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I. Introduction

Most negative-ion sources of ITER-NBI use Cesium(Cs) to achieve a stringent
requirements. However, regular maintenance of Cs becomes difficult in long-term operation.
Therefore, there is an urgent need to develop an alternative negative ion source that does

not contain Cs
Another issue common to the use of negative-ion sources is the reduction of extracted co-

electron current ratio (Jg5/ J,-) to prevent electric breakdown and to reduce the heat load on
the second grid (External Grid: EG) of the extraction system.

Target Tokai Univ. Next plan

Development process of ITER-NBI

NBI system ITER JADEMO | TPDsheet-U TPDsheet-N

Cs seeding W/ W/=W/O W/O W/O
Extracted H- 33 23 Single hole Multi hole
Beam (mA/cm?) | (mA/cm?) ~10 (mA/cm?) | 20 (mA/cm?)
CurrentRatio | <5 | 05~10  05~6.0 1.0~2.0
Jee Mn-
- Neutralization | Charge : _ :
BATMAN _ ELISE method exchange SipieE! Ol

U. Fantz, et al, Nucl. Fusion57 (2017),



II. Experimental apparatus

Cs-Free Negative Ion Source TPDsheet-U(using sheet plasma)
(t G ecr ]

B [mT]
30 60 90 120

High-density magnetized sheet plasmas are
suitable for producing hydrogen negative ions in
dissociative attachment processes because of the
narrow spacing (10-30 mm) between high-energy
(10-15eV) and low-energy (~1eV) electron regions.

Progress towards realizing a high-performance
cesium (Cs)-free negative ion source based on
volume production in a magnetized sheet plasma
device (TPDsheet-U) has been reported in our

? group [1-4].
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Negative Ion Source 1.0 [m]
Extraction Region (Sheet Plasma Source region)

[1] K.Hanali, et. al., Fusion Eng. Des. 146 (2019) 2721.

[2] K.Kaminaga, et. al., Rev. Sci. Instrum. 91 (2020) 113302.

[3] K.Kaminaga, et. al., Fusion Eng. and Des. 168 (2021) 112676.
[4] A.Tonegawa, et. al., Nucl. Fusion 61 (2021) 106030.
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Cs-Free Negative lon Source
TPDsheet-U 3



II. Experimental apparatus

Cs-Free Negative Ion Source TPDsheet-U(using sheet plasma)

, B [mT] RN Previously, hydrogen negative ion current density
JEALLEARE S S Is H of over ~10 mA/cm? were obtained at a gas
. = N/ S pressure of 0.3 Pa using volume production iIn
o T ﬁ 2 TPDsheet-U with a single-aperture grid.
= = However, the extracted co-electron current ratio
° 04 3 (Jeg/ J-) Is ~ 6 times the negative-ion current, and
5 g the thermal damage caused by this electron cause
é &) a problem in the long-operation of the negative-ion
Chad WD - source TPDsheet-U.
qZ) Mult_i—apel.'ture ‘gl) . . .
S 08k Exidresion | g? The purpose of this study is to increase the
2 | 7, E negative ion current density and reduce the co-
N £ electron current by using the following two methods.

(1) Magnetic filter (SMF) method

77 | Position of Single-aperture grid ]

(2) Second anode bias method

TPDsheet-U A

Cs-Free Negative lon Source



Il. Principle of volume production in sheet plasma

(DElectron impact excitation

Ty reg | S50, OMU R (>12eV)
ef'—> Q:@I;z i —>H2*(B12 + CIII )+e
hv u? u
WW\ @’ Spontaneous radiative transition
H,*(B'X,*, C'II) — ﬂZ*XEgD_+ 1\

@) Dissociative attachment
Hz* + —H+H

y-direction ‘ 2nd Gas Feeder

In volume production, hydrogen negative ions are formed by the dissociative
attachment (DA) of low-energy electrons e(slow) (Te ~1eV) to highly excited

molecules H, (v’>5), which are produced by the impact of high-energy electrons
e(fast) (Te >12eV) in the plasma.

High-density magnetized sheet plasmas are suitable for producing hydrogen
negative ions in DA processes because of the narrow space (10 — 30mm) between
the high energy (10 ~ 15eV) and low energy (~ 1 eV) electron regions.




Il. Basic characteristics of sheet plasma

O

o @— 78 B, x13

* D

7y N

H, (X129
t .

y-direction 2nd Gas Feeder

In magnetized sheet plasmas, |ow-energy
electrons (~1eV) with densities exceeding 101" m-
exist close to the high-energy electrons (10-15eV).
As a result, high-density negative ions are efficiently
produced in the periphery of the sheet plasma by DA
with vibrationally excited molecules H,".

In addition, the sheet-like shape of the plasma is
providing a large surface area suitable for a high
current negative ion source.

y - direction [mm] 5



Il. Applications of sheet plasma to other research fields

HC)‘H

Discharge region

ICRH region

Upstream region

Downstream region

Penphery reglon %=

o @— % Hxiz,
hv w\/\/\ * @’

RF electrodes == ol

H;secondary
gas
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Sy
Ion temperature T; [eV
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ICR power [W]

High efficiency
ICR heating

Sheet plasma has also been applied to detachment plasma research
of fusion divertor and electric propulsion for satellites.

A.Tonegawa, et al, Fusion Eng. & Des, 203 (2024) 114441.
A.Tonegawa, et al, Nucl. Materials & Energy, 41(2024) 101802.




|\ ST I I C IR TR (1) Magnetic filter (SMF) method

Bl ) _The extraction_ system consists of a plasma gr_id (PG)
t o 6%“;0 ]12 | : (g Wwith a magnetic filter (SMF), an extraction grid (EG)
0 T Tg--o_ ®| and a collector. The extraction system is located 22 mm
_ Py 3| from the center of the sheet plasma along the Y
E 02 2| direction.
2 a S
) 2 The SMF is positioned near the PG on the sheet
g 5| plasma side (thickness: 0.2 mm; width: 10 mm; and
& @) length: 30 mm).
g 0.6 R
:“) = u't:'a-;:r: gﬁ Plasma Grid (PG) i Thickness of Fe :
g | " id vegon ga (Single Aperture) Collector 100 —_oemm s i
éo-- ------- - g ¢4 mm) ESO-"'5mm F B
1) i - P E‘ 60}
Z [m] | SMF | _ 40
7' (_Position of Single-aperture grid | CE;\|X ga((:tlggl . . . . S . .
: External rid (E 0 5 10 15 20 25 30 35
Cs-Free Negative lon Source Magnetic Field ¢8mm v - direction [mm
TPDsheet-U



IV. Experimental =044y (1) Magnetic filter (SMF) method

BlasmaiCente

Ne and Te

Plasma Grid (PG)

(Single Aperture) Collector
¢4 mm)

-

SMF ,
Extraction
External Grid (EG)

Magnetic Field ¢8mm

y=0mm

The SMF can reduce the co-
electron current density by =, 20

' ' o
confining electrons in the -~ |f o 2'6:():51@&
plasma boundary layer os| @ : .

G
S o N o
| L B B B

(meniscus) near the extraction g@g'-—’ —f .
grid (PG). This is achieved by & ommm @ riaomm L=L8%

fleld and a local mirror field with

-1 0
- o
4@ e o

soft magnetic material. ag 4

. y 2 _ '

generating an external magnetic £ gof | @™ ﬂ
Q)]
The reduction of the extracted ' f

‘= 50F
co-electron current Jg; was é gg .
more effective when a spacer £ ,5F o ¢ s
made of Cu with a thickness of . 1of 8 8 , . .
about 0.5 mm was placed @ *° 0 50 60 70 80
between the SMF and the PG. Discharge current I, [A]

The co-electron current J.; can be effectively
reduced by -78% by trapping electrons in the SMF.




[\ Experimental results (2) Second anode bias method

1st Gas feeder

B [mT]

N Second Anode
30 60 90 120

ﬁ’ y Cathode

— 2 | ser— BEEEEEEE GOV Sheet plasma

= ot S ee—

v 0.4 EEZ — Floatingvelectrodes N P

(> - .-

= S S/E ma— |||

8 Z : Discharge Supply = Bias VOItage

g 0.6 10-100A 300V V,(0V ~ +20)

re 0 g

= e %"9 . .

o8k N\ . o This plasma source consists of a cathode,

z § a floating electrode, an anode, and a
ey IS ;2 second anode.

A bias voltage of 0 V to +20 V can be

Z |m] dr=" applied to the second anode to control the
e R peripheral plasma and reduce the co-
Cs-Free Negative lon Source electron current density.
TPDsheet-U
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IV. Experimental results (2) Second anode bias method

Cathode

S (W.LaBg) Second Anode
Anode
y | o DL et Bof fof F“r “\‘ | Sheet plasma
Gas feeder (H,) g F
LAME HHHH AP
’ Floatlng electrodes EH_'L
L | 1] )
Discharge Supply = Bias VOItage
10-100A 300V V,(0V ~ +20)

Without the second anode bias voltage V,,
the co-electron current J.5 increases rapidly
when the discharge current | is increased.

On the other hand, when the bias voltage
of the second anode V, is increased from O
V to 16 V, the co-electron current can be
effectively reduced by -60% and the current
ratio J; /J,- can be suppressed to about 1.4
while the negative ion current J,,- is almost
maintained.




IV. Experimental results (2) Second anode bias method

10
t 5f @ VIOV LT s Second Anode
2 ® V =12V TM S Anode
) ~— DT
- 1 . | L - LIRARAN Irﬂ I] ‘ | Sheet plasma
05 Gas feeder (H,) & :
00 y.ld =5 T P T
(\E 50 Floatlngelectrodes :Q:H_f_
o ||| :
< 10 Discharge Supply — Bias Voltage
E 5 10-100A 300V Vy,(0V ~ +20)
F,(La 1] Applying a bias voltage of +12 V reduces the
_ co-electron current Jgg by 73% while maintaining
E g} rargetof JADEMO the negative ion current value, and the current
< 5 8- s-* 1 |ratio J;/J,- can be reduced to about 1.4 below 2.
= L o - - Increase of ly ; : - _
- Future plans are to increase the negative ion
— 1

current J,- to JADEMO target while reducing the
co-electron current by controlling the bias voltage
V, and increasing the discharge current 1.

40 60 80 100 120140
MEER 1, [Al
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V . Conclusion & Next plan

The negative ion current density

< has been successfully increased with
= L, 1 the su ion of th d co-
T [ s . i ppression of the extracted co
P [with Cs JA DEMO o ] electron current by the following two
= Next Target methods.
- 10 E 1 (1) Magnetic filter (SMF) method.
- "ol L 1 (2) Second anode bias method.
2 - + d’ Standard approach
% '\ \ 2nd anode (TPDsheet-U) |
+ ] E lon sources for ITER NBI Tp /=05
S - (BATMAN) without Cs ——— g =1
t T e B ELLLLLY JIG‘#chz
: [ | [ | L1 ALAAl [ | [ | 1L 1 B 00l [ | [ | 1L 1 B A0l
o
— 0.1 1 10 100

Co-electron current density Jg, [mAlcmz]
13



V . Conclusion & Next plan

SMF and 2" anode-
bias methods

The negative ion current density

‘*'E' nereasing _n has been successfully increased with
s§ll discharge current ITER the suppression of the extracted co-
P I JA DEMO electron current by the following two
= Next Target Cs-free methods.

'TI' 10 ¢ , % (1) Magnetic filter (SMF) method.

) . (2) Second anode bias method.

2 e S 1ree
& | > - Standard approach -

% o8- 2ond anode (TPDsheet-U) _ _

+ ] | lon sources for ITER NBI JEGMC=[I.5|I——_ The. ne).(t plan is to hncre.ase thg
g = (BATMAN) without Cs g1 3 negative ion current density an
= L s s w ] e =2 i suppress the co-electron current by
3 NI AR T Increasing the discharge current and
= 0.1 1 10 100 optimizing the SMF structure and

second anode bias to achieve the JA
Co-electron current density J_, [mA/cm?] DEMO Target.

14



Next plan (TPDsheet-N)

(Prototype Cs-Free High Current Negative lon Source)

) Prototype Cs-free High Advantages e _
TPDsheet-U Current Negative lon Source 1. Use of iron core magnetic field coil
i RS (TPDsheet-N) with Multi-hole = Large area and High current
Extracted Electrodes (J,- :20mA/cm2) Sheet width:4cm
Vacuum  Extracted  Vacuum Veess|  100X60CM(3x13:¢3, 4.9m2)50mA
\Blisasrﬁl for EleCtI'Od!)%S for Sheet Plasma @

418x60cm Sheet width:6cm

Basic study source (3x23: @6, 20cm2) 400mA (8 times_.)
>~ Magnefic (6x21: ¢8.63cm?2) 1.2A (25 times)
Field Coil '

Cathode 2. SMF and 2" anode-bias methods
= Reduction of co-electron current ratio
Gas Magnetic _
Feeder Floating E‘:lﬁoaﬁl ('J EG / 'JH < 2'0)
electrodes Core , . . . . .
= 3. IVIuItlp_Ie negative ion sources installations
TPDtype plasma source = Scaling up to higher current

~ 15



Next plan (TPDsheet-N)

(Prototype Cs-Free High Current Negative lon Source)

Vessel for Electrodes for Sheet Plasma (Prototype) DEMO-NBI

Beam Gas Hydrogen Hydrogen
Sheet plasma Beam current 0.4~1.2A 3.5A
source - (one source) (one source)
Magnetic . (total 28 A)
Field Coil Operation CW CW
Negative ion 20 mA/cm? 23 mA/cm?

current density J,,-
Development task Carbon heater  Filament less

Magnetic fllament RF 1on source

Field Coil Pressure 0.3 Pa 0.1 Pa

for Iron Core Cesium W/O W/ = W/O
Jecldyr <1.0~2.0 <0.5~1.0

16
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