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The origin of the H- ion beam non-uniformity under the Cesium seeded condition was 
studied in the JAEA 10 Ampere negative ion source by measuring the profiles of the beam 
intensity and plasma parameters. The numerical analyses, such as the trace of particles (the 
electron, the H0 atom and the H- ion) trajectories using the Monte Carlo method, were also applied 
to consider the experimental results. As a result, a new knowledge has been obtained as follows: 

1) Under the Cesium seeded condition, a high current density beam of the H- ion was 
extracted from higher electron temperature region in contrast with the pure volume 
condition. To explain the reasons for the difference of beam profiles, the H0 atoms which 
are primary particles of the H- ions in the surface production process were numerically 
traced by using the Monte Carlo method. The result indicates that the H0 atom flux locally 
increases near the high electron temperature region in which the H0 atom production is 
enhanced, and possibly affects the H- ion surface-production profile. As a factor 
contributing to the increase of the H- ion beam intensity near the high electron temperature 
region, the numerical analysis using rate equation suggested that the most 
surface-produced H- ions were extracted before the destruction by high energy electrons. 

2) The first electrons which affect the H- ion beam profile were numerically traced. As a 
consequence, the localization of the first electrons by the B×B drift was reconfirmed. By 
changing the filament positions to suppress this electronic drift, the H- ion beam uniformity 
was improved. 
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1. 

1.1

JT-60U[1.1] LHD[1.2]

Neutral Beam Injector: NBI

(ITER)[1.3-4] [1.5] NBI

ITER H 40 

MW NBI NBI 1 16.7 

MW 2 3600 1 MeV

[1.6]

NBI

Figure 1.1 /

NBI

ITER 1 MeV

400 keV

60% [1.7]

[1.8] [1.9] 80-90%

Fig. 1.1. Neutralization efficiency of the H+ ion and the H- ion beam[1.7]. 

JAEA-Research　2008-031

−　�　−



- 2 -

JT-60U LHD

ITER NBI

1.2

JT-60U

[1.10-11]

(1)

(2) (3)

JT-60U N-NBI 2

1 10 MW 500 keV 10 s Table 1.1

200 A/m2 40 A ITER NBI

1

A JT-60U ITER

Table 1.1. Performance of the JT-60U N-NBI system [1.11-12]. 

Beam 

species 

Beam 

energy(keV)

Injection 

power(MW)

Accelerated 

current(A) 

Pulse 

duration(s)

Ion 

source 

D 400 5.8 49.2 0.9 Two 

D 402 5.1 43.8 0.9 Two 

D 360 1.0 ~5.0 25 One 

H 381 6.2 56.4 1.6 Two 

H 418 3.4 27.2 0.3 One 

H 355 2.6 23.6 10 One 
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1.3

7 2

3

4 5

6

1
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2.  

2.1

2 [2.1]

'
fast2fast2 e)(H4eV)(eH +>+ v (2.1) 

HH1eV)(~e(v)H slow2 ++  (2.2) 

1 (2.1) efast v

(2.2) Dissociative Attachment: DA

1 eV eslow

Figure 2.1 2 (2.2)

[2.2-3]

2.2

[2.4-5]

Fig. 2.1. Reaction rate of the dissociative attachment process[2.2-3]. 
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+++ + HwallH,H,H,H 0
32 (2.3) 

[2.6-8]

0.6

[2.9-10]

2-5

2.3

3 [2.11]

Electronic Detachment (ED): eeHeH +++ (2.4) 

Mutual Neutralization (MN): eHHHH +++ + (2.5) 
Associative Detachment (AD):  ,2HHeHH 2++ (2.6) 

<v> Fig. 2.2 MN AD

ED

1 eV MN

1 eV ED

Fig. 2.2. Reaction rate of the H- ion destruction reactions[2.11]. 
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2.4

JT-60U ITER 0.3 Pa

4 eV (2.4)

Fig. 2.3 [2.12] 80 Gauss

4 eV

1 eV

[2.13] E×B
[2.14]

Fig. 2.3. Schematic of a negative ion source with the magnetic filter. 
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3.  

3.1 JAEA 10

JAEA 10 [3.1] Fig. 3.1 JAEA 10

X 240 mm Y 480 mm Z 203 mm

PG

Plasma Grid: PG EXtraction Grid: 

EXG Electron Suppression Grid: ESG Grounded Grid: GG

0.3 Pa =1 mm

Y=±162 mm, ±54 mm 4 8

4-30 kW

5 4 6 PG

#1 #5 Z=14 mm

PG

623 Gcm

X=0

2

PG PG PG

X 140 mm, Y 340 mm 27×14

Fig. 3.1. Horizontal and longitudinal view of the JAEA 10 Ampere negative ion source. 
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50 keV PG +2 V

3.2

JAEA 10

Fig. 3.2 850 mm

T (K)

j (A/m2)

SEt
TMcj

××
××

= (3.1) 

c (JK-1g-1) M (g) t (s) E

(eV) S (m2) c=0.242 

Fig. 3.2. Schematic view of the 10 Ampere negative ion source 

and set up of diagnostics tools. 

JAEA-Research　2008-031

−　�　−



- 9 -

JK-1g-1 5 mm 1 g

[3.2] 0.5 mm 1-2 mm

PG

Figure 3.4 4 458, 488, 

514, 633 nm PG Ipe

Fowler [3.3] PG w [3.4] 633 nm

1.9 eV

( )
( )





h

hU

h
A

P
I

w
w <




= for

laser

pe

2
1

0

2

3.2

A : h : U0 : Plaser:

A w U0 3 Fig. 3.5 3

Ipe/Plaser

PG -40 V 100 k

PG PG 2.2

PG

Fig. 3.3. Schematic view of a probe diagnostic system. 
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Fig. 3.4. Setup for the work function measurement. 

Fig. 3.5. Fowler plot and work function. 

w
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4.  

4.1

1

ELEORBIT[4.1] ELEORBIT

VX
=

dt
d (4.1) 

( )BVV
×= e

dt
dme

(4.2) 

X: V: me: e: B:

t 1/10 (4.2)

ELEORBIT [4.2-3]

4.2

1

[4.4-5]

3

 10 240 mm×480 mm×200 mm PG

PG

 2.15 eV

 PG

2 m
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[4.6]

 [4.7-9] 10%

 PG PG 21% PG

PG ESG 24% B.1

PG 5%

PG

 PG PG

Rasser [4.10] 2.15 eV

3% B.2

 PG

83% 69%



 105

PG

Fig. 4.1. H0 atom transport model.
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5.  

5.1

(Cs)

:

Ps=0.3 Pa : Parc=10 kW PG : Tpg=240 Cs

Z=14 mm Fig. 5.1

[5.1] Cs X=14 mm Cs X=40 mm

Cs Cs

4

Cs ( )

Figure 5.1 Fig. 

5.2 Figure 5.2

1 eV

Fig. 5.1. Longitudinal distribution of (a) the electron temperature at X=18 mm, Z=14 mm 

and (b) the H- ion beam intensity with and without Cs. 
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2 eV 60%

1 eV 2 eV 1/2

( A ) 4 eV

5.2

5.2.1

Fig. 

5.3 =

 PG



3 eV

 2.3 3 : ED

/ : MN : AD

Fig. 5.2. Dependence of the H- ion beam intensity with/without Cs on the electron temperature.
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 PG

Pext rL









=

tot

L
ext exp


rP , (5.1) 

qB
vm

r 


= H
L

,

ADMNEDtot

1111


++= ,

XA

H
X vn

v


 =

m- vH- q B X X

nA A <vX> X

Ps=0.3 Pa Pdiss=10% np=5×1017 m-3 B=80 Gauss

TH+=1 eV TH-=3 eV (5.1) Pext

Fig. 5.4(a)

5-6 V

PG 2-3 V PG

3 eV Figure 5.4(a)

( A )

Figure 5.4(a) 1 eV

2 eV 10%

1 eV 50%

Figure 5.4(b) 3 eV

B

PG

EH-=3eV rL

B

PG

EH-=3eV rL

Fig. 5.3. Transport model of the surface-produced H- ion on the PG. 

Pext
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0.1 eV

Figure 5.4(b) 3 eV 0.1 eV

5

5 eV 150 mm rL 38 mm

4

Cs

PG

5.2.2

2.2 PG

PG

PG

X=40 mm, Y=±198, 90, -54, -128 mm

Figure 5.5 Parc=6 kW Ps=0.3 Pa PG 60 200 (a)

(b) [5.1]

Figure 5.5(a) PG PG

60 Cs PG

Fig. 5.4. (a) Provability of the extraction and (b) the mean free path of the H- ions as a function 

of the electron temperature. 

(a) (b) 
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PG (200 )Cs

Figure 5.5(b)

PG 60 200 2.4 eV 1.5 eV

PG -150<Y<0 mm

50% PG

Figure 5.5(a) Fig. 5.5(b)

Fig. 5.5. Longitudinal distribution of (a) the H- ion beam intensity and (b) the work function. 

The PG temperature Tpg at 60 deg. and 200 deg.. 

Fig. 5.6. Normalized beam intensity as a function of the work function. 
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[5.2] [5.3]

Figure 5.6 2 eV

[5.2] [5.3]

Fig. 5.6

Figure 5.6 Fig.5.5

Figure 5.7 PG 60 200

Y=90 mm Figure 5.7

Y<0

Figure 5.7(b) PG 200

Y=-128 mm 20% 60%

Fig.5.7 PG

PG

1 PG

5.2.3

2.2 PG

Fig. 5.7. Longitudinal distribution of the measured H- ion beam intensity and the calculated 

beam intensity with the work function. (a) Tpg=60 deg. and (b) Tpg=200 deg.. 
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X=18 mm, Z=14 mm

0.3 Pa 10 kW

(Jis) (IH-) Fig. 5.8 Figure 5.8

PG Z=14 mm PG

Y>150 mm

Y<90 mm

Y<0 50%

5.2.4

PG

5.2.2

PG

PG 4.2

Fig. 5.8. Longitudinal distribution of the H- ion beam intensity and the ion saturation current 

density at X=18 mm, Z=14 mm. 
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(a) 

[5.4-5]

Dissociation of H2 (Diss) :  eHHeH2 +++ , (5.2) 

 Dissociative Attachment (DA) : ( ) ++ HHeH2 v . (5.3) 

(5.2) (5.3) SH

DAe2HDisse2HH vnnvnnS v  )(2 += . (5.4) 

nA A <vX> X

: Ps=0.3 Pa : np=5×1017 m-3

Fig. 5.9 DA v=7

: PH2(v) 1% (5.4)

Figure 5.9 2 eV

Diss 1 eV DA

Fig. 5.9. H0 atom production rate as a function of the electron temperature. 
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0.3 Pa 10 kW X=18 mm, Z=14 mm

(5.4) Fig. 5.10

Figure 5.10 2 eV Y<150 mm

2 eV Y>150 mm Y=200 mm

(b) 

2 m

PG

4.2

X=17 mm, Y=190 mm, Z=10 mm

1×1019 /s PG 4.2

2 69% Case A, 83% Case B

Fig. 5.10. Longitudinal distribution of the expected H0 atom production rate and the electron 

temperature at X=18 mm, Z=10 mm. 
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X:Y:Z=36:72:30

PG X=17 mm FH 1 Fig. 

5.11(a) Case A Case B 4.0×1019 m-2s-1

Case A B Y=190 mm

PG 3 PG

Y=190150 mm 1/40 Y=1500 mm

1/3 Y<0 PG

Fig. 5.11(a) PG

Figure 5.11(a)

PG Fig. 5.11(b)

Y=-150120 mm 2

-150<Y<-50 mm

Y>100 mm

Figure 5.11 PG Z=10 mm

PG

PG Figure 5.12 PG Case B

Fig. 5.11. Longitudinal profiles of (a) the H0 atom flux density to the PG at X=17 mm (b) and H0

atom flux density to the PG at X=17 mm with the H- ion beam intensity at X=0. 
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Y=190 mm PG Z 10mm, 50mm, 90 mm

PG Z=10 mm

Y=190 mm

=10 mm PG 50 mm, 90 mm

Fig. 5.12. Longitudinal profiles of the H0 atom flux density to the PG changing the distance from 

the PG. 

Fig. 5.13. Half value width of the H0 atom flux density to the PG with distance from the PG. 
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Fig. 5.13 Z

Z Z=70 mm 150 mm

Fig. 5.13 PG 70 

mm

5.3

Cs

1

PG

Cs
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6.  1

1

6.1 1

JAEA 10 1

(X=Y=0, Z=120 mm) 50 eV 1

Y-Z Fig. 6.1 [6.1] 1

1.5 m [6.2]

Figure 6.1 1

Fig. 6.1. Projection view of high-energy electron trajectories in the Y-Z plane[6.1]. 

Launch 
Point 
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5.1

1 ELEORBIT

Fig. 6.2 1

60 eV Figure 

6.2 1

2

B×B

[6.3]

B×B

1

B×B 1

A

B×B B×B

vB

3
2

2
1

qB
BBmvv B

×
±= 

(6.1) 

± m v

Fig. 6.2. 2-D vector plot of the magnetic field on the X-Z plane at Y=0 and electron trajectories.
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X=80 mm, Z=120 mm B=95 Gauss

B=5.5×103 Gauss/m 60 eV (6.1)

vB 3.7×105 m/s 1 8%

1 1.5 m

[6.2] 1 B×B

120 mm 1 120 

mm 1

A

1 B×B

6.2

1

PG 130 mm

Fig. 6.3 30 mm PG

B×B

B=75 Gauss B=350 Gauss/m (6.1) 1

Fig. 6.3. Modified filament location and the direction of B×B drift. 
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0.8% 1/10

B×B

12 mm 1

PG modified

Fig. 6.4

0.3 Pa 10 kW X=18 mm, Z=14 mm

Figure 6.4(a) modified

Y<100 mm original 3 eV

Fig. 6.4(b) Y<100 mm original 130 

mA/cm2 Y=-170, 0, 200 mm

Y=0 10 mm

10 Gauss Y=0

modified

Fig. 6.5 [6.4] 0.3 Pa 10 kW PG

200 Y>0 modified

original 10%

Fig. 6.4. Longitudinal distribution of (a) the electron temperature and (b) the H+ ion saturation 

current density at X=18 mm, Z=14 mm with a modified filament location. 
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Y<0 2 -155Y165 

mm Iave / Table 

6.1

Table 6.1. Comparison of beam parameters before and after modifying the filament location. 

 Original configuration Modified configuration 

Averaged beam intensity Iave [mA/cm2] 2.12 2.13 

Deviation [%] 22.1 12.8 

Fig. 6.5. Longitudinal distribution of the H- ion beam intensity before and after modifying the 

filament location. 
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7.  

JAEA 10

( )

1

1 1

B×B 1

B
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Fig. A.2. Dependence of the H- ion density on the electron temperature. 

Fig. A.1. Longitudinal distribution of the H- beam intensity and the electron temperature at 

Z=14 mm without Cs. 
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Fig. B.1. Electrode location in the 10 Ampere negative ion source. 
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