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Context: production of negative hydrogen ions in a 
magnetized plasma column

Helicon 

4.3.Helicon plasma generator development for cybele (SPC-EPFL)
SPC laboratory andHelyssen Sarl are developing for Cybele a 10 kWhelicon plasma generator operating at
13.56 MHz on the resonant antenna ion device (RAID) test bed at SPC. Although a single 10 kWhelicon
generator will probably not achieve the relevant plasma density required for ITER orDEMO
( JD−∼300 Am−2), the 10 kWhelicon source is an intermediate step allowing investigation of themain
technology and physics issues of high power helicon sources. These include tests with hydrogen and deuterium
gas at different pressures,magnetic field andRF power levels, spectroscopicmeasurements of theH/D
dissociation rate and Langmuir probemeasurements of electron density and temperature profiles.

Figure 12 shows the experimental set upwith themain elements; the helicon antenna [41–43] is axially
mounted on the right end side of the vacuum chamber. The cylindrical vacuumchamber (diameter 0.4 m,
length 1.8 m), is equippedwith 6magnetic coils allowing the generation of an axialmagnetic field up to
approximately 50 mT that canmimic themagnetic field configuration of Cybele.

The helicon antenna, shownonfigure 13, is based on a resonant network antenna [41–43], also dubbed
birdcage antenna. TheRAIDdevice is equippedwith a positioning system allowing for three-dimensional
measurements with internal probes (Langmuir andmagnetic probes). A spectrometer in the visible range also
equips the RAID, which allows for absolute spectroscopicmeasurements.

An experimental campaignwas performedwith a compensated Langmuir probe in collaborationwith LPSC
laboratory tomeasure the radial profile of electron density and temperature along the diffusion. Themovable
Langmuir probe is installed perpendicularly to the RAID axis at 37 cm away from the helicon antenna in the
downstream region. The probe tip is oriented perpendicularly to themagnetic field; hence the drift coefficient
defined by Popov et al [44]ψ⊥ is weak (<0.3)with respect to 1, the reference value given in [44]. As a

Figure 12.The resonant antenna device (RAID) testbed, with the helicon antenna on the right end side generating a plasma jet in the
downstream vacuumchamber.

Figure 13.Helicon antenna [41–43]which consists of a 9 leg cylindrical resonant network used for helicon excitation.
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• Scope is to produce negative ions in the plasma volume via a dissociative attachment process

• e + H2(n>4) → e + H- + H

• Electrons are well confined by the axial magnetic field (drift motion is closed)

• Device flexibility allows exploring various experimental knobs (ex. controlling end-plate bias 
to finely tune plasma potential profile)
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The main goal for the ion source concept is optimizing 
the production and extraction of negative ions

Magnetized plasma column (SPC, EPFL)

Plasma jet

1.5 m longB

Ref: C. Marini et al., Nucl. Fusion 57 (2017), 036024  
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and was performed manually; so only a reduced set of three 
radial positions (at 1.5, 3 and 4 cm) was considered for anal-
ysis. These positions were chosen from the results of the 3 kW 
RF power in hydrogen, which was the only case for which the 
full profile was completed, as detailed below.

Figure 8 shows the degree of dissociation, the degree of 
ionization and the +H  and −H  density profiles estimated by 
YACORA for this latter case. The degree of dissociation Dd 
is defined as
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with f the ratio of atomic to molecular density and is approxi-
mately constant for radii smaller than 5 cm, with values larger 
than 15%. The degree of ionisation Di, defined as
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is peaked in the core region, ⩽r 1.5  cm, where it almost 
reaches 1%. It decreases linearly with radius by one order of 
magnitude at 4.5 cm, remaining constant at larger radii. The 
+H  density is strongly peaked on-axis for r  <  1 cm, while the 

negative ion density has a peak in the edge region between 4 
and 5 cm. The radial position 1.5 cm is representative of the 
core region, the 3 cm point is a transition region for both +nH  
and −nH  and the final position at 4 cm is where the negative ion 
density peaks. The n e and Te profiles determined via YACORA 
are compared in figure 9 with experimental profiles measured 
with an RF-compensated Langmuir probe (LP), by integrating 
the EEDF. A voltage sweep of [−60, +35] V was used in order 
to characterize the I–V curve. The Te profile is in agreement 
but there remains a discrepancy of about a factor of two in the 
n e profile in the core region that is still under investigation. 
Nevertheless the hollow electron density profile measured by 
the LP probe is in agreement with the hollow emissivity pro-
files. The gas translational and vibrational temperatures are 
estimated from Boltzmann plots of the Fulcher lines [25] and 
are respectively = ±T 900 200tran  K and ⩾ ±T 6000 1000vib  K 
for the first five vibrational levels in the ground state. These 

values are found not to depend upon input power and remain 
constant at all radii.

Figures 10 and 11 show the results of the analysis for 
hydrogen and deuterium, respectively, at the three radial 
position considered, as a function of the input power, and 
clearly display the isotope effect. For the same conditions, 
the degree of dissociation and the ion densities are larger 
for deuterium than for hydrogen, while electron temper-
atures are lower. Trends with power are generally similar 
for both isotopes. Both n e and Te are decreasing functions of 
the radius, as already seen in figure 9, but while n e increases 
linearly with input power, Te is almost insensitive at all 
positions. Being able to increase the plasma density without 
increasing the temperature is a typical feature of helicon 
sources, and is highly desirable for a negative ion source 
for NB, as it would permit an easy tuning of the negative 
ion production rate. The degree of dissociation slightly 
increases with power and with the radius, reaching 35% and 
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Figure 8. Profiles of (a) degree of dissociation Dd, (b) degree 
of ionization Di, (c) H+ density and (d) H− density estimated by 
YACORA for an input power of 3 kW in hydrogen.
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Figure 9. Comparison of experimental (a) n e and (b) Te profiles 
(LP) with YACORA convergence values for input power 3 kW in 
hydrogen.
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Figure 10. Results of YACORA analysis for power scans in 
hydrogen H2 at radial positions 1.5, 3 and 4 cm, as function of input 
power: (a) degree of dissociation Dd, (b) degree of ionization Di, (c) 
n e, (d) Te, (e) nH− and ( f ) nH+.
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Maximum of negative ion density
measured outside the plasma jet



Favorable scaling with helicon power 
but large e- fraction in D2

CRDS confirms the presence of negative ions

Ref: R. Agnello et al., Review of Scientific Instruments 89 (10), 103504



• Donut-like density profile for the negative ions, similar to the experiments

• Assumptions: 1.5% of H2 capable of producing H- in the model (n≥4)

• One may raise the negative ion density by increasing confinement of electrons  
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5 cm

• Power absorption profile is 
Gaussian: 3s= 4 cm

• EEDF is Maxwellian

• Gas: H2, Pg= 0.4 Pa 

• -5V on the end-plates

2D Particle-in-Cell (PIC) modeling perpendicular to the 
magnetic field + losses along field lines estimated analytically 
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• -25V on the end-plates: about half of negative ion current is impacting the side walls

• Simulation parameters: 2562 grid nodes, ~100 particles per cell,<np>= 6.2 1013 m-3

• Numerical convergence was checked (up to 10242 grid nodes)     

One may reverse the shape of the plasma potential 
in the model by biasing the end-plates
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Floating end-plates (about -15V)

Instabilities are observed for larger magnetic fields 
(when the ions become somewhat magnetized)
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• Slit of 1 cm diameter (5V bias). Column with a diameter of 10 cm.

• Less than 10% of negative ion current is extracted (in the model) which is rather poor…

Can we extract efficiently negative ions 
through a slit aperture in the model ?
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Simulation parameters: 

• 5122 grid nodes

• ~40 particles per cell

• <np>= 2 1015 m-3

nH-



Conclusion & perspectives

• Helicon powered magnetized plasma columns show promising results for H- production

• A peak in negative ion density is observed at the edges of the plasma jet

• Negative ion production yield can be enhanced in the Particle-In-Cell model by: 

• Confining the electrons electrostatically

• May be achieved with a negative bias voltage at the end of magnetic field lines

• Negative ion current ratio extracted though a slit aperture is low in the model (<10%)

• Need to control the shape of the plasma potential

• This will be tested experimentally on RAID

Design for a negative 
ion extractor


