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Abstract
The development of real-time control strategies for key discharge parameters, such as densities,
fluxes, and energy distributions, is of fundamental interest to many plasma sources. Over the last
decade, multi-harmonic ‘tailored’ voltage waveforms have been successfully employed to
achieve enhanced control of key parameters in a wide range of radio-frequency (RF) plasma
sources through application of the electrical asymmetry effect (EAE). More recently, the
analogous magnetic asymmetry effect (MAE) has been numerically and experimentally
demonstrated to achieve a notable degree of control in parallel plate RF plasma sources. The
MAE is achieved via selectively magnetising the charged species adjacent to one electrode,
altering the charge flux to the surface and enforcing a DC self-bias to maintain quasineutrality.
This study addresses the degree of control achieved by the MAE in a non-planar geometry via
2D fluid/kinetic simulations of a magnetised RF capacitively coupled plasma source employing
two different magnetic topologies. The simultaneous application of the EAE and MAE is then
presented for the same geometry, demonstrating a degree of non-linear behaviour dependant
upon the applied magnetic topology. Control of the DC self-bias voltage ηdc is demonstrated for
a single 600 Vpp, 13.56 MHz discharge in both ‘convergent’ (maximum on-axis field strength)
and ‘divergent’ (minimum on-axis field strength) magnetic topolgies. MAE induced
modulations of ηdc = 0.13 Vpp and ηdc = 0.03 Vpp are achieved for each magnetic topology,
respectively, for magnetic field strengths between 50 and 1000 G. Simultaneous application of
an EAE and MAE is achieved through a multi-harmonic ‘peak’-type tailored voltage waveform
employing varying harmonic phase offsets between 0◦ ⩽ θ ⩽ 360◦. The degree to which the
DC self-bias voltage is modulated by the applied EAE is mediated by the orientation and
magnitude of the applied magnetic field. The EAE induced DC self-bias modulations exhibit
non-linear behaviour in response to a superimposed MAE, such that the resulting DC self-bias
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differs from an additive combination of the two effects alone Simultaneous application of the
electrical and MAEs offers the possibility of further decoupling ion and electron dynamics in
RF plasma sources, and represents an improvement over each approach in isolation.

Keywords: low temperature plasmas, magnetic asymmetry effect, tailored voltage waveforms,
hollow cathode

1. Introduction

Control of charged particle dynamics in hollow cathode (HC)
enhanced capacitively coupled plasma (CCP) sources are an
area of growing interest [1–5]. The enhanced ionisation effi-
ciency and high plasma densities (⩾1× 1018 m−3) afforded
by HC sources makes them a desirable geometry for applic-
ations ranging from plasma assisted surface modification [6–
8], to low-power sources for spacecraft propulsion [9–12]. In
HC enhanced CCP sources, the charged particle dynamics are
primarily mediated through their interaction with potential of
the sheath and that produced via surface biasing, where the
former case is of particular significance for electrons [13–15]
and the latter more significant for ions [16–18]. The DC sur-
face biases are of particular importance in HC discharges as
they mediate not only the ion flux incident upon electrode sur-
faces, but also the energy distribution of secondary electrons
accelerated back into the plasma, which drive a significant pro-
portion of the total ionisation rate [19–21].

For a reactor of equal electrode areas, any variations in
the electron or ion flux incident up-on the powered electrode
necessitates an equal and opposite variation incident upon the
grounded electrode to maintain charge conversation [22]. In
practice this results in the formation of a DC self-bias on
the powered electrode to mediate the positive and negative
particle fluxes [23, 24]. The value of this DC self-bias is typ-
ically mediated by the relative size of the current collecting
areas of the powered and grounded electrodes [5, 25, 26] and,
to a lesser extent, differences be-tween the electrode mater-
ials, their thermionic emission, and secondary electron emis-
sion coefficients [27–29]. The operation of plasma sources that
are physically symmetric is typically confined to specifically
designed, research-focused setups such as that described in
[30]. As distinct from this, technological reactors are almost
always physically asymmetric due to the presence of an elec-
trically grounded vacuum chamber than surrounds the plasma
source.

Control of the DC self-bias voltage is of particular interest
as it enables modification of the ion flux and energy distri-
bution incident upon plasma facing material surfaces [31–
33]. Direct control of the DC self-bias voltage has histor-
ically been achieved through either applying a DC voltage
to one of the electrodes [6, 34, 35], or by employing multi-
harmonic tailored voltage waveforms to induce an electrical
asymmetry effect (EAE) [36–40]. By adjusting the relative
phase and amplitude of individual frequency components that
comprise the waveform, it is possible to control the DC self-
bias through a modulation of the sheath dynamics and spatio-
temporal ionisation mechanisms [41–43]. Recently, indirect

control of the DC self-bias voltage has also been achieved
through the application of static magnetic fields to induce
charged particle flux asymmetries through the magnetic asym-
metry effect (MAE) [44–46]. The MAE employs spatially
inhomogeneous magnetic confinement of the charged species
adjacent to one ormore electrode surfaces.Magnetised species
experience a significant reduction to their cross-field trans-
port, while parallel transport is largely unaffected, enabling
directional and spatial control over the phase-averaged elec-
tron and ion fluxes incident upon the powered and groun-
ded electrodes. Magnetic geometries which result in asym-
metric phase-averaged charge collection at the powered and
grounded electrodes therefore enforce a variation in the DC
self-bias voltage to maintain quasineutrality in the bulk [47,
48]. In summary, the EAE and MAE both achieve control
over the DC self-bias voltage through enforcing a separation
in the phase-averaged electron and ion dynamics, and more
generally through enforcing a mass differentiated response to
applied electromagnetic fields. The EAE facilitates separate
control of the ion and electron dynamics via a mass-selective
response to the high frequency voltage harmonics [14, 22,
49]. In contrast, the MAE facilitates discrete control over ion
and electron dynamics via a mass-selective magnetisation of
the electrons within a given source dimension [44–46, 48].
However, relatively little is understood regarding the com-
bined effect of EAE and MAE, which could be of significant
interest for applications where enhance control capability is
required.

In this work we use 2D fluid-kinetic simulations to demon-
strate the combined application of the EAE and MAE in a
CCP source [21, 32, 42, 50–56] and assess their impact upon
the charged-particle dynamics. Descriptions of the numerical
model, magnetic topologies, and tailored voltage waveforms
employed, are provided in sections 2, 2.1 and 2.2, respect-
ively. Unmagnetised operation of the hollow cathode source
is presented in section 3.1. Characterisation of the MAE for
a single 13.56 MHz frequency discharge in argon is presen-
ted in section 3.2. The mechanisms underlying this control
are discussed with respect to the spatially resolved second-
ary electron confinement in section 3.3. Simultaneous applic-
ation of the MAE and EAE is presented in sections 4 and 4.1,
demonstrating an interaction between the MAE and EAE via
the sheath and ionisation dynamics.

2. Methodology and simulation methods

The simulated hollow cathode source, presented in figure 1,
employs an annular copper powered electrode surrounding
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Figure 1. Illustration of the simulation domain used in this study. The domain is radially symmetric around R = 0.0 mm. Gas is introduced
into the plenum and extracted at the end of the 40 mm expansion tube. An RF voltage is applied to the electrodes, denoted in red, power is
coupled to the plasma through an alumina tube, denoted in blue. An annular permanent magnet is included co-axial with the powered
electrode, denoted in green, and magnetic field vectors are shown in white. Dashed line at Z = 21 mm indicates the axial midpoint of
powered electrode and permanent magnet.

an R = 4.2 mm inner-diameter alumina tube through which
100 sccm of argon gas is supplied [50, 52, 56]. During steady-
state operation an axial pressure gradient forms between the
upstream plenum at 200 Pa (1.5 Torr) and downstream expan-
sion region at 113 Pa (0.85 Torr) as described in detail in pre-
vious work [21].

Two-dimensional, fluid-kinetic simulations were under-
taken using the Hybrid Plasma Equipment Model (HPEM)
[57]. A full description of the mesh and numerical meth-
ods applied can be found in [21, 32, 42], a brief summary
is provided here. Within the model, bulk neutral, excited,
and ionised species densities, fluxes and temperatures were
obtained from solutions to mass, momentum, and energy
conservation equations. Secondary electrons were treated
by employing a Monte-Carlo kinetic model. Bulk electron
flux was obtained from a Scharfetter–Gummel drift-diffusion
model [58]. Bulk electron energy distributions were assumed
to be Maxwellian and obtained via a two-term approxima-
tion of the Boltzmann equation. Mass and momentum were
conserved at all plasma-facing material surfaces, but were
not necessarily conserved across the inlet and outlet mater-
ial boundaries to allow for gas flow. The energy continu-
ity equation was bounded by a fixed outer boundary temper-
ature of 325 K. Surface and volume charge densities were
obtained via a semi-implicit solution to Poisson’s equation,
see [57], solved simultaneously with the continuity equations.
The Poisson solution was bounded at the powered electrode by
the time dependant RF voltage, ϕRF(t) = ϕ0 sin(νrft) for single
frequency operation, or by equation (1) in multi-harmonic
tailored waveform operation. Grounded electrodes and the
outer boundary of the mesh were bounded as ϕ(t) = 0 V.

The simulation mesh consisted of a rectilinear grid of
64 × 152 (R × Z) cells in a cylindrically symmetric geo-
metry, corresponding to a radial resolution of 0.125 mm per
cell and an axial resolution of 0.5 mm per cell. An annular
permanentmagnet was includedwithin the simulation domain,
co-axial to the powered electrode (Z = 21 mm, R = 6 mm).
The dashed line at Z = 21 mm in figure 1 indicates the axial
midpoint of the co-axial powered electrode and permanent
magnet. The hollow cathode source geometry was chosen due
to its intrinsic physical asymmetry, as opposed to any extern-
ally applied electromagnetic asymmetry, where the grounded
electrode area in contact with the plasma exceeds that of the
powered electrode area. This physical asymmetry enforces the
formation of a significant DC self-bias voltage on the alumina
wall adjacent to the powered electrode, which forms to main-
tain current continuity through the source [23, 26]. Argon ions,
accelerated through the DC self-bias enhanced sheath poten-
tial, undergo charge-exchange collisions with axially passing
neutrals resulting in significant neutral gas heating within the
powered electrode sheath [21, 52, 59, 60].

The argon plasma reaction mechanism considers Ar,
Ar(4 s), Ar(4p), Ar(4d), Ar∗2 , Ar+, Ar2+ and e−, where the
reaction mechanism is as described in [61]. The energy distri-
bution functions for all gas-phase heavy-particle species were
assumed to be Maxwellian, and were obtained from a two-
term approximation of the Boltzmann equation. Gas-phase
electron-neutral and electron-ion collisions include elastic,
excitation and ionisation reactions [61]. Cascade processes,
multi-step ionisation and heavy particle mixing between
excited species are also included, the interaction cross-sections
for which are obtained from [62–66]. Ion-neutral charge
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exchange collisions are employed with a rate coefficient of
5.66 × 10−10 cm−3 s−1 (Tg/300)0.5 where Tg is the neutral-
gas temperature [67]. The sheath extension was calculated as
in [42], where the radial sheath edge SR is determined as the
radius R that satisfies the Brinkmann criterion [68].

Ion induced secondary electrons were considered within
the model. The secondary electron yield employed an energy
independent model, with a secondary electron emission coef-
ficient of 0.2 for alumina surfaces and 0.1 for metal sur-
faces. Secondary electron macroparticles were ‘launched’
from material surfaces with an initial energy of 3 eV and sub-
sequently tracked in a similar fashion to a PIC model, acceler-
ated by interpolated local electromagnetic fields. Secondary
electrons employ the same reaction mechanism as the bulk
electron population, and macroparticles that fell below 2 eV
were returned to the bulk electron population. Electron
induced secondary electron emission was not included within
the model.

Electron cross-field transport was computed employing a
thermal drift diffusion approximation, accounting for the Hall
parameter limit perpendicular to the magnetic field [46]. This
drift-diffusion approximation is then accounted for as a modi-
fication of the Scharfetter–Gummel flux in each cell. Due to
the hollow cathode geometry, both magnetic topologies are
predominately aligned parallel or anti-parallel to the alumina
walls throughout the source region, see figure 1. The v × B
contribution to cross-field transport is therefore negligible due
to the particular geometry of the source and topologies of the
magnetic fields employed in this work. As such ∇ × B ≈0
within the sheath and bulk regions, and therefore the v × B
contribution to cross-field transport is negligible.

2.1. Multi-frequency tailored voltage waveforms

The ‘peak’-type tailored voltage waveforms investigated in
this work are constructed employing a 13.56 MHz funda-
mental waveform and four additional harmonics with varying
phase offsets employing equation (1):

ϕRF (t) =
n∑

k=0

(
ϕ0

n

)
sin(kω0t+ θk) . (1)

Here, ϕRF(t) is the combined voltage waveform, ϕ0 is its
maximum amplitude, ω0 = 2πν0 is the fundamental angular
frequency, θk is the phase offset of harmonic k and n is the
total number of applied harmonics. The shape and symmetry
of the resulting waveform can be altered through varying the
phase-offset between individual harmonics. However, due the
intractable growth in the parameter space with increasing har-
monic number, the same global phase offset θ is applied to
each harmonic component, i.e. θk = θ ∀ k. Examples of ‘peak’
and ‘valley’ voltage waveforms generated from equation (1)
are presented in figure 2, where the peak and valley waveforms
employ phase offsets of θ = π

2 and θ = 3π
2 , respectively.

Due to the phase-offset between successive harmonics,
constructive interference leads to the formation of two large
changes in voltage within each waveform. Notably, while the
phase-averaged voltage remains zero for both waveforms, see

Figure 2. Examples of a two ‘peak’-type tailored voltage
waveforms employing phase offsets of θ = π

2 and θ = 3π
2 ,

respectively. Inlay: DC self-bias voltage modulation ηdc/Vpp with
respect to phase offset between 0◦ ⩽ θ ⩽ 360◦ in a 600 Vpp,
13.56 MHz single frequency unmagnetised discharge.

figure 2, the positive and negative amplitudes vary such that
ϕ+
RF ̸= ϕ−

RF. This amplitude inequality, coupled with a non-
instantaneous plasma response to the applied voltage, leads to
the formation of an EAE, imparting a time-averaged DC bias
voltage at the powered electrode. The ‘magnitude’ of the EAE
produced via the application of an arbitrary tailored voltage
waveform can be described through the symmetry parameter
ϵs, which is determined via equation (2) following [36]:

ϵs =
n̂Sp
n̂Sg

(
QSg

QSp

)2(Ap
Ag

)2 ISg
ISp

≈
∣∣∣∣ϕSgϕSp

∣∣∣∣ (2)

where, n̂Sp, n̂Sg are the sheath averaged ion densities, QSg,
QSp are the maximum electrode surface charges, Ap, Ag are
the electrode surface areas, ϕSg, ϕSp are the maximum voltage
drops across each respective sheath, where subscripts p and
g denote the powered and grounded electrodes, respectively.
The parameters ISp and ISg are represent the sheath integrals,
defined as:

ISx = 2
ˆ 1

0

ni (x)
n̂Sx

ξ dξ where ξ =
x
Sx

(3)

where Sx is the maximum sheath extension. The DC self-bias
voltage ηdc resulting from an EAE of magnitude ϵs, can be
readily calculated through an application of Kirchhoff’s law
[69]. The result for the typical casewhere the change in voltage
across the plasma bulk is very small is shown in equation (4)

ηdc =−ϕ+
RF + ϵsϕ

−
RF

1+ ϵs
(4)

where, ϕ+
RF and ϕ−

RF are the maximum and minimum
amplitudes of the applied voltage waveform respectively.
Consistent with the typical design of technological plasma
reactors, the surface area of grounded electrode in the geo-
metry used here is larger than that of the powered electrode,
which results in a negative DC self-bias voltage at the powered
electrode.
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It is important to state that equations (2) and (4), are only
strictly valid for uniform sheaths adjacent to conducting sur-
faces, i.e. where the macroscopic plasma properties are uni-
form across metal electrode surfaces. In cases where plasma
properties vary across one or more of the electrode surfaces,
the local value of the DC self-bias may vary from the ‘global’
averaged value predicted by these equations due to surface
charging. For the hollow cathode geometry employed in this
work, the alumina dielectric layer covering the powered elec-
trode prevents a DC current flow back to the power source.
As a result, a net negative surface charge is maintained on
the alumina surface, and the associated surface potential func-
tions identically to a DC self bias [70]. The value of the sur-
face charge is computed via the solution of Poisson’s equation.
Therefore, where referring to ηdc or the DC self-bias in this
work, it is the DC potential associated with the alumina sur-
face charge that is being referenced.

2.2. Magnetic asymmetry effect

The MAE facilitates the control of charged species dynamics
via restricting or enhancing the charged particle flux to sur-
faces within a source or reactor [47, 71]. There are two gen-
eral approaches to applying anMAE, (1) a homogeneous mag-
netisation of lighter particles (typically electrons) through-
out a geometrically asymmetric source, i.e. where magnetic
field lines are parallel to one charge collecting surface and
perpendicular to the opposing charge collecting surface. This
enforces a DC self-bias in proportion to the cross-field trans-
port inhibition at the perpendicular charge collecting surface,
facilitating a separation of the electron and ion dynamics. Or
(2) a spatially varying magnetisation of one or more species
adjacent to a single electrode, altering the charge balance to
the surface. In practice the MAE is typically achieved with
the former approach, via the inclusion of a static magnetic
field adjacent to the powered electrode, while the species adja-
cent to the grounded electrode are left unmagnetised. For each
approach, the topology and orientation of the field relative
to the charge collecting surfaces also alters the effect. Fields
normal to the charge collecting surface enforce an enhanced
charge flux, while fields parallel inhibit the charge flux to the
surface. A common arrangement employs a magnetron like
geometry, with two co-axial magnetic rings or coils positioned
behind a planar powered electrode. This results in localised
electron confinement parallel to the electrode surface between
the magnetic rings, and an enhancement of the plasma dens-
ity adjacent to the powered electrode. In the absence of any
other effect, simply altering the plasma density adjacent to one
charge collecting surfacewhilemaintaining the plasma density
adjacent to another, will introduce a DC bias into the system
to maintain charged flux continuity [72].

This relatively simple picture does not, however, capture
two key elements (1) that the magnetic topology adjacent to a
planar magnetron is highly non-uniform, and hence the mac-
roscopic plasma properties (such as those in equation (2))
will not be spatially uniform across the electrode surface. (2)

The spatio-temporal sheath dynamics, which may not be uni-
form in time such as via the application of multi-harmonic
voltage waveforms. With reference to point 1: for the geo-
metry employed in this work the magnetic field is predomin-
ately parallel (or anti-parallel) to the alumina walls in-front of
the powered electrode, see figures 3(a) and (b). This is strictly
true for the converging case, in which the field is Z-aligned
and parallel to the alumina walls for the entire powered elec-
trode height. The diverging case exhibits a parallel alignment
(−Z) downstream of Z = 21 mm and an anti-parallel (+Z)
alignment upstream of Z = 21 mm with a null on-axis at
Z = 21 mm. Whether the field is parallel or anti-parallel does
not affect the uniformity of the sheath, rather if the field is par-
allel or perpendicular. With the exclusion of the narrow null
region in the diverging case, the powered electrode sheath can
be treated as approximately uniform across the majority alu-
mina surface with respect to the magnetic field orientation.

With respect to point 2, which forms the focus of this work,
during an RF cycle the sheath adjacent to electrode surfaces
oscillates in phase with the applied voltage. The oscillation
of the sheath is driven primarily by the repulsion of electrons
from the surface as a negative potential is applied. During the
positive part of the phase cycle, the sheath collapses and elec-
trons are drawn out of the plasma bulk. The opposite happens
at the grounded electrode to maintain charge continuity. For
the sheath to move in sync with the applied voltage waveform,
it therefore requires that the electrons adjacent to the electrode
surfaces posses a significant degree of mobility. If the elec-
tronmobility perpendicular to an electrode surface is inhibited,
for example by the application of an external parallel aligned
magnetic field, the electrons response to the applied electrode
voltage will be altered. In effect, the ‘inertia’ of the sheath can
be altered through controlling the degree to which electron are
free to move perpendicular to the sheath. Of specific relevance
to this work, Trieschmann et al [71], studied the application of
a dual frequency driving voltage on a magnetised parallel plate
discharge employing a 1D PIC model, and found the magnet-
ised sheath dynamics to play a critical role in the resulting ion
energy distribution.

As noted, many existingMAE studies have focused on geo-
metries similar to magnetrons, employing a magnetic field
normal to the powered electrode in a parallel plate RF-CCP
discharge [44, 45, 47, 48, 71, 72]. Such discharges are of sig-
nificant interest to the sputtering community, but are topo-
logically limited as all magnetic field lines terminate into
the powered electrode surface. The hollow cathode geometry
employed here enables axially-aligned magnetisation parallel
to electrode surface inhibiting radial the electron flux towards
the powered electrode. The magnetic topologies employed in
this work are presented in figures 3(a) and (b); the magnetic
field strength on-axis (R = 0.0 mm) for both topologies is
shown in panel (c).

Two static magnetic topologies are studied in this work.
The magnetic topology in figure 3(a) is achieved via the inclu-
sion of a co-axial permanent magnet around the powered elec-
trode, where the dipole is aligned axially as denoted by the red
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Figure 3. Illustration of the simulation domain (not to scale) showing the axially-aligned (a) convergent and (b) divergent magnetic
topologies for a maximum on-axis magnetic field strength of 1000 G, panel (c) shows the magnetic field strength on-axis (R = 0.0 mm) for
both topologies. The permanent magnet orientation is illustrated as the solid red and blue sections, denoting the north and south magnetic
poles, respectively. Both magnetic topologies are both radially symmetric around R = 0.0 mm. The dashed line indicates the centre of the
powered electrode at Z = 21 mm, for clarity.

(north) and blue (south) poles. This dipole orientation creates a
+Z orientated field across the diameter of the hollow cathode
source tube, with maxima at the alumina surface adjacent to
the powered electrode (Z = 21 mm). This henceforth denoted
‘convergent’ topology maximises the magnetic field adjacent
to the powered electrode at Z = 21 mm, see black profile in
figure 3(c), but not adjacent to the grounded collecting areas.
The magnetic topology in figure 3(b) is achieved by rotating
the permanent magnetic dipole by 90◦, such that the north face
of the magnet is facing radially inwards towards the plasma
channel. This dipole orientation creates a divergent ±Z ori-
entated field across the diameter of the source tube, with an
on-axis minima in field strength at Z = 21 mm, see red profile
in figure 3(c). Note that the field magnitude increases rapidly
both upstream and downstream from this on-axis minima, with
the field being aligned in the +Z direction downstream and in
the −Z direction upstream. This henceforth denoted ‘diver-
gent’ topology enforces a region of free-streaming electrons
in the powered electrode sheath and the adjacent plasma bulk,

but magnetises the electrons immediately up and downstream
of the powered electrode. The effects of these topologies on
the DC self-bias voltage and radial charged fluxes for a single
13.56 MHz discharge are presented in section 3.2.

A species can be considered magnetised if its Larmor
radius is smaller than the source geometry (Larmor radius
rL < Rsource = 2.1 mm). For the conditions studied here the
bulk electron temperature does not typically exceed 4 eV [21].
Therefore the bulk electron population can be consideredmag-
netised for field strengths above 35 G, assuming a thermalised
velocity distribution. Secondary electrons released following
ion bombardment are accelerated to significantly higher ener-
gies through the sheath normal to the alumina surface, i.e. per-
pendicular to the magnetic field lines in both magnetic topo-
logies. Prior studies have demonstrated mean ion and elec-
tron energies in the range 60–100 eV for the operating con-
ditions shown here [32]. Secondary electrons can therefore
only be considered magnetised for magnetic field strengths
between 130–160 G, assuming their velocity perpendicular
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to the magnetic field to scale as v⊥ =
√

2Ek/me, where me

and Ek are the mass and kinetic energy of electron, respect-
ively. Note that these values represent the minimum field for
an electron to be magnetised on-axis. Off-axis electrons must
satisfy that their Larmor radius be smaller than the radial dis-
tance to the closest wall and hence the minimum field require-
ment increases towards the walls. Due to their significantly
higher mass, and high perpendicular velocity, argon ions are
never magnetised at any radius for the magnetic field strengths
studied in this work. Magnetised electrons exhibit enhanced
parallel-field (Z-aligned) transport and inhibited cross-field
(R-aligned) transport, facilitating spatial control of the mag-
netised electron dynamics as distinct from the unmagnetised
ion dynamics.

3. Magnetic asymmetry effect in a hollow cathode
geometry

3.1. Single-frequency discharge without external magnetic
field

An unmagnetised control case was simulated to provide a
point of comparison for the magnetised discharges that fol-
low. The electron density ne, bulk electron ionisation rate ια,
electric field strength Etot, secondary ionisation rate ιγ , radial
electron flux Γe, and RF power density PRF are presented
in figures 4(a)–(e), respectively for an unmagnetised 300 V
(600 Vpp), 13.56 MHz discharge in 200 Pa (1.5 Torr) of argon.
Results are presented for the phase of most negative applied
voltage (i.e. maximum sheath extent). The vector arrows in
(c) denote both the electric field orientation and magnitude.

The electron density in figure 4(a) reaches a maximum of
1.5× 1018 m−3 slightly upstream of the powered electrode
(Z = 18 mm), reducing to ≈1.3× 1017 m−3 by the exit aper-
ture at Z = 37 mm. The radial extent of the plasma bulk is
widest adjacent to the downstream side of the powered elec-
trode, Z = 24 mm, where both the on-axis plasma density and
neutral density are lowest. The neutral argon density across
the diameter of the source adjacent to the powered electrode
(Z = 21 mm) ranges from 4× 1022 m−3 to 1× 1022 m−3.
This corresponds to neutral gas temperatures of 950 K on-
axis, reducing to 800 K adjacent to the alumina wall. The
ion-neutral mean-free-paths within the source vary from 0.3 to
0.6 mm, hence ions may undergo several collisions across the
4.2 mm diameter tube. The majority of the neutral gas heat-
ing arises from from ion-neutral charge exchange collisions
within the sheath region. Ion diffusion to the walls is signi-
ficantly enhanced due to the presence of a high DC self-bias
voltage −0.26 Vpp (−159 V), localised to the alumina surface
adjacent to the powered electrode (Z= 19−24 mm) [21]. The
DC self-bias voltage also repels cool bulk electrons, resulting
in a wider sheath adjacent to the powered electrode.

The bulk ionisation rate in figure 4(b) exhibits three
discrete topological structures. The upstream and down-
stream structures reach maxima of 8.0× 1022 m−3 s−1 and
1.0× 1023 m−3 s−1, respectively. The bulk ionisation rate
is maximised at 1.2× 1023 m−3 s−1 on-axis adjacent to the
powered electrode, in line with the peak electron density at

Z = 18 mm. Bulk electrons at this location are primarily accel-
erated by the sheath edge electric field during sheath expan-
sion and collapse. The average (bulk plus secondary) electron
temperature is maximised within the sheath at 15.5 eV, due
primarily to the large secondary electron population. Themax-
imum electron temperature on-axis is 3.9 eV, co-located with
the downstream peak in bulk ionisation rate. The electron tem-
perature at the region of maximum electron density is slightly
lower at 3.2 eV.

The electric field at the phase of maximum sheath extent
(i.e. most negative applied voltage) is shown in figure 4(c).
The skin depth is approximately 40 mm, exceeding the radius
of the tube, however the electric field topology is dominated
by the sheath localised fields due primarily to the signific-
ant negative dc self-bias. The maximum electric field strength
is 3.7× 105 Vm−1 in the powered electrode sheath, and
1.0× 105 Vm−1 and 0.7× 105 Vm−1 in the upstream and
downstream grounded sheaths, respectively. Electron heating
is predominately driven during phases of sheath expansion, as
the driving voltage becomes more negative, and sheath col-
lapse when the driving voltage is most positive. Radial motion
of the sheaths adjacent to the powered and grounded electrodes
results in the three localised regions of bulk ionisation adjacent
to each electrode [21]. As the skin depth exceeds the radius
of the tube, a small (≈1× 104 Vm−1) axially-oriented elec-
tric field is present within the plasma bulk. This field drives
a relatively small axially aligned oscillating electron flux, but
is negligible compared to the sheath-field enforced electron
fluxes.

Secondary electrons, released through ion bombardment of
the alumina surface, are accelerated back towards the plasma
bulk at high, non-thermal energies (typically ≈10−100 eV),
representing an efficient additional ionisation mechanism [20,
29]. The secondary ionisation rate, shown in figure 4(d),
is maximised on-axis at 2.2× 1024 m−3 s−1, reducing to
≈5× 1024 m−3 s−1 at the phase-averaged sheath edge.
Secondary electrons accelerated through the powered elec-
trode sheath have a mean energy of ≈60 eV, dependant upon
the RF phase at which they are released. Due to their high velo-
city, and hence low collision cross-section compared to bulk
electrons, secondary electrons are able to cross the plasma bulk
and reflect from the opposite sheath, resulting in the peak sec-
ondary ionisation rate on-axis. While the maximum secondary
electron ionisation rate is an order of magnitude higher than
the maximum bulk ionisation rate, it represents just over half
of the total volume-integrated ionisation, accounting for the
greater volume within which bulk ionisation occurs.

The radial electron flux at the phase of most negative
applied voltage is presented in figure 4(e), where the max-
imum radial electron flux occurs between the location of peak
plasma density and the phase-averaged sheath edge. Note that
the radial electron flux at this phase is orientated away from the
alumina surface. This is due to the sheaths having just expan-
ded, repelling electrons from the wall, and also the emission
of secondary electrons, released normal to the wall surface.
The RF power density is shown in figure 4(d) for the same
phase. RF power deposition is computed as the product of
the charged particle current density (i.e. the product of charge

7



J. Phys. D: Appl. Phys. 57 (2024) 315204 S J Doyle et al

Figure 4. Spatial distribution of key macroscopic properties, including the (a) electron density, (b) bulk electron ionisation rate, (c) Electric
field strength, (d) secondary electron ionisation rate, (e) radial electron flux, and (f) the RF power density, for an unmagnetised 300 V,
13.56 MHz discharge, plenum pressure: 200 Pa (1.5 Torr) of argon. Vector arrows in (c) denote electric field orientation and magnitude. The
phase-averaged sheath extent is denoted by the white dashed lines for clarity.

and flux density) and the local electric field strength. Power
is therefore maximised in the sheaths, reaching 38.6 Wcm−3

at adjacent to the alumina wall at the upstream edge of the
powered electrode. This represents the maximum intersec-
tion between the regions of highest charged particle flux, see
electron flux in figure 4(e), and electric field strength. The
RF power deposition reduces downstream, to a maximum of
14.3 Wm−3 accompanied by a drop in electron density and
flux, and a widening of the sheath and hence reduction in
sheath electric field strength.

3.2. Magnetic control of the DC self-bias voltage

Prior to the application of tailored voltage waveforms, the
MAE was first characterised for a 300 V, 13.56 MHz fre-
quency reference case, with respect to varying magnetic field
strength and topology. Here, and for the remainder of this
work, the quoted magnetic field strengths represent the max-
imum on-axis (R = 0 mm) value, which are found at (Z=
21 mm) for the convergent magnetic topology (figure 3(a)),
and the (Z= 23.5mm) for the divergent topology (figure 3(b)).
Key macroscopic properties for the 1000 G convergent and
divergent topology magnetised single frequency 13.56 MHz
discharges are presented in figure 5(a)–(h). Aside from the
externally applied magnetic field, the operating conditions
are identical to the unmagnetised control case presented in
figure 4, consisting of 300 V (600 Vpp), 13.56 MHz discharges
in 200 Pa (1.5 Torr) of argon. Results are presented for the
phase of most negative applied voltage (i.e. maximum sheath
extent). The vector arrows in (c) and (d) denote both the elec-
tric field orientation and magnitude.

The application of an external magnetic field significantly
alters the discharge topology. This is most apparent between

the electron density distributions shown in figures 5(a) and (b)
for the convergent and divergent magnetic topologies, respect-
ively. The convergent magnetic topology enforces a wider
and more axially homogeneous plasma bulk as compared to
unmagnetised operation. The maximum on-axis plasma dens-
ity is 1.6× 1018 m−3 and the maximum on-axis electron tem-
perature is 3.7 eV, both similar to the unmagnetised case.
For an applied magnetic field of 1000 G, both the bulk and
secondary electron populations are magnetised. The predom-
inately Z-aligned convergent magnetic field does not inhibit
axial electron transport within the source, however radial elec-
tron transport is inhibited. This restricts radial electron motion
to within the sheaths (see figure 5(g)) where the radially-
aligned sheath electric fields dominate the electron motion. As
a result, secondary electrons released from the alumina wall
are accelerated until they reach the sheath edge, where they
are radially confined (see figure 5(c)), resulting in a radially
narrow ring of enhanced secondary electron ionisation. This
differs from the on-axis maximum secondary electron ion-
isation rate, typical of hollow cathode discharges, previously
observed for unmagnetised operation in figure 4(d). Despite
the variation in topology, the maximum secondary ionisation
rate is not significantly altered, increasing by 10% over the
unmagnetised case to 2.4× 1024 m−3 s−1. Note however, that
while the volume specific secondary ionisation rate remains
relatively constant, the total number of secondary ionisation
events increases due to the larger ionisation volume, this is
addressed in more detail in figure 7. The enhanced sheath-
edge ionisation rate for the converging magnetic topology
increases the plasma density adjacent to the sheath, reducing
the maximum phase-averaged sheath width to 0.51 mm, and
enhancing the maximum sheath electric field by 20% to 4.5×
105 Vm−1, shown in figure 5(e). Consequentially the electron
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Figure 5. Magnetised single 13.56 MHz frequency discharges presenting the (a), (b) electron density, (c), (d) secondary ionisation rate (e),
(f) electric field strength, and (g), (h) radial electron flux, for converging and diverging magnetic field topologies, respectively. Operating
conditions: plenum pressure 200 pa (1.5 Torr) argon, 600 Vpp at 13.56 MHz, B = 1000 G employing convergent and divergent magnetic
topologies. Vector arrows in (e), (f) denote electric field orientation and magnitude. The phase-averaged sheath extent is denoted by the
white dashed lines for clarity.

and ion fluxes incident upon the alumina surface doubles rel-
ative to the unmagnetised case, from ≈5× 1022 m−3 s−1 to
≈1.2× 1022 m−3 s−1. The ion and electron flux balance is dis-
cussed in more detail with respect to figure 6.

In contrast, the divergent magnetic topology enforces a
‘pinching’ of the plasma bulk along the mid-plane of the co-
axial powered electrode and permanent magnet at Z = 21 mm,
see figure 5(b). Here, the maximum on-axis electron density
is reduced by 40% relative to the unmagnetised case, to 9.3×
1011 m−3, located slightly upstream of the powered electrode
at Z = 17 mm. The downstream portion of the bulk exhibits a
maximum electron density of 3.3× 1011 m−3 at Z = 27 mm.
This pinched topology arises due to the opposing dipoles of the
ringmagnet creating amagnetic null on-axis at Z= 21mm, see
figure 3(b). This null facilitates radial electron motion across
the source at Z = 21 mm, but inhibits radial electron motion
upstream or downstream of this plane. As a result, secondary
electrons released at Z = 21 mm are capable of crossing the
source tube exhibiting an on-axis maxima of 7.3× 1023 m−3

s−1 in the secondary electron ionisation rate in figure 5(d).
However, secondary electrons released upstream or down-
stream from this plane are radially confined to the sheath edge,
as in the convergent magnetic case, and exhibit sheath edge
localised maxima in the secondary electron ionisation rate and
adjacent bulk electron density. As a consequence, the sheath
exhibits an exaggerated curvature in proportion to the axially
varying Z-aligned magnetic field strength, exhibiting a

maximum phase-averaged sheath extension of 1.4 mm at
Z = 21 mm and a minimum phase-averaged sheath exten-
sion of 0.2 mm at Z = 17 mm. The sheath electric
field, see figure 5(f), correspondingly varies in inverse
proportion to the sheath width, with a maximum sheath
field of 3.1× 105 Vm−1 upstream at Z = 17 mm redu-
cing to a minimum of 2.4× 105 Vm−1 at Z = 21 mm.
Note, while the divergent magnetic topology facilitates
increased radial electron transport out of the bulk through
the Z = 21 mm plane, the reduced local electron density
and sheath electric field results in a maximum radial elec-
tron flux of ≈5× 1022 m−3 s−1, similar to the unmagnetised
case.

The normalised DC self-bias voltage, ηdc/Vpp, computed
from the RF phase-averaged surface charge at the alumina
surface adjacent to the powered electrode (R,Z= 2.1 mm,
21 mm), is shown in figure 6(a). The radial electron Γe and
argon ion ΓAr+ fluxes, integrated across the powered col-
lecting surface, are shown in figure 6(b). The surface integ-
rated powered to grounded electron and Ar+ ratios, ∆Γe(R̂)
and ∆ΓAr+(R̂), respectively, are defined in equations (5)
and (6), and are presented in figure 6(c). The dashed lines
in figures 6(b) and (c) indicate the electron flux or elec-
tron flux ratio for unmagnetised operation, for ease of
comparison.

The DC self-bias voltage in figure 6(a) exhibits an up-
modulated response to the convergent magnetic topology and
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Figure 6. Normalised (a) DC self-bias voltage ηdc/Vpp calculated
via the RF phase-averaged alumina surface charge, (b) the electron
and ion fluxes incident on the alumina adjacent to the powered
electrode, and (c) the surface integrated powered to grounded
electron and Ar+ radial flux ratios with respect to varying magnetic
field strength and orientation. Dashed lines in (a) and (b) denote the
conditions for an unmagnetised 600 Vpp, 13.56 MHz discharge for
ease of comparison. Operating conditions: plenum pressure 200 pa
(1.5 Torr) argon, 600 Vpp at 13.56 MHz, 0 ⩽ B ⩽ 1000 G
employing convergent and divergent magnetic topologies.

a down-modulated response to the divergent magnetic topo-
logy. In both cases, no effects are observed for magnetic field
strengths below≈ 150 G, closely matching the minimum field
required to magnetise secondary electrons, as discussed in
section 2. The greatest degree of control is achieved for the
converging case, exhibiting a+0.13 Vpp (78 V) variation in the
DC self-bias, as compared to a−0.03 Vpp (18 V) variation for
the divergent case. It should be noted that, as the pre-existing
negative DC self-bias is already a large fraction (≈53%) of the
applied voltage amplitude, it will ‘resist’ further negative bias-
ing of the alumina surface, partially accounting for the differ-
ing degrees of modulation. Least-squares fitting of the two DC
self-bias trends with respect to increasing magnetic field (for
magnetised cases between 150–1000 G) exhibits a best fit lin-
ear dependence onmagnetic field (ηdc ∝−2E−2 B,R2 = 0.97)
in the diverging case, and a quadratic best fit dependence on
magnetic field (ηdc ∝+6E−5 B2 + 2E−2 B, R2 = 0.99), in the

converging case, where B is in Gauss. The non-linearity in the
converging topology indicates the presence of an additional
intermediary feedback mechanism between the applied field
and the DC self-bias, not present in the diverging topology.

The relative electron and ion flux incident on the walls is
mediated by the magnetic field in two ways. Firstly, via a dir-
ect modification of the radial (magnetised) electron transport;
enhancing electron transport parallel to the field and inhibiting
transport perpendicular to the field, inhomogeneously altering
the flux density incident on plasma facing surfaces depending
upon their orientation to the applied field. Secondly, via a vari-
ation in the spatio-temporal sheath heating and/or additional
E×B electron heating, such as the enhanced Hall current ‘µ-
mode’ heating recently demonstrated by Eremin et al [73],
leading to localised plasma density variations. Modification of
the local electron and ion flux incident upon the powered, but
not grounded, electrode via one or both of these mechanisms
naturally alters the DC self-bias voltage.

The total electron and argon ion fluxes integrated across
the powered charge collecting surface, i.e. the alumina sur-
face between (Z = 20–25 mm), are shown in figure 6(b). The
dashed line in figure 6(b) indicates the ion and electron flux
for an unmagnetised case, for ease of comparison. Here, the
electron and argon ion fluxes exhibit no significant change
for either magnetic topology below ≈150 G. Above ≈150 G
fluxes respond to the applied magnetic field, increasing by
a factor of 2.5 by 1000 G in the convergent topology, and
decreasing by a factor of 1.6 by 1000 G in the divergent topo-
logy. In both magnetic topologies the surface integrated elec-
tron and ion fluxes to the powered electrode remain closely
coupled, with ion diffusion out of the plasma bulk being medi-
ated by the change in DC self-bias. An increase in the electron
flux incident upon the powered electrode in the convergent
topology is perhaps unexpected, as the axial magnetic field
inhibits radial transport at that location. However two effects
counteract this, firstly and most importantly, the total power
deposition increases from 2.2 W to 4.2 W resulting in a higher
electron density and flux overall. This will be discussed in
more detail with reference to figure 7. Secondly, the increasing
electron flux to the powered electrode counteracts the exist-
ing physical asymmetry, which collects fewer electrons via
a smaller powered electrode, resulting in the more positive
DC self-bias voltage observed in figure 6(a). A more posit-
ive powered electrode surface results in lower energy elec-
trons being able to cross the sheath, electrostatically enhancing
the radial transport and counteracting the magnetic cross-field
inhibition. Counter intuitively therefore, attempting to mag-
netically reduce the radial electron mobility in a hollow cath-
ode geometrymay instead result in an increased radial electron
flux, due to an inhibition of the negative DC self-bias enforced
by the physical asymmetry. Precisely how the electron radial
transport is altered for a given source geometry and magnetic
topology is therefore extremely important to determining the
magnitude of the resulting MAE.

To quantify this behaviour further, it is worth examining the
ratio of each species flux incident upon the powered and groun-
ded charge collecting areas. Here a species flux ratio is defined
as the total flux incident upon the powered collecting surface,
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as shown in figure 6(b), divided by the total flux incident upon
all of the grounded collecting surfaces (Z= 14.5−20 mm and
Z= 25−38 mm). The electron and ion flux ratios are defined
in equations (5) and (6)

∆Γe

(
R̂
)
=

Γe,p

(
R̂
)

Γe,g

(
R̂
) . (5)

∆ΓAr+

(
R̂
)
=

ΓAr+,p

(
R̂
)

ΓAr+,g

(
R̂
) . (6)

Here, Γe,x(R̂) and ΓAr+,x(R̂) are the phase-averaged radial
electron and argon ion fluxes integrated across the ‘x’th elec-
trode surface area, where the powered and grounded electrodes
are represented by ‘p’ and ‘g’, respectively. For Γe,x(R̂) over
unity, more electrons are incident on the powered electrode,
for Γe,x(R̂) under unity, more electrons are incident on the
combined grounded electrode surfaces, aΓe,x(R̂) of 1 indicates
equal electron fluxes across both electrodes. Note that the ion-
to-electron flux ratio incident on any single surface is always
close to unity, as required for quasineutrality and as observed
in figure 6(b). The electron flux ratio ∆Γe(R̂) and argon ion
flux ratio∆ΓAr+(R̂) are presented in figure 6(c) for both mag-
netic topologies in the range 0 ⩽ B ⩽ 1000 G.

Focusing first on the divergent magnetic topology, shown
in black, the electron and argon ion flux ratios are again similar
for field strengths below≈150G. Above this, both the electron
and ion flux ratios decrease with increasing applied magnetic
field strengths. A decrease in both ratios indicates a reduc-
tion in the total charged-particle flux incident upon the alu-
mina adjacent to the powered electrode with increasing mag-
netic field strength. Notably, ∆Γe(R̂) decreases less rapidly
with respect to magnetic field strength than ∆ΓAr+(R̂). This
indicates that the electron flux incident upon the grounded col-
lecting area is reducing less rapidly than the ion flux. The net
effect is that the relative electron flux to the powered surface is
increased, necessitating a more negative DC self-bias to main-
tain an equal ion flux, as observed in figures 3(a) and 6(a). The
higher relative electron flux at the powered electrode arises due
to reduced electron cross-field (radial) transport upstream and
downstream of the powered electrode. Recall, the divergent
magnetic topology minimises the magnetic field at the mid-
point of the powered electrode, and maximises the magnetic
field upstream and downstream of the powered electrode, see
figure 3(c). These fields inhibit the radial diffusion of elec-
trons not immediately adjacent to the powered electrode, lead-
ing to a lower radial electron flux at that location, and a relat-
ively higher flux at the axial location of lower magnetic field
strength.

Conversely, the convergent magnetic topology, shown in
red, exhibits an increase in both the electron and argon ion
flux ratios for increasing magnetic field strengths over 150 G.
Unlike the diverging topology, the difference between the
electron and ion flux ratios remains approximately the same
with increasing magnetic field strength. Above ≈800 G, the
trend in the convergent fluxes changes slope, growing at a

reduced rate. This transition is also observed for the conver-
gent trends in figures 6(a) and (b) and occurs as the powered-
to-grounded flux ratios reach and exceed unity. At this point
a larger total charged-particle flux is incident upon the smal-
ler powered electrode area than the comparatively larger com-
bined grounded electrode areas. This arises due to a confine-
ment of the secondary electrons adjacent to the powered elec-
trode, significantly increasing the local ionisation rate and
plasma density.

3.3. Secondary electron dynamics and cross-field transport

Ionisation within the hollow cathode source predominately
arises through direct secondary electron impact events. These
kinetically treated secondary electrons are accelerated radi-
ally through the powered electrode sheath, following ion bom-
bardment of the alumina surface, resulting in a significant
ionisation rate on-axis, as shown previously in figure 4(d).
Introducing an axially aligned external magnetic field, either
in the converging or diverging configuration, will alter the sec-
ondary ionisation by spatially restricting the secondary elec-
tron mobility across the hollow cathode source.

To examine this, the radially resolved secondary ionisation
rate ιγ is presented in figures 7(a) and (b), for converging and
diverging magnetic orientations respectively. Here the second-
ary electron ionisation rate adjacent to the powered electrode
at Z = 21 mm is presented across the source channel between
R=−2.1 mm to R = 2.1 mm, i.e. radially across the mag-
netic extrema in figure 3. These are presented for maximum
on-axis magnetic field strengths between 0 and 1000 G in a
300 V, 13.56 MHz single frequency discharge as before. The
radially integrated secondary electron ionisation rate Σιγ is
calculated as the total number of secondary ionisation events
(i.e. the product of the secondary ionisation rate and cell
volume) per time, integrated radially (between R=−2.1 mm
to R=+2.1 mm) at the axial midpoint of the powered elec-
trode (Z = 21 mm). Both Σιγ and the total volume integ-
rated RF power deposition PRF are presented in figure 7(c).
The phase-averaged sheath extent is denoted by the dashed
lines in figure 7(a) and (b) for clarity.

The radially resolved secondary electron ionisation rate
adjacent to the powered electrode at Z = 21 mm is presen-
ted in figure 7(a) for the convergent magnetic topology. The
maximum secondary electron ionisation rate remains on-axis
for magnetic field strengths below ≈150 G, consistent with
the hollow cathode effect [5, 20]. For magnetic field strengths
above this value, the secondary electron ionisation rate on-
axis begins to reduce, while the secondary ionisation rate adja-
cent to the sheath edge increases, where the sheath edge is
denoted by the white dashed lines. For magnetic field strengths
in excess of 400 G, the majority of ionisations occur adjacent
to the sheath edge at radii R ⩾ 1 mm. Note that the ionisation
rates are presented with respect to volume and, due to the cyl-
indrical geometry, the absolute ionisation rate is significantly
higher at higher radii even if the peak volume specific rate
is similar. This behaviour arises due to the magnetisation of
the secondary electron population. Within the sheath, second-
ary electron dynamics are electrostatically dictated due to the
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Figure 7. Radially resolved secondary electron ionisation rates ιγ
across the axial centre of the powered electrode at Z = 21 mm for
(a) a convergent magnetic topology, and (b) a divergent magnetic
topology, with respect to magnetic field strength. Subplots (a) and
(b) share the same horizontal axis as subplot (c). Radially integrated
(c) secondary electron ionisation rate Σιγ along Z = 21 mm
between R=−2.1 mm to R=+2.1 mm and total deposited RF
power PRF. The dashed lines in (a) and (b) denote the
phase-averaged sheath extent. Operating conditions: plenum
pressure 200 pa (1.5 Torr) argon, 600 Vpp at 13.56 MHz,
0 ⩽ B ⩽ 1000 G.

high radial electric field. Beyond the sheath, the radial electric
field strength reduces and the secondary electron dynamics is
instead dictated by the magnetic field. The majority of second-
ary electrons are confined to narrow regions of equi-magnetic-
potential, within one or two Larmor radii of the sheath edge,
leading to high collision and ionisation rates.

The radially integrated secondary ionisation rateΣιγ across
Z = 21 mm between, R=−2.1 mm to R = 2.1 mm,
is shown in figure 7(c). Recall, this represents the total
volume-integrated number of secondary ionisation events
through the axial plane at Z = 21 mm. Focusing first
on the convergent magnetic geometry, denoted in black;
the radially integrated secondary ionisation rate increases
with applied magnetic field strength varying by 51%, from
Σιγ = 8.32× 1018 s−1 to 1.70× 1019 s−1, over the range
0 ⩽ B ⩽ 1000 G. This enhanced sheath-edge localised
ionisation increases the local plasma density, which reduces
the phase-averaged sheath extent. The phase-averaged sheath

extent reduces 65%, from 1.14 mm to 0.40 mm over the
same magnetic range. This reduction enhances the electric
field across the sheath, and increases the total RF power
deposited into ions and secondary electrons by 45%, from
2.36 W to 4.25 W, as presented in figure 7(c). The reduced
phase-averaged sheath extent also increases the capacitance
of the powered electrode sheath, reducing the DC self-bias as
observed previously in figure 6(a).

The combination of a reduced phase-averaged sheath
extent, steeper sheath electric field gradient, and enhanced
sheath edge localised ionisation due to secondary electron
magnetisation significantly increases the plasma density and
hence radial ion and electron fluxes incident on the alumina
wall adjacent to the powered electrode. This feedback mech-
anism between the increased radial magnetic confinement and
higher sheath localised secondary ionisation rate agrees with
the previously observed enhanced electron to ion flux ratio to
the powered electrode in figure 6(b). In summary, the con-
verging magnetic topology negates the expected reduction in
radial electron transport by enhancing the sheath edge ionisa-
tion and reducing the travel distance to the point of ionisation
to the wall adjacent to the powered electrode.

Sheath localised ionisation is not observed for the diver-
ging magnetic topology, see figure 7(b). Here the location
of maximum secondary electron ionisation rate remains on-
axis for all applied magnetic field strengths in the range
0 ⩽ B ⩽ 1000 G. This is expected as secondary elec-
trons crossing the hollow cathode channel at Z = 21 mm
pass through a magnetic null on-axis at R = 0 mm, and
therefore experience little-to-no cross-field transport inhibi-
tion. Electrons travelling across the hollow cathode channel
further upstream or downstream from the powered electrode
will experience radial confinement and a reduction in radial
transport, see figure 3(c). Magnetised electrons upstream or
downstream of Z = 21 mm will either undergo a collision
in the bulk, or drift towards Z = 21 mm where they may
again travel radially. Therefore it is most probable that any
electrons lost via radial transport out of the bulk will be
lost adjacent to the powered electrode. Any increase in the
electron flux adjacent to the powered electrode necessitates
an increase in the positive ion flux to maintain quasineut-
rality and therefore enforces a more negative DC self-bias
voltage, as observed previously in figure 6(a). Returning to
figure 7(b), an approximately linear 66% reduction in the radi-
ally integrated secondary ionisation rate is observed, from
Σιγ = 8.07× 1018 s−1 to 2.76× 1019 s−1, with a corres-
ponding 28% reduction in the deposited RF power shown in
figure 7(c). These effects arise due to an increasing sheath
width and reduced sheath electric field, the opposite to that
observed in the converging magnetic topology. The reduced
ionisation adjacent to the powered electrode again agrees with
the reduced powered to grounded ion flux ratio trends observed
previously in figure 6(b). In summary, the divergent magnetic
topology acts to increase the probability that electrons are lost
to the wall adjacent to the powered electrode through reducing
the radial transport immediately upstream and downstream the
powered electrode.
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Figure 8. Magnetised 5 harmonic peak-type waveform powered discharges presenting the (a), (b) electron density, (c), (d) secondary
ionisation rate (e), (f) electric field strength, and (g), (h) radial electron flux, for converging and diverging magnetic field topologies,
respectively. Operating conditions: plenum pressure 200 pa (1.5 Torr) argon, 600 Vpp, B = 1000 G employing convergent and divergent
magnetic topologies. Vector arrows in (e), (f) denote electric field orientation and magnitude. The phase-averaged sheath extent is denoted
by the white dashed lines for clarity.

4. Simultaneous electrical asymmetry effect and
magnetic asymmetry effect

The application of a ‘peak’-type tailored voltage waveform
enables a direct modification of the DC self-bias voltage ηdc
via the EAE, specifically by varying the phase offset θ of the
upper harmonics [74]. The effect of simultaneously apply-
ing an EAE and MAE will now be investigated, compar-
ing to the behaviour exhibited by the MAE alone, presented
previously. Key macroscopic properties for the 1000 G con-
vergent and divergent topology magnetised single frequency
13.56 MHz discharges are presented in figures 8(a)–(h). Aside
from the multi-harmonic driving voltage, operating conditions
are identical to themagnetised single 13.56MHz cases presen-
ted in figure 5, consisting of 300 V (600 Vpp) discharges in
200 Pa (1.5 Torr) of argon. The vector arrows in (c) and (d)
denote both the electric field orientation and magnitude.

The electron density, secondary electron ionisation rates,
and electric field distributions for the magnetised 5 harmonic
peak-type discharges in figure 8 are topologically similar to
those previously observed for the single 13.56 MHz driven
discharges in figure 5. The convergent magnetic topology
enforces a radially broad plasma bulk with a maximum elec-
tron density of 3.0× 1018 m−3 on-axis at Z = 21 mm. The
electron density reduces to 1.2× 1018 m−3 downstream of
the powered electrode, and extends beyond the exit aperture
of the source at Z = 37 mm. Here, the divergent topology

discharge exhibits a similar ‘pinched’ bulk electron dens-
ity distribution, with a similar maximum density of 2.5×
1018 m−3, located on-axis at Z = 17 mm. This differs from
magnetised single frequency operation, where the maximum
electron density in the diverging case was significantly lower
than the converging case. Both magnetic topologies exhibit
similar distributions in the secondary electron ionisation rates
as compared to the magnetised single-frequency discharges,
with maximum sheath-adjacent secondary ionisation rates of
3.3× 1024 m−3 s−1 and 1.8× 1024 m−3 s−1 for the conver-
gent and divergent topologies, respectively. The higher sec-
ondary electron ionisation rates and electron densities for the
multi-harmonic driven discharges enforce narrower sheaths
for both magnetic topologies, with a minimum This is most
apparent in the divergent topology where the maximum phase
averaged sheath extent between Z = 18 mm to Z = 25 mm
is only 0.9 mm, as compared to 1.4 mm for the 13.56 MHz
discharge. Consequentially the maximum sheath electric field
varies less over the same axial range for the multi-harmonic
discharges, as compared to the single-frequency discharges.
The reduced variation in sheath extent and field, i.e. ‘stiffer’
sheaths, reduces the impact of multi-harmonic waveform tail-
oring, and hence will influence the discharge dynamics and
degree of control afforded over the DC self-bias voltage.

The normalised DC self-bias voltage ηdc/Vpp at the alumina
surface adjacent to the powered electrode (R,Z= 2.1 mm,
21 mm) is presented in figures 9(a) and (b), for discharges
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Figure 9. Normalised DC self-bias voltages ηdc/Vpp, calculated via
the RF phase-averaged alumina surface charge, at the alumina
surface adjacent to the powered electrode (R,Z= 2.1 mm, 21 mm)
for four 600 Vpp, 5 harmonic peak-type waveform discharges, with
phase offsets in the range 0◦ ⩽ θ ⩽ 360◦, employing (a)
convergent and (b) divergent magnetic topologies. Inlay: DC
self-bias modulation ∆ηdc, for each magnetic field strength. The DC
self-bias voltage for an unmagnetised 600 Vpp, 13.56 MHz
discharge is denoted by the dashed lines in (a) and (b), for clarity.
Operating conditions: plenum pressure 200 pa (1.5 Torr) argon,
600 Vpp, magnetic field strengths between 0 ⩽ B ⩽ 1000 G.

employing 600 Vpp, 5 harmonic ‘peak’-type voltage wave-
forms with phase offsets between 0◦ ⩽ θ ⩽ 360◦ (see
figure 2) and convergent and divergent magnetic topologies,
respectively. The normalised DC self-bias voltage for an
unmagnetised 600 Vpp, 13.56 MHz discharge is denoted by
the dashed lines in (a) and (b) as a baseline for comparison.
The DC self-bias voltage modulation ∆ηdc is presented in the
inlay of (a) and (b), where ∆ηdc is computed as the difference

between the maximum and minimum DC self-bias voltage
over the full phase-offset scan.

The DC self-bias modulation for operation employing a
5 harmonic ‘peak’-type waveform with phase offsets in the
range 0◦ ⩽ θ ⩽ 360◦ in an unmagnetised discharge is
shown by the solid black lines in figures 9(a) and (b). Here the
DC self-bias voltage is modulated by 23% (138 V), between
−0.32 Vpp for θ = 90◦ and −0.09 Vpp for θ = 270◦.
This modulation arises via a direct variation of the phase-
resolved sheath dynamics, the related spatio-temporal ionisa-
tion dynamics and hence the electron and ion fluxes adjacent
to and incident upon the powered and grounded electrodes, as
has been discussed in detail in previous works [37, 38, 41, 74].

Of interest to this work is the extent to which the EAE
induced dc self-bias modulation is affected by the MAE
induced dc self-bias modulation when applied simultaneously.
Operation in a convergent magnetic topology, figure 9(a), res-
ults in up-modulated DC self-bias voltages compared to the
unmagnetised cases. The influence of the MAE on the EAE is
most pronounced for phase offsets between 0◦ ⩽ θ ⩽ 180◦,
i.e. those that result in the most negative DC self-bias voltages.
The phase offsets resulting in the most negative and positive
DC self-bias voltages exhibit a shift from θ = 90◦ and θ =
270◦, respectively, for an unmagnetised discharge to θ = 150◦

and θ = 300◦, respectively for a 1500 G discharge. The most
negative DC self-bias voltage is found to increase by+0.28Vpp

(168 V), from −0.33Vpp to −0.05Vpp, more than double the
+0.13Vpp (78 V) increase observed for single frequency MAE
operation under the same conditions in figure 6(a). This obser-
vation, alongside the shift in phase offsets resulting in the
DC self-bias extrema in figure 6(a), indicates an interaction
between the MAE and EAE beyond a simple linear addition
of their respective DC self-bias modulations.

For the convergent magnetic topology, increasing the
applied axial magnetic field results in a localised increase in
the secondary ionisation rate adjacent to the sheath, and a
subsequent reduction in the phase-averaged sheath extent—
presented previously in figure 7. This inhibits the sheath
mobility as the sheath edge is nowmore ‘stiff’ in response to an
applied voltage. This in-turn interferes with the EAE’s capab-
ility to modulate the sheath width, and hence the sheath capa-
citance, and ultimately reduces the EAE DC self-bias mod-
ulation from 23% (138 V) for an unmagnetised discharge to
only 9% (54 V) for 1500 G on-axis convergent topology as
shown in figure 9(a). Note also, that theDC self-bias is reduced
to zero in the 1500 G convergent topology for phase offsets
between 300◦ ⩽ θ ⩽ 360◦, where the combined MAE and
EAE effectively negate the existing HC physical asymmetry.

Operation in a divergent magnetic topology, presented in
figure 9(b), results in significantly different behaviour to the
convergent topology. Here, the EAE is largely unaffected
by the applied magnetic field, exhibiting a slight reduction
in the most negative DC self-bias between approximately
0◦ ⩽ θ ⩽ 180◦, and almost no change to the EAE is observed
for phase offsets between 210◦ ⩽ θ ⩽ 330◦. No shifts in the
phase offsets resulting in the extrema in DC self-bias voltage
are observed, and the most negative DC self-bias voltage
is down-modulated by only −0.04Vpp. This almost exactly
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agrees with the −0.03Vpp modulation achieved via single fre-
quency MAE operation presented in figure 6(a), indicating
no significant interaction between the EAE and MAE for the
diverging magnetic topology. As noted previously with ref-
erence to figure 7(b), the MAE driven negative DC self-bias
arises due to an increase in the probability that electrons are
lost to the wall adjacent to the powered electrode, rather than
immediately up and downstream of it. This will result in a
widening of the sheath adjacent to the electrode, but will not
significantly alter the sheath’s capability to respond to the
applied EAE, unlike the converging topology. As such, the
combined EAE and divergent MAE exhibits both the most
negative DC self-bias, and the largest DC self-bias modulation
of 0.28Vpp (168 V) from −0.09Vpp to −0.37Vpp at 1500 G.

From figures 9(a) and (b) it is concluded that the MAE,
introduced via an externally applied magnetic field, will inter-
act non-linearly with a superimposed EAE. For the hollow
cathode geometry studied here, maximising the magnetic field
on-axis aligned with the powered electrode was found to
strongly inhibit the control achieved by the EAE, while max-
imising the magnetic field on-axis away from the powered
electrode slightly enhanced the control afforded by the EAE
alone. It may be generalised that the interaction, if any,
between the MAE and EAE is highly dependant upon the
source geometry and applied magnetic topology.

4.1. Magnetised sheath and ionisation dynamics

The results previously shown in figures 9(a) and (b) suggest
that the magnetic field strength and orientation significantly
alter the control afforded by the EAE on the DC self-bias.
This control has been attributed to the magnetisation and con-
finement of secondary electrons adjacent to the sheath edge,
demonstrated by figures 7(a) and (b), which increases the
plasma density adjacent to the sheath. To examine temporal
variations in the plasma response leading to this effect, phase-
resolved images of the bulk ionisation rate integrated through
the source tube (Z= 12− 37 mm), and the sheath dynamics
adjacent to the powered electrode (Z = 21 mm) are presen-
ted in figure 10 for single frequency 13.56 MHz and multi-
frequency ‘peak’-type discharges. The phase-resolved ionisa-
tion structures for three single frequency 600 Vpp, 13.56 MHz
discharges employing: no external magnetic field, a 1000 G
convergent field, and a 1000 G divergent field are presented
in figures 10(a), (c) and (e), respectively. The phase-resolved
ionisation structures for three 600 Vpp, 5 harmonic ‘peak’-type
tailored voltagewaveforms, described by equation (1) employ-
ing a phase offset of θ = π/2, for the samemagnetic topologies
are presented in figures 10(b), (d) and (f). The θ = π/2 ‘peak’
shaped waveform was chosen as it represents the most neg-
ative DC self-bias in both the converging and diverging mag-
netic topologies. The phase-resolved alumina surface potential
adjacent to the powered electrode (R,Z = 2.1 mm, 21 mm)
is presented for 13.56 MHz, and ‘peak’-type operation in
figures 10(g) and (h), respectively.

The unmagnetised single and multi-frequency cases in
figures 10(a) and (b), exhibit periodic sheath collapse ionisa-
tion structures, denoted A1, aligning with the most positive

applied voltage, and a constant on-axis secondary ionisation
structure, denoted C. Note that radial profiles are taken at the
midplane of the powered electrode (Z = 21 mm), at the axial
location of peak secondary electron ionisation, see figure 4(d),
but slightly downstream of the region of peak bulk electron
ionisation, see figure 4(b). The sheath collapse structures are
radially extended as electrons move from the bulk and are lost
at the radial walls during sheath collapse. The radial exten-
sion is more prominent for the peak waveform in due to higher
radial electron flux necessitated during the shorter period of
sheath collapse. The on-axis maximum in secondary electron
ionisation is typical of hollow cathode operation where high
energy secondary electrons undergo multiple reflections from
the radial sheaths, as observed previously in figure 4(d). The
sheath edge mirrors the waveform shape in both cases, exhib-
iting a sinusoidal variation over 0.78 mm for the 13.56 MHz
waveform and a rapid variation over 0.52mm for the peak-type
waveform. Ionisation adjacent to, and within, the sheaths is
two orders ofmagnitude lower than in the bulk due to the signi-
ficantly reduced sheath averaged electron density. The sheath
dynamics and ionisation structures exhibited by the unmag-
netised cases are consistent with previous works in this source
[21, 32, 74].

The application of a 1000 G on-axis convergent magnetic
field significantly alters the sheath and ionisation dynamics,
as presented in figures 10(c) and (d). Notably, the previ-
ously singular sheath collapse ionisation structures are radi-
ally elongated and break into multiple sub-structures, denoted
A1, A2. This can be explained as the radially confined elec-
trons not traveling the full distance between the bulk region
about R= 0 mm and the radial wall during the relatively short
period of sheath collapse. Therefore, the electrons lost during
sheath collapse must originate only a few Larmor radii from
the sheath edge. Ionisation due to secondary electrons is also
shifted off-axis with a peak rate adjacent to the sheath edge,
agreeing with the trends exhibited in figure 7(a). The enhanced
sheath collapse and secondary electron sheath edge ionisa-
tion reduces the single frequency driven mean sheath extent
by 0.35 mm, and the peak-type driven mean sheath extent
by 0.33 mm. The enhanced sheath edge localised ionisation
and narrower sheath extent result in a more rapidly collapsing
sheath and an enhanced radial electron flux immediately adja-
cent to the wall, producing the off-axis sheath collapse ionisa-
tion structures at A2. The surface potential of the radial alu-
mina wall, shown in figures 10(g) and (h), also agree with this
behaviour, exhibiting a slight offset in the phase of maximum
potential for both waveforms, as compared to the unmagnet-
ised cases. The earlier maximum surface potential indicates an
earlier and more rapid sheath collapse, while the sheath expan-
sion, as indicated by the phase of minimum surface potential,
occurs at the approximately the same point in phase.

Examining the multi-frequency sheath behaviour in
figure 10(d) in more detail, the peak-type driven sheath edge
remains approximately static between phases 0.1–0.5 before
varying in-sync with the dielectric surface potential. This
differs from the unmagnetised case, where the sheath extent
follows the surface potential for the full phase cycle. This
change arises as the inter-peak portion of the dielectric surface
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Figure 10. Phase-resolved ionisation rates for single-frequency 13.56 MHz and ‘peak’- type tailored voltage waveforms for three magnetic
field configurations: unmagnetized, convergent and divergent. The ionisation rates for the single-frequency case are shown in panels (a), (c)
and (e) respectively, and those for peak-type waveform case are shown in panels (b), (d) and (f), respectively. The phase-resolved sheath
edge is denoted by the white dashed lines in (a)–(f). The corresponding phase-resolved alumina surface potential adjacent to the powered
electrode (R,Z = 2.1 mm, 21 mm) is presented for (g) 13.56 MHz operation and (h) multi-frequency operation. Dashed lines in (g) and (h)
denote the phase-averaged DC self-bias voltage. Operating conditions: plenum pressure 200 pa (1.5 Torr) argon, 600 Vpp, magnetic field
strengths between 0 ⩽ B ⩽ 1000 G.

potential (phases 0.1–0.9) now exhibits an upward gradient,
while it was relatively flat between peaks in the unmagnetised
case. Normally a more negative surface bias would result in
a wider sheath, however, in the magnetised case the sheath
cannot extend any further as it is being suppressed by the high
secondary electron ionisation at the sheath edge. This demon-
strates how the MAE can interact with the mechanisms that
underpin the EAE, in this case enforcing a narrower and less
dynamic sheath than would otherwise be expected, through
enforcing off-axis bulk and secondary ionisation structures.

The sheath and ionisation dynamics for an applied 1000 G
divergent magnetic field are presented in figures 10(e) and (f).
Here, the behaviour between the single frequency and peak-
type waveform driven discharges is quite different to the con-
vergent case. The single frequency discharge in figure 10(e)
exhibits predominately on-axis sheath collapse heating, with
a smaller secondary sheath localised heating peak, denoted A1

and A2, respectively. The re-emergence of the on-axis sheath
collapse heating peak arises due to the magnetic minima in-
line with the powered electrode (see figure 3(c)) increasing the
radial electron transport at this location. Similarly the second-
ary electron ionisation is also observed back on-axis, peaking
immediately following the phase ofmost negative surface bias.
There are also two, off-axis, secondary ionisation structures
between phases 0.6–0.9, aligning with the maximum on-axis
secondary ionisation rate. These represent secondary ionisa-
tions within the sheath due to the reduction in electric field
strength, leading to slower secondary electrons with lower
mean-free-paths, as the sheath reaches maximum extension.

The multi-frequency peak-type discharge in figure 10(f)
exhibits a narrow radially extended sheath collapse ionisation
structure, peaking immediately adjacent to the radial wall at
θ = 1.0. Secondary ionisation still occurs predominately at
high radii, due to the magnetisation of secondary electrons
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upstream and downstream of the powered electrode. However,
due to the minimised magnetic field adjacent across the source
at Z = 21 mm, the secondary electron ionisation rate, and
hence population, is more evenly distributed across the full
radius of the hollow cathode channel. The on-axis ionisation
rate is approximately half of the peak off-axis ionisation rate,
as compared to a factor of 1000 for the converging topology,
where almost all secondary electrons are confined to within a
Larmor radius of the sheath edge. In both the single and multi-
frequency diverging field cases, the relatively lower mag-
netised radial electron flux upstream and downstream of the
powered electrode necessitates a wider sheath at the powered
electrode to inhibit the unmagnetised radial electron flux to the
powered electrode and maintain quasineutrality. As the amp-
litude of the surface bias remains similar for the unmagnet-
ised and divergingmagnetised cases, presented in figure 10(h),
then the relative phase-resolved variation of the sheath intro-
duced by the EAE is smaller compared to the nowwider phase-
averaged sheath extent. In effect, the sheath is less dynamic
than it would in an unmagnetised case with the same applied
voltage waveform.

The significantly different DC self-bias modulations, ion-
isation structures, and sheath dynamics resulting from the sim-
ultaneous application of the EAE and MAE demonstrated in
figures 9 and 10 illustrates that the effects of the EAE and
MAE cannot be treated in isolation. This differs from the lin-
early additive DC self-bias modulation observed when the
EAE is applied to an unmagnetised physically asymmetric
source. Further the topology of the magnetic field, relative to
the powered electrode sheath, has a significant effect on the
EAE through altering the behaviour of bulk and secondary
electrons adjacent to the sheath edge. Therefore, to adequately
model magnetised multi-frequency or low-frequency dis-
charges, where sheath dynamics are most important, a fully
phase-resolved treatment of the plasma response and sec-
ondary electron motion is required. The capability to medi-
ate, enhance, and inhibit the EAE via the MAE provides an
additional control variable to fine-tune discharge parameters,
such as discharge homogeneity and particle energy distribu-
tion functions in CCPs.

5. Conclusions

The MAE has been demonstrated via 2D fluid/kinetic sim-
ulations of a non-planar capacitively coupled RF discharge
employing both single and multi-frequency voltage wave-
forms, operated in 1.5 Torr of argon. The MAE was charac-
terised for two magnetic topologies, a converging topology
and a diverging topology, where the magnetic field strength
on-axis in line with the powered electrode was maximised and
minimised, respectively. Application of the MAE alone res-
ulted in an up-modulation in the DC self-bias by +0.13 Vpp

and a down-modulation by −0.03 Vpp, as compared to an
unmagnetised discharge, for applied 1000 G converging and
diverging magnetic topologies, respectively. In both cases,

control of the DC self-bias voltage was achieved through
varying the net positive and negative fluxes to the powered
electrode through selective magnetisation of the electrons.
Converging magnetic topologies exhibited an 40% enhanced
charged flux to the powered electrode, while diverging mag-
netic topologies exhibited an 15% reduced charged flux to the
powered electrode. The larger effect exhibited by the conver-
ging magnetic topology is attributed to a radial confinement of
the secondary electron population adjacent to the sheath edge,
resulting in significant localised ionisation, and hence higher
radial fluxes, and a reduction in the phase-averaged sheath
extent.

Simultaneous application of an EAE and MAE was
achieved via the application of five-harmonic ‘peak’-type
tailored voltage waveforms. The EAE was predominately
unaffected by the diverging magnetic topology, exhibiting
no change to the most positive DC self-bias voltage, and
a −0.04 Vpp reduction to the most negative DC self-bias
voltage, a value that agrees with the reduction achieved by
the MAE alone. In contrast the EAE was significantly affected
by the application of a converging magnetic topology, exhib-
iting an averaged +0.28 Vpp increase in the DC self-bias
voltage over the phase-offset range 0◦ ⩽ θ ⩽ 360◦. The
phase offsets resulting in the minimum and maximum DC
self-bias voltages also exhibited a 60◦ shift. Most notably,
the average 0.28 Vpp modulation achieved via the simultan-
eous application of an EAE and converging topology MAE
did not equal a linear combination of the 0.23 Vpp and
0.13 Vpp modulations achieved, respectively, by each effect
in isolation. This demonstrates a degree of non-linear coup-
ling between the MAE and EAE, driven primarily via the
sheath edge confinement of secondary electrons, which must
be taken into account in order to reliably model magnetised
multi-frequency RF discharges. Further studies into the non-
linearity achieved via the simultaneous application of electric
and magnetic control schemes will enable enhanced decoup-
ling and control of the electron and ion dynamics in RF dis-
charges, and represents an improvement over each system in
isolation.
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