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Abstract

The use of magnetic fields in low-temperature plasma physics is promis-
ing in numerous applications. The magnetic field acts on the kinetic of the
plasma charged particles, drastically modifying the ion and electron trajec-
tories in the plasma. The influence of the magnetic field strength on plasma
parameters, like the plasma and the electrode potentials, was measured for
different gases and pressures, evidencing a strong variation before saturat-
ing for high magnetic fields. The saturation is connected to the variation
of the ions and electrons collection area. It occurred when the magnetic
field influence overcame the collisional effect, i.e. when the Larmor radius of
ions became smaller than the ion mean free path. The electrostatic probe’s
floating potential saturation was a marker of ion magnetisation. Varying the
pressure enabled collision cross-section calculation for magnetised discharges,
leading to values consistent with the literature. Finally, the probe developed
in this contribution allows almost independent measurement of perpendicular
and parallel flux.
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1. Introduction

Magnetic fields in low-temperature plasma physics are widely used. For
example, they have promising results in satellite propulsion through Hall
effect thruster [I, 2, B]. Magnetic fields are also used in various applica-
tions for controlling capacitively coupled plasmas (CCP) and improving the
performance of etching processes in the semiconductor industry [4], [5, 6], [7].
Moreover, in fusion devices, RF discharges are also foreseen for cleaning the
first mirrors in optical diagnostics [8] 9] [10].

In a magnetic field B, the charged particle tends to move along the mag-
netic field lines while rotating around them. In these conditions, the trans-
port of particles perpendicular to the magnetic field is limited and occurs
mainly with collisions while the flux along the magnetic field lines remains
unchanged [IT]. Tons and electrons rotate around the field lines at the cy-
clotron frequency w., = ¢.B/m, where g, is the charge, and m, is the mass
of the particle x. The Larmor radius is the radius of the gyromotion that the
particle traces around the magnetic field lines. It is given by: 71, = v} »/wey
where v, , is the velocity component of the particle perpendicular to the
magnetic field direction. These quantities strongly influence the effect of the
magnetic field on the discharge behaviour [12]. In particular, for the case
where the collision frequency v, is much higher than w., (i.e. v, > we),
the particles will encounter collisions without completing a rotation around
the field lines, allowing them to move in the perpendicular direction: the
particles are considered not magnetised. Reversely, if charged particles com-
plete several rotations before encountering any collisions (i.e. v, < we),
the perpendicular mobility will strongly decrease: the particles are consid-
ered magnetised. Overall, the degree of magnetisation of the plasma charged
species, which determines if the impact of the magnetic field is stronger than
the one from collisions, is a vital discharge property to know as soon as the
magnetic field strongly impacts the discharge kinetic [12].

This peculiar behaviour of particles in magnetised plasmas complicates
the study of their parameters, particularly when using electrostatic probes.
Indeed, the variation of the particle kinetics alters the current collection by
Langmuir or planar probes used to estimate the discharge properties (poten-
tial, temperature, densities,...), leading to a more challenging interpretation
of the IV curves in a magnetic field [I3]. Stanojevicet al. demonstrated that
even in relatively weak magnetic fields (around 1072 T), such as those em-
ployed in some plasma discharges for materials processing, the distortion of



probe characteristics near the plasma potential due to magnetic field effects
can significantly complicate the accurate determination of the plasma poten-
tial. This distortion leads to considerable uncertainty, making it challenging
to precisely ascertain the electron energy distribution from the measured
characteristics [I3]. Furthermore, the magnetic field acts on the general
current-voltage characteristic curve shape, exhibiting a bumped character-
istic between the exponential transition and the electron saturation current
regions [I4, [15]. The height of the bumps is influenced by the probe inclina-
tion to the magnetic field direction, the magnetic field strength, collisional
processes, and RF power [I5]. Despite various methods to analyse it, the
classical approach of determining plasma potential where dI/dV is maxi-
mum remains the most reliable, even though some suggest it coincides with
the anomaly [14]. The bumped characteristic, which results from density
depletion when probe potential exceeds plasma potential, is diminished by
increased gas pressure, which enhances perpendicular diffusion, leading to
the disappearance of the irregularities [15].

Measurements of plasma density in the plasma column of CCP exhibited
increased density in the core of the plasma beam when the magnetic field
was increased from 0 to 0.01 mT. In contrast, the density surrounding the
column remained similar to the one measured without a magnetic field [16].
Yadavet al. observed similar radial variations of the temperature and density
in helicon discharges [17]. They showed that, in magnetic fields, the electron
pressure was higher at the edge of the column than at the centre. Moreover,
the electron pressure values saturated when the ion Larmor radius became
less than half of the discharge chamber radius, i.e. when ions were magne-
tised. Similar saturations of plasma parameters were observed on measured
floating potential by Filleulet al. when the Larmor radius became shorter
than the chamber radius [1§].

Despite a few experimental characterisations of plasma bulk in magnetic
fields, the effect of magnetisation on low-temperature plasma bulk parame-
ters has not been widely measured in large magnetic fields (> 0.3 T'). Under-
standing the behaviours of charged particles in such discharges is necessary
to improve plasma etching that operates in high magnetic fields, such as the
first mirror cleaning in next-generation fusion devices. In this contribution,
we conducted an experimental characterisation of the plasma bulk using a
planar and a radial probe in a varying magnetic field up to 3 T.



2. Experiments

2.1. Basel University Magnetised Plasma (BUMP)
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Figure 1: Experimental setup: BUMP.

Plasma discharges were carried out in the Basel University Magnetised
Plasma (BUMP). The facility consists of a 100 mm long and 150 mm wide
chamber installed between the two water-cooled coils of an electromagnet
Bruker B-E 15 powered by a Bruker B-MN90 power unit. The background
pressure in the vessel was around 10~* Pa. By varying the current in the coils,
the magnetic field inside the chamber can be increased up to 0.58 T. The
field homogeneity at this magnitude is presented in figure [I The magnetic
field varies by 10% in the chamber but only by 3% around the electrode.
A 50 mm-diameter circular shielded copper electrode was set up inside the
vacuum chamber. The electrode was centred in the vacuum chamber but
shifted closer to the wall in the magnetic field direction to fit the electrostatic
probe. The surface of the electrode was also coated with tungsten to reduce
erosion and, therefore, deposition on the probe. Most of the CCP discharges
were driven by a 13.56 MHz RF generator (Huttinger Elektronik GmbH and
Co KG, model PFG 300 RF) coupled with a matchbox (Huttinger Elektronik



GmbH and Co KG, model PFM 1500A). Some of the discharges were driven
with a 60 MHz generator (Comet Cito 600W with Agilo matchbox). The
matchboxes are equipped with a voltage probe allowing for measuring the
self-bias potential Vpeo. The error on bias voltage measurements was typically
in the range of 5 V. The measurements of the bulk plasma parameters were
carried out utilising the twin probe, described in the following section.

2.2. Twin probe

As mentioned in the introduction, when the magnetic field increases, the
charged particle rotates around the magnetic field lines, leading to a reduced
perpendicular flux I'; while the parallel flux I'| remains unchanged. For
experimental quantification of the flux changes, the twin probe was designed
and manufactured, allowing for the measurement of these variations.

The twin probe is an electrostatic probe made of two electrodes: a planar
electrode and a radial electrode (Figure[2). The planar electrode consists of a
5 mm diameter titanium disk perpendicular to the magnetic field. The radial
probe is made of a 5 mm diameter and 4 mm long titanium cylinder. Only
the outer surface of the radial electrode was in contact with the plasma. The
rest of the titanium was covered with ceramic, as shown in Figures [ and 2]
The electrodes were fixed on a ceramic holder. Both electrodes were indepen-
dently connected to an RF-compensated ESPion Langmuir probe from Hiden
Analytical Ltd. While one electrode was biased, the second one was floating
(i.e. at the floating potential Vy). The planar probe, which is perpendicu-
lar to the magnetic field, is mainly collecting the parallel flux (Figure [2[a)).
However, a small part of the perpendicular flux is also collected as a sheath
develops around the probe while biasing it. Reversely, in the case of the ra-
dial electrode, the surface is parallel to the B field, leading to the collection
of the perpendicular flux and a tiny part of the parallel flux.

The twin probe was installed in the chamber in front of the electrode. The
planar probe faced the discharge electrode and was slightly shifted toward
the wall to ensure that the probe was not in the electrode sheath.

To benchmark the developed twin probe, an ESPlon Langmuir probe
with a cylindrical tip 10 mm long and 0.075 mm radius was mounted in
non-magnetised Ar plasma at various pressures. The plasma parameters
measured on both electrodes of the twin probe differed by a maximum of
10% from those measured with a commercial Langmuir probe, which is in
the typical plasma parameter measurement error of a Langmuir probe in
non-magnetised plasmas(£20%) [19]. The complexity of the current-voltage
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Figure 2: Schematic of the working principle of Twin Probe (a) and of the different
measurable potential (b). In the limit of collisionless plasma, the ions are collected from
the red flux tube and the electrons from the green one. Particles in the hatched tube are
collected on the radial probe.

probe characteristics analysis in a magnetic field can be responsible for a
more significant error in magnetised discharges.

2.3. I-V curve analysis
2.53.1. Without magnetic field

The current-voltage curve collected by the probe is related to plasma
properties, particularly the floating potential V}, the plasma potential V),
the plasma density ng and the electron temperature 7,. The floating po-
tential corresponds to the probe’s potential for which zero net current is
collected. It is also the potential at which the probe will float naturally if
no bias is applied. In non-magnetised capacitively coupled discharges, the



electron temperature is related to the slope of the logarithm of the electron
current collected by the planar probe below the plasma potential. At a more
positive bias than the floating potential, the electron current increases until
there is no retardation of electrons. At higher potentials, the exponential re-
tardation current is replaced by the collection of electrons due to the sheath
growth around the probe, which exhibits a flatter slope with respect to po-
tential. The transition between these two contrasting regimes of electron
collection can be identified as an inflexion in the probe characteristic, which
is determined by the derivative peak at V,,. The plasma density can then
be determined from the ion saturation current and the electron temperature
[T}, 20].

2.4. In magnetised plasma

A strong external magnetic field modifies the behaviour of the charged
particles in the plasma. These changes drastically alter the fluxes collected
by a surface inclined to the magnetic field. The flux along the magnetic field
line is unaffected; however, the transport of particles perpendicular to the
magnetic field occurs only due to collisions [I1], leading to a more challeng-
ing interpretation of the IV curves in a magnetic field. In this manuscript,
the method developed by Stangeby and then by Stanojevic [21) [13] was used
to extract the discharge properties from the probe current-voltage charac-
teristics. For a planar probe introduced in a plasma perpendicularly to the
magnetic field B and assuming that the probe’s effective ion collection area
approximately equals its geometrical area A, the current I; drawn down from
a long flux tube below the floating potential can be written as:

pen (1 e (510 8

with I7 = a - ZeAng\/kgT./m; the ion saturation current and Z the
average ion charge number. In a magnetic field, @« = 0.7 due to the enhanced
density in front of the sheath [21].

The floating potential V; is determined by the zero net current potential.
T. and I} can then be determined as fitting parameters in a non-linear fit of
the equation (1| applied to the portion of the measured characteristic below
V. After deriving T¢, the plasma density (n.) can be calculated from I?.
Considering the error due to plasma RF fluctuations prevail, the method



described in the previous section remains valid for determining the plasma
potential for relatively low magnetic fields [22].

3. Results and Discussions

3.1. Plasma parameters

The self-bias Vpe was measured in Ar 13.56 MHz CCP for varying mag-
netic fields, gases and pressures. Without a magnetic field, as a classical
CCP discharge, a negative Vpe developed due to the asymmetry between
the powered and grounded area. Indeed, the grounded wall-to-powered elec-
trode area ratio is roughly 20, resulting in a few hundred volts of negative
self-bias. Increasing the magnetic field led to an exponential increase before
reaching an asymptotic plateau (figure [3). In Ar discharges, that saturation
occurred around 30 mT at 2 Pa.
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Figure 3: Electrode self-bias variation with the magnetic field for different pressure and
vessels in Ar discharges driven at 13.56 MHz (10W).

In addition to the self-bias, plasma density, temperature and potential
were measured using the twin probe. Similar to the electrode self-bias, the
plasma potential, which is also strongly dependent on the plasma asymme-
try [23] 5] 24], increases with B field after several mT, before saturating at a
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similar field strength as the self-bias (figure [4]). The floating and plasma po-
tential measured by the planar and radial electrodes of the twin probe start
to decrease at the first stage of the magnetic field increase up to a few mT.
Caldarelli measured similar decreases in the plasma potential for an increas-
ing B field from 7 to 33 mT [25]. For higher magnetic field intensity, V}, and
V increased until nearly saturating (figure , a detailed view focusing on the
range of a few mT to 0.2 T is provided in supplementary material figure S1).
A similar dependency of the floating potential with the magnetic field was
measured at low-pressure (0.13 Pa) in Ar discharges in a magnetic nozzle
device by Filleulet al., where the changes in V; were expected to be driven
by the magnetisation of the ions [I8]. Indeed, they showed that V; satu-
rated when the bulk ion Larmor radius ry; gets three times smaller than the
shorter plasma length scale (the chamber radius in their case) corresponding
to a magnetic field of 50 mT. In Filleulet al., the mean free path was greater
than the chamber scale, so the chamber radius was considered instead of A;.
In this study, the chamber radius (75 mm) is always larger than the ion mean
free path, which is a maximum of 16 mm at 0.5 Pa.

The effects of gas pressure and gas type are discussed in the following
sections. Finally, hypotheses are proposed to explain the variation of the
plasma parameters in terms of plasma confinement and ion magnetisation.

3.2. Collisional effect

The magnetic field at which the self-bias saturated was measured for
different pressures in two distinct experimental vessels with different area
ratios (BUMP and LAMP [26]) with Ar at 13.56MHz (in blue dots, figure |5)).
The magnetic field saturation threshold, i.e. the magnetic field at which the
self-bias saturated, increased with the pressure following the \;(p) = rp;(B).

The magnetic field at which the floating potential (radial: red square; pla-
nar: yellow triangle) and the self-bias (in blue dots) saturated was measured
for different pressures p from 0.5 Pa to 10 Pa in Ar discharges (figure . In
the following, the magnetic field at which the potential saturates is called the
saturation magnetic threshold. As for Vp¢, the saturation magnetic thresh-
old for V; (radial and planar) increased with the pressure in line with the
increase in collisionality. Additionally, several measurements were carried
out at 60MHz. The RF frequency did not affect the magnetic threshold of
the self-bias and floating potential in Ar discharges, as it mainly affected the
overall density of the plasma and not the collisionality (figure [5).
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Figure 4: Plasma and floating potential variation as a function of the magnetic field at
2 Pa in Ar discharges driven at 13.56 MHz (10W). The error on potential measurement
was £5 V. The ion Larmor radius rr; and the ion mean free path \; are also displayed
with their scale shown on the right y axis.

As mentioned in the introduction, theoretically, magnetisation occurs
when rp; < A, [12]. As rp; = myuy/eB and A\, =~ kgT,/po, where m; is
the mass of ion, T}, the neutral gas temperature and o the ion-neutral elastic
and charge-exchange collision cross-section, it occurs for a magnetic field:

B> op 25 x 10 \/mi T - ougpp @
ERB g

where m, ,, are the ion mass in atomic unit u 7; .y is the ion temperature
in eV and o5 is the effective collision cross section in the plasma. In our
conditions, the ions and the neutrals are not subjected to significant heating
[27, 28]; T;.v is then approximated to the room temperature 0.025 eV as
the gas temperature. However, in addition to gyromotion, various drifts
affect the plasma kinetic and the collision process in a magnetic field. The
potential profile in figure [6] displays a difference of potential from the centre
of the plasma column (28V at r=0 mm) to the edge of the plasma column
(45 V at r=25 mm) at 0.1 T. That difference of potential is responsible for
an electric field toward the core of the plasma beam as high as 680 V.m™!,
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leading to a strong E x B drift in the azimuthal direction (=~ 4500 m.s~! at
150 mT) as previously reported |29 26]. Moreover, the measured electron
pressure profile (figure S2) indicated the presence of a diamagnetic drift in the
same azimuthal direction. Indeed, the pressure gradient is directed toward
the column core (figure S2) as the electric field. Khrapak reported that when
ions are subjected to drift velocity caused by the external electric field higher
than the thermal velocity, the collision cross-section appeared to be reduced
by a factor 2 to 3 for Ar [30]. It has also been reported that in the presence of
a magnetic field, the collision frequency could be reduced by a factor of 2 due
to the reduction of the travelled distance in the perpendicular direction when
rri = A; [31]. Considering the influence of the drift on the effective collision
cross-section o.rr = 0/2.2 (for Ar), equation [2| for with o.¢; becomes:

B >1.1x10"% \/m; Ty -op (3)

The equation [3| was used to fit the magnetic threshold of floating po-
tential values measured with the planar electrode of the twin probe in Ar
(yellow triangle in figure [5)), using the cross-section as a coefficient. With
Ar, the experimental value of o was found to be around 1.2 x 107!® m?
which is coherent with typical values of cross-sections, including ion-neutral
elastic collisions and resonant charge-exchange, which are about 10~*® m? in
the literature [32] 33, B4 [IT]. The planar probe and the self-bias measure-
ments exhibited good agreements with the effective collision cross-section of
Khrapak [30] and the one measured by Maiorov [33] considering the atten-
uation factor from Khrapak calculations. Additionally, it is similar to the
approximation given by Tsankovet al. [12] reduced by Khrapak’s factor.
The magnetic thresholds were higher than equation |3 using the kinetic the-
ory cross-section (black line on figure . Indeed, the kinetic theory considers
only the elastic collision. Nevertheless, the number of charge-exchange colli-
sions is in the same order for Ar and contributes significantly to the impact
of collision on perpendicular diffusion.

Furthermore, the radial floating potential saturated at a higher B field
magnitudes when r; < A;, which is in line with the criterion for magnetisa-
tion commonly used [12, [18] [11].

3.3. Gas impact

Additionally, the influence of the gas on the plasma magnetisation and
confinement was studied using different gases in BUMP (figure . Hydrogen
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Figure 5: Pressure variation influence on the magnetic threshold for Vpc and V¢ saturation
for Ar. The error was £20%.

(Hy), deuterium (Ds), helium (He) and neon (Ne) were studied in addition
to Ar at 10 Pa and 13.56MHz. Using the equation [3| the values of total
collision cross-sections were calculated to be o, ~1 x 107 m? for He and
one = 2.5 x 10719 m? for Ne, using the self-bias measurements at 10 Pa.
The values of o, were in a similar range to the values reported by Maiorov
despite a factor 2 to 2.5 (5.6 x 107 m? for He and 6.4 x 107! m? for Ne)

[33].

The Vpe and V; magnetisation thresholds were also measured for Hj
and D (figure @ For all the gases from Hy to Ar, the measured V; mag-
netic threshold with the planar probe was close to the calculated threshold
given by Tsankovet al. [I2] refined considering drift velocities. However, the
saturation of the probe floating potential in the plasma column showed a cor-
relation with the r;; = \; considering the kinetic theory for the calculation
of the ion mean free path [35] (figure (7).

Lastly, the radial floating potential magnetic threshold corresponds to
rri A \;/3, consistent with the pressure variation measurements described
in the previous section.
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in Ar discharges driven at 13.56 MHz (10W). The error was £20%.

3.4. Plasma confinement

In the previous sections, the saturation of self-bias and floating potential
were measured and linked to the magnetisation of the ions through the ion
magnetisation criteria. In the following, the relation between self-bias and
plasma confinement is discussed. In non-magnetised asymmetric CCP, when
the plasma expands in the whole vessel and the grounded wall area is larger
than the area of the powered electrode, a self-bias (usually negative) develops
on the powered electrode [36, 23] [5, 24]. In the following section, plasma con-
finement will be referred to as limiting, constraining the plasma expansion.
Later, the magnetic field line will play this role, and not the vessel walls,
i.e., increasing the magnetic field will decrease plasma volume. The action
of confinement will evolve to a steady state plasma volume for a specific field
strength. At this magnitude, the wetted plasma area is constant, and the
wall-to-electrode area ratio no longer varies.

As mentioned in the previous sections, the self-bias Vpo was measured in
Ar 13.56 MHz CCP for varying magnetic fields, gases and pressures. It was
found to increase exponentially with a rising magnetic field before reaching a
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Figure 7: Magnetic threshold for Vpc and V saturation with different gases. For better
visualisation, Dy and He were arbitrarily split around the mass 4.

plateau corresponding to the magnetic confinement of the CCP (figure . As
a classical CCP discharge, without a magnetic field, a negative Ve developed
due to the asymmetry between the powered and grounded area. Indeed, the
grounded wall-to-powered electrode area ratio is roughly 20, leading to a few
hundred volts of negative self-bias. When the magnetic field increases, the
charged particles rotate around the field lines, confining most of the plasma
in a column if we neglect collisions. The radius of this column r. equals
the sum of the electrode r, and the ion Larmor radii (i.e. 7. = 1, + rp;).
The column size and, therefore, the wall surface in contact with the plasma
column diminish with an increasing magnetic field, such as the Larmor radius.
The grounded chamber is a cylinder, so the wetted area A, equals the total
area of the vessel when rz;+r, > R where R is the chamber radius (figure .
Indeed, the large Larmor radius allowed the particle to reach the lateral
surface of the chamber. However, when r; + 7, < R, the ions in the column
cannot reach the lateral surface of the wall without collision, the wetted
surface is then A, = w(rp; + rp)Q. In BUMP, the relation rz; +r, < R is
verified for B field magnitude superior to 3 mT for Ar at room temperature.
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To investigate the variation in plasma volume confinement, we measured
the radial profile of electron density at 1 Pa, showing a threefold increase in
ne at the centre of the plasma column as the magnetic field increased from 0
to 0.1 T (figure @ A similar density increase was reported for a rise in the
magnetic field from 15 to 80 mT [37]. Nevertheless, the measured density
cross-section profile exhibited that if some of the particles were confined in
the cylindrical plasma column, there was still a residual plasma around it,
in contact with the rest of the chamber and participating in the geometrical
asymmetry of the discharge, as shown on the density cross-section profile
measurement in figure [f] Even when the area wetted by the plasma column
on the ground wall decreased, the area that was no longer covered by the
column became wetted by the low-density plasma. That led to an increase
in the residual plasma’s contact area, similar to the reduction of the column.
Soniet al. observed that the variation with a magnetic field of the column-
wetted area on the ground wall when the magnetic field was strong enough
was the leading cause of variation of self-bias [38]. Considering that only
the plasma column wetting the powered electrode influenced the variation
of the self-bias, the area ratio A, /A, = (1 + rz;/rp)? then saturated (i.e.
A, /A, < 1.05) for B=23 mT in BUMP and LAMP (r, =50 mm).

However, experimentally, at 2 Pa, the self-bias Vpe (and so of the area
ratio) saturated at a B field of ~ 40 mT, which was higher than the 23 mT
calculated considering only the magnetic field impact (figure [3). That differ-
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ence between the theoretical and experimental values appears to be caused
by the collisional expansion of the plasma column. Indeed, collisions allow
the ions to travel perpendicularly to the field line further than their Larmor
radius. It was also shown that when the pressure p increased, the self-bias
saturated at higher magnitudes (figure . Indeed, higher pressure increased
the collisionality of the plasma. When the ion mean free path, which depends
on the pressure and the gas temperature 7, (corresponding to the room tem-
perature), is smaller than the ion Larmor radius (A\; = kgT,/po > r1;), most
of the ions do not complete a full rotation around the magnetic field lines,
which leads to a higher particle diffusion in the perpendicular direction to
the magnetic field and so to lower confinement efficiency. This lower confine-
ment is responsible for the shift to a higher B field of the saturation of the
self-bias due to the collisional effect. The influence of collisionality is detailed
in section |3.2| of this manuscript.

From 0 to several mT (2 mT at 2 Pa), the electrons get magnetised
and rotate with a Larmor radius much smaller than the electron-neutral
collision mean free path and the chamber radius, while the ions are not
magnetised. The electrons are then more easily confined in a column and
collected on the electrode and on the plasma column opposite disc. At the
same time, the ions are collected on all the surfaces of the chamber and
electrode. However, due to their extremely small Larmor radius rp., the
electrons are hardly collected on the lateral surface of the vessel, even at
a B field of 10 mT. As the collection surface of electrons decreases while
the ions collection area does not, the plasma potential in the column, which
is responsible for the electric field in the grounded wall sheath (in contact
with the column), has to reduce, to diminish the electron retardation and
so increase the electron flux on electron collection surfaces of the wall (A, .
and A, on figure . Increasing the magnetic field further reduces the wall
effective area for ions, which cannot reach the lateral surface anymore without
any collision; the plasma potential increases then to balance electron and ion
flux to the wetted surfaces. The plasma potential saturates when the ion and
electron collection areas are both saturating. That saturation indicates that
the diffusion parallel to the magnetic field is larger than the perpendicular
diffusion; in other terms, the influence of the magnetic field is in the order
of the collisional effect. At 2 Pa with Ar, this saturation is reached around
60 mT (figure ). That corresponds to the magnetic field at which \; = rp;
(figure 4)).
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Figure 9: Vyp, =V}, — V; in the plasma bulk as a function of the magnetic field in 2 Pa
Ar discharges driven at 13.56 MHz (10W). The error on Vy,, was £5 V.

3.5. Plasma magnetisation

In the previous sections, the saturation of self-bias and floating potential
were measured and linked to the magnetisation of the ions. The following dis-
cusses the relationship between floating potential and ion magnetisation. As
mentioned in the introduction, the charged particles are magnetised when the
influence of the magnetic field dominates the impact of collisions, i.e. when
rr, < A [12]. The magnetisation of the plasma is considered reached when all
the ions and electrons are magnetised. In this condition, the perpendicular
diffusion saturates, mainly caused by collisions.

Due to its design, the radial electrode of the twin probe mainly collected
the perpendicular flux, and the floating potential is then linked to the per-
pendicular diffusion. Reversely, the planar electrode collected mainly the
parallel flux. In figure [0 the floating potential relative to the plasma poten-
tial, Vi, = (V, — V}), is proportional to the electric field in the vicinity of
the probe responsible for balancing the ion and electron current. One can
see in figure |§| that Viprpianar = Viprradia at 0 T, however increasing the
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magnetic field led to Viprradiat > Viprpianar @t 0.05 T. The potential differ-
ence between the plasma and the probe increases to raise the ion flux to the
probe when electrons are magnetised. Indeed, due to the rotation around
the field lines, the electrons from the annular flux tube around the probe
are easily collected, while the ions, not magnetised, are collected mainly due
to the perpendicular diffusion caused by collision (figure . With further
increase of the magnetic field, more ions are completing rotation around the
field lines, encountering a minimal number of collisions, the ion flux to the
probe increases, and Vy,, = V}, —V} decreases to balance the ion and electron
currents. When the ions are completely magnetised, only the ion and electron
from the annular flux tubes (figure [2|) are collected, and the fluxes saturate
with the magnetic field increase, as do the floating potential. That satura-
tion indicated that the diffusion parallel to the magnetic field dominates the
perpendicular diffusion; in other terms, the influence of the magnetic field is
more significant than the collisional effects. At 2 Pa with Ar, this saturation
is reached around 135 mT (figure ). That corresponds to the magnetic field
at which \; ~ rp;/3 (figure 4)), which corresponds to the commonly taken
criteria of plasma magnetisation.

— lons
— Electrons

(MN=hE= LE=L LE =L
=W -V =L =2h V=)

(b) (c) (d)

Figure 10: Schematic of ions and electrons collected by the radial probe for different B
field magnitudes at 2 Pa. The symbol between the brackets indicates if the fluxes or the
potential increase (), decrease () or are stable (=).

On the contrary, as mentioned previously, the planar probe mainly de-
pends on parallel diffusion. In the case of a floating probe, the planar elec-
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trode collects ions from a flux tube of radius 7., = 7, + rr; and electrons
from a flux tube with a radius rp,. = rpr + 71e, Where 7, the radius of the
planar electrode (figure . rr; is comparable to the probe radius at a low
B field (=~ 40 mT), and then the planar probe floating potential follows the
plasma potential above 60 mT to maintain the zero net current on the probe.

4. Conclusion and outlook

The influence of the magnetic field strength on several plasma parameters
(Vbe, Vi, Vi, T.) was measured for different gases and pressures. Addition-
ally, for Ar discharges at 1 Pa, the variation of the density n. along the
perpendicular direction was determined.

The main results are summarised as follows:

e The self-bias saturated with the increase of the magnetic field. This
saturation occurred roughly when r; ~ \;. The variation of the self-
bias was associated with the variation of the collection area of charged
particles in the plasma. The observed pressure dependence was consis-
tent and enabled collision cross-section calculation in the magnetised
discharge. The calculated cross-section matched the literature. Addi-
tionally, the planar floating potential and self-bias saturation magnetic
threshold trend were compatible with the kinetic theory for the colli-
sional mean free path.

e Two main features were observed in the plasma and floating potential
variation. First, the potential in the bulk plasma decreased as the
electron collection area decreased. Secondly, when ions started to get
magnetised, the radial floating potential increased to reach saturation
when the ions were magnetised. The saturation of the floating potential
on the radial probe happened when the ion gyroradius was 2 to 3 times
smaller than the ion-neutral mean free path, indicating magnetisation
of the ions.

e Likewise, plasma excitation frequency did not affect the saturation
magnetic threshold.

The experiments presented here provide important results on ion mag-
netisation. The probe floating potential is a good indicator of ion magnetisa-
tion. Additionally, the probe developed in this contribution allows for almost
independent measurement of perpendicular and parallel flux.
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However, varying the electrode angle to the magnetic field could seriously
impact the ions’ magnetisation, especially in the sheath, as the perpendic-
ular ion speed increased with the angle. Future experimental works with
varying angles are planned regarding the impact of the electrode tilt on the
magnetisation in the plasma sheath [39).
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