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A B S T R A C T

A fully kinetic 2D axisymmetric Particle-in-Cell (PIC) model is used to examine the effects of background
facility pressure on the plasma transport and propulsive efficiency of magnetic nozzles. Simulations are
performed for a low-power (150 W class) cathode-less radio-frequency (RF) plasma thruster, operating with
xenon, between background pressures up to 10−2 Pa and average electron discharge temperatures of 4–16 eV.
When the electron temperature within the near-plume region reaches 8 eV, a decisive reduction in performance
occurs: at 10−2 Pa, in-plume power losses surpass 25% of the discharge energy flux. Given that the ionisation
energy for Xe is 12 eV, the 8 eV threshold indicates that a consistent percentage of electrons has energy
enough to trigger ionisation. On the other hand, when the temperature is below such threshold, the primary
collisions are charge-exchange and inelastic ion scattering, and the power loss remains less than 10%. It is
established that losses in the considered thruster are significant if the facility pressure is greater than 10−3 Pa,
at absorbed powers larger than 130 W. At the nominal 150 W, this results in a 15% thrust reduction. When
facility pressure is taken into consideration over ideal vacuum simulations, numerical error is reduced to <30%
when compared to experimental thrust measurements at 10−3 Pa.
1. Introduction

In recent years, the increasing demand for simple and low-cost
electric propulsion (EP) for small satellites has given rise to a growing
interest in low-power (<250 W) cathode-less magnetically-enhanced
plasma thrusters (MEPT) [1]. This category primarily includes the He-
licon Plasma Thruster (HPT) [2] and the Electron Cyclotron Resonance
Thruster (ECRT) [3]. In such systems, the plasma acceleration is driven
by a magnetic nozzle (MN): a divergent magneto-static field generated
by a set of solenoids or permanent magnets. The MN radially confines
the hot quasi-neutral partially-magnetised plasma beam and accelerates
it via the conversion of thermal energy into directed axial kinetic
energy, therefore enhancing thrust [4].

MEPTs can operate on a wider range of propellants (e.g iodine
and water) [5]; these are often less expensive than traditional xenon,
because of their greater abundance, and are easier to store due to
the non-requirement of pressurised tanks [6,7]. From a systems per-
spective, MEPTs can also be less-complex than state-of-the-art devices
(e.g. gridded ion and Hall effect thrusters (HET)) as they do not
require a separate dedicated neutralising electron source (e.g. a hollow
cathode), which increases the power and propellant consumed, and is a
known failure mechanism [8]. Due to the absence of plasma-immersed
electrodes, MEPTs are highly resistant to erosion, which is often the
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lifetime-limiting aspect of conventional electric propulsion systems [9].
MNs also have no physical walls, thus avoiding thermal loading and
further erosion issues.

However, since the ion acceleration occurs external to the plasma
source — in a region that can be several times the thruster radius
— devices that use a MN are highly susceptible to so-called facility
effects [10,11]. EP thrusters interacting with the facility environment
is a widely recognised problem in the field and calls into question the
ability to extrapolate measured performance of such systems to their
intended environment in space [12,13].

While facility effects continue to be an on-going area of research
for most forms of EP, MEPTs pose a particular challenge: experimental
efforts have revealed that their response to facility effects, particularly
the presence of excess neutrals due to finite pumping speed, is different
from other state-of-the-art EP technologies [14]. The experiments of
Vialis et al. [15], with an ECRT operating on xenon at 40 W, revealed
that the high-vacuum thrust efficiency of 12.5% at 6 ×10−4 Pa would
drop to 9% at 7.2 ×10−4 Pa, and 3.9% at 1.3 ×10−3 Pa facility
pressure. It was found that the divergence of plasma within the plume
increased, on-axis ion current density decreased by almost 60%, and
the thruster floating potential decreased by a factor of approximately
0.25 as background pressure was raised. Studies of a 100 W HPT, that
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were conducted at higher facility pressures of 1.9 ×10−3 − 8.8 × 10−3
a, revealed similar trends [16].

In both cases, the changes in efficiency and divergence were counter
o what is found for more established forms of EP such as HETs [17–
1]. These latter technologies typically improve in performance with
ncreasing pressure. Kerber et al. [18] describes how the beam, current,
nd mass utilisation efficiencies of a HET are affected by the back-
round pressure. The study found that decreasing background pressure
esulted in a decrease in mass and current efficiencies (the latter
efined as the ratio of beam to discharge currents) of the tested HET,
hile the beam efficiency (related to the divergence angle) was only

lightly affected. Snyder [21] discusses the dependence of absolute HET
hrust on pressure and power. The study found that the highest power
ad the largest dependence on pressure, with little-to-no measurable
ependence at the lowest power. However, the relative change of thrust
ith pressure was consistent for all powers above 1 kW, with about
−4% higher thrust at 1.3 ×10−3 Pa compared to the lowest facility
ressure at each power level (∼4 × 10−4 Pa). The arguments that have
een employed for these systems to explain facility effects thus do not
eem to apply to devices utilising a MN.

Several theories have previously been put forward to explain the
erformance detriment of MNs due to non-negligible facility pressure.
hese have included background neutral ingestion impacting the power
alance and consequent plasma production in the source region [16], as
ell as energy losses due to the onset of secondary discharges occurring
utside the thruster plume when the neutral environment is sufficiently
igh [15]. Vialis [15] and Collard and Jorns [22] have shown that the
resence of excess neutrals can also directly impact the dynamics of the
N itself, i.e. the ability to convert thermal energy into directed kinetic

nergy. Experiments demonstrated, for example, that the acceleration
rofile of ions is reduced at high facility pressure. This was numerically
onfirmed by Andrews et al. [23], who suggested that ion drag from
harge and momentum exchange collisions in the plume substantially
elays the ambipolar ion acceleration.

Wachs et al. [24] found that the performance loss can largely be
ttributed to electron–neutral inelastic collisions within the plume that
ignificantly reduce the amount of power available to accelerate ions.
he same experimental campaign showed that potential drop decreased
y 20% as background pressure increased from 9 ×10−5 Pa to 7 ×10−3
a. From additional tests conducted in Ref. [25], with a background
ressure varying between 1.3 ×10−4 Pa and 3.4 ×10−3 Pa, Wachs calcu-

lated that, at maximum pressure, almost 40% of the power entering the
plume was consumed mainly by inelastic collisions. This correlates with
the results of previous numerical work [23,26], where it was clear that
power entering the plume, in the form of both ion inertia and electron
pressure, is consumed by ionisation and excitation collisions with the
neutral gas plume of the thruster. Physically, these collisions remove
the critical thermal energy introduced to the electrons in the source
region before it can be successfully converted to ion kinetic energy. This
however, only applies to high-𝑇𝑒 (i.e. >10 eV) plasma sources where
nelastic collisions dominate, neglecting other hypothesised effects such
s increased plasma friction, cross-field transport and early detachment
rom the MN.

It is therefore critical that numerical models must be augmented
o accurately describe plume dynamics in thrusters operating in finite
ackground pressure conditions. The aim of this study is to conduct a
horough investigation of the performance loss mechanisms induced by
on-negligible facility pressures across a wide range of thruster operat-
ng powers. To this end, a recently developed numerical suite [26,27],
hich consists of a 0D Global Source Model (GSM) of the plasma

ource, coupled to a fully kinetic Particle-in-Cell (PIC) model of the
N, is used to investigate in detail facility pressure effects on the MN

erformance of a 150 W class MEPT. Section 2 describes the GSM and
IC models, and the numerical setup. In Section 3, the thrust and power
alances in the MN region are presented to enable characterisation of
he loss mechanisms. Section 4 is dedicated to the presentation and
363

iscussion of results, while Section 5 gives the conclusions.
2. Thruster physical and numerical model

2.1. Global source model

The MEPT considered in this work is a cathode-less RF plasma
thruster. A 0D Global Source Model (GSM), as presented in Refs. [26,
28], was used to evaluate the plasma properties at the exit section of
the source tube. This volume-averaged model is based on the following
main assumptions: (i) cylindrical geometry of the plasma source; (ii)
axisymmetric magnetostatic field; and (iii) the magnetic cusps in the
source are taken into account by means of semi-empirical corrections.
The governing equations that describe the plasma dynamics are the
species density flux and electron power balance,
𝑑𝑛𝐼
𝑑𝑡

= 𝑅𝐼
𝑐ℎ𝑒𝑚 − 𝑅𝐼

𝑤𝑎𝑙𝑙 − 𝑅𝐼
∗ + 𝑅𝐼

𝑖𝑛, (1)

𝑑
𝑑𝑡

( 3
2
𝑛𝑒⟨𝑇𝑒⟩

)

= 𝑃 ′′′
𝑎 − 𝑃 ′′′

𝑐ℎ𝑒𝑚 − 𝑃 ′′′
𝑤𝑎𝑙𝑙 − 𝑃 ′′′

∗ , (2)

here 𝑛𝐼 is the number density of species 𝐼 (the subscript 𝑒 refers
o electrons). Among these, ions, ground-state neutrals and excited
tates are present. The excited states of Xe are included in a lumped
orm [28]. Hereafter, the electronic states 5p56s1 and 5p56p1 will be
eferred to as 1S and 2P, respectively, according to Paschen’s nota-
ion [29].

𝑅𝑐ℎ𝑒𝑚, 𝑅𝑤𝑎𝑙𝑙, 𝑅∗, 𝑅𝑖𝑛 are the particle density fluxes related to
hemical reactions, wall losses, particle outflow and particle inflow
espectively. Similarly, 𝑃 ′′′

𝑎 , 𝑃 ′′′
𝑐ℎ𝑒𝑚, 𝑃 ′′′

𝑤𝑎𝑙𝑙 and 𝑃 ′′′
∗ are the power densities

f the RF power absorbed into the plasma, the power exchanged/lost
ia chemical reactions, the energy flux losses at the walls, and the
ower associated to the particle outflow respectively. ⟨𝑇𝑒⟩ is the global-
veraged electron temperature. Non-uniformity in the plasma profiles
ithin the source are taken into account by means of semi-empirical

oefficients ℎ𝐿 and ℎ𝑅, explained in Refs. [30,31]. A more detailed
escription of the model can be found in the Appendix.

Given the absorbed power density 𝑃 ′′′
𝑎 , propellant mass flow rate

̇ , and magnetic field 𝐁, the GSM solves the system of equations to
rovide to the PIC model the ion and electron mass flow rate and the
lectron temperature, namely 𝑚̇𝑖∗, 𝑚̇𝑔∗ and 𝑇𝑒∗; the subscript ∗ denotes
he reference source properties at the exit for the PIC model.

.2. Particle-in-Cell

The plasma topology in the MN has been simulated with an in-house
daption of the fully kinetic axisymmetric 2D3V PIC code Starfish [23,
2], which has been experimentally validated in Refs. [23,27,33]. The
imulation domain is shown in Fig. 1; it consists of a cylindrical 2D
pace (𝑧, 𝑟). The aim of this work is to simulate purely the plume
xpansion, hence the source is not included in the domain. As men-
ioned above, the plasma injection parameters are provided by the
SM. The flow is injected at the source tube outlet (𝐼). The external
oundaries (𝐼𝐼𝐼) are treated as open to vacuum, connected to the
utlet (𝐼) via a virtual free-space capacitance which ensures equal ion
nd electron current streams to the infinity at steady-state. Boundary
𝐼𝐼) is the axis of symmetry. The subscripts ∗, 0, 𝑏 and ∞ shall refer to
roperties within the plasma source (reference), at the thruster outlet
oundary (𝐼), at the open boundaries (𝐼𝐼𝐼) and at the virtual infinity
espectively. The subscript B shall refer to the integral sum of local
roperties along the open boundaries. Likewise, the superscripts + and
shall refer to the forward and backward-marching components of the

lasma properties.
Electrons 𝑒, ions 𝑖 and neutrals 𝑔, are all tracked as macro-particles

nd their motion is propagated with the standard leap-frog Boris algo-
ithm:
𝐯𝑛+1∕2 − 𝐯𝑛−1∕2 =

𝑞𝐼
(

𝐄𝑛 + 𝐯𝑛+1∕2 + 𝐯𝑛−1∕2 × 𝐁
)

, (3)

𝛥𝑡 𝑚𝐼 2
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Fig. 1. Simulation domain and boundary conditions: (I) is the source tube outlet; (II) is the symmetric boundary; (III) is the open boundary.
𝐫𝑛+1 − 𝐫
𝛥𝑡

= 𝐯𝑛+1∕2, (4)

where 𝐫𝑛 is the particle position at time-step 𝑛 with velocity 𝐯𝑛, 𝛥𝑡 is the
time-step, 𝐄 is the electric field, and 𝐁 is the static magnetic field. The
currents induced in the plume are negligible [34], hence the magnetic
fields can be assumed to be constant. As a result, the electric field 𝐄
is curl-free and its potential field 𝜙 can be solved according to the
Poisson’s equation,

𝜀0∇2𝜙 = −𝜌, (5)

where 𝜌 = 𝑒(𝑛𝑖 − 𝑛𝑒) is the local charge density and 𝜀0 is the vacuum
permittivity. At each time-step, the new electric field 𝐄 is updated by
evaluating

𝐄 = −∇𝜙. (6)

2.2.1. Boundary conditions
A reference potential 𝜙 = 0 is assigned to the source tube outlet (𝐼),

the 𝑟 = 0 axis (𝐼𝐼) is symmetric, hence, the zero-Neumann boundary
condition 𝜕𝜙∕𝜕𝐧̂ = 𝟎 is applied there, with 𝐧̂ the unit vector normal
to the surface. The remaining open boundaries (𝐼𝐼𝐼) are closed by a
non-stationary Robin condition introduced by Andrews et al. [23],

𝜕𝜙
𝜕𝐧̂

|

|

|

|

𝑛

𝑏
+

𝐧̂𝑏 ⋅ 𝐫𝑏
𝐫𝑏 ⋅ 𝐫𝑏

(

𝜙𝑛
𝑏 − 𝜙𝑛

∞
)

= 0, (7)

where 𝐫𝑏 is the vector distance from the centre of the source outlet (I) to
the location on the open boundary (III) and 𝜙∞ denotes the free-space
plasma potential at infinity.

At each time-step, particles are injected from the source outlet
boundary (I). Since the 0D GSM has been used to estimate the plasma
properties, a uniform density is imposed. Regarding the velocity, for all
species, a Maxwellian distribution is assumed [35],

𝑓+
𝐼 (𝐯𝐼 ) =

√

𝑚𝐼
2𝜋𝑘𝐵𝑇𝐼∗

exp
(

−
𝑚𝐼

2𝑘𝐵𝑇𝐼∗
|𝐯𝐼 − 𝐮𝐼 |2

)

𝐻(𝑣𝐼𝑧), (8)

where 𝑇𝐼∗ is the reference species temperature and 𝑘𝐵 is the Boltzmann
constant. The drift velocity 𝐮𝐼 , imposed along the 𝑧 direction, is equal
to the Bohm speed for both ions and electrons 𝐮𝑖,𝑒 = ⟨𝑐∗, 0, 0⟩, where
𝑐∗ =

√

𝑘𝐵𝑇𝑒∗∕𝑚𝑖. Neutrals possess free-molecular thermal velocity 𝐮𝑔 =
⟨𝑣̄𝑔∕4, 0, 0⟩, where 𝑣̄𝑔 =

√

8𝑘𝐵𝑇𝑔∗∕𝜋𝑚𝑔 . 𝐻() is the Heaviside function,
since only forward-marching distributions (𝑣𝐼𝑧 > 0) can be imposed.

Ions and electrons (and neutrals) returning to the source are ab-
sorbed; ions and neutrals reaching the open boundaries are also ab-
sorbed. For electrons at the open boundaries, an energy-based reflection
criterion is used to account for the trapped population returned by the
ambipolar potential drop [23]. The kinetic energy of electrons 𝐾𝐸𝑒 is
compared to the trapping potential 𝑃𝐸𝑏 on the boundary node:

𝐾𝐸 = 1𝑚 |𝐯 |

2; (9)
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𝑒 2 𝑒 𝑒
𝑃𝐸𝑏 = 𝑒(𝜙𝑏 − 𝜙∞). (10)

If 𝐾𝐸𝑒 < 𝑃𝐸𝑏 the electron is trapped, so it is reflected back with
velocity −𝐯𝑒. Else, it is a free electron to be removed from the domain.

From this energy-based criterion, there is a value of 𝜙∞ that reflects
sufficient electrons to maintain a current-free plume. Therefore, the
value of 𝜙∞ is self-consistently controlled via a virtual free-space
capacitance 𝐶,

𝜙𝑛+1
∞ = 𝜙𝑛

∞ + 1
𝐶
(𝐼𝑛𝑖𝐵 + 𝐼𝑛𝑒𝐵)𝛥𝑡, (11)

where 𝐼𝑖𝐵 and 𝐼𝑒𝐵 are the global sum ion and electron currents leaving
the open boundaries (𝐼𝐼𝐼). This method inherently guarantees that,
once at steady-state, the ion and electron currents streaming to infinity
are equal.

During the transient, any non-zero net current leaving the open
boundaries (𝐼𝐼𝐼) must be re-injected into the domain via the thruster
outlet (𝐼) to complete the circuit. In addition, the injected electron
current 𝐼𝑒∗ is controlled in order to enforce the quasi-neutrality condi-
tion at the source outlet (𝐼). From these considerations, the following
conditions are imposed to particles injected at boundary (𝐼). Ions are
injected with a constant current given by 𝐼𝑖∗ = 𝑒𝑛𝑖∗𝑐∗𝐴0, where 𝐴0 is
the area of the source outlet. The injected electron current is updated
each time step according to

𝐼𝑛+1𝑒∗ = (𝐼𝑛𝑖𝐵 + 𝐼𝑛𝑒𝐵) +
𝑛𝑛𝑖0
𝑛𝑛𝑒0

𝐼𝑛𝑒∗, (12)

where the first term completes the circuit and the second enforces the
quasi-neutrality. Considering that injected electrons are Maxwellian,
the initial value of the current is set to be 𝐼0𝑒∗ = −𝑒𝑛∗(𝑣̄𝑒∗∕4 + 𝑐∗)𝐴0.
The neutral flux is imposed as 𝛤𝑔∗ = 𝑛𝑔∗𝑣̄𝑔∕4𝐴0. Since ions are only
accelerated outward by the electric field, and neutrals diffuse guided
by the outer pressure gradient, no treatment is required for a possible
backflow of heavy particles.

For a more detailed description of this PIC formulation, including
validation, derivation of the Robin condition, domain-independence
studies, and a numerical sensitivity analysis, the reader is directed to
the previous work of Andrews et al. [23,36].

2.2.2. Collisions
The model considers electron–neutral elastic and inelastic (i.e., ion-

isation and excitation) scattering, ion–neutral scattering, ion–neutral
charge exchange (CEX), Coulomb collisions and an equivalent anoma-
lous collisionality. Neutrals are at ground state (i.e. not excited) by
default and any excited states are assumed to decay immediately.
Collisions between different species are handled with the Monte Carlo
Collisions (MCC) method [37], while same species interactions were
considered with full Direct Simulation Monte Carlo (DSMC) treat-
ment [38]. The list of collisions implemented in the numerical suite
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Table 1
Interactions cross-sections.

Reactions Reaction-type

𝑒 + 𝑒 ⟶ 𝑒 + 𝑒 Coulomb scattering [41]
𝑒 + Xe+ ⟶ 𝑒 + Xe+ Coulomb scattering [42]
𝑒 + Xe+ ⟶ 𝑒 + Xe+ Bohm collision [43]
𝑒 + Xe ⟶ 2𝑒 + Xe+ Ionisation [42]
Xe+ + Xe ⟶ Xe+ + Xe Momentum exchange [42]
Xe+ + Xe ⟶ Xe + Xe+ Charge exchange [42]
𝑒 + Xe ⟶ 𝑒 + Xe Elastic scattering [42]
Xe + Xe ⟶ Xe + Xe Elastic scattering [42]
𝑒 + Xe ⟶ 𝑒 + Xe1𝑆 Excitation [28]
𝑒 + Xe ⟶ 𝑒 + Xe2𝑃 Excitation [28]

and their respective references are provided in Table 1. Anomalous col-
lisions are taken into account through the empirical Bohm model [39],
with a diffusion coefficient 𝛼𝑎𝑛 = 1∕64. When considering electron–
neutral excitation interactions, taking into account the dynamics of
each fine-structure excitation state would represent an unbearable
computational effort. Instead, a lumping of the energy levels is per-
formed, implemented according to Souhair et al. [28]. Excited states
are lumped to divide resonant and metastable species as well as the
previously introduced 1S and 2P. This lumping methodology requires
the assumption of local thermodynamic equilibrium (LTE) according
to McWhirter [40]. For the temperatures handled in this work (𝑇𝑒 <
20 eV), and the maximum energy gap, this gives a threshold value
of 𝑛𝑒 > 1016 m−3 [28]. Since more than 95% of the excitation colli-
sions takes place where such density criterion is satisfied, LTE can be
considered a reasonable assumption within the scope of this paper.

If a collision takes place, the electron is assumed to lose energy
equal to the lumped excitation energy (𝛥𝑈𝐼𝐽 = 𝑈𝐽 − 𝑈𝐼 ), i.e. 𝐸𝑛+1

𝑒 =
𝐸𝑛
𝑒 − 𝛥𝑈𝐼𝐽 , and its speed is reduced accordingly.

The lumped excitation cross-section can be evaluated by means of
n adapted version of the procedure defined in [28],

𝑒𝑥𝐼𝐽 =
𝑁𝑖
∑

𝑖

⎡

⎢

⎢

⎢

⎢

⎣

∑𝑁𝑗
𝑗 𝜎𝑒𝑥𝑖𝑗

∑𝑁𝑖
𝑘

𝑔𝑘
𝑔𝑖

exp
(

−𝑈𝑘−𝑈𝑖
𝑘𝐵𝑇𝑔

)

⎤

⎥

⎥

⎥

⎥

⎦

, (13)

where 𝜎𝑒𝑥𝐼𝐽 represents the cross-section for the lumped state 𝐼 to 𝐽 ,
𝑘 − 𝑈𝑖 is the energy difference between the 𝑘th and the 𝑖th fine-

structure levels, 𝑔𝑘 and 𝑔𝑖 are the statistical weights, and 𝑇𝑔 is the
neutral gas temperature.

2.2.3. Numerical acceleration
The simulation time-step should be small enough to resolve plasma

frequency 𝜔𝑝𝑒 =
√

𝑛𝑒𝑒2∕𝜀0𝑚𝑒; this, combined with fine mesh re-
uirements where spacing is imposed by the Debye length 𝜆𝐷 =

√

𝜀0𝑘𝐵𝑇𝑒∕𝑛𝑒𝑒2, results in an unmanageable computational load.
In order to reduce this effort, two different numerical acceleration

pproaches have been adopted [44]. The vacuum permittivity is in-
reased by a factor 𝛾2; the Debye length then increases by 𝛾, allowing
or a less refined mesh and fewer macro-particles. Plasma frequency
lso slows by a factor 1∕𝛾, hence a larger time-step may be chosen.

Second, the heavy particle mass (i.e. 𝑚𝑖 and 𝑚𝑔) is reduced by a
actor 𝑓 ; this increases their velocity by

√

𝑓 . The combination of these
reduces the simulation time by approximately 𝛾2

√

𝑓 . Ref. [23] reports
a sensitivity analysis on the values of 𝛾 and 𝑓 used in the PIC model.

ll the results that are shown in this work are presented unscaled.

. Performance indicators

In order to define the propulsive performance and to analyse the
ower balance of the MN, maps of macroscopic quantities (e.g., density,
elocity, temperature) are computed by integrating the moments of the
istribution functions computed with the PIC [45]. In the following, the
elations used to derive performance indicators (e.g., thrust) from these
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istributions are presented.
3.1. Thrust

The total thrust 𝐹 has been evaluated as the combination of the
force produced by the plasma expansion through the source tube outlet
𝐹0 and the force imparted by the MN 𝐹𝑗×𝐵 ,

= 𝐹0 +∭𝑉
−𝑗𝑒𝜃𝐵𝑟 𝑑𝑉

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏟
𝐹𝑗×𝐵

, (14)

here 𝑗𝑒𝜃 = −𝑒𝑛𝑒𝑢𝑒𝜃 is the azimuthal electron current density (𝑢𝑒𝜃
eing the azimuthal electron speed), 𝐵𝑟 is the radial component of the
agnetic field 𝐁, and 𝑉 is the PIC domain volume.

The plasma source contribution to thrust 𝐹0 can be obtained by
omputing Eq. (15) at the exit section of the plasma source 𝑑𝑆 =
𝐴0 [46].

= ∯𝑆

∑

𝐼

(

𝑚𝐼𝑛𝐼𝐮𝐼𝐮𝐼 + 𝑝𝐼 𝐈 + 𝜋𝐼

)

⋅ 𝐧̂ 𝑑𝑆, (15)

where 𝑝𝐼 = 𝑘𝐵𝑛𝐼𝑇𝐼 is the scalar pressure, 𝐈 is the identity tensor, and
𝜋𝐼 is the stress tensor [47].

3.2. Power balance

The energy equation [47], for a steady-state flow reads

𝑃𝑘𝑖𝑛,𝐼 + 𝑃𝑇 ,𝐼 +𝑄𝐼 + 𝑃𝑐𝑜𝑙𝑙 = 0. (16)

The different terms represent the species kinetic (𝑃𝑘𝑖𝑛,𝐼 ) and thermal
convection powers (𝑃𝑇 ,𝐼 ), the heat flux (𝑄𝐼 ) and the overall power
losses due to collision between particles 𝐼 and particles of a different
species. The following power contributions have then been considered
in order to evaluate the propulsive efficiencies:

𝑃𝑘𝑖𝑛,𝐼 = ∯𝑆

1
2
𝑛𝐼𝑚𝐼𝑢

2
𝐼𝐮𝐼 ⋅ 𝐧̂ 𝑑𝑆; (17)

𝑃𝑇 ,𝐼 = ∯𝑆

5
2
𝑛𝐼𝑇𝐼𝐮𝐼 ⋅ 𝐧̂ 𝑑𝑆. (18)

𝑃∗ is the source tube exhaust power as provided by Eq. (2) of the GSM;
it can also be given by

𝑃∗ ≈
∑

𝐼
𝑃𝑘𝑖𝑛,𝐼 (𝑑𝐴0) +

∑

𝐼
𝑃𝑇 ,𝐼 (𝑑𝐴0) +

∑

𝐼
𝑄𝑘(𝑑𝐴0). (19)

For collisional interactions, Eq. (20) allows the computation of the
power involved in the particular elastic or inelastic interaction:

𝑃𝑐𝑜𝑙𝑙𝐼𝐽 = ∭𝑉
𝑛𝐼𝜈𝐼𝐽𝛥𝐸𝐼𝐽 𝑑𝑉 , (20)

for interaction between species 𝐼 and 𝐽 . 𝜈 is the collision frequency and
𝛥𝐸𝐼𝐽 is the energy variation that depends on the particular reaction.

The central hypothesis of this work posits that variations in MN
performance under increasing facility pressure can be elucidated by
the irreversible loss of ion and electron energy caused by elastic and
inelastic collisions with the background gas per Eq. (16). This does
not necessarily mean that the overall power of the expanding plasma
decreases. When considering the working principle of the magnetic
nozzle, neutral particles cannot contribute to the Lorentz force, thus
no contribution to thrust is provided by the cold gas once it has exited
the discharge chamber. Therefore, the power that is exchanged towards
neutrals (belonging to the plume or the background) will be considered
(and referred to) as loss terms, a principle also adopted in Refs. [25,48].

Regarding the charge-exchange interaction between ions and back-
ground neutrals, whenever a fast ion collides with a neutral particle,
a fast atom and a slow ion will be generated. Given the aforemen-
tioned inability of neutral particles to interact with the thruster via
the MN, the net momentum gain of the 𝑛𝑔 population is not expected
to result in a performance increase [48]. Previously, background CEX

interactions have been experimentally proven to widely contribute to
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Table 2
Plasma parameters at the source tube exit for different absorbed power.
𝑃𝑎 [W] T𝑒∗ [eV] n𝑖∗ × 1018 [m−3] n𝑔∗ × 1019 [m−3] 𝜂𝑢 𝜂𝑠
60 4.20 1.22 2.75 0.59 0.059
90 8.32 1.41 0.30 0.95 0.126
130 13.76 1.12 0.15 0.98 0.148
150 16.34 1.03 0.13 0.98 0.153

ion momentum and energy loss in the plume [49], therefore they will
be considered losses.

For the generic elastic collision, 𝛥𝐸𝐼𝐽 coincides with the kinetic
energy of the reduced system,

𝛥𝐸el
𝐼𝐽 = 1

2
𝑚𝑟(|𝐮𝐼 | − |𝐮𝐽 |)2, (21)

here 𝑚𝑟 is the reduced mass. In the case of inelastic collision losses,
he energy loss is instead fixed according to the relevant threshold
nergy gap (e.g. ionisation and excitation).

The following three main efficiencies can then be defined for the
N:

𝑐𝑜𝑛𝑣 =
𝑃𝑘𝑖𝑛,𝑖

𝑃∗
; (22)

𝜂𝑑𝑖𝑣 =
𝑃 (𝑧)
𝑘𝑖𝑛,𝑖

𝑃𝑘𝑖𝑛,𝑖
; (23)

𝑀𝑁 =

∑

𝐼

(

𝑃 (𝑧)
𝑘𝑖𝑛,𝐼 + 𝑃𝑇 ,𝐼

)

𝑃∗
. (24)

𝑐𝑜𝑛𝑣 is the internal to ion-kinetic energy conversion efficiency, 𝜂𝑑𝑖𝑣 is
he ion divergence efficiency (i.e. a measure of ion confinement), and
𝑀𝑁 represents the overall MN efficiency [46].

. Results and discussion

.1. Thruster specifications

The thruster considered in this work is a laboratory prototype, de-
ived from the REGULUS-150 cathode-less RF MEPT [27]. The plasma
ource is a cylindrical tube of length 𝐿𝑠 = 0.100 m and radius 𝑅𝑠 =
.0085 m. The on-axis magnetic field intensity at the MN throat is
0 ≈ 450 G; the field topology is given in Fig. 3(a). The RF antenna

s a 0.02 m long five-turn copper coil, with a wire width of 𝑤𝐴 =
.002 m [26]. Xenon propellant is delivered to the injector with mass
low rate 𝑚̇ = 0.25 mg/s. The antenna coupling efficiency is assumed to
e 𝜂𝑅𝐹 ≈ 0.7.

.2. Operating condition and neutral gas density

The MN has been simulated at a range of absorbed powers, with
ource reference properties from the GSM given in Table 2. For the
ain discussion hereafter, the 𝑃𝑎 = 60 W and 𝑃𝑎 = 130 W cases are

ocused upon: the former is a low-temperature (𝑇𝑒∗ < 𝛥𝐸𝑖𝑜𝑛 = 12.1 eV),
igh neutral density (𝑛𝑔∗ > 𝑛𝑖∗) mode; the latter is a higher temperature
𝑇𝑒∗ > 𝛥𝐸𝑖𝑜𝑛), low neutral density (𝑛𝑔∗ < 𝑛𝑖∗) regime. This pronounced
ariation in the neutral concentration can be explained by looking at
ig. 2. Defining the mass utilisation efficiency (𝜂𝑢 = 𝑚̇𝑖∗∕𝑚̇) of the RF-
ource as the ratio between the ion mass flow rate and the overall flow
ate, it is quite evident how below the threshold of 80 W, the efficiency
apidly drops, resulting in a substantial difference in outlet parameters.
ig. 2 also shows the source efficiency 𝜂𝑠 = 𝑃∗∕𝑃𝑎 defined as the ratio

between the power at the exhaust of the source chamber and the RF
power absorbed by the plasma.

Background pressure is included in the PIC by setting a fixed
uniform neutral distribution 𝑛back𝑔 via the ideal gas law,

back back
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𝑝back = 𝑛𝑔 𝑘𝐵𝑇𝑔 , (25)
Fig. 2. Mass utilisation efficiency 𝜂𝑢 and source efficiency 𝜂𝑠 as function of the absorbed
power 𝑃𝑎.

at a nominal temperature of 𝑇 back
𝑔 = 300 K. Starting from the vacuum

scenario 𝑛back𝑔 = 0 m−3 at 𝑝back = 0 Pa, this leads to 𝑛back𝑔 = 2.51 ×
1018 m−3 at 𝑝back = 10−2 Pa.

Before advancing in the study, a quick consideration about the
hypothesis of a uniform background distribution is made. When deal-
ing with vacuum chamber gas distribution, the gradient of the neu-
tral gas pressure is generally dependent on the individual chamber
arrangement. Moreover, several experimental measures [50,51] and
DSMC [52] simulations have proven the neutral map to be basically
constant around the plume expansion region, as long as the vacuum
chamber is well dimensioned for the experiment. Therefore, the as-
sumption of a constant background allows for relatively valid results
while not losing the generality of the study. Fig. 3(b) shows the nor-
malised neutral density from the thruster plume 𝑛plume

𝑔 , pre-computed
with the DSMC method. The on-axis combination of both plume and
background density 𝑛tot𝑔 = 𝑛plume

𝑔 + 𝑛back𝑔 is then given in Fig. 3(c) for
𝑃𝑎 = 60 and 130 W for 𝑝back = 0 − 10−2 Pa. Due to the lower 𝑛plume

𝑔
of the high-power case (from greater mass utilisation efficiency) there
is a more decisive variation of the total density with changing facility
pressure.

4.3. Plasma profiles

In order to gain insight into the plume topology, the 2D plasma
profiles are provided in Fig. 4 for the 130 W case. Fig. 4(a) and (b)
show electron number density distribution for vacuum conditions and
10−2 Pa respectively. At low-pressure, the plume is highly-collimated
and the expansion is confined within the outermost magnetic field line
(OMFL) connected to the source. Only a small fraction of electrons is
able to escape the confinement of the MN; this is due to their high
energy. In Fig. 4(b), a more diffusive behaviour appears as the electrons
that manage to escape from the OMFL are now more than just the high
energy tail of the discharge Maxwellian distribution.

Despite this enhanced cross-field diffusion, the density does not
considerably reduce in the downstream region of the plume. This
is because the increased neutral background produces significant in-
plume ionisation. Low-energy ions are formed in the near-field and are
therefore heavily influenced by the radial electric field; the ions accel-
erate radially and form a secondary density cloud similar to that seen
from CEX. With the possible exception of ions that have experienced
CEX collisions, ions born in the near-field plume region also experience

a smaller potential drop than ions born in the source tube. The mean
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Fig. 3. (a) Magnitude of the magnetic flux density |𝐁|. The outermost magnetic field line connected to the source is given by the red contour; (b) Normalised neutral gas density
from the plume discharge 𝑛plume

𝑔 ∕𝑛plume
𝑔∗ ; (c) On-axis total neutral gas density 𝑛tot𝑔 for 𝑃𝑎 = 60 W and 130 W. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
Fig. 4. 2D profiles of (a)(b) electron number density 𝑛𝑒 (c)(d) plasma potential 𝜙 for 130 W for background pressure 0 Pa (left) and 10−2 Pa (right) for 𝑃𝑎 = 130 W. The red line
indicates the outermost magnetic field line connected to the plasma source. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
ion speed within the fluid may be significantly decreased by this newly
ionised population, serving as an effective drag term on the ions [23].

Fig. 4(c) and (d) give the plasma potential. Note that the enhanced
radial potential peak observed in Ref. [23] does not appear in Fig. 4(c)
since the near-exit neutral density at 130 W is insufficient to produce
the necessary ion–neutral collisions, but a mild ion-confining potential
barrier is still present. This structure completely fades at 10−2 Pa in
Fig. 4(d). In particular, the plasma potential has a smoother mono-
tonic gradient in all directions. The downstream potential drop is then
reduced by approximately 5 V by the domain boundaries.

Fig. 5 provides the radial profiles of 𝑛𝑒 and 𝜙 at 𝑧 = 5 mm.
Fig. 5(a) shows the radial electron density; it is quite evident how
collisions affect the diffusion more in the high-pressure scenario, where
the number density variation at the radial periphery increases by a
factor of 10. The low-power case seems to be almost unaffected; this can
be explained by looking once again at Fig. 3. The radial profiles have
367
been chosen at the axial position of 𝑧 = 5 mm. At this distance from
the source tube exit, for low-power, the neutral gas density from the
source is greater with respect to the background (nplume

𝑔∗ ∼ 1019 m−3),
therefore the effect of additional neutrals is negligible. The same cannot
be stated for the high-power case; in fact, with the neutral density of the
same magnitude as the ambient one, the additional scattering caused
by interactions highly affects the plume topology.

Considering Fig. 5(b) it is clear how the radial component of 𝜙
presents a different behaviour. The potential drop in the high-pressure
high-power case is far more accentuated, hence the ion confinement is
less effective [23]. As a consequence, a more pronounced secondary
expansion is present and a less-collimated plume can be observed.
The tendency of the plasma beam to spread in the radial direction
(i.e. the presence of a less effective magnetic confinement) can be
seen also in Fig. 5(c), where the electron temperature is shown as a
function of the radial position. It is quite evident that the population
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Table 3
Normalised plasma potential at infinity 𝜙∞ for increasing background pressure at
different operation power 𝑃𝑎.
𝑝back [Pa] 𝜙∞∕𝑇𝑒∗

𝑃𝑎 = 60 W 𝑃𝑎 = 130 W

0 −7.0 −6.9
10−4 −7.0 −6.9
10−3 −7.0 −6.8
10−2 −6.8 −6.3

of electrons that is able to escape the MN confinement is of a higher
temperature. The behaviour of this high-energy escaping population is
barely affected by the pressure variation when the operating power is
limited (the overall electron number density is almost constant along
the radius), whereas, at increasing power, the magnetic confinement is
overcome also by low-energy particles, that are able to pass the OMFL
due to the radial momentum component induced by collision. As a
consequence, the temperature peak becomes extremely limited and the
electron population quickly cools down until a plateau is reached. The
values of plasma potential at infinity can be found in Table 3. It is
clear the potential drop reduces in magnitude with increasing pressure,
decreasing the ambipolar ion acceleration, resulting in a lower thrust.
The detriment is larger for the high-power case (∼10%), starting with
𝜙∞∕𝑇𝑒∗ ≃ −6.9 up to 𝜙∞∕𝑇𝑒∗ ≃ −6.3; adversely, the low-power potential
rop reduction is essentially negligible (<3%).

Fig. 6 shows the axial profiles of 𝑛𝑒 and 𝑢𝑖. Considering Fig. 6(a)
t is fairly reasonable to state that the on-axis electron distribution
s not affected by the background neutral population. The effect of
he decreasing potential drop in the axial direction is quite evident
hen looking at Fig. 6(b), where the axial ion velocity 𝑢𝑖 is presented

normalised by the inlet Bohm speed 𝑐𝑖 =
√

𝑘𝑏𝑇𝑒∗∕𝑚𝑖. The initial
decrease of the ion velocity is due to collisions (e.g. charge exchange
interactions) taking place right after the particles injection in the
domain. As expected, the axial variation of the low-power cases is small
(<5%). Instead, the difference becomes quite considerable at 130 W
(∼22%), where the ion velocity begins to diverge from the general trend
368

at 𝑧 = 20 mm. o
Table 4
Normalised thrust 𝐹∕𝐹0 and percentage variation 𝜀 for increasing background pressure
t different operation power 𝑃𝑎.
𝑝back [Pa] 𝑃𝑎 = 60 W 𝑃𝑎 = 130 W

F/F0 𝜀 F/F0 𝜀

0 1.44 0 1.49 0
10−4 1.44 −0.13 1.49 −0.09
10−3 1.43 −0.33 1.47 −1.32
10−2 1.42 −1.20 1.29 −13.63

4.4. Propulsive performance

The analysis of the plasma profiles highlighted how a substantial
difference is introduced at high-pressure. In this section, the effect of
such variation on the propulsive parameters will be investigated.

The propulsive performance of the cathode-less RF thruster has been
reported in Table 4. It is quite evident how the high-power case is more
affected by the increase of the facility pressure, showing a decisive
performance degradation of 𝜀 = 13.63% at 𝑝back = 10−2 Pa, where 𝜀
is defined as

𝜀 =
‖𝐹 − 𝐹𝑝back=0 Pa‖

‖𝐹𝑝back=0 Pa‖
× 100. (26)

The 60 W case presents a negligible thrust reduction until the back-
ground neutral density becomes closer to the order of the gas emitted
by the source (i.e. 1018 m−3). Even in this case, however, the thrust
reduction is more limited with respect to the high-power scenario.

The trend of the normalised thrust for the four power levels is shown
in Fig. 7. It is clear how the thruster performance is not affected by
neutrals in the same way for all the various cases. The value of 10−3

a seems to be a threshold over which the performance drop becomes
on-negligible when the thruster is operated at a relatively high-power
e.g. 130 W).

Plotting the performance loss 𝜀 as a function of the source plasma
emperature 𝑇𝑒∗ for different pressure levels yields Fig. 8. While low
eutral density cases are characterised by a limited 𝜀 throughout the
emperature range, a different scenario emerges when the pressure
ncreases. It is quite evident how the slope changes when larger values
f 𝑇 are involved. This threshold level could be identified as 𝑇 ∼ 8 eV
𝑒 𝑒
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Fig. 6. Comparison between (a) axial electron number density and (b) normalised axial
on velocity at different background pressure for absorbed power 60 W (continuous line)
nd 130 W (dashed line).

Fig. 7. Normalised thrust for increasing background pressure 𝑝back at different operating
powers.

(vertical dashed line in Fig. 8), where excitation and ionisation rates
become non-negligible. In fact, as it will be presented in the following
section, the ionisation phenomenon becomes of main relevance when
considering the higher power cases (i.e. 130 W and 150 W); adversely,
at 60 W and 90 W the average energy of electrons is not enough
to trigger ionisation interactions. If the electron temperature exceeds
the excitation/ionisation energies of the neutral species, facility effects
369
Fig. 8. Thrust loss 𝜀 for increasing plasma temperatures at different background
pressure levels.

Table 5
Efficiencies for increasing background pressure at different absorbed powers
𝑃𝑎.
𝑝back [Pa] 𝑃𝑎 = 60 W 𝑃𝑎 = 130 W

𝜂𝑐𝑜𝑛𝑣 𝜂𝑑𝑖𝑣 𝜂𝑀𝑁 𝜂𝑐𝑜𝑛𝑣 𝜂𝑑𝑖𝑣 𝜂𝑀𝑁

0 0.71 0.63 0.57 0.72 0.62 0.55
10−4 0.72 0.63 0.57 0.72 0.62 0.55
10−3 0.71 0.63 0.56 0.71 0.60 0.54
10−2 0.66 0.62 0.52 0.63 0.48 0.42

become non-negligible; bearing in mind that the neutral gas plume
from the source tube also plays a crucial role in the sensitivity of the
thruster to the cold gas background. In general, facility effects must
be considered if electron energies in the plume approach levels for
significant inelastic collisions.

Considering now the previously defined efficiencies, Table 5 shows
how they change as the neutral density increases. In detail, the low-
power case thermal conversion and overall MN efficiencies seem to
only be slightly affected at the highest pressure levels, both presenting
a decrease of 0.05. In contrast, the ion divergence efficiency is quite
unscathed, with a reduction of 0.01. As is conceivable, increasing the
background pressure at high-power levels gives rise to a harsh drop of
the thruster performance parameters, namely 0.09 for 𝜂𝑐𝑜𝑛𝑣, 0.14 for
𝑑𝑖𝑣 and 0.13 for 𝜂𝑀𝑁 .

Fig. 9 shows the different normalised collisional power losses,
.e. the power that ions and electrons lose to neutrals due to elastic and
nelastic interactions. The portrayed quantities have been evaluated by
eans of Eq. (20). The subscript refers to the particular interaction:

on–neutral charge exchange (cex), ion–neutral momentum exchange
(mex), electron–neutral ionisation (ion), electron–neutral lumped exci-
tation 1S and 2P (1S and 2P respectively), and electron–neutral elastic
scattering (scat). As expected, collision-related losses considerably in-
crease while increasing the neutral number density up to 1018 m−3.
Considering first the low-power regime in Fig. 9, it is quite evident
how the two main interactions losses are the ion–neutral momentum
exchange (𝑃𝑚𝑒𝑥) and charge exchange (𝑃𝑐𝑒𝑥). Other collisional terms
are negligible due to their low frequency. The main reason is that the
average energy possessed by the electrons produced in a low-power
scenario is not enough to consistently cause excitation and ionisation

phenomena. Only the electron population of the high velocity tail of
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Fig. 9. Normalised power losses caused by collision for increasing background pressure
𝑝back at different operating power (a) 60 W and (b) 130 W.

Fig. 10. Thrust evaluated for different pressure levels against experimental measures.

he distribution is able to trigger those interactions, causing the overall
ower contribution to be negligible.

A different scenario is presented for the 130 W case where ionisation
nteraction becomes the main cause of energy loss. Excitation processes
re non-negligible as well. For the lower background pressure cases,
harge and momentum exchange phenomena seem to be negligible,
ecoming of relevant importance only for 𝑃𝑎 > 10−3, where their power
osses are quite close to the excitation ones.

Taking a more general look to the plot reveals how the presence
f a background neutral gas density highly affects the total power loss
aused by inter-species interactions, starting from a mere 2% of the
otal power delivered to the plume up to approximately 10% and 22%
or the low and high-power cases respectively.

.5. Thrust comparison and limiting assumptions

To test the validity of the findings, this section will compare the nu-
370

erical results to experimental measures of thrust that have been made
at finite background pressure. Measurements have been performed at
the High Vacuum Facilities of the University of Padova; a vacuum
chamber of radius 0.3 m and length 2 m, maintained at a working
pressure of circa 10−3 Pa. A detailed description of the experimental
setup can be found in Ref. [6]. The thrust balance is described in
Ref. [53]; measurement errors are estimated to be approximately 25%
for thrust and 10% for the operating power [53]. At the same time, the
numerical error bands arise from different factors, such as assumptions
in the GSM and uncertainty in the radio-frequency efficiency, as well
as the uncertainty in collision cross sections used both in the GSM and
in the PIC [28], and statistical variance in the PIC method [23]. The
error bands are approximately of 25% of the simulated thrust. Fig. 10
presents the estimated thrust values from the numerical suite for 0
and 10−3 Pa against the experimental measures (note 𝑃𝑖𝑛 = 𝑃𝑎∕𝜂𝑅𝐹 ).
For the ideal vacuum simulations, there is good agreement between
𝑃𝑖𝑛 = 50−120 W; the experimental measure lie within the 25% error of
the numerical model. However, at higher values of 𝑃𝑖𝑛 it is clear that the
numerical routine increasingly overestimates the thrust, with an error
of +59% at 180 W. As already seen, the introduction of a background
neutral population, that replicates the facility environment, decreases
the thrust, reducing the overestimation. The plateau of experimental
thrust at increasing power (and increasing 𝑇𝑒) might well be explained
by losses in MN efficiency due to the chamber pressure. The agreement
with experiments is considered acceptable (<30%) since the numerical
model is affected by several assumptions. For example, the effects of
background density on the ionisation process of the source region have
been neglected. In a real scenario, the overall source ion-neutral ratio
might change with increasing pressure, contributing to the thruster
performance alteration.

The numerical acceleration methods might also introduce some
additional error. However, a study conducted by Andrews et al. [23]
has shown how the thrust estimation is basically unaffected (variation
lower than 1%) by 𝛾 and 𝑓 as long as their value remains limited to a
reasonable range (𝛾 < 50 and 𝑓 = 250).

In the PIC, the neutral gas field is included with a uniform distri-
bution. In practice, the position of the vacuum pumps and material
sputtering would affect the local background density. It was seen in
Fig. 8 that significant thrust losses can result from even small increases
in pressure beyond 10−3 Pa, and there may be a significant uncertainty
in the assumed working pressure at the MN throat region.

5. Conclusion

The main goal of this work was the investigation of facility effects
on the performance of a cathode-less RF thruster MN. Several levels of
background pressures have been tested for four different operational
regimes: low-power 60 W and 90 W and high-power 130 W and 150 W
cases were considered for the study.

The additional background neutral population caused a degrada-
tion of the thruster performance due to the decisive increase of the
electron–neutral and ion–neutral elastic and inelastic interactions. For
low-power (i.e. low plasma temperature), the average energy possessed
by electrons was too low to generate ionisation and excitation interac-
tions in a consistent way. As a consequence, the main factors of power
loss in that case were proven to be ion-neutral charge and momentum
exchange. Adversely, in the 130–150 W cases, electron-based inelastic
collisions dominated the plume causing up the 70% of the total power
losses.

These enhanced collision rates resulted in an overall thrust decrease,
with a more decisive impact in the high-power scenario, where a
drop of more than 13% was observed. The low-power case presented
a decreasing trend in the performance as well. However, the thrust
depletion was limited to less than 2% even at the highest background
pressure level. This effect is related to the higher neutral particle count
that is ejected by the source when operating the thruster at low-power,
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causing the plume to have a similar or even higher neutral density than
the background for the first portion of the domain.

In conclusion, facility effects definitely represent an issue in the
characterisation of RF source-based MEPTs: once the plasma tempera-
ture of the plume becomes high enough (say > 8 eV for xenon) to cause
ionisation collisions in a consistent manner, performing measurements
for high-power level regimes at a pressure circa 10−3 Pa, or higher, may
yield less accurate results. Despite being less affected by the ambient
neutral count, low-power thrusters (i.e. characterised by 𝑇𝑒 < 8 eV)
should also be kept at a pressure lower than 10−3 Pa, in order to
avoid undesired facility-related performance drop due to ion–neutral
collisions.
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Appendix. Global model

In this appendix, the expressions for the evaluation of Eqs. (1) and
(2) have been reported. For a more detailed description of the model
as a whole, the reader is referred to [54,55]. Starting with Eq. (1),

𝑅𝐼
𝑐ℎ𝑒𝑚 =

∑

𝐽
𝐾𝐽𝐼𝑛𝐽 𝑛𝑒 −

∑

𝐽
𝐾𝐼𝐽 𝑛𝐼𝑛𝑒 (A.1)

is the species density flux associated to chemical reactions, where 𝐾𝐼𝐽
is the rate constant for inelastic transition from species 𝐼 to 𝐽 . The term

𝑅𝐼
𝑤𝑎𝑙𝑙 =

𝑆𝐼
𝑤𝑎𝑙𝑙


𝛤 𝐼
𝑤𝑎𝑙𝑙 (A.2)

is related to wall production and losses. Here,  = 𝜋2 represents
the volume of the source ( and  being the source radius and length,
respectively), 𝛤 𝐼

𝑤𝑎𝑙𝑙 = 𝑛𝐼𝑢𝐵 is the particle flux, 𝑢𝐵 being the Bohm
speed. Lastly, 𝑆𝐼

𝑤𝑎𝑙𝑙 is an equivalent source (or wall) surface; for a closed
cylinder with cusps, the surface is given as

𝑆𝐼
𝑤𝑎𝑙𝑙 = 2𝜋ℎ𝐿𝛽 + ℎ𝑅⟂(2𝜋 − 𝑆𝑐𝑢𝑠𝑝𝑠 + ℎ𝑅∥)𝑆𝑐𝑢𝑠𝑝𝑠. (A.3)

Despite the assumption of a uniform magnetostatic field, the presence
of cusps is included by means of an empirical model. The evaluation of
the cusp area can hence be performed as shown by Goebel et al. [56],

𝑆𝑐𝑢𝑠𝑝𝑠 = 4𝑁𝑐𝑢𝑠𝑝𝑠
√

𝑟𝑐𝑒𝑟𝑐𝑖2𝜋. (A.4)

Within these two expressions, ℎ𝐿, ℎ𝑅 and 𝛽 are semi-empirical co-
efficients that take into account the non-uniformity of the plasma
profiles [57]. 𝑁𝑐𝑢𝑠𝑝𝑠 is the number of magnetic cusps, while 𝑟𝑐𝑖 and 𝑟𝑐𝑒
are the ion and electron cyclotron radii, respectively.

The last term of Eq. (1) is the flux density at the source outlet,

𝑅𝐼
𝑒𝑥 =

𝑆𝐼
𝑒𝑥


𝛤 𝐼
𝑒𝑥, (A.5)

where 𝑆𝐼
𝑒𝑥 is the physical area of the exit section (𝐴0), 𝛤 𝑒 = 𝛤 𝑖 = 𝑛𝑒𝑢𝐵

for ions and electrons while the neutral flux is computed assuming free
molecular regime 𝛤 𝑔 = 1∕4𝑛 𝑢 (𝑢 being the neutrals thermal speed).
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In the case of the electron power balance of Eq. (2), the chemical
contribution is taken as

𝑃𝑐ℎ𝑒𝑚 =
∑

𝐼

∑

𝐽
𝐾𝐼𝐽 𝑛𝐼𝑛𝑒𝛥𝑈𝐼𝐽 +

∑

𝐼
𝐾𝐼𝐼𝑛𝐼𝑛𝑒

3𝑚𝑒
𝑚𝐼

𝑇𝑒, (A.6)

here 𝛥𝑈𝐼𝐽 represents the energy difference between species 𝐼 and 𝐽
n eV. Regarding the elastic collision term, 𝐾𝐼𝐼 is the rate constant for
he interaction between species 𝐼 and electrons, while 𝑚𝐼 refers to the
pecies 𝐼 mass. The wall/source term for the wall–plasma interaction
an be evaluated as [46,58]

𝑤𝑎𝑙𝑙 = 𝑅𝑒
𝑤𝑎𝑙𝑙

(

5
2
+ 1

2
log

√

𝑚𝑖
2𝜋𝑚𝑒

)

𝑇𝑒. (A.7)

ote that for expressions Eqs. (A.3) and (A.7) to be valid, the Bohm
heath criterion at the source wall is assumed [30]. Similarly, the
xhaust power contribution 𝑃𝑒𝑥 reads

𝑃𝑒𝑥 = 𝑅𝑒
𝑒𝑥

(

5
2
+ 1

2
log

√

𝑚𝑖
2𝜋𝑚𝑒

)

𝑇𝑒. (A.8)

he computation of the reaction rate coefficient 𝐾𝐼𝐽 is carried out
hrough

=

√

2𝑞
𝑚𝑒 ∫

∞

0
𝜀𝜎𝑓0𝑑𝜀, (A.9)

here 𝑞 and 𝜀 are the electron charge and energy (in eV), respectively.
𝜎 is the collision cross-section for the generic particle reaction, whereas
𝑓0 is the electron energy distribution function (EEDF). Within this
study, the hypothesis of a Maxwellian distribution is made [59]:

𝑓0(𝜀) = 2

√

1
𝑇 3
𝑒 𝜋

exp
(

− 𝜀
𝑇𝑒

)

. (A.10)
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