-3

after GRG. 

6.4.3 Gas density distribution with the 500 keV neutralisation target 

Figure 6.10 shows the neutralization efficiency for 500 keV H- ion beam against the gas line density 6.5, 

6.6). The optimum gas line density to obtain maximum neutralization efficiency was about 1.4 x 1016 cm-2.

Figure 6.11 shows the gas density distribution to achieve this optimum gas line density. It was assumed 

that the gas profile along the beam path was symmetry to a midway of neutralizer. The gas pressure in 

midway of gas neutralizer was 0.34 Pa. The gas gradually decreases toward the entrance of neutralizer and 

became less than 5 x 1012 cm-3 between the GRG and the neutralizer entrance.  
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In order to confirm the Pd (gas pressure x insulation distance), which define voltage holding capability 

against glow discharge, the gas pressure distribution around the VIBS was calculated as shown in Fig. 6.12. 

The horizontal axis is a distance from top of the GRG mounting flange. The gas from the beam source 

decreased gradually as going to the downstream. The gas from the neutralizer was almost constant. Pd was 

0.5 x 10-2 from beam source, 1.0 x 10-2 from neutralizer and totally 1.5 x 10-2 Pa m. 

Figure 6.13 shows Pd in this calculation, which was indicated in figure 6.6 showing flashover voltage 

and Paschen curve as a function of Pd. It is confirmed that the Pd in the three stage accelerator was within 

the scope of the design values in the ITER NB accelerator 6.7).

6.4.4 Calculation of stripping losses with the expected gas density in the accelerator 

Figure 6.14 (a) and (b) shows the stripping losses in Model 1 and 2 under the gas distribution shown in 

Fig.6.9, respectively. In Model 1, the stripping loss was 21 % in R11 and 17 % in R22. In Model 2, the 

stripping loss was 21 % at R11 and 17 % at R22. Thus the stripping losses of Model 1 and 2 were almost 

the same. On the contrary, the difference of stripping loss due to the aperture position was large. The 

stripping loss in the corner of extraction region showed decrease of 4 % from that in the center. 

Figure 6.15 (a) and (b) shows the gas temperature in Model 1 and 2. In Model 1, the gas temperature 

distributions at R11, R12, R21 and R22 were almost same. In Model 2, it was showed that the gas 

temperature were different at each position. The absolute value of gas temperature in Model 1 was lower 

than that in Model 2 in the extraction area. It can be considered that the gas confinement in the extraction 

region with smaller aperture in the ESG of Model 1 is better than that of Model 2. Then, the gas 

temperature became uniform in the large extraction area in Model 1. On the contrary, the gases escape 

easily from the extraction region in Model 2 with larger aperture in the ESG. Therefore, gas temperature 

shows the position dependence. 

Figure 6.16 shows the stripping loss in Model 2 when gas was injected additionally from the neutralizer. 

The stripping losses showed small increased in all beamline of R11 to R22. However, there was no 

significant change in stripping loss from Fig.6.14 (b). 

One of reasons why there was no significant difference in stripping loss in Model 1 and 2 was a large 

amount of gas flow to the gaps between grid supports as shown in Fig.6.6. In order to compare between 

Model 1 and Model 2 in detail, the gas density from center of plasma discharge chamber to the GRG at R11 

in both models are shown in Fig.6.17 (a). As expected from larger diameter of the EXG aperture, the gas 

density in Model 2 was larger than that in Model 1 after the EXG. However, the gas density in Model 1 was 

larger than in Model 2 before extraction grid. It is considered that the gases were confined before extraction 

grid because of the smaller aperture. The slope of gas profile in the long acceleration gap were different 

between Model 1 and 2. It was caused by the difference of gas temperature distribution as explained in 

Fig.6.15. As the results, the stripping loss in Model 1 was slightly larger than that in Model 2 around the 

EXG as shown in Fig.6.17 (b). Expectations on the contrary, stripping loss in Model 2 was slightly lower 

around the EXG because the EXG aperture with larger diameter reduces the gas density before the EXG. 
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6.5. Summary of gas flow and stripping loss of negative ions analyses 

In the design study of three stage 500 keV H- accelerator, gas flow and stripping loss in two types of 

accelerator were analyzed. In the accelerator, downstream two grids were simply removed from the original 

five stage accelerator. In the other one, main modification from the original was to make the diameter of 

aperture in the EXG larger from 11 mm in the original to 14 mm. The results are summarized as follows. 

� There was no significant change in the stripping loss between two accelerators. 

� The stripping losses are 22 % in the center and 17 % in the periphery of the extraction region. 

� Pd (Pa m) around VIBS, which define the high voltage holding capability of VIBS, satisfies with the 

design value. 
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Table 6.1. Difference between Model 1 and Model 2 

 Model 1 Model 2 

Diameter of aperture in EXG 11 mm 14 mm

Extraction gap length 6 mm 5 mm

Thickness of acceleration grid 20 mm 10 mm

Gap length between ESG and 

A1G 

86 mm 88 mm



JAEA-Research  2008-100

－ 57 －

- 57 - 

Fig.6.1 Outline of calculation region. 
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Fig.6.2 Calculation model of beam source. 
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Fig.6.3 Aperture arrangement. 

R11, R12, R21 and R22 regions are circled by �, �,�,�.
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Fig.6.4 Calculation model of neutralizer 
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(a)

(b)

Fig.6.5. 3D view of calculation region in pre-processing of gas flow code. 

(a) Overview of calculation region. (b) Apertures in the extractor. 

Y

X
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(a)

(b)

Fig.6.6 Trajectory of 1000 gas particles from beam source. 
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Fig.6.7 Particle profile in 10000, 50000 and 100000 particles. 
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Fig.6.8 Trajectory of gas particle from neutralizer 
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(a)

(b)

Fig.6.9 Gas density distribution. In (a)Model 1 and (b) Model 2. 
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Fig.6.10 Neutralization efficiency of 500 keV H- ion beam. 
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Fig.6.11 Gas density distribution from neutralizer 
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Fig.6.12 Pressure distribution around VIBS 
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Fig.6.13 Pd around VIBS in Model 2. 

Pd (Pa m) of this calculation was added on the figure in Ref.6.6). 
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(a)

(b)

Fig.6.14. Stripping loss. In (a)Model 1 and (b) Model 2. 
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(a)

(b)

Fig.6.15. Gas temperature distribution. 

In (a)Model 1 and (b) Model 2. 
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Fig.6.16. Stripping loss when gas is injected from both of beam source and neutralizer. 
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(a)

(b)

Fig.6.17 Gas density and stripping loss.  

(a) Gas density from plasma discharge chamber to the GRG. 

 (b) Stripping loss from the PG to the A1G. 
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7. Summary 

The objective of this study is to identify necessary modifications from the original five stage MAMuG 

accelerator to the 500 keV H- accelerator through the physics design. In the basic design of the accelerator, 

the target beam energy and beam current at the emitter were defined as 500 keV and 66 A for H- ions. The 

new accelerator structure was proposed from the results of the beam optics analyses utilizing a two 

dimensional beam analysis code and the stripping loss of negative ions utilizing the JAEA gas flow code. 

In the three dimensional beam analysis, the ESG with the aperture offset within the displacement distance 

of 1 mm at the maximum and the kerb to compensate the beamlet deflection and the GRG with the aperture 

offset for focussing the beamlets were designed. The items for modification are summarized in Table 9-1. 

Table 9-1. List of modification items from the five stage MAMuG accelerator to the 500 keV H-

accelerator.

Items The original five stage 

MAMuG accelerator 

500 keV H- accelerator 

Number of acceleration grid Five Three 

Beam energy 1 MeV for D-,

870 keV for H-

500 keV 

Extraction beam current 59.4 A D-, 62.8 A H- 66 A H-

Beam current density 300 A/m2 D-, 320 A/m2 H- 335 A/m2 H-

Extraction gap distance 6 mm 5 mm 

Dim. of extraction grid 11 mm 14 mm 

1st accel. gap distance and 

tolerance

86 mm 88 mm ± 2 mm 

2nd accel. gap distance and 

tolerance

77 mm 77 mm ± 10 mm 

3rd accel. gap distance and 

tolerance

68 mm 68 mm ± 10 mm 

Thickness of acceleration 

grid 

20 mm Acceptable to reduce  

to 10 mm 
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(Appendix 1) 

Derivation of beamlet steering angle by aperture offset in the ESG in three stage negative ion accelerator 

Refer Fig.5-3 in Chapter5. 

-- Thin lens theory-- 

Focal length of beamlet passing though an aperture in one grid is shown as follows according to a thin lens 

theory.  

12

4
EE

VF BE

�

�  --- (1) 

Here, VBE is a beam energy, and E1 and E2 are electric field strength before and after the grid. 

When the aperture is displaced to �  from the beam axis, steering angle of beamlet �  is, 

F
�

� � . --- (2) 

-- Steering angle of beamlet in three stage negative ion accelerator -- 

From eq.(1) and (2), the beamlet steering angle by aperture offset in the ESG is derivate in the three stage 

accelerator. Each parameters are expressed as follows. 

� 3210 ,,, dddd � Length of extraction gap, first, second and third acceleration gaps 

3210 ,,, VVVV �Applied voltage to extractor, A1G, A2G and GRG. 

Here, acceleration voltage is applied equally to each acceleration grid.  
Then aVVVV ��� 321 .

� 3210 ,,, EEEE �Electric field strength in extraction, first, second and third acceleration gaps.  

These shows as 
33
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d
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d
V aaaa

���� . respectively. 

� 3210 ,,, BBBB VVVV �Beam energy at extractor, A1G, A2G and GRG.  

These are shows as aaa VVVVVVV 3,,2,,,, 0000 ��� ,  respectively.  

--- (3) 

(I) At ESG 
When the aperture offset of 0�  is applied to the aperture in the ESG, the focal length F0 and steering angle 

0�  are shown as follows from eq.(1) and (2). 



JAEA-Research  2008-100

－ 79 －

- 79 - 

�1
0

1

1

0

1

0
0 44

44 d
V
Vd

d
V
V

E
VF

aa

B
����  --- (4) 

00
1

0

0

0
0 4

�

�

��

� c
dF

��� � ---� (5)

Here, ��

aV
V0  --- (6). 

(II) At A1G 
The steering angle caused in the ESG aperture offset 0�  is changed to 10� at the A1G due to the increase 

of beam energy between the ESG and the A1G. 
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The geometrical aperture offsets are not applied to the A1G, A2G and GRG. However substantial aperture 

offsets are occurred because the beamlet axis is displaced from the aperture axis due to the deflection by 

the aperture offset in the ESG. Then steering angle 11�  due to this substantial aperture offset 1�  in the 

A1G is expressed as follows. 
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Then total steering angle at A1G 1� is, 
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(III) At A2G 

As same as (II) , the steering angle at A1G 1�  is varied to 20�  at the A2G due to the increase of beam 

energy. 
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As same as (II), t the steering angle at A1G 2�  is varied to 30�  at the A23 due to the increase of beam 

energy. 
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Then, the steering angle at GRG 3�  is as follows. 
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Then, From Eqs. (5)(9)(11)(13), 
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Here, 
aV
V0

��  and Va is 1/3 of acceleration voltage. �  is the ratio of extraction voltage and acceleration 

voltage. 

Finally, Each coefficients are shown as follows from Eqs.(4)(8)(10)(12). 
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Steering angle in the accelerator exit 3� is independent to the beam energy when the ratio of extraction 

and acceleration voltage is maintained. 



1024 10-1 d
1021 10-2 c
1018 10-3 m
1015 10-6 μ
1012 10-9 n
109 10-12 p
106 10-15 f
103 10-18 a
102 10-21 z
101 da 10-24 y

SI 

SI 
min 1 min=60s

h 1h =60 min=3600 s
d 1 d=24 h=86 400 s
° 1°=( /180) rad
’ 1’=(1/60)°=( /10800) rad
” 1”=(1/60)’=( /648000) rad

ha 1ha=1hm2=104m2

L l 1L=11=1dm3=103cm3=10-3m3

t 1t=103 kg

SI SI

SI
eV 1eV=1.602 176 53(14)×10-19J
Da 1Da=1.660 538 86(28)×10-27kg
u 1u=1 Da

ua 1ua=1.495 978 706 91(6)×1011m

SI SI SI

SI 
Ci 1 Ci=3.7×1010Bq
R 1 R = 2.58×10-4C/kg

rad 1 rad=1cGy=10-2Gy
rem 1 rem=1 cSv=10-2Sv

1 =1 nT=10-9T
1 =1 fm=10-15m
1  = 200 mg = 2×10-4kg

Torr 1 Torr = (101 325/760) Pa
atm 1 atm = 101 325 Pa

1cal=4.1858J 15 4.1868J
IT 4.184J

μ  1 μ =1μm=10-6m

10 SI

cal

(a)SI

(b)
rad sr

(c) sr
(d)
(e)

(f) activity referred to a radionuclide ”radioactivity”
(g) PV,2002,70,205 CIPM 2 CI-2002

CGS SI

a amount concentration
substance concentration

SI 

Pa s m-1 kg s-1

N m m2 kg s-2

N/m kg s-2

rad/s m m-1 s-1=s-1

rad/s2 m m-1 s-2=s-2

, W/m2 kg s-3

, J/K m2 kg s-2 K-1

J/(kg K) m2 s-2 K-1

J/kg m2 s-2

W/(m K) m kg s-3 K-1

J/m3 m-1 kg s-2

V/m m kg s-3 A-1

C/m3 m-3 sA
C/m2 m-2 sA
C/m2 m-2 sA
F/m m-3 kg-1 s4 A2

H/m m kg s-2 A-2

J/mol m2 kg s-2 mol-1

, J/(mol K) m2 kg s-2 K-1 mol-1

C/kg kg-1 sA
Gy/s m2 s-3

W/sr m4 m-2 kg s-3=m2 kg s-3

W/(m2 sr) m2 m-2 kg s-3=kg s-3

kat/m3 m-3 s-1 mol

SI
SI 

m2

m3

m/s
m/s2

m-1

kg/m3

kg/m2

m3/kg
A/m2

A/m
(a) mol/m3

kg/m3

cd/m2

(b) 1
(b) 1

SI
SI

SI SI

( ) rad 1 m/m
( ) sr(c) 1 m2/m2

Hz s-1

N m kg s-2

, Pa N/m2 m-1 kg s-2

, , J N m m2 kg s-2

W J/s m2 kg s-3

, C s A
, V W/A m2 kg s-3 A-1

F C/V m-2 kg-1 s4 A2

V/A m2 kg s-3 A-2

S A/V m-2 kg-1 s3 A2

Wb Vs m2 kg s-2 A-1

T Wb/m2 kg s-2 A-1

H Wb/A m2 kg s-2 A-2

( ) K
lm cd sr(c) cd
lx lm/m2 m-2 cd
Bq s-1

, , Gy J/kg m2 s-2

, ,
, Sv J/kg m2 s-2

kat s-1 mol

SI
SI 

SI 
bar bar=0.1MPa=100kPa=105Pa

mmHg 1mmHg=133.322Pa
=0.1nm=100pm=10-10m

M=1852m
b b=100fm2=(10-12cm)2=10-28m2

kn kn=(1852/3600)m/s
Np

dB       

SI SI

m
kg
s
A
K

mol
cd

SI
SI 

SI
erg 1 erg=10-7 J
dyn 1 dyn=10-5N
P 1 P=1 dyn s cm-2=0.1Pa s
St 1 St =1cm2 s-1=10-4m2 s-1

sb 1 sb =1cd cm-2=104cd m-2

ph 1 ph=1cd sr cm-2 104lx
Gal 1 Gal =1cm s-2=10-2ms-2

Mx 1 Mx = 1G cm2=10-8Wb
G 1 G =1Mx cm-2 =10-4T
Oe 1 Oe   (103/4 )A m-1

CGS

http://www.jaea.go.jp

319-1195 2 4
029-282-6387, Fax 029-282-5920, E-mail:ird-support@jaea.go.jp  

This report is issued irregularly by Japan Atomic Energy Agency 
Inquiries about availability and/or copyright of this report should be addressed to  
Intellectual Resources Section, Intellectual Resources Department,  
Japan Atomic Energy Agency 
2-4 Shirakata Shirane, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195 Japan 
Tel +81-29-282-6387, Fax +81-29-282-5920, E-mail:ird-support@jaea.go.jp 

© Japan Atomic Energy Agency, 2009



�������	
��	��������������������

�������	
��

��������	
���

��������	
���������������

���������	
��

��������

��������	�
����	�������������

�������	
�
���������
�
����
������
�������

�������	
�������������������������	
�

�������	�
�������

���������������������
�����������

��������������������������������������������
�

�������������� ���������������������������

�������������������������������

�����������������������

��������������������������
�������	
�������




