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Abstract
This study investigates the effects of varying input power on plasma topology in a radio
frequency device with a magnetic nozzle. To this end, an experimental campaign was
conducted, spanning through five different power levels, from 100 to 400 W. Two dimensional
profiles of plasma potential, floating potential, ion saturation current, and ion energy distribution
function were collected both in the source and in the expansion chamber. The measurements
revealed a significant change in plasma behaviour at low power, whereas higher power cases
showed a similar trend. From the analysis of the plasma density under the antenna, an E to H
coupling mode transition between 100 and 200 W was hypothesised, which correlates well with
the more pronounced influence of the electromagnetic fields on the plasma bulk at low power.

Keywords: magnetic nozzle, RF plasma, plasma expansion, ion beam, coupling mode,
low power

1. Introduction

The downsizing process that spacecraft are undergoing offers
notable benefits in terms of cost and operational flexibility,
but it also imposes strict limitations on mass, volume, and
onboard power. To address these constraints, propulsion sys-
tems capable of achieving high exhaust velocities are essential,
as they reduce the amount of propellant required for specific
missions. Traditional chemical rockets fall short of reaching
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such velocities, making electric propulsion systems the pre-
ferred choice for interplanetary missions and long-duration
operations.

Since Charles and Boswell [1] demonstrated the possibil-
ity of generating a supersonic ion beam from a helicon source,
low-pressure plasmas expanding in diverging magnetic fields
have attracted significant interest in the electric propulsion sec-
tor. Several efforts have been made over the last few decades
to develop this new technology, commonly referred to as radio
frequency (RF) ambipolar thrusters or helicon double-layer
thrusters [2–9]. In contrast to conventional gridded ion engines
or Hall Effect thrusters, the absence of electrodes and neut-
ralisers in their design suggests longer operational lifespans
and simpler manufacturing. However, despite the simplicity
of the design, the physics involved remains quite complex and
yet to be fully understood. In the source region, the lack of
insight about phenomena such as plasma generation and trans-
port represents a barrier to optimising the thruster. Despite

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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the low efficiency of commercial RF plasma thrusters, that
of laboratory prototypes have improved dramatically in the
past years, from 1%–2% to over 30%. This progress has been
made through amix of laboratory trials [10, 11] and theoretical
modelling work [4, 12]. Notably, the best recorded propuls-
ive performance was obtained during an experimental cam-
paign headed by Takahashi [13], who achieved 30% efficiency
by including a cusp magnetic field into the plasma source to
decrease wall losses.

It is well known that RF plasma sources in the presence
of a magnetic field can couple with the plasma through three
distinct modes: capacitive mode (E), inductive mode (H), and
helicon mode (W) [14, 15]. One of the key aspects that dif-
ferentiate the modes is the electron heating mechanisms [16].
The discharges are usually characterised by a net variation in
power transfer efficiency and plasma density [17, 18]. The
transition between E and H modes has been the subject of
extensive research, studies have identified several paramet-
ers that affect the such transition, namely: neutral pressure,
antenna RF power, magnetic field intensity, type of propel-
lant, and matching network as key factors governing this trans-
ition, with experimental investigations focusing on phenom-
ena such as ionisation efficiency, power deposition, plasma
density [19–24]. For example, researchers have examined how
skin depth decreases as power (hence density) increases, lead-
ing to stronger inductive coupling [20, 21], while others have
analysed the hysteresis effects observed during mode changes
[25, 26].

Despite significant progress in understanding the mech-
anisms behind the E-H transition, most studies have been
conducted at pressure levels far too high for space propul-
sion applications, typically ranging from 10−1 to 101 Pa.
Furthermore, these studies rarely address plasma topology as a
whole. Zhou et al [27] and more recently Piskin et al [28] have
presented two-dimensional mappings of ICP plasma sources,
demonstrating how parameters such as plasma potential and
electron temperature are influenced by the E-H mode trans-
ition. However, these plasma sources were not designed for
space applications, as they lacked an expansion chamber with
a magnetic nozzle (MN), and operated at pressures unsuitable
for practical use in propulsion.

Existing literature has primarily focused on plasma para-
meters such as density and power coupling efficiency, typic-
ally measured at a fixed position or along a single direction.
As a result, bidimensional spatial variation in plasma prop-
erties have often been overlooked. Consequently, the effects
of RF power on plasma behaviour, particularly in devices
with a MN, are yet to be fully characterised. Moreover, most
studies on helicon waves focus on uniform magnetic fields,
which might not be the optimal layout for performance. Chen
[29], for instance, investigated RF wave propagation in a
plasma column subjected to a nonuniform magnetic field,
finding that magnetic field nonuniformities can significantly
enhance electron density. Subsequent research on RF plasma
sources [30–32] further demonstrated that, even at constant
input power, electron density in nonuniform magnetic fields
can be substantially higher than in uniform fields. However,

the underlying physical mechanism remained unclear and fur-
ther investigation is required. Particular attention has recently
been oriented towards cusp-shaped magnetic field configura-
tions, a particular form of non-uniform field, for their poten-
tial to enhance confinement and improve thruster performance.
Experimental and numerical studies have demonstrated that
such configurations can substantially affect plasma transport
and density profiles in RF plasma thrusters, highlighting their
relevance for optimising efficiency [13, 33, 34].

For space applications, where onboard power availability is
often limited, it is essential to optimise the propulsive perform-
ance, maximising both plasma production and ion acceleration
at low operating power, as these are among the main mechan-
isms for thrust generation in RF ambipolar plasma thrusters.
For the latter, of substantial relevance is the understanding of
how the potential structure, which is responsible for the gen-
eration of a supersonic ion beam in a MN, is affected by the
RF power.

In this study, a comprehensive characterisation of an RF
plasma reactor and its acceleration region is performed by
varying the RF power from 100 W to 400 W. This range, lim-
ited to the lower end of RF plasma source studies, reflects the
constraints typical of small to medium spacecraft platforms.
This approach provides detailed insight into both the plasma
source and the MN, examining how plasma properties evolve
across the entire domain as a function of operating power.

A key aspect of the experimental setup is, as illustrated
later, that the antenna is located far upstream the MN throat.
This configuration enables the decoupling of the mechan-
isms responsible for plasma generation and acceleration. The
antenna and magnetic coils are arranged such that the mag-
netic field lines intersecting the antenna extend into the expan-
sion region without encountering physical obstructions. This
allows for the investigation of highly energetic electrons that
follow these field lines. Moreover, as long as no wave propaga-
tion mechanisms are present, the limited and well-defined RF
heating region, combined with the spatial separation between
the plasma excitation zone and the MN throat, facilitates a
more precise analysis of the coupling between the RF skin
layer and the transport along the magnetic field lines.

Notably, the results reveal evidence of a different coupling
mode at low power (100W), where bidimensional plasma pro-
files differ significantly from those observed at higher power
levels, particularly in terms of density and potential structures.
These differences seem to extend to ion and electron confine-
ment and acceleration. Below, section 2 describes the exper-
imental apparatus and the plasma diagnostics that has been
used. The collected data are presented in section 3, whereas
section 4 discusses the results.

2. Apparatus and diagnostics

2.1. Apparatus

The experimental campaign presented in this work is conduc-
ted in the apparatus Moa, a radio-frequency plasma reactor at
the University of Auckland, purely dedicated to the research
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Figure 1. (a) Schematic of the experimental deviceMoa. The loop antenna and the magnetic nozzle throat are located at z=−18 cm and
z=−8 cm, respectively. The green arrows show the direction in which the probes are allowed to move. (b) Normalised magnitude of the
magnetic field on axis.

of the physical processes that occur in MN radio-frequency
plasma thrusters. An illustration of the device and its main
components is presented in figure 1(a). The plasma source of
Moa consists of a 150 cm long borosilicate glass tube, with a
9 cm inner diameter. A 70 cm long, 25 cm radius steel expan-
sion chamber is connected to the source via a custom-made
vacuum flange. The connection interface is taken as the ori-
gin of the frame of reference for the experiment, defined as
(z,r) = (0,0) cm.

The magnetic field used for both the plasma confinement
in the source and the MN is formed by three skewed, con-
centric coils of increasing diameter in a coaxial configuration.
This allows to control both the intensity and the orientation
of the magnetic field by tuning the intensity of the current in
each coil. Within the frame of the study, an axisymmetric mag-
netic field peaking on the axis at the MN throat (z=−8 cm) at
Bz,max = 340G has been used. Figure 1(b) shows the magnetic
field profile along the axis.

A 1.3 turn loop antenna is used to generate the plasma,
while an L-type matching network is used to maximise the
power transfer, keeping the reflected power below 1%. A vari-
able frequency 1 kW RF power supply is connected to the
antenna via the matching network, providing a 27.16MHz
signal.

The base pressure of the device is kept to ≈ 2× 10−7 Torr
by means of a turbo pump with a 625 L/s pumping speed
capability for Argon. The flow rate of the gas during the

experiments is set to 12 sccm, resulting in a working pressure
of approximately 0.5mTorr (70mPa). A value below 1mTorr
was chosen to allow ion beam formation [35].

2.2. Diagnostics

Two-dimensional mappings of the floating potential Vf and ion
saturation current Isat both in the source and in the expansion
region were carried out by means of a planar Langmuir probe
(LP). The LP is made by a single-sided 2 mm diameter nickel
disk biased at Vbias =−80V with respect to the ground. The
chosen Vbias is sufficiently negative to ensure that data collec-
tion is performed in the ion saturation region, since previous
measurements of floating potential in the device have reached
values of−50/−70 V [36, 37]. Moreover, having a sufficiently
negative value biasing voltage minimises the effects of RF
sheath oscillation on the Isat measurements [38]. The disk is
positioned on one end of a 2 mm ceramic tube, which is con-
nected to a movable 6.35 mm metallic shaft, which allows
for both rotation and translation. For each measurement, the
reported Isat and Vf are the average of≈ 105 samples. For each
level of PRF, values of Isat and Vf are taken along the radial and
axial direction with steps of 1 cm.

Plasma potential Vp measurements in the source are per-
formed via an emissive probe (EP). The I-V characteristics is
obtained by sweeping the current Iheat from 1.6 to 2.6A with a
0.025A step increment. The plasma potential is then obtained
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from the I-V curve by means of the floating potential method
[39–41]. Also for this probe, each measurement, is the res-
ult of the average of ≈ 105 samples, collected at 2 cm steps
in the axial direction and 1 cm in the radial one. The probe
consists of a 0.127 mm diameter tungsten wire bent in a U-
shape form; the two ends are then inserted inside a two-bore
ceramic tube and are connected to copper wires to transmit
and read the signal. To ensure the electrical connection, short
pieces of tungsten wire are wedged in the two bores to mech-
anically fix the probe tips and the wires. A DC power sup-
ply, isolated from ground via an isolation transformer, is used
to heat up the wire and generate thermal electron emission.
The error in the EP potential measurements is estimated to be
±2.75V [37].

In the expansion chamber, a retarding field energy analyser
(RFEA) operated in ion collection mode allows for the evalu-
ation of plasma potential and the ion energy distribution func-
tion (IEDF), and the characterisation of the ion beam. The
probe consists of four nickel grids, in order, from the 2 mm
diameter entrance orifice, (i) earth, (ii) repeller, (iii) discrim-
inator, and (iv) secondary electron grid. Lastly, a nickel col-
lector plate collects the ion flux. The grids are nickel micro-
mesh sheets with a ≈ 23µm hole sizes and a 55% transpar-
ency. The earth grid is at ground potential, the repeller grid is
biased to VR =−90V by a DC high-voltage supply to ensure
electron rejection. The discriminator grid potential is swept
in the interval VD = 0 - 80V, so that ions are filtered depend-
ing on their energy and the I-V curve is obtained. Lastly,
to repel the secondary electron generated by the ion bom-
bardment on the collector plate, a negative bias of −18 V is
imposed on the secondary electron grid. The collected cur-
rent is deduced by measuring the voltage drop across a res-
istor RM with an operational amplifier, and each measured
current is the average of 200 VD sweeps. The first derivat-
ive of the I-V curve is evaluated through an analogue differ-
entiator and is used to estimate the local plasma and beam
potential. The error in the RFEA potential measurements is
estimated to be ±2V [37]. A more detailed description of
the device and the data-processing techniques can be found
in [42]. To collect the directional supersonic ions, the entrance
orifice of the RFEA is positioned perpendicular to the plasma
source exit. The choice of using the EP in the source instead
of the RFEA was mainly made to avoid excessive plasma
perturbation due to the larger size of the latter (the RFEA
frontal area is 36× 19mm). The three probes described above
have already extensively been used in previous experiments
[43–46].

All the data that will be presented in this work have been
mirrored for visual clarity around the centreline r= 0 cm, as
previous experiments showed a symmetric structure [46, 47].
Because of the design of the 3D coil, minor asymmetries in
the magnetic field lines occur. Nevertheless, these are min-
imal, reaching a maximum of approximately ≈ 2◦ on the r-z
plane, measured 10 cm downstream from the nozzle throat.
The measurements have been performed on the lower region
(i.e. r⩽ 0 cm) of Moa.

3. Results

3.1. Ion saturation current and floating potential

The data presented in this study are the results of an exper-
imental campaign conducted in Moa at an argon flow rate
of 12 sccm and a pressure of 0.5mTorr (≈ 70mPa). As
previously stated, the maximum value of magnetic field on
axis is Bz,max = 340G, while the input forward RF power is
varied from 100 W to 400 W. The reflected power was kept
below ⩽0.5% through all the experiments.

Two-dimensional measurements of the ion saturation cur-
rent Isat collected with the LP are presented in figures 2(a)–(d)
for increasing RF power.

The Isat profiles appear to be well confined within the mag-
netic field lines. The profiles peak along the axial centreline
close to the MN throat (z=−10 cm) for all of the power
cases analysed. Thus, contrary to what is expected, the density
peak is not located under the antenna, where maximum plasma
excitation should occur. A similar behaviour has already been
observed in other experiments where the MN throat location
and the antenna position are decoupled [43, 46, 48, 49]. One
possible explanation is that the high-energy electron popula-
tion generated under the antenna travels downstream along the
magnetic field lines contributing to local ionisation occurring
at the nozzle throat. As expected, the overall current density
increases with power.

While the ion current exhibit an axial peak in the source, the
Isat profiles present an off-axis hollow structure in the plume.
These high-density conics are enclosed by the peripheral mag-
netic field lines that reconnect with the heating region of the
antenna upstream. A similar plume topology has also been
observed in previous studies [48, 50–52]. It is interesting to
note how both the formation and the radial position of the con-
ics does not seem to be related to the value of PRF.

Figures 2(e)–(h) present the spatial Vf profiles for increas-
ing input power. A different potential configuration is present
at PRF = 100W, where the floating potential exhibits signi-
ficant positive values along the centreline. This behaviour
remains to be fully understood. However, as it will be dis-
cussed later, it is hypothesised to be caused by the differ-
ent plasma coupling mode occurring at 100 W. For all of the
RF power configurations studied, an off-axis region of neg-
ative Vf is present in proximity of the conical density struc-
ture observed in the plume. The overall magnitude of floating
potential along those magnetic field lines is generally lower
than that at the centre of the source, moreover, highly negative
values of floating potential with respect to the plasma potential
can be used as an indicator of the presence of high-energy elec-
trons. This suggests a downstream transport of energetic elec-
trons from the antenna along the most radial field lines leaving
the source [43, 46, 48, 50, 51, 53–55]. Computing for the elec-
tron population the mean free paths for elastic λel and inelastic
collisions λinel allows to estimate the electron energy relaxa-
tion length [56] as λrel = (λelλinel)

1/2. Performing the calcula-
tion for an electron temperature range from 1 to 100 eV yields
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Figure 2. Contour plots of the ion saturation current Isat and floating potential Vf measured for different RF powers. The magnetic
streamlines are drawn as grey lines. The vertical dashed and dotted lines represent the position of the antenna and of the magnetic nozzle
throat, respectively. Plots (a)–(d) present the Isat profiles for increasing power, while plots (e)–(h) show Vf measurements. The data have
been mirrored for clarity.

that electron-neutral collisions have mean free paths typically
of the order of, or larger than, the glass tube length (> 0.4m).
Hence, energetic electrons are, in principle, capable of travel-
ling far downstream of the antenna along the intersecting mag-
netic field lines to generate local ionisation downstream.

To better understand the behaviour of the ion saturation
current and floating potential with increasing power, one-
dimensional profiles are extracted from the contour plots
shown in figure 2. Figure 3(a) shows the profiles of Isat meas-
ured along the axis. As mentioned earlier, all the profiles peak
slightly upstream of the MN throat at z=−10 cm. Since Isat
peak correlates with plasma potential, this shift might be (but
not necessarily is) linked to the shift in supersonic transition
that was observed in [57]. Other studies have tried to analyse
this shifted behaviour [58, 59], partly attributing it to the result
of ion-neutral charge-exchange collisions. However, a com-
plete description of this phenomenon is still unclear and out

of the scope of this paper. Further investigation might be con-
ducted in future works to study how this shift is affected by
the operating condition of the device.

Increasing power results in a higher current density and a
steeper gradient both upstream and downstream of the max-
imum. Values of Isat collected along the plasma source walls at
r≈ 4.0 cm are presented in figure 3(c). A double peaked trend
is observed at all power levels, with density values increas-
ing with PRF. The test conducted at low power produced far
less pronounced peaks. As also shown in the plot, the highest
current density is once again measured downstream of the
antenna, with the local maximum located at z=−5 cm.

Figure 3(b) shows the axial floating potential profiles. At
100 W and 150 W, Vf remains positive, increasing from
the antenna towards the MN throat. As the power is further
increased, the floating potential progressively becomes more
negative and the gradient becomes less pronounced. Although
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Figure 3. (a) Ion saturation current and (b) floating potential measured along the centreline (r= 0 cm), and (c), (d) close to the wall
(r≈ 4 cm) for increasing power. The vertical dashed and dashed-dotted lines represent the position of the antenna and of the magnetic
nozzle throat, respectively. The error bar in (a) and (b) correspond to the standard deviation of the measurement. In (c) and (d) the error bar
is not reported as it smaller than the marker size.

both the 100W and the 150W cases exhibit positive Vf values,
it is important to highlight that a consistent offset of approxim-
ately 15V between the two curves is present along the entire
measurement region.

Analysing the Vf profiles measured close to the plasma
source walls in figure 3(d), a highly negative area of floating
potential is observed in the region under the antenna (i.e. z=
−18 cm), where the glass wall appears to charge increasingly
more negative as the power input is risen. For RF powers >
100 W, the tube wall presents a differential charging between
the nozzle throat and the antenna of ≈−25V compared to
a ∆Vf ≈−10V measured at PRF = 100W. While for PRF >
100W the floating potential profiles have aminimumunder the
antenna region and then progressively increase along the axis
(up to≈−5V at the source end), the lowest power level shows
a slightly different trend. The curve exhibits an initial decrease
of Vf close to the antenna between−18< z<−15 cm to then
steadily rise to−16V. It is interesting to observe that this value
of floating potential is approximately 10V lower than the value
of Vf measured at the other power levels.

As it will be discussed later, the mode transition that would
explain the different plasma behaviours measured at 100 W

and 200 W most likely occurs between 100 and 150 W. From
figure 3, it is reasonable to say that including the 150 W data
would contribute little to the discussion. Therefore, to increase
the clarity of the plots, these results will be excluded from the
analysis presented below.

3.2. Plasma confinement

Two-dimensional plots of the plasma potential collected via
the EP in the plasma source are presented in figure 4. The
data are again mirrored around the axis at r= 0 cm for visual
clarity.

In the 2D mappings, the maximum value of potential in the
source is measured close to the walls, while on axis a local
peak is found in proximity of the MN throat (z=−10 cm).
However, the values of plasma potential measured at the low-
est power level in figure 5(a) differ form the three higher PRF

configurations shown in figures 5(b)–(d), whereas the latter
three exhibit a similar spatial profile. This will be further dis-
cussed in reference to figure 6.

The observed axial potential drop results in a supersonic
acceleration of the ion beam. In more details, analysis of the
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Figure 4. Contour plots of the plasma potential measured in the plasma source for (a) PRF = 100W, (b) PRF = 200W, (c) PRF = 300W and
(d) PRF = 400W. The peripheral magnetic streamlines corresponding to the high-density conics are drawn as grey lines. The vertical dashed
and dotted lines represent the position of the antenna and of the magnetic nozzle throat, respectively. The data have been mirrored for clarity.

Vp profiles measured along the axis in figures 5(a)–(d) reveals
that the potential initially increases after the antenna, with Vp

peaking right before the MN throat to then decrease mono-
tonically downstream. The axial electric field generated by
the Vp drop ∆Vz is equal to Ez ≈ 60V/m for the 100 W, and
Ez ≈ 95V/m for the other power cases. This ambipolar electric
field accelerates the ions expanding in theMNup to supersonic
speeds [57]. It is important to note that the plasma potential
also decreases going upstream from theMN throat towards the
antenna. This would create an electric field similar to the one
downstream the coils, that would accelerate the ions towards
the antenna, although they may not become supersonic. The
electrons will instead be driven towards the MN throat, where
the less energetic fraction of the electron population will be
axially confined by the potential drop. On the other hand, the
most energetic electrons will still be able to overcome the
potential barrier and will expand in the MN, generating the
ambipolar electric field responsible for the ion acceleration,
and contributing to the plume neutralisation.

Recalling the Boltzmann relation

Vp (z) = Vp (z0)+ Te ln

[
ni (z)
ni (z0)

]
, (1)

where Vp(z0) is the maximum plasma potential in the source
measured at z0 =−10 cm where the potential drop begins, it
appears that the plasma potential structure closely fits the rela-
tion as shown by the dashed lines in figure 5. It is important to
note that this relation assumes an adiabatic plasma expansion.

To better visualise the spatial electric field profiles as a
function of power input, radial plots of the plasma potential are
shown in figure 6 at three different location: (a) in the source

(z=−10 cm) close to the MN throat where Vp and Isat have an
axial peak, (b) at the geometric expansion (z= 0 cm), and (c)
downstream in the expansion region (z= 9 cm). The latter data
set is obtained from measurements performed with the RFEA.
From figure 6(a), a potential well is observed from the source
wall to the centreline creating an ion-confining radial electric
field in the vicinity of the MN throat. It is interesting to high-
light how the largest radial potential drop is measured at the
lowest PRF: ∆Vr ≈−19.5V between r= 4 cm and r= 0 cm
(i.e. Er ≈ 500V/m). In the other power configurations, the
radial potential drop occurs in ∆r≈ 2 cm (between r= 4 cm
and r= 2 cm) and then plateaus around the central region,
leading to a ∆Vr ≈−6V (i.e. Er ≈ 300V/m). Thus, a higher
radial confinement of the ions is expected at the lowest power
input. With a magnetic field Bz,max = 340G and assuming ions
to be at room temperature, both ions and electrons are magnet-
ised at the MN throat [36, 37] with a gyroradii of rL,i ≈ 5mm
and rL,e ≈ 0.25mm, respectively. Therefore, in the absence of
collisions and electric fields, ions are closely following the
streamlines. This on-axis potential well can be partly attrib-
uted to the existence of this confining magnetic field, which
inhibits the cross-field diffusion of charged particles. In con-
trast, this behaviour is not observed in non-magnetised plas-
mas, where the magnetic field does not limit cross-field diffu-
sion. Notably, downstream, where the strength of the magnetic
field decreases, the confinement effect is less pronounced, and
the potential field structure enhances the outward diffusion of
charged particles.

At the location of geometric expansion at z= 0 cm, the
radial potential profile for PRF > 100W shown in figure 6(b)
assumes a U-shaped structure, similarly to previous observa-
tion from [50, 51]. The plasma potential indeed exhibits a local
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Figure 5. Axial plasma potential profile for (a) PRF = 100W, (b) PRF = 200W, (c) PRF = 300W and (d) PRF = 400W. Empty markers are
obtained from EP measurements, while filled markers are from the RFEA data. The Boltzmann relation fitting is presented as a dashed line.
The black vertical dashed and dashed-dotted lines represent the position of the antenna and of the magnetic nozzle throat, respectively.

axial maximum at r= 0 cm followed by a drop of ≈ 4− 5V
at the tube walls. On the contrary, a radial peak of Vp is meas-
ured at the source edge for PRF = 100W and a smaller local
maximum is observed at r= 0 cm. It is noted that the off-axis
minima in the radial potential profile for PRF = 100W are loc-
ated along the same magnetic field lines where the floating
potential dips in the plume, creating a small potential well
that would contribute to an enhanced ion confinement in that
region. Interestingly, while the peripheral minima of Vf are
observed in the plume for all the power configurations stud-
ied, the plasma potential structure differs significantly at the
100 W transition point.

The radial Vp profile collected in the plasma plume with the
RFEA is shown in figure 6(c). Contrary to the trend observed
in the source and plotted in figure 6(a), the plasma potential
peaks on axis and then drops towards the wall of the expan-
sion chamber, enhancing the ion radial diffusion. A sharper
drop is observed for power levels PRF > 100W, with ∆Vr ≈
10V (i.e. Er ≈ 140V/m), while the experiments conducted at

100 W feature a plateau region between 0> r> 5 cm, and a
∆Vr ≈ 3V between 5> r> 7 cm.

In order to better understand the ion acceleration charac-
teristics as a function of input RF power, the IEDFs collec-
ted in the plume with the RFEA at z= 13 cm are shown in
figure 7. Two peaks are detected for all the power levels.
The low energy one corresponds to the ion population at the
local plasma potential Vp ≈ 15V, also known as ‘background
thermal ions’ [6, 60]. These ions are the result of local ion-
isation and charge-exchange collisions between fast ions and
neutrals occurring in the plume. The high-energy population
is instead constituted by the ions that are accelerated from the
source by the axial potential drop at the ion beam potential
VB ≈ 30V. While the value of the potential of the ion beam
VB appears to not be affected by the input power, a slightly
higher value of the local plasma potential Vp is measured at
PRF = 100W. Since the difference between VB and Vp corres-
ponds to the ion beam energy εB [7, 61, 62], it is observed that
a lower energy, hence beam speed, is measured at 100 W with
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Figure 6. Radial plasma potential profiles measured with the emissive probe for increasing power level. Measurements are taken at
different axial locations (a) z=−10 cm, (b) z= 0 cm, and (c) z= 9 cm. As previously stated, the measurement error is estimated to be ±2V.
The data have been mirrored for clarity.

εB ≈ 18 eV, while increasing the power above 200 W does not
significantly affect the beam energy (i.e. εB ≈ 27 eV).

3.3. Azimuthal drift motion of charged particles

A key factor governing particle transport in magnetised plas-
mas is the azimuthal drift caused by the combined effect of the
electric and magnetic fields. By determining these fields (spe-
cifically estimating the electric field from the plasma potential)
it becomes possible to calculate the E⃗× B⃗ drift velocity using:

v⃗E =
E⃗× B⃗

B2
0

. (2)

Figure 8 presents the contour plots of the E⃗× B⃗ drift velo-
city in the azimuthal direction uE,ϑ =−Er/Bz. To ease the
notation, we will refer to this component as uϑ. It should be
noted that because the I-V curves collected with the EP at

100 W had significant disturbances under the antenna region,
nomeaningful information about the plasma potential could be
obtained for z⩽−15 cm. The magnitude and direction of uϑ
appears to be consistent with the values measured in a similar
experiment [63]. It appears again quite evident how the plasma
behaviour at 100W is different from the other power levels. At
PRF = 100W, the E⃗× B⃗ drift is significantly enhanced, with uϑ
reaching the value of≈ 50 km s−1. Such azimuthal drift seems
to extend to the inner region of the bulk plasma. Analysing
in more details the radial profiles of the E⃗× B⃗ drift speed at
z=−8 cm presented in figure 9(a), the PRF > 100W cases
are characterised by a plateau in the centreline region, to then
slightly increase in magnitude towards the wall. The 100 W
differs considerably from the other cases, exhibiting a non-
negligible radial gradient. The peak is again located at the
plasma source edge, however the speed magnitude is approx-
imately twice the one estimated for the higher power cases. As
it will be discussed inmore details later, thismight be related to
the larger plasma skin depth at lower powers, which allows the
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Figure 7. Ion energy distribution functions measured on axis at
z= 13 cm. The IEDFs are normalised by the peak measured at
PRF = 400W.

electromagnetic waves from the antenna to penetrate deeper
inside the plasma. Increasing power causes a growth in dens-
ity, reducing the plasma skin depth and limiting the effect of
the electromagnetic waves on the inner portion of the plasma.

In the present configuration, ions in the source are either
fully or partially magnetised depending on their distance from
the MN. As a consequence, the E⃗× B⃗ drift acts simultan-
eously on both ions and electrons, leading to a cancellation of
the azimuthal current contributions from the E⃗× B⃗ drift term
[63–65]. The net azimuthal current in the source can therefore
be expressed solely in terms of the electron diamagnetic cur-
rent. From a performance perspective, it should be emphasised
that this drift might have an effect downstream in the MN [66,
67], where the E⃗× B⃗ drift current, which is primarily para-
magnetic, would contribute negatively to Hall acceleration, in
agreement with the measurements reported by Takahashi [63].
At the same time, an E⃗× B⃗ drift current could be a benefi-
cial conversionmechanism for the radial kinetic energy of ions
within the MN [65]. A more detailed assessment of the impact
on propulsive performance requires further investigation and
lies beyond the scope of this work.

It is also worth noting that, in the absence of azimuthal
instabilities, the E⃗× B⃗ azimuthal drift can increase the plasma
confinement [68, 69]. Interestingly, the drift at low RF power,
which is enhanced both in spatial extension and magnitude,
correlates well with the stronger ion confining potential
observed in figure 6(a).

The radial profile of the E⃗× B⃗ drift speeds, calculated at
the geometric expansion location, are shown in figure 9(b). It
is evident that, despite the similar trend with an off-axis min-
imum, the low power case shows less pronounced gradients.
It is interesting to note that the pronounced uϑ minima and

maxima occurring at r=−2 cm for PRF > 100W are located
near the magnetic field lines that connect the antenna upstream
with the high-density conics in the plume. Notably, a signific-
ant velocity gradient along the radial direction is consistently
observed across all power levels, in some cases including a
reversal in flow direction. While these characteristics might
be indicative of a shear layer, a comprehensive analysis of its
effects on plasma dynamics is beyond the scope of this work
and remains a subject for future investigation.

4. Discussion

Figure 10(a) shows the behaviour of the plasma density n0 as a
function of the applied forward power Pfwd (from 50 to 500W)
collected on-axis under the antenna (z=−18 cm). This quant-
ity is derived from the expression Isat = 0.61qApuBn0 [70],
where q is the elementary charge, Ap is the collecting area of
the probe, and uB =

√
qTe/mi is the Bohm velocity. Note that

Pfwd is defined as the difference between the power provided
by the RF generator PRF and the reflected power. In particu-
lar, the set of measurements used to evaluate the plasma dens-
ity and the plasma skin depth (in figure 11) are obtained by
matching the system at 350 W. The on-axis density distribu-
tion could be the result of two distinctive couplingmodes, i.e. a
capacitively coupled discharge (E-mode) up to ≈ 150W and
an inductively coupled discharge (H-mode) for higher powers.
The observed behaviour suggests the presence of an E-Hmode
transition rather than a conventional H-W mode shift. E-H-
W mode transition in a non uniform magnetic field has been
investigated by Yadav et al [71], revealing a smooth shift from
E to H mode and a pronounced density jump only in the H-
W transition, which is not evident in the present case. This
supports the hypothesis that the system is undergoing an E-H
transition.

The excitation of helicon waves, however, cannot be
excluded a priori, as the onset of wave propagation mechan-
isms at relatively low plasma densities (∼ 1017 − 1018 m−3)
and power has been reported in previous studies [15, 71–73].
Moreover, the magnitude of the density jump can be affected
by several factors, such as neutral pressure, antenna RF power,
magnetic field intensity, propellant, and matching network. In
the present configuration, the spatial decoupling between the
antenna and the MN throat may also play a role. Therefore,
the possibility of the presence of W mode or even a more
complex scenario, e.g. a combined H-W mode, remains open.
Confirmation of helicon wave excitations requires magnetic
field fluctuation measurements, for example via B-dot probes.
Further investigation in this direction is necessary.

At low power (Pfwd < 100W), the device appears indeed
to be operating in E-mode, where n0 increases gradually with
power. Between 100W and 200W the system shows an E-H
transition region, marked by a steeper slope. At higher power
(Pfwd > 200W), the plasma reaches H-mode, where induct-
ive coupling leads to a significant increase in n0, approaching
1018 m−3.

It is worth noting that the transition between the two modes
does not occur as an abrupt increase in plasma density, as
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Figure 8. Contour plots of the E⃗× B⃗ drift velocity calculated in the azimuthal direction in the plasma source for (a) PRF = 100W, (b)
PRF = 200W, (c) PRF = 300W and (d) PRF = 400W. The magnetic streamlines are drawn as grey lines. The vertical dashed and dotted
lines represent the position of the antenna and of the magnetic nozzle throat, respectively.

Figure 9. Ion E⃗× B⃗ azimuthal velocity estimated from plasma potential along the radius at (a) z=−8 cm and (b) z= 0 cm for increasing
power.

is often reported in the literature [17, 24], but rather as a
smooth increase, and no clear density jump can be identified.
This behaviour could be partly attributable to the low pressure
level maintained in the device (≈ 0.5mTorr). Lee et al [21]
and Wang et al [74] have indeed demonstrated a correlation
between increasing pressure and a sharper plasma density rise
in ICPs. Interestingly, E-H mode transitions have also been
identified in devices operating without an applied magnetic
field, without any associated density jump [15]. This smoother
behaviour may be attributed to the different configuration of

the device compared to more conventional thrusters, specific-
ally, the positioning of the MN throat far downstream from
the antenna. In general, the minimum plasma density needed
to maintain a specific coupling mode depends on the equi-
librium between the energy absorbed and lost. Therefore, if
the plasma density in a CCP discharge is high enough, a
transition in modes can occur without a significant change in
density [16]. Within the CCP regime, plasma density increases
markedly because of enhanced heating in a skin layer, which
has a thickness comparable to the characteristic length of the
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Figure 10. (a) Plasma density n0 on axis at z=−18 cm and (b) plasma resistance (circles) and power transfer efficiency (triangles) for
increasing power. The filled markers represent the absorbed power for the four main configurations studied in this paper, i.e.
PRF = 100, 200, 300, 400W.

plasma source. As the density keeps increasing, the skin depth
reduces, leading to a decrease in the growth rate for capacitive
coupling efficiency.

This transition between E-H modes from a CCP to an ICP
discharge may also explain the discrepancies noted between
plasma profiles recorded at PRF = 100 W and those measured
under higher power conditions.

The power transfer efficiency ηRF, can be defined as

ηRF =
Pabs

PRF
=

Rp

Rp +Rant
(3)

where Pabs and PRF are the power absorbed by the plasma
and the input power of the antenna from the RF power sup-
ply, respectively. Rp is the plasma resistance, measured via an
OctivTM Suite I-V probe, while Rant = 0.34Ω is the circuit res-
istance i.e. the antenna, the coaxial cable, and the I-V probe.

This efficiency can be used as a way to quantify the coup-
ling between the antenna and the generated plasma and its
trend is shown in figure 10(b). Recalling the behaviour of the
Isat and using it as an indication of the plasma density, it is
expected to have a similar trend. The increase in power trans-
fer efficiency results in a higher ionisation efficiency, causing
the plasma density to grow. The efficiency has a large increase
at lower power, with a 10% increase between 100 and 200 W,
before plateauing at higher power levels (i.e. PRF > 250W).

A key feature of the transfer efficiency profile is the non-
linear relationship observed between ηRF and PRF. Previous
research has reported similar patterns, where an initial increase
in power input is followed by a deceleration in the growth of
ion current in RF inductive plasma sources [14, 15, 75].

Interestingly, the overall Isat trend appears not to be signi-
ficantly affected by increasing RF powers, the current density
does increase with power but remains well confined, peaking
along the centreline. In contrast, Vf and Vp profiles exhibit a

Figure 11. Estimated value of the skin depth δRF against absorbed
power measured under the antenna at (r,z) = (0,−18) cm. The
filled markers represent the absorbed power for the four main
configurations studied in this paper, i.e. PRF = 100,200, 300,400W.

different behaviour in the source. The relation δRF = c/ωpe ≈
c/(2π9000

√
n0) [cm], where c is the speed of light and in cm/s

and ωpe is the plasma frequency, allows to estimate the plasma
skin depth δRF [76]. As shown in figure 11, and as expected,
δRF decreases with increasing plasma density. Furthermore,
recalling figure 2, it can be noted how the highly negative
region of Vf under the antenna shrinks as power increases,
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while also becoming progressively more negative. AS previ-
ously stated, a highly negative floating potential can be used
as an indicator of the presence of high-energy electrons, sug-
gesting that as the power increases the majority of the power
deposition occurs at the plasma edge, leading to an effect-
ive reduction of the capacitive coupling efficiency. Due to the
unavailability at the moment of the experimental campaign of
a RF compensated LP, reliable measurements of the electron
energy distribution function (EEDF), could not be taken. More
detailed studies about EEDF shall be performed to support this
assertion.

Considering the definition of δRF [77], electromagnetic
waves are exponentially attenuated in space down to (1/e2)×
100= 14% after twice the distance of the plasma skin depth,
therefore, as long as no additional wave propagation mechan-
isms are involved, it can be assumed that RF power is trans-
ferred to the electrons 2δRF away from the wall [48]. At 100W
the skin layer is of size comparable to the characteristic length
of the plasma source, i.e. the source radius. This, reinforces the
hypothesis of the discharge operating in E-mode at low power
levels. On the contrary, for PRF > 200W the majority of the
RF power is transferred to the electrons in the first 2 cm away
from the source walls, since the skin depth is smaller than the
critical dimension of the system.

The decrease in the plasma skin depth causes the effect
of the electromagnetic fields on the bulk of the plasma to
reduce [14, 70, 76]. It is interesting to analyse the trend of
the azimuthal E⃗× B⃗ drift in figure 8 as the skin depth changes.
Notably, as the skin depth decreases with increasing power,
the E⃗× B⃗ drift component within the source diminishes in
both magnitude and spatial extent. This observation suggests a
relationship between the penetration of electromagnetic waves
into the inner region of the discharge and the resulting radial
electric field structure.

Also the plasma potential is affected: in the source, the
more pronounced potential well on-axis leads to a better ion
confinement. At high powers, nearby the geometric expansion
a potential structure similar to the one observed by Charles in
the discussion about high density conics [50] can be identi-
fied. When considering to PRF = 100W, the resemblance of
the profiles is notably lower, but the overall trend of axially
peaking potential is still present. In this work indeed, the off-
axis potential dip is present at all power levels, and along the
centreline, the profile assumes the same convex shape.

5. Conclusion

In this work, the effects of varying RF antenna power on
a plasma device were investigated by mapping changes in
current density, floating and plasma potential across both
the source and the MN. Five different power levels were
considered for the study, namely 100, 150, 200, 300, and
400 W, although the 150 W case was excluded from the dis-
cussion for clarity. A significant difference in plasma topo-
logy was observed when comparing the 100 W case with the
higher power levels. Precisely, while the ion saturation current
behaved in a similar way, remaining well confined in the

source and creating a hollow structure in the MN, the plasma
floating potential exhibited a completely different behaviour.
At 100W, the source floating potential profile displayed a peak
along the centreline at 100 W, whereas higher power levels
showed a double-peaked structure along the magnetic field
lines connecting the antenna to the plume’s conics.

Plasma potential measurements also revealed differences:
at low power, the ion population in the source was more con-
fined and the radial ambipolar potential drop in the nozzle was
limited, reducing the ion cross-field diffusion. Considering the
axial direction, the ambipolar field presented a steeper gradi-
ent at higher powers, resulting in higher supersonic ion beam
velocities.

The analysis of plasma density as a function of the applied
forward power suggested an E-H coupling mode transition
between 100W and 200W, although no abrupt plasma density
jump was observed. This, however, could explain the differ-
ent behaviour of the 100 W case. Moreover, the larger value
of plasma skin depth at low power, which was comparable to
the source radius, may also explain the enhanced E⃗× B⃗ drift
in the azimuthal direction. This drift, characterised by greater
magnitude and deeper penetration into the plasma bulk, aligns
with the predominance of E-mode coupling at lower powers.

Data availability statement

The data cannot be made publicly available upon publication
because they are not available in a format that is sufficiently
accessible or reusable by other researchers. The data that sup-
port the findings of this study are available upon reasonable
request from the authors.

ORCID iDs

R Andriulli 0000-0001-7880-3741
A Caldarelli 0000-0002-0230-162X
C Charles 0000-0002-1108-6298
R W Boswell 0000-0003-2028-5560
F Ponti 0000-0003-2887-7413
N Rattenbury 0000-0001-5069-319X

References

[1] Charles C and Boswell R 2003 Appl. Phys. Lett. 82 1356–8
[2] Takahashi K 2019 Rev. Mod. Plasma Phys. 3 3
[3] Cox W, Charles C, Boswell R W and Hawkins R 2008 Appl.

Phys. Lett. 93 071505
[4] Ahedo E and Navarro-Cavallé J 2013 Phys. Plasmas

20 043512
[5] Lafleur T 2014 Phys. Plasmas 21 043507
[6] Zhang Y, Charles C and Boswell R W 2016 Phys. Plasmas

23 083515
[7] Bennet A, Charles C and Boswell R 2018 Phys. Plasmas

25 023516
[8] Vinci A E and Mazouffre S 2021 Phys. Plasmas 28 033504
[9] Manente M, Trezzolani F, Magarotto M, Fantino E, Selmo A,

Bellomo N, Toson E and Pavarin D 2019 Acta Astronaut.
157 241–9

[10] Trezzolani F, Moretto D, Magarotto M, Toson E, Manente M,
Pavarin D, Bosi F, De Carlo P and Melazzi D 2017

13

https://orcid.org/0000-0001-7880-3741
https://orcid.org/0000-0001-7880-3741
https://orcid.org/0000-0002-0230-162X
https://orcid.org/0000-0002-0230-162X
https://orcid.org/0000-0002-1108-6298
https://orcid.org/0000-0002-1108-6298
https://orcid.org/0000-0003-2028-5560
https://orcid.org/0000-0003-2028-5560
https://orcid.org/0000-0003-2887-7413
https://orcid.org/0000-0003-2887-7413
https://orcid.org/0000-0001-5069-319X
https://orcid.org/0000-0001-5069-319X
https://doi.org/10.1063/1.1557319
https://doi.org/10.1063/1.1557319
https://doi.org/10.1007/s41614-019-0024-2
https://doi.org/10.1007/s41614-019-0024-2
https://doi.org/10.1063/1.2965866
https://doi.org/10.1063/1.2965866
https://doi.org/10.1063/1.4798409
https://doi.org/10.1063/1.4798409
https://doi.org/10.1063/1.4871727
https://doi.org/10.1063/1.4871727
https://doi.org/10.1063/1.4960828
https://doi.org/10.1063/1.4960828
https://doi.org/10.1063/1.5017049
https://doi.org/10.1063/1.5017049
https://doi.org/10.1063/5.0037117
https://doi.org/10.1063/5.0037117
https://doi.org/10.1016/j.actaastro.2018.12.022
https://doi.org/10.1016/j.actaastro.2018.12.022


Plasma Sources Sci. Technol. 34 (2025) 105007 R Andriulli et al

Development and testing of a miniature helicon plasma
thruster 35th Int. Electric Propulsion Conf.

[11] Navarro-Cavallé J, Wijnen M, Fajardo P and Ahedo E 2018
Vacuum 149 69–73

[12] Magarotto M, Manente M, De Carlo P, Trezzolani F, Pavarin D
and Melazzi D 2017 Study on the influence of the magnetic
field topology on the power deposition in a helicon plasma
source 35th Int. Electric Propulsion Conf.

[13] Takahashi K 2022 Sci. Rep. 12 18618
[14] Lieberman M A and Boswell R W 1998 J. Phys. Iv

08 145–64
[15] Zhang T, Jiang K, Liu Z, Yang L, Zhang H, Ouyang J and

Chen Q 2020 Plasma Sci. Technol. 22 085405
[16] Seo S-H, Chung C and Chang H-Y 2000 Surf. Coat. Technol.

131 1–11
[17] Cui R, Zhang T, He F, Zheng B and Ouyang J 2024 Plasma

Sources Sci. Technol. 33 025021
[18] Ostrikov K N, Xu S and Yu M Y 2000 J. Appl. Phys.

88 2268–71
[19] Rauner D, Briefi S and Fantz U 2019 Plasma Sources Sci.

Technol. 28 095011
[20] Lee M H and Chung C W 2006 Phys. Plasmas 13 063510
[21] Lee J K, Lee H C and Chung C W 2011 Curr. Appl. Phys.

11 S149–53
[22] Lee M H, Lee K H, Hyun D S and Chung C W 2007 Appl.

Phys. Lett. 90 191502
[23] Lee Y W, Lee H L and Chung T H 2011 J. Appl. Phys.

109 113302
[24] Lee H C, Kim D H and Chung C W 2013 Appl. Phys. Lett.

102 234104
[25] Daltrini A, Moshkalev S, Morgan T, Piejak R and Graham W

2008 Appl. Phys. Lett. 92 061504
[26] Moon J H, Kim K H, Hong Y H, Lee M Y and Chung C W

2020 Phys. Plasmas 27 033511
[27] Zhou L, Chen J, Ma J and Li Y 2015 Vacuum 119 209–13
[28] Piskin T, Qian Y, Pribyl P, Gekelman W and Kushner M J

2023 J. Appl. Phys. 133 173302
[29] Chen F F 1992 J. Vac. Sci. Technol. A 10 1389–91
[30] Braginskiy O V, Vasil’eva A N and Kovalev A S 2001 Plasma

Phys. Rep. 27 699–707
[31] Guo X M, Scharer J, Mouzouris Y and Louis L 1999 Phys.

Plasmas 6 3400–7
[32] Braginskii O V, Vasil’eva A N and Kovalev A S 2000 Russ.

Microelectron. 29 380–90
[33] Oshio Y, Shimada T and Nishida H 2018 Int. J. Space Sci.

Eng. 5 43–60
[34] Furukawa T, Shimasaki K, Nakamoto S and Takeno H 2024

Phys. Plasmas 31 113502
[35] Bennet A 2019 Low pressure plasmas in magnetic nozzles

PhD Thesis Australian National University
[36] Filleul F 2023 Radiofrequency Plasma Generation and

Transport in Converging-Diverging Magnetic Fields PhD
thesis The University of Auckland

[37] Caldarelli A 2024 Radio-frequency plasma expansion in
different magnetic nozzle configurations PhD thesis The
University of Auckland

[38] Chen F F 2003 Langmuir probe diagnostics Mini-Course on
Plasma Diagnostics, IEEE-ICOPS Meeting
pp 20–111

[39] Kemp R F and Sellen J M J 1966 Rev. Sci. Instrum. 37 455–61
[40] Sheehan J P and Hershkowitz N 2011 Plasma Sources Sci.

Technol. 20 063001
[41] Sheehan J P, Raitses Y, Hershkowitz N and McDonald M 2017

J. Propulsion Power 33 614–37
[42] Caldarelli A, Filleul F, Boswell R W, Charles C,

Rattenbury N J and Cater J E 2023 Phys. Plasmas
30 040501

[43] Filleul F, Caldarelli A, Charles C, Boswell R W, Rattenbury N
and Cater J E 2021 Phys. Plasmas 28 123514

[44] Filleul F, Caldarelli A, Boswell R W, Charles C, Rattenbury N
and Cater J E 2022 J. Electr. Propulsion 1 20

[45] Caldarelli A, Filleul F, Charles C, Boswell R W, Rattenbury N
and Cater J E 2022 J. Electr. Propulsion 1 10

[46] Caldarelli A, Filleul F, Boswell R W, Charles C, Cater J E and
Rattenbury N J 2023 Plasma Sources Sci. Technol.
32 075002

[47] Takahashi K, Igarashi Y and Fujiwara T 2010 Appl. Phys. Lett.
97 041501

[48] Bennet A, Charles C and Boswell R W 2018 J. Phys. D: Appl.
Phys. 51 375204

[49] Bennet A, Charles C and Boswell R W 2019 Phys. Plasmas
26 072107

[50] Charles C 2010 Appl. Phys. Lett. 96 051502
[51] Takahashi K, Akahoshi H, Charles C, Boswell R W and

Ando A 2017 Phys. Plasmas 24 084503
[52] Yadav S, Ghosh S, Bose S, Barada K K, Pal R and

Chattopadhyay P K 2018 Phys. Plasmas 25 043518
[53] Igarashi Y, Takahashi K and Fujiwara T 2011 IEEE Trans.

Plasma Sci. 39 2442–3
[54] Charles C and Boswell R W 1995 J. Vac. Sci. Technol.

13 2067–73
[55] Gulbrandsen N and Fredriksen A 2017 Front. Phys. 5 2
[56] Lee H C 2019 Appl. Sci. Convergence Technol. 28 79–81
[57] Caldarelli A, Andriulli R, Ponti F, Cater J and Rattenbury N

2024 Acta Astronaut. 226 521–30
[58] Correyero Plaza S, Jarrige J, Packan D and Ahedo E 2018 Ion

Acceleration in the Magnetic Nozzle of an ECR Thruster:
Comparison of Experimental Measurements With a Quasi
1D Kinetic Model (Space Propulsion 2018) (Séville, Spain)

[59] Collard T and Jorns B A 2019 Plasma Sources Sci. Technol.
28 105019

[60] Charles C and Boswell R W 2004 Phys. Plasmas 11 1706–14
[61] Charles C 2004 Appl. Phys. Lett. 84 332–4
[62] Conde L, Domenech-Garret J L, Donoso J M, Damba J,

Tierno S P, Alamillo-Gamboa E and Castillo M A 2017
Phys. Plasmas 24 123514

[63] Takahashi K, Chiba A, Komuro A and Ando A 2016 Plasma
Sources Sci. Technol. 25 055011

[64] Takahashi K, Lafleur T, Charles C, Alexander P and
Boswell R W 2012 Phys. Plasmas 19 083509

[65] Wu K, Chen Z, Ren J, Wang Y, Zhang G, Wang W and Tang H
2025 Phys. Plasmas 32 040501

[66] Chen Z, Wang Y, Tang H, Ren J, Li M, Wu P and Cao J 2021
Plasma Sources Sci. Technol. 30 105012

[67] Hu Y, Huang Z, Cao Y and Sun Q 2021 Plasma Sources Sci.
Technol. 30 075006

[68] Boeuf J P 2014 Front. Phys. 2 74
[69] Boeuf J P and Smolyakov A 2018 Phys. Plasmas 25 061001
[70] Lieberman M A and Lichtenberg A J 2005 Principles of

Plasma Discharges and Materials Processing (https://doi.
org/10.1002/0471724254)

[71] Yadav S, Barada K K, Ghosh S, Ghosh J and
Chattopadhyay P K 2019 Phys. Plasmas 26 082109

[72] Lafleur T, Charles C and Boswell R W 2011 J. Phys. D: Appl.
Phys. 44 055202

[73] Hu Y, Ji P, Yang J, Jin C, Zhuge L and Wu X 2020 J. Appl.
Phys. 128 043301

[74] Wang J, c D Y, Zhang X, Zheng Z, Liu Y, Xu L, Wang P and
Cao J X 2014 Phys. Plasmas 21 073502

[75] Zadiriev I, Kralkina E, Vavilin K, Nikonov A and Shvidkiy G
2023 Plasma Sci. Technol. 25 025405

[76] Chabert P 2016 Plasma Sources Sci. Technol. 25 025010
[77] Chen F F 1974 Introduction to Plasma Physics (Springer)

(https://doi.org/10.1007/978-1-4757-0459-4)

14

https://doi.org/10.1016/j.vacuum.2017.11.036
https://doi.org/10.1016/j.vacuum.2017.11.036
https://doi.org/10.1038/s41598-022-22789-7
https://doi.org/10.1038/s41598-022-22789-7
https://doi.org/10.1051/jp4:1998712
https://doi.org/10.1051/jp4:1998712
https://doi.org/10.1088/2058-6272/ab8551
https://doi.org/10.1088/2058-6272/ab8551
https://doi.org/10.1016/S0257-8972(00)00770-2
https://doi.org/10.1016/S0257-8972(00)00770-2
https://doi.org/10.1088/1361-6595/ad27eb
https://doi.org/10.1088/1361-6595/ad27eb
https://doi.org/10.1063/1.1289055
https://doi.org/10.1063/1.1289055
https://doi.org/10.1088/1361-6595/ab3d6a
https://doi.org/10.1088/1361-6595/ab3d6a
https://doi.org/10.1063/1.2212387
https://doi.org/10.1063/1.2212387
https://doi.org/10.1016/j.cap.2011.04.009
https://doi.org/10.1016/j.cap.2011.04.009
https://doi.org/10.1063/1.2734501
https://doi.org/10.1063/1.2734501
https://doi.org/10.1063/1.3587156
https://doi.org/10.1063/1.3587156
https://doi.org/10.1063/1.4809925
https://doi.org/10.1063/1.4809925
https://doi.org/10.1063/1.2844885
https://doi.org/10.1063/1.2844885
https://doi.org/10.1063/1.5133449
https://doi.org/10.1063/1.5133449
https://doi.org/10.1016/j.vacuum.2015.05.031
https://doi.org/10.1016/j.vacuum.2015.05.031
https://doi.org/10.1063/5.0146168
https://doi.org/10.1063/5.0146168
https://doi.org/10.1116/1.578256
https://doi.org/10.1116/1.578256
https://doi.org/10.1134/1.1390541
https://doi.org/10.1134/1.1390541
https://doi.org/10.1063/1.873580
https://doi.org/10.1063/1.873580
https://doi.org/10.1023/A:1026688002366
https://doi.org/10.1023/A:1026688002366
https://doi.org/10.1504/IJSPACESE.2018.090548
https://doi.org/10.1504/IJSPACESE.2018.090548
https://doi.org/10.1063/5.0226228
https://doi.org/10.1063/5.0226228
https://doi.org/10.1063/1.1720213
https://doi.org/10.1063/1.1720213
https://doi.org/10.1088/0963-0252/20/6/063001
https://doi.org/10.1088/0963-0252/20/6/063001
https://doi.org/10.2514/1.B35697
https://doi.org/10.2514/1.B35697
https://doi.org/10.1063/5.0133840
https://doi.org/10.1063/5.0133840
https://doi.org/10.1063/5.0070924
https://doi.org/10.1063/5.0070924
https://doi.org/10.1007/s44205-022-00021-y
https://doi.org/10.1007/s44205-022-00021-y
https://doi.org/10.1007/s44205-022-00012-z
https://doi.org/10.1007/s44205-022-00012-z
https://doi.org/10.1088/1361-6595/ace1a6
https://doi.org/10.1088/1361-6595/ace1a6
https://doi.org/10.1063/1.3467857
https://doi.org/10.1063/1.3467857
https://doi.org/10.1088/1361-6463/aad74f
https://doi.org/10.1088/1361-6463/aad74f
https://doi.org/10.1063/1.5098484
https://doi.org/10.1063/1.5098484
https://doi.org/10.1063/1.3309668
https://doi.org/10.1063/1.3309668
https://doi.org/10.1063/1.4990110
https://doi.org/10.1063/1.4990110
https://doi.org/10.1063/1.5028576
https://doi.org/10.1063/1.5028576
https://doi.org/10.1109/TPS.2011.2143432
https://doi.org/10.1109/TPS.2011.2143432
https://doi.org/10.1116/1.579522
https://doi.org/10.1116/1.579522
https://doi.org/10.3389/fphy.2017.00002
https://doi.org/10.3389/fphy.2017.00002
https://doi.org/10.5757/ASCT.2019.28.4.79
https://doi.org/10.5757/ASCT.2019.28.4.79
https://doi.org/10.1016/j.actaastro.2024.10.055
https://doi.org/10.1016/j.actaastro.2024.10.055
https://doi.org/10.1088/1361-6595/ab2d7d
https://doi.org/10.1088/1361-6595/ab2d7d
https://doi.org/10.1063/1.1652058
https://doi.org/10.1063/1.1652058
https://doi.org/10.1063/1.1643548
https://doi.org/10.1063/1.1643548
https://doi.org/10.1063/1.5005881
https://doi.org/10.1063/1.5005881
https://doi.org/10.1088/0963-0252/25/5/055011
https://doi.org/10.1088/0963-0252/25/5/055011
https://doi.org/10.1063/1.4747701
https://doi.org/10.1063/1.4747701
https://doi.org/10.1063/5.0255878
https://doi.org/10.1063/5.0255878
https://doi.org/10.1088/1361-6595/ac2a0a
https://doi.org/10.1088/1361-6595/ac2a0a
https://doi.org/10.1088/1361-6595/ac0a48
https://doi.org/10.1088/1361-6595/ac0a48
https://doi.org/10.3389/fphy.2014.00074
https://doi.org/10.3389/fphy.2014.00074
https://doi.org/10.1063/1.5040848
https://doi.org/10.1063/1.5040848
https://doi.org/10.1002/0471724254
https://doi.org/10.1002/0471724254
https://doi.org/10.1063/1.5094814
https://doi.org/10.1063/1.5094814
https://doi.org/10.1088/0022-3727/44/5/055202
https://doi.org/10.1088/0022-3727/44/5/055202
https://doi.org/10.1063/1.5131164
https://doi.org/10.1063/1.5131164
https://doi.org/10.1063/1.4886147
https://doi.org/10.1063/1.4886147
https://doi.org/10.1088/2058-6272/ac8fca
https://doi.org/10.1088/2058-6272/ac8fca
https://doi.org/10.1088/0963-0252/25/2/025010
https://doi.org/10.1088/0963-0252/25/2/025010
https://doi.org/10.1007/978-1-4757-0459-4

	Plasma coupling mode transition in a low-power decoupled magnetic nozzle device
	1. Introduction
	2. Apparatus and diagnostics
	2.1. Apparatus
	2.2. Diagnostics

	3. Results
	3.1. Ion saturation current and floating potential
	3.2. Plasma confinement
	3.3. Azimuthal drift motion of charged particles

	4. Discussion
	5. Conclusion
	References


