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Abstract: At RF plasma reactors operated at high power, internal Faraday shields are required to
shield dielectric vessel or windows from erosion due to isotropic heat and particle fluxes. By utilizing
a flexible and diagnostically well-equipped laboratory setup, crucial effects that accompany the
application of internal Faraday shields at low-pressure hydrogen (and deuterium) RF discharges are
identified and quantified in this contribution. Both an inductively coupled plasma (ICP) utilizing a
helical coil and a low-field helicon discharge applying a Nagoya-type III antenna at magnetic fields
of up to 12mT are investigated. Discharges are driven at 4 MHz and in the pressure range between
0.3 and 10 Pa while the impact of the Faraday shields on both the RF power transfer efficiency and
spectroscopically determined bulk plasma parameters (electron density and temperature, atomic
density) is investigated. Three main effects are identified and discussed: (i) due to the Faraday shield,
the measured RF power transfer efficiency is globally reduced. This is mainly caused by increased
power losses due to induced eddy currents within the electrostatic shield, as accompanying numerical
simulations by a self-consistent fluid model demonstrate. (ii) The Faraday shield reduces the atomic
hydrogen density in the plasma by one order of magnitude, as the recombination rate of atoms on the
metallic (copper) surfaces of the shield is considerably higher compared to the dielectric quartz walls.
(iii) The Faraday shield suppresses the transition of the low-field helicon setup to a wave heated
regime at the present conditions. This is attributed to a change of boundary conditions for wave
propagation, as the plasma is in direct contact with the conductive surfaces of the Faraday shield
rather than being operated in a laterally fully dielectric vessel.

Keywords: radio frequency discharge; hydrogen; Faraday shield; inductively coupled plasma;
helicon; power transfer efficiency

1. Introduction

In radio frequency (RF) driven, inductively coupled plasmas (ICPs), it is often re-
quired or beneficial to suppress capacitive coupling. The reasons for this can be manifold,
depending on the desired application: the avoidance of sputtering and erosion of dielec-
tric windows by fast ions accelerated by perpendicular electric fields, the suppression of
instabilities due to capacitive-inductive (E-H) mode transitions, or the reduction of RF
fluctuations of the plasma potential interfering with electrical diagnostics, to name but three
examples [1]. A typical way to achieve the desired suppression of the capacitive component
is the installation of an electrostatic Faraday shield (FS) between the RF coil/antenna and
the plasma. Slots within the metallic shield to avoid azimuthal RF current allow the induced
electric field required to maintain the ICP to be transmitted while the electrostatic field
remains localized between the coil and the grounded shield [1-3].

In practice, a Faraday shield can be applied on either side of the dielectric window,
i.e., inside or outside of the plasma/vacuum chamber. Whereas an installation outside of
the reactor is straightforward and frequently performed [4-9], applying a Faraday shield
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inside a discharge chamber can be experimentally demanding. However, it is required at
conditions where the heat and isotropic particle flux generated by an intense, fully inductive
RF plasma are already sufficient to erode dielectric surfaces. Here, suppressing capacitive
coupling itself can be of secondary importance. This is the case at sufficiently high RF
powers, for example at negative hydrogen ion sources for the neutral beam injection (NBI)
heating systems for thermonuclear fusion, which are operated at up to 100kW [10,11]. To
shield the dielectric vessels under such conditions, it is an established tool to apply actively
water-cooled FS made of copper that are often additionally molybdenum-coated on the
plasma-facing inside surfaces [10,12,13].

The specific effects entailed by introducing a Faraday shield within a hydrogen plasma
at such conditions are manifold. They include changes of the RF power deposition and
coupling efficiency, as well as a significant impact on surface driven processes, as a large
fraction of the reactor wall is now covered by a metallic conductor instead of a dielectric.
In hydrogen, this is, for example, crucial for the degree of dissociation (i.e., atomic density),
since the probability of surface recombination of atoms is strongly material dependent [14].
While investigating these effects is highly desirable, it is rarely treated specifically or quan-
titatively, as high power discharges often lack the capability and experimental flexibility to
operate without a Faraday shield. In this work, a flexible and diagnostically well-equipped
laboratory RF experiment [15,16] that can be operated either with or without internal
Faraday shields is utilized to provide a dedicated and quantitative assessment of the impact
of internal Faraday shields on the properties of hydrogen RF discharges. The aim is to
provide an overview and discussion of the most prominent features occurring, and to draw
conclusions both in view of discharge fundamentals and reactor design.

In the first part, investigations are carried out for cylindrical ICP operation. To de-
termine the specific effects of the internal Faraday shield on the RF coupling and power
deposition, measurements of the RF power transfer efficiency are conducted. Optical
emission spectroscopy (OES) provides access to various bulk plasma parameters, including
the density (ratio) of neutral hydrogen atoms and molecules. The experimental results
are assessed in detail by means of a self-consistent simulation of the discharge and the RF
system, utilizing a model previously validated at the same experimental setup [17].

In a second part, the same experimental setup is utilized to operate low-field helicon
discharges in hydrogen and deuterium with and without internal Faraday shield. In the
past, these discharges have been suggested [18] and investigated [19,20] as an alternative
plasma generation method to ICPs at high-power RF driven ion sources. However, at
the power level typical for such sources, an internal Faraday shield is a prerequisite—as
previously introduced. Whether low-field helicons can operate with internal FS is still
an open question, though. In general, helicons driven in the presence of an (external)
electrostatic shield are only rarely treated themselves [21,22].

2. Experimental Setup and Diagnostic Methods
2.1. Laboratory RF Plasma Experiment

In Figure 1a, a scheme of the laboratory experiment CHARLIE (concept studies for
helicon assisted RF low pressure ion sources) is shown, which is capable to operate both
inductive and low-field helicon discharges. The RF driven hydrogen (or deuterium) dis-
charges are generated in a 40 cm long quartz tube with an outer radius of 5 cm (inner
radius 4.5 cm) at typical pressures between 0.3 Pa and 10 Pa. The gas flow is kept constant
at 5sccm via a mass flow controller within the gas supply system, which is connected to
the vacuum system at the left side of the discharge tube in Figure 1a. At the right side of
the tube, a stainless steel expansion chamber is mounted which is connected to the pump
system (both not shown). The gas pressure is adjusted by a valve limiting the pumping
rate and monitored by a capacitive manometer.
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Figure 1. (a) Experimental setup and applied diagnostics. In (b), the RF coil and the internal Faraday
shield utilized in the ICP configuration are shown, in (c) the Nagoya type-IIl antenna with the
corresponding Faraday shield for the helicon setup is shown.

The RF antennas are mounted at the center of the discharge tube. Either an ICP coil
with five windings or a Nagoya type-III helicon antenna are applied, and both are described
in further detail in the following Section 2.2. The antennas are connected via a matching
network consisting of two adjustable capacitors to the RF generator (output frequency
1-30 MHz, maximum power 2 kW). During the investigations presented here, the generator
was operated at a fixed frequency of 4 MHz. At these conditions, typical electron densities
of the order of 1017 m~2 are achieved, implying that the discharges are generally driven
well within the inductive regime where capacitive power deposition is fully negligible [1],
in analogy to the scenario of high power RF plasmas operated at tens of kW where internal
FS are a prerequisite. Further details of the utilized RF system and matching procedure as
well as the plasma parameters have already been described in detail earlier [15,16]. The
external magnetic field required for the operation of the helicon antenna is generated via
Helmholtz coils, providing an adjustable magnetic flux density up to a maximum of 14 mT
at the antenna position, oriented parallel to the discharge cylinder axis.

2.2. Applied Faraday Shields and RF Antennas

The details of the applied RF antennas and the corresponding Faraday shields are
shown in Figure 1b,c. The RF coil utilized for the inductively coupled plasma operation
consists of five windings of copper tube (diameter 6 mm) and extends about 10 cm in axial
direction. The associated Faraday shield is manufactured from copper tube with an outer
diameter of a little less than 90 mm and a wall thickness of 3mm, and thus specifically
adjusted to fit within the quartz discharge vessel. Via 20 axially oriented, equidistant slits of
2.5mm width, transparency for the azimuth electric field component required for inductive
plasma generation is maintained.

The Nagoya type-III antenna [23] shown in Figure 1c is manufactured from solid
copper rings (rectangular cross section 6 x 9 mm), which are connected via copper bars to
each other and the RF matching system, respectively. In the axial direction, this antenna
also extends to 10 cm. The Faraday shield applied in combination with the Nagoya antenna
is designed considering the specific RF coupling mechanism of this antenna to the plasma,
which has been discussed in detail in the past [2,24]: mainly, the axial component of the
induced RF electric field is responsible for the power coupling and excitation of helicon
waves. This component is generated primarily due to the current running through the
horizontal bar and the L-shaped connectors of the antenna. To provide transmission of this
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field component, 20 transverse half-slits with a diameter of 2.5 mm each are cut both into
the top and bottom part of the shield’s lateral surface. This design is loosely based on work
reported by Blackwell and Chen [21], who applied an (external) Faraday shield consisting
of alumina sheet sections with single slots in transverse and longitudinal direction installed
between the dielectric vessel and the antenna.

Via copper bars, both shields are connected to an electrical vacuum feedthrough,
which allows their manual grounding from outside and during plasma operation. At
the presently considered conditions and available RF powers, this is an essential feature:
discharge ignition in the inductive mode is only possible if the Faraday shields are isolated
and electrically floating. In addition, also a tungsten starter filament close to the antenna
position has to be utilized (not depicted). After the transition to the inductive H-mode, the
Faraday shields are manually connected to the electrical ground from the outside and the
filament is switched off. Grounding the Faraday shields in this situation has almost no effect:
neither to the stability of the discharge nor to any of the diagnostically monitored plasma
parameters. Only a very weak effect in terms of a slightly changed load impedance-barely
within the measurement sensitivity of the RF diagnostics—is observed, which requires a
minimal re-adjustment of the matching circuit. In comparison, operating both antennas
without a shield allows us to ignite a discharge without the need for a filament or any other
additional measures, as the non-suppressed capacitive mode provides weak yet sufficient
initial ionization.

2.3. Diagnostic Methods

The RF power transfer efficiency  is measured by the subtractive method described
by Hopwood [4], which is based on the determination of the absorbed RF power with and
without plasma operation. To apply this method, an in-line voltage and current probe is
installed between the RF generator and the matching network as indicated in Figure 1a,
capable to determine the RF voltage and current as well as the corresponding relative phase
shift. It is utilized to determine the RF power Prp delivered by the generator and serves as
a tool to precisely monitor the impedance matching of the load (consisting of plasma, coil
and matching network). In addition, a current transformer measures I.;s, the root mean
square of the RF current through the antenna during plasma operation. The RF power
transfer efficiency is then determined according to

7= Pplasma _ Prr — Pogs _ Prp — Iz-msRloss (1)
Prr Prr Prp

Thereby, the experimentally measured [4] loss resistance R).s is a representative
quantity, incorporating all contributions to RF power absorption during discharge operation
except those occurring within the plasma itself. This specifically includes the RF power
absorbed due to the finite resistances of contacts, connections and the applied antenna or
coil, as well as losses due to induced eddy currents in metallic components exposed to
the RF fields (e.g., the Faraday shield or components of the vacuum system). The exact
procedure applied for the determination of the loss resistance and hence the power transfer
efficiency at the present setup is described in detail elsewhere [15].

In analogy to the loss resistance Rjuss, the plasma equivalent resistance Rpjasma 1S
defined according to

PR
Rplasma = 2 Rioss 2)
rms

serving as a measure to account for the plasma’s capability to absorb the provided RF power.

The bulk plasma parameters are measured via intensity calibrated optical emission
spectroscopy (OES) in combination with collisional radiative modelling. Measurements
of the emission are carried out along a line of sight (LOS) parallel and in a radial dis-
tance of 1cm to the discharge cylinder axis via an intensity calibrated high resolution
(AApwHM ~ 18 pm) spectrometer. Detected are the absolute emissivities € of the atomic
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Balmer emission lines (H, to Hy) and selected rotational lines of the molecular Fulcher-«
transition d3IT, — a32; (located between 590 nm and 650 nm ). The latter are used to
determine both the gas temperature Tgas (Which is assumed to be valid for all heavy parti-
cles, including atoms) and to calculate the emission €gycher Of the entire Fulcher transition
according to the procedures described in the provided publications [25,26].

The measured emissivities serve as input for the collisional radiative models Yacora H
and Yacora Hj [27]. These zero-dimensional models calculate population densities for a
given set of plasma parameters, including the electron density 7., electron temperature T
and the neutral molecular and atomic densities ny, and ny. For the present evaluations,
photon reabsorption is considered as a population channel of the atomic states and recently
improved cross section data for the electron impact excitation of the molecular triplet
system is utilized [28]. Based on the calculated population densities, the emission can be
modeled considering the associated transition probabilities. As additional input, the neutral
density ng = ny + nyp is required as determined via the ideal gas law considering the
measured gas temperature. By a fitting procedure, the modeled emission is then adapted
to the measurement, which allows us to deduce line-of-sight averaged values of n,, Te and
the neutral density ratio nyy/np.

In order to separate the individual effects of the Faraday shield on the plasma and their
respective contribution to the change of the RF power transfer efficiency, a self-consistent
2D fluid model of the ICP discharge is utilized. A detailed description of this numerical
model, including its validation with experimental data obtained at the present laboratory
setup has recently been published [17]. Assuming rotational symmetry (which is valid for
the ICP configuration), it simulates the RF power coupling by linking a gas discharge fluid
model for hydrogen with an electromagnetic model: The gas discharge model solves the
particle and momentum balances of charged species (electrons and positive ion species),
assuming Maxwell-Boltzmann velocity distributions as well as a uniform background
of neutral atoms and molecules. Hence, the experimentally determined neutral species
densities npp and ny are required as input parameters. Maxwell’s equations are solved by
the electromagnetic model, yielding the electric and magnetic components of the RF fields
in the plasma and the surrounding air domain, which are excited via an RF surface current
at the outer surface of the RF coil. As input, an (experimentally measured) value for the
loss resistance of the RF network R, is needed. By coupling the electromagnetic model
with the gas discharge model, the RF power deposition within the plasma is determined
and linked to the electrical parameters, i.e., the RF current through the coil is adjusted
until convergence for a pre-determined delivered RF power (given by the experimental
conditions) at stable plasma conditions is reached. This interlinked procedure provides
the presently unique possibility to calculate the RF heating and thus the RF power transfer
efficiency self-consistently.

3. Results and Discussion

The results obtained for the case of the ICP are presented first, as these include several
general aspects that also translate to the case of low-field helicons. The specific features
unique to the latter are separately discussed in Section 3.2 afterwards.

3.1. Effects of a Faraday Shield on the RF Coupling and Plasma Parameters of ICPs
3.1.1. Experimental Results

Discharges in the ICP setup are operated in hydrogen in the pressure range between 0.3
and 10Pa at a fixed RF power of 520 W delivered by the generator—if not noted otherwise.
In Figure 2a, the measured RF power transfer efficiency in the ICP setup is shown at varying
pressure with and without a Faraday shield. In both cases, # displays a comparable trend,
with an increase from low pressure up to a maximum value around 5 Pa and a moderate
decrease towards higher pressures. Comparing both setups, a significant decrease of
efficiency occurs once the Faraday shield is applied, as 7 drops from maximum values of
more than 95% to a range around 85%. In the latter case, ignition and stable operation
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of discharges at the power level of 520 W are no longer possible below a pressure of 1 Pa.
The corresponding values of the plasma equivalent resistance are plotted in Figure 2b,
displaying analogous trends. Due to the Faraday shield, the measured Rpjasma is reduced
almost by a factor of two—well observed at the maximum values, which drop from almost
6 () to about 3 (). In addition, the loss resistance is shown, displaying that the measured
Rjyss increases due to the Faraday shield by almost a factor of two from 0.25() to 0.41 Q).
The decrease of the RF power transfer efficiency due to the Faraday shield is thus linked to
both an increase of losses and a decreasing capability of the plasma to absorb the provided
power. This observation is discussed in further detail in the following Section 3.1.2.
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Figure 2. (a) RF power transfer efficiency of ICPs with and without Faraday shield and (b) corre-
sponding plasma equivalent and loss resistances at varying pressure

Figure 3 depicts the corresponding bulk plasma parameters. The electron density
shown in graph (a) is increasing monotonously without a Faraday shield with pressure,
covering roughly one order of magnitude between 10'® m~3 and 10'” m~3. With FS, the
density is slightly but globally lower by at least 50% and saturates above 5 Pa, reaching
values of almost 5 x 10'® m~3. The observed difference is caused by the RF power transfer
efficiency demonstrated in Figure 2. This reduction of # with a Faraday shield implies that
at the same delivered RF power, the power Pyasm, that is actually absorbed by the plasma
itself is reduced. Thus, less power is available, e.g., for ionization and plasma heating.
At 5Pa and a fixed RF power of 520 W, for example, the power absorbed by the plasma
without FS is around 490 W, compared to 450 W once the FS is applied. This difference
can be compensated straightforwardly by delivering a higher RF power to the system
with FS, in this case 570 W. As demonstrated in Figure 3a, the electron density increases
almost up to the level measured without FS, leading to an agreement well within the
measurement accuracy.

In Figure 3b, the corresponding values of the electron temperature are shown, which
display the typical decrease with pressure expected in low pressure discharges [2]. With
a Faraday shield, T is slightly increased in the whole pressure range. With exception of
the lowest pressure evaluated at 1 Pa, the effect remains within the measurement accuracy.
This small reduction of T can be attributed to a smaller plasma volume, as the internal
Faraday shield reduces the plasma vessel radius: effectively, this decreases the confinement
time of charged species and increases T, according to the ionization balance in low pressure
discharges [2].
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Figure 3. (a) Electron density, (b) electron temperature and (c) density ratio of atomic to molecular
hydrogen of ICPs with and without Faraday shield. All parameters are plotted against the pressure.

In comparison to the moderate changes of the electron parameters, the ratio ny/np
of the atomic and molecular densities changes drastically, as shown in Figure 3c: without a
Faraday shield, the density ratio reaches values between 0.26 and 0.62, while displaying
an increase from lower pressure up to 3 Pa until a stable level is reached. With a Faraday
shield, this ratio drops by one order of magnitude to a value of about 0.06, showing only
little variation with pressure. As demonstrated by the exemplary measurement taken at
3Pa and an RF power of 570 W that only results in an incremental increase of nyy/nyp, the
observed difference cannot be attributed to a reduced RF power absorbed by the plasma.

3.1.2. Discussion

In summary, two prominent effects correlated to the application of internal Fara-
day shield occur during ICP operation: a reduced RF power transfer efficiency and a
significantly decreased (relative) atomic density.

First, the effect on the atomic density is elucidated by a simple estimate based on a
zero-dimensional equilibrium rate equation. In steady state, equilibrium neutral densities
are reached and the rate of atom production and recombination is equal. Due to sufficient
electron energies and the low frequency of heavy particle collisions in low pressure dis-
charges, the viable first assumption is that the production of atoms is dominated by electron
impact dissociation (with the rate rg4;s5, producing two atoms per collision). Recombination
occurs solely via diffusion and surface recombination of atoms to Hj at the discharge vessel
surfaces (with the rate r1,45), which leads to the following balance:

"nH

Tdiss = ZnHzneKdiss(Te) = Toss H = Toss 3)
oss,

where Kgiss denotes the rate coefficient for electron impact dissociation, which can be
determined based on cross section data [29] and the assumption of a Maxwellian electron
energy distribution function. The mean lifetime of hydrogen atoms Tj 11 (0r analogously
the rate coefficient of atomic wall losses Kjoss 11 = 1/Tjoss 1) is assessed by a simplified
analytical description, as provided for example by Lieberman and Lichtenberg [2]:

-l
A V(2 ’Y)) @

= (20 1Y
oss/H Dum, A vgmpYy
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Therein, A is the mean diffusion length, depending on the dimensions of the cylin-
drical discharge vessel and Dy is the diffusion coefficient of H atoms in a Hj gas
background [2]. V and A denote the discharge vessel volume and surface area, respectively.
The thermal velocity of hydrogen atoms vy, 17 is determined assuming the atomic tempera-
ture is equal to the gas temperature. In Equation (4), the probability for wall recombination
of atoms is represented by 7. As shown by Chantry [30], Equation (4) provides a reasonable
estimate for the lifetime of atoms for both the diffusive regime at higher pressure as well
as for low pressure cases where the loss of atoms is solely determined by their speed, the
vessel dimensions (i.e., the traveled distance) and the probability of loss at the walls (in the
present case via recombination to Hj).

Considering the experimentally measured parameters in Equation (3), the dissociation
rate is calculated. The result is shown in Figure 4a, both with and without internal Faraday
shield. In each case, the total rate increases with pressure, mainly due to the rising neutral
molecular density. With Faraday shield, the rate is slightly yet systematically higher (by
about 30%), which is a result of the slightly elevated electron temperature with FS, as
demonstrated before in Figure 3. In view of dissociation, a higher atomic density with
Faraday shield could thus be expected in contradiction to the measured decrease. This
implies that the reduction of ny/ny, with FS is determined solely by the changed atomic
loss rate. Considering the Equations (3) and (4), all parameters for the calculation of the
wall loss rate are known or directly measured, with exception of the wall recombination
probability . Accordingly, 1o in Equation (4) is adjusted to balance the dissociation in
Equation (3) by varying this one remaining free parameter.

10% ————r———— T 5x107"
@ it Fs . (b) L -
I 0- -g:o:o N 2X1 0 a
5x10%2 o Lo L owithFS 140t F
- . E o, ) 8
& o WoFs ‘o 5x102 8
£ ' o- -0 0\0 o
- 2x1 022 // \\“O\ 2x1 0-2 S
g ° AN =
L;E ,/ E \\O E 10_2 g
TN a
102 L o/// i w/o FS °\\° 5x1073 g
o
2x10° &

5X1021 3

PR | L PR | PR | L PR | 10
02 051 2 5 102002 051 2 5 10 20
pressure / Pa pressure / Pa
Figure 4. (a) Estimation of the dissociation rate according to Equation (3) with and without Fara-

day shield and at varying pressure. (b) Wall recombination probability 7y required to balance the
dissociation rate depicted in part (a).

Figure 4b shows the values of -y thus obtained for different pressures and both experimental
setups. While in both cases the determined values decrease with pressure, the recombination
probability for the conditions with Faraday shield is about one order of magnitude higher. This
reflects the behavior of the surface recombination coefficients of hydrogen atoms on the different
materials involved. The comparison with the exemplary literature data for quartz, stainless steel,
copper and other metals in Table 1 illustrates that if both different experimental scenarios are
related with idealized cases (no Faraday shield = quartz surfaces, with Faraday shield = copper
walls), both their relative difference and the individual ranges of the recombination probabilities
are considerably well met.
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Table 1. Typical range of experimentally measured and theoretically determined values of the
surface recombination coefficient (at T ~ 300 K) of hydrogen atoms on different materials as reported
in literature.

Material Surface Recombination Coefficient
quartz/silica [31-34] 10~4-1072
stainless steel [33,35] ~0.1
copper [32,33,36] 0.05-0.15
other metals [32,33] 0.05-0.5

By itself, this correlation between the atomic density in a hydrogen plasma and the
wall material of the reactor is a known and expected effect. However, the present results
impressively demonstrate that for the specific case of the internal Faraday shield, the relative
change of the recombination probability and the involved surface area in combination are
large enough to translate to a change of one order of magnitude in bulk atomic density. In
any application where the atomic density plays a major role for plasma(-surface) chemistry,
this can be of high relevance. Vice versa, to influence or control the dissociation degree of a
plasma with an internal Faraday shield, adapting its material (or plating) can obviously
serve as a promising tool.

In view of the applied methodology, a concluding clarification should be provided: the
present recombination probability estimate - is neither intended nor suitable to determine
the actual surface recombination coefficient in the sense of a material /surface parameter.
Several assumptions have been made here that would need to be clarified in much greater
detail to justify such an interpretation. For example, spatial plasma gradients, surface
temperature and hydrogen coverage or gas and surface impurities are not considered.
However, there are papers based on comparable approaches that are dedicated to such a
goal and provide values for  of metal surfaces during plasma operation that are indeed
close to those obtained, for example, by cross-beam experiments [37].

The second main effect of the internal Faraday shield to be discussed is the observed
reduction of the RF power transfer efficiency, an effect similarly observed with external Fara-
day shields (typically for planar coil geometries) [3,4,22]. By applying the self-consistent
fluid model introduced in Figure 1, the origin of the observed effects is elucidated for
the specific case of the internal Faraday shield. As the measurement results presented
in Figure 2 indicate, the reduction of # is connected to both a reduction of the plasma
equivalent resistance as well as to an increase of the loss resistance. Three main factors
have been identified as contributors to such a behavior:

*  The increase of the loss resistance R is caused by eddy currents driven within the
Faraday shield. Even though its geometry is specifically tailored to avoid those at best,
localized currents can still occur (e.g., at the closed end rings of the FS required for
structural integrity). This aspect is also present at external Faraday shields [5,6].

¢ The reduced power deposition in the plasma is affected by a changed discharge geom-
etry: the internal Faraday shield effectively reduces the inner radius of the discharge
vessel (due to its thickness of 0.3 cm) and thus the plasma volume. Simultaneously, the
distance of the RF coil to the plasma is increased. Hence, less of the region where the
induced electric field is highest (close to the coil) can contribute to plasma heating [4].

*  The significant change of the ratio of atoms and molecules also affects the power
deposition in the plasma, as it influences the plasma chemistry and steady state
conditions in general. This includes crucial processes interlinked with plasma heating
such as ionization, excitation or particle diffusion.

As all these aspects serve as input parameters for the applied fluid model, a simulation
of the discharge both with and without their cumulative consideration is straightforward.
The resulting RF power transfer efficiencies obtained in comparison to the experimental
values are illustrated in Figure 5a. The simulated # reproduces the measured trends at
varying pressure both with and without Faraday shield excellently, displaying only a
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slight yet systematic shift the efficiency to lower values for both cases. This confirms the
previously performed validation of the model at this setup by Zielke et al. [17], where
reasons for remaining absolute deviations have also been discussed in detail. With the
model, it was not possible to obtain a steady state for pressures below 1Pa and an RF
power of about 500 W while considering the conditions imposed by the Faraday shield.
This is reflecting exactly the experimental observation that stable discharge operation is
impossible with an applied Faraday shield at these conditions. As shown in Figure 5a,
particularly the relative decrease of 77 induced by the Faraday shield can be excellently
reproduced. Hence, the three aforementioned contributions considered by the model are
sufficient to explain the experimental observations.

1.00 @ T T ©) 1.00
L (a - Pre =520 W 1
wioFS o . I RF |
0.95 - Lo I p=3Pa
L 5 Pe) _o--0, - ]
L o e N i | wlo |
D-& 0.90 [ e O . /@o\o Cfaracay _ 0.95 QEZL
~ 085 J sim. .7 o -0, % i | shield lower changed =
e I // exp. L7 Q S LT geometry g
: RS N I 1k
a>080F 7 O withFs ® - - 40.90 o~
1l r ng e with 1]
= 0.75 B r S faraday 1 =
3 shield
0.70 L i i (aIIeffects)_ 0.85
L Pre=520W L L |_| 1
0.00T . . T 9 To0
02 05 1 2 5 10 20 #1 #2 #3 #4 #5
pressure / Pa simulated condition

Figure 5. (a) Comparison of the experimentally measured RF power transfer efficiency with and
without Faraday shield at varying pressure with the associated results obtained by the self consistent
fluid simulation. (b) Contribution of different effects caused by the Faraday shield to the total
reduction of the RF power transfer efficiency, as obtained from the simulation at a pressure of 3 Pa.

In order to assess their individual influence quantitatively, each of the considered
aspects is implemented separately in the model in the next step. This leads to the results in
Figure 5b, representatively shown for the pressure of 3 Pa where the simulated 7 decreases
from about 92% to 85% if all effects are considered simultaneously. As displayed, both
the change of nyy/np and the adaption of the discharge geometry result only in a slight
reduction of about 1% each if incorporated individually. The main contribution to the total
decrease of 7 is the increased loss resistance R}y, resulting alone in a decrease of 7 down to
about 87%. The same qualitative composition is present throughout the whole investigated
parameter (pressure) range, which demonstrates that the losses due to eddy currents in
the Faraday shield are determining the reduction of 77 of an ICP operated well within the
inductive regime.

3.2. Effects of a Faraday Shield on the Operation of a Low-Field Helicon Discharge

As a Nagoya antenna is essentially a one turn coil, it can also operate in a purely
inductive mode if no external magnetic field is applied. Hence, all effects of the FS dis-
cussed in the previous section are observed qualitatively well comparable with the Nagoya
antenna-most notably a reduction of the RF power transfer efficiency and the atomic den-
sity. However, the achievable RF power transfer efficiency is globally much lower due to
the lower inductance of the antenna (about 0.5 ptH compared to 2.1 pH of the five-turn
coil). This implies that the RF current required to sustain an electric field sufficiently high
for maintaining a plasma has to increase considerably, which enhances the ohmic losses
proportionally. Thus, a much higher RF power is required to couple the same power to
the plasma compared with a multi-turn coil better suited for ICP operation. The investiga-
tions with the Nagoya antenna in the low-field helicon regime are, therefore, performed
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at a higher RF power of 1kW. As such power levels come close to the technical limits
of the present RF setups in terms of cooling, the measurements applying the internal FS
are conducted in deuterium instead of hydrogen—which reduces the required RF power
for ignition and maintenance of the discharges considerably while providing comparable
plasma parameters as hydrogen [15].

3.2.1. Experimental Results

The measured RF power transfer efficiency with the Nagoya antenna in hydrogen
(without FS) and in deuterium (with and without FS) at a varying axial magnetic field
between 0 and 12mT are shown in Figure 6, exemplary for 0.3 Pa in (a) and for 1Pa in (b).
At both pressures, # displays a similar behavior in both hydrogen and deuterium if no
Faraday shield is applied. For example in deuterium at 0.3 Pa, increasing the magnetic field
leads to a significant decrease of 77 from 50% at B = 0 until a minimum at 2mT is reached.
At higher field, a steep increase to a local maximum efficiency of more than 60% at 9 mT is
displayed. The same trend at overall slightly higher efficiency and less relative variation
with B is evident at 1 Pa and in hydrogen. With Hj, # is systematically lower compared
to deuterium. This implies that at 0.3 Pa and between 1mT and 4 mT, no stable discharge
operation is possible with Hy at Prp = 1kW.
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Figure 6. RF power transfer efficiency of the helicon discharge utilizing a Nagoya type III antenna in
Hj and D, for a varying magnetic field at 0.3 Pa (a) and at 1 Pa (b).

Due to the Faraday shield, the RF power transfer efficiency is significantly reduced
in analogy to the ICP results. At 0.3 Pa (and in hydrogen in general), this fully suppresses
discharge ignition and operation. In deuterium at 1 Pa and 0 mT, stable plasma operation
is possible with FS, but # drops to 40%. With increasing magnetic field, the efficiency
decreases similar to the trend without Faraday shield until at 3mT a minimum is reached.
With FS however, the RF power transfer efficiency does not increase again. Above 5mT,
neither discharge ignition nor operation is possible, not even with the maximum available
RF power of up to 2kW.

3.2.2. Discussion

The occurrence of local, B-dependent enhancements of the RF power coupling (result-
ing, e.g., in a maximum of the electron density) is a typical feature of low-field helicons
conventionally referred to as low-field peak(s) [24,38]. It originates in the reflection and
interference of excited wave modes and is a typical indication that the discharge is operated
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in a wave-heated or wave-assisted regime [24,39]. Comparable observations have been
reported for hydrogen/deuterium discharges operated at different operating conditions
several times before, either also in view of an enhanced RF power transfer [20] or reflected
within other parameters such as the atomic or electron density [20,40].

The results presented in Figure 6 thus indicate that the internal Faraday shield sup-
presses the transition of the discharge from an inductive mode at B = 0 to a wave heated
regime with increasing magnetic field. In fact, the behavior of the discharge with FS strongly
resembles the performance of an (increasingly) magnetized ICP, where B gradually reduces
the RF coupling efficiency as the electron mobility is limited due to gyration [40].

The reason for the inability to reach the wave-heated regime with Faraday shield
can be associated with the RF power absorption mechanism, and thus related with the
conditions defining the excitation and damping of relevant wave modes: unlike high
power/high field helicon discharges that provide conditions where RF power deposition
solely via the damping of the helicon waves themselves can be sufficient (e.g., via electron-
ion collisions [1,41]), in low-field helicons the electron density is typically not high enough
(in the present case of the order of 10! m~3). Here, the power deposition occurs via the
strongly damped Trivelpiece-Gould (TG) modes, which are coupled to the excited helicon
waves under certain boundary conditions once the finite electron mass is considered, as
comprehensively reviewed, e.g., by Chen [24].

Against this background, the observed behavior is interpreted as follows: apart from
the primary effect of localizing the electrostatic field component outside of the plasma
volume, the internal Faraday shield also changes the boundary conditions for wave propa-
gation, as it introduces a conducting lateral wall. As described in-depth for example by
Shamrai and Taranov [42], the coupling of TG and helicon wave modes is fundamentally
altered in this case: a non-conducting boundary leads to a strong coupling between TG
and helicon waves, associated with an enhancement of the TG field amplitudes and thus,
the potential of damping (i.e., power absorption) also at lower densities. A conductive
wall, however, results in a separation of TG and helicon eigenmodes. Thus, only helicons
are excited, which are insufficiently damped to provide plasma heating. This leads to
the changed power absorption observed in the experiment. However, a deeper assess-
ment would require the dedicated (theoretical and experimental) assessment of the wave
modes in the present experimental geometry, which is well beyond the scope of this work.
Nevertheless, this entails fundamental consequence for low-field helicons in view of their
suggested application at high RF power, e.g., at ion sources for fusion. If (due to the high
heat load) a metallic Faraday shield indeed remains to be a prerequisite, any plasma gener-
ation mechanism relying on RF power deposition via damping of TG waves is apparently
not a viable option.

4. Conclusions

Applying internal Faraday shields considerably impacts different aspects of RF driven
low pressure hydrogen (and deuterium) discharges. In case of a cylindrical ICP operated
well within the H-mode, two prominent effects stand out. First, the internal Faraday shield
reduces the RF power transfer efficiency—in analogy to externally applied Faraday shields.
This effect is mainly due to increased power losses originating in eddy currents within
the electrostatic shield. Further aspects like a larger coil-plasma distance or a changed
composition of neutral particles within the bulk plasma contribute only to a small extent to
the power coupling. Hence, if maximizing the RF coupling with such a Faraday shield is
desired, a dedicated redesign of its geometry aiming for minimum losses is considered to
be a promising option.

The second main effect of the Faraday shield is a significant decrease of atomic density
of about one order of magnitude in the bulk plasma. It is caused by the elevated recombi-
nation probability of hydrogen atoms on the metallic (Cu) surface of the FS in comparison
to the dielectric (quartz) walls. Vice versa, changing the material (or plating/covering the
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plasma-exposed surfaces) of the FS could be the tool of choice to control the atomic to
molecular density ratio in a desirable fashion.

By applying an internal Faraday shield with a Nagoya-type III helicon antenna, a
transition of the discharge to a wave heated regime is fully suppressed at the present
experimental conditions and at low magnetic fields. This is attributed to fact that the plasma
is in direct contact with a conducting lateral vessel wall due to the Faraday shield. This
changes the boundary conditions for wave propagation, effectively decoupling helicon and
TG wave modes and rendering efficient power deposition at these conditions impossible.
This questions the viability of low-field helicons that rely on RF power absorption via
damping of TG waves as an alternative for plasma generation at high power RF sources
where internal Faraday shields are a necessity.
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