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ABSTRACT

The development of compact, low power, charge–neutral propulsion sources is of significant recent interest due to the rising application of
micro-scale satellite platforms. Among such sources, radio frequency (rf) electrothermal microthrusters present an attractive option due to
their scalability, reliability, and tunable control of power coupling to the propellant. For micropropulsion applications, where available power
is limited, it is of particular importance to understand how electrical power can be transferred to the propellant efficiently, a process that is
underpinned by the plasma sheath dynamics. In this work, two-dimensional fluid/Monte Carlo simulations are employed to investigate the
effects of applied voltage frequency on the electron, ion, and neutral heating in an rf capacitively coupled plasma microthruster operating in
argon. Variations in the electron and argon ion densities and power deposition, and their consequent effect on neutral-gas heating, are inves-
tigated with relation to the phase-averaged and phase-resolved sheath dynamics for rf voltage frequencies of 6–108MHz at 450V. Driving
voltage frequencies above 40.68MHz exhibit enhanced volumetric ionization from bulk electrons at the expense of the ion heating efficiency.
Lower driving voltage frequencies below 13.56MHz exhibit more efficient ionization due to secondary electrons and an increasing fraction of
rf power deposition into ions. Thermal efficiencies are improved by a factor of 2.5 at 6MHz as compared to the more traditional 13.56MHz,
indicating a favorable operating regime for low power satellite applications.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0172646

I. INTRODUCTION

Prospective applications of low mass, low cost satellite platforms
such as the CubeSat1 have led to the development of miniaturized pro-
pulsion systems, enabling small satellites to perform altitude control,
drag recovery, and formation flying.2–4 The challenging design require-
ments of microthrusters, which require robust, compact, and power-
efficient designs,5–7 have meant their implementation so far has
been limited.8–10 Modeling of such sources aids in optimization of their
design and operational regime; many such models exist for micro
plasma sources.11–13 Radio-frequency (rf) electrothermal microthrusters

use an rf plasma discharge to heat gaseous propellant, enabling the
deposition of power to be spatially and temporally controlled.14–17

One such source is the Pocket Rocket, which operates via capacitive
coupling at low powers (up to 50W) neutralizer-free plasma micro-
thruster.18–20 Pocket Rocket operates in argon and xenon at pressures
above �133Pa (1Torr),21,22 heating propellant gas to temperatures of
�1000K, and generating thrust to the order of 1mN.23,24 Continued
development of the Pocket Rocket and similar micropropulsion sour-
ces requires that the neutral heating mechanisms and power coupling
efficiency are optimized without compromising on the physical size.
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The growing commercial availability of rf power delivery systems
operating below 13.56MHz potentially offers low-frequency alterna-
tives to existing micropropulsion systems. Such low-frequency sources
have been explored in previous work in Refs. 20 and 25, and by others
developing rf electrothermal thrusters in Refs. 26 and 27, indicating
growing interest in this area.

During operation of the Pocket Rocket, a dc self-bias voltage forms
on the dielectric radial wall between the powered electrode and the
plasma.13,28 The dc self-bias voltage arises to balance the net plasma cur-
rent density at the powered and grounded electrodes, the latter of which
being significantly larger in surface area.29 Ions are radially accelerated
through the sheath toward the dielectric wall, heating gas via ion–neutral
charge exchange collisions.30 This process leads to gas heating on the rel-
atively short (submillisecond) timescales taken for breakdown to occur
and for the plasma to stabilize.21 Compared to the timescales for charge
exchange gas heating, the heating of the radial wall by ion bombardment
provides conductive gas heating over longer timescales of 10–100 s.21

Ion bombardment induces the emission of secondary electrons via the
Auger process,31 which are accelerated through the sheath potential into
the plasma bulk at over 50 eV.32,33 Secondary electrons generally have a
beam-like energy distribution with significantly higher mean energies
than bulk electrons, and hence represent an efficient mechanism for fur-
ther ionization and gas heating.34–36

Alongside ion–neutral charge exchange, several spatiotemporally
complex electron heating mechanisms are also exhibited within the rf
discharge, each dependent upon applied voltage frequency, voltage
amplitude, pressure, and geometry.19,37 At low voltages (typically less
than 300V at 1Torr), a-mode heating represents the predominant
electron acceleration mechanism. Here, bulk electrons are accelerated
through electric fields arising via the periodic collapse and expansion
of plasma sheaths.38–40 At higher applied voltages (larger than 300V at
1Torr), the Pocket Rocket switches into c-mode operation, with the
discharge being sustained primarily through secondary electron impact
ionization.24,41 This transition introduces a degree of non-linearity to
the system, as the flux of secondary electrons is proportional to the ion
flux incident upon material surfaces, which is itself proportional to the
secondary electron ionization rate. Furthermore, secondary ionization
events are observed over a wider volume than a-mode bulk ionization
events, occurring in both the sheath and within the bulk, arising due to
the secondary electron mean-free-path being comparable to the source
diameter.42 In particular, secondary electrons are predominantly ori-
ented toward the central axis due to the cylindrically symmetric hollow
cathode geometry.32 The enhanced spatial control afforded through
carefully structured electrode geometries is, in-fact, the topic of some
considerable interest within the areas of materials processing and space
propulsion.43–46 Capacitively coupled argon plasmas have been studied
at a range of pressures from a few mTorr47,48 to tens-hundreds Torr.49

These studies have investigated the effect of changing voltage fre-
quency on a- and c-mode operation, at frequencies below 13.56MHz
(Refs. 50 and 51) and above 13.56MHz.52,53 In this work, the electron
and ion heating mechanisms in a hollow cathode geometry are pre-
sented for driving voltage frequencies below 13.56MHz, extending the
spatiotemporal analysis beyond the range previously studied by Doyle
et al.,19,54 Ho et al.,55 and Grieg56 detailing a neutral gas heating opti-
mized frequency regime in the Pocket Rocketmicrothruster.

In this work, two-dimensional (2D) fluid-kinetic simulations
were performed to investigate variations in electron, ion, and gas

heating at applied voltage frequencies ranging from 6 to 108MHz at
450V. Descriptions of the Pocket Rocket source, numerical methods,
and diagnostic procedures are given in Sec. II. In Sec. IIIA, spatial dis-
tributions of macroscopic plasma parameters are presented to describe
how the processes of neutral heating and ionization are connected.
These include neutral gas density and temperature, Arþ ion density, dc
self-bias wall potential, and secondary electron ionization rates. Phase-
resolved electron ionization dynamics are investigated with applied
voltage frequency in Sec. IIIC. Section IVA describes the effect of volt-
age frequency on the dc self-bias voltage and the subsequent impact on
the argon ion flux and neutral gas temperature. Finally, the effect of
voltage frequency on spatial rf power deposition and the fraction of
power deposited into ions are presented in Sec. IVB.

II. SIMULATION MODEL AND NUMERICAL METHODS

Two-dimensional fluid-kinetic simulations of the Pocket Rocket
microthruster source were performed using the Hybrid Plasma
Equipment Model (HPEM).57 The simulation geometry is shown in
Fig. 1. Complete descriptions of the source and numerical methods
used are given in Refs. 19 and 57, respectively, and a summary is given
here. HPEM has previously been extensively corroborated with phase-
resolved optical emission spectroscopy (PROES) measurements in the
Pocket Rocket microthruster operated using single frequency
(13.56MHz) waveforms at varying applied voltage,19 varying the fre-
quency (13.56–40.68MHz) at constant voltage,42 dual-frequency
waveforms,58 and multi-harmonic tailored waveforms.54 Throughout
these previous studies, a good agreement between the electron dynam-
ics inferred from PROES measurements via the excitation of the Ar
(2p1) state and those simulated using HPEM has been obtained.

The source consists of a dielectric alumina tube (18mm length,
4.2mm inner diameter), a 5mm long rf-powered annular electrode
centered at an axial distance of Z¼ 21mm from the plenum edge, and
two grounded electrodes at either side of the rf electrode. Argon gas is
introduced to the plenum cavity at 100 sccm (2.98mg s�1) via a 3mm
diameter inlet, centered at Z¼ 6mm. The gas flows through the source
in the þZ direction toward the expansion region. Gas is extracted at
the far end of the expansion region (Z¼ 73mm), where a fixed

FIG. 1. Diagram of the simulation domain, axisymmetric about R¼ 0mm (not to
scale). Outlined are the grounded electrodes (black), rf-powered electrode, dielectric
radial wall (blue hatched), gas inlet (black arrows), and the region of interest
(dashed rectangle).
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pressure boundary condition is maintained at 113Pa (0.85Torr),
matching experimental conditions.19,42 Pressure is equilibrated
between the inlet flow rate and this downstream pressure boundary,
maintaining a pressure of between 186 and 226Pa (1.4–1.8Torr)
within the source discharge region.

The simulation domain is a cylindrical 2D-axisymmetric mesh of
64� 152 (R�Z) rectilinear cells, where R and Z are the radial and
axial distances, respectively. This provides a radial resolution of
0.125mm/cell and an axial resolution 0.5mm/cell. Here, the finer
radial resolution is required to resolve the radial electric field gradient
through the powered electrode sheaths, such that the sheath extent
and velocity can be determined. The radial extent of the sheath edge SR
is calculated as in Ref. 58, where SR is defined as the radius R that satis-
fies the Brinkmann criterion.59 The Brinkmann sheath criterion
defines the sheath edge as the radius at which the electron density inte-
grated from the wall is equal to the effective positive charge density
minus the electron density integrated from the most positive plasma
potential.

A hybrid fluid/kinetic approach was employed in this work. Bulk
neutral and ion densities, fluxes, and temperatures were obtained from
mass, momentum, and energy continuity equations, while the bulk
electron flux is obtained via Scharfetter–Gummel drift–diffusion
approximation.60 The mass continuity boundaries are set to zero for
all materials except for the inlet and outlet, where a positive or negative
mass flux across the plasma-inlet is allowed. The momentum continu-
ity equation is bounded in a similar fashion, where momentum
between cells is conserved at all metal and dielectric boundaries, but is
allowed to vary across the inlet and outlet boundaries. The energy con-
tinuity equation is bounded by a fixed outer mesh boundary tempera-
ture of 325K, and on the inlet and outlet surfaces. Volume and surface
potentials were then obtained from charged species densities employ-
ing a semi-implicit solution to Poisson’s equation, as described in Ref.
57. Boundary conditions for Poisson’s equation were defined by apply-
ing a time-dependent RF voltage /rf ðtÞ to the powered electrode sur-
face, and zero voltage to both the grounded electrode surfaces and the
outer boundary of the mesh, for numerical stability. Here,
/ðtÞ ¼ /rf sinð2p�rf tÞ, where �rf is the frequency, and /rf is the
applied voltage amplitude. Power deposition is computed for each
charged species as the multiple of the charged particle current and the
electric field. Energy distribution functions for bulk ions and neutrals
were assumed to be Maxwellian, due to the relatively high operating
pressure of �1 Torr. Bulk electron energy distributions in each cell
were obtained from the solution of the two-term approximation of the
Boltzmann equation and employed to determine the electron tempera-
ture and electron impact ionization rates. Secondary electron energy
distributions were obtained and tracked via Monte Carlo algorithm,
statistically generating solutions to the Boltzmann equation.61 Here,
secondary electrons were emitted from surfaces in proportion to the
incident ion flux, mediated by an energy-independent emission coeffi-
cient c.61,62 Here, the secondary electron emission coefficient is set to
c¼ 0.2 for the alumina surface and c¼ 0.0 for all other surfaces.
Secondary electrons are released with an initial energy of 3 eV and sub-
sequently accelerated through the sheath to non-thermal energies.
Omission of secondary electron emission from other surfaces was
undertaken to reduce computational expense as the secondary electron
yield emitted from other surfaces was negligible compared to that of
the alumina surface due to the lower ion fluxes and sheath voltages at

the grounded surfaces in the studied plasma system in comparison to
the alumina surface.

Species considered within the model included: Ar, Ar(4s), Ar(4p),
Ar(4d), Ar�2, Ar

þ, Arþ2 , and e� employing the reaction mechanism as
described in Ref. 63. Here, Ar(4p) and Ar(4d) are lumped excited
states, where Ar(4p) consists of Ar(4p, 3d, 5s, and 5p), while Ar(4d)
contains Ar(4d), Ar(6s), and Rydberg states. As noted above, two elec-
tron species were tracked, bulk electrons produced via ionisations in
the gas phase, and secondary electrons released from material surfaces.
Gas-phase electron–neutral and electron–ion collisions included elas-
tic, excitation, and ionization reactions where the rate coefficients were
specified in Arrhenius form.57 Heavy particle interactions included:
cascade processes, multistep ionization, and heavy particle mixing
between excited species using interaction cross sections obtained from
Refs. 64–67. Ion–neutral charge exchange collisions were employed
with a rate coefficient of 5:66� 10�10 cm�3 ðTg=300Þ0:5, where Tg is
the neutral gas temperature.68 Heat exchange between the gas and the
wall is handled via a conduction model.57,69 Power to material surfaces
is calculated from the thermal gradient between the gas and the wall
and the kinetic energy delivered by ion fluxes incident upon plasma
facing surfaces. Heat transferred to the wall is removed from the gas as
a negative enthalpy term in the energy conservation equation. Material
thermal conductivities KT were specified as follows: for metals:
KT ¼ 1Wcm�1 K�1, for alumina: KT ¼ 0:15Wcm�1 K�1, and for
macor: KT ¼ 0:018Wcm�1 K�1. A thermal energy accommodation
coefficient of 0.4 was also applied to plasma-facing materials, as dis-
cussed in Ref. 19. The outer boundary of the mesh was maintained at
325K.

Simulations were undertaken at applied voltage frequencies �rf
between 6 and 108MHz at a fixed voltage amplitude of /rf ¼ 450V
(900V peak-to-peak). Such conditions enabled a comparison of the
ionization dynamics within a c-mode discharge, negating mode transi-
tion effects.19 A lower limit of 6MHz was imposed so as to remain
within the ion-matrix regime, where the ion-plasma frequency xpi is
significantly below the RF driving frequency �rf , and hence, ion mobil-
ity is dictated primarily by time-averaged DC fields. One computa-
tional iteration ranged from 8.33 ls at 6MHz, to 0.461 ls at
108.48MHz, maintaining a temporal resolution of 5 rf cycles. At con-
vergence, the phase-resolved motion was captured employing signifi-
cantly higher temporal resolutions, maintaining a 2� resolution, i.e.,
180 points per RF phase cycle. Data from these final iterations are pre-
sented in Sec. III C.

As described above, the distribution of electrostatic fields in the
plasma is calculated by the solution of the Poisson equation. While
this is expected to be an appropriate model under a wide range of con-
ditions, plasma sources operated at high driving frequencies and elec-
tron densities can exhibit complex electromagnetic phenomena that
cannot be captured using this approach. A review of such effects in the
context of large area capacitively coupled plasmas (CCPs), where they
have been studied extensively, is given in Ref. 70. Two of the main
effects are related to the formation of standing waves, and the skin
effect.

Standing wave effects occur when the wavelength of the driving
frequency, which is reduced in the presence of the plasma, approaches
the length scales of the electrode system. In large area CCPs, this is typ-
ically the electrode radius, which can be in the range of tens of cm. For
108.48MHz, the highest frequency considered in this work, the free
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space wavelength is approximately 2.7 m. An indication of the reduc-
tion of the wavelength in the presence of the plasma can be obtained
from the formulas presented in Refs. 47 and 48. It should be noted that
these formulas are derived in the context of conventional CCP systems,
where the geometric arrangement is different to that used here, and
the electromagnetic phenomena will differ in the specific details. As a
result, they are used only here to provide an indication of the potential
importance of such effects. Using typical plasma parameters predicted
by the simulations carried out here leads to a reduced wavelength in
the range of 1.5–2 m, which is significantly larger than the dimensions
of the Pocket Rocket source. As a result, significant standing wave
effects appear unlikely.

Skin effects in CCP systems can become relevant when the elec-
tron density is large enough to lead to a skin depth smaller than the
characteristic dimensions of the plasma.70 Here, the skin depth can be
calculated by taking typical electron densities/temperatures and neutral
gas densities from the simulations presented later in the results sec-
tions, and using the expression for the skin depth given in Ref. 71.
Over the range of driving frequencies considered in this work, the skin
depth is larger than the dielectric tube diameter at lower frequencies
and decreases with increasing frequency such that it is similar to, or
less than, the diameter of the dielectric tube at the higher frequencies
studied. Because of this, skin effects may play a more important role as
the frequency is increased. While the overall importance of such effects
is difficult to assess within the frame of this work, they are not antici-
pated to change the overall trends presented in the results section.
Nevertheless, the potential that such effects may be present in reality
and not captured in the current model should be kept in mind when
interpreting the results presented.

III. THERMAL RAREFACTION AND SPATIO-TEMPORAL
IONIZATION RATES
A. Macroscopic plasma properties at 10MHz

The neutral gas density, neutral gas temperature, and argon ion
density within the source region are shown in Figs. 2(a)–2(c), respec-
tively, for operation at 10MHz, 450V, with 100 sccm of argon. Axially
resolved 1D profiles of the dc self-bias voltage gdc, bulk ia, and second-
ary ic ionization rates are presented in Fig. 2(d). The dashed lines indi-
cate two axial locations of interest: (1) Z¼ 18.6mm, the region of
highest ion density, and (2) Z¼ 22.0mm, the axial midpoint of the
powered electrode. As described in Ref. 19 in the geometrical arrange-
ment of the Pocket Rocket, the powered electrode is separated from
the plasma by the alumina dielectric. This leads to the build up of a
negative surface charge on the dielectric which functions similarly to
the dc self-bias in a conventional capacitively coupled plasma with an
exposed metal electrode and a blocking capacitor installed in the exter-
nal circuit. In this context, when we refer to the dc self-bias voltage gdc,
we are referring to the net negative surface charge on the dielectric.

A localized rarefaction in the neutral argon density occurs
downstream of location 2 in Fig. 2(a), arising from the increased
neutral gas heating presented in Fig. 2(b). From locations 1 to 2, the
on-axis (R¼ 0mm) nAr decreases by half from 2:80� 1022 to
1:43� 1022 m�3. Across the same range in Fig. 2(b), the on-axis neu-
tral gas temperature Tg correspondingly increases by 75% from 511 to
895K. Further downstream, heat and ion losses to the dielectric walls
(initialized at 325K) leads to a decreasing gas temperature Tg toward
the outlet, while nAr gradually recovers.

In Fig. 2(c), the Arþ ion density nArþ has a highly localized maxi-
mum on-axis just upstream of the powered electrode at location 1, at
2.60� 1018 m�3. This coincides with where Tg is slightly lower and nAr
is higher than near the walls or further downstream. From location 1 to
2, the on-axis nArþ decreases by 55% to 1.15� 1018 m�3, similar to the
decrease observed in nAr. Thus, the reduction in both nArþ and nAr can
both be attributed to thermally driven rarefaction, directly as a result
of heating via collisional charge exchange in which both species are
thermally coupled. Despite the localized decrease in nAr at location 2,
the axial pressure gradient exhibits a smooth axial profile, ranging
from 1.7Torr in the plenum to 0.8Torr downstream of the aperture
at Z¼ 38mm. The pressure gradient is maintained against the
temperature-driven rarefaction of the gas, and since the increase in Tg
offsets the decreased nAr through the ideal gas law, this indicates that
neutral depletion through ionization—while present—is not a signifi-
cant factor in the reduction of nAr near location 2. This is supported by
the fact that from locations 1 to 2, nArþ experiences a greater decrease
than nAr.

The axial profile of the dc self-bias voltage gdc at the radial wall
(R¼ 2.1mm) is shown by the black curve in Fig. 2(d). From locations
1 to 2, gdc doubles from�145 to�272V, its most negative value, coin-
ciding with the axial midpoint of the rf powered electrode as expected.
It is within reason that the stronger gdc at location 2 would attract
higher fluxes of ion losses to the walls, contributing to the reduction of
nArþ here. This is further discussed in Sec. IVA, where agreement is
seen between a more negative gdc and a higher radial Arþ flux. Note
that the 10MHz rf sheath potential, while present, is not expected to
affect the motion of the ions. Note also, the substantial overlap
between the axial region of highest on-axis Arþ density in Fig. 2(c)
and the most negative dc self-bias voltage in Fig. 2(d). This overlap
enforces a significant radial ion flux, accelerated radially through the
�240V dc sheath potential, that is an order of magnitude higher than
the axial ion flux, accelerated axially through the �60V quasi-dc
plasma potential.19 This enhanced radial ion flux is indirectly responsi-
ble for the high secondary electron impact ionization rate, relative to
bulk (rf-driven electron) impact ionization rates.

Figure 2(d) also shows the on-axis phase-averaged ionization
rates by secondary electrons ic (red) and bulk electrons ia (blue). In
general, ic exceeds ia across most of the thruster axis to approximately
Z¼ 32mm, thus exhibiting a predominantly c-mode discharge under
these conditions (see Sec. III C). From locations 1 to 2, ia almost dou-
bles from 3.47� 1023 to 6.66� 1023 m�3 s�1. Over this range, ic
reduces by 30% from 3.81� 1024 to 2.63� 1024 m�3 s�1, correspond-
ing to being a factor 11 higher than ia to just over a factor of 4 higher.
The profile of ic closely follows that of nArþ in Fig. 2(c), which are both
preferentially weighted upstream with maxima at location 1 and tails
extending downstream. With secondaries accounting for the majority
of the ionization in the c-mode discharge, the 30% reduction in ic
between locations 1 and 2 is in agreement with the 55% reduction in
nArþ . This is despite the dc self-bias gdc being twice the magnitude at
location 2, which would contribute to ic by attracting a greater flux of
ions to the wall to release more secondary electrons. Instead, ic is more
sensitive to the neutral density as influenced by the temperature Tg
that results from ion–neutral collisions, as indicated by the maximum
at location 1, where Tg is 75% lower and neutral gas is twice the den-
sity, and the probability of electron–neutral impacts is higher.
However, ic is ultimately dependent on the dc self-bias potential gdc
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that provides the wall-bound ion flux. As gdc reduces rapidly upstream
of location 1 and downstream of 2, ic correspondingly declines, though
is still finite even where gdc is zero or positive due to the axial motion
of the electrons. Hence, the peak of ic at location 1 hence represents an
optimum trade-off between these two mechanisms of neutral heating
and secondary electron production for the conditions employed here.

By contrast, for bulk electrons, ia is a maximum at location 2,
marking the center of the rf electrode that provides the sheath potential
and gdc, the latter being most negative at this axial location. Across the
axial length of the dielectric alumina tube (18mm � Z � 36mm)
where the sheath potential is sustained, ia remains relatively level even
in regions of near-zero gdc, contributing to the downstream tail of nArþ
in Fig. 2(c) as ic declines. At the grounded electrodes beyond either

end of the dielectric, ia rapidly declines as the sheath potential drops to
zero. Compared with ic, the optimum trade-off for ia is instead
weighted toward the strength of these potentials, particularly the
sheath potential, rather than the neutral density and temperature. The
difference in the main limiting factors between bulk and secondary
electron ionization lies in the processes by which each receive energy.
Bulk electrons are dependent on the oscillation of the sheath potential
that expands and contracts into the plasma bulk. As distinct from this,
secondary electrons are initially emitted at the wall with initial energies
of 3 eV, then immediately gain more from the dc self-bias and sheath
potentials there. Quantification of the gas-phase electron and ion
energy distributions is out of the scope of this work. However, the
explanation provided above is supported by the observation that ic

FIG. 2. Phase-averaged, spatially resolved
(a) neutral argon gas density nAr (b) neutral
gas temperature Tg, (c) Arþ ion density
nArþ , and (d) 1D axial profiles of (i) dc self-
bias potential gdc at the radial wall
(R¼ 2.1mm, 13mm � Z � 37mm), (ii)
on-axis (R¼ 0mm) secondary electron ioni-
zation rate ic, and (iii) on-axis bulk electron
ionization rate. Applied voltage /rf ¼ 450 V
at 10.0MHz, employing 100 sccm argon,
wall temperature 325 K. Outlined are the
grounded electrodes (white), rf-powered
electrode (red), and dielectric radial wall
(cyan). Two Z locations of interest “1”
(18.6mm) and “2” (22.0mm) shown by
dashed lines.
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were more influenced by changes in nAr and Tg, and less so by ia that
was more closely linked with variations in rf electrode potential.

Therefore, within the complex interplay of the plasma parameters
in Fig. 2, there is a balance between the heating of the gas by ion–
neutral charge exchange collisions and the associated electron-driven
ionization processes. All of these are influenced by the applied voltage
frequency, which is investigated in detail below.

B. Macroscopic plasma parameters with varying single
driving frequency

To investigate the effects of voltage frequency on ionization, the
on-axis (R¼ 0 cm) neutral argon and Arþ density profiles are shown
with respect to applied voltage frequency in Figs. 3(a) and 3(b) over
the range 6–108MHz. All discharges employ the same conditions as
shown previously, /rf ¼ 450V with 100 sccm of argon.

The neutral argon density in Fig. 3(a) is highest in the plenum
region (Z� 13mm) and lowest in the vicinity of the powered electrode
(15� Z � 27mm) for all applied voltage frequencies, agreeing with
the distribution shown previously in Fig. 2(a). As before, the reduction
in neutral density nAr is attributed to thermally induced rarefaction
through ion–neutral charge collisions, where ions are accelerated by
the dc self-bias potential.19 Increasing the applied voltage frequency
for a fixed voltage amplitude results in enhanced neutral heating and
reduced neutral densities at the powered electrode (Z¼ 21mm). Here,
the neutral density nAr decreases by a factor of 2.5, from 2�1022 at
6MHz to 8�1021 m�3 at 108MHz.

Figure 3(b) shows that the Arþ density reaches a maximum
upstream of the powered electrode, peaking in the region of Z
¼ 15–20mm for all applied voltage frequencies. Although the change
the ion density distribution is gradual, three broad regions exhibiting
differing behavior can be identified. First, from 6 to 13.56MHz,
the maximum on-axis ion density increases by a factor of 1.4, from
1:8� 1018 to 2:5� 1018 m�3. Second, from 13.56 to 40.68MHz, the
maximum on-axis ion density reduces slightly to 2:3� 1018 m�3 at
27.12MHz, before increasing back to 2:5� 1018 m�3 at 40.68MHz.

It should be noted that the overall rate of ionization continues to
increase over this voltage frequency range (see Fig. 4 and Sec. III C).
Third, in the range 40.68–108.48MHz, the maximum on-axis argon
ion density increases by 40%, up to 3:6� 1018 m�3. The complex
dependency of the ion density as a function of voltage frequency
results from the variation in the production and loss processes of
the ions, which both depend on the neutral Ar density [see Fig. 2(a)].
The observation that similar mamixa in the on-axis ion density are
observed at 13.56 and 40.68MHz, suggests that a comparable degree
of ion–neutral gas heating could be achieved at the lower frequency of
13.56MHz using a fraction of the input power.

Thermal rarefaction at the powered electrode (15� Z � 27mm
in Fig. 1) also slightly shifts the location of maximum argon ion density
upstream by approximately 2mm, from Z¼ 19mm at 6MHz, to
Z¼ 17mm at 108.48MHz. Over this range, the argon ion density dis-
tribution also becomes less localized to the powered electrode, with the
on-axis argon ion density increasing significantly by a factor of 25 at
the inlet (Z¼ 10mm) and by a factor of five at the outlet (Z¼ 38mm).
These contributions arise from enhanced a-mode ionization mecha-
nisms during sheath collapse and sheath expansion that occur along
the full length of the thruster, and will be discussed in more detail in
Sec. III C. However, in general, the maximum argon ion density
remains upstream of the powered electrode throughout the range
6–108MHz. It will now be shown that c-mode ionization via second-
ary electrons constitutes the dominant ionization mechanism.

The phase-averaged on-axis (R¼ 0 cm) secondary electron ioni-
zation rate for voltage frequencies in the range 6.0–108.48MHz at
450V is shown in sigure 4.

In Figs. 4(a) and 4(b), respectively, the bulk and secondary ioniza-
tion rates both reach a maximum near the upstream edge of the pow-
ered electrode (Z¼ 17.5 and Z¼ 18.6mm) throughout the voltage
frequency range of 6–108MHz. More generally, significant secondary
electron ionization can be observed to occur along the axial length of
the dielectric wall (17� Z � 34mm), coinciding with the axial extent
of the dc self-bias voltage, shown previously in Fig. 2, where secondar-
ies are released at a rate proportional to the radial ion flux incident

FIG. 3. On-axis phase-averaged (a) neu-
tral argon density nAr and (b) argon ion
density nArþ with respect to applied volt-
age frequency for 6–108MHz. In (a), the
axial location where Ar(3s) density
reaches a minimum has been annotated
to show the location in Z where thermal
rarefaction takes place. Also shown is the
location of the rf-powered electrode. Gas
flow is in the þZ direction. Applied voltage
/rf ¼ 450 V, 100 sccm argon, plenum
pressure 186–226 Pa (1.4–1.8 Torr), wall
temperature 325 K.
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upon the wall. Hence, with increasing voltage frequency, secondary
electron ionization rates show close agreement with the argon ion den-
sity shown previously in Fig. 3(b).

The peak bulk ionization rate in Fig. 4(a) scales proportionally
with applied frequency �rf , while the secondary ionization rate in
Fig. 4(b) is of a similar magnitude at 6MHz as it is at 40.68MHz. For
the bulk electrons driven by the sheath potential this is expected, but
for secondaries, an interplay between ionization and gas heating is
observed. Increasing the applied voltage frequency from 6 to
13.56MHz, the maximum rate of secondary ionization decreases by a
fifth from 4:4� 1024 to 3:6� 1024 m�3 s�1. From 13.56–27.12MHz,
the maximum secondary ionization rate decreases more gradually by
approximately 14% to 3:1� 1024 m�3 s�1. Here, thermal rarefaction
of the neutral gas with increased heating results in a longer electron–
neutral mean free path and a reduced secondary electron–neutral colli-
sion rate.42 From 40.68 to 108.48MHz, the maximum secondary ioni-
zation rate correspondingly increases by 50% to 7:6� 1024 m�3 s�1 at
the axial distance Z¼ 18mm, corresponding to the upstream end of
the dielectric wall. This is consistent with the behavior of the argon ion
density at voltage frequencies above 40.68MHz.

C. Spatio-temporal electron heating mechanisms
with varying single driving frequency

The evolution of the rf phase-resolved electron impact ionization
rate with respect to voltage frequency is shown in Fig. 5(a), from 6 to
108.48MHz at a voltage amplitude of /rf ¼ 450V and a location
(R,Z)¼ (2.1,21) mm, i.e., dielectric wall at the axial center of the
powered electrode as shown in Fig. 1. The phase-averaged radial
sheath width over this range is shown in Fig. 5(b), as sampled at the
axial center of the powered electrode (Z¼ 21mm).

In Fig. 5(a), three distinct peaks in the rf phase-resolved ioniza-
tion rate are visible, labeled here as A, B, and C. Peaks A and B repre-
sent ionization as a result of bulk electrons heated by sheath collapse
and sheath expansion, respectively, i.e., a-mode heating. Peak C repre-
sents ionization as a result of c-mode heating processes, where second-
ary electrons released from the dielectric wall by ion impact are
accelerated to superthermal energies at the phase of full sheath expan-
sion.35 Peak A lies at phase s� 0.2 when the voltage /rf at the dielec-
tric wall is approaching its most positive value, while peak B lies at
0.4� s � 0.7, during which the voltage /rf is decreasing at its fastest
rate. Peak C is highest at s¼ 0.8, when applied voltage /rf is most neg-
ative and the sheath is fully extended. As annotated in Fig. 5(a), there
also exists a phase-independent background contribution that
increases with the voltage frequency, which occurs due to the presence
of the constant dc self-bias potential. In our previous work, this back-
ground contribution was found to be associated with peak C, as both
bombarding ions and liberated secondaries are accelerated by the self-
bias potential, both adding to the c-mode ionization.19

As the applied voltage frequency increases, transitions in the
dominant electron heating mechanism are observed in Fig. 5(a).
Sheath collapse ionization (peak A) is the dominant ionization mecha-
nism over the range of 6–10MHz, while remaining visible up to
108.48MHz. Secondary electron ionization (peak C) dominates over
the range 10–27.12MHz, before saturating into the phase-independent
background between 27.12 and 40.68MHz. Sheath expansion ionization
(peak B) increases by a factor of 0.45 over the range 27.12–40.68MHz
before becoming the dominant ionization mechanism at 40.68MHz
and above.

As the voltage frequency �rf increases from 6 to 108.48MHz, the
rf cycle period decreases from 167 to 9ns, and the velocity of the
sheath edge increases accordingly. Hence, the ionization rate due to

FIG. 4. Phase-averaged secondary electron ionization rate with respect to applied voltage frequency between 6 and 108MHz. Gas flow is in the þZ direction. Also shown is
the location of the rf electrode. Applied voltage /rf ¼ 450 V, 100 sccm argon, plenum pressure 186–226 Pa (1.4–1.8 Torr), wall temperature 325 K.
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sheath collapse (peak A) and sheath expansion (peak B) heating increase
with voltage frequency due to a faster sheath velocity. Secondary electron
ionization, represented by peak C in Fig. 5, is observed to increase with
voltage frequency over 6.0–13.56MHz, before it is obscured by a phase-
independent background at 40.68MHz. Over 6.0–10MHz, peak C
increases alongside peak A as a higher overall rate of ionization leads to
a higher ion flux on the dielectric wall, generating more secondary elec-
trons. At 40.68MHz and above, the disappearance of peak C occurs due
to a reduction in the absolute time that secondary electrons are acceler-
ated through the sheath, reducing the energy gained and the number of
ionisations each secondary electron can induce before cooling into the
bulk electron population.

The phase-averaged sheath width SR, in Fig. 5(b), decreases by a
factor of two over the range 6–108.48MHz, from 1.09 to 0.48mm.
This is consistent with the increase in plasma density shown previously
in Fig. 3. The decrease in SR is steepest over the range 6–10MHz,
where the rate of ionization by secondary electrons increases most rap-
idly [peak C in Fig. 5(a)]. The phase-independent secondary electron
background rate observed at higher voltage frequencies in Fig. 5(a) is
likely to result from two possible factors. One is the broadening of
peaks A and B with phase, as the absolute time between sheath collapse
and expansion decreases. Another is an increase in the argon ion density
at higher voltage frequencies due to stronger electron heating during
sheath collapse and expansion, leading to a higher (phase-independent)
rate of secondary electron emission as the argon ion flux incident on the
dielectric radial wall increases.

IV. PLASMA POWER DEPOSITION AND NEUTRAL GAS
HEATING

For rf voltages 10–108.48MHz, it is reasonably to consider that
electrons respond instantaneously to oscillations in the sheath

potential, while argon ions can be considered to respond only to dc
fields. The total rf power deposited into electrons therefore scales in
proportion to the applied voltage frequency, as discussed in Sec. III C.
In contrast, reducing the applied voltage frequency, while maintaining
a constant dc self-bias voltage, increases the proportion of rf power
deposited into ions, enhancing the power efficiency of gas heating via
ion–neutral charge-exchange collisions.

A. DC self-bias voltage: Effect on ion flux and rf power
deposition

Figure 6(a) shows the dc self-bias voltage at the dielectric surface
(R¼ 2.1mm, Z¼ 21mm, see location 2 in Fig. 2) with respect to the
applied voltage frequency in the range 6–108.48MHz. The associated
phase-averaged radial argon ion flux CArþ and neutral gas temperature
Tg, at the same location are shown in Fig. 6(b), where all simulations
were performed with /rf ¼ 450V and 100 sccm of argon.

The dc self-bias voltage in Fig. 6(a) exhibits a strong dependence
on the applied voltage frequency, increasing by 30% from �212 to
�282V between 6 and 13.56MHz. Over this range there is a corre-
sponding 10% increase in both the radial ion flux and neutral gas tem-
perature, see Fig. 6(b), from 8:0� 1020 to 9:0� 1020 m�2 s�1, and 860
to 960K, respectively. This rapid increase is a result of a higher ion
velocity, and enhanced sheath collapse and secondary electron heating
[peaks A and C in Fig. 5(a), respectively] both due to a stronger dc
self-bias voltage at the radial wall.

For rf voltage frequencies larger than 13.56MHz, the dc self-bias
voltage varies by less than 7%, decreasing in magnitude with increasing
applied voltage frequency. By contrast, from 13.56 to 67.80MHz, the
radial argon ion flux, in Fig. 6(b), continues to increase gradually by a
factor of 0.9, from 9:0� 1020 to 1:7� 1021 m�2 s�1, while the neutral

FIG. 5. Simulated (a) argon ionization rates at the dielectric at the axial center of the powered electrode (Z¼ 21 mm) with respect to rf phase s and (b) phase-averaged sheath
extent SR adjacent to the powered electrode (R, Z¼ 2.1 mm, 21mm in Fig. 1) with respect to applied voltage frequency �rf ¼ 6–108MHz. In (a), peaks A, B, and C represent
ionization by sheath collapse, sheath expansion, and accelerated secondary electrons, respectively, their maxima shown by the black arrows. A secondary electron ionization
background rate is also indicated. In (b), solid lines have been added to guide the eye. Applied voltage /rf ¼ 450 V, 100 sccm argon, plenum pressure 186–226 Pa
(1.4–1.8 Torr), wall temperature 325 K.
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gas temperature increases by a more modest factor of 0.25, from 960
to 1200K. The slower increase in gas temperature over this voltage fre-
quency range is attributed to conductive losses to the cold (325K)
dielectric walls and is likely also associated with the increasing thermal
rarefaction, resulting in a higher ion–neutral mean free path and con-
sequently and a slower rate of heat transfer to neutrals. From 67.80 to
108.48MHz, both the radial ion flux and neutral gas temperature
increase vary more substantially with respect to voltage frequency,
increasing by factors of 1.66 and 1.3, respectively. These trends are
consistent with the ionization and ion density trends observed previ-
ously in Figs. 3 and 4, and the relatively small change in power deposi-
tion limits further increases in the ionization rate and neutral gas
heating. This suggests that, while the reduction in sheath extent and
increasing thermal rarefaction will increase the average ion velocity, it
is likely that the growth in ion flux adjacent to the powered electrode
arises due to increased ion densities there, rather than elevated ion
velocities, partly due to the small change in dc self-bias voltage over
this range.

Figures 7(a) and 7(b) show the steady-state radially resolved,
axially integrated rf power deposition into argon ions and

electrons, respectively, with respect to voltage frequency in the range
6–108.48MHz, employing a constant 450V discharge with 100 sccm
of argon. The volume-integrated total power deposition and fraction of
total power deposited into ions is shown in Fig. 7(c) over the same
voltage frequency range.

For operation employing voltage frequencies below 40.68MHz
shown in Fig. 7(a), power is predominately coupled into the electrons
close to the radial dielectric wall (i.e., for R 	 SR), with the maximum
power deposition observed just within the phase-averaged sheath
extent SR, denoted by the dashed line. Recalling Fig. 5(a), this indicates
that the majority of the electron power deposition over this frequency
range can be attributed to sheath collapse heating [peak A in Fig. 5(a)],
where bulk electrons are accelerated out of the plasma bulk toward the
dielectric wall. This agrees with the location of maximum power depo-
sition being found just within the phase-averaged sheath extent, as
electrons being accelerated out of the bulk during sheath collapse will
experience higher electric fields as the sheath becomes narrower, i.e., as
SRðtÞ reduces. Secondary electrons, while being the primary ionizing
species, represent only 10% of the total electron population, and hence,
their dynamics do not significantly influence the electron power depo-
sition. For applied voltage frequencies above 40.68MHz, the electron
power deposition increases both adjacent to the sheath edge and fur-
ther into the bulk (R � SR). This agrees with the increase in sheath

FIG. 6. Phase-averaged (a) dc self-bias voltage at the dielectric radial wall adjacent
to the powered electrode (R, Z¼ 2.1 mm, 21mm in Fig. 1) and (b) the phase-
averaged radial argon ion flux CArþ and neutral gas temperature Tg at the same
location with respect to the frequency of the applied voltage. Solid lines have been
added to guide the eye. Applied voltage /rf ¼ 450 V, 100 sccm argon, plenum pres-
sure 186–226 Pa (1.4–1.8 Torr), wall temperature 325 K.

FIG. 7. Radially resolved, axially integrated profiles of (a) electron, (b) ion power
deposition, and (c) total power deposition, and the ion power fraction, for applied
voltage frequencies of 6–108MHz. Data in panels (a) and (b) are normalized to the
total plasma power deposited at 108.48 MHz. The phase-averaged sheath extent at
the powered electrode (Z¼ 21mm) is shown in (a) and (b) by the dashed black
line. Solid lines have been added to panel (c) to guide the eye. Applied voltage
/rf ¼ 450 V, 100 sccm argon, plenum pressure 186–226 Pa (1.4–1.8 Torr), wall tem-
perature 325 K.
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expansion heating [peak B in Fig. 5(a)], in which electrons are acceler-
ated from the sheath toward the central axis. The location of peak elec-
tron power deposition remains inside the phase-averaged sheath
extent indicating that sheath collapse heating, and to a lesser extent
secondary electron acceleration, remain the dominant electron heating
mechanisms.

In contrast, Fig. 7(b) shows that ion power deposition occurs
solely inside the sheath region (R 	 SR), dictated by the dc self-bias
voltage and phase-averaged sheath potential. Notably, the power
deposited into ions continues to increase with increasing applied volt-
age frequency despite the dc self-bias voltage, shown in Fig. 6(a), pla-
teauing at frequencies above 40.68MHz. This occurs due to the
narrowing of the phase-averaged sheath extent with increasing applied
voltage frequency, which effectively amplifies the sheath electric field
for a fixed dc self-bias voltage, resulting in higher ion acceleration. The
increased ion density adjacent to the powered electrode also leads to a
larger number of ions undergoing radial acceleration.

The combined effects of Figs. 7(a) and 7(b) are shown in
Fig. 7(c), where the total rf power deposition increases with applied
voltage frequency, as expected. Between 6 and 13.56MHz, the total
power deposition increases by a factor of 1.3 from 3.4 to 4.6W, while
the ion power fraction remains approximately constant at 86%.
Therefore, as the voltage frequency is increased, the corresponding
increases in power deposited in the plasma is divided equally
between electrons and ions. Over the range 13.56–40.68MHz, the
total power deposition increases by another factor of 1.3 to 6.3W;
however, the ion power fraction reduces to 79%. This indicates that a
larger percentage of the additional power is going toward electrons,
which can be attributed to the plateauing of the dc self-bias and the
continuous decrease in sheath width, shown in Figs. 6(a) and 5(b),
respectively. This behavior continues over the range 40.68–108.48MHz,
where the total power deposition increases by a factor of 3 from 6.3 to
18.6W, and the ion power fraction drops to 70% by 67.80MHz,
beyond which the ion power fraction remains approximately constant.

B. Neutral gas heating efficiency

The relationship between gas heating and rf power deposition
with respect to voltage frequency is presented in Fig. 8. Figure 8(a)
compares the increase in maximum on-axis neutral gas temperature
DT and the total power deposition, deposition with respect to voltage
frequency for 6–108MHz at 450V. Here, DT is equal to Tg� 325K,
which is the set point for all wall temperatures in the simulation
domain. Figure 8(b) shows the gas heating efficiency (DT=Prf ) with
respect to voltage frequency.

Figure 8(a) shows that for 6.0–13.56MHz, the gas temperature
increase DT grows by 18%, from 530 to 630K, while total power depo-
sition increases by 7% from 4.2 to 4.6W. Over this voltage frequency
range in Fig. 8(b), the gas temperature increase per unit power depos-
ited DT=Prf decreases sharply by a factor of 0.1 from 158 to 141K/W,
representing a reduction in the efficiency of gas heating by the plasma.
From 13.56 to 67.80MHz, DT increases gradually by a third from 640
to 870K, while total power deposition increases rapidly by a factor of 2
from 4.5 to 10.3W. Over this range, the gas temperature increase per
unit power deposited decreases by a factor of 0.4 from 141 to 84K/W,
reflecting the aforementioned effects of thermal rarefaction on ion–
neutral collisions and the corresponding heating of the neutral gas.
From 67.80 to 108.48MHz, power deposition and gas temperature

continue to increase as increased electron heating leads to a higher ion
flux, and corresponding increase in secondary electron emission, from
the dielectric radial wall, as shown in Fig. 6(b). As further thermal
refraction occurs, the temperature increase per unit power is reduced
to 67K/W at 108.48MHz, less than half of that at 6MHz. Within the
simulated voltage frequency range, it was found that the lowest fre-
quencies produced the highest temperature increase per unit power
deposited, up to �159K/W at 6MHz. It is perhaps also useful to con-
sider that the factor �4 increase in power from 6MHz to 108.48MHz
is greater than the factor �2.5 decrease in heating efficiency. As such,
if the power were to be held constant across all driving voltage frequen-
cies, the higher frequencies would experience a disproportionately
larger drop in power, ion density, ion flux, and hence ion–neutral
charge exchange heating as compared to lower frequencies. It can
therefore be postulated that the demonstrated trend in heating

FIG. 8. Phase-averaged values of (a) maximum on-axis (R¼ 0 mm) and (b) neutral
gas temperature increase DT with respect to total rf power deposition Prf . The
applied voltage frequencies for each data point are shown. Solid lines have been
added to guide the eye. Applied voltage /rf ¼ 450 V, 100 sccm argon, plenum pres-
sure 186–226 Pa (1.4–1.8 Torr), wall temperature 325 K.
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efficiency will also be expected when considering a power-specific
scenario.

There is a clear indication from Figs. 8(a) and 8(b) that attaining
a higher gas temperature beyond 13.56MHz requires increasingly
higher voltage frequencies and hence higher input power, in order for
electron heating to sufficiently offset the effects of thermal rarefaction.
Hence, there is a trade-off between the maximum obtainable neutral
gas temperature and the thermal efficiency of the system. Thermal effi-
ciency is maximized for lower operating frequencies, while the maxi-
mum neutral gas temperature increases at higher frequencies in
proportion to the applied power. Therefore, a potential avenue to
simultaneously increase the neutral gas temperature and the thermal
efficiency may be achieved through maximizing the ion power deposi-
tion by employing high voltage, low frequency discharges. Although,
in these cases, there is also likely to be a trade-off between the maxi-
mum obtainable neutral gas temperature and the thermal efficiency of
the system.

V. CONCLUSIONS

Two-dimensional fluid-kinetic simulations were performed to
study changes in the heating of electrons, ions, and neutrals with vary-
ing applied voltage frequency in an rf capacitively coupled plasma
microthruster. The discharge was operated in 100 sccm argon at
186–226Pa (1.4–1.8Torr) plenum pressure with 325K walls, under
applied voltage frequencies ranging from 6 to 108MHz at a fixed volt-
age amplitude of 450V. Three voltage frequency ranges were investi-
gated, exhibiting distinct changes in the ion and electron power
deposition mechanisms: a low-frequency range 6–13.56MHz, a
mid-frequency range 13.56–40.68MHz, and a high-frequency range
40.68–108.48MHz. At lower voltage frequencies of 6–13.56MHz,
c-mode heating is the primary electron heating mechanism and 85%
of the rf power is deposited into argon ions for the heating of neutrals
via ion–neutral charge exchange. This lower voltage frequency range
was found to produce the greatest gas temperature increase per unit of
power deposited, and a greater sheath width and volume in which ions
accelerate and undergo ion–neutral gas heating. At 13.56–40.68MHz,
a transition of dominant heating mode from c to a occurs, and only
small increases in the argon ion density and gas temperature with
respect to voltage frequency were observed. These relatively small
increases were explained by the rarefaction of the neutral gas, and a
greater fraction of power being transferred by a-mode heating into
low-energy bulk electrons, which ionize less efficiently than secondary
electrons. Higher voltage frequencies of 40.68–108.48MHz produced
the highest overall gas temperature, power deposition, and argon ion
flux due to increased a-mode heating. However, the temperature
increase per unit power deposited is less than half of that for the lower
frequencies below 13.56MHz, and only 70% of the rf power is depos-
ited into ions. Developing micropropulsion systems capable of main-
taining higher thermal efficiencies, such as those operated in the
relatively low frequency regime below 13.56MHz, is of significant
interest to the continued development of microsatellite platforms.
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