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A B S T R A C T

Air-breathing electric propulsion (ABEP) refers to a spacecraft in very-low Earth orbit (VLEO) harnessing upper
atmospheric air as propellant for an electric thruster. This allows the orbital altitude to be maintained via drag-
compensation, removing the need for on-board propellant storage and allowing a mission lifetime which is not
limited by propellant capacity. A cathode (or neutraliser) is required for the high-specific impulse electrostatic
thruster designs proposed for an ABEP application. One such study is the AETHER EU H2020 project, which
aims to design an ABEP system that can be tested on-ground in a VLEO-representative environment. There is
therefore a need to develop a cathode for ABEP as conventional thermionic hollow cathodes are susceptible
to oxygen poisoning. The Air-breathing Microwave Plasma CAThode (AMPCAT) presented here is based on
a plasma electron source, using a 2.45 GHz microwave antenna directly-inserted into the plasma volume to
ionise neutral air particles. This study details the cathode design and the results of iterative standalone testing,
with a particular focus on: (a) the identification of a dual-mode current emission, with transition from lower-
to higher-current mode with air at bias values around 70 V between the extracting anode and internal cathode
surfaces, (b) a comparison of performance relative to xenon, for which the peak extracted current is 30–40%
higher than air at equivalent inputs, and (c) the effect of antenna electrical isolation, using alumina shielding
thicknesses in the 0.1–0.7 mm range. Standalone cathode tests demonstrate 0.8 A of stable extracted current
with 0.1 mg/s mass flow rate of a 0.48O2 + 0.52N2 mixture, relative bias of 80 V and input microwave power
of 70 W. To the authors’ knowledge, the demonstration of an extracted current in the 1 A order using air,
without visible material degradation after several hours of operation, is a novel development in the cathode
literature.
1. Introduction

The air-breathing electric propulsion (ABEP) concept involves a
spacecraft which passes through the residual atmosphere in very-low
Earth orbit (VLEO), broadly defined as altitudes below 400 km. The
onset, rarefied air is collected and used as propellant for an electric
thruster, with the thrust produced compensating the atmospheric drag
experienced by the spacecraft. As a result, a spacecraft with an ABEP
system that is capable of full drag compensation does not require
onboard propellant storage and is able to operate in the VLEO alti-
tude range with a mission lifetime that is not limited by propellant
capacity [1].

Previous missions in VLEO include the European Space Agency’s
(ESA) GOCE spacecraft [2] and the SLATS mission of the Japan
Aerospace Exploration Agency (JAXA) [3]. Both GOCE and SLATS used
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conventional electric propulsion systems with onboard xenon propel-
lant to orbit at average altitude ranges of 260–230 km and 270–180
km respectively, until propellant depletion. Re-entry occurs rapidly
once onboard propellant is exhausted for a conventional thruster, for
instance a 200 kg spacecraft in an approximately circular orbit at
200 km altitude is expected to re-enter after around 15 days without
propulsion [4].

The ability to operate a long-duration mission in VLEO using ABEP
is advantageous for several types of spacecraft, such as: (a) an increased
image resolution at a given aperture size for Earth observation mis-
sions, (b) access to measuring atmospheric, magnetic, radiation and
gravitational properties in a scarcely-sampled altitude range for science
missions, and (c) a low-latency connection to ground-based users for
telecommunications satellites [1]. The ABEP concept is also applicable
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for other bodies in our solar system with an atmosphere, for instance
Mars [5].

Aspects of the design for an air-breathing thruster system have been
presented by several previous studies, such as [5–9]. A recent review
of the literature is provided in [10]. The most common configuration
comprises a passive intake, which collects and compresses the onset
airflow via the high relative (orbital) speed of around 7.8 km/s, coupled
to an electric thruster, which ionises and accelerates air particles to
produce a thrust for preventing the orbital decay due to atmospheric
drag. Power generation for the thruster and other spacecraft subsystems
is typically assumed to be provided by solar arrays. Recent studies
investigating the required thruster performance for an ABEP system
to achieve drag-compensation have found that a high thruster specific
impulse (𝐼𝑠𝑝) is key, with a minimum 𝐼𝑠𝑝 of around 3000 s needed [4,
1–13]. This predominantly originates from the significant level of
angential drag produced by spacecraft surfaces in the free-molecular
egime, even if the spacecraft and arrays are aligned with the VLEO
ir flow. These results suggest that electrostatic thruster designs, which
equire a cathode and typically demonstrate high 𝐼𝑠𝑝 values, are good
andidates for an ABEP system. The development of a thruster system
sing electrostatic ion acceleration is the aim of the AETHER (Air-
reathing Electric THrustER) EU H2020 research project, which brings
ogether industrial and academic partners from across Europe to design
n ABEP system capable of achieving drag compensation and of being
ested in a VLEO-representative environment on-ground [11,14].

A cathode (or neutraliser) is a key component of electrostatic
hruster systems, such as the Gridded-Ion Thruster (GIT) and Hall-
ffect Thruster (HET) classes that have the most heritage in the electric
ropulsion field [15, p. 243], in which the cathode typically: (a) pro-
ides primary electrons for sustaining ionisation, (b) forms the negative
lectrode of the potential profile for electrostatic ion acceleration,
nd (c) supplies the neutralisation current to balance the positive
harge of the thruster ion beam. The AETHER thruster design proposes
uccessive ionisation and acceleration stages, with exploration of both
IT- and HET-based approaches for the acceleration mechanism [11]. A
athode capable of operating on air is therefore a necessary component
f the AETHER system and forms the University of Surrey‘s contri-
ution to the project’s hardware development. The AETHER project
ntroduces targets for the cathode performance based on approximate
latform specifications and an intended dawn-dusk Sun-Synchronous
rbit (SSO) at an altitude range of 190–240 km. For instance, the

eference air composition is 0.48O + 0.52N2, the expected (post-intake)
ir mass flow rate available to the cathode is 0.04–0.1 mg/s and the inlet
athode particle density is in the range of 0.5–5 × 1018 m-3. It should
e noted that these values are targets and contain a significant mar-
in for flexibility, given the general novelty of air-breathing cathode
echnology.

Neutralisers for electric propulsion are most commonly based on the
ollow cathode design, typically capable of a high current density at
ow input power (for instance 10 A/cm2 in the 100 W order [15, p.
45]) via thermionic electron emission from the surface of low work
unction material such as barium-oxide impregnated tungsten (BaO-

) or lanthanum-hexaboride (LaB6). However, these cathodes undergo
oisoning of the emitter surface with exposure to oxygen, prompting a
ignificant decrease in the current density at even minimal values of
ir pressure (∼10−3 mbar) [16,17]. Hollow cathodes are therefore not
pplicable as a neutraliser for a fully air-breathing propulsion system,
n which the cathode operates on a subset of the total intake flow,
omposed almost entirely of oxygen and nitrogen. This is demonstrated
y tests of a LaB6 hollow cathode with a 0.48O2 + 0.52N2 propellant
raction of up to 12% (xenon balance), resulting in sparking in the
athode plume and significant erosion of internal cathode components
ithin the short test duration [11].

C12A7:2e- electride has been suggested in the literature as an alter-
ative emitter material to replace BaO-W and LaB6 due to a lower work
723

unction, which should allow a reduced operating temperature and d
ncreased resistance to poisoning with air. However, the most recent
tudies report difficulty with using C12A7:2e- as a cathode material, for
nstance requiring excessively high propellant flow rates [18] or due to
he proximity of the temperature required for current emission and the
elting point of the material itself [19]. The possibility of operation
ith air therefore remains some way from being investigated. Based
n these factors, a plasma electron source is chosen as the approach
or this study, since an alternative to a hollow cathode is required that
emains capable of a current in the 1 A order of magnitude.

Plasma electron source cathodes ionise neutral propellant particles
o sustain a plasma discharge, with positive ions collected on internal
urfaces charged to a negative relative bias and, via the conservation
f charge quasi-neutrality, electrons extracted out of the cathode along
positive potential gradient. The positive bias is generally provided by

he thruster ion beam. However, if testing the cathode in a standalone
onfiguration, a positively-biased plate is positioned downstream of the
xtraction orifice to act as the anode of the system. Before comparing
he performance of different plasma cathode types presented in the
iterature, it is useful to define two metrics to represent the efficiency of
athode operation. These are the power efficacy 𝐶𝑒 and the utilisation
actor 𝑈𝑖:

𝑒 =
𝐼𝑒𝑥𝑡𝑟
𝑃𝑡𝑜𝑡

=
𝐼𝑒𝑥𝑡𝑟

𝑃𝐷 + 𝑃𝑖𝑛
𝑈𝑖 =

𝐼𝑒𝑥𝑡𝑟
𝐼𝐴

=
𝐼𝑒𝑥𝑡𝑟𝑀
𝑒�̇�

(1)

where 𝑀 is the ion mass in kg, 𝑒 is the electron charge, �̇� is the mass
flow rate of neutral propellant in kg/s and 𝑃𝑡𝑜𝑡 is the total cathode
power. This is the sum of the discharge power 𝑃𝐷 = 𝐼𝑒𝑥𝑡𝑟|𝑉𝑏| required
to generate the extracted current at a given bias 𝑉𝑏, and any additional
cathode power 𝑃𝑖𝑛. 𝐶𝑒 represents the emission current per unit of
required cathode power. It is typically expressed in mA/W and also
often given as the inverse 𝐶−1

𝑒 , representing the current power cost
in W/A. 𝑈𝑖 denotes the emission current that can be extracted per
unit of equivalent current expected from the propellant mass flow
rate, assuming each inlet particle undergoes a single ionisation. 𝑈𝑖 is
therefore useful as a measure of how effectively propellant is ionised
in the cathode. High values of both 𝐶𝑒 and 𝑈𝑖 are desirable, meaning a
large current can be extracted from low cathode power and propellant
mass flow rate.

Looking at the plasma cathode literature, a DC-discharge neutraliser
motivated by the HET operating principle is investigated in [20],
whereby ionisation is based on electron acceleration due to the cross-
product of the static electric and magnetic (𝐵) fields, commonly re-
ferred to as the 𝐸×𝐵 drift. The performance demonstrated from testing
a range of conventional and alternative propellants (xenon, krypton,
argon, helium, water and air) is low relative to other alternative neu-
tralisers, with a peak current of 0.24 A and minimum 𝐶−1

𝑒 of 290 W/A.
owever, air demonstrates the second lowest power cost behind argon
nd the highest 𝑈𝑖. This suggests that a DC-based ionisation process
an be relatively effective for operation of a plasma neutraliser with
ir. Radio-frequency (RF) is also investigated as an ionisation source
or plasma cathodes, such as the study presented in [21]. This demon-
trates a maximum extracted current of 3.3 A with xenon at a power
ost of around 100 W/A and utilisation factor of 15, based on power
eposition into the Inductively-Coupled Plasma (ICP) from a helical RF
oil. The authors also demonstrate coupling of the RF cathode with a
all-effect-type thruster in comparison to a hollow cathode, obtaining
atching discharge current, thrust and anode efficiency values [22].
s well as this, the development of RF cathodes has been discussed in
ultiple studies, such as those of [23–26].

A frequency in the microwave-range is also commonly used in
lasma cathode literature, typically operating in the 2–5 GHz range.
he work of [27,28] investigates the use of both: (a) a coaxial line
ith an antenna directly inserted into the plasma, and (b) a waveguide

nput into the cathode cavity, as the method of feeding microwave
ower into the plasma. The plasma-interfacing antenna configuration

emonstrates higher extracted current values, with a maximum of 2.6
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A recorded with xenon, yielding 𝐶−1
𝑒 = 98 W/A and utilisation factor of

𝑈𝑖 = 12. A particularly mature microwave cathode is the 𝜇10 neutraliser
developed by JAXA [29–31], and flown on the Hayabusa-1 and 2
asteroid sample return missions. The neutraliser design has undergone
a number of studies which include endurance testing for 48000 hours
demonstrated on-ground and > 6500 hours in space [32]. The 𝜇10
neutraliser operates at a nominal current of 0.18 A, allowing the use
of relatively low values for total bias voltage and microwave power of
32 V and 8 W respectively [31]. This corresponds with a power cost of
𝐶−1
𝑒 = 76 W/A and utilisation factor of 𝑈𝑖 = 3.6 with xenon. Versions of

the neutraliser are coupled to both GIT and HET-type thruster designs,
showing comparable emission current to standalone tests [33,34]. As a
summary, the key performance metrics of the cathodes referred to in
this section are presented as part of Table 6.

Based on the preceding literature review, this study considers a
plasma cathode design which operates in the microwave frequency
range and uses an antenna directly inserted into the plasma volume.
This is primarily motivated by: (a) literature studies showing an ex-
tracted current in the desired 1 A order of magnitude achievable with
xenon for this type of cathode, (b) high efficiencies for power- and
propellant-usage reported in literature at the low power and flow
rate values intended for the AETHER neutraliser, and (c) more com-
pact microwave components than equivalents for RF due to smaller
wavelengths associated with the higher microwave frequency range,
e.g. components based on a 𝜆∕4 scale factor. The development of
the cathode in this study, titled the Air-breathing Microwave Plasma
CAThode (AMPCAT), is pursued through the iterative design of a
series of prototypes based on standalone testing. To the authors’ best
knowledge, this is the first cathode developed and tested to operate
with air as propellant, demonstrating an extracted current in the 1
A order of magnitude. The remainder of this article is organised as
follows. Section 2 presents the prototype design and test setup, before
the dual-current mode behaviour and effect of varying internal surface
bias is detailed in Section 3. The antenna sputtering and deposition
on cathode surfaces with the exposed antenna design is analysed in
Section 4, which introduces and investigates electrical isolation of
the antenna. Section 5 presents a comparison of standalone extracted
current performance between air and xenon. Lastly, the evolution of
the AMPCAT prototype design and continuous operation with air are
detailed in Section 6.

2. Microwave cathode design

2.1. Operating principle

In the cathode, propellant is fed into the internal volume surround-
ing a microwave antenna. Ionisation of the neutral particles occurs
through energy transfer resulting from the time-varying electric (𝐸) and
magnetic (𝐵) fields emitted by the antenna, which supports a plasma
discharge within the cathode. An ion current 𝐼𝑖 is collected from the
plasma on the conducting internal cathode surfaces due to a negative
applied bias and this allows for an equal electron current 𝐼𝑒𝑥𝑡𝑟 to be
extracted, while maintaining charge conservation in the plasma. This
electron current is driven by a positive potential gradient through the
cathode orifice resulting from the positive potential of the thruster
ion beam. In standalone testing, the thruster potential is simulated
by a positively-biased extracting anode positioned downstream of the
cathode orifice. The total relative bias between the plasma-interfacing
cathode surfaces and the extracting anode is termed 𝑉𝑏.

Ion-collection occurs via a Child-Langmuir sheath at the internal
cathode walls, since the negative bias imposes a large potential drop
through the sheath relative to the electron temperature 𝑇𝑒 (in eV) of
the bulk plasma. The ion current collected 𝐼𝑖 = 𝐽𝑖𝐴𝑖, where 𝐽𝑖 is the
ion-current density and 𝐴𝑖 the ion-collecting area of the conducting
surfaces exposed to the plasma. The current density is found as:

𝐽 = 𝑛 𝑒𝑣 = 𝑛 𝑒

√

2𝑒(𝜙0 − 𝜙)
=

4𝜀0
√

2𝑒 𝑉 3∕2
(2)
724

𝑖 𝑖 𝑖 𝑀 9 𝑀 𝑑2 c
here 𝑛𝑖 is the ion density in the plasma, 𝑒 is the electron charge, 𝑣 is
he ion velocity at the wall, 𝜙0−𝜙 = 𝑉 is the potential drop through the
heath and 𝑑 is the thickness of the sheath. The ion density is typically
ssumed as approximately equal to the electron density 𝑛𝑒 in the bulk

plasma based on charge quasi-neutrality.
Microwaves must penetrate into the plasma in order for ionisation

to occur, however this wave-transmission is limited by the plasma
frequency 𝜔𝑝. This value is based on 𝑛𝑒, therefore defining a maximum
ut-off plasma (electron) density 𝑛𝑐 for which a given wave frequency

is able to pass through the plasma. Above this density, wherein
he plasma is overdense, an incoming wave is reflected at the plasma
urface and becomes evanescent, thus unable to propagate through the
ulk plasma. This criteria is found via:

𝑝 =

√

𝑛𝑒𝑒2

𝑚𝜀0
⟶ 𝑛𝑐 =

𝑚𝜀0(2𝜋𝑓 )2

𝑒2
(3)

where 𝜀0 is the vacuum permittivity and 𝑚 is the electron mass. For
a microwave frequency 𝑓 = 2.45 GHz, this defines a cut-off density
𝑛𝑐 = 7.4 × 1016 m−3. However, literature studies of plasma cathodes
utilising a microwave antenna directly-inserted into the plasma volume
consistently observe an overdense bulk plasma in the cathode [27,29].
This is due to direct heating of electrons by the time-varying 𝐸 and 𝐵
microwave fields in the immediate vicinity of the antenna. The extent
of this region around the antenna is approximated by the plasma skin
depth 𝛿:

𝛿 = 𝑐
√

𝜔2
𝑝 − (2𝜋𝑓 )2

(4)

where 𝑐 is the speed of light. For instance, a value of 𝑛𝑒 = 1018 m−3, as
observed for microwave cathodes in literature, estimates a thickness of
𝛿 = 5.5 mm around the 2.45 GHz antenna in which microwave-electron
energy transfer primarily occurs. Electrons in the antenna vicinity
form an effective virtual-cathode, which supports efficient coupling of
microwave energy into the plasma. Since microwaves do not pene-
trate extensively in the overdense regime, electron-neutral collisions
are expected to form the principal ionisation mechanism, based on
diffusion of high-energy electrons from the antenna near-field into a
neutral population with density 𝑛𝑛. It should be noted that negative
ion production can occur in air plasma due to the electronegative
nature of oxygen, unlike xenon which only forms positive ions. For
instance, negative oxygen ions can form through dissociative electron-
attachment reactions with oxygen neutrals (e.g. 𝑒−+O2 → O−+O) [35].

s a result, a fraction of the negative current extracted from the cathode
ay be composed of negative oxygen ions in the case of air. However, it

s expected that this fraction is small since collisions between electrons
nd neutral air species are significantly more likely to result in ioni-
ation events that form positive ions in a stable (non-pulsed) plasma
ischarge. For instance, simulations in [36] find a higher reaction
ate for positive rather than negative oxygen ion production for 𝑇𝑒 >
eV and a positive ion production rate ∼ 102 larger at 𝑇𝑒 = 10 eV,
hich is realistic for the higher-density plasma which supports oxygen

onisation primarily in the antenna vicinity (see Section 3.1). While
he low relative likelihood of negative oxygen ion production and the
lectron extraction mechanisms observed for conventional propellants
n the plasma cathode literature suggest that the extracted current is
rimarily composed of electrons, it is anticipated that further testing
s part of future work will quantify the ratio of electrons to negative
ons in the extracted AMPCAT current.

.2. Initial prototype design

The design of early cathode prototypes in this study is intended
o exploit electron cyclotron resonance (ECR) for efficient electron-
eating, as detailed previously in [37]. Testing observes an extracted
urrent with xenon which correlates well with primarily ECR-based
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Fig. 1. Cross-section of initial cathode prototype design.

electron-heating, similarly to other literature [28,29]. However, there
is a significant difference with air, for which the presence of an applied
magnetic-field only serves to suppress the extracted current (𝐼𝑒𝑥𝑡𝑟), and
these results are presented in [38].

This early experience motivates the design aspects of the initial
prototype considered in this study, which is shown in Fig. 1. There
is no magnetic-field applied to the cathode volume since 𝐵 = 0
yields an increased electron current with air, as well as significantly
simplifying the prototype design and assembly. The plasma-interfacing
surfaces are machined from grade 304 stainless steel, chosen due to: (a)
good conductivity for ion-collection (2.4% copper conductivity [39]),
and (b) good resistance to oxidation at the elevated temperatures (up
to ∼ 200 ◦C) expected under plasma exposure. The cathode internal
surfaces are composed of the cathode base, plasma chamber and orifice
plate (interior side), which together form the ion collection region as
shown in Fig. 1. A 2.45 GHz antenna manufactured from 1.25 mm
diameter molybdenum wire extends along the central cathode axis,
with an efficient 𝜆∕4 radiating length to maximise the magnitude of
radiated 𝐸-field [40, p. 200]. The antenna interfaces with an N-type
commercial connector, which links to a coaxial microwave line. PTFE
and alumina sleeve components isolate the central microwave pin from
the cathode housing, ensuring that the effective coaxial line is extended
up to the plasma volume. Since the internal surfaces, and thus all the
stainless steel body, is negatively-biased, the grounded outer conductor
of the microwave connector is isolated at its interface using a 0.2 mm
thick Mica gasket. Propellant is input into the chamber via a lateral
or axial inlet connected to 1∕8′′ grade 316 stainless steel tubing, with
both inlets designed to impinge on the antenna. Tests recording the
internal neutral pressure for an early prototype show an equivalent
global neutral density inside the cathode regardless of the inlet position.
This is verified for the initial prototype described here by means of
an equal extracted current observed for switching between the radial
or axial propellant input. As a result, the lateral inlet is used for all
subsequent tests.

The internal AMPCAT diameter of 𝐷𝑖𝑛 = 33 mm is based on
supporting a neutral density of 5×1018 m−3 in the cathode channel (no
orifice) at the nominal air mass flow rate of �̇� = 0.1 mg/s, estimated
for the case of a fully-representative air-breathing platform in which the
cathode is fed by the post-intake flow. In the cathode prototype tested,
electron current is extracted through an orifice located downstream of
the antenna. A 5 mm diameter orifice is nominally used, as in Fig. 1,
for which the internal neutral density is calculated as 𝑛𝑛 = 1.1 × 1021

m−3 at the nominal �̇� = 0.1 mg/s flow rate of the 0.48O2 + 0.52N2
mixture. These calculations are validated using a micro-Pirani pressure
725
Fig. 2. Standalone test setup within vacuum chamber.

sensor for the case without plasma, leading to a percentage difference
of 13 %. It is acknowledged that the nominal neutral density is several
orders of magnitude higher than the ideal air-breathing target, however
it is low compared to other plasma cathode literature [21,28]. The free-
molecular flow calculations and pressure measurement of the neutral
density values above are fully detailed in [38], which also presents
investigations towards low-density operation with air.

2.3. Test setup

The configuration for standalone cathode testing is shown inside
the vacuum chamber in Fig. 2. A grade 304 stainless steel plate is
used as the extracting anode and is positioned 30 mm downstream
of the cathode orifice. The anode is biased to +20 V in order to
reproduce the approximate electric potential of the thruster plume [15,
p. 338]. A negative DC bias is applied to the cathode body as shown
in Fig. 2, requiring electrical isolation of components interfacing with
the grounded chamber walls. This can be seen between the cathode
and both the Brass microwave connector (outer conductor) and alu-
minium support bracket, using a Mica gasket at the cathode-connector
interface and alumina bushes around the bracket fasteners. The pro-
pellant feed-line is similarly isolated upstream of the cathode using
a ceramic spacer. A K-type thermo-couple is used to measure the
cathode temperature. As seen in Fig. 2, it is typically fixed in the most
temperature-critical position at the microwave connector to ensure that
a dielectric-damaging temperature is not exceeded during tests. This is
further detailed in Section 6.

A schematic of the test setup and equipment, both inside and
outside the vacuum chamber, is shown in Fig. 3. Microwave power is
supplied via a coaxial N-type line from a 2.45 GHz generator (Kuhne
KUSG2.45-250A, forward power up to 250 W), which also displays
the forward and reflected power. A stub tuner (Arios, max power
200 W) is used for impedance-matching along the microwave line to
minimise the reflected power, usually reduced to below 1 W, and a DC
block (MECA) isolates the line from any DC plasma current collected
by the antenna. Small openings are drilled in the N-type microwave
connectors within the vacuum chamber, to prevent non-evacuated air
inside the connectors and the possibility of connector damage from
a multi-pactor breakdown. The extracted current is recorded on the
anode DC power supply (Sorensen DLM300-2, max 600 W, 300 V)



Acta Astronautica 214 (2024) 722–736M. Tisaev et al.
Fig. 3. Schematic of test setup and equipment.

Table 1
Test matrix for standalone characterisation tests.

Input Start End Step

Cathode negative bias (V) −20 −100 20
Microwave source power (W) 30 90 30
Air mass flow rate (mg/s) 0.05 0.15 0.05

as the time-averaged value. The collected ion-current is displayed on
the cathode DC power supply (MagnaPower, max 2 kW at up to 12
A), and it is verified that these two values agree to within the 10
mA resolution of both power supplies in nominal cathode operation.
Propellant is supplied from compressed gas bottles via a mass flow
controller for both the 0.48O2 + 0.52N2 air mixture (Bronkhorst El-
Flow, max 200 sccm Ar, precision 0.1 sccm) and xenon (Bronkhorst
El-Flow, max 20 sccm Xe, precision 0.01 sccm) used as a performance
reference. The cathode standalone testing is conducted in a vacuum
chamber with internal dimensions of 60 × 30 × 30 cm. The chamber
uses an inline combination of turbo-molecular and oil-based backing
pump, achieving a background pressure of < 1×10−5 mbar without flow
as measured by a cold cathode ionisation gauge (Leybold PTR90, 10−8

to 103 mbar range). With propellant flow, the background pressure is
within a range of 2.2–4.8 × 10−4 mbar and 0.7–1.4 × 10−4 mbar over the
equal air and xenon mass flow rates tested respectively. The setup and
equipment of the ‘Icarus’ chamber used at the University of Surrey’s
Plasma Propulsion Lab is shown in Fig. 4.

The input parameter range investigated during testing is shown in
Table 1. The test procedure typically involves a sweep of anode plate
bias at each combination of flow rate and microwave power values. A
2.45 GHz power sensor (Anritsu MA24105) is used to record the input
microwave power at the cathode (𝑃𝑖𝑛) during the test setup assembly,
in order to quantify the power loss in the coaxial line (𝑃𝑙). The 30,
60 and 90 W microwave generator forward powers (𝑃0) tested are
found to correspond with input powers at the cathode of 24, 48 and
70 W respectively, via 𝑃𝑖𝑛 = 𝑃0 − 𝑃𝑙. As mentioned previously, the
line is tuned to minimise reflected microwave power during cathode
operation, typically to below 1 W. The true input power to the cathode
is therefore slightly reduced by the power reflected, however this is not
accounted for in the 𝑃𝑖𝑛 calculation to retain conservative input power
values that act as a common reference.

One source of uncertainty in the data collected is the variability in
the AMPCAT plasma discharge, and this is assessed numerically using
repeated measurements. The standard deviation of these readings is
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Fig. 4. Vacuum chamber apparatus for standalone tests.

shown in the results presented later (see Figs. 5 and 6). Hardware
uncertainties constitute another source of error in the inputs of bias
voltage, microwave power and propellant flow to the cathode. In this
case, the DC power supply manufacturers report an accuracy of ±16 mV
in the voltage output for the negative cathode bias and a ±38 mA
accuracy for the anode current reading. In the microwave circuit,
the quoted generator output accuracy is ±1 mW, however a larger
uncertainty of ±3.8% is reported for the inline meter used to measure
the microwave power input to the AMPCAT. Finally, an accuracy of
±0.5% is provided for the mass flow controller (at room temperature).

3. Extracted current dependence on cathode bias

3.1. Dual current mode behaviour

The initial cathode prototype is tested in the standalone setup across
the parameter range of Table 1. The extracted current with varying
input microwave power is shown in Fig. 5, for a nominal �̇� = 0.1 mg/s
of 0.48O2 + 0.52N2 air composition. The current values are averaged
across repeated tests and plotted with error bars corresponding to the
standard deviation in the measurements (±𝜎). This testing identifies a
distinct transition between a lower- and higher-current mode which
is prompted by increasing the total bias voltage, i.e. applying an
increasingly negative cathode bias relative to the anode fixed at +20
V. The transition typically occurs in a 𝑉𝑏 range of 70–90 V, resulting
in an approximately ten-fold increase from 𝐼𝑒𝑥𝑡𝑟 < 0.05 A at 𝑉𝑏 = 40 V
to 𝐼𝑒𝑥𝑡𝑟 > 0.5 A at 𝑉𝑏 = 120 V for the nominal 48 W input microwave
power. It should be noted that the transition occurs in a discontinuous
manner during a given voltage sweep. The threshold voltage lies within
the 70–90 V range, as seen in Fig. 5 (the precise value is blurred due to
the discrete 𝑉𝑏 steps of 20 V). This is the reason for the larger error bars
at 60 V and 80 V, since transition may occur at slightly different values
between each acquisition. However, it can be seen that a high degree
of repeatability exists in 𝐼𝑒𝑥𝑡𝑟 before and after the transition region, for
instance if comparing the values at 𝑉 = 40 V and 100 V. The current
𝑏
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𝑚

Fig. 5. Left: Extracted current with relative bias for initial prototype at �̇� = 0.1 mg/s of 0.48O2+0.52N2 mixture. Error bars are plotted as ±𝜎 around mean value from repeated
tests and current transitions are qualitatively indicated between 𝑉𝑏 = 40 V and 100 V values. Right: Corresponding air plasma discharge in orifice-anode region for lower- and
higher-current mode at 𝑃𝑖𝑛 = 48 W.
Fig. 6. Extracted current with microwave power for initial prototype at 𝑉𝑏 = 120 V
and 0.48O2+0.52N2 mixture. Error bars are plotted as ±𝜎 around mean value from
repeated tests.

step is accompanied by a clear increase in the brightness of visible
emission from the plasma discharge in the orifice-anode region, as also
shown in Fig. 5. While the pink colour of the air plasma, associated
primarily with the emission wavelengths of excited O and N neutrals,
is maintained across the transition, there is a significantly brighter
and more distinct plasma bridge visible between the internal cathode
volume and the anode plate in the higher-current mode.

The current mode transition occurs at both �̇� = 0.1 mg/s and
̇ = 0.15 mg/s, however is not observed for the reduced 0.05 mg/s

flow rate, as shown by the current data at 𝑉𝑏 = 120 V plotted in Fig. 6.
The extracted current in the higher-current mode appears generally
linear with the input microwave power, as indicated by the linear fits
included in Fig. 6. Such a relation between current and microwave
power is advantageous for cathode operation, since the power input can
be instantaneously adjusted with a digital command to the solid-state
microwave generator, allowing maximum flexibility in the neutralising
current available.
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The identified dual current mode behaviour suggests a transition in
the dominant electron production mechanism in the plasma between
the lower- and higher-current modes. At low negative bias of the
ion collection region, the emission of electrons occurs due to neutral
ionisation in the vicinity of the microwave antenna. Electrons are
heated by the oscillating 𝐸 and 𝐵-fields within the skin-depth pene-
tration of the microwaves into the plasma, as per Eq. (4). Since an
estimated 𝛿 = 5.5 mm around the antenna extends to approximately
one third of the 16.5 mm internal radius, electrons effectively diffuse
throughout the cathode volume, leading to ionisation of neutral air
particles via electron-impact. The resulting ions are collected by the
negatively-biased walls, due to attraction by the negative potential
gradient from the bulk plasma, resulting in an equal electron current
which can be extracted from the discharge. This description is echoed
by other microwave cathode literature, such as [29] and [28], using
ECR-based electron-heating in the antenna vicinity for ionisation of
xenon neutrals.

However, the significant increase in current suggests a source of fast
electrons at higher bias values, resulting in increased ionisation. It is
proposed that this occurs in the AMPCAT due to secondary electron
emission (SEE) from the internal stainless steel surfaces. SEE results
from impacts of charged or excited species with surfaces exposed
to the plasma, leading to electron emission from the surface due to
interactions with electrons in the upper band of the wall material. For
instance, impacts of high-temperature electrons with the surface result
in: (a) excitation of electrons in the material, (b) diffusion of these
electrons to the surface, and (c) escape of sufficiently-excited electrons
to free space by overcoming the surface potential, known as the work
function 𝜀𝜙 [41, p. 9:183–184]. Ion impacts with the surface yield
either potential- (typically 101–102 eV order of impacting energy) or
kinetic-based (typically > 103 eV) interactions with electrons in the
material. In the potential case, the potential energy released during
neutralisation of the ion by a primary electron provides sufficient
energy for a secondary electron to escape the surface, such as in Auger
emission [42, p. 302]. The criteria for this is based on the ionisation
energy 𝜀𝑖𝑠 of the ion exceeding two times the work function:

𝜀𝑖𝑠 > 2𝜀𝜙 (5)

For the cathode plasma, a predominantly atomic (rather than molec-
ular) ion population is expected based on electron-neutral impacts. This
is because the dissociation energies for O and N of 5.11 eV and 9.76 eV
2 2
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Fig. 7. Extracted current with relative bias for different biasing configurations, at �̇� = 0.1 mg/s of 0.48O2+0.52N2 mixture and 𝑃𝑖𝑛 = 48 W. ‘Anode,’ ‘Chamber’ and ‘Base’ refer to
the biasing of the anode plate, internal chamber surfaces (& orifice plate) and cathode base respectively.
respectively [43,44], resulting in two atoms for every inlet molecule
undergoing energetic electron-impact, are significantly lower than the
respective first ionisation energy values of 12.21 eV and 15.63 eV [45,
46]. In the likely case of dissociation, the first ionisation energy is
13.62 eV for atomic oxygen and 14.53 eV for atomic nitrogen [47,48].
Ion-induced SEE can therefore occur for both O and N plasma species
since the ionisation energies satisfy Eq. (5), for a stainless steel work
function of 𝜀𝜙 = 4.8 eV [49]. Once a sufficient ion flux is reached
due to the potential drop through the Child-Langmuir sheath in the
ion collection region, a non-negligible degree of ion-induced SEE is
supported from the stainless steel surface. For instance, data is recorded
for a 100 eV oxygen ion impacting a molybdenum surface, which
presents a similar 𝜀𝜙 = 4.3 eV value to the stainless steel used in the
AMPCAT. This indicates an ion-induced SEE yield of 𝛾𝑖 = 0.026 [42, p.
303], with yield defined as the number of electrons released for every
impacting particle.

Although this is a relatively small yield, the emitted electrons are
accelerated away from the ion-collecting surface by the negative po-
tential imposed at the wall, resulting in high-energy electrons released
into the bulk plasma. These electrons might in turn impact other ion-
collecting surfaces, since they are energetic enough to overcome the
repulsive potential drop, and result in a significantly increased SEE
yield. For example, a much larger electron-induced 𝛾𝑒 ≈ 0.65 is observed
for impacts of 100 eV electrons on grade 304 stainless steel [50]. Such
a mechanism is identified by Oyarzabal et al. [51] for stainless steel
surfaces exposed to a glow discharge at a pressure of ∼ 4 × 10−3

mbar, which the authors use to explain an unexpectedly-large current at
increased negative surface voltages. This is supported by measurements
of a hot-tail in the electron energy distribution, for instance a ∼ 1%
fraction of 𝑇𝑒 = 180 eV electrons in a thermal 𝑇𝑒 = 9 eV population,
whereby the small fraction sustains a significantly increased SEE from
surfaces exposed to the plasma [52]. Indeed, the ion-induced SEE yield
is generally constant with ion energy for the Auger potential-based
emission that occurs at ion energies below 𝐸𝑖 ∼ 103 eV, i.e. 𝛾𝑖 for 10 eV
ions is approximately equal to 𝛾𝑖 for those at 100 eV [53, p. 117]. The
threshold bias needed for transition is therefore likely a combination
of:

• a sufficient flux of ions to the walls, which increases with negative
bias (see Eq. (2)). This generates a larger number of ion-induced
emitted electrons.
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• a sufficient acceleration of these electrons (from ion-induced SEE)
into the bulk plasma, which also increases with negative bias.
It is supposed that this acceleration becomes large enough for
electrons to overcome the potential drop at the AMPCAT walls
and so trigger large-scale electron-induced electron emission from
the internal surfaces.

Consequently, at the point of transition, an electron avalanche
in the cathode wall sheath results in emission of energetic electrons
into the bulk plasma, with a high likelihood of exceeding the energy
for electron-impact ionisation of air neutrals given an accelerating
potential in the order of the −80 V surface bias. This stream of fast
electrons therefore leads to a significantly higher degree of ionisation,
explaining the dual current mode behaviour. Indeed, such a mechanism
is proposed by Lisovskiy et al. [54] to support the transition from 𝛼−
(low-current) to 𝛾-regime (high-current) observed in a low-pressure
oxygen RF conductively-coupled plasma (CCP) discharge. The authors
record transition to the visually-brighter 𝛾-regime occurring at an RF
voltage of 92.1 V, for an oxygen pressure of ∼ 6 × 10−2 mbar and a
13.56 MHz supply frequency. Given that the air pressure within the
AMPCAT is measured as 4.4 × 10−2 mbar at the nominal �̇� = 0.1 mg/s
flow rate (without plasma), there is a significant degree of similarity in
the dual-current transition conditions between these two atmospheric
gas-based discharges. A secondary electron emission mechanism, as
detailed above, is therefore a possible explanation for the dual-current
mode transition observed during AMPCAT operation.

3.2. Ion collection region biasing

Several biasing configurations for the internal cathode ion-collecting
surfaces (see Fig. 1) are investigated to observe the resulting effect
on the electron current extracted by the anode plate. The observed
behaviour is shown in Fig. 7. First, it is confirmed that the same
value of extracted current is recorded for a given relative bias between
the anode and ion-collecting surfaces, for instance 𝐼𝑒𝑥𝑡𝑟 = 0.57 A at
𝑉𝑏 = 120 V, for both: (a) cathode grounded and anode biased to +120
V, or (b) the nominal case of all cathode plasma-interfacing surfaces
biased to −100 V and anode to +20 V. Subsequently, the cathode
base is isolated and biased independently from the other ion-collecting
surfaces. Tests are run with the base both floating and grounded,
while the anode is biased at +20 V and the remaining ion-collecting
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Fig. 8. Left: Post-test antenna after ∼ 1 hour operation with 0.48O2+0.52N2 mixture. Centre-left: SEM images of post-test antenna surface at x1000 magnification. Right:
Simulation of antenna-induced 𝐸-field magnitude inside cathode at 60 W microwave power and without plasma, alongside |𝐸| scale.
region (plasma chamber and orifice plate) is biased negatively down
to −100 V. Floating the base reduces the peak current by ∼ 20%, since
the total internal cathode area available for ion collection is decreased.
Grounding the base significantly reduces the extracted current collected
at the anode, down to a maximum of 0.07 A. However, a maximum ion
current of 0.34 A is still collected on the other ion-collecting surfaces,
suggesting that the grounded base acts as an electron-collector due to
a relatively-positive bias compared to the other internal surfaces. The
collection of a significant electron current on the base therefore vastly
reduces the number of electrons reaching the anode, and so 𝐼𝑒𝑥𝑡𝑟.

4. Influence of antenna isolation

4.1. Antenna erosion

The exposed molybdenum antenna used in the initial prototype
design is analysed after testing to study the effects of air plasma on
the molybdenum surface, allowing a comparison of surface condition to
simulations of the electric-field induced by the antenna. As described
in Section 2.3, the antenna is electrically isolated from the upstream
microwave line using a DC block. The antenna surface will therefore
self-bias to prevent current being drawn from the plasma, and so the
dominant E-field around the antenna is expected to originate from the
simulated microwave radiation. As well as simulations, the antenna
is imaged using scanning electron microscopy (SEM) to observe the
surface topology, which includes an Energy dispersive X-ray spec-
troscopy (EDS) analysis to determine the elemental composition of the
surface. The post-test antenna is shown in Fig. 8 alongside SEM images,
at a magnification of 1000, for three visually-distinct regions of the
antenna surface. The distance to the antenna tip is termed 𝑑𝑡𝑖𝑝. Fig. 8
also includes a simulation of |𝐸| using commercial engineering soft-
ware, modelling the prototype geometry without plasma and with an
ideal (impedance-matched) 2.45 GHz coaxial input at 60 W microwave
power. The variation of elemental weight fraction along the antenna
length, obtained from the EDS analysis, is reported in Table 2, alongside
the simulated 𝐸-field values. The principal elements observed are Mo,
representing the antenna surface, O and N, accounting for the plasma
species, C, likely introduced during antenna machining for assembly,
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Table 2
Elemental composition (by percentage weight) along post-test antenna with distance to
tip, measured using EDS analysis. |𝐸| from antenna simulation at 60 W input microwave
power also shown.

𝑑𝑡𝑖𝑝
(mm)

|𝐸|

(V/m)
Mo
(%)

O
(%)

N
(%)

C
(%)

Fe
(%)

2 5 × 106 74.3 17.8 2.5 3.1 1.7
12 3 × 106 75.3 16.2 2.6 3.8 1.1
22 1 × 106 66.3 14.0 4.4 9.5 3.1
27 3 × 105 89.0 4.6 0.0 4.6 1.4

and Fe, which forms the primary component of the grade 304 stainless
steel internal surfaces.

Looking at the post-test images, the dull region around the tip
of the antenna, where the maximum |𝐸| = 5 × 106 V/m occurs,
suggests sputtering of the surface due to impacts of high-energy air
species, which is supported by the heavily cratered surface visible in
the SEM. Further along the antenna, a decreasing |𝐸| corresponds to
a reduced level of sputtering, which is shown by the smaller diameter
and depth of craters in the 𝑑𝑡𝑖𝑝 = 12 mm SEM image. There is a high
oxygen content of 16–18% and significantly lower nitrogen content
throughout the sputtered region of the antenna surface, likely due to
the higher reactivity of oxygen leading to retention on the surface. This
is supported by literature on sputter yields for O+ and N+ impacting a
Mo surface, which predicts both: (a) a lower threshold ion energy for
oxygen of 40 eV compared to 70 eV for nitrogen, and (b) an order of
magnitude higher sputter yield (surface atoms released per impacting
ion) for O+, e.g. ∼ 4 × 10−2 at a 100 eV ion energy compared to
∼ 5 × 10−3 for N+ [55]. Around 𝑑𝑡𝑖𝑝 = 22 mm, the visual colouring and
increased Carbon content suggests that sputtering, less prevalent due
to an |𝐸| around 5 times lower than at the tip, is replaced by a high
surface temperature as the driver of surface characteristics. Towards
the antenna base, the visual image shows a reflective surface with little
difference to before the test. This links to a simulated |𝐸| value that
is one order of magnitude below that at the tip and significantly less
surface erosion, likely due to reduced local particle energies below the
sputtering threshold. The visual image is supported by the EDS and
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Fig. 9. Images from varying angles of internal cathode discharge through extraction orifice, at 𝐼𝑒𝑥𝑡𝑟 = 0.43 A with 0.1 mg/s of Xe at 𝑃𝑖𝑛 = 48 W and 𝑉𝑏 = 40 V.
Fig. 10. Upper: Post-test cathode internal volume and orifice plate after ∼ 1 hour operation with 0.48O2+0.52N2 mixture. Lower: SEM images of post-test orifice plate (internal
surface) at x8000 magnification, for three radial locations. Inset on 𝑟𝑜𝑟𝑖 = 10 mm image shows MoO3 platelet deposition at same scale, from [56].
SEM analyses, which indicate a high-purity Mo surface and features
corresponding to the grooves introduced during antenna manufacture.

The high E-field at the tip of the antenna, suggested by the |𝐸|

simulation and antenna erosion analysis, is also supported by images
of the cathode discharge taken through the extraction orifice. These
are presented in Fig. 9 at varying angles in order to show an observed
region of increased brightness marginally downstream of the antenna
tip. The images are obtained using an anode plate with a 15 mm
diameter central opening, through which the internal cathode dis-
charge is viewed, having verified that an equivalent extracted current
is measured compared to the usual full plate. The visible region of
increased plasma emission intensity also indicates a maximum degree
of ionisation in the antenna tip vicinity.

4.2. Internal surface coating

During testing with the exposed Mo antenna and the 0.48O2 +
0.52N2 mixture, a non-conductive blue-grey coating is found to de-
velop on the internal cathode surfaces, leading to decreasing extracted
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Table 3
Elemental composition (by percentage weight) with radius of post-test orifice plate,
measured using EDS analysis.

𝑟𝑜𝑟𝑖
(mm)

Mo
(%)

O
(%)

N
(%)

Fe
(%)

Cr
(%)

Ni
(%)

3 68.7 27.4 2.8 0.4 0.0 0.2
10 68.5 25.6 2.8 2.0 0.6 0.2
16 34.3 17.2 2.1 31.4 9.8 3.0
22 1.1 2.3 0.5 66.3 18.7 7.2

current with test duration. The internal coating resulting from approx-
imately one hour of cathode operation across the test input range is
shown at the top of Fig. 10. Similarly to the antenna, an SEM analysis
is performed on the internal surface of the orifice plate to analyse this
coating, which is present on the plasma-exposed area in comparison to
an uncoated stainless steel surface where the plate is tightly bolted to
the ion-collector.

The orifice plate is imaged at varying radial locations, based on the
distance from the orifice centre 𝑟 , for which the surface at 8000 times
𝑜𝑟𝑖
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Fig. 11. Images of internal cathode volume after ∼ 1 hour operation with
0.48O2+0.52N2 mixture for varying levels of antenna isolation. Clockwise from upper-
left: Exposed Mo antenna as per initial design, boron-nitride spray coating, alumina
plasma coating and alumina machined antenna sleeve.

magnification is shown at the bottom of Fig. 10. An EDS analysis reveals
the elemental composition with 𝑟𝑜𝑟𝑖, as detailed in Table 3 for the six
most prominent species. The uncoated region at 𝑟𝑜𝑟𝑖 = 22 mm shows
grooves from the machining process and a composition that matches
closely with the expected values for grade 304 stainless steel, typically
67–71% Fe, 18–20% Cr and 8–11% Ni [39].

The well-coated region at 𝑟𝑜𝑟𝑖 = 10 mm is shown in the right-hand
SEM image of Fig. 10, revealing platelets covering the surface and
an elemental composition of 69% Mo and 26% O. This suggests the
coating is a molybdenum-oxide, which is supported by the similarity of
the surface topography and elemental composition to SEM analysis of
MoOx in literature, such as the inset at 𝑟𝑜𝑟𝑖 = 10 in Fig. 10 which shows
MoO3 platelets imaged in [56]. Given the antenna erosion detailed
previously, the coating likely originates due to Mo species sputtered
from the antenna and oxidised. The 𝑟𝑜𝑟𝑖 = 16 mm SEM image, on the
boundary of the coated region, shows the initial development of the
MoOx coating on the stainless steel cathode surfaces.

4.3. Antenna isolation methods

The cathode design is adjusted to mitigate the non-conductive coat-
ing identified in the previous Section. It is found that electrically
isolating the molybdenum antenna from the plasma avoids formation
of the MoOx coating on internal surfaces, allowing continuous cathode
operation without a decreasing current with time. The concept is
initially verified by applying a boron-nitride spray to the antenna, the
effect of which is compared to the initially exposed Mo antenna in
Fig. 11, imaged after approximately one hour of testing with air. While
the coating is significantly reduced, a degree appears towards the end
of testing due to fracturing of the BN spray coating from heating of the
underlying antenna. Two solutions for antenna isolation are therefore
identified for a high antenna temperature: (a) a machined alumina
sleeve, with a wall thickness range of 0.5–0.7 mm, and (b) plasma
coating of the antenna with alumina to thicknesses of 0.1–0.3 mm,
using an atmospheric plasma spray process. These configurations are
similarly shown after equivalent testing in Fig. 11, indicating the
successful alleviation of the coating phenomenon through preservation
731
Table 4
Pre- and post-test elemental composition (by percentage weight) at mid-length between
alumina-coated antenna and machined alumina sleeve, measured using EDS analysis.

Antenna type O (%) Al (%) N (%) C (%)

Coat, pre-test 48.1 48.0 0.6 2.8
Coat, post-test 46.0 48.1 2.7 1.8

Sleeve, pre-test 59.8 24.5 1.9 13.2
Sleeve, post-test 55.9 13.7 8.8 8.2

Fig. 12. Extracted current with microwave power for varying antenna isolation, at
𝑉𝑏 = 120 V and �̇� = 0.1 mg/s of 0.48O2+0.52N2 mixture.

of high-conductivity, clean stainless steel walls and an isolating, clean
ceramic collar at the base of the antenna.

The elemental composition of both the plasma-coated and
machined-sleeve alumina isolation approaches is analysed using EDS
before and after around one hour of cathode operation with 0.48O2 +
0.52N2. The fractions of the four major elements present are reported
in Table 4, with a maximum error of 0.3% and 1.1% evaluated by the
EDS software for the ‘coated’ and ‘sleeve’ spectra respectively. This data
shows that the alumina-coated antenna displays only minor surface
composition changes because of exposure to air plasma during cathode
operation, with a marginal increase up to 3% in the nitrogen content
due to retention of plasma species. The machined sleeve undergoes a
slightly increased change in composition due to testing, however again
this appears to be primarily driven by N retained on the surface, from
a 2% to 9% fraction. In both cases, a significantly increased oxygen
fraction resulting from plasma exposure is avoided, thus mitigating the
issues observed with the exposed molybdenum antenna. This supports
a stable electrically-isolating layer around the antenna, preventing the
detrimental sputtering-based coating mechanism.

The two antenna isolation configurations are pursued since |𝐸|

simulations show no significant differences in the antenna-induced
electric-field relative to the exposed Mo antenna case. This is verified
via standalone testing, which demonstrates that both the isolated an-
tenna configurations support an equivalent level of current extraction
compared to the exposed antenna. This is the case across the range
of input microwave power and air mass flow rate, which is shown in
Fig. 12 for a total relative bias of 120 V at the nominal flow rate. The
current behaviour supports the assumption that electron heating via
microwaves occurs primarily in a layer around the antenna correspond-
ing to the plasma skin depth, expected in the 𝛿 ≈ 5.5 mm ballpark
(see Section 2.1), therefore a relatively small dielectric thickness of
𝑡 ≤ 0.7 mm does not significantly impact microwave power-coupling
to the plasma in the antenna near-field.
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Fig. 13. Left: Extracted current with relative bias for varying input microwave power, comparing �̇� = 0.1 mg/s of Xe and 0.48O2+0.52N2 mixture with 𝑡 = 0.7 mm alumina
machined antenna sleeve. Right: Corresponding Xe plasma discharge in orifice-anode region for lower- and higher-current mode at 𝑃𝑖𝑛 = 48 W.
5. Influence of propellant

The current extraction in standalone testing is analysed using xenon
as propellant, in order to compare the cathode performance on air
with a noble gas reference conventionally reported in literature. This
is done for the isolated antenna configuration through matching mass
flow rates between Xe and the 0.48O2 + 0.52N2 mixture, for instance
resulting in a volumetric inlet flow rate of 1.0 sccm and 4.7 sccm
respectively for an �̇� = 0.1 mg/s comparison. Mass flow rate matching
is used since this is a key parameter in calculating the performance
metrics of the overall thruster system. The extracted current collected
on the anode with relative bias is shown for both propellants in Fig. 13,
at varying microwave power levels and using the machined alumina
antenna sleeve configuration. As indicated in the figure, transition from
lower- to higher-current mode occurs for both air and xenon, with an
approximately three-fold jump in current from 𝐼𝑒𝑥𝑡𝑟 = 0.22 A at 𝑉𝑏 = 20
V to 𝐼𝑒𝑥𝑡𝑟 = 0.61 A at 𝑉𝑏 = 40 V for the nominal 𝑃𝑖𝑛 = 48 W with Xe.
The corresponding increased visible emission of the characteristically
blue-purple cathode plasma is also shown Fig. 13. Transition is found
to occur at a lower bias for xenon, by 𝑉𝑏 = 40 V for the full range
of 𝑃𝑖𝑛 compared to 80 V for air at higher powers, as well as a peak
current around 30–40% higher than at the same microwave power for
air. It is noted that transition in this case is delayed to a higher bias
for operation with air at the lowest power of 𝑃𝑖𝑛 = 24 W. This suggests
that the component of ionisation originating from microwave coupling
into the plasma at this power level is insufficient to maintain a self-
sustained discharge in the higher-current mode, likely due to molecular
energy-losses, thereby requiring a higher 𝑉𝑏 value to trigger transition.

The presence of the dual-current behaviour with xenon, as for air, is
expected based on the SEE-driven mechanism proposed in Section 3.1,
since the 12.13 eV first ionisation energy of xenon also satisfies the
secondary emission criteria of Eq. (5) (for a stainless steel 𝜀𝜙 =
4.8). The ion-induced secondary electron emission yield is similar for
both singly-charged oxygen and xenon ions, for instance 𝛾𝑖 = 0.026
and 𝛾𝑖 = 0.019 respectively in the case of 100 eV ions impacting a
molybdenum surface [53, p. 117]. Since these values are representative
for the stainless steel cathode surfaces, the differences in extracted
current behaviour likely originate from the ionisation characteristics
of xenon and air species. In the case of electron-neutral collisions, the
dominant ionisation mechanism expected in the cathode, the electron-
neutral collision frequency depends on the electron-neutral ionisation
collision cross-section. This is a function of 𝑇 and the neutral particle
732
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species. Since air species in the cathode plasma are expected to be
dissociated (see Section 3.1), the relevant first ionisation energy values
are 13.62 eV for atomic oxygen and 14.53 eV for nitrogen [47,48]. If
assuming a 𝑇𝑒 = 15 eV electron (e.g. in the high-energy tail of the
distribution function for electrons in the antenna vicinity) sufficient
for ionisation of O, N and Xe, the electron-impact cross-sections are
1.28 × 10−21 m2, 1.10 × 10−21 m2 and 1.15 × 10−20 m2 respectively [57–
59]. Given that the collision-frequency is directly proportional to the
cross-section, the expected rate of potentially-ionising collisions in this
case is 7.1 times higher for Xe than O and 8.2 times higher than for
N. In the case of electron-neutral collisions for air, electron energy
is lost for dissociation of O2 and N2 into their atomic species, as
well as in additional molecular excitations, such as vibrational and
rotational modes. For instance, Lieberman and Lichtenberg [42, p. 82]
note that the energy lost for an ion-electron pair created (from an
ionisation collision) is generally 2–10 times larger in a molecular gas
than an atomic equivalent at electron energies below 7 eV. As a result,
a significantly higher degree of ionisation occurs for xenon, yielding
an increased ion density in the bulk plasma. This supports both the
key differences identified in Fig. 13: (a) transition to the higher-current
mode at a lower bias with xenon than with air, since the ion flux is
higher at a given wall voltage, prompting sufficient ion-induced SEE,
and (b) larger extracted current values with xenon, since the increased
plasma density allows an increased electron current to be extracted
from the cathode.

6. Prototype development for continuous operation

The AMPCAT neutraliser design is evolved through iterative stan-
dalone testing, as detailed in the preceding sections. This results in a
refined prototype design, which aims at continuous operation on air
in the hours timescale and with a consistent extracted current level.
A description of the isolation configurations for the 𝜆∕4 molybdenum
antenna is given in Section 4.3, namely the use of an antenna plasma-
coated with an alumina layer or an alumina machined sleeve into
which the antenna is inserted. Several coated antennas with coating
thicknesses in the 0.1–0.3 mm range are tested, without a significant
observed effect of isolation thickness on extracted current performance.
The finalised machined sleeve design features a 𝑡 = 0.5 mm wall
thickness and a conical base to relieve stress concentrations in the
thin ceramic part during assembly. A key limiting factor on cathode
operation is excessive heating of the PTFE dielectric used in the off-
the-shelf microwave connector. This was found to soften and deform
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Fig. 14. Cross-section design of refined AMPCAT prototype, with machined alumina
antenna sleeve shown.

Table 5
Operating parameters for standalone duration tests, with finalised prototype using
𝑡 = 0.1 mm Alumina plasma-coated antenna.

Source MW power (W) 60 90
Input MW power (W) 48 70
Internal bias (V) −60
Anode bias (V) +20
Air mass flow rate (mg/s) 0.1
Air composition 0.48O2 +0.52N2

Background pressure in chamber (mbar) 3.4 × 10−4

Test duration (mins) 120
Extracted current (A) 0.52–0.56 0.79–0.80
Reflected MW power (W) 3 4
Stabilised temperature at MW connector 53 68

Average 𝐶𝑒 (mA/W) 7.0 6.9
Average 1∕𝐶𝑒 (W/A) 142.1 144.8
Average 𝑈𝑖 1.7 2.4

at temperatures exceeding ∼ 150 ◦C, as measured by a thermo-couple
on the connector housing (see Fig. 2), leading to reduced microwave
transmission. As a result, water-cooling is implemented via an internal
channel in the stainless steel cathode part housing the connector, with
water supplied to transfer heat from the PTFE dielectric. A minimised
wall thickness of 1.5 mm is used between the PTFE and cooling channel
to increase conductive heat transfer, and this is visible in the refined
prototype design shown in Fig. 14. The use of a high-temperature
microwave connector is foreseen in future prototype iterations to avoid
the use of active cooling.

6.1. Duration testing

The continuous operation of the refined prototype is evaluated in
two tests, each conducted for a duration of two hours. In this case,
a 𝑡 = 0.1 mm alumina coated antenna is used and water-cooling is
provided by an external chiller running at a pressure of 3 bar. The
tests are run at 48 W and 70 W input microwave powers to demonstrate
current levels of 0.5 A and 0.8 A respectively, for a constant internal
cathode bias of −60 V and +20 V bias on the anode. The operating
parameters are detailed in Table 5. The water-cooling results in an
allowable stable temperature at the microwave connector interface to
the cathode, with a plateau around 53 ◦C and 68 ◦C for operation
at 0.5 A and 0.8 A respectively, comfortably below a temperature of
733
Fig. 15. Extracted current and microwave connector temperature with time for two-
hour duration tests at �̇� = 0.1 mg/s of 0.48O2+0.52N2 mixture and constant 𝑉𝑏 =
80 V.

∼ 150 ◦C at the same location for which dielectric deformation is found
to occur. The current and temperature profiles for both tests are shown
in Figs. 15(a) and 15(b). Both tests are deliberately terminated, rather
than due to any changes in cathode operation, and post-test inspections
show neither visible damage to the PTFE dielectric nor any noticeable
coating of the plasma-interfacing surfaces of the cathode and anode.

6.2. Standalone performance comparison

The current extraction performance of the refined AMPCAT proto-
type is characterised across the full range of microwave power and air
mass flow rate. This standalone extracted current data is presented in
Fig. 16(a), alongside the power and propellant usage figures of merit;
𝐶𝑒 in Fig. 16(b) and 𝑈𝑖 in Fig. 16(c). It should be noted that 𝐶𝑒 and 𝐶−1

𝑒
are calculated including microwave power and the DC power linked to
the negative biasing of the cathode internal surfaces, however without
including the DC power needed to bias the anode (as for Table 5), since:
(a) the anode reproduces the potential gradient that will be provided
by the thruster discharge in a coupled scenario, and (b) the anode
power depends on the specific geometry of the anode and its distance
to the cathode orifice. The standalone test data demonstrates the ability
to extract a current approaching 1 A with air propellant across the
0.05–0.15 mg/s mass flow rate range, at a 70 W microwave input power.
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Fig. 16. Standalone AMPCAT prototype performance with varying microwave power and mass flow rate of 0.48O2+0.52N2 mixture, at different total relative bias values, using
𝑡 = 0.3 mm alumina coated antenna. AMPCAT 𝐶𝑒 & 𝐶−1

𝑒 values do not include power contribution from extracting anode.
As noted previously, there is a broadly linear relationship between
𝐼𝑒𝑥𝑡𝑟 and input microwave power at increased bias values where the
discharge is in the higher-current mode. The best-case power efficacy
𝐶𝑒 is found to occur at the threshold voltage for transition and drops
with increasing 𝑉𝑏 after this point. The fact that 𝐶𝑒 is generally more
constant with microwave power, for instance 𝐶 = 5–6.5 mA/W at �̇� =
734

𝑒 𝑚
0.15 mg/s, suggests that higher extracted current values are attainable
with increased microwave power, since a drop-off in efficiency of the
microwave power coupling into the plasma is not seen up to the 70
W tested. The propellant utilisation decreases at higher flow rates and
is noticeably maximised for operation in the higher-current mode with
̇ = 0.05 mg/s.
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Table 6
Comparison of AMPCAT prototype performance to cathodes from literature, for stan-
dalone testing and cathode total power below 300 W. AMPCAT inputs for maximising
𝐼𝑒𝑥𝑡𝑟, 𝐶𝑒 and 𝑈𝑖 individually shown in bold. Extracting anode power contribution is
not included in 𝐶𝑒 & 𝐶−1

𝑒 values for AMPCAT and [20], however is included for
21,28,33,60].

Cathode Gas �̇� (mg/s) 𝑃𝑡𝑜𝑡 (W) 𝐼𝑒𝑥𝑡𝑟 (A) 𝐶𝑒 (mA/W) 𝐶−1
𝑒 (W/A) 𝑈𝑖

Typical W filament [32] Xe 0.3 60 0.30 5.0 200 1.0
Typical HCN LaB6 [32] Xe 0.2 130 4.0 30.0 33 28.0

RF ICP [21] Xe 0.3 114 1.7 14.9 67 7.9
MW ECR [28] Xe 0.3 258 2.6 10.2 98 12.2
MW ECR (𝜇10) [60] Xe 0.07 13.8 0.18 13.1 76 3.6
MW ECR (𝜇20) [33] Xe 0.1 45 0.50 11.1 90 7.0
DC (E × B) [20] Air 0.08 89 0.24 2.7 370 1.1

AMPCAT w/ Xe
𝑃𝑖𝑛 = 70 W, 𝑉𝑏 = 60 V Xe 0.1 126 0.97 8.9 112 13.3
𝑃𝑖𝑛 = 24 W, 𝑉𝑏 = 30 V Xe 0.1 34.5 0.35 12.7 79 4.8
𝑃𝑖𝑛 = 48 W, 𝑉𝑏 = 80 V Xe 0.05 100 0.68 7.7 131 18.6
AMPCAT w/ Air
𝑃𝑖𝑛 = 70 W, 𝑉𝑏 = 120 V Air 0.1 176 0.90 5.6 178 2.7
𝑃𝑖𝑛 = 70 W, 𝑉𝑏 = 80 V Air 0.1 128 0.74 6.5 155 2.2
𝑃𝑖𝑛 = 70 W, 𝑉𝑏 = 120 V Air 0.05 177 0.90 5.6 178 5.3

A comparison of the AMPCAT prototype to other low-power alterna-
ive neutralisers in the literature is shown in Table 6. As previously, the
C extracting anode power is not included in the AMPCAT 𝐶𝑒 and 𝐶−1

𝑒
alues, however it should be noted that this is not possible to do for the
ther microwave and RF cathodes referenced in Table 6 [21,28,33,60]
ue to their standalone test configurations of a grounded cathode and
ias applied solely to the anode. The performance with xenon compares
ell in maximum efficiency values (𝐶𝑒 and 𝑈𝑖) with the reported

performance of the JAXA microwave ECR neutraliser [33,60]. While
data on cathode operation with air is scarce, a significant increase
in current and efficiency values is observed in comparison to a DC
cathode using air presented in [20]. Overall, the cathode performance
demonstrated in this initial study bodes well for satisfying the current
requirements of an air-breathing propulsion system.

7. Conclusion

A cathode operating on air is developed, termed the AMPCAT, in
the framework of the AETHER project’s design of an air-breathing
electric propulsion system for VLEO. This study presents the evolution
of the microwave plasma cathode design based on iterative standalone
testing. A particular area of focus is the antenna erosion and internal
surface coating resulting from direct insertion of the molybdenum
antenna into the air plasma, which is mitigated through the use of an
electrically-isolating alumina layer around the antenna. A dual-current
mode is identified in the cathode extracted current with increasing rel-
ative bias between the internal surfaces and extracting anode, resulting
in an order of magnitude increase in current at 𝑉𝑏 > 80 V for a 0.48O2

0.52N2 air mixture. A secondary electron emission-based mechanism
s proposed to explain the current transition, leading to an electron
valanche at the ion-collecting internal walls and a high-energy elec-
ron population which supports significantly increased ionisation in the
ulk plasma. In general, extracted current values greater than 0.5 A and
.9 A are demonstrated across the 0.05–0.15 mg/s range of air mass
low rates for 48 W and 70 W input microwave powers respectively. A
erformance comparison with xenon as a reference yields an equivalent
ual-current behaviour, with a reduced transition bias of around 40

and a 30–40% increase in peak extracted current based on more
ffective ionisation. The cathode prototype is developed to a refined
esign, which demonstrates stable current extraction with air at 0.8
over several hours of operation. Future work foresees a validation
735

f the cathode electron emission in supporting a thruster discharge,
for which thrust-balance tests using a low-power Hall-type thruster are
planned with comparison to a conventional hollow cathode. A study
of the AMPCAT dual-current mode behaviour is also anticipated via
plasma diagnostics of the internal and external cathode discharge.
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