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Helicon sources for NB for fusion?

A. Simonin et al., New J. Physics 18, 125005 (2016)

Species D-

Beam Energy [keV] 800

Filling pressure [Pa] 0.3

Neutralization efficiency >0.65

Extracted e-/D- fraction <1

Photo-neutralization concept
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Species D-

Beam Energy [keV] 800

Filling pressure [Pa] 0.3

Neutralization efficiency >0.65

Extracted e-/D- fraction <1

1. Can helicon waves produce high
power, steady-state plasmas?

2. Are negative ions produced?
3. Can negative ions be extracted?

Helicon sources for NB for fusion?
Photo-neutralization concept
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Photoneutralization concept

1. Can helicon waves produce high
power, steady-state plasmas?

2. Are negative ions produced?
3. Can negative ions be extracted?

Species D-

Beam Energy [keV] 800

Filling pressure [Pa] 0.3

Neutralization efficiency >0.65

Extracted e-/D- fraction <1

Helicon sources for NB for fusion?



water-cooled vacuum 
vessel

(length 2m, diam. 0.4m)

6 independent
B field coils Bz< 800 Gauss

Steady state
10kW

13.56MHz
birdcage
antenna

The Resonant Antenna Ion Device (RAID) at the SPC

I. Furno et al., EPJ Web of Conferences 157, 03014 (2017)

Full diagnostic access
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Steady state 10kW birdcage resonant antenna
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9 water-cooled copper legs

low-loss capacitorswater IN

water OUT
D=13 cm
L = 15 cm



The resonant antenna on RAID
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Faraday shield

10kW, 13.56 MHz RF

water-cooled 
ceramic tubing

end window

RAID end flange
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A 3 kW, 0.3 Pa, H2 plasma

resonant antenna

water-
cooled end 

plate
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Typical plasma regimes and parameters
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Gas H2, D2, Ar, He,…

B field [Gauss] < 800

Filling pressure [Pa] > 0.1

Te0 [eV] 5-6

ne0[m-3] 1017-1018 [H2]
2x1019 [Ar]
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Outline
• Helicon waves in RAID 

• Physics of negative ions in H2/D2 plasmas

ü Experimental measurements: Optical emission 
spectroscopy (OES), Laser-based diagnostics

ü A fluid model for H2 plasmas

• Take home message: resonant antennas produce
helicon plasmas characterized by a negative ion
population mostly generated by dissociative attachment
on vibrationally excited H2 molecules
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Helicon wave basics
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Helicon wave basics
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Bz
Helicon waves: Right (R)-handed polarized Whistler 
EM waves (ωci ��ω �� ωce)

Bz

Bz constant

e
i mθ+2π

λz

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟



1
3

B field measurements
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Bz

BxBy

q z

Ph. Guittienne et al., Unbounded helicon wave plasma generated by a
resonant birdcage antenna, in preparation
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R-circular polarization is confirmed
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Bz
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Experiments/theory-simulations confirm
the helicon disp. relation
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Semi-analytical theory
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Outline
• Helicon waves in RAID 

• Physics of negative ions in H2/D2 plasmas

ü Experimental measurements: Optical emission 
spectroscopy (OES), Laser-based diagnostics

ü A fluid model for H2 plasmas

• Take home message: resonant antennas produce
helicon plasmas characterized by a substantial negative
ion population mostly generated by dissociative
attachment on vibrationally excited molecules
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First measurements with OES

68 cm

optical fiber bundle
16 viewing lines

high throughput 
spectrometer + 

detector

C. Marini et al., Nucl. Fusion 57, 036024 (2017)

Optical emission 
spectroscopy of

Balmer lines + Fulcher
ê

Optical tomography
ê

Collisional radiative
code YAKORA

ê
H2, H, H+, H-,…

17



High diss. degree and negative ions in H2 plasmas

Ratio atomic/molec. 
density

edge 18



Laser-based H- diagnostics

H- + hn→ H + e-Beam intensity ç
(CRDS)

è Electron current
LP-aided PD

19R. Agnello et al., Rev. Sci. Instrum. 89, 103504 (2018)

Binding energy 0.75 eV

H- shell @~4.5cm

HR mirror 

Ni-YAG laser
200mJ
10 Hz

6ns pulse

L-shaped LP
Negative hydrogen
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H- shell with a favorable scaling with power  

R. Agnello et al., Nucl. Fusion 60, 026007 (2019)



21

H- shell with a favorable scaling with power  

R. Agnello et al., Nucl. Fusion 60, 026007 (2019)
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Outline
• Helicon waves in RAID 

• Physics of negative ions in H2/D2 plasmas

ü Experimental measurements: Optical emission 
spectroscopy (OES), Laser-based diagnostics

ü A fluid model for H2 plasmas

• Take home message: resonant antennas produce
helicon plasmas characterized by a substantial negative
ion population mostly generated by dissociative
attachment on vibrationally excited molecules
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1.5D Fluid model
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R. Agnello et al., 1.5D model of a hydrogen helicon plasma
discharge, in preparation

BCs



∂ns
∂t

+∇Γs = Ss − Ls

1.5D Fluid model
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LossesSources
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discharge, in preparation



A complex hydrogen chemistry
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A complex hydrogen chemistry
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Dissociative Attachment

Ion/pair formation

Electron Attachment
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A complex hydrogen chemistry
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Dissociative Attachment

Mutual Neutralization
Electron Detachment

Atom./Molec. Detachment

Ion/pair formation

Electron Attachment
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A complex hydrogen chemistry

28

Dissociative Attachment

S
H − = n enH2 (ν )k Te ,TH2 (ν )( )
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A complex hydrogen chemistry

29

Dissociative Attachment

S
H − = n enH2 (ν )k Te ,TH2 (ν )( )

nH2 (ν )
MC PIC model of neutrals
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Simulations show the formation of H-

in good agreement with data

30
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How is H- produced and destroyed? 

31

Dissociative attachment to H2(v) is by 
far the largest H- production channel
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In the center of the plasma column,
hot electrons destroy H- by electron
detachment (ED) and mutual
neutralization (MN)

At the edge the plasma column,
atomic detachment (AD) destroys H-

Dissociative attachment to H2(v) is by 
far the largest H- production channel

How is H- produced and destroyed? 
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Conclusions and outlook
• In RAID, helicon waves generate high power, H2/D2

plasmas with a significant negative ion population

ü Full characterization of helicon waves

ü First combined use of CRDS and LP-laser photo-
detachment

ü Fluid simulations

• Next: negative ion extraction
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PIC MC model for neutrals (H2 + H)
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Constant pressure (0.3 Pa)

Atomic electronic states n=1,2,3

Molecules in electronic ground 
states with 15 vibrational level

Input: experimental Te and ne

nH2 (ν )

Filling pressure [Pa]
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Dissociative attachment to H2 is the main channel for H-
production 
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