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Neutral Beam Injectors (NBI) for post-DEMO-like reactors must achieve a neutralization efficiency (fraction
neutrals/ions) above 70%. To reach this, NBIs based on negative ions are necessary and an innovative concept of
this type of injector is based on photo-neutralization. In this context, RAID (Resonant Antenna Ion Device), a
linear helicon system located at the Swiss Plasma Center (SPC) in the Ecole Polytechnique Fédérale de Lausanne
(EPFL), aims to study the production of negative ions (D~ and H") in the plasma volume.

RAID is routinely operated with a single resonant birdcage antenna, located on one end of the vacuum
chamber (1.4 m long and 40 cm diameter) at 0.3 Pa of pressure in D, and Hy discharges. This antenna, excited at
13.56 MHz with a RF power up to 10 kW, generates helicon driven plasma beams extending all along the
chamber when a DC axial magnetic field (standard value 200 G) is applied. Typical electron densities at the
center of the column are 1-2.5 x 10'® m ~ 2 and the electron temperature of 4-6 eV. In order to improve the
symmetry as well as the homogeneity of plasma parameters along the axis, a second source was installed at the
opposite end of the vacuum vessel and a complementary coil for the DC magnetic field was added. Axial profiles
and 2D mappings of plasma density and temperature have been measured with a Double Langmuir Probe (DLP).
Interestingly, for most phases, the relative RF phase of the two antennas influences the plasma causing very low
frequency (few Hz) beating. In the future, other plasma diagnostics will be developed such as Thomson scat-
tering, LIF (Laser Induced Fluorescence) and B-dot measurements to characterize in detail the wave propagation
in RAID with two antennas and to understand better some phenomena observed during the test campaign

described in this article.

1. Introduction

Neutral Beam Injectors (NBI) for ITER-like reactors must be able to
produce and accelerate deuterium neutrals with energy of the order of 1
MeV [1,2]. For such energy, the well-known technology of positive ion
NBI would not provide a sufficient neutralization efficiency, defined as
the ratio between the power flux of neutral particles at the exit of the
neutralizer and that of the ions at the entrance; negative ion NBI will be
required [1,2]. While in the EuroFusion program, the photo-neutralizer
is no longer considered for DEMO due to an insufficient Technology
Readiness Level, research is still conducted for a post-DEMO device. In a
photo-neutralization based neutralizer, one conceptual design of in-
jectors foresees to extract negative ions D™ from a 3 m long and 15 cm
wide plasma, and to photo-neutralize the accelerated negative ions [3,
4]. Thereby, a plasma source able to generate homogeneous and dense
plasmas on such area has to be developed.

In this context, as an alternative to standard inductively coupled
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plasmas (ICPs), helicon plasma sources have been proposed. These may
have advantages when compared to ICP plasma sources: 1) At low
pressure (< 0.3 Pa), when the RF wave damping is weak, helicon
plasmas provide a quasi-homogeneous electron density along the plasma
column generated, resulting in a geometry which fits the shape of the
conceptual design. 2) For the same RF power, the helicon mode typically
provides an electron density one order of magnitude higher than the
inductive mode. Previous interferometric measurements have shown a
density of 10'® m ~ 2 inside the plasma column, for hydrogen and
deuterium [4]. However, the mechanisms of power deposition of the
helicon waves still require further investigation. 3) The radial electron
temperature profile, which is in the order of 6 to 10 eV in the center and
drops to 1 €V in the periphery (around 5 cm from the center), is favor-
able to populate the vibrational states of H, or D5 molecules in the hot
area and to enhance the dissociative attachment of electrons in the cold
periphery.

RAID, the Resonant Antenna Ion Device, is a linear helicon plasma
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Fig. 2. Intensity of the axial component of the DC magnetic field in the twin
antennas configuration.

device located at the Swiss Plasma Center (SPC) dedicated to the study of
the volume production of negative ions (H™ and D™) in helicon plasmas
[3]. Up to date, investigations on RAID were conducted in the presence

of a single resonant antenna in a birdcage geometry, located on one end
of the vacuum chamber. In this configuration, while the axial electron
density is quasi-homogeneous axially, the electron temperature de-
creases along the axis of the device moving away from the resonant
antenna [3-6].

In this paper, a twin resonant antenna has been added on the
opposite end of the plasma chamber to improve the axial profile of the
electron temperature and increase the total power coupled to the
plasma. Furthermore, an additional DC magnetic field coil has been
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installed on the new antenna side, to render the magnetic field sym-
metric with respect to the center of the device. Finally, a Double Lang-
muir Probe (DLP), installed on a newly designed 2D positioner, has been
used to characterize the plasma.

The RAID device is detailed in Section 2. The new DLP is described in
Section 3. In Section 4 we show measurements performed on RAID
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Fig. 9. Effect of the additional DC magnetic field coil on n. profiles. Mea-
surement profiles are on-axis and the plasma is generated in a twin antenna

configuration in H, plasmas, pressure = 0.3 Pa, on-axis Bgelq = 200 G, power =
1.5 kW per source.
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typical plasmas. Finally, conclusions are presented in Section 5 together
with a brief outlook of future research on RAID.

2. Resonant antenna ion device (RAID)
2.1. Design, configuration and upgrades

Fig. 1 details the main elements of the RAID experimental set up and
further information can be found in Ref [3]. The cylindrical stainless
steel main chamber is approximately 1.5 m long and 40 cm in diameter.
A turbomolecular pump maintains a chamber base pressure of 1 x 10™*
Pa while the gas pressure in plasma discharges is maintained from 0.1 Pa
to 1.5 Pa. A gas control panel can select different gases among Hy, Da,
He, Ne, O3 and Ar in order to inject a constant flow of a few tens of sccm
into the chamber. DC coils surround the vacuum vessel and generate a
uniform magnetic field on-axis up to 660 G (0-510 A in the main DC
field coils). Fig. 2 shows the axial magnetic field with the additional DC
magnetic field coil of 0.51 m diameter and 32 turns located around z ~
1.4 m. To reach Bgelq uniformity in the chamber and to homogenize the
field in the second antenna region, the current in the additional coil has
been set to 75 A.

The twin antennas are installed on the end flanges (Fig. 1). RF gen-
erators, automatic matching boxes (in a T-matching configuration) and
transmission lines are identical for both sources and designed to deliver
up to10 kW of RF power with a minimum of reflected power when a real
impedance of 50 ohm is matched. Although the alumina end tubes, end
plates and the chamber are actively cooled to sustain the plasma heat
load, the system has not yet been powered above 5 kW per source in a
double antenna configuration to be conservative with diagnostics
inserted in the plasma core.

2.2. Birdcage resonant antenna

The birdcage antennas are shown schematically in Fig. 3. High RF
resonant currents in the copper tube legs have made this antenna an
interesting ICP source, first proposed in Ref. [7] and then developed and
characterized at the SPC.

As shown in Fig. 3, RAID birdcages are 130 mm in diameter, 150 mm
long and are made of a mesh of capacitors and inductors. Capacitors are
commercial SMD components with high Q factor. Ten of them are
assembled in parallel to obtain a total capacitance of 4 nF and to sustain
currents up to 150 A rms or a voltage of 1000 V rms. Inductors are water-
cooled copper tubes, called copper legs in Fig. 3. The resulting antennas
have N-1 modes (m) of resonance (N = 9 is the number of legs) and are
excited at 13.56 MHz at a typical mode m = 1 [8]. The impedance
spectrum in vacuum of both antenna networks for this mode are shown
in Fig. 4 and a simulation of the resulting azimuthal current distribution
is shown in Fig. 5(a).

Note that without DC magnetic field, birdcages can ignite pure
inductive plasmas, which diffuse slightly due to the low pressures, but
are concentrated in the source area. Depending on the plasma coupling,
birdcage sources dissipate power into the plasma, resulting in a drop of
the resonance impedance and a shift of the resonance frequency. Two
cylindrical metal screens, acting as current mirrors, can be manually
moved to vary their distance from antenna and are used to finely adjust
the resonance frequency. In the twin configuration, both screens are
tuned to have a similar resonance around 13.1 MHz (Fig. 4) without
plasma coupling. With plasma this resonance will then shift to the
required 13.56 MHz, as explained in Ref. [8-10].

2.3. Propagation of helicon waves with a birdcage antenna

In RAID, when helicon waves propagate, a dense plasma column of
around 10 cm diameter (depending on RF power and DC magnetic field)
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Fig. 11. RAID electron density while moving the phase between the two gen-
erators. Measurement profiles are on-axis and the plasma is generated in a twin
antenna configuration in H; plasmas, pressure = 0.3 Pa, On-axis Bgelq = 200 G,
power = 1.5 kW per source.

is visible through the glass windows and reaches the water-cooled end
plates labeled on Fig. 1.

Fig. 5(b) shows the inner transverse RF magnetic field of a birdcage
induced by the azimuthal current distribution on Fig. 5(a), at the specific
mode of birdcage resonance m = 1. In the presence of an external axial
DC magnetic field (normal to the plane X/Y of Fig. 5(b)) created by the
Helmholtz coils (Figs. 1 and 2), this RF magnetic field efficiently excites
helicon waves, a category of bounded whistler waves propagating in
magnetized plasma medium [7,11]. According to the simple plane wave
dispersion for helicon waves in an infinite plasma described by Boswell
[11], the wavelength depends on electron density and on axial DC
magnetic field. This last point explains the need to uniformize the DC
magnetic field with the additional DC coil.

3. RAID Double Langmuir Probe (DLP)

To characterize RAID plasmas, a Double Langmuir Probe (DLP) was
installed on the probe holder, moving in 2D inside the chamber. Its axial
movement is shown in Fig. 1, while Fig. 6 shows the radial movement.
The current driven by a DLP is always limited by the ion saturation
current, this results in an extended lifetime compared to a standard
Single Langmuir Probe (SLP) and reduced perturbation to the plasma.
Ion dynamics are also much less affected by DC magnetic fields,
resulting in a more accurate analysis of the I/V curves. The standard
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opinion is that DLPs are by default RF compensated because, theoreti-
cally, they float with the plasma potential fluctuations. Nevertheless,
self-bias can appear on probe tips due to RF fluctuations as described by
Caneses et al. [12]. In this recent article, the authors explain that the
DLP level of RF compensation can be characterized by the following
criterion:

v,
0C-27 «1. (@)
I

where w = 2xf is the RF angular frequency, Cy is the stray capacitance of
the probe, V,y is the amplitude of the RF plasma potential (while V4 in
Fig. 7 is the DC part) and I, is the ion saturation current. On Fig. 7, Cg is
the sheath capacitance of the Langmuir probe and together with C, they
depend on the probe geometry and they especially affect the RF
compensation. In Hy plasmas at 0.3 Pa with two antennas and 200 G of
DC magnetic field, the electron density in the central column of RAID is
approximately 5 x 10'7 m ~ 3. In such conditions, Cs ~ 1 pF, 1. = 0.04 A,
Vet ~ 16 V and oCVpe/1,=0.17 (Fig. 8).

With ©CyVp/1,=0.17, following Fig. 4 of Ref. [12] the error on Vioat
is expected to be below 0.5 V with no impact on T, measurements and
only a small uncertainty on n.. Because the criterion depends inversely
on I,, the error would increase significantly while going towards the
edges of the column where densities are lower.

A schematic of the DLP designed and built for RAID is shown in
Fig. 7. The DLP is composed of two tantalum tips (8 mm length and 0.8
mm diameter) covered by alumina tubes to insulate the rest of the wire
from the plasma. The choice of tantalum was dictated by a reduced
sputtering on the probe tips in Ar plasmas, thus significantly improving
the tips lifetime. The two tips are 10 mm apart and they cross the center
of the plasma column at 174.6 mm from the probe holder axis. Each of
the double tip signals passes through a choke of 230 uH and is connected
to the floating secondary of a transformer. The primary is connected to
the applied bias potential (triangular waveform) and to the current
measurement giving the I/V curve with a sweep of 47 Hz. Higher fre-
quency can induce hysterical behaviors. This DLP was used for all the
following measurements of electron density and temperature.

4. DLP profiles measurements
4.1. Uniformization of the DC magnetic field

The DC magnetic field in RAID axis was computed in Matlab (Fig. 2)
to simulate the additional coil (see Fig. 1), to adjust its position and the
coil current to have the same magnetic field at both antenna locations.

The effect of the additional DC magnetic field coil on n. profiles is
shown in Fig. 9. The most symmetric and dense n, profiles are observed
with 75 A current in the additional coil. Below this value, n. becomes
asymmetric, the presence of a divergent DC magnetic field where the
second antenna is located affects the propagation of the helicon wave
and the resulting plasma density on the right side of Fig. 9 is lower.
Moreover, the density of the entire axial profile decreases when the
additional coil has a current below 75 A. The DC magnetic field in the
second antenna region (Fig. 2) might start to be not sufficient to prop-
agate the wave with a coupling in between magnetized (helicon exci-
tation) and non-magnetized (ICP excitation).

4.2. Profiles with different antenna configurations

To improve the axial homogeneity of plasma parameters and to test
the new configuration dedicated to high density plasmas, comparisons
have been performed between one antenna on the right end only, one
antenna on the left end only, and finally with both antennas (Fig. 1).

The plasma for this test campaign is a hydrogen discharge with a
pressure of 0.3 Pa (during the discharge). The DC magnetic field current
is set to 150 A and to 75 A in the additional coil to obtain a DC magnetic
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Fig. 12. 2D mappings (left column) and on-axis profiles (right column) of RAID electron temperature. a) Left antenna only, b) two twin antennas c) right an-
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field around 200 G on-axis. The RF delivered power is maintained at 3
kW when only one antenna is running (Figs. 10(a,c) and 12(a,c)) and
1.5 kW per antenna with the twin antenna configuration (Fig. 10(b) and
12(b)) to have a comparable total power deposited in the plasma. With
such parameters, Hy plasmas are quite stable and no significant crosstalk
between antennas is observed, which could otherwise perturb the
impedance matching of either resonant antenna. Both RF generators
share the same clock and the identical frequency is set to 13.56 MHz
while the phase between the two antenna RF sources is arbitrarily set to
90°

Fig. 10 summarizes the electron density measured in RAID in the
different configurations. The density profiles of the single antenna cases
(Fig. 10(a,c)) are very similar with a variation of ~10%. A modulation
with a wavelength of ~240 mm can be seen and corresponds to the 240
mm wavelength of the helicon standing wave evidenced in previous B-
dot measurements [13,14]. For the two antennas case (Fig. 10(b)), the
absolute density is lower by ~ 20% and a modulation at 100 - 120 mm is
observed, which agrees with an interference of the standing waves of the
twin sources.

Fig. 11 shows how this standing wave pattern moves axially by
varying the phase between the two RF generators. For unknown reasons,
between 0 and 200 mm, there are no oscillations whereas the standing
wave shifts along the rest of RAID axis. During these measurements, for
some phases the plasma was unstable and the discharge was beating at a
very low frequency (few Hz), whereas for some other the plasmas were
completely stable. This effect is probably due to constructive/destruc-
tive interferences of the two antenna waves, but more experiments are
required to investigate this assumption.

Fig. 12 summarizes the electron temperature measured in RAID with
the same configurations. The temperature decreases by approximately
2/3 along the plasma column for single antenna cases (Fig. 12(a,c)). For
the two antennas configuration (Fig. 12(b)), the temperature profile is
more symmetric and homogeneous, even if an inhomogeneity remains

due to the quite strong modulation already observed on ne.

In Section 4, ®CxVprf/1,=0.17 < 1 has been calculated and with such
values, according to Caneses et al. [12] the DLP should be RF compen-
sated. Following the same reference, an insufficient RF compensation on
DLP in RAID range of plasma parameters might lead to an over-
estimation of ne but would not influence the Te. In measurements re-
ported in this article, there is a clear modulation on both n. and T, axial
profiles, at a wavelength apparently comparable to the helicon standing
wave. This modulation could be a physics phenomenon and the plasma
parameters could effectively follow the standing wave of the helicon
wave. Nevertheless, one could also fairly question the validity of the RF
compensation due to the habitual distortion of I/V curves of SLP in RF
plasmas [15].

5. Conclusions

We reported on a major RAID upgrade comprising the installation of
a second helicon resonant antenna and an additional magnetic field coil.
This resulted in an improvement of the symmetry and the homogeneity
of T, along the axis. However, the symmetry of n. can be improved by
finely adjusting the DC magnetic field, which plays an essential role in
helicon wave propagation, by adjusting the power on each antenna and
also by adjusting the phase between the RF feeding of the twin antennas.
In this case, a visible emission beating appears as well as a small
crosstalk between the twin RF sources, which is nevertheless well
managed and filtered by the automatic matching.

A DLP probe has been designed, built and tested, obtaining first
promising measurements. However, some open questions remain. The
wavelength of 240 mm seen on the modulation of T, and n, consistent
with the helicon standing wave measured in previous campaigns could
also be a sign of an insufficient RF compensation. If it is a real effect, it
may be detrimental to beam divergency when negative ions are
extracted and the issue will have to be addressed.
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The next step will be to install a B-dot probe to characterize the
helicon wave RF magnetic field with one or two sources. This will pro-
vide a better understanding of the helicon wave propagation and of the
processes of high energy deposition that are involved in the helicon
plasma generation. The physical aspects of the interaction between two
waves driven by two independent helicon sources will also be explored.
In parallel, new diagnostics such as LIF (Laser Induced Fluorescence)
and TALIF (Two-Photon Absorption Laser Fluorescence), Thomson
scattering and microwave interferometry will be implemented for
complementary measurements of Te, ne, and Tj. With the described
upgrade, RAID also represents a prototype for a long multi-antenna
system to be investigated for generating dense and uniform plasmas
for elongated plasma sources such as AWAKE at CERN and can thus
contribute to research in the domain of wakefield acceleration using
helicon plasmas.
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