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Cathode-less RF Plasma Thruster Design and Optimisation

for an Atmosphere-Breathing Electric Propulsion (ABEP)

System

Abstract

Atmosphere-breathing electric propulsion (ABEP) is a concept that ingests resid-
ual atmospheric gases as a source of propellant for an electric thruster, removing
the need for onboard propellant storage. This would enable continuous low-thrust
drag compensation, extending the lifetime of spacecraft in Very-Low Earth Orbit
(VLEO); <250 km. VLEO is an appealing region for spacecraft operations, enabling
new remote sensing missions with improved radiometric performance and spatial res-
olution, whilst reducing size, mass and power requirements, as well as mission cost.
A preliminary design review and optimisation is therefore conducted for an ABEP
system that uses the cathode-less radio frequency (RF) plasma thruster from Tech-
nology for Innovation & Propulsion (T4i) S.p.A. This removes the issue of thruster
erosion by means of magnetic confinement and offers reduced susceptibility to vary-
ing atmospheric composition. A semi-empirical oxygen-nitrogen global source model
(GSM) has been developed which considers the volume-averaged flux, momentum,
and energy balance of the RF discharge. This includes a detailed chemistry model for
the complex electron-molecular reactions and energy-loss channels of air plasma in
the ionisation chamber. The GSM is coupled to an analytical model of flux balance
for an air intake, verified by Direct Simulation Monte-Carlo (DSMC) simulation, to
consider its design for maximum collection efficiency. This is then utilised in a ro-
bust multi-objective optimisation of the ABEP system, accounting also for spacecraft
aerodynamics and power requirements.

Keywords: Atmosphere-Breathing Electric Propulsion (ABEP), Cathode-less RF
plasma thruster, Very Low Earth Orbit (VLEO), Global plasma model, Robust
optimisation
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1. Introduction

Atmosphere-breathing electric propulsion (ABEP) is a concept that ingests resid-
ual atmospheric gases as a source of propellant for an electric thruster, removing the
need for onboard propellant storage [1]. This would enable continuous low-thrust
drag compensation, extending the lifetime of aeronomic satellites in Very-Low Earth
Orbit (VLEO); <250 km [2].

VLEO is highly appealing for flexible, high-performing and economical space-
craft operations to deliver low-cost communications and Earth observation data [3].
Ground resolution is directly proportion to altitude; therefore, instrument volume,
mass and cost reduces with altitude for the same performance. The radiometric
resolution also improves according to the inverse-square of altitude, yielding higher
signal-to-noise ratios. VLEO can therefore provide substantial improvements in the
performance of Earth remote sensing payloads for applications such as meteorol-
ogy, oceanic circulation, polar ice, wildfires, agriculture, urban mapping or military
surveillance. VLEO satellites also benefit from improved communications latency
and link budget, and the launch vehicles can provide greater payload mass fractions
[4]. Concerns over the increasing debris population in commercially exploited orbits
is also avoided.

Drag-compensated VLEO flight has previously been demonstrated with conven-
tional propellant: The European Space Agency’s (ESA) Gravity Field and Steady-
State Ocean Circulation Explorer (GOCE) was launched in 2009 [5]. GOCE used a
QinetiQ T5(UK-10) ion thruster to compensate for the orbital decay, sustaining an
orbital altitude of 250-265km for 55 months before expending its fuel. The Super
Low Altitude Test Satellite (SLATS) was launched in 2017 by the Japan Aerospace
Exploration Agency (JAXA), with the objectives to understand the effects of high-
density atomic oxygen on the satellite and to verify drag-compensation feasibility
with a Kiku-8 ion thruster [6]. Subsequently, several ABEP projects have arisen.
These include the ESAs RAM-EP (Residual Atmosphere for Maneuvering by Elec-
tric Propulsion) [7], JAXA’s ABIE (Air-Breathing Ion Engine) [8], the European
Commission’s AETHER (Atmosphere-breathing Electric THrustER) [9], and Busek
Co.’s ABHET (Atmosphere-Breathing Hall Effect Thruster) [10].

However, the presence of reactive chemical species, including atomic oxygen
in VLEO, is a lifetime-limiting cause of discharge channel, grid and hollow cath-
ode erosion in conventional electric propulsion systems such as ion and Hall-effect
thrusters [9,11]. This self-defeats the purpose of such ABEP systems to extend mis-
sion lifetime. Cathode-less electric propulsion (EP) systems, such as the inductive
plasma thruster (IPT) of the European Commission’s DISCOVERER ABEP pro-
gram [12], are superior in this regard, making them particularly suitable to ABEP
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operations. The REGULUS cathode-less Helicon-based radio frequency (RF) plasma
thruster has been under development by Technology for Innovation & Propulsion
(T4i) S.p.A. since 2015 [13,14]. The 50 W iodine-fuelled model REGULUS-50-I2 per-
formed successful in-orbit demonstration in Q1 2021 [15], where it provided VLEO
drag-compensation for the GAUSS S.r.l. UniSat-7 satellite-deployer mission [16,17].
More recently, under the EarthNext program funded by the Agenzia Spaziale Ital-
iana, REGULUS-50-I2 (11 kNs) will station-keep operations in VLEO of an 16U
CubeSat for Earth observation. The REGULUS system also includes 150 W class
and xenon-fuelled configurations.

Figure 1: Schematic of cathode-less RF plasma thruster

The principle of the cathode-less RF thruster is illustrated in Fig. 1. Plasma is
produced within a source tube using radiofrequency (RF) ionisation, enhanced by
a magnetic field which also accelerates the discharge via the magnetic nozzle effect
[18]. The result is a series of advantages that lend themselves to VLEO operation:
broader propellent compatibility, reduced erosion issues, reduced contamination, low
maintenance, enhanced reliability, lightweight and simplified design, as well as the
capability for low-density, low-pressure ignition [19]. A preliminary design review
and optimisation is therefore conducted for an ABEP system that uses the cathode-
less RF thruster technology. This removes the issue of thruster erosion by means
of magnetic confinement and offers reduced susceptibility to varying atmospheric
composition.

The issue regarding the uncertainty of VLEO conditions, arising from solar
weather, thermospheric wind, gas-surface interactions and orbital perturbations is
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a critical one. There have been many studies into the feasibility and optimisation
of the ABEP systems discussed above [7-10]. But the literature often makes use of
representative or average conditions for a singular design point [20,21]. Robust opti-
misation is indispensable for ensuring the effectiveness, reliability, and cost-efficiency
of ABEP systems in VLEO missions. It allows spacecraft to adapt to dynamic
environmental conditions and operational uncertainties, thereby enhancing mission
success and the long-term sustainability in this critical orbital regime.

To this end, this paper demonstrates the robust optimisation of an ABEP system.
A semi-empirical oxygen-nitrogen global source model (GSM) has been developed
which considers the volume-averaged flux, momentum, and energy balance of the RF
discharge [22]. This includes a detailed chemistry model for the complex electron-
molecular reactions and energy-loss channels of air plasma in the ionisation chamber.
The GSM is coupled to an analytical panel model of flux balance for an air intake, a
panel method for satellite aerodynamics as well as power and thermal models. While
similar models have been described in the literature previously, it is stressed that the
novel aspect of this work is the application of robust optimisation methodology to
ABEP design, as well as the performance analysis of the REGULUS cathode-less
RF thruster under varying environmental conditions in VLEO. A novel air intake
concept is also introduced.

2. Orbit and atmospheric variability

2.1. Orbital conditions
Dawn-dusk sun-synchronous orbits (SSO) are considered as to neglect eclipses,

and thus allow continuously generated power with solar arrays. These orbital profiles
are simulated via a high-accuracy orbit propagator, which considers harmonics of the
Earth’s gravity up to 18 and provides the inputs for the NRLMSISE-00 atmospheric
model at each timestep [23]. For these simulations, the drag is neglected to repli-
cate an idealistic drag-compensating condition, since the requirement here is to only
obtain representative atmospheric properties.

In VLEO, the non-sphericity of Earth’s gravity has a significant effect, resulting
in unavoidable and osculating eccentricity of the orbit. This is significant given that
even a small change in altitude yields considerably different atmospheric composition
and temperature, placing altered demands on both intake thruster performance.

Fig. 2 (a) displays the orbital altitude variation in VLEO for two simulated SSO’s
with mean altitudes of 160 and 200 km, over a sample of 30 days. The eccentricity
due to non-spherical gravity is indicated by the immediate periapsis–apoapsis range
of 144-181 km and 180-226 km respectively; with 30-50 km variations expected, large
variations in atmospheric properties and incoming flow speed are inherent.
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(a)

(b)

Figure 2: (a) Orbital altitude variation over a 30 day period at 160 and 200 km mean-altitude
SSO. (b) Multivariate distributions of VLEO environmental parameters at 160 and 200 km at low,
average and high solar activity. The diagonal provides the single variable probability distribution
functions

2.2. Atmospheric variability

The NRLMSISE-00 model is used to provide the flow temperature T∞, total mass
density ρ∞ and number density n∞ for each atmospheric component. It includes the
effect of solar activity, in the form of an input for the 10.7 cm solar radio flux index
F10.7 and the magnetic Ap index, which are measures of the solar radiation in the
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wavelengths that cause atmospheric ionisation and the variation in the daily average
of the Earth’s magnetic field respectively [23]. The nominal average values are taken
here as F10.7 = 140, Ap = 15, minimum values as F10.7 = 65, Ap = 0, and
maximum values as F10.7 = 250, Ap = 45.

The primary noise parameters of interest are:
(I) the hypersonic speed ratio,

S∞ =
v∞√
2kBT∞
m̄∞

, (1)

where v∞ is the freestream flow velocity along the satellite roll axis (equal to the
orbital velocity when neglecting yaw angle), T∞ is the freestream temperature, m̄∞
the mean freestream particle mass and kB is the Boltzmann constant. This is the
ratio of the freestream speed to its most probable thermal velocity, having direct
effect on intake performance and platform drag.

(II) the composition ratio, nN2/nO, of diatomic nitrogen N2 to atomic oxygen
O. Whilst this also effects intake performance and aerodynamic properties, it will
mainly effect the performance of the thruster by altering the plasma composition.

(III) the mean free path,

λ∞ =
1

n∞
√
2πd2

, (2)

where n∞ is the freestream number density and d is the representative molecular
diameter. This quantifies the effect of gas-phase collisions and the degree of flow
rarefaction. Note that it also inversely quantifies the effect of density

In Fig. 2 (b), the multivariate distributions of these noise parameters are illus-
trated for both the 160 and 200 km dawn-dusk SSO’s, and at each level of solar
activity. In all the samples considered N2 and O constitute at least 90% of the
gas composition. Their relative composition however varies largely; nN2/nO= 0.53-
5.12 at 160 km and 0.18-3.17 at 200 km (atomic oxygen is more prevalent at higher
altitude).

Because of the higher atmospheric temperature and higher fraction of lighter
species, S∞ is lower at higher altitude and much lower at higher solar activity. Its
dependence on species mass provides a strong correlation with nN2/nO. Overall,
it varies between 8.7-12.9 and 7.8-11.3 for 160 and 200 km respectively. This is
challenging for the operating range of intakes.

The mean free path λ∞ has a dynamic range of about one order of magnitude at
each altitude. It can be as low as 20 m in the 160 km high solar activity case and
as high as 750 m in the 200 km low solar activity case. For a platform on the order
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of 1 m, this does mean the flow is safely in the free molecular regime. However, its
large variance-especially at low solar activity-raises the issue of required geometric
robustness in intake and aerodynamic design. It is judicious to mention that the yaw
angle and angle of attack of the incoming flow will also vary greatly in VLEO due to
thermospheric winds and spacecraft attitude. However, in the first analysis here, the
flow is considered perfectly aligned and the effects left to detailed design requiring
the use of DSMC simualtions.

Figure 3: Terms of the global source model

3. Sub-System models

3.1. Cathode-less RF thruster

To predict the air species population densities and the electron temperature
within the source tube, a 0D Global Source Model (GSM) has been adopted [22,24-
26]. The plasma production is assumed to occur only within the cylindrical region
of the source tube, with an open end for the outlet. The magnetic field is considered
uniform and perfectly aligned with the thruster axis; the effect of cusps is accounted
for through empirical relations [22,26]. The species flux balance and electron power
balance respectively are then given as,

dnk

dt
= Rk

chem −Rk
wall +Rk

in −Rk
∗ (3)

d

dt

(
3

2
ne⟨Te⟩

)
= P

′′′

a − P
′′′

chem − P
′′′

wall + P
′′′

in − P
′′′

∗ (4)
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where nk is the number density of the k-th species, and ⟨Te⟩ is the global aver-
age electron temperature. Rk

chem is the term associated to production/loss of the k-th
species due to chemical reactions, Rk

wall the same for wall surfaces losses/recombination,
Rk

in is the source term of the air injected into the source tube (it is a direct func-
tion of the intake collection efficiency ηc), and Rk

∗ is the species sonic flux exiting
the discharge, into the magnetic nozzle. P

′′′

chem,P
′′′

wall,P
′′′
in ,P

′′′
∗ are the equivalent vol-

umetric power density terms for the electron species. P
′′′
a is the volumetric power

density absorbed into the plasma from the RF antenna; Accounting for impedance
mismatching. the coupling efficiency is taken to be constant ηRF = Pa/PRF = 0.8
from previous measurements [24-27]. The thrust is then obtained analytically as [27],

T =
K∑
k=1

(
T k
p + T k

gas

)
(5)

T k
p = T k

0

M2
det + 1

2Mdet

(6)

T k
gas = ṁk

exv̄k

(
1 +

kBT
k
g

mkv̄2

)
(7)

where Eq. 5 is the summation of the plasma Tp and neutral gas Tg contributions,
Mdet is the magnetic Mach number at detachment (solved numerically according to
Lafleur [28]), v̄ is the neutral sound speed, and Tg is the neutral gas temperature.
The pre-acceleration plasma thrust is T k

0 = 2βkenk⟨Te⟩Aout, with β an empirical
parameter that accounts for the non-uniformity of the plasma [22,26].

In this work, the considered species are electron, atomic, and molecular neutral
species, namely, N, N2, O, O2, NO, N2 O, NO2, excited state, and single-charged
atomic and molecular ions. Regarding the chemistry model, the reactions that were
included, listed in Table 1, are elastic scattering, excitation, ionisation and neutralisa-
tion, molecular dissociation, attachment and detachment, dissociative neutralisation
and ionisation, and charge exchange. The relevant reaction cross-sections were recov-
ered from the Biagi database [29]. In total, over 130 reaction pathways are present.
Therefore, to reduce some of the computational burden, atomic and molecular ex-
citation states were reduced using the lumping methodology laid down by Souhair
et al. [30,31]. In the GSM, the reaction rates K involving electrons are calculated
assuming a Maxwellian distribution of electron impact energy Ee,

K(Te) =

√
8

πmeT 3
e

∫ ∞

E∗
Eeσ (Ee) e

−Ee
Te dEe (8)
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Table 1: Air chemistry included in the GSM

Type Reaction Species

Atomic Elastic Scattering e+ A → A+ e N, O
Atomic Excitation e+ A → A∗ + e N, O
Atomic Ionization e+ A → A+ + 2e N, O
Atomic Neutralization e+ A+ → A N, O
Atomic Attachment e+ A → A O2, NO, NO2

Molecular Elastic Scattering e+ AB → AB + e N2, O2

Molecular Excitation e+ AB → AB∗ + e N2

Molecular Ionization e+ AB → AB+ + 2e N2, O2

Molecular Dissociative Ionization e+ AB → A+B+ + 2e O2

Molecular Dissociative Attachment e+ AB → A+B− O2, NO2, N2O
Molecular Dissociation e+ AB → A+B + e N2, O2

Molecular Neutralization e+ AB+ → AB N2, O2, NO
Molecular Attachment e+ AB → AB− O2, NO, NO2

Molecular Dissociative Neutralization e+ AB+ → A+B N2, O2, NO, NO2, N2O
Charge Exchange A+ +B → A+B+ N, N2, O,O2, NO,NO2, N2O
Mutual Neutralization A+ +B− → A+B N, N2, O,O2, NO, NO2, N2O
Recombination A+B → AB N, N2, O,O2, NO
Ion Recombination A+B+ → AB+ N, O, NO
Associative Detachment A+B− → AB + e O, O2, NO,NO2

Associative Neutralization A+ +B− → AB N, N2, O,O2, NO

where E∗ and σ are the energy threshold and collision cross sections respectively.
Before proceeding, the reaction processes and rate coefficients can already be used to
gain important insight into the application of air as propellant. A metric sometimes
used for plasma discharges is the collisional energy loss which represents the average
energy expended to produce an electron–ion pair when considering all collisional
processes, the ion-cost. This is given as,

ϵc(Te) =

∑I
i=1Ki(Te)E

∗
i (Te)∑J

j=1Kj(0→+)(Te)
(9)

where the numerator represents the sum of the collisional energy loss rate of
all processes, and the denominator is instead the loss rate only of ion-producing
reactions (ionisation and dissociation).

Fig. 4 shows this ion-cost as a function of electron temperature in the range
expected for the ABEP thruster. It can immediately be seen that whether the air
plasma is made up largely of N2 or O has a large effect on the collisional energy
loss and shifts the cross-over point between the traditional Xe curves by about 5 eV.
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Figure 4: Effective collisional energy loss per electron–ion pair as a function of electron temperature

Although the energy loss in pure N2 and O plasmas is significantly higher than both
Xe and I at low electron temperatures, above about 10 eV the energy loss of N2 and
O is comparable to Xe in the region of 15-18 eV. However, this remains about 5
eV greater than iodine. This is due to the different collision cross-sections, reaction
process, and inelastic energy thresholds.

While the electron temperature in air compared to xenon or iodine plasma dis-
charges is not in general equal, it is expected to be similar [32]. Fig. 4 therefore
indicates that using air can lead to lower collisional energy losses if the electron
temperature is sufficiently high and there is a high concentration of O. Indeed, the
cross-over point of O and N2 exists at 4 eV, representing a key condition when factor-
ing in composition ratio in design (although in practice, such low-temperatures are
unlikely to meet thrust requirements). Since most atmospheric operating conditions
have comparable levels of atomic oxygen and nitrogen, the effective energy loss can
be expected to sit somewhere between the two curves.

3.2. Intake

While several literature works have yielded impressive performance from specu-
larly reflecting intakes [21,33], it is conservative practice to consider the gas-surface
interactions in VLEO to be diffuse. A classic passive intake with entrance ducts is
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therefore considered here. Extending the work of other authors [20,34], a quasi-2D
panel-like method is derived to estimate the performance of the intake. The flux of
gas from the freestream is approximated as hypersonic (S∞ ≫ 1) and is free molecu-
lar everywhere; particles considered to have struck the thermalization chamber have
a Maxwellian distribution at the temperature of the walls Tw and the surface reflec-
tions are fully diffusive. When considering the flow through the intake, the three
determinate fluxes can be expressed as,

Rin = n∞v∞AinΘin (10)

Rout =
1

4
noutvthAoutΘout (11)

Rback =
1

4
nbackvthAinΘback (12)

where Θ are the free-molecular transmittances and vth is the thermal speed. To
acquire the values of the required Θ, the intake is divided up into panels in both
the axial and radial dimensions; one set for the ducted section and another for
the chamber. The individual Θ for each element, along with its Clausing factor
Θ∗ (the transmittance for thermalised flow), is found from the results of DSMC
simulations presented in the literature [20]. They are exclusively functions of S∞ and
the segment aspect ratio. For multiple segments in series arrangement, the combined
transmittance can then be found by superposition via Eq. 13 for k elements:

Θ1...k =
k∏

i=1

Θi +
k∑

m=1

[(
m−1∏
i=1

Θi

)
(1−Θm)

(
k∏

j=m

(1−Θ∗
j)Θ

∗
m

)
N∑

n=0

(
k∏

j=m

(1−Θ∗
j)

)]n
(13)

The collection efficiency of the intake may then be found as,

ηc =
Rout

n∞v∞Ain +
ΘinΘout

Θ
back+

Aout
Ain

Θout

Aout

Ain

, (14)

and the compression ratio as,

ν = nout/n∞ = 2
√
πS∞

√
T∞

Tw

Θin

Θback +
Aout

Ain
Θout

(15)

From the perspective of the balance model, ionised gas exiting the thruster,
through the MN, is effectively equivalent to the direct transmittance of those in-
flowing neutral particles through the source tube. Taking the unionised propellant
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fraction to be small, then the value of Θout is considered approximately equal to the
thruster mass utilization efficiency ηu, which is an output of the GSM. The value
of Tw is calculated according to the heating from the onset flow as it assumes stag-
nation conditions with all particles led adiabatically to rest at the intake surfaces,
neglecting conduction through the wall

Tw =

ρ∞v∞

(
v2∞
2
+ cpT∞

)
εrσB

1/4

(16)

where ϵr is the emissivity (assumed to be 0.5), cp the specific heat capacity at con-
stant pressure (which depends on the composition) and σB is the Stefan-Boltzmann
constant.

3.3. Aerodynamics

In the free-molecular flow regime, the air is assumed to act as individual particles
and forces imparted on the body are calculated from the momentum transfer of
particle collisions. The panel method of Sentman is therefore used to evaluate the
drag of the satellite platform [35]. A single accommodation coefficient αw is used to
quantify energy transfer to the surface and is taken to be 0.9. Diffuse re-emission
is assumed, which is correct for typical VLEO conditions. The pressure and shear
stress coefficients of each panel are given by,

Cp =

(
cos2(δ) +

1

2S2
∞

)
(1 + erf(S∞ cos(δ))) +

cos(δ)

S∞
√
π
e−S2

∞ cos2(δ)

+
1

2

√
2

3

(
1 + αw

(
Tw

T∞
− 1

))[√
π cos(δ)erf(S cos(δ)) +

1

S∞
e−S2

∞ cos2(δ)

]
(17)

Cτ = sin(δ) cos(δ) (1 + erf(S∞ cos(δ))) +
sin(δ)

S∞
√
π
e−S2

∞ cos2(δ) (18)

with δ the angle between the oncoming flow and panel surface normal vector.
The drag of each panel is then,

Fd =
1

2
ρ∞v2∞ArefCd. (19)

The drag coefficient being given by Cd = Cpcos(δ) + Cτsin(δ) and Aref is the
projected area of the panel. The total platform drag is then taken to be,
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FD = F bus
D + F array

D + F intake
D (1− ηc) + ηcAinρ∞v2∞. (20)

Where FD =
∑

Fd is the sum contributions of the panel decomposition as per
Eqs. 17-19 and is separated into the satellite bus, solar array and intake (frontal)
contributions. The latter is multiplied by 1−ηc due to the fraction of air which does
not pass through the intake. The final term accounts for the stagnation of the intake
air for thermalisation.

3.4. Power

The satellite solar arrays are modelled to represent the increased solar array area
required for generating a higher thrust, due to the corresponding thruster power. The
array collecting faces are considered to be perpendicular to the spacecraft trajectory
since SSOs are used here. A larger solar array therefore only increases the shear drag
(pressure drag negligible) and this limits the operating power. While, in practice, the
dawn-dusk SSO’s considered here may experience eclipses on the order of 10 minutes,
it is assumed the arrays are under continuous solar flux. The beginning-of-life power
density of the arrays is taken to be,

PBOL = ηsGSCId (21)

where GSC= 1367 Wm−2 is the solar constant and ηs and Id are the panel effi-
ciency and inherent degradation. They are taken as 0.3 and 0.8 respectively, repre-
sentative of state-of-the-art GaAs arrays. The end-of-life power is then given by,

PEOL = PBOL(1− Y )SCL. (22)

Here, Y is the per-year panel degradation, and is 0.0275 for VLEO. SCL is the
mission lifetime, taken as 10 yrs. In all, PEOL is about 60% that of the ideal power
ηsGSC . The panel area required (from the RF antenna power PRF ) is thus,

As =
SF · PRF

PEOL

(23)

The term SF is a safety factor to account for other sub-system power and is
1.2. Note, that since this is the array area required to generate the necessary power
and only one array side is exposed to solar flux, the actual shear area contributing
to drag is in fact 2

(
As − A

′

bus

)
, where A

′

bus is considered as the projected area of a
body-mounted array of solar cells on the satellite bus.
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3.5. Optimisation method

A multi-objective surrogate optimisation algorithm is chosen for the design of
the ABEP system. While the GSM is not as computationally intensive as fluid or
PIC methods, a function evaluation time of several seconds still yields heavy com-
putational times. The surrogate model approximates the objective function (the
sub-system models) as a ‘black box’ using carefully selected observations of the orig-
inal function and implementing effective interpolation between these sites [36]. By
carefully selecting and tuning the components of the surrogate model it should be
possible to minimize the number of samples that are needed to fully explore a given
design space. These models approximate the behaviour of the actual system, guiding
the search for optimal solutions and aiding decision-makers in navigating trade-offs.

The core of the methodology lies in multi-objective optimization, which navigates
the decision variable space to discover a set of Pareto-optimal solutions. These
solutions depict the intricate balance between competing objectives, forming a Pareto
front. The algorithm iteratively refines the surrogate-based objectives, guiding the
search towards the Pareto front. Following convergence, a suite of Pareto-optimal
solutions is attained, presenting decision-makers with a comprehensive spectrum of
trade-offs.

Further to this, robust optimization, employing the Taguchi Signal-to-Noise Ratio
(SNR) methodology [37], is a valuable approach in engineering and scientific research
for enhancing the resilience and performance of systems in the presence of variability
and uncertainty. This methodology, rooted in quality engineering principles, enables
systematic investigation in how variations in input parameters impact the quality
or performance of a system [38]. By quantifying the effects of variability using the
SNR, optimal settings can be identified that minimize sensitivity to noise factors
while maximizing desired outcomes. This robust optimization framework is particu-
larly beneficial to VLEO where achieving consistent and high-quality performance is
paramount in the face of inherent variability. For so-termed ‘larger-is-better’ prob-
lems, the SNR can be written as,

S/N = 10log10

(
1

n

n∑
i=1

αi

(
1

yi

)2
)

(24)

where yi is the result of the objective function evaluated at the i-th condition
of the noise variables and αi is the weighting of noise variable distribution. This
weighting comes directly from the multivariate distributions illustrated in Fig. 2
(b).
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4. Results

4.1. Setup

For this initial feasibility study, the ABEP system is treated as a standalone
nacelle-like element prior to spacecraft integration. Thus, the chosen optimisation
variable here is the product of the collection efficiency ηc and thrust efficiency,

ηt =
T 2

2ṁoutPa

(25)

This gives an optimisation problem of the form,

max
xϵR

[f1(x), f2(x)]
T , (26)

f1(x) = ηcηt (27)

f2(x) = −10log10

(
1

n

n∑
i=1

αi

(
1

(ηcηt)i

)2
)

(28)

where x is the design variable vector. It is noted that the optimisation deals
specifically with the on-orbit average values of η̄c and η̄t, but that these values change
in time according to the orbital propagation according to the required operating
condition of the thruster and inflow conditions experienced by the intake. It is
then these temporal values that feed into the calculation of robustness. The design
variables and their bounds are listed in Table 2. They include the aspect ratios,
defined as length-to-radius, of the intake ducts, intake chamber and thruster source
tube, the intake area ratio, the radius of the source tube, and the minimum and
maximum operating powers.

There are three additional non-linear constraints, that is that T/D > 1, ṁout >
0.05 mg/s and ⟨Te⟩ < 30 eV. This is the thrust-to-drag breakeven condition, minimum
mass flow rate for ignition and thermal limitation respectively. All three constraints
are evaluated at the minimum and maximum freestream inflow conditions per func-
tion evaluation. Note, regarding minimum ṁout, that this physically corresponds to a
minimum neutral density under the RF antenna, within the source tube, required for
ionisation. Considering the model takes the neutral flow as thermalised as it enters
the source region, minimum inflow is thus equivalent to minimum density ignition
constraints and the value of 0.05 mg/s comes directly from the vast experience of
REGULUS experimental campaigns [13-17]. For the preliminary analysis considered
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Table 2: Design variables and bounded constraints

Design variable Lower bound Upper bound

ARduct 0.5 25
ARchamber 0.5 25
Ain/Aout 1 20
Rout [m] 0.01 0.2
Lthruster/Rout 1 7
Pmin [W] 50 1000
Pmax [W] 50 1000

here, it is assumed that the ionisation is stable with respect to VLEO environmental
disturbances that may propagate through the intake.

With regards to the noise variables, the distributions of S∞, (nN2/nO)∞ and λ∞
given in Fig. 1 (b) are reduced to a discrete 5 × 5 × 5 weighted distribution, to limit
the number of evaluations for SNR. Note that since only S∞, (nN2/nO)∞ impacts
the results of the GSM- the most expensive element of the overall system model in
the objective function- the robustness SNR contribution of the GSM need only be
evaluated over the 5 samples in that dimension.

The case of the 160 km SSO, at average solar conditions, is henceforth considered.

4.2. Intake performance

Prior to performing the optimisation, the conceptual design of the intake was
explored. The three concepts considered are illustrated in Fig. 5. The classical
concept involves ducts of constant aspect ratio and is what is widely discussed in the
literature of diffuse intakes. Here, alternatively, a variable aspect ratio design is also
analysed here. It features multiple duct aspect ratio to increase the effective intake
area directly in front of the thruster’s source tube with larger radius ducts, while
smaller ducts are at the outer perimeter, as it is hypothesised this region is expected
to have larger backflow from particles that have thermalised with the chamber walls.
An extension to this, is to modify the ducts to form a diverging conical section, thus
reducing the drag coefficient. Introducing a conic nose profile reduces the portion
of parallel momentum surface-impacting particles lose to the intake, as per Eqs. 17
and 18. Walsh et al. have shown that 21% to 35% reductions in minimum drag are
achievable with conic profiles compared with the cylindrical [45].

For a first analysis, the ratio of the outermost duct width to the central duct width
was taken as 0.1 and the latter assumed equal to the source tube radius, with a linear
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Figure 5: From left to right: Classical, variable AR and variable AR conical intake concepts.

decrease in the duct radius from centre to edge. Table 3 provides the performance
of the three concepts for the mean conditions at the 160 km SSO with average solar
conditions, evaluated with the intake panel model. It is important to note here that
the fundamental form (i.e. ηc = 0) intake CDintake has been calculated using the
penultimate of Eq. 20 without the ηc correction, CDintake = F̄ intake

D /0.5ρ̄∞v̄2∞Aref ,
with Aref = Ain. Table 3 then also gives the reflected flow term CDintake(1 − ηc).
The final effective drag coefficient is then given by adding the final term of Eq. 20,
normalised by 0.5ρ̄∞, to give CDintake(1−ηc)+2ηc. Note that the exterior surfaces are
not included here, since these form part of F bus

D . The chamber aspect ratio ARchamber

= 1.5 and the nominal duct aspect ratio ARduct = 8.5. This gives the variable ducts a
central aspect ratio of 3.1 and outer of 14, when the length of the ducts is maintained
constant. The area ratio is Ain/Aout = 10.

Table 3: Analysis of intake concepts

Classical Var. AR Var. AR 30° Conical Var. AR 45° Conical

ηc 0.37 0.45 0.43 0.39
CDintake 2.75 2.75 2.16 1.97
CDintake(1− ηc) 1.73 1.47 1.23 1.20
CDintake(1− ηc) + 2ηc 2.47 2.47 2.09 1.98

With the variable aspect ratio design there is a 22% increase in ηc. Two average
values of the conical angle were then considered: a 30◦ and 45◦ slope results in 4%
and 13% ηc reductions respectively, but 15% and 20% reduction in total effective drag
coefficient. A DSMC simulation was conducted of the 30◦ variable AR conical intake,
using the code described in Andrews et al. [39]. The domain is 2D axisymmetric, with
a Maxwellian N2-O inflow from the left boundary (with drift velocity 7812 m/s plus
density and temperature corresponding to the aforementioned mean conditions for
160 km SSO) and all other boundaries open free-flow. The latter includes the source
tube exit, which corresponds to a Θout ≈ ηu = 1 validation case. The accommodation
coefficient is αw = 0.9. From the simulation, the obtained ηc = 0.44 and CDintake
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= 2.28 validates the use of the panel method (3% and 5% error). The steady-state
number density distribution is illustrated in Fig. 6. The compression ratio in this
case was found to be 68.

It is warranted to briefly discuss the physical justification of the conical intake and
the relatively low values of drag coefficient observed. The conical form itself does not
directly reduce the drag in the same way a conical profile does so versus a flat plate,
since the intake is transparent to the flow. Instead, the collision of particles with
the protruding exterior surfaces of the ducts allows for those particles, that would
otherwise be trapped and detrimentally contribute to back-scattered flow, to diffuse
around the intake instead. The conical profile also means that those particles which
are reflected from the chamber through the ducts and contribute to back-scatter are
more likely to retain some positive momentum contribution onto the direction of the
incident flow. Qualitatively, this is confirmed by the reduction of the high-density
bow-wave in front of the intake further up the conical section in figure 6. Finally,
the variable duct widths allow for significantly more particles to pass through the
intake into the source tube without losing momentum.

Figure 6: Total species number density nN2+O in the variable AR conical intake.

Therefore, for the purposes of the optimisation, the edge to centre duct width
ratio and slope angle were fixed at 0.1 and 30◦ respectively. It is left to future work
to include these in the optimisation procedure, as to eliminate two additional design
variables.

Following the optimisation, Fig. 7 provides the pareto-optimal solutions of the
intake design, where it is shown that higher performing intakes are less robust and
vice-versa (in this case). The non-robust intake yields a ηc = 0.51. One major
driver of robustness is the area ratio. Larger intake areas can more easily satisfy
the minimum ignition requirements for the mass flow rate that will provide sufficient
neutral concentration under the RF antenna; larger mass flows also lower the electron
temperature for the same power, thus safeguarding against the constraint on thermal
loading. However, increased area ratio greatly reduces performance, demonstrated
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Figure 7: Pareto front of the mean collection efficiency and its SNR for 160 km SSO, average solar
conditions.

by the most robust solution giving ηc = 0.16, with Ain/Aout = 12. While feasible, this
puts far greater requirements on thruster power to achieve a breakeven condition.

The solution chosen from the pareto front was taken to be that at the inflection
point, noted as ‘robust-1’ on Fig. 7. This provides the median trade-off in mean
performance and robustness. An average ηc = 0.43 is yielded, a 16% reduction from
the non-robust value but a 30% increase in SNR. For this case Ain/Aout =3.5, and
the resultant intake is illustrated in Fig. 8.
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Figure 8: Rendering of the ’robust-1’ intake.

4.3. Thruster performance

The corresponding ‘robust-1’ pareto-optimal solution is illustrated on the pareto
front of thrust efficiency ηt in Fig. 9. There exists a linear relationship between
the thrust efficiency and its SNR, but the SNR it of around half the values of the
intake collection efficiency. This suggests that the air ionisation is far less forgiving
to changes in the air composition than the intake is to its own noise parameters.

At the ‘robust-1’ point, Rthruster = 0.1 and the thruster aspect ratio is 3.4, which
gives a ηt = 0.11. Except for a cluster of high aspect ratio solutions at the region of
greater mean performance, there is little relationship of Lthruster/Rthruster along the
front.

The characteristics of this optimal thruster are given in Fig. 10 with thrust and
thrust-to-power ratio for varying absorbed power and mass flow rate. Most notable
is that increased N2 composition reduces performance up to 20%, particularly for
high ṁ or low Pa.
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Figure 9: Pareto front of the mean thrust efficiency and its SNR for 160 km SSO, average solar
conditions.

Referring to Fig. 2 (b), lower altitudes, the maximum inflow condition, tend to
higher O composition. So, this characteristic is advantageous in this case. However,
in general, lower mass flow rates are far more robust to composition; there is negligible
performance difference with power in the case of 0.1 mg/s. This suggests that higher
altitudes may be less susceptible to atmospheric uncertainty.

Overall, thrust-to-power ratios of about 15-32 mN/kW are achievable in the 150
– 500 W range, which is in-line with the performance of the REGULUS-50 and
REGULUS-150 thrusters that operate on xenon and iodine propellant [26,32].
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Figure 10: Thrust and thrust-to-power variation with absorbed power and mass flow rate for source
tube with Rthruster = 0.1 m and Lthruster/Rthruster = 3.4, for varying atmospheric composition.

4.4. System performance

The Pareto fronts presented in figures 7 and 9 decomposed the final result into
the constituent metrics of η̄c and η̄t so as to allow better insight into what drives
the robust characteristics between intake and thruster. The main Pareto front for
the ¯ηC = cηt optimisation criterion from Eq. 27 is therefore also given in figure 11,
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which identifies the points of maximum robustness (29 dB) and maximum efficiency
( ¯ηcηt = 0.16). Comparing figure 11 to figures 7 and 9 it can be said that the shape
of the Pareto front is driven primarily by the intake, whereas the overall SNR is
limited by the thruster behaviour (relatively, the intake exhibits high SNR). Note,
that restricting the altitude range used in this work, via some method of active orbit
control, would enable higher ¯ηcηt solutions to be feasible. Since, according to figure
11, the SNR decrease plateaus significantly beyond ¯ηcηt ≈ 0.1, large increases in
efficiency could be utilised for small sacrifices in robustness.

Figure 11: Pareto front of the Eq. 27 efficiency metric and its SNR for 160 km SSO, average solar
conditions.

A summary of the final optimised design parameters is given in Table 4. Be-
sides, the pareto-optimal design variables, it also provides the value of several im-
portant parameters: The mean total spacecraft drag coefficient (defined as CD =
F̄D/0.5ρ̄∞v̄2∞Ain) is 3.85, circa the 3.7 observed for the GOCE mission [5]. The ma-
jority of the drag arises from the intake, where CDintake = 2.09 (the final two terms
of Eq. 20). The wing-mounted arrays contribute CDarray = 1.25, and the remainder
arises from the shear contributions of the satellite bus surrounding the aft intake and
thruster. The total solar panel area As required—dictated by the maximum power
condition—is 2.75 m2, which corresponds to solar-facing wing-mounted areas of 1.17
m2, with a 0.42 m2 body-mounted contribution.
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Table 4: Final system parameters

ARduct [-] 7.8
ARchamber [-] 2.1
Ain/Aout [-] 3.5
Rout [m] 0.1
Lthruster/Rout [-] 3.4

C̄D [-] 3.85
C̄Dintake [-] 2.09
C̄Darray [-] 1.25
As [m2] 2.75
As − A′

bus [m2] 2.33

The resultant system performance for 160 km SSO is then given in Table 5 for
both the minimum and maximum thruster mass flow rates, which dictate the design.
The minimum inflow condition is what constrains the performance. Lower mass flow
rates raise the electron temperature in the source tube, which approaches the limit
of thermal loading. Larger Ain to increase this only serves to increases drag. It must
also be considered that array area is sized by the maximum inflow power of 912 W
(compared to 308 W) which further demand on the minimum inflow condition.

Table 5: Final system performance

ṁout [mg/s] T/D Pa [W]

Minimum ηcρ∞v∞ 0.11 1.03 308
Maximum ηcρ∞v∞ 1.02 1.47 912

In accordance with the criteria for sustained VLEO flight laid down by Filatyev
et al. [46], it can be confirmed that at minimum inflow, where ηc = 0.15, that
Tηc/ṁoutv∞ ≈ 1, which lends good credibility that the optimiser has found a bound-
ing constraint. A T/D ratio of just 1.03 is not a reassuring result. Therefore, it is
possible that further detailed design may have to consider a form of station-keeping
within the ABEP mission to control the range of orbital altitude to relieve the mini-
mum inflow constraint. Given that a T/D of 1.47 is obtainable at maximum inflow,
it is apparent that such surplus ∆V station-keeping will be available; especially since
reducing the variability of atmospheric conditions by constraining altitude should in-
crease the mean thrust-to-drag ratio. It should be highlighted also that the array
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sizing in this work can be regarded as highly conservative. Section 3.4 not only con-
sidered a 10-year photovoltaic degradation, but also a power supply safety factor of
1.2.

The case study presented here has considered solely the 160 km SSO at average
solar conditions. Since it has been seen that the minimum inflow condition largely
constrains the design, it is prudent to consider the sensitivity of the final system
design parameters to a reduction in the solar activity. Whilst reduced free-stream
density at low solar activity reduces the drag by approximately 20%, this is balanced
by the reduction in minimum inflow of around 13% (ηc increases to 0.47). With small
propellant flow reduction compared to drag reduction, it would seem at first that
the solution is to simply throttle down the thruster power to achieve a break-even
condition. However, as power is reduced, so too is the mass utilisation efficiency
ηu ≈ Θout. As per Eq. 14, reducing Θout greatly reduces ηc and thus no feasible
condition exists. The model was therefore run for a series of lower SSO orbits, where
it was found that, in order maintain stable VLEO flight at low solar activity, the
final system would require a new 153 km SSO, a 7 km mean altitude reduction.
It is interesting to note that despite the large increase in atomic oxygen relative
to diatomic nitrogen under low solar activity (see Fig. 1 (b)) that this is partly
alleviated by the natural increase of diatomic nitrogen at lower altitude. At the
lower mass flow rates experienced at the minimum inflow condition (O(0.1) mg/s)
though, the thruster performance is largely insensitive as seen in Fig. 10. This is
primarily because lower flow rate conditions see higher electron temperatures (Te >15
eV) within the source tube, at which the effective collisional energy loss of oxygen
and diatomic nitrogen are similar.

5. Conclusions

This paper has presented the preliminary feasibility analysis and optimisation
of an atmosphere-breathing electric propulsion (ABEP) system based on cathode-
less radio frequency (RF) plasma thruster technology. A global model of air plasma,
accounting for the complex reactions and energy loss pathways of molecular chemistry
forms the basis of a system model to allow low fidelity evaluation of performance for
many design variables.

A novel intake concept has been introduced, which combines variable aspect
ratio ducts with a conical frontal silhouette to both increase collection efficiency
and reduce drag. The cathode-less RF plasma thruster demonstrates T/P = 15-32
mN/kW, comparable to the REGULUS technology from which it is based.

The constraining aspect to ABEP performance is the minimum inflow condition,
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where the electron temperature limit imposed by thermal loading result in breakeven
condition just above 1.

Future work will include a move to higher-fidelity design tools such as Direct
Simulation Monte-Carlo (DSMC) for the intake, and fluid [40,41] and Particle-in-
Cell (PIC) codes [39,42] for the plasma source and magnetic nozzle respectively. The
optimisation procedure will also be extended to multiple altitudes and orbital profiles
to further interrogate the feasibility beyond the 160 km sun-synchronous orbit (SSO)
case considered here. An investigation is also warranted into the interactions of the
plasma plume with the oncoming flow [43,44], which may impact thrust generation
in the magnetic nozzle.

Nonetheless, the robust methodology presented here highlights a major aspect
of ABEP design. That is, to account for atmosphere variations and uncertainties
to deliver improved feasibility, reliability, resilience, and adaptability. The models
enable quick and reliable trade-off, regardless the uncertainty of mission constraints,
opening the possibility to conduct studies on potential spacecraft integration.
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Highlights

Cathode-less RF Plasma Thruster Design and Optimisation for an Atmosphere-
Breathing Electric Propulsion (ABEP) System

• Cathode-less RF thruster: reduced erosion issues, enhanced reliability

• Global air chemistry model facilitates conceptual design review

• Multidisciplinary robust optimisation considers atmospheric variability

• Novel passive intake introduced which yields 43% collection efficiency with
reduced drag

• Preliminary 15-32 mN/kW achievable for 160 km sun-synchronous orbit case
study
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