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Abstract

The increasingly popular use in the space sector of electric propulsion solutions requires,
among other challenges, the evaluation of the interaction between the generated plasma
plume and the components of the hosting spacecraft. Additionally, a confident extrapo-
lation to in-space conditions of a thruster’s propulsive performance and plume properties
must pass through a detailed determination of the facility effects that alter the thruster’s
response during on-ground experiments. For these reasons the present thesis is dedicated
to the study of plasma plumes, and to the improvement of the predictive capabilities and
numerical efficiency of the models employed for their simulation.

In particular, a first part of the thesis concentrates on the simulation by means of a hy-
brid code of the plasma expansion within a magnetic arch, a magnetic topology generated
by two electrodeless plasma thrusters (EPTs) of opposite magnetic polarity. The execu-
tion of a series of simulations elucidates the physical mechanisms that guide the merging
of the plasma beams produced by each EPT, and reveal that the influence of the magnetic
field intensity on the plasma discharge and propulsive properties saturates for values of the
Hall parameters larger than 10. The developed hybrid model is also employed to study the
effects of vacuum chamber walls and residual background pressure on the plasma proper-
ties, indicating that the former may relevantly influence the electron current pathways of
magnetized electrons, while the latter generates an increase in the effective mass flux and
a consequent improvement of the observed propulsive performance.

A second part of the thesis is instead dedicated to the investigation and simulation
of gridded ion engine (GIE) plumes. First, a particle in cell (PIC) code is employed for
the study of the neutralisation mechanisms that allow the formation of a quasi-neutral,
current-free plume from the merging of the ion and electron beams emitted by thruster
and neutraliser. This numerical effort evidences for the first time the importance of in-
elastic collisions between electrons and neutrals, that provide an energy sink for electrons
causing their electrostatic trapping within the ion beam. As a consequence, the inclusion
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of ionisation and excitation collisions in the model allows a relevant improvement of the
recovered electric potential and electron temperature maps with respect to previous PIC
simulations of GIE plumes. This observation also prompts a conceptual subdivision of
electrons into primary and trapped populations based on their capability to escape the ion
beam’s potential well, and the study of the sensitivity of these populations to the prob-
lem’s parameters. Second, the results of the proposed PIC model are thoroughly com-
pared, for different operating points, background pressures, and facility wall potentials,
with the experimental measurements of the plume of Ariane’s RIT10-EVO. This compar-
ison confirms the model’s capabilities in the prediction of the ion properties in the plume
bulk and in the qualitative assessment of background pressure effects, but also evidences
some remaining uncertainties in the determination of the maximum plume potential and
electron temperature. A subsequent study of the perturbations caused by the immersion
of a Langmuir probe within the plume bulk shows that it can cause a substantial shift
in the plasma potential, but is unable to explain the numerical and experimental differ-
ences in the electron temperature. Finally, the gathered numerical and experimental data,
and the conceptual distinction between primary and trapped electrons, are used to inform
the development of an electron fluid closure to be employed in hybrid simulations of GIE
plumes. The assumptions behind this novel methodology are verified by means of the PIC
simulation data, and the developed closure is shown to yield results in good agreement
with the PIC model, while reducing the simulation times by a factor 10 or more.
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CHAPTER 1

Introduction

Since the infancy of electric propulsion (EP), when pioneering missions like SERT I[1]
(1964) and ATS-4 (1968) demonstrated its applicability and value, attentive care was
taken in the evaluation of its integration with the hosting spacecraft[”], [3]. While the
successes of SERT II[4] (1970) and ATS-6[5] (1974) paved the way for the further devel-
opment and expansion of EP, others such as SNAP-10A[6] (1965) —which likely failed
due to electromagnetic interference between the propulsive subsystem and the attitude
sensors— and the measurements on board of the same ATS-6 mission —that demon-
strated the influence of EP on spacecraft charging— prompted caution on possible inter-
actions between the propulsive subsystem and spacecraft. Indeed, the plume emitted by
EP thrusters is host to ions (at single or multiple states of charge), electrons, and residual
neutral atoms (or molecules) with a wide range of energies, along with electric and mag-
netic fields induced by the charged particles themselves and by the electrodes and mag-
nets in the thruster design. The plasma environment thus produced will inevitably interact
with the nearby spacecraft surfaces, potentially altering their properties and functionality.
The study of plasma plumes, to which this thesis is dedicated, and their interaction with
the surrounding plasma environment and material surfaces is therefore paramount for the
successful integration of EP subsystems on board of hosting spacecraft.

One type of plume-spacecraft interaction that attracted the concerns of engineers re-
garded the electrically charged nature of the particles composing EP plumes. Indeed, the
collisional processes that take place in the plume (e.g. charge-exchange (CEX) between
ions and neutrals), and the local electric and magnetic forces cause charged particles to
circle back towards the spacecraft, leading to the collection of electric currents at its sur-
faces. This effect is further complicated by the natural plasma environment in which the
spacecraft is situated (e.g. the plasmasphere or the solar wind), which interacts with the
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thruster’s plasma plume and further modulates the currents collected by the spacecraft.
As a consequence, a gradual electric biasing of either the whole spacecraft with respect to
the surrounding plasma environment (termed absolute charging), or between its separate
components (differential charging) may occur[7], [8]. The former presents the smaller
hazards, since it does not lead to abrupt currents flowing within the spacecraft, but the
resulting electric fields can lead to modifications in the properties of the surrounding
plasma environment, further altering the way it interacts with the spacecraft. Differential
charging, on the other hand, may result harmful for the spacecraft and its mission. When
potentials between isolated components exceed the local dielectric breakdown voltage, an
electrostatic discharge (ESD) takes place.[9] The resulting current arc may cause electro-
magnetic interference with other spacecraft components, or directly damage the hardware
that experienced the sharp flow of current.

Historically, the first dedicated missions demonstrated an adequate compatibility be-
tween spacecraft charging and the use of EP. ATS-6 (1974) and SCATHA P78-2[9] (1979)
both observed an influence of ion beams on the spacecraft’s absolute charge, but also
showed that it could be heavily mitigated through a proper neutralisation of the emitted
currents by means of an external neutraliser (indeed, correctly controlled, EP proved to
be a solution rather than a hazard to absolute charging[3]). Studies of the telemetry of
SCATHA P78-2 also pointed to a strong correlation between ESDs and the plasma en-
vironment surrounding the spacecraft, while only some of these could be traced back to
the operation of ion and electron beams.[ | 0] More recently (2009), a study of the surface
charging taking place on board of 4 Intelsat and 2 SES satellites showed fluctuations in
differential potentials during operations of the EP subsystem[!!]. However, only very
rare occurrences, mostly related to harsh space-weather conditions, of differential volt-
ages above engineering thresholds were recorded.

In the context of scientific missions dedicated to the study of the space plasma envi-
ronment, absolute and differential charging pose another hurdle for the mission objectives.
Indeed, the potential difference between the spacecraft components and the surrounding
plasma alter the particle trajectories and electromagnetic fields under investigation, and
thus modify the measurements of the scientific payload. For example, measurements of
low energy ion fluxes taken by Rosetta (2004)[12], and the moments of the electron dis-
tribution measured by BepiColombo (2016)[13] during its Mercury flyby, were found to
be convoluted by spacecraft potentials and had to be corrected through complex simu-
lation efforts. In general, numerous on-board algorithms for the de-convolution of the
measured electron properties from the effects of spacecraft charging are proposed in the
literature[ | 4], highlighting the interest of the scientific community in this topic.

A second type of plume-spacecraft interaction of important concern regards the large
energies possessed by the particles emitted by EP thrusters. The impingement of these
particles onto spacecraft surfaces eventually leads to their erosion and to the consequent
degradation of their optical, electrical, and thermal properties[!5]. Moreover, the sput-
tered material generated by these interactions or from the erosion of internal thruster
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components, may later deposit on other surfaces, leading to a further deterioration of
their properties[ | 6]. This deposition of material is vastly accentuated when dealing with
thrusters that operate with alternative propellants (e.g. mercury, used on board of SERT
I and 11, or iodine considered for modern designs[!7]), which contrary to the commonly
employed inert noble gases may bind chemically and mechanically with exposed surfaces.
Note also that reducing the deterioration of surface properties results even more impor-
tant for the very common case of EP powered by solar panels, since the conservation
of their optical and electric properties is paramount for efficient power generation. As a
result, many space missions have dedicated scientific payloads to the study of the imping-
ing energy of EP-produced particles and contamination rates due to sputtered material.
NASA’s Deep Space 1[18], [19] (1998), propelled by the NSTAR gridded ion engine
(GIE), was equipped with a specifically designed EP diagnostics package including —
among other sensors— a retarding potential analyser (RPA) and a planar Langmuir probe
(LP) for plasma diagnostics, and a quartz crystal microbalance (QCM) and a calorime-
ter pair (CAL) for contamination studies. The RPA and LP data, complemented by the
readings of the Plasma Experiment for Planetary Exploration (PEPE) scientific payload,
pointed to the presence of artificially produced plasma well outside of the plume bulk.
The resulting plasma densities, energies, and currents at the spacecraft surfaces were ob-
served to be strongly dependent on the thruster’s operating point, with PEPE (located at
the opposite side of the spacecraft) registering measurement interferences only at spe-
cific thrust levels[19]. Similarly, the QCM and CAL readings showed a modulation of
the collection rate of Molybdenum sputtered from the ion thruster grids that depended on
the thrust level, with sensors not in line of sight of the thruster collecting relevant fluxes
when the plume densities and potentials increased[ | 8]. ESA also contributed to this line
of research by mounting similar EP dedicated diagnostics first on STENTOR[20] (failed
launch in 2002) and then on SMART-1[21] (2003), that employed a Hall effect thruster
(HET) for its propulsion. Interestingly, the QCM on board of SMART-1 recorded negligi-
ble material deposition, consistent with the minor decline of solar panel efficiency, and the
LP and RPA measurements pointed to a modulation of the plume potential that resulted
in the limitation of the thruster ground voltage with respect to the surrounding ambient
plasma.[27]

The last form of undesired plume-spacecraft interaction consists in parasitic forces and
torques induced by the momentum flux of plume particles reaching spacecraft surfaces,
that modify its nominal trajectory and attitude. While these torques and forces are very
small, and can be easily corrected by the propulsive and ADCS subsystems, they can
lead to a faster saturation of reaction wheels and to an increased use of propellant. This
was the case for the Russian Express-A2 and A3 telecommunication satellites, where the
particles emitted by the SPT-100 used for orbit keeping and collected by the solar panels
produced torques that had to be compensated by the reaction wheels of the attitude control
subsystem[23], [24].

The issue of the interactions between EP plume and spacecraft remains today a topic
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of active attention and research, as demonstrated by the recent launch of ESA’s Heinrich
Hertz satellite (2023) equipped with an EP diagnostics package analogous to the ones of
Deep Space 1 and SMART-1[25]. Nevertheless, the multi-scale and multi-physics nature
of the problem complicates immensely its examination. In-space measurements are ex-
pensive, logistically complex, and limited to punctual locations that preclude a holistic
view of the problem. Similarly, experimental investigations of the integrated spacecraft-
thruster system in on-ground facilities are prohibitive due to the large scales involved; but
even accurate on-ground testing of an isolated thruster presents open challenges. Indeed,
replicating precisely the space environment in test facilities is impracticable, and exper-
iments are inevitably conducted under conditions that alter the response of the thruster
and its plume[26], [27]. The differences between the space environment and the one gen-
erated in ground facilities, together with the variations that they produce in the thruster
discharge, are typically grouped under the term “facility effects” and may differ in entity
and magnitude depending on the thruster design and operating conditions. Because of this
complexity, the theoretical investigation of plasma plumes and facility effects through the
development of accurate numerical models for their simulation is paramount for the pre-
diction of the plume properties in space and for the evaluation of its interaction with the
hosting spacecraft.

1.1. Facility Effects

As mentioned, facility effects are diverse and thruster and facility dependent. We distin-
guish here between three categories based on the fundamental differences between the
in-space and on-ground environments that generate them: background effects, wall ef-
fects, and probing effects.

Background effects: Background effects stem from the impossibility of reproducing in
vacuum vessels the densities and characteristics of the space plasma that surrounds the
thruster during its in orbit operation. During experiments, in fact, state of the art vacuum
chambers are capable of reaching background pressures of the order of 10% mbar[28],
while typical pressures in space can be orders of magnitude lower (e.g. around 107!°
mbar at an altitude of 1000 km). The chemical nature and energy of the particles compos-
ing the background plasma are also very different, but this represents a secondary effect
compared to the differences in density. Indeed, most of the observed variations in thruster
discharges may be attributed to the increased collision frequencies that the facility back-
ground density provokes. Primary among these, and common to all EP thrusters, is the
generation of a cloud of low energy ions, much denser than the one generated in space,
that surrounds the plume bulk and is formed mostly by CEX collisions between plume
ions and background neutrals[29], [30]. These ions, and the electrons that they attract
electrostatically, may lead to a premature truncation of the plume’s ambipolar expansion,
which stops when the bulk density becomes comparable with the background one[31].
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Additionally, because of their reduced kinetic energy, CEX ions also respond more read-
ily to the small electric fields present in the plume, causing an increase in the currents
that return to the thruster’s exhaust plane (i.e. where the spacecraft would be in a fully
integrated system) compared to what occurs in space[29], [32]. Another issue that affects
thrusters with relevant magnetic fields in their plume is the increase in classical electron
cross-field transport. For thrusters employing magnetic nozzles (MNs), this may cause an
earlier plasma detachment from magnetic lines and a reduction of the magnetic thrust[33];
while in HETs it modifies the dynamics with which electrons flow from the neutraliser to
the discharge chamber. In the case of thruster designs with a strong backwards coupling
between plume and discharge chamber (e.g. HETSs and electrodeless plasma thrusters, as
opposed to GIEs), larger background pressures can lead to the ingestion of neutral atoms
into the thruster’s discharge chamber, effectively providing an increased mass flow rate
with respect to the nominal one. As a result, many studies on the performance of HETs
(although not all, as this effect is sometimes opposed by a shift in the ionization region)
reported a larger thrust as the background pressure increased[27], [34]. In the case of
electrodeless plasma thrusters (EPTs) equipped with a MN, neutral ingestion is overshad-
owed by the increase in electron inelastic collisions, which deplete the thermal energy
employed for the plasma acceleration and thrust production in the MN. As a result, the
propulsive performance of EPTs has often been observed to decrease as the facility back-
ground pressure was raised[35]. Finally, variations in neutral densities have been shown
to affect discharge oscillations, modifying the frequency and amplitude of the breathing
mode in HETs[36], and influencing oscillations, mode transitions, and general discharge
properties in hollow cathodes[37].

Wall effects: The walls of the vacuum vessels in which experiments are carried out may
influence the response of a thruster’s plume by delimiting its expansion, prompting the
formation of Debye sheaths at the plasma-wall interface, and emitting additional particles
into the discharge through secondary electron emission (SEE) and sputtering. In partic-
ular, the conductive nature of facility walls generates additional low resistance current
paths that are not present in space. While an obvious mitigation of this issue is achieved
by isolating the thruster assembly from facility ground, conductive chamber walls have
still been shown to modify the current distributions in the plume. Indeed, studies on HET
discharges have pointed to a preferred electron flow to the closer radial walls (in place
of the axial flow expected in space)[38], [39], while works on EPTs and MNs hypoth-
esize that the geometry and conductive properties of chamber walls may explain some
important variations in thrust and efficiency observed when testing the same thruster in
different facilities[40], [41]. In the case of GIEs, on the other hand, it is known that SEE
from facility walls can contribute to the plume neutralisation, to the extent that ground
tests of low power thrusters sometimes rely on this mechanism —rather than the use of an
external neutraliser— for the charge neutralisation of the ion beam[42]. Nevertheless, the
influence and importance of SEE when a larger electron flux is provided from an external
neutraliser is yet to be quantified. Finally, the highly energetic ion beam of a GIE can
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cause the erosion and sputtering of the beam target and chamber walls, hindering the ex-
perimental determination of material deposition from the sputtering of the thruster grids,
and complicating on-ground lifetime assessments[43].

Probing effects: The insertion of probes within a thruster’s plume for the evaluation of
the local plasma properties may lead to a perturbation of the plume equilibrium, especially
if the probe is electrically biased or if it can constitute a relevant current path to ground.
In the case of HETS, the insertion of probes in the very near plume (at distances shorter
than a channel width) was shown to alter the potential profiles in the acceleration region,
the ion velocity distribution function (VDF) in the plume, and the average value and am-
plitude of oscillations of the discharge current[44]. These perturbations were enhanced
for a positively biased probe (e.g. for the electron collecting branch of a Langmuir probe
sweep). More concerningly, several experimental studies on the plumes of GIEs have re-
ported a strong sensitivity of the plume potential to invasive probing techniques[42], [45].
This is attributed to the delicate charge neutralisation mechanism of the ion beam, that
involves the slow formation of a trapped electron population which is prone to depletion
if presented with additional current paths to ground. In case of an imperfect coupling
between the neutraliser and the ion beam (or in total absence of a neutraliser), dramatic
global increases in the plume potential are observed when probing the denser regions of
the plume, with consequent increases in the plume divergence[42]. Although it has yet
to be proven experimentally, the presence of a trapped electron population has also been
theorized in MNs[46], [47], leading to the conjecture that they may be prone to similar
perturbing mechanisms when subjected to invasive probing.

1.2. Thesis Objectives and Structure

This thesis aims to improve our capabilities in the numerical simulation of EP plasma
plumes, identifying the most opportune modelling strategies, determining their shortcom-
ings and strong points, and enhancing their accuracy and computational efficiency. In do-
ing so, it provides insight on the physics that governs the simulated plasma plumes, and on
the influence of design parameters and operating conditions on the plumes’ characteris-
tics. Concerning this latter point, particular attention is dedicated to the determination and
description of facility effects, promoting a more confident extrapolation of experimental
measurements to in space conditions. In practice, the thesis first provides a propaedeutic
overview of the state on the art of plasma plume modeling in Chapter 2, and then delves
into the characterization of the plumes of two distinct propulsive devices.

1. Chapter 3 is dedicated to the investigation of the plasma expansion in a magnetic
arch topology generated by the clustering of two EPTs. Because of the novelty
of this architecture and the limited related research available in the literature, this
part of the thesis intends to consolidate the understanding of the principal physical
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processes that govern the plume equilibrium, and provide a qualitative study of the
effects of design parameters and operating conditions such as the magnetic field
strength, and the influence of facility walls and background pressure. To this end a
planar version of the in-house hybrid code EP2PLUS was implemented and applied
to the case under study. Chapter 3 reproduces entirely the contents of the peer-
reviewed journal article published in Plasma Sources Science and Technology[48].

. The following chapters, instead, concentrate on the analysis and simulation of GIE
plumes. Contrary to magnetic arches, these thrusters are well established and can
count on a long history of research dedicated to their characterization, allowing a
more detailed and specific investigation line with the following objectives.

e The tailoring and application of a Particle in Cell (PIC) code to the simula-
tion of GIE plumes, and to the study of the mechanisms that allow an efficient
neutralisation of the emitted ion beam. This process should allow the identifi-
cation of the components of the problem that require particular attention (e.g.
collisional processes, plasma bridge, approach to steady-state), and those that
can be acceptably simplified.

e The validation of the previously developed model by a thorough comparison
with dedicated experimental measurements, and the consequent application
of the gathered numerical and experimental data to the study of background,
wall, and probing facility effects.

e The identification, by comparison with the validated PIC code, of accurate
closures to the electron fluid equations for the case of GIE plumes. In particu-
lar, the identified fluid closure should permit an accurate retrieval of the plume
characteristics when employed in hybrid or fluid models, while granting a rel-
evant mitigation of computational costs compared to the PIC code.

The first two objectives are respectively tackled in Chapters 4 and 5, that repro-
duce the peer-reviewed articles published in Plasma Sources Science and Tech-
nology[49], and in the special issue dedicated to facility effects on the Journal of
Applied Physics[50]. Chapter 6, instead, covers the third objective, reprinting the
conference article presented at the 10" Space Propulsion Conference[51].

As a final note, Chapters 3, 4, 5, and 6 reproduce published articles, that are re-
ported here without modifications. These chapters therefore result self-contained,
including their own introduction, motivation, methodology and conclusions. The
author’s apologies for any repetitions or changes in notation across these chapters.






CHAPTER 2

Overview of Numerical Models for Plasma Plumes

This chapter provides an overview of the most common models employed in the EP com-
munity for the simulation of plasmas. The objective here is not to provide a detailed de-
scription of each model implementation, but rather to outline the underlying assumptions,
advantages and limitations of each methodology. This is propaedeutic to an informed
comparison between models when choosing which is more suitable for the problem under
consideration. The next two sections will tackle the different approaches for the descrip-
tion of the species composing a plasma, and the alternatives for the computation of the
electric forces acting on these species. Finally, Section 2.3 provides a critical analysis of
the most commonly employed models for plume simulations.

2.1. Description of the Plasma Species

In a plasma, the conservation in phase-space of the particles of a species @ may be ex-
pressed by means of the Boltzmann equation

0/
o

where f,(t,x,v) is the species’ VDF, V, and V, are the gradients in space and velocity

v-V.f+ I E+vxB)-V,f, =S, @2.1)
m(Y

coordinates, and ¢, and m, are respectively the charge and mass of the species’ particles.
The term ¢, (E +vxB) expresses the forces due to the electric and magnetic fields (respec-
tively E and B), while S (7, X, v) 1s a source term linked to the injection of new particles
into the domain or to particle-particle collisional processes. If the forces acting on the
species and the source term S are known, Equation (2.1) may be discretized and inte-
grated numerically to yield f, at each moment in time. However, models that employ this
approach —named Vlasov solvers— are limited by the computational burden linked to the
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six-dimensional discretization and integration in phase-space (three dimensions in space
and three in velocity). As a consequence, while Vlasov solvers can be very accurate even
in regions of low plasma density, they are seldom used for full-scale applications[52].

An alternative to the direct integration of the Boltzmann equation is the Particle in
Cell (PIC) methodology[53], [54], in which the VDF of a species is discretized as a set of
N, “macro-particles” (each representing a cloud of numerous physical particles belonging
to an infinitesimal volume of phase-space), so that

NP
Falt, X, ¥) % Y WS (X, X)S (Y, V), 2.2)
p=1

where w, is the weight of macro-particle p (the number of physical particles it repre-
sents), X, and v, are its position and velocity in function of time, and S, and S, are its
shape functions in physical and velocity space[55] (typically a Heaviside step function
in space and a Dirac delta in velocity, although higher order alternatives have been pro-
posed[56]). Assuming that the forces acting on each macro-particle are known, PIC codes
then propagate their trajectories in time through the integration of their equations of mo-
tion to retrieve f, at each simulation time-step. Collisional events can also be included
in the model by perturbing the particle velocities through stochastic algorithms such as
Monte Carlo Collisions (MCC)[57] or Direct Simulation Monte Carlo (DSMC)[58] colli-
sional models. The macroscopic quantities describing the species (e.g. density, velocities,
and temperature) are then retrieved by integrating the discretized VDF over the velocity
space, as formally defined later. Since particle orbits in phase-space coincide with the
characteristics of Equation (2.1), this approach is equivalent to integrating the Boltzmann
equation along N,, characteristics[59]. PIC codes thus benefit of an intrinsically adaptive
discretisation of phase-space: more macro-particles will cluster in regions of higher den-
sity and fewer —or none— will be present where the densities drop, leading to a more
efficient use of computational resources with respect to the more structured discretization
employed in Vlasov solvers. On the other hand, when the macro-particles are too few to
provide an accurate description of f, in Equation (2.2), PIC codes become prone to nu-
merical noise, leading to numerical thermalization of the species’ VDF and an inaccurate
reconstruction of its macroscopic properties[60].

Yet another approach to the resolution of the Boltzmann equation is the fluid method-
ology. Its formal derivation starts by defining the macroscopic fluid quantities describing
a species as moments of its VDF:

ng = ff fa d3V, nely = fff Vfa d3V,
_ " (2.3)
Ma:mafffvvfad3v, Pfl’:yafffvvzfaaﬁv,

where n,, u,, M,, and P” are respectively the species’ density, bulk velocity, momentum
tensor, and energy flux vector. Related to these fundamental quantities are the pressure
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tensor ;:7(, = M, — myn,u,u, and the temperature tensor T, = ]:9(, /n,. The transport equa-
tions for each of these macroscopic quantities, and of any desired higher-order moment of
the VDF, are then obtained by taking the corresponding moment of Equation (2.1) (multi-
plying it an appropriate amount of times by v, and integrating it over the velocity space),
yielding the continuity, momentum and energy equations:

on,
% +V-(ngu,) =S, (2.4)
8 (0 aa04 —
ma$ +V-M, = gony (u, X B + E) + R, 2.5)
10t(M,
5% + VP = —gunau, - E + W,, (2.6)

when truncating the derivation at the second order moment. Here tr(-) stands for the trace
of the underlying tensor, and the terms S ,, R,, and W, represent respectively the effects
of collisions on particle production, momentum exchange, and energy loss. Note that
these equations are exact, and make no assumption on the underlying VDF. However,
the system of Equations (2.4-2.6) is undetermined, since each transport equation depends
on the value of the next moment of the VDFE. As a result, to be able to solve the fluid
system, a closure must be imposed to relate the highest VDF moment considered (for
which the transport equation isn’t solved) to the lower order ones. This is equivalent to
making an assumption on the shape of the species’ VDF, which in the most common
fluid formulations is taken to be a drifted Maxwellian (the species is assumed at thermal
equilibrium) and as a consequence the pressure and temperature tensors become diagonal
and isotropic (f)a = p,)ll= and T, = Talz), and the heat flux and gyro-stress tensor are null,
so that the energy flux vector reduces to P/) = (1/ 2)nau(,(mau§ + 5T,)[61].

2.2. Computation of the Electromagnetic Forces

The previous section assumed that the electric and magnetic forces acting on the plasma
are known. However, the electromagnetic fields present in the domain depend on the
distributions of electric charge and current, and are therefore coupled with the plasma
dynamics. As a consequence, schemes that provide values of E and B consistent with the
state of the plasma are required. The plume studies presented in this thesis are carried out
in the electrostatic limit, meaning that the magnetic field induced by the plasma currents
is assumed to be negligible with respect to the one applied externally by the thruster, so
that the magnetic field map can be taken constant in time and the only remaining concern
is the computation of the electric fields. While this is a common assumption in plasma
plume simulations due to the relevant reduction in computational costs that it entails[29],
[62], [63], some studies suggest that, although small, the plasma induced magnetic field
may not always be negligible, especially for the case of MNs where it may constitute an
important plasma detachment mechanism[64], [65].
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The self-consistent determination of the electric potential ¢ in the domain may be
carried out in two ways. The first is to couple the description of the plasma species with
Poisson’s equation:

V2 = L 2.7)
2]

where p,; = >, q.N. 15 the net electric charge density, and g is the electric permittivity
of vacuum. This approach allows the consistent resolution of non-neutral regions (e.g.
Debye sheaths), but introduces the Debye length A, and plasma frequency w, as fun-
damental scales of the problem. These minute scales must be resolved by the cell size
and time-step for the stability of commonly employed explicit integrating schemes, and
since Ap and w, are much smaller than the largest dimension of the problem (by up to
5 or 6 orders of magnitude), codes relying on the resolution of Poisson’s equation can
become extremely computationally expensive[660]. As a result, non-neutral codes must
often make other simplifying assumptions to allow an affordable computational treatment
of the problem, such as reducing the number of spatial dimensions[67], neglecting the
slower temporal scales (typically those linked to neutrals)[6&], or artificially modifying
some parameters of the problem (e.g. the vacuum permittivity[68], the mass of ions[63],
or rescaling the problem’s geometry[69]).

Alternatively, one can assume that the scale of the non-neutral regions is infinitely
smaller than the other characteristic scales of the problem, and that the plasma in the
plume is quasi-neutral. As a consequence, rather than solving Equation (4.2) one may
impose ), g.n, = 0, and use this additional condition to retrieve ¢. This approach re-
moves the stability constraints typical of non-neutral codes, and permits discretizations of
time and space that abundantly over-step the plasma frequency and Debye length. This
obviously allows for much lighter codes from the computational standpoint, but also intro-
duces some modelling challenges that should be taken into consideration. The assumption
of quasi-neutrality, in fact, does not allow an accurate resolution of those regions of the
domain where charge separation is important (e.g. plasma sheaths, oscillations driven
by non-neutrality, etc.). Since Debye sheaths nearly always develop at the boundary be-
tween material walls and the plasma, this also complicates the imposition of boundary
conditions, which are most naturally given at material walls, after a sheath. This issue
is typically settled through semi-analytical models of a mono-dimensional Debye sheath
that connect the quasi-neutral domain with the material boundaries[29], at the price of
introducing into the model additional hypotheses required to close these simplified sheath
models[70] (e.g. mono-dimensionality, undrifted Maxwellian electron VDFs, isotropic
electron temperature, Bohm condition, etc.).

2.3. Types of Models

The different approaches to the description of plasma species and electric fields described
in the previous section can be combined into various modelling strategies, summarized
below.
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2.3.1. Fluid Codes

These models employ the fluid methodology for the description of all the species com-
posing the plasma, and have been proposed both in the quasi-neutral[64], [71], [72] and
non-neutral[ 73], [74] forms. Their main limitations are the requirement of a heuristic clo-
sure to the system of fluid equations (which are often truncated at the energy level)[75], a
non-trivial determination of the boundary conditions for higher order VDF moments such
as the energy flux vector, and the numerical stability of the integration scheme which of-
ten requires some level of numerical diffusion[76]. On the other hand, fluid codes are
highly flexible, allowing for large variations in their complexity and computational cost
depending on the assumptions made in their derivation. They are also particularly indi-
cated for large-scale numerical parallelization, as the resulting algorithms are not prone
to conditional branching or load imbalances between computing nodes.

2.3.2. Hybrid Codes

Models that employ a particle methodology for some of the plasma species, and a fluid
one for others are termed “hybrid”. In most cases, these codes describe ions and neutrals
as particles, and employ a drift-diffusion approximation for electrons (assuming them
to be inertialess and with an isotropic VDF)[29], [62], [77], [78]. The use of a fluid
description for electrons allows for a trivial imposition of quasi-neutrality (which is not
as straight-forward when a particle formalism is employed, as discussed later), while the
particle description of the heavier species does not force any assumptions on their VDFs.
As a result hybrid codes are computationally light, provide a kinetic description of the
heavier species, and are often employed for full scale simulations of propulsive devices
and their plumes. Nevertheless, the drift-diffusion approximation and the fluid closures
employed for the description of electrons have been shown to have a limited applicability
range[79], [80], [81]. Similarly, some works have found the quasi-neutral assumption to
be inaccurate at the outer edges of the plume, where the plasma densities become very
low[82], or in regions of large electric charge density such as in proximity of a cathode or
in front of the grids of a GIE[32]. More complex fluid descriptions for electrons and the
inclusion of a non-linear Poisson solver have been proposed to overcome these issues[29],
[83], but these approaches quickly negate the computational advantages of the classical
hybrid scheme. As a result, the detailed study of physical phenomena that still elude
our understanding are often tackled with higher-fidelity but more cumbersome models,
although hybrid codes are still widely regarded as the models of choice for full-scale
simulations of thrusters and their plumes.

2.3.3. Particle in Cell Codes

Electrostatic PIC models employ a particle description for ions and electrons, coupled
with a Poisson solver for the determination of the electric potential[63], [68], [84], [85],
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[86]. As such, they make no assumption of the VDFs of charged particles and require
no fluid closures, but are computationally cumbersome because of the limitations on cell
size and time-step imposed by the resolution of the Poisson equation. Recently, implicit
and energy conserving schemes have been proposed to relax these constraints at the cost
of an increase in the complexity of the code[87], [88], [89], but the traditional explicit
approach remains to date the most employed. Because their computational burden these
models are typically used for detailed simulations of a subsection of the global problem
by either reducing its dimensionality (invoking symmetries or assuming no gradients in
the neglected dimensions), disregarding the longer time-scales (usually linked to the dy-
namics neutral, which are therefore described through reduced models)[65], or artificially
altering the characteristic scales of the problem[69].

The PIC methodology does not permit a straight forward imposition of quasi-neutrality,
since one does not have a direct control on a species’ density, which is instead obtained as
a function of the instantaneous position of millions of macro-particles. Nevertheless, dur-
ing the initial phases of this thesis substantial effort was dedicated to the development of a
quasi-neutral, bi-dimensional, PIC code. The idea being that instead of retrieving the elec-
tric potential from the resolution of Poisson’s equation one could assume quasi-neutrality
a priori, and obtain ¢ from the continuity and momentum equations of electrons with the
density of the ion macro-particles substituted in place of the electron density[90], [91].
These equations could be closed with the temperature provided by the electron macro-
particles, and the resulting electric fields would then be used to advance the electrons and
ions along their orbits in phase-space. This approach would overcome the constraints
on cell size and time-step characteristic of non-neutral codes, while making no assump-
tion on the VDFs of ions and and electrons. However, when checking a posteriori the
assumption of quasi-neutrality it was found that the numerical system quickly diverged
from this condition: the density of electron macro-particles gradually depleted, falling
well below the one of ions. It was therefore necessary to develop dedicated injection and
outflow boundaries for electron macro-particles that enforced through a PID controller a
zero global electric charge in the domain[92]. Although this approach allowed us to reach
a quasi-neutral steady-state for a simple plume scenario, it was not deemed sufficiently
rigorous, and the development of the quasi-neutral PIC code was discontinued.
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CHAPTER 3

PIC/Fluid Simulations of the Plasma Expansion in a Planar
Magnetic Arch

This chapter reproduces the contents of Ref. [48], published in the peer-reviewed
journal Plasma Sources Science and Technology. The typography has been adapted
to the style of this thesis.

Abstract

Magnetic arches (i.e. the magnetic topology that emerges when placing two mag-
netic nozzles with opposite polarities side by side) are an attractive option for the
clustering of multiple electrodeless plasma thrusters, as they are characterized by
a zero magnetic dipole moment and thus allow a reduction of perturbing magnetic
forces on the spacecraft. This work employs the hybrid code EP2PLUS to simulate
and study the plasma expansion for such a magnetic topology in the planar limit.
First, a reference simulation is used to analyze the leading physical mechanisms that
govern the plume properties. lons are thus found to be characterized by a double
peaked VDF close to the symmetry plane, where the plasma beams emitted by the
two thrusters merge, while the magnetic force acting on electrons is shown to shape
both the lateral confinement of the plume, and the thrust profile provided. Second,
a parametric sweep on the strength of the magnetic field shows that its influence on
the propulsive properties and on the characteristics of the plume saturates for values
of the Hall parameter larger than around 10. Beyond this value of the Hall param-
eter, only the in-plane electron currents are found to be particularly sensitive both
to the magnetization levels and the boundary conditions employed, although they
are also largely decoupled from the rest of plasma properties. Finally, background
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pressure effects were considered by including collisions with neutral atoms in the
simulations, highlighting the relevance of neutral entrainment in the modification of
the plume properties and in the propulsive performance of the magnetic arch.

3.1. Introduction

Electrodeless plasma thrusters (EPTs) are a rapidly emerging technology in the electric
propulsion community because of their simplicity, scalability, and absence of plasma-
immersed electrodes[93], [94]. This family of thrusters most notably includes the helicon
plasma thruster [95], [96], [97] and the electron-cyclotron resonance thruster [98], [99],
[100], in which the plasma generation is guaranteed by exciting the electron population
through electro-magnetic waves. A key component of these architectures is the magnetic
nozzle (MN)[71], [101], [102], used to externally accelerate the plasma and increase the
provided thrust. A traditional MN consists of a diverging magnetic field B, applied by
the thruster’s magnetic circuit, which confines the plasma in the perpendicular direction
and accelerates it axially. In fact, in the common case of an ’electron-pressure-driven’
MN (where the electron temperature is much larger than the ions’) the orthogonal elec-
tron pressure gradient, combined with the E X B drift, gives rise to an azimuthal and
diamagnetic electron current j,,. This generates a magnetic force density that pushes
electrons axially, and by reaction contributes relevantly to the total thrust provided by the
EPT.[103], [104] To maintain a current free plume in the presence of the axial magnetic
force acting on electrons, an ambipolar potential drop must also develop, confining elec-
trons and generating an increase in the axial momentum of ions equivalent to the magnetic
thrust provided. [71], [105]

A single MN produces a non-zero magnetic dipole moment that can give rise, in pres-
ence of terrestrial or planetary magnetic fields, to disruptive torques for the control of a
spacecraft’s attitude. However, with the aim of easily scaling the generated thrust and
providing a form of thrust control, the idea of clustering multiple EPTs has been recur-
rently proposed in the literature[64], [106], [107], [108], [109]. It becomes therefore
intuitive to envision the pairing of EPTs with opposite magnetic polarities, so as to cancel
out the total dipole moment[!10]. In such a configuration the gradually diverging mag-
netic topology of a MN is modified into a magnetic arch (MA), in which a portion of the
magnetic field lines emitted by one of the EPTs curves and connects with those of the
other[ 106]. These field lines are termed closed magnetic lines, while the outer lines of
each EPT, which do not connect with those of the neighbouring one and close back on
themselves are termed open magnetic lines. These definitions also allow the identification
of a separatrix, the magnetic surface that lays on the boundary between open and closed
lines, whose position and geometry depends on the details of the MA topology.

The magnetic topology of a MA implies important variations in the plasma response
with respect to the traditional MN. Amongst these the most relevant are the coupling
between the two plasma sources, which now become directly connected by the arching
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magnetic lines, and the interaction and merging of the two plasma beams emitted by each
EPT[107]. Additionally, in a MA the plasma must eventually move across some closed
magnetic lines in order to expand downstream. While ions typically are unmagnetized
because of their large mass, electrons must either move along the open magnetic lines
present at the edges of the plume or undergo magnetic detachment from the closed ones
to reach infinity[64] and create a current-free plume. The failure to do so would eventually
cause an electrostatic deceleration of ions and a reduction in the propulsive efficiency of
the MA. This causes a design trade-off in the choice of the strength of the magnetic field.
In fact, at lower magnetic flux densities the lateral confinement of the plasma decreases,
and the propulsive force generated by the diamagnetic electron currents also drops. On
the other hand, as the magnetic field is increased, electrons injected on one of the closed
magnetic field lines will find it more and more complex to reach infinity, eventually de-
creasing the propulsive performance.[!11], [112]

Although these differences with respect to traditional MNs are important, their inves-
tigation and treatment in the literature remains for the moment very limited. As a first
approach to understand the physics of a MA, Merino et al.[64], [106] explored an expan-
sion in a planar MA (constituted by two infinitely elongated plasma sources) by means of
a quasi-neutral, full-fluid approach, that considered perfectly magnetized and polytropic
electrons and a single and cold ion fluid. This allowed a first description of the general
plasma and propulsive properties of a MA, highlighting the presence of a magnetic drag
force in the region where the magnetic lines become perpendicular to the plasma flow, and
the consequent importance of detachment in the propulsive performance. Indeed, it was
found that a relevant role was played in this direction by the magnetic field induced by the
electron currents in the plume, that caused an opening of the magnetic lines and an effec-
tive detachment of the plasma from the applied magnetic field. This model, however, also
had important restrictive assumptions in the physical description that it offered. First, the
ions injected from the two EPT sources, were modeled by means of a single, cold fluid,
which, as this work aims to show, misrepresents the complex double-peaked velocity dis-
tribution function (VDF) that develops at the intersection between the two plasma beams.
Second, collisional events were fully neglected, so electrons were perfectly magnetized
(i.e. the Hall parameter was infinity). Thus, electrons were forced to remain within the
initial magnetic surface and only energetic electrons emitted on open magnetic lines could
flow downstream and cancel the ion current to form a current-free plume. A non-trivial
point was that conditions imposed at the downstream boundary of the domain had to be
compatible with that electron behavior.

The case of a 3D MA, created by two circular plasma sources, has been first simulated
by Di Fede[107] and Cescon[ ! 13], who have investigated multiple architectures for EPT
clusters by means of a Particle in Cell (PIC) approach, highlighting for the case of the
MA a strong exchange of electron currents between the magnetically linked EPT sources.
With respect to the case of two MNs, this was found to decrease the total electron current
reaching infinity, and consequently reduced the total ambipolar potential drop that devel-
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oped in the plume. Despite the relevance of those works, various open points were left
pending. First, collisions were neglected in the principal study cases (marginal collisions
were commented in an appendix, having no effect on the solution), thus having electrons
fully magnetized, exactly as in Ref. [64]. Second, in order to reduce the computational
time, the vacuum permittivity was increased by a factor of 452, thus increasing the plasma
non-neutrality and inverting the hierarchy of the Debye length with the electron Larmor
radius. Some studies have suggested that in the case of magnetized plasmas a strong ar-
tificial scaling of the vacuum permittivity, such as the one employed in these works, may
alter the plasma response and reduce the reliability of the results.[63], [68]

Finally, a first experimental investigation of a MA was carried out by Boyé et al.[114],
[115], and proved the feasibility of the concept by detecting the flow of plasma across the
closed magnetic lines as well as the theorized reduction of the plume divergence with
respect to a MN configuration. This investigation also noted, in accordance with the
previous numerical studies[64], [107], a reduction in the ion velocity in the far plume
when the MA configuration was employed instead of two distinct MNs.

None of the publications mentioned so far have provided any insight into the effects of
testing a MA inside experimental facilities, which in the case of MNs are responsible for
relevant differences between the plasma response obtained in a vacuum chamber and in
space. These effects are predominantly linked to the larger background pressure of neu-
tral gas found in a testing facility, which can lead to: (i) the modification of the plasma
density map and an increase of the plume divergence due to resonant charge exchange
(CEX) collisions between ions and neutrals[ ] 16], (ii) an increased perceived mass flux
due to the entrainment of ionized background neutrals in the plume expansion[35], [1 17],
[118], (iii) a reduction of the ion acceleration due to collisional drag forces[! 19] and the
electron cooling caused by inelastic collisions[35], [117], and (iv) an increased diffusion
of electrons across magnetic lines caused by collisional events[33]. Additionally, it has
been suggested that the finite extension of the plume expansion permitted in a vacuum
chamber, and the presence of conductive facility walls, may alter the map of electron cur-
rents[ 1 20] and in some cases strongly influence the value of the magnetic thrust provided
by a MN[41].

This work aims to investigate the open points identified in the literature with regards
to the MA and its application for clusters of EPTs. Namely, we attempt here to further
detail the physical processes governing the expansion of a MA plume, with particular
attention on the interaction between the distinct plasma beams produced by each EPT,
and the transport of plasma downstream across the closed magnetic lines. We then assess
the influence of a variation in the magnetic field strength on the expansion properties, as
well as facility effects linked to the vacuum chamber size and the collisional processes
involving the neutral background population.

For such a parametric study, a physically accurate, but computationally undemand-
ing model was required. The planar version of the in-house, hybrid code EP2PLUS was

18



3.2. Model

therefore employed, allowing through the reduced dimensionality fast but meaningful
simulations of a planar MA. The hybrid formulation presents three advantages for the
present problem. First, the PIC formulation for heavy species constitutes a more ade-
quate approach for ions with respect to the single, cold ion fluid model. Second, the
hybrid formulation allows the imposition of quasi-neutrality directly, keeping the Debye
length as the smallest length of the plasma and limiting non-neutral effects to the Debye
sheaths around surfaces. Third, the electron fluid model offers a computationally-efficient
and low-noise way of obtaining electron currents and maps of the electric potential in a
weakly collisional regime. Still, a polytropic law is used here for the closure of the fluid
equations, meaning that the electron thermodynamics can only be captured through an
empirical and approximate relationship with the plasma density. Nevertheless, this sim-
plified description of the electron thermodynamics and the use of a planar study case are
well within the scope of this work, that aims to enrich the fundamental understanding of
the physical processes and qualitative relationships that govern the plasma properties in a
MA.

The 3D version of EP2PLUS has been presented, described, verified and validated
in numerous previous publications. Amongst these we point to: Ref. [29] for a general
overview of the code and a detailed description of the particle-wise algorithms and colli-
sional operators; to Refs. [121] and [122], respectively, for the derivation and numerical
solution of the fluid equations for magnetized electrons; and to Refs. [123] and [124] for
examples of the verification and validation of the code. The planar version of EP2PLUS
is a trivial mathematical and numerical simplification of the 3D version.

The remainder of this article is structured as follows. The main characteristics of
EP2PLUS and the modeling strategy are first explained in Section 3.2. Then the settings
of the simulations presented in this work are detailed in Section 3.3, and Section 3.4 de-
scribes the results of a reference simulation, employed to showcase the general plasma
response when expanding through a MA and the resulting propulsive properties. An anal-
ysis of the effect of the magnetic field strength on the plume expansion is then presented
in Section 3.5, focusing on how its influence on the electron population translates into
variations in the observed propulsive performance. Next, in Section 3.6 we discuss the
implications of the choice of boundary conditions (BCs) and domain size on the plume
characteristics, examining also the effectiveness of the BCs introduced in Ref. [64] in
this more complex simulation scenario. Finally, a simulation case with a more complete
description of the neutral population in the plume, and of the collisional processes that it
entails, is described and analysed in Section 3.7. A summary of the main conclusions of
this work is carried out in Section 3.8.

3.2. Model

EP2PLUS simulates the electrons by means of a weakly-collisional drift-diffusion fluid
model, and heavy species through a PIC description. At each time-step of the code,
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the heavy species and electron modules are solved sequentially, with the former provid-
ing fundamental inputs to the latter through the hypotheses of quasi-neutrality and of a
current-free plume. The computational loop is then restarted by advancing the heavy par-
ticles in the newly obtained electric field. Each module can be configured with several
options and alternative models. An overview of their main features are described in the
following subsections, while Section 3.3 states which modelling options are used in each
of the simulations presented in this work.

3.2.1. Heavy Species Module

At each time-step the heavy species macro-particles are advanced employing a stan-
dard series of PIC algorithms. First, macro-particles are injected into the domain from
appropriate injection surfaces (see Section 3.3.1.2). Second, a Boris-Cylrad Leapfrog
scheme[125] is employed to integrate the particle’s equation of motion according to the
local electric and magnetic fields, linearly interpolated to the particle’s position. Third,
boundary effects are evaluated for those particles that have crossed important surfaces
(i.e. domain boundaries, or material walls). Finally, the macro-particles are weighed to
the nodes of the structured mesh, through a linear weighing scheme[|26], yielding the
densities, fluxes and temperatures of each population. These are then passed as inputs
to the Electron Module. The heavy species module can be used to simulate only ions,
but may also include neutrals either as a prescribed background map or as PIC macro-
particles. Another optional feature of this module is the inclusion of collisional effects on
heavy species such as ionization and CEX collisions, evaluated after the particle motion
and before their weighting to the mesh nodes. As this option is only used in Section 3.7,
the details of the collisional models used are deferred to that point.

3.2.2. Electron Module

For a quasi-neutral plasma, and a quasi-stationary (d/0¢ = 0), inertialess electron fluid
characterised by a diagonal and isotropic pressure tensor, the electric current continuity
and the electron momentum equations respectively read

V.j=0, (3.1)

and
-V(nT,) +enVep +j,xB-R, =0. (3.2)

Here most of the notation is standard, so that n = n; = n, represents the quasi-neutral
plasma density, j = j; + j. indicates the total electric current density obtained as the sum
of the ion and electron currents, and 7, the scalar electron temperature in energy units.
Moreover, e is the elementary charge, ¢ the electric potential, B the applied magnetic field
vector and R, the collisional force acting on the electron fluid.
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For all the simulation cases presented here, the electron fluid equations are closed at
the level of the momentum through the polytropic law

n\!
Te = TeO (_) s (33)
no

where both the polytropic coeflicient v and the constants 7,y and n, are calibrated em-
pirically. Although such an empirical closure represents an important simplification of
the electron thermodynamics, multiple experimental[ 127], [128], [129] and kinetic[63],
[130], [131] studies have shown polytropic parameters in the range y = 1.1 — 1.24 to qual-
itatively capture the electron cooling that takes place in the bulk of MNs sufficiently well
for the purposes of this work. Indeed, the detailed study of the electron thermodynamics
in a MA is out of the scope of this paper, and we simply employ a constant polytropic in-
dex y = 1.2 in all the simulations presented here. The polytropic law allows the definition
of a thermalized potential[ | 32]

_ yTEO n !
=0+ l1 —(n—o) ] (3.4)

such that the ‘generalized electric force’ enV® groups the pressure and electric forces on
electrons. Numerically, expressing the momentum equation in terms of the thermalized
potential,

enVo +j. xB-R, =0. 3.5

is advantageous as it allows the reduction of numerical cancellation errors[|33] between
these two counter-acting forces. Incidentally, in the case of a collisionless plasma (R, =
0), Eqg. (3.5) would yield a balance between the magnetic force j. X B and the generalized
electric force enV®, so that @ would be constant along the magnetic lines.[64] Typically,
the plasma expansions in MNs and MAs are weakly collisional (e.g. in the collisional
simulations of Section 3.7 the collisional force is two orders of magnitude smaller than
the magnetic and generalized electric forces), so that we here retain the collisional term
in Eq. (3.5), although we only expect mild deviations from the collisionless limit just
described.

The general model for R, implemented in EP2PLUS is

s
R, = > vemen(u, —u)) = 2o + o). (3.6)
p X
where m, is the electron mass, u, = —j./en the bulk velocity of the electron fluid, the suffix
s is used to discern between quantities relative to the different heavy species present in
the simulation (be they modeled as macro-particles or as a fixed background), and v,
is the momentum collision frequency between electrons and the heavy species s. In the
second equality of Eq. (3.6) we have also introduced the dimensionless Hall parameter
x = eB/(m,v,), with v, = ) v, the effective electron momentum collision frequency,
and an equivalent current density j. = (en/v,) X, v.su, that groups the collisional effects
from the heavy species.
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With the definition of these variables, the electron momentum equation can be solved
for the total electric current density yielding the generalized Ohm’s law[ 12 1]

j=-%- (:—Bw + i) + i (3.7)

Where, if written in a magnetically aligned reference frame {1,,1,,1;} (with 1, = B/B,
1, the versor pointing out of the simulation plane, and 1, = 1, X 1)),

I —x 0
X
= 1 3.8
0 0 1+y

is the normalized conductivity tensor. Of course, in the practical implementation of the
code, this conductivity tensor is appropriately rotated to the employed Cartesian frame
{1, 1y, 1.}

A first option in the electron module is to simplify equations (3.6) and (3.7) by pre-
scribing a map of the Hall parameter y in the domain, and dropping the negligible effect
of j. (in the more complete simulation of Section 3.7 we obtain eBj./(yn|V®|) = O(107)
throughout the domain)[29]. This effectively decouples the collisional effects on the elec-
tron fluid from the solution of the heavy species, and affords for cleaner parametric anal-
yses. This option is indeed followed in most of the simulations presented in this work, as
described in the next section. Alternatively, one can retain the full collisional model for
electrons, and provide the necessary momentum collision frequencies for electron-neutral
and electron-ion collisions. This is the approach employed in Section 3.7, using a set of
collision frequencies reported there.

Once the appropriate boundary conditions are provided (see Section 3.3.1) the system
of Egs. (3.1) and (3.7) is solved for j, and ® with the staggered Finite Volume scheme
presented in Ref. [122]. The new potential map, required to further advance the ion
macro-particles, is then retrieved through Eq. (3.4).

3.3. Simulation Setup

As mentioned, the simulations presented in this work are structured so as to reproduce
and expand on the problem analyzed in Ref. [64]. A total of seven different simulations
have been run, with the following modeling choices and settings:

1. Reference Simulation (H30): employed to showcase the general characteristics of
the plasma expansion in a MA. It makes use of the simpler version of the model
described: neutrals populations and collisional effects on ions are omitted, and the
collisional force on electrons is modeled by dropping j. and assuming a fixed and
uniform map of y = 30. In fact, we find that it aids the discussion to first analyze
the plasma response in this simplified physical scenario, where the complexity of
the numerous collisional processes that take place in a plasma plume is reduced.
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2. H3, H10, H150: These three simulations are used to evaluate the effects of the
magnetic field strength on the plasma plume. They employ increasing magnitudes
of the magnetic field and the simpler version of the model. From one simulation
to the other the fixed and uniform maps of y are varied proportionally with the
variation of the magnetic field.

3. Big Domain: used to elucidate the effects of the downstream BCs on the simulation
results. It uses exactly the same simulation settings as the case H150, but with a
doubled domain size (and cell count) in both dimensions.

4. In Space: proposes and alternative set of BCs more suitable for infinite in-space
expansions in the case of high electron magnetization. It uses settings identical to
the H150 simulation, except for the downstream BCs for electron currents, which
are detailed in Section 3.6.

5. Background Pressure (BGP): proposes a more accurate study of the collisional
effects on the plume structure. This is done by employing the more complex ver-
sion of the model described: two neutral populations (a prescribed background one
and a PIC one) and their collisions with ions are included, and the more general
expression of the electron collisional force of Eq. (3.6) is used. The details of the
settings for neutrals and collisional events considered in this simulation are pro-
vided in Section 3.7.

Table 3.1 summarizes the general simulation settings assumed for each case, along with
the uniform values of y employed in the simulations making use of the simpler version of
the model.

The domain investigated in our simulations is defined by a right-handed reference
frame with the Cartesian vector basis oriented so that the Oxz plane coincides with the
2D expansion plane, and the Oz axis points downstream. As a result, the Oy axis lies
on the out-of-plane direction of the 2D expansion, along which the plasma properties are
assumed infinitely uniform. Two plasma sources, emitting along 1,, are located on the
Oxy plane and span respectively from x = —6cm to x = —4cm and from x = 4cm to
x = 6.cm, so that Oyz represents the simulations’ symmetry plane. The applied magnetic
field B is generated by four infinite electric wires positioned respectively in x = -7, -3,
3, 7cm, and z = 0, each carrying the same electric current / along 1,. The signs of
the electric currents flowing along the wires are anti-symmetric about the Oyz plane, so
that the total magnetic moment of the system is null, and the magnetic field at the center
of each source is By. Figure 3.1 shows a sketch of the considered magnetic topology,
computed by the analytical superposition of the Biot-Savart laws for each wire, and the
simulation domain in the reference simulation H30, which corresponds to half of the
physical domain described thanks to symmetry conditions. Note that the strength of the
magnetic field, which is varied for some of the simulations of Table 3.1, scales linearly
with the current passing through the wires (e.g. for By = 100G I = 500 A, while for By =
300G I = 1500 A).
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Case Bo[Gl  xI[ Sli)zzn[“ca;fz] N.Cells [-] # [us] BCs
H3 30 3 25%15 180%x300 500 EF'
H10 100 10  25x15 180x300 500 EF
H30 (Ref) | 300 30  25x15 180x300 500 EF
H150 1500 150  25x15 180x300 500  EF
Big Domain | 1500 150  50x30  360x600 1000 EF
In Space 1500 150  25x15 180x300 500  Sp?
BGP 300 Comp® 25x15 180x300 900  EF

I BCs modeling the expansion in an experimental facility.
2 BCs modeling the expansion in space.
3 The hall parameter is computed from the local values of v,.

Table 3.1: Summary of the simulation cases presented in this work and of their defining
characteristics. The t,; column provides the simulation times. Note that for the majority
of the simulations collisional effects are modelled in a simplified way by imposing a
fixed value of the Hall parameter y, while in the BGP case y is self-consistently obtained
through collisional algorithms.

Finally, the reference point for the polytropic closure is fixed at the center of the
injection surface (xo = Scm, zop = 0), where we also impose ® = ¢ = 0. The reference
plasma density and electron temperature are no = 10'®m™ and T,y = 5eV.

3.3.1. Domain Boundaries

As mentioned, the solution of the electron fluid Eqs. (3.1) and (3.7) requires the imposi-
tion of boundary conditions on all of the domain edges. The unknowns of these Eqgs. are
the thermalized potential (which replaces the more physical but numerically less stable
electric potential) and the electron currents. The BCs can therefore be applied either on
the value of @ (Dirichlet conditions) or, more commonly, on the local normal electric
current density j, = j -1, (Neumann conditions), with 1, the outward versor normal to
the boundary.

Additionally, particles crossing any domain boundary must also be correctly treated
depending on the boundary type. Figure 3.1 details the type of boundaries employed in
this work, and the consequent BCs imposed on the electron fluid and on the the particle
populations for the simulation cases H3, H10, H30, H150 and Big Domain are described
in the following subsections. The minor deviations that the In Space and BGP simula-
tions undergo with respect to these settings are detailed in their corresponding Sections
(respectively 3.6 and 3.7).
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Figure 3.1: Sketch of the reference simulation domain and of the boundary conditions
applied for a planar MA. The two counter-streaming current wires and the plasma source
are infinite in the y direction. The green color-map and the streamlines display the inten-
sity and direction of the magnetic field for the reference case.

3.3.1.1 Symmetry Boundary

In order to impose symmetry conditions, a null perpendicular current (j, = 0) is imposed
as BC for the fluid equations, while all particles crossing such boundaries are specularly
reflected. Note that under these conditions j,; = j,. = 0, so that Eq. (3.7) yields 1,,- VO =
0 as expected on a symmetry plane.

3.3.1.2 Injection Boundary

The plasma injected into the domain by the EPT source is composed of singly charged
Xenon ions and electrons. The ion particles are injected by sampling through an acceptance-
rejection algorithm[134] the forward portion of a Maxwellian distribution function[29].
The ion Maxwellian VDF is characterized by a Gaussian density profile centered in xy =
5 cm, a uniform temperature profile, and a sonic velocity ¢y = m

ni(x,0) = ny 1073Cx0)/RY (3.9)
ui(-xs O) = Cs(x9 O)IZ, (310)
Ti(x,0) = 0.1 eV. (3.11)

Note that, with these injection conditions, ions at the center of the injection surface have
an average sonic Larmor radius r; = m;cy(xo,0)/(eBy) = 1.5cm, which is expected to
rapidly decrease as they accelerate downstream and the magnitude of the magnetic field
drops. Taking the half-width of the injection surface (R = 1cm) as a characteristic di-
mension of our problem, ions are only marginally magnetized near the source and rapidly
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3.3. Simulation Setup

demagnetize as they expand downstream. Finally, any particle returning to the injection
surface from inside of the domain is simply removed from the simulation.

Regarding the electron fluid, instead, it is assumed that in the quasi-neutral bulk of
the EPT source an equilibrium between the lateral electron pressure and magnetic forces
exists (i.e. d¢/dx = 0).[135], [136] This, from Egs. (3.2) and (3.9), results in a Dirichelet
condition to be imposed on the thermalized potential,

T,
O(x,0) = L0 [1 — 1070 Di—w/RF] (3.12)
e(y—1)
Note that, from Eq. (3.4) and in absence of numerical noise, this condition indeed recovers

a flat electric potential profile across the injection surface,

#(x,0) = 0. (3.13)

3.3.1.3 Dielectric Boundary

A dielectric condition is imposed along all of the upstream boundary, with the exception
of the injection region. Since a neutral particle population is omitted in all simulations
except the BGP case, and therefore ion recombination at material walls is not simulated,
all particles crossing this surface are removed from the simulation. From the point of
view of the electron fluid, a Neumann condition is imposed on @ by locally requiring
that j,, = —j., with the latter value of the normal ion current obtained from the heavy
species module. Incidentally, note that to assure the consistency of our simulations a case
in which this upstream boundary was modelled as a floating metallic object was also run,
and the simulation results were found to be essentially insensitive to the BCs imposed at
this surface.

3.3.1.4 Chamber walls

In the commonly adopted experimental scenario in which the vacuum chamber and the
thruster body are electrically decoupled (i.e. a floating thruster configuration) a zero net
current flowing to the facility walls should be obtained at steady-state. In order to enforce
this condition, let ¢y be the potential of the metallic chamber, and let us call Q the edge
of the Debye sheath that develops between the quasi-neutral boundary of the domain
and the chamber walls. The sheath is assumed electron-confining, planar, collisionless,
and characterized by an undrifting Maxwellian electron distribution. Then, according to
classical sheath theory, the electron current density crossing the sheath is [137]

_ [T,
jneQ(¢W) =—e€ [l’l eXp (e((p"; ¢)) m l s (314)
e elg

and imposing that the total electric current collected by the chamber walls is zero one has

Liw + f Jneo(Pw)dA = 0, (3.15)
Aout
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with ;y the total ion current flowing towards the wall, computed from the heavy species
module. Eq. (3.15) is implicit for the wall potential ¢y, and is therefore solved with
an iterative Newton-Raphson scheme at each time-step. Once ¢y is known, Eq. (3.14)
provides the electron current density to be imposed as BC in the electron module.

Regarding the heavy species, all particles crossing these boundaries are removed from
the simulation, analogously to what is done in the case of the dielectric boundaries.

3.3.2. Numerical settings

The domain of the reference simulation is shown in Figure 3.1. This domain is discretized
by means of a uniform mesh composed of cells of dimensions Ax = Az = 0.83 mm. To
guarantee the stability of the model the simulation time-step is required to respect a CFL-
like condition At < Az/(5c4(x9,0)).[126] Where a safety factor 5 has been considered to
ensure the global compliance to the constraint. Regarding the weight of the ion macro-
particles, a population control algorithm[?9] was used to guarantee the presence of at
least N, min = 10 ion macro-particles per cell in the less dense regions of the domain
(meaning that more that 100 macro-particles per cell are present in the denser parts of the
plume), leading at the end of the reference simulation to more than 2 x 10° ion macro-
particles in the simulation domain. The steady-state condition of all simulations was
confirmed by verifying that both the number of macro-particles in the domain, and the
value of the vacuum chamber potential ¢y varied by less than 1% over the last 700 steps.
A convergence analysis was performed on all numerical parameters discussed here (e.g.
cell size, particle number, time-step, and simulation length), and no appreciable changes
were observed in the simulations by refining them beyond these values. The most relevant
simulation settings, shared among all simulations in this work, are summarized in Table
3.2. For specific settings, refer to Table 3.1.

Parameter Value Parameter Value
Ax 0.83 mm Az 0.83 mm
At 7x1072us | Nppmin 10
T, 5eV 0% 1.2

Table 3.2: Summary of the most relevant numerical settings shared by all simulation

cases.

3.4. Reference Simulation

The panels of Figure 3.2 show the steady-state maps for the reference simulation case
(H30) of the thermalized potential @, electric potential ¢, plasma density n and in-plane
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Figure 3.2: Plasma properties for the reference case (y = 30). The magnetic field lines
are shown in white, with the outermost ones corresponding to the lines intersecting the
extremities of the injection surface, while the magnetic separatrix is highlighted in red.
Note that, for visualization purposes, all plots are saturated at the extremities of their
color-maps.
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ion velocity @; = w; — uy1, (with u,; = w; - 1, note that hereafter we will employ a tilde
to indicate vectors thus projected on the simulation plane). To aid with the ensuing dis-
cussion, Figure 3.3 also displays the profiles of @, ¢ and n along the symmetry boundary
of the simulation (x = 0) and the axis x = 5 cm of one of the injection surfaces. Figure
3.4, instead, presents the same plasma properties at axial sections z = 0, 10, and 20 cm.
The curves corresponding to the reference simulation analyzed here are shown in green in
the two latter plots. Incidentally, through the polytropic closure, the electron temperature
is simply proportional to the plasma density and is therefore not shown in these figures;
for completeness, however, we note that it ranges approximately from 5eV at injection
to 2.5eV at the downstream boundary. The analysis of the steady-state properties of a
strongly magnetized plasma expansion (y > 10) is most easily tackled by starting from
the map of the thermalized potential. As mentioned, in fact, Eq. (3.5) shows that for
weakly collisional plasmas the thermalized potential @ remains roughly constant along
the magnetic lines. This can be ascertained by observing the magnetic lines overlain in
white in Figure 3.2(a). As a consequence, in this regime, the value of @ in the domain
is mostly dependent on the chosen boundary conditions, and is decoupled from the re-
maining plasma properties. The inverted Gaussian profile of ® imposed at the injection
surface through Eq.(3.12) [see Figure 3.4(a)] is in fact mapped over the whole simulation
domain by following the magnetic field lines, forming the curved valley observed in the
2D profile of ®. A given profile of the thermalised potential imposes a strict relationship
between the electric potential and the ion density through Eq. (3.4), which together with
the ions’ equation of motion determines the maps of ¢, n and u,.

The two lobes of high electric potential at the edges of the injection surface in Figure
3.2(b), together with the sharp axial decrease immediately in front of it [ see also Figure
3.3(d)] force ions to initially accelerate axially, following the magnetized electron fluid.
As the magnetic lines begin to diverge, however, so does the plasma beam, although
the large inertia of ions allows a slight diffusion of the plasma density across the field
lines [see Figure 3.2(c)]. This is evidenced by the relative angles between the velocity
streamlines and the magnetic lines in Figure 3.2(d). The strong initial axial acceleration
combined with the outward curving of the magnetic lines, in fact, causes ions to detach
inwards as they advance downstream.[ 10 1] This portion of the domain is the near-plume,
in which the two ion beams proceeding from the distinct plasma sources are yet to interact,
and the expansion in front of each EPT is independent of the other. As a consequence, the
plume’s behaviour here is analogous to the one observed for a traditional MN, which is
typically characterized by an inward ion detachment and a strong axial drop in the plasma
density and electric potential[7 ] (see Figure 3.3, second column).

Starting from z ~ 6 cm, however, the ion beam begins to merge at the symmetry plane
with the one emitted from the specular source (here represented by macro particles re-
flected at x = 0). As a result the ion density, along with the thermalized and electric
potential, rises when moving downstream along the symmetry axis (see Figure 3.3, first
column). In the lateral direction, on the other hand, these quantities still display two
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Figure 3.3: Comparison of the axial profiles of @, ¢, and n for all simulation cases. The
first column shows the plasma properties along the symmetry plane, the second along the
axis of the plasma source. Note the changes in scales in the vertical axes of the plots of
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Figure 3.4: Comparison of the lateral profiles of ®, ¢, and n for all simulation cases at
z =0, 10, and 20 cm. Note the changes in the scales of the vertical axes between the first
column of plots and the other two.
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local maxima (see Figure 3.4, second column, and consider the presence of a symme-
try plane in x = 0), indicating that the coalescence of the beams is yet under way. The
plume’s behaviour thus drifts away from the one of a MN, signaling the entrance into the
transition-region. Here, the magnetic lines begin to curve back towards the symmetry
plane to close into the specular EPT source, and Figure 3.2(d) shows that the majority of
ion streamlines are now forced to cross the magnetic lines with a negative detachment an-
gle @ = /(ii;, B) (i.e. the angle between the ion velocity and the magnetic field vector) in
order to continue their axial motion downstream. Nevertheless, a region with positive de-
tachment angles persists beyond the magnetic separatrix [shown in red in Figure 3.2(d)],
which divides open and closed field lines in the top left portion of the domain.

As the ion beams begin to merge at z * 6 cm, the lateral velocity of the total ion
population reduces to zero near the lower edge of the simulation domain. This results in
the sharp drop observed in Figure 3.2(d) in the magnitude of the ion velocity and the swift
axial swerve of their streamlines around x = 0, z & 6 cm. Note that, conversely to what is
observed in traditional MN geometries or unmagnetized plumes, the axial potential pro-
file from this point downstream increases rather than dropping, as highlighted by Figure
3.3(c). Consequently, the ions moving downstream along the symmetry axis experience
a slight deceleration. This is caused by two concurring effects. The first is the closed
magnetic topology of the MA, characterized by magnetic lines orthogonal to the axial
direction in the proximity of the symmetry plane, which have the effect of reducing the
axial mobility of electrons. To maintain quasi-neutrality, therefore, the axial force acting
on ions must also decrease. The second is the symmetrical geometry, which causes a rise
in the plasma density where the ion beams meet [ see Figure 3.3(e)]. Under the polytropic
assumption this also implies an additional confining contribution of the pressure forces
acting on the electron fluid, which must again be balanced by the electric field. Mathe-
matically this effect is obtained by the inversion and axial derivation of Eq. (3.4) to yield
the axial electric field

o T =
0 eo(n) on (3.16)

¢ _a_Z - yeno a_Z
While in most conventional plumes the second term in this equation provides a positive

no

contribution as the plasma expands, in this case it can have a negative effect due to the
increase in density observed along the symmetry plane. Likewise, the axial profile of the
thermalized potential displays an initial sharp drop followed by a gradual axial increase
due to the mapping of the injection BCs to the points of the symmetry plane [refer to
Figure 3.3(a)]. It is this later, gradual rise in @ that, together with the corresponding
increase in the plasma density, causes negative values of E, and a deceleration of the
ion population. It is interesting that, although at the outer edges of the plume the ions
continue to accelerate downstream, the effect just described acts on the denser portion of
the plasma bulk and on the axial component of the ion momentum, and therefore has, as
will be seen later, a negative impact on the provided thrust.

Starting from the local maximum in the plasma density along the symmetry plane (at
x =0, z = 12.5 cm) the two plasma beams can be considered fully merged into a unique
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far-plume, and all properties present a single maximum in the profiles along x (see the
right-most panels of Figure 3.4). At the outer edges of the plume the ion streamlines
continue to diffuse with a positive detachment angle across the field lines, similarly to
what happens in a MN. At the center, instead, the magnetic lines become roughly parallel
to the x axis, forcing the ions to cross them orthogonally in order to expand downstream.
Soon, however, the electric forces acting on the ions become small enough to be neglected,
and their streamlines gradually straighten.

The general plasma response in a planar MA detailed here provides results in qual-
itative accordance with the study of a 3D MA carried out in Ref. [107]: in both works
one may identify the local minimum at the symmetry plane of the electric potential in
the near-plume, the plateau in the ion velocity in the transition-region, and the complete
merging of the plasma beams in the far-plume. Nevertheless the different dimensionality
of the problem (together with the other distinctions in the models employed) causes some
quantitative discrepancies between the two configurations. At an axial distance z/R =~ 25,
in fact, the plasma density has dropped roughly by a factor 10? in the present planar
case and 10° in the 3D case. Similarly, the potential drop from the injection surface at
z/R = 25 is eA¢p /T,y = 2.5 for the planar MA and eA¢/T,y ~ 4 in the 3D one. Interest-
ingly, though, the total potential difference between the thruster and the vacuum chamber
walls does not display marked differences between the two cases, with the planar case
yielding ey /T,o = —4.56 while the 3D simulations give e¢y /T,o = —5.1. The total
potential drop that develops in the plume, in fact, does not depend on the dimensionality
of the expansion, but rather on the confining energy required to control the outflow of
electrons and impose a current-free plume. As a consequence, ¢y depends strongly on
the gradual cooling of electrons, here modeled with a polytropic parameter y = 1.2 in
good accordance with the electron thermodynamics observed in Ref. [107].

The differentiation of the thermalized potential map allows, through Eq. (3.7), the
retrieval of the out-of-plane and in-plane electron current densities (j,, = j. - 1, and
Je = Je — Jyel, respectively). These are displayed in Figure 3.5, together with the in-plane
total current density j = j; + j.. Note that, considering the conductivity matrix written in
a magnetically aligned reference frame in Eq. (3.8), and keeping in mind that all out-of-
plane gradients are null, the out-of-plane currents are a factor y larger than the in-plane
ones. This is confirmed when comparing the scales of panels (a) and (b). Indeed, the
first panel displays a large diamagnetic loop of electron currents (exiting the simulation
plane in the bottom, red part of the plot, and entering it in the upper, blue portion), which,
because of the negligible ion velocities in the out-of-plane direction, can be considered
equal to the total out-of-plane current density j, =~ j,.. Note that the curvature of the axis
of the diamagnetic current loop (i.e. the line j,, = 0), turns towards the symmetry plane
so that it is always aligned with the externally imposed magnetic field. This generates the
in-plane magnetic forces which are fundamental for the lateral confinement of the plasma
plume and, as will be discussed shortly, for the propulsive performance of a MA.

Figure 3.5(b), on the other hand, shows clearly that the value of the Hall parameter
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Figure 3.5: The out-of-plane electron currents (panel (a)), and the in-plane electron and
total currents (panels (b) and (c)) for the reference case (y = 30).
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X = 30 considered here is insufficient to force the electron current to precisely follow
the magnetic lines. Indeed, numerous electron streamlines form large angles with the
magnetic field in order to reach the downstream domain boundary. Nevertheless, the
effects of magnetization may be appreciated by noting that the magnetic lines that lead
to the domain corners (highlighted in the plots by the thicker white lines) carry larger
current values with respect to the ones found in their surroundings (e.g. consider the
higher current intensity surrounding the magnetic line to the bottom-right domain corner).
This is due to the larger mobility of electrons moving along magnetic lines rather than
across them, and to the presence of the symmetry plane, that imposes a null outflow
of currents through the bottom domain boundary. As a consequence, slightly reduced
values of the electron currents are observed in the inner region of the MA, between the
magnetic line to the bottom corner and the symmetry plane (labeled Region B in the
plot), where electrons must diffuse across the magnetic field to leave the domain through
the downstream boundary. The flow of electron currents is instead freer in the portion of
the domain found between the two field lines to the domain corners (Region A), where
electrons can run along the magnetic lines to reach the downstream boundary. This effect
is even more prominent in the plot of the total current density. The total currents in Region
A, in fact, flow mostly upstream, while in the rest of the simulation domain (Regions
B and C) the total currents tend to flow downstream. Indeed, the increased mobility of
electrons flowing parallel to the magnetic lines in Region A has the effect of imperceptibly
increasing the electron flux inside it, and causes the upstreaming total currents observed
there. In Regions B and C, on the other hand, the electron mobility along z is reduced
by the magnetic field mainly directed along x, so that the electron current drops below
the magnitude of the ion current —unaffected by the magnetic field and therefore flowing
straight in the axial direction— and forms a region of downstreaming total current.

As mentioned, the out-of-plane diamagnetic currents ultimately provide the magnetic
force crucial for the propulsive performance of magnetic nozzles. Indeed, the accumu-
lated axial magnetic thrust (per unit of y-length) generated in a control area Q2 by a planar
MA is

Fu(2) = - f JyB, dQ. (3.17)
Q

Taking advantage of the domain symmetry to consider also the plume in front of the
second EPT (i.e. located at x < 0 and not represented in the plots), €2(z) is defined as
the rectangular region spanning from x = —15cm to x = 15cm and from z = O to a
given z coordinate. Figure 3.6(a) plots the accumulated magnetic thrust thus computed,
expressed as a fraction of the total plasma momentum flux across the injection surfaces
(Fo =2 [ n(x,0)[Te(x, 0) + mai2(x, 0)| dx = 12.5 mN/m). Once again the results ob-
tained for the reference case described here are shown in green. The magnetic propulsive
force displays an initial sharp rise, corresponding to the first portion of the plume where
the intensity of jy. is largest. As the field lines bend towards the symmetry plane, how-
ever, the total magnetic thrust provided drops slightly, showcasing a region of negative
axial magnetic force j,B, (i.e. magnetic drag), and the resistance of the magnetic field
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to the axial expansion of the plasma plume. This is a natural consequence of the closed
topology of a MA, and is also highlighted by the deceleration of the ion population close
to the symmetry axis discussed above. Indeed the axial coordinate at which we observed
the decrease in the ion velocity corresponds roughly to the one of the maximum cumu-
lative magnetic thrust. These observations highlight the necessity of plasma detachment
in the far plume of a MA, to avoid the null total magnetic thrust that would ensue from a
perfect plasma magnetization and the continuous decrease of the accumulated thrust be-
yond z = 6 cm. Finally, note that the computed magnetic thrust displays small gradients
a the downstream domain boundary (z = 25 cm), indicating that the domain dimension is
adequate for the discussion of the propulsive properties of this MA, and that the regions
beyond the domain boundaries only provide marginal contributions to the total value of
Fp.
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Figure 3.6: Comparison of the accumulated axial magnetic thrust and divergence effi-
ciency for all simulation cases. The magnetic thrust is expressed as a percentage of the
total plasma momentum flux through the exhaust of the two EPT sources. For all simula-
tions except the BGP case Fy = 12.5 mN/m. For this latter one Fy = 5.26 mN/m.

Figure 3.6(b), instead, displays the divergence efficiency,

Ekin,z(z)
Ekin(z) ’

computed as the ratio between the flux of axial (E'ki,m) and total (Ey;,) kinetic energy

Naiv(2) = (3.18)
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through the lateral and downstream boundaries of the control area €2(z). Here the subdivi-
sion in near-plume, transition region and far-plume is evident once again. The divergence
efficiency in fact decreases in the near-plume, analogously to what happens in a MN be-
cause of the portion of lateral acceleration that ions are subjected to. However, in the
transition region, 1y, rises again because of the symmetry conditions that cause an in-
crease of the ion density close to the symmetry plane, where their bulk velocity becomes
essentially axial. Finally, once in the far-plume, the merging of the ion beams has fully
taken place, and their lateral expansion causes once more a decrease of 7,;,.
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Figure 3.7: Histogram of the ion VDF at x = 0 and z = 6 cm for the reference simulation,
obtained by discretizing the in-plane phase-space in 60 X 60 velocity bins, and averaging
the ion macro-particle count in these bins over 600 simulation time-steps.

It is important to mention that the results obtained in Ref. [64] for a simulation case
analogous to the one presented here displayed in all ion properties a shock-like structure
that propagated from the symmetry plane. The main difference between that work and the
present one is, indeed, the model adopted for the ion population, which is here described
through the PIC approach as opposed to the single fluid formulation employed there.
By simulating the ions with a kinetic approach, the formation of a double-peaked ion
VDF is observed in the region close to the symmetry plane, where the two ion beamlets
deriving from the distinct plasma sources merge. Each peak of the VDF represents the
ions pertaining to one of the two sources. Indeed, Figure 3.7 displays the histogram
of the ion VDF (i.e. the number of particles per unit volume and area of phase-space)
measured at x = 0, z = 6cm, which presents two marked and symmetrical peaks at
energies corresponding roughly to the potential drop that develops between the injection
surface and the considered location A¢ =~ 20V. Although, taken individually, each ion
beam only has a temperature of 0.25eV and can be roughly considered to be mono-
energetic, their coalescence results in a VDF with a spread in velocities corresponding
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to a temperature 7; =~ 5SeV. Such a distribution cannot be represented with a single and
cold ion fluid as done in Ref. [64], causing the shock-like artifact observed in that work.

3.5. Effect of the Magnetic Field Strength

Having presented and analysed the general properties of a plasma expanding through the
magnetic topology of a MA, we now investigate how this response is influenced by the
strength of the applied magnetic field. We therefore consider three additional cases (H3,
H10, and H150), identical to the reference one except for the intensity of the magnetic
field map, which is modulated to yield By = 30, 100, and 1500 G at the center of the
injection surface. Under the assumption that the electron collisionality remains unvaried
between simulations, the uniform map of the Hall parameter is also proportionally scaled
to y = 3,10, and 150. Figures 3.3 and 3.4, along with Figure 3.6, already displayed
the axial and lateral profiles of the plasma properties and magnetic thrust obtained for
these new values of y. It becomes immediately evident that the cases with y = 10,30
and y = 150 yield very similar results, and the Hall parameter has to be decreased to
x = 3 for relevant changes to develop. In fact, the value of y affects the employed
electron model only through the conductivity tensor introduced in Eq. (3.7). As the
Hall parameter increases, the conductivity tensor has the effect of decoupling the electron
currents perpendicular to the magnetic field from the gradients of ® through a factor
1/(x*+1). This essentially inhibits the diffusion of electrons perpendicular to the magnetic
field, and confines their motion along the magnetic lines, impeding the lateral expansion
of the plume under the effect of the electron pressure gradients. The magnitudes of j,,
however, are delimited throughout the domain by the BCs employed and the continuity
equation. As a consequence, because of the large values of the parallel conductivity
o, = xn/(eB) that characterize the weakly collisional plasma typical of a MA, the parallel
gradients of ® must be negligible in order to produce finite electron currents along the
magnetic lines. As we approach the case of perfect magnetization and an infinite Hall
parameter, then, the thermalized potential must remain constant along the magnetic lines,
so that its map in the domain will only depend on the values imposed at the injection
surface and on the magnetic topology[7!]. As a consequence, when y > 10 changes in
the Hall parameter will only cause small variations in the map of @, and in the general
plasma response. Keeping this in mind, and for the sake of conciseness, the present
section employs mainly the comparison between the cases with y = 3 and y = 150 to
showcase the effects linked to variations in the electron magnetization.

Figure 3.8 compares the general plasma properties obtained for these two cases. The
first thing that jumps to the eye is the noticeable differences between the maps of the
thermalized potential. As for the reference case, in the case y = 150 the profile of ®
imposed at the injection surface remains practically constant along the magnetic field
lines, and is mapped over the domain by following them. On the other hand, when y = 3
the electron currents may move more freely across the magnetic lines (allowing larger
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Figure 3.8: Comparison of the main plasma properties for y = 3 and y = 150.
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currents to form in the domain) and close at domain boundaries which are instead shielded
by the magnetic field for y = 150. Steeper gradients of @ can therefore form along the
magnetic lines, and the inverted Gaussian profile of ® imposed at injection through Eq.
(3.12) gradually dissipates along the domain [ see Figures 3.3(b) and 3.4(b) ]. This parallel
smoothing of the gradients of @ also allows a reduction of the cross field gradients of the
thermalized potential, so that the map of ® in the far plume is nearly uniform and flat.

The first effect that the larger cross-field mobility of electrons obtained for y = 3 has
on the map of ¢ is the relevant reduction of the two lobes of high electric potential at the
edges of the injection boundary, caused by the decay of the lateral gradients of ®. These
lobes, as already commented in Section 3.4, had the effect of laterally confining the ion
beam in order to follow the magnetized electron fluid. As a result, both the maps of the
plasma density and ion velocity depict a less dense and more divergent plume for the case
with y = 3 than with y = 150. The potential rise that was observed in the reference case
after the merging of the ion beams is also present and enhanced for y = 150, but is instead
shifted upstream and flattened out when lowering the Hall parameter to 3 (see Figure
3.3, first column). In fact, although the axial increase in density along the symmetry
plane is still present in both simulations, it moves upstream for the less magnetized and
focused plume. Moreover, the axial rise in the thermalized potential observed in the more
magnetized cases from z = 8§ cm downstream, and which contributed to the negative axial
electric field in this region of the domain, is absent for the case with y = 3 because of
the smoothing of the map of @ obtained at low magnetic fields. Observing the map of
the ion velocity, this results in a monotonic axial acceleration of ions along the symmetry
axis of the domain for y = 3, and a more complex profile for y = 150. In this latter
case, in fact, ions are strongly accelerated by the sharp potential drop present just in
front of the plasma injection, but are then mildly slowed down close to the symmetry
plane [note the axial potential rise after z = 6 cm in Figure 3.3(c)]. The result is that at the
downstream boundary of the domain ions have roughly reached the same outflow velocity
for both cases, and noticeable variations in the ion velocity are only observed at the upper
simulation boundary.

The last panels of Figure 3.8 show the out-of-plane electron currents, and the corre-
sponding magnetic force density jy.B directed perpendicularly to the magnetic field (here
positive or negative respectively if aligned or opposed to 1,) and responsible for the mag-
netic thrust and the lateral confinement of the plume. It is interesting to note here that the
magnitude of jy. displays a non-monotonic variation as the strength of the magnetic field
increases. Between y = 3 and y ~ 10, in fact, the plume undergoes a noticeable magnetic
focusing under the effect of the rising magnetic force, reducing the lateral expansion and
increasing the density in the plume bulk. This larger density and the smaller divergence
of the plume [ compare the y = 3 and y = 10 lines in Figure 3.3(f) and 3.4(h)] are respon-
sible for the increase in the magnitude of j,, observed between Figure 3.8(i) and Figure
3.5(a). As the strength of the magnetic field further increases (i.e. y > 10), however, the
plume does not display further relevant focusing, as shown by the density plots in the last
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rows of Figures (3.3) and (3.4). The confining magnetic force j,.B necessary to balance
the expanding action of the electron pressure [ shown in Figure 3.8(k) and (1) ] is therefore
roughly constant for y > 10, and can be obtained with smaller out-of-plane currents as B
increases. The magnitude of j,. is therefore observed to decrease as y moves from 30 to
150 [see Figures 3.5(a) and 3.8(j) ].

Nevertheless, because of the higher plasma densities found at the symmetry plane for
larger values of y, the propulsive performance of the MA is expected to increase as the
strength of the magnetic field rises. Figure 3.6(a), in fact, shows a noticeable improve-
ment in the magnetic thrust when moving from the mildly magnetized case (y = 3) to
higher magnetizations. Note however, that the imparted magnetic force does not scale
proportionately with the strength of the magnetic field, and that it appears that already at
x = 10 the maximum magnetic thrust of this MA has almost been reached. A similar
scaling of the magnetic thrust with the magnetic field was obtained by Andrews et al. in
the PIC simulations of a traditional MN[63]. The trade off between the strength of the
magnetic field forming the MA, and the thrust obtained from the thruster under design
should therefore take into account the non-linear dependence between these two values.

Interestingly, the initial slope of all the thrust curves in Figure 3.6(a) is identical. This
is caused by the BCs applied at the injection surface, as demonstrated by retrieving the
axial derivative of F,, by inserting the expression for j, obtained from Eq. (3.7) into Eq.
(3.17):

F L, B 2 q)
dFy, z—f x_X do(x.0) , (3.19)
0 0

dz - B (1 +X2)en0 dx ’

which yields approximately the same value for y >> 1.

The trends of the magnetic thrust with y are further confirmed by taking into account
the plot of the divergence efficiency. Figure 3.6(b), in fact, shows how 1, increases under
the effect of a stronger magnetic confinement. In the case of a higher y, in fact, the plasma
density is higher close to the symmetry plane, where most of the ion kinetic energy flows
axially; » instead drops steeply at higher values of x, where the ion kinetic energy has a
more relevant x component [see panels (h) and (i) of Figure 3.4]. As a consequence the
energy flux becomes mostly axial, yielding the large values of n,4;,. Conversely, for lower
values of y, we observe in Figure 3.4 smaller densities close to the symmetry plane and a
less pronounced drop in n as one moves along x, justifying the decrease of the divergence
efficiency.

Finally, the first two plots in Figure 3.9 show the electron in-plane current densities
obtained for y = 3 and y = 150. In the former case, the map of j, exhibits two current
loops leaving the plasma source near its edges, and returning back to the source along
its center. The existence of these loops raises the overall value of j, in this region, but
does not contribute to the net electron current delivered by the source into the plume.
This structure, which was already present in the case y = 30 of Figure 3.5 (albeit much
smaller in importance and extent), is explained as follows. First, we remark again that, for
sufficiently high values of y, the strong perpendicular gradients of ® imposed at the source
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Figure 3.9: Comparison of the in-plane electron currents for different simulation cases.
The magnetic separatrix is highlighted with a red line, the magnetic lines to the reference
domain corners (lines 1 and 2) are shown with thicker white lines, and the dashed red
rectangle in panel (c) indicates the reference domain size. Panel (e) shows a lateral section
of the in-plane currents. Here the lines to the corners of the reference domain (1 and 2)
and big domain (1’ and 2’) are shown with dashed and dotted lines. The separatrix is
marked with a vertical red line.
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are successfully propagated downstream along the magnetic lines, with little diffusion or
smoothing. However, as B is lowered and y becomes sufficiently small, the damping of
the perpendicular gradients of @ as we progress from the source and into the domain
becomes more marked. Eventually, this mechanism leads to a near-homogeneous value
of ® early in the expansion. Second, this smoothing of the map of ® means that a non-
negligible variation of this quantity takes place along the magnetic lines for small values
of y. We observe that, in the central part of the source exit, the parallel component of VO
points upstream, while in the periphery of the source exit it points downstream. Third,
since the parallel electron conductivity o, is large, the existence of these parallel gradients
drives the strong electron currents into and out of the source, respectively. Our numerical
experiments prove that this is a robust mechanism whenever o, is sufficiently large, as
in this regime @ is essentially governed by y alone and is unaffected by o, whereas the
parallel electron currents are proportional to the parallel gradient of ® and o,.

Analysing now the rest of the domain in Figure 3.9, it is apparent that for the low
magnetization case y = 3, the electron fluid is well capable of crossing the magnetic
lines freely, reaching the outer boundaries without being noticeably influenced by the
magnetic lines. In the y = 150 case, instead, the largest portion of the electrons is forced
to follow the magnetic tube that reaches the downstream boundary. The guiding effect of
the magnetic lines, already commented in Section 3.4, is in fact further enhanced in Figure
3.9(b), causing the streams of high electron current density running along the magnetic
lines to the domain corners, highlighted once again by the thicker white lines. These
streams of high current density are also clearly visible in the lateral section of the in-
plane currents presented in Figure 3.9(e), where it is evident that they coincide with the
streamlines to the domain corners, located on the vertical dashed lines labelled 1 and 2. As
will be shown in the next section this is an effect liked to the domain size and geometry,
which however only influences the map of j,. The strong magnetization obtained with
x = 150 also causes the reduced current densities found in the inner region of the MA,
between the symmetry plane and the magnetic line to the bottom domain corner, where
electrons attempting to move downstream experience a mobility across the magnetic lines
decreased by a factor (y* + 1).

3.6. Boundary Effects

It is clear from the plots of the in-plane electron currents described above that, at high
values of the Hall parameter, the domain corners and in general the shape and size of the
domain affect the solution for j, (which is only weakly coupled to the rest of the plasma
solution). If the simulation domain is dictated by the dimensions of a vacuum chamber
then the influence of the domain boundaries on the simulation results is physical: electron
currents will preferentially follow those magnetic lines that intersect with the downstream
walls, which may vary for differently shaped and sized facilities. However, if the simula-
tion aims to reproduce the infinite expansion that takes place in space, the BCs imposed
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at the domain edges should not represent the plasma sheath that develops between the
quasi-neutral bulk of the domain and the facility walls, but a global downstream matching
layer[ 1 58] that expresses through a reduced model the plasma expansion between the do-
main boundaries and infinity. In this case, therefore, the applied (numerical) BCs should
not influence electron currents. For this reason we dedicate the present section to the
analysis of the effects that the domain boundaries have on the simulation results.

Firstly, we note that for lower values of the Hall parameter (y = 3) the chamber
boundary conditions employed up to here hold also for an infinite expansion. Indeed,
because electrons in this case can freely cross the magnetic lines when expanding to in-
finity the expression for a global matching layer is analogous to the expansion in a Debye
sheath. On the other hand, at higher y, when the magnetic field has a larger influence
in the electrons’ motion towards infinity, the choice of appropriate BCs becomes more
challenging. In order to assess the effects of the domain boundaries in this case, we repeat
the case y = 150 but with the domain size doubled in both directions in the ‘Big Domain’
simulation case. The resulting electron currents are shown in Figure 3.9(c), where the
dashed red box indicates the original domain size. It is clear that once again the electron
currents follow the magnetic tube that intersects the downstream boundary, highlighting
a dependency of the currents on the domain size and shape. Indeed, marked differences
are evident when comparing the electron currents inside of the dashed red rectangle with
those of Figure 3.9(b). In the case of the larger simulation domain, in fact, the extended
symmetry plane imposes a null current over a bigger portion of the magnetic lines con-
nected with the injection surface, pushing the electron flux tube to those outer magnetic
lines that arch beyond the bottom boundary. As stated, this is to be expected when simu-
lating vacuum chambers of different dimensions, but represents a numerical artifact when
attempting to reproduce an expansion to infinity.

The outflow BCs introduced in Ref. [64] for the electron fluid represent a possible
solution to this problem for the specific case of a MA with large values of y. As al-
ready mentioned, in fact, two categories of field lines may be identified in this magnetic
topology: closed lines connecting the two plasma sources through the symmetry plane,
and open lines circling back towards their original source in the opposite direction. For
perfectly magnetized electrons (y — o0), the zero outflow of current imposed at the sym-
metry plane causes all closed field lines to carry null electron currents. As a consequence,
a condition on the normal electron current j,, = 0 can be applied on all boundary faces
lying on closed filed lines, even those that do not cross the symmetry plane inside of the
simulation domain. In order to obtain a current free plume, therefore, all electron current
must flow through the boundary crossed by the open field lines. As before, Eq. (3.15) is
therefore used to recover the value of ¢y (now representing the potential at infinity) that
grants the current free condition, and Eq. (3.14) yields the Neumann BCs to be applied
at the cell faces composing this surface. Note for clarity that the treatment of particles
remains unvaried with respect to the previous simulation cases.

The currents obtained with the BCs described above are plotted in Figure 3.9(d),
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where we have also highlighted in red the magnetic separatrix, that divides open and
closed field lines. To aid comparison, this same magnetic line has also been traced in red
in all other panels. Notice how, as we increase the domain size from panel (b) to panel
(c), the beam of electron current shifts closer to the separatrix. This is even more clearly
observable in panel (e), where we have plotted the magnitude of j, along a lateral section
with z = 10 cm, and where it is evident that the peak in the current density is located above
streamline 1, which as we move from the smaller domain (red line) to the bigger one (pink
line) shifts towards the magnetic separatrix, marked here with a vertical red line. It stands
therefore to reason that, if we were to simulate an infinite domain, the electron currents
would follow the magnetic lines surrounding the separatrix to reach infinity. Indeed, al-
ready with a doubled domain size, it is clear that the electron current density map within
the red dashed rectangle in panel (c) approaches the one obtained with the modified BCs
[see also panel (e)].

‘ Big Domain In Space

An/ng [%] 0.4 0.4
Ajyel jyo [%] 4.82 4.80
AF,,(15cm)/Fy [%] 0.8 2.2

Table 3.3: Maximum relative variation of n, jy., and F,, computed for the Big Domain
and In Space cases with respect to the H150 case. The variations have been normalized
with the reference density ny, the total injected plasma momentum F,, and a reference
out-of-plane current j,, = A®eny/(ByR), with AO = 22V the variation of thermalized
potential across the injection boundary.

We remark that, although the domain size or BCs have an effect on j,, they cause
extremely marginal variations in all other plasma properties, including the out-of-plane
currents. The maximum relative variations in n, j,, and total magnetic thrust F',(15 cm)
between the Big Domain and In Space cases with respect to the H150 case are reported in
Table 3.3. For all these quantities the maximum variations are negligible, never exceeding
5%. These small variations when changing or moving the domain boundaries are due
to the large values of the electron conductivity parallel to the magnetic lines. Any small
variation of the thermalized potential parallel to B will in fact cause relevant changes in the
electron in-plane currents (see Eq. (3.7)). As a consequence, the solution to the system of
fluid equations is capable of complying to any BC imposed on j, with negligible changes
in the map of @, and therefore negligible influence on the other plasma properties. In
general, in fact, as one approaches the collisionless plasma limit, one has o7, — oo, forcing
the gradients of @ along the magnetic lines to be identically zero in Eq. (3.7). Therefore
the map of ® in the domain becomes solely dependant on the upstream BCs imposed at the
injection surface, and j,, = (en/B) 0®/01, is also insensitive to the downstream BCs. On
the other hand, because of perfect electron magnetization, the in-plane electron currents
are forced to flow parallel to the magnetic field and are completely decoupled from the
rest of the plasma properties in our drift-diffusion model, since with an infinite parallel
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conductivity their value becomes inconsequential for the determination of ®@. Although
this decoupling between the electron currents and the general plasma response may cause
numerical challenges in the accurate determination of j, when o, assumes very large
values, it also ensures that any inaccuracies in its computation will not relevantly affect
the plume’s response. Finally, note that the small variation in the rest of the plasma
and propulsive properties when comparing the different sized domains in Table 3.3 is
an indication of the fact that the domain sizes and BCs employed in this work are large
enough to confidently allow an extrapolation of the simulation results to larger domains
and to more realistic dimensions of experimental facilities. This should not entail, in fact,
any changes in the plasma properties and propulsive performance, if not for the map of

Je-

3.7. Background pressure effects

With the knowledge provided by the previous sections on the plasma response to the
magnetic field strength and the applied BCs, we now set up and analyze a more complex
simulation scenario (termed BGP case), that aims to reproduce a MA expansion inside
the environment of a vacuum chamber, and thus subject to facility effects. To this end,
the simplified formulation for the electron collisionality has been dropped, and two neu-
tral populations have been added to the heavy species module. The first population of
neutral particles is characterized by a prescribed density n,; = 2 x 10'"m™3, a zero bulk
velocity and a temperature 7,; = 0.05eV ~ 500 K. It represents the background neutral
population present in an experimental facility, and corresponds to a background pressure
of 8 x 10™%bar[ ! 14], [115]. In order to avoid simulating the long transient times linked
to the generation of this population of background neutrals, we provide it as a constant
and uniform background, postulating that it represents the steady-state equilibrium solu-
tion between collisional events, plasma and neutral interaction with the chamber walls,
recombination, and extraction from the chamber pumps. This allows us to maintain the
simple outflow BCs for macro-particles crossing the domain edges presented in Section
3.3.1, since the physical scattering and recombination processes that would take place at
material walls are already included in the hypothesized equilibrium of this background
population. The second neutral population (this time modeled as particles) represents the
neutrals injected by the EPT sources. For its description we assume a propellant utiliza-
tion efficiency in the source 77,0 = 0.43 and a uniform injection of neutrals across the
injection surface.[ | 39] Keeping the total mass flow rate constant with respect to the pre-
vious simulation cases, we therefore inject neutrals with a density n,, = 4.1 x 1018 m=3,
an axial velocity u,, = 300m/s, and a temperature 7,, = 0.05eV. The ion flux also
has to be accordingly adjusted, so that the reference density in Eq. (3.9) now becomes
no = 4.3 x 107 m™3. The simulation settings for these new populations of neutral parti-
cles essentially mimic the ones for ions: outflow BCs at the various simulation surfaces
as described in Section 3.3.1; a controlled macro-particle weight for a minimum of 20
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macro-particles per cell (corresponding to a total of 1 million macro-particles at steady-
state); and the same time-step as the one employed to advance the ion macro-particles and
the electron fluid. The magnetic field for this collisional case is identical to the one of the
reference simulation, with a magnetic induction By = 300 G at the center of each source.

The collisional processes that affect the electron fluid are now evaluated explicitly,
rather than fixing a uniform Hall parameter y in the domain as in the simulation cases H3,
H10, H30, H150, In Space and Big Domain. In particular, in the BGP case we include
the effect of electron-neutral elastic, excitation and ionization collisions, and electron-ion
Coulomb collisions, on the electron fluid. These collisional processes influence the model
through the collision frequencies v,; of Eq. (3.2). In the case of electron-neutral colli-
sions these frequencies v,.4(T,) are obtained as a function of the electron temperature by
integrating the collision cross-sections o ,4(v,) over a non-drifted Maxwellian VDF with
temperature 7,.[29] The collision cross-sections as a function of the electron velocity for
elastic, excitation and ionization collisions are taken respectively from the Hayashi[ 140],
NIFS[141], and Biagi[ |42] databases available on the LXCat website[ |43]. The electron-
ion Coulomb collision frequency is instead obtained as[29], [144]

2'2ne* In A

Vei = ; (3.20)
2 172732
12732g5m,' " T,

with the Coulomb logarithm taken to be In A = 10. Note here that, although the inclu-
sion of inelastic collisions would in principle affect the cooling of the electron fluid, we
maintain the polytropic parameter y = 1.2 to aid the comparison with the previous cases.

Regarding the effect of collisions on the heavy species, we consider two collisional
phenomena: ionization and charge exchange. These two are evaluated respectively by
means of MCC[29], [145] and DSMC[134], [146] algorithms. For CEX collisions, the
collision cross-sections as a function of the relative collision velocity are taken from the
Miller[147] database, while the ionization frequency is taken locally equal to the one
employed in the electron fluid. Reference [29] provides a more detailed description of the
collisional algorithms implemented in EP2PLUS.

Figure 3.10 presents the plasma properties for this new simulation case. Panel (a)
shows that the Hall parameter in the bulk of the plume decreases from the initial values
of 150 at injection to roughly 20 at the downstream boundary of the domain. In light
of this, the previously employed assumption of a uniform value of y throughout the do-
main is inaccurate. Nevertheless, the magnetization of the electron fluid falls within the
parametric range previously analyzed, and for which the plasma and propulsive proper-
ties displayed a reduced sensitivity to the value of y. As a consequence, the thermalized
potential map for this case, shown in panel (b), is nearly identical to the one obtained for
the previous cases where a constant y > 10 was assumed. Once again, in fact, the value
of ® remains practically constant along the magnetic lines because of the large scalar
conductivity obtained for this weakly collisional plasma and the low cross-field transport
of electrons.

47



3.7. Background pressure effects

1017

10°

10 15
z [em)] 2z [em]

Figure 3.10: The plasma response in the BGP case. Note that the suffices fi and si indicate
respectively the properties of fast and slow ions. Likewise, i and n mark the quantities of
the total ion and neutral populations.

The plasma density for this case, on the other hand, is expected to display variations
with respect to the previous simulations because of two distinct effects. The first is the
moderate propellant utilization efficiency, which implies a decrease in the injected ion
flux (and therefore in the plasma density) by a factor n,0. The second is the inclusion
of collisional processes (ionisation and CEX) that cause the generation of low energy
ion particles downstream of the injection surface. To better distinguish these two effects
we divide ions into two separate particle lists: the first comprised only of ions produced
in the EPT source and injected sonically into the simulation domain (i.e. fast ions), the
second generated by CEX and ionization collisions in the plume (i.e. slow ions). The
densities of these two populations are respectively shown in panels (d) and (e) of Figure
3.10, while panel (f) shows the total plasma density that results from their combination
(and the assumption of quasi-neutrality). Interestingly, in the near plume and transition
region the slow ion density is a significant fraction of the total ion density, an observation
in accordance with experimental studies of MNs, which have measured double-peaked
total ion VDFs (one peak for the slow ions and one for the fast ones) in the main bulk
of the plume.[35] The generation of slow ions only decays in the far plume, where the
decrease in electron temperature and neutral density (see panel (g)) cause a strong reduc-
tion of the ionization and CEX collision frequencies. More specifically, this population
is particularly present in two locations. The first is just in front of the injection surface,
where the neutral density and the electron density and temperature are highest, resulting
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in the maximum collision frequency found in the domain. The second is at the symmetry
plane where the two ion beams first meet, because of the combined effect of the higher
densities found here, and the merging of the slow ion populations that are generated in
front of each source. As a consequence of the relevant presence of slow ions, the total
plasma density in this case does not display the reduction by a factor 7,9 that would be
expected with respect to the previous cases, and indeed it remains of a similar magnitude
throughout the domain. This observation is representative of the neutral entrainment de-
tected in multiple experimental studies[35], [ 17], which can cause an overestimation of
the thrust when measured in on-ground facilities. Finally, note that the majority of the
total ion density remains concentrated close to the symmetry axis even for large z co-
ordinates, likely because of the generation of ions close to the symmetry plane through
ionization collisions.

The differences in the plasma density described above are also responsible for the
variations in the map of the electric potential shown in panel (c), with respect to what was
obtained for the previous simulation cases for large values of y. While the lobes of high
potential at the edges of the injection surface, responsible for the axial confinement of
ions in the near-plume, and the sharp axial potential drop in charge of their acceleration
are still present, in fact, the potential well previously observed in the transition region
close to the symmetry axis is here strongly reduced. This is likely due to the relevant
presence of slow ions slightly upstream of where the fast ion beams emitted by the sources
merge, causing a reduction of the axial pressure gradient along the symmetry axis, and a
smaller contribution of the second term of Eq. (3.16), linked to the plasma density. As
a consequence of collisions, therefore, the potential and plasma density maps displays
monotonic profiles along x shortly after the near-plume, effectively shortening the length
of the transition region.

The potential map just described is responsible for the acceleration of both the high
and slow ions downstream, whose cumulative in-plane velocity is plotted in panel (h). It
is immediately evident that the total ion velocity is much lower than the ones depicted
for the previous simulation cases. This is due to the large fraction of slow ions, which
are generated in the plume from neutrals with a low velocity, and accelerated downstream
only by the potential drop that develops from their generation point to infinity. As a con-
sequence these ions possess a much lower velocity, and heavily reduce the average speed
of the total ion population.[ ] 19] Note, however, that the fast ions produced by the source
maintain a velocity map very similar to the one shown for the reference simulation, omit-
ted here for the sake of conciseness. In general, the net axial acceleration of both these
ion populations, as well as the one of neutrals through CEX and momentum exchange
collisions, is representative of the magnetic thrust provided by the MA. Another notable
feature of panel (h) are the two regions of increasing lateral velocity that develop at the
edges of the injection surface (the first in the region x = 6 — 15cm, z = 0 — 4cm, and the
second in the region x = 0 — 3cm, z = 0 — 4cm) and move mostly along x. These are once
again caused by the slow ions generated just in front of the injection, and accelerated lat-
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erally by the electric field. Note however, by observing panel (e), that the number density
of these ions is largely negligible.

Finally, panel (i) shows the in-plane electron currents for this simulation scenario.
As may be expected by observing the axially decreasing values of the Hall parameter
throughout the domain, the behaviour of the electron current gradually transitions from
the one observed for y = 150 to the one of y = 10 — 30. The electrons near the source,
in fact, initially move mostly along the magnetic tube encompassing the downstream
domain boundary (once again delimited by the thicker white magnetic field lines). As the
Hall parameter decreases as they proceed downstream, however, electrons begin diffusing
across the field lines, and the confined current arc that was observed for y = 150 breaks
down into a more homogeneously spread out electron flux. Finally, at the downstream
boundary, the electron current streamlines turn upwards in order to comply with the fluxes
there imposed as BCs.

Regarding the propulsive performance for the BGP case, the obtained accumulated
magnetic thrust and divergence efficiency have been included in Figure 3.6 with a black
dashed line. Note, when considering the plotted thrust, that the force provided without
a MA and used to normalize the plotted values reduces to Fy = 5.11mN/m in this case,
because of the effect of the non-unitary utilization efficiency. Relatively speaking, the
MA in these conditions is much more effective, as it provides a total magnetic thrust
F,, = 0.6F (see Figure 3.6), although in absolute terms the net magnetic thrust provided
is actually slightly lower than the one obtained in the cases with y > 10. This increase
in the propulsive effectiveness in spite of the moderate value of 7, employed, is due to
the plasma production that takes place in the plume. Indeed, the plasma densities of the
current simulation are only slightly lower than the ones of the reference case, pointing to
an effective propellant utilization efficiency (when considering also the plasma production
in the plume) which is considerably larger than 0.43. When taking the ratio between the
total ion mass flow at the downstream domain boundaries and the total mass flow of
ions and neutrals injected by the thruster, we obtain a utilization efficiency n, = 0.53.
It is important to state, however, that the production of plasma in the plume is, from a
propulsive viewpoint, not as efficient as its generation and confinement in the source,
since it shifts the plasma production downstream of the more intense acceleration region.
Note also that, for the values of background pressure and utilization efficiency employed
here, the majority of the electron-neutral collisions involve neutral atoms emitted by the
thruster, rather than the ones composing the chamber background population, and their
effects would therefore be present also in space conditions. Finally, Figure 3.6(b) shows
that the divergence efficiency for this BGP case ultimately results the highest out of all of
the considered scenarios. This confirms the improved confinement of the plasma density
close to the symmetry plane already observed in the density plots.
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3.8. Conclusions

The in-house, hybrid code EP2PLUS has been employed to simulate the expansion of
the plasma produced by two EPTs in a planar magnetic arch, and to further study the
effects linked to variations in the magnetic field strength and to facility conditions. The
analysis has allowed the identification of three distinct regions: (i) a near plume, where
the plasma in front of each thruster displays a behaviour analogous to that of a traditional
MN topology, (i1) a transition region, where the merging of the two distinct plasma beams
takes place, and (iii) a far plume, in which the lateral profiles of the plume’s properties
become single peaked, and the distinct plasma beams have fully merged. In particular, a
detailed study of the transition region unveils the complex kinetics of ions, characterized
in this area by a double peaked VDF, and the presence of a region of magnetic drag due
to the closed magnetic lines that arch between the two EPTs, that mildly reduces the total
provided magnetic thrust.

A parametric sweep on the strength of the applied magnetic field shows that only small
changes are visible for values of the Hall parameter y > 10 both in the general plasma
properties and in the propulsive performance of the MA. The only quantities that show
a relevant sensitivity to y in this magnetized regime are the in-plane electron currents.
These are found to be only weakly coupled to the other plasma properties for the weakly
collisional plasma analyzed, and progressively become constrained to the magnetic lines
that intersect the domain’s outflow boundaries as the magnetization level rises. At lower
values of y, instead, the confining effect of the magnetic field begins to break down,
and the plasma is capable of diffusing across the magnetic lines, increasing the plume’s
divergence and reducing the magnetic thrust provided by the MA.

A further study on the influence of the boundary conditions demonstrates that differ-
ent domain sizes (corresponding to different dimensions of the vacuum chamber) impose
different electron current paths in a strongly magnetized plasma, although this does not
appreciably alter the other plasma properties of the plume. In light of this dependency
of the in-plane electron currents on the domain size, an alternative set of boundary con-
ditions[64] was also employed and tested, and was found to be more suitable for the
simulation of the infinite expansion that takes place in space.

Then, an analysis of background pressure effects has been carried out by including in
our simulations the neutral atoms emitted by the EPTs, as well as a uniform population
of neutrals representing the background density found even far from the thruster exhaust
in vacuum chambers. The collisional processes involving these neutral populations, and
which modify the response of ions and electrons, were also included. Although a propel-
lant utilization efficiency 77,9 = 0.43 was prescribed for the plasma source in this case, the
thrust provided is only slightly lower than the one obtained in the previous simulations
(in which 7,9 = 1), because of the entrainment of the neutral atoms caused by ionization
and CEX collisions, which implies an increase in the effective value of the utilization
efficiency. Interestingly, a majority of these collisions involved neutrals emitted by the
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thrusters, and not those populating the chamber background, so that a similar behaviour
is to be expected also in space conditions under low utilization conditions.

While the present work has offered an extensive analysis of the main physics in a pla-
nar MA and the sensitivity to central aspects such as the Hall parameter and the boundary
conditions, the implementation of the electron energy equation instead of the polytropic
law, will provide a more consistent response of electron thermodynamics, mainly when
collisional and facility effects are important[ | 32]. Finally, we acknowledge that a big step
forward would be to simulate a 3D MA, as done in Ref. [107], but with finite values of the
Hall parameter, and focusing on the 3D details of the plasma detachment, the topology of
the electron current lines, and the induced magnetic field.
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CHAPTER 4

Electron Populations and Neutralization Process in the
Plume of a Gridded lon Thruster

This chapter reproduces the contents of Ref. [49], published in the peer-reviewed
journal Plasma Sources Science and Technology. The typography has been adapted
to the style of this thesis.

Abstract

In order to assess the importance of collisional processes in the neutralization
of a gridded ion thruster plume this study presents a series of simulations carried
out with a planar, full-PIC code provided of a library of electron, ion and neutral
collisions. In particular, we find that the inclusion of electron inelastic collisions,
such as ionization and excitation, is fundamental in the generation of a population of
electrons trapped in the plume’s potential well, which play a major role in the neu-
tralization of the plume and in the formation of the electric potential map. A further
investigation is therefore carried out on the properties of the electron populations
present in the plume, suggesting that the trapped population is mostly insensitive to
the emission properties of the cathode, but displays a strong dependence on the in-
clusion of inelastic collisions and a slow approach to stationary conditions dictated
by the timescales of these collisions. Given the symmetry of the plume bulk even
in presence of an externally mounted cathode, we further extend the study to an ax-
isymmetric simulation case with an annular cathode, that allows the evaluation of a
three-dimensional expansion process. The build up of the trapped electron popula-
tion in this case is even slower, because of the smaller neutral density observed when
expanding the plume in three dimensions, and an acceleration strategy that speeds-up
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the approach to steady state without altering it is therefore proposed. Nevertheless,
the main governing physical processes observed in the planar case remain prominent
also in this latter case.

4.1. Introduction

Gridded Ion Thrusters (GITs) are a commonly employed form of electric propulsion, prin-
cipally because of their high specific impulse (I, > 3000 s) and large flight heritage[ | 6].
These kind of thrusters extract and accelerate an ion beam from a plasma source through
a system of electrically biased grids, which is neutralized downstream by means of an
electron current emitted by a cathode. This allows the closure of the electric circuit, pro-
ducing a current-free plume and avoiding the charging of the thruster and spacecraft.[ 1 48]
Although GITs are a mature technology and the final neutralization of the thruster plume
is readily obtained in practice, the theoretical understanding of the coupling between the
positive ion beam and the negative electron cloud that allows it is still a matter of re-
search[32]. Moreover, the experimental quantification of their lifespan, and the charac-
terization of their plume and of its possible interaction with the hosting spacecraft, is still
hindered by the uncertainties linked to the extrapolation of testing conditions in on-ground
vacuum chambers to the in-space environment, commonly termed as ‘facility effects’[26].
Of these, the most prominent are (i) the presence of a background population of neutral
particles in vacuum chamber experiments, that may alter the plume characteristics through
collisional processes, and (ii) the chamber walls, that interact with the plume and provide
additional conductive paths for the closure of the electric currents.

Model Authors Ref. Year Tons State Conditions Collisions Cathode
. Korkut [149], [150] 2014-2017 Xenon Steady Both CEX, MEX Both
Hybrid
Cichocki [29] 2017 Xenon Steady In-Space CEX,MEX.,el External
Usui [151] 2013 Hydrogen Transient In-Space None External
Hu, Wang { ! ]’[ [ 1 ] 2014-2017 Hydrogen Transient Both None Co-located
PIC '
Nuwal [155] 2020 Xenon Steady Chamber CEX,MEX External
Jambunathan { }’ { }’ 2017-2020 Xenon Steady Both CEX,MEX Both
Nishii [158] 2023 Xenon Steady Chamber CEX,MEX Co-located
Nishii [32] 2023 Xenon Steady Both CEX,MEX External
Particle-Particle | Zhao [159] 2018 Xenon Transient In-Space None Both

Table 4.1: Summary of recent numerical works on GIT plumes.

Numerous numerical investigations have tackled these topics in the last decade, pre-
ciously increasing our understanding of the GIT plume, its dynamics and its response to
facility conditions. A non-extensive summary of the most recent of these works, spec-
ifying the type of numerical model that was employed and the main characteristics of
the physics that were simulated, is presented in Table 4.1. The first studies to investigate
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the steady-state properties of GIT plumes employed hybrid codes[29], [30], [149], [150],
[160], that through a particle in cell (PIC) description of the heavy species and a fluid
model for electrons, together with the assumption of quasi-neutrality, allowed a reduc-
tion of the computational costs and the achievement of steady-state. This approach was
useful for a first qualitative study of the effects of ion-neutral resonant charge exchange
(CEX) collisions, that generate the characteristic high-density lateral wings around GIT
plumes. Additionally, these studies allowed a preliminary investigation of the effect of
the electrostatic field, responsible for determining the ion backflow to the thruster and
the gradual divergence of the plume. However, the body of work by Wang and Hu[3 1],
[152], [153], [154] on co-located plasma sources (i.e. ions and electrons were emitted
by the same injection surface), together with the later studies of Nuwal and Jambunathan
[84], [155], [156], demonstrated the importance of electron kinetics in the retrieval of the
electric potential map and the accurate evaluation of the electric forces acting on ions. Si-
multaneously, the problem of the ion beam neutralization by means of electrons emitted
by an externally located cathode was tackled by Usui and Zhao [151], [159] with fully ki-
netic and non-neutral codes, highlighting the strong non-neutrality of the problem and the
presence during the initial transient of axial and radial electron density waves, caused by
the bouncing motion of electrons trapped in the potential well generated by the positive
ion beam. However, these studies only concentrated on the initial transient, as steady-
state conditions for fully kinetic simulations of GIT plumes have only recently become
achievable, thanks to the heavy parallelization of modern PIC codes and the introduction
of energy-based boundary conditions for electrons[63], [157], [161], [162].

With the aid of PIC simulations, the recent works by Jambunathan, Nishii and Levin
[32], [82], [157], [158] have explored the dependence of the steady-state conditions of a
GIT plume on facility effects and cathode properties. This allowed a precise determination
of the energy of backstreaming ions, and the alteration of the densities in the facility,
caused by the neutralization of the plasma beam at the chamber walls and their sputtering
by high-energy ions. Interestingly, all simulation cases with an externally located cathode
(thus simulating the neutralization process of the plasma plume) displayed values of the
electric potential and electron temperature in front of the thruster grids that were several
times higher than what is observed in experimental measurements[ | 63], [164], [165]. As
we propose to show in this work, this was likely caused by the exclusion of inelastic
electron collisions in the simulated physics, that would provide an energy sink for the
electron population and, in the case of ionization, also introduce a new source of low
energy electrons capable of decreasing the positive space charge of the ion plume.

Past kinetic studies of magnetized[46], [47], [89], [166], [167] and unmagnetized[ | 30],
[131] plumes have highlighted the presence, in electric propulsion plasmas, of different
populations of electrons, termed ‘free’, ‘reflected’ and ‘trapped’ depending on their to-
tal energy and their capacity to escape to the downstream or upstream boundaries of the
plume. These studies also suggested that one of the most prominent mechanisms in the
generation of the trapped electron population may indeed be the collisional processes that
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take place in the plume, hinting at the possible underestimation of such a population when
neglecting collisions in simulations. However, to the authors’ knowledge no fully kinetic,
steady-state study of a GIT plume that includes an extensive library of electron and ion
collisions has been carried out yet. Additionally, we also note that a scarce number of
kinetic simulations of GIT plumes exist in the literature that employ parameters corre-
sponding to real thrusters and their operating points. These observations form the main
motivations for this work, in which we present the steady-state, kinetic and collisional
simulations of the plume of Ariane’s RIT10-EVO thruster, carried out with the in-house,
2D3V explicit PIC code PICASO[6Z]. In these simulations we categorize the electron
particles into distinct *primary’ and ’trapped’ populations, allowing the independent study
of their macroscopic properties, their generation mechanisms, and their influence on the
plume’s neutralization and on the general plasma properties.

The remainder of this article is structured as follows. Section 4.2 describes the method-
ology followed for the presented simulations, detailing the properties of PICASO and the
assumptions and numerical choices involved. Section 4.3 then presents a reference planar
simulation and the general plasma response that it provides, which is further analysed in
Section 4.4 by detailing the properties of the distinct electron populations. A sensitivity
analysis on the free parameters of the model and on the effects of electron collisionality
is next presented in Section 4.5, while the study of an axisymmetric simulation and the
proposal of an acceleration strategy to speed up the simulation’s approach to steady state
may be found in Section 4.6. Finally, Section 4.7 summarizes the main contributions and
results of this work.

4.2. Methodology

Two distinct codes were employed to obtain the simulations presented and discussed in
this work. As mentioned, in fact, the PIC code PICASO was used for the kinetic simula-
tion of the ion-electron expansion of the plume, which represents the main focus of this
study. However, in order to consider collisions with neutrals in this kinetic framework,
these would have to be included as particles in the simulations, pushing the physical time
to reach steady-state from #,;, = 0.3 ms to ¢;;, = 6 ms due to the much slower dynamics
of neutrals. To avoid the prohibitive computational costs linked to this increased simula-
tion duration, the hybrid in-house code EP2PLUS[29], [122] was first used to provide the
steady-state properties of the neutral atoms populating the simulation domain, that were
then loaded into the PIC code and kept frozen during the subsequent simulations.

We present here both planar and axisymmetric simulations of the plume. The former,
in fact, have the advantage of capturing the asymmetry of the problem caused by the ex-
ternally located cathode, and are therefore employed to assess the limitations linked to the
subsequent axisymmetric assumption. The latter, on the other hand, lose this capability
but provide a description of the plasma expansion in 3D geometry. As a consequence two
different versions of both the hybrid and the PIC code were used: EP2PLUS was run in its
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2D and 3D versions, while PICASO, was employed in its planar and axisymmetric forms.
The following subsections present the setup of these different simulations, starting from
the general and physical properties of the problem and then detailing the specific choices
made in each case.

4.2.1. The Simulation Domain

o n-r

[. (..':J (_.‘"JH | — {J

on r-r

75cm

75 cm

Figure 4.1: Sketch of the problem geometry. The ion and electron injections are depicted
respectively in red and blue, while the green isolines display in m~> the neutral density
map obtained with the hybrid code EP2PLUS for the planar case. All potentials are de-
fined with respect to the thruster body potential. In particular, note that in all simulations
the cathode is considered to be at the same potential as the thruster body ¢ = ¢ = 0.

Figure 4.1 presents the geometry considered for this study. This domain reproduces,
within the possibility of the spatial discretization employed in our simulations, the physi-
cal geometry of Ariane’s RIT10-EVO[168]. In particular, we show here the plane passing
through the center of the cathode and the axis normal to the grids of the GIT. The body
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of the thruster has a total diameter of 16 cm, at the center of which an acceleration grid
with a diameter of 10 cm is located. Ions are only injected from a circle of 9 cm in diam-
eter at the center of this grid, since the outer 1 cm is composed of solid metal devoid of
extraction holes. The outer edge of the thruster is encircled by a cylindrical wall which
protrudes 4 cm into the simulation domain. The thruster body and cylindrical walls can
be observed in green in Figure 4.1, while the punctured and solid portions of the grid
are shown respectively in light and dark red. The neutralization of the plume was here
assumed to be guaranteed by a radio-frequency cathode, oriented towards the plume by
an angle of roughly 45°, with a diameter of 7.8 cm, and an extraction plate of 2 cm in ra-
dius.[169] The center of the cathode’s extraction plate was positioned 5.5 cm downstream
of the acceleration grid and at a distance of 11 cm along x from the center of the thruster.

In all our simulations we take the thruster body potential as the reference one (i.e. ¢p =
0) and define the other potentials in the simulation with respect to it. As a consequence, in
order to impose an electrically floating thruster configuration (i.e. no net current is emitted
by the ensemble of thruster and cathode), the chamber walls must collect a globally zero
net current (Iy = Ly + Ly = 0) at steady-state, with the currents considered positive
when flowing to the chamber walls. This is obtained by varying, at each time-step k, the
potential of the facility walls ¢y

G =gl + I(k)At 4.1)

so as to converge at steady-state to a current-free plume, and to a value of the vacuum
chamber potential with respect to the thruster body. Note that here C is a numerical
capacitance used to evolve the facility potential in time, and its value should be appropri-
ately chosen for the stability of the simulations. With regard to the thruster components,
we consider an acceleration grid potential of ¢ = —150 V, and a cathode extraction plate
potential g =0V.

The plasma plume is assumed to be composed of (i) Xenon neutral atoms, injected
by the external grid of the thruster and the cathode, or present in the facility background;
(i1) singly charged Xenon ions, injected through the thruster grid with a current I; ;,; or
produced in the plume; and (iii) electrons introduced from the cathode with a current I, ;,;
or generated by ionization inside of the domain. The injection of all of these species
is carried out by assuming a Maxwellian distribution in their respective source, and in-
troducing in the simulation domain only the forward-marching portion of this VDF. The
backward-marching portion of the VDF, instead, is an output of the model which in gen-
eral depends on the global response of the plasma, and cannot be known a priori. We
therefore underline here that (as we will see later) I, ;,; is not the net current emitted by
the cathode, which would instead be obtained as I, = |1, i, | =/, oul (With I, ., the electron
current returning to the cathode because of the electric forces in the domain). Note that
the use of this constant injection condition for the cathode is a necessary simplification
of the complex coupling between cathode and plume, that ignores the internal dynamics
of the cathode, the consequent modulation of the emitted electron current, and the possi-

58



4.2. Methodology

ble instabilities and oscillations that it entails.[ ! 70] The macroscopic properties defining
the injected Maxwellians of ions and electrons depend on the geometrical nature of the
simulation considered, as discussed below.

4.2.1.1 Planar Simulations

The planar simulation domain corresponds to the sketch of Figure 4.1, and has the ad-
vantage of preserving the asymmetry linked to the externally located cathode. In these
simulations we assume that the plasma properties in the out-of-plane direction are in-
finitely uniform, and therefore extensive quantities such as the injected net current or flux
are measured per unit of y-length. To maintain the plasma properties in these simulations
close to the ones of the physical thruster the intensive injection parameters (e.g. velocity,
specific flux, etc.) have been chosen in accordance with the typical operating point of
the RIT10-EVO, as summarized in Table 4.2. Reasonable assumptions were made where
no data was available (e.g. sonic neutral velocity, ion temperature, etc.). Note in partic-
ular that the ions’ axial velocity at injection was chosen to respect the potential drop of
1150V imposed between the thruster’s grids, and the ion specific flux would correspond
to the nominal beam current of 0.1 A under the assumption of singly charged ions, when
considering the real 3D geometry of the acceleration grid.

As a marginal note on the notation used in this work, when considering planar simula-
tions we will refer to vectorial quantities projected onto the simulation plane with a tilde.
For example, &t; = u; — (u; - 1,)1, and j, = j. — (j. - 1,)1, represent respectively the ion
bulk velocity and the electron current projected onto the simulation plane.

4.2.1.2 Axisymmetric Simulations

In the case of the axisymmetric simulations the domain corresponds to the lower half of
Figure 4.1, and the grid axis displayed with a black dotted line becomes the axis of sym-
metry of the problem. Clearly, from a geometrical stand point, this yields a physically
accurate geometry of the ion injection surface, but implies the assumption of an annu-
lar cathode that revolves around the thruster. We therefore lose the ability of simulating
asymmetrical domains, but gain the possibility of a fully three-dimensional plume expan-
sion. Once again the injection properties at the ion grids are chosen to match with the
thruster operating point (as shown in Table 4.2), while the specific fluxes at the cathode
are scaled in accordance with the large annular injection surface, so as to maintain the
same total fluxes and currents as the ones expected from the real cathode.

4.2.2. Description of the Neutral Population

A fully self-consistent modeling of neutral particles is a particularly challenging aspect in
full-PIC simulations of plasma plumes. The characteristic time of the neutral dynamics,
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Species Property Planar = Axisymmetic Unit
Specific flux 9.82x10"  9.82x10"°  m2s7!
Axial velocity 41137 41137 m/s

Ions
Temperature 0.1 0.1 eV
Current 1.41 0.1 A/mor A
Specific flux 439x10"°  4.39%x10Y  m2s7!

Thruster Axial veloci 300 300

Neutrals xial velocity m/s
Temperature 0.0345 0.0345 eV
Specific flux 1.5x10*"  6.95x10"°  m72s7!
Axial velocity 0 0 m/s

Electrons
Temperature 3 3 eV
Injected current 4.23 0.3 A/mor A
Specific flux 1.13x10%"  523x10"°  m2s7!

Cathode Axial veloci 300 300

Neutrals xial velocity mfs
Temperature 0.0345 0.0345 eV

Background Density 10'° 1016 m™

Neutrals Temperature 0.0345 0.0345 eV

Table 4.2: Injection properties of the species composing the plasma plume.

in fact, is orders of magnitude larger than the simulation time-step imposed by stability
considerations on the characteristic electron frequencies. Worse still, the time required to
consistently simulate the build-up of the facility background pressure, through the mod-
eling of collisions, ion neutralization at the chamber walls, and the action of the facility
pumps, pushes the time to steady-state to prohibitively large values for a PIC code. To
avoid this large computational burden, the PIC simulations presented in this work do not
evolve the neutral population in time, but employ constant density, velocity and temper-
ature maps for its description. Specifically, two distinct sets of maps are used. The first
consists of uniform and constant maps of density, velocity and temperature with the val-
ues shown in Table 4.2. These represent the facility background population of neutrals
that forms as an equilibrium between the plasma recombination at the chamber walls and
the extraction of gas by the facility pumps. The density and temperature of these neutrals
], while

their velocity map was set to zero. The second instead represents the neutrals injected

was therefore chosen to correspond to a background pressure of 5x10~7 mbar][

by thruster and cathode, and is obtained by simulating the problem described in Sections
4.2.1.1 or 4.2.1.2 with the hybrid code EP2PLUS. Thanks to a simplified quasi-neutral
fluid description of electrons, closed at the momentum equation by means of a polytropic
law, steady-state maps of the injected neutral population can be obtained with a reduced
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computational cost. The neutral properties employed in the full-PIC simulations thus rep-
resent the steady-state equilibrium between the expansion of neutrals injected from the
cathode and through the thruster grids, and the effects of depletion through collisional
processes such as ionization or resonant charge exchange. The neutral density map ob-
tained with EP2PLUS for the planar scenario is displayed with density isolines in Figure
4.1, and the interested reader may refer to Appendix 4.A for further details on the most
relevant plasma properties obtained with the hybrid code, which should agree sufficiently
well with the steady-state PIC results to ensure the correct coupling between the two
simulations. Finally, we note here that previous works, that modeled in a fully consis-
tent manner the build-up of the neutral population responsible for a facility’s background
pressure, have indeed obtained neutral density maps that, when sufficiently far from the
chamber walls, agree well with the present approach of overlapping an injected neutral
population and a uniform background density[32], [150]. The approach employed here
should therefore offer a sufficiently accurate description of the steady-state properties of
neutrals, although since it ignores the neutral dynamics it cannot provide a fully consistent
characterization of the initial transient that takes place when the thruster is first ignited.

4.2.3. The PIC/MCC Formulation

PICASO[68] 1s a 2D3V, time-explicit, momentum-preserving PIC code that makes use
of a uniform, rectangular mesh. The classical Boris leapfrog algorithm[125] is used to
advance particles in two spatial and three velocity space dimensions, a first order cloud-
in-cell shape function is employed for the particle weighing and the reconstruction of
the species’ macro-properties at the mesh nodes[126], and a linear interpolation scheme
allows the retrieval of the electromagnetic fields acting on each particle. The electric po-
tential values at all domain nodes are obtained through the solution of Poisson’s equation,

eV = —po, (4.2)

which is discretized through second order finite difference schemes, and solved with In-
tel’s MKL Pardiso solver[ | 72]. Here p,; = e(n; — n,) is the local space charge, and ¢ the
electric permittivity.

The solution of Eq. (4.2) requires the imposition of boundary conditions at all simu-
lation boundaries. In the case of the thruster components, their potentials ¢, ¢c, and ¢g
are imposed as Dirichelet conditions at the corresponding nodes. The vacuum chambers
typically used for plume investigations, however, are too big to be entirely simulated in
PICASO with reasonable computational expenses. As a consequence, the condition to
be imposed at the domain edges is of more complex determination, as the domain must
be inevitably cut short of the chamber walls, where it would be most natural to impose
¢w as BC. In order to truncate the domain before the facility walls, the Robin boundary
conditions

0p n-

r
an ﬁ(fﬁ —¢w) =0 (4.3)
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proposed by Andrews et al.[63], and based on the approximation of a monopole decay of
the electric potential far from the plume’s bulk, are employed at all downstream bound-
aries (in dark orange in Figure 4.1). Here ¢ is the potential at the boundary node, n is
the outward versor normal to the boundary, and r is the distance between the boundary
node and a reference position, which is taken at the center of the acceleration grid (x = 0,
z = 0). While these conditions were shown to hold at boundaries that do not contain the
reference node, we argue that their imposition on the upstream boundary may be inaccu-
rate. At this surface, in fact, the monopole term in the multipole expansion employed in
the derivation of Eq. (4.3) is multiplied by r - n = 0, so that the higher order terms of the
expansion may not be neglected. We prefer therefore to directly impose the facility wall
potential as a Dirichlet condition at this upstream boundary (highlighted in light orange
in Figure 4.1).

The BCs proposed by Andrews et al. also require an energy based evaluation of
all particles crossing the downstream boundaries. It is in fact possible that, in reality,
the direction of motion of charged particles is inverted back towards the plasma source
downstream of the domain boundaries, so that they ultimately return back into the domain.
These returning particles are fundamental to obtain quasi-neutrality in the plume bulk, and
should not be eliminated from the simulation domain to avoid incurring in the electron
pump instability[ | 62]. The normal kinetic energy of all particles crossing the downstream
boundaries is therefore evaluated, and compared with the potential energy required to
reach the facility walls

1
Em(v -n)* > Ze(dpw — ¢), 4.4)

where m represents the mass of the single physical particle, Z its charge number, e the
elementary charge, and v the velocity vector of the macro-particle. If Eq.(4.4) is respected
and the kinetic energy of the particle is sufficient to reach the chamber walls, it is removed
from the simulation. If, on the other hand, Eq. (4.4) is not satisfied , and the particle is
trapped in the plume’s potential well, then it is specularly reflected back into the domain.
For completeness, note that all particles that cross any other domain boundary are simply
removed from the simulation.

Finally, Table 4.3 summarizes the collisional operators considered in this work, de-
tailing also the modeling strategy employed and the source of the data for the collision
cross-sections. In order to spare computational power, the multiple possible excited states
of Xenon have been lumped in a single operator, characterized by an average cross-section
and energy threshold. Moreover, all collisions with neutrals have been modelled with the
Monte Carlo Collision (MCC) approach, neglecting any form of depletion of the neutral
density that some of these collisions would entail (e.g. CEX or ionization collisions) as
the neutral maps employed already consider these effects in their steady-state equilib-
rium. The electron-ion Coulomb collisions, on the other hand, are modelled with a Direct
Simulation Monte Carlo (DSMC) operator that employs an isotropic scattering of elec-
trons and an analytical determination of the collision cross-section based on the classical
Coulomb collision theory[ | 44]. This approach allows the reproduction of the cumulative
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drag effect on electrons caused by several small angle interactions, without resorting to the
more kinetically faithful but computationally heavy models proposed by Takizuka[ 73],
Nanbu[ | 74], and Chap[175]. We note here that although Coulomb collisions are within
the capabilities of the model and are therefore included in the simulations of this work,
their effect on the present study is negligible.

Collision  Species Model Data Ref.

Elastic €e-n MCC E [142]
Ionization e-n MCC E [142]
Excitation e-n MCC E [142]
Coulomb e-1 DSMC A [144]
CEX i-n DSMC E [147]
Elastic i-n MCC E [176]

Table 4.3: Description of the models used for the collisional events considered in the sim-
ulation. Data "E’ points to the use of cross-section data measured experimentally, while
Data A’ refers to the use of an analytical model for the determination of the collision
frequency. All experimental data is taken from LXCat[ 143], but references to the specific
databases are also provided.

4.2.4. Electron and Ion Populations

Previous kinetic studies have highlighted the possible presence of primary and trapped
electrons[32], [42] in the plumes of GITs. This categorization subdivides electrons based
on their total planar energy & = 1/2m,7* — e¢ (or & = 1/2m,v* — e¢ for the axisymmetric
case) with respect to the minimum energy required to exit the domain through one of its
boundaries &,, = —e max (¢w, ¢p, ¢c, ¢c). If & < &E,,, the considered electron does not
have sufficient energy to reach one of the domain boundaries, and is trapped inside of the
plume’s potential well. On the other hand, electrons with sufficient total energy to leave
the domain (either through the upstream or downstream boundaries) are termed ‘primary
electrons’, and group together the ‘free’ and ‘reflected’ electron populations identified in
other kinetic studies[46], [130]. In order to study in detail the properties of these two
electron populations we sort them in separate particle lists in the code, so as to compute
the macroscopic magnitudes of both populations independently. All electrons are there-
fore initially injected in the primary electron list (note, in fact, that electrons born at the
cathode with a non-zero velocity always have & > —e¢¢). Every 100 simulation time-
steps, however, the code loops over the primary electron list, and sorts those electrons
with & < &,, into the list of trapped electrons.

Similarly, ions have also been subdivided into two separate lists: ‘fast ions’ and ‘slow
ions’. The former are all ions injected at high velocities through the thruster grids, while
the latter are all of those ions produced inside of the plume either by ionization or CEX
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collisions. The ‘slow ions’, therefore, are generated with energies similar to those of their
parent neutral, and are consequently more prone to a trajectory inversion back towards
the thruster under the effects of the electric field. It is then convenient to sort them in a
separate list in order to allow a more precise study of their interaction with the thruster and
spacecraft. Finally, note that ions undergoing elastic or Coulomb collisions with neutrals
or electrons are left in their original list, since in this case their energy is not altered as
significantly as for ionization and CEX events.

4.2.5. Considerations on Numerical Parameters

Stability criteria for explicit momentum-conserving PIC codes impose limitations on the
cell size Al and time-step Az.[53] In particular, for the unmagnetized plasma at hand, the
most restrictive conditions require that the cell size is smaller than the Debye length Ap
throughout the domain, and that the time-step is sufficiently small to accurately discretize
the electron plasma frequency w,,.. Imposing a minimum of 10 time-steps for each elec-
tron plasma frequency oscillation, and considering the most restrictive value of the Debye
length, this gives

Al < min (Ap), At < 0.1 x min (27/we). (4.5)

These constraints can be computationally excessive for the considered plasma proper-
ties, and as a consequence we resort to the artificial increase of the characteristic length
and time scales of our problem through an augmentation factor fp. This is carried out
by employing an augmented electric permittivity & = fp&, in Eq. (4.2), that substitutes
the vacuum permittivity physically present in Poisson’s equation and relaxes the numer-
ical constraints of our problem. In the present work we employ an augmentation factor
fp = 20, which falls well within the range f, = 10 — 40 used in other studies[63], [65],
[177], and which is expected to only increase the characteristic size of the Debye sheaths
in the domain, without affecting significantly the physics of the plasma expansion. A con-
firmation of this has been obtained by running a planar simulation with fp = 10, which
yields results in very good agreement with the ones presented in the following sections,
as shown in Appendix 4.B.

Considering a characteristic plasma density n, = 2.4 x 10" m™

and temperature
T, =3 eV, corresponding to the injection properties in Table 4.2, we obtain an augmented
Debye length Ap = 5.3 mm, and an increased electron plasma period 27r/w,, = 7.2 x 107
s at the thruster exit. The physical values, in absence of the acceleration factor fp, would
respectively be Ap = 0.265mm and 27/w,, = 3.6 X 10719 s. In order to satisfy the
numerical conditions in Eq. (4.5), the simulations use a cell size Al = 3 mm (leading to a
mesh of 251 x 251 nodes) and a time-step At = 2 x 1070 5. This leads to a ratio between
the augmented Debye length and the cell size at the thruster exit of Ap/Al = 1.76, and of
Ap/Al = 1.462 at the cathode exit (these values would be respectively Ap/Al = 0.0883

and Ap/Al = 0.073 with the non-augmented Debye length). The total simulated time in
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planar simulations is z,, = 3x 107 s (i.e. 1.5 x 10° simulation steps), corresponding to 15
times the average ion transit time. Finally, a constant weight w, = 1.5 x 10® of physical
particles per computational ion or electron macro-particle was employed, leading in the
planar case to a total of respectively 1.9x10° and 1.8x10° ion and electron macro-particles
at steady-state. These values correspond to a maximum of 300 macro-particles per cell
in the denser regions of the plume bulk (in front of the grids), and around 100 macro-
particles per cell in the portion of the plume bulk close to the downstream boundary of
the domain. With these numerical settings, running on the 40 physical cores of an Intel
Xeon Silver 4316 processor, the planar simulations require 59 hours to complete.

4.3. The General Plasma Response

The panels of Figure 4.2 show the plasma properties averaged over the final 70000 time-
steps of the planar simulation of the GIT plume. As expected, the most prominent features
of the plume are defined by the highly inertial population of fast ions, which form the
axial plasma beam visible in all panels. Because of their large initial velocity, in fact,
these ions traverse the domain displaying a mild sensitivity to the lateral electric forces,
that only cause the small plume divergence observed at high axial coordinates in panels
(a) and (g). Note here that the lateral streaks external to the main ion beam visible in
panel (g) are due to those few fast ions that undergo elastic collisions. Axially, fast ions
only suffer a relevant variation in velocities in the first few centimeters of the plume, in
front of the acceleration grid (note the transition from a darker to a lighter red in panel
(g)). In fact, because the acceleration grid is directly exposed to the plasma plume, its
very negative voltage causes the formation of a Debye sheath in front of it, visible both
in the local absence of electrons shown in panel (c), and in the strongly positive space
charge displayed in panel (f). The plasma potential consequently rises across the sheath
by roughly 156V, decelerating the axial motion of fast ions.

Observing the electric charge density (here divided by the elementary charge to allow
a direct comparison with the density values) of panel (f) it is clear that the bulk of the
ion beam, downstream of the Debye sheath in front of the grids, is mainly quasi-neutral.
Space charge is in fact principally present at its edges, with electrons charging negatively
the outer part of the plume boundary, and ions predominant at the inner edge. This lateral
profile of the electric charge density causes, through Eq. (4.2), the lateral drop observed
in the electric potential map of panel (i) when moving from the center of the plasma beam
to the outer edges of the domain. On the other hand, at the center of the plume and down-
stream of the initial potential rise, a negligible electric charge is found, leading to a mild
axial drop in the potential. As will be discussed later, this potential profile, characterized
by a maximum value some centimeters downstream of the thruster grids, is responsible
for the trapping of electrons inside of the plasma plume, and for the acceleration of slow
ions laterally and backwards.

The map of the electric charge in panel (f) also highlights the presence of a strong
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Figure 4.2: The plasma properties at the end of the reference simulation. From left to right
and from top to bottom the panels show the fast ion, the slow ion and the total electron
densities; the ionization and charge exchange production terms, and the electric charge
density divided by the elementary charge; and the in-plane fast and slow ion velocities
along with the electric potential. In panels (g) and (h) the black arrows represent the
velocity streamlines. The color-maps saturate above and below the extremes of the color-
bars.
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negative charge in front of the cathode. This is due to the fact that the forward-marching
electron current injected from the cathode in this simulation is three times larger than the
ion current emitted through the acceleration grid. As a consequence, because we impose
a current-free plume at the downstream boundaries, a reverse sheath and a potential drop
develops just in front of the cathode that allows a current |I,| = |1, inj — Le, oul = 1 injl cOM-
posed of the most energetic electrons to proceed from the cathode into the plume, and
reflects the less energetic ones back towards the cathode or the thruster body. This ener-
getic mechanism for the selection of the electron current capable of entering the plume
makes the choice of the electron flux injected by the cathode, which is an input parameter
of the model, particularly challenging. In fact, any electron current |1, ;,;| > |I; ;nj| inserted
in the domain will yield a current-free plume, since any electrons injected in excess will be
deflected back to the cathode or thruster walls. Additionally, experimental measurements
of the cathode currents do not provide valuable data in this sense, since what is typically
measured is the net electron current emitted from the cathode (which is therefore very
similar to the ion current flowing through the grids), rather than the separate values of
the injected and returning electron currents which would be needed by the model. For
this reason Section 4.5 presents the sensitivity of the simulation results to, amongst other
input parameters, the injected electron current.

Figure 4.2(b) highlights how the population of slow ions represents a relevant portion
of the total ion density in the domain, and even constitutes about half of the total ion den-
sity a few centimeters downstream of the acceleration grid. By considering the ionization
and CEX production rates S; and S cgx for this population of ions (respectively in pan-
els (d) and (e)) it is clear that the vast majority of these ions are produced through CEX
collisions, and that ionization could be freely neglected in the description of this popu-
lation. Nevertheless, panel (h) shows how both CEX and newly ionized ions produced
downstream of the grid’s Debye sheath undergo a relevant lateral acceleration caused by
the potential drop at the edges of the fast ion beam. This process forms the characteristic
CEX wings at the edges of the plume, populated by slow ions and electrons. More impor-
tantly, from the point of view of the lifetime of the acceleration grid, slow ions produced
inside of the grid’s Debye sheath are accelerated back towards it by the strong potential
slope present here, and can impinge on the grid with energies of up to 156eV.

Although slow ions are principally produced by CEX collisions, the presence of ion-
ization in the region just in front of the cathode (see Figure 4.2(d)) is essential for the
formation of the ‘plasma bridge’, a quasi-neutral region that develops between the cath-
ode exhaust and the ion beam and that allows an efficient conduction of a net electron
current I, =~ I;;,; from the cathode to the ion beam. A zoom of the electric potential,
electron currents, and electron and ion densities in this region is provided in Figure 4.3
for the case analyzed here (I.;,; = 3 X I;;,;) and for a case with an increased cathode
emission current I, ;,; = 6 X I;;,; (which will be discussed in further detail in Section
4.5). The potential maps in panels (a) and (b) show how the potential drop that develops
in front of the cathode to select the neutralizing electron current steepens when increas-
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Figure 4.3: A zoom of the electric potential, total electron density and total ion density in
the region between the cathode and the bulk of the GIT plume.

ing I, ,;, so as to reflect the excess current back to the cathode. Indeed, the maps of the
electron currents, in panels (c¢) and (d), show very similar currents reaching the ion beam
at the upper boundary of the plots for the two simulations. Beyond this initial reversed
sheath the potential rises once more, accelerating electrons towards the ion beam. As a
consequence panels (e) and (f) show a gradual drop in the density of the electron beam,
required to maintain a constant total current as electrons expand and accelerate towards
the upper right corner of the plot. This electrostatic acceleration of electrons also provides
them with the energy necessary to ionize the neutral particles injected from the cathode
into this portion of the domain, as shown by the large ionization source term present in
front of the cathode in Figure 4.2(d). In turn, these collisions generate the ion population
shown in Figures 4.3(e) and 4.3(f), that slowly moves towards the cathode (see Figure
4.2(h)) and compensates the local negative electron charge, leading to the formation of a
quasi-neutral plasma beam between the cathode and the bulk of the GIT plume.

The general plasma properties discussed so far are in good agreement with the ones
of previous kinetic studies of GIT plumes with an externally located cathode[32], [82].
The one exception is that the maximum values of the electric potential found in front of
the thruster grids (just downstream of the Debye sheath that develops there) are relevantly
smaller than what was obtained in previous numerical works. This observation results
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in much better agreement with the values of the plasma potential typically obtained ex-
perimentally[164], [165], and as discussed in the next section, can be attributed to an
increased generation of trapped electrons and a more effective neutralization of the ion
beam that takes place when considering electron inelastic collisions in the simulations.

4.4. Primary and Trapped Electrons
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Figure 4.4: Properties of the primary electron (upper row) and trapped electron (bottom
row) populations for the reference simulation. From left to right the columns show re-
spectively the electron densities, specific currents, and the temperature tensor diagonal
components along x and z. The black arrows in panels (b) and (f) are the streamlines
along —j, so that they point in the direction of the electron motion. Note the change of
scales between the colour-maps of the primary and trapped electron temperatures.

The first and second rows of Figure 4.4 display respectively the macroscopic proper-
ties of the primary and trapped electron populations. The comparison between the two
density plots (panels (a) and (e)) immediately shows that the bulk of the ion beam is pre-
dominantly neutralized by trapped electrons, which represent more than 90% of the total
electron population along the plume axis. Considering that all electrons injected at the
cathode are initially primary, since they have at least the energy necessary to return to
the cathode or to the thruster body, an energy loss mechanism must exist that causes the
progressive trapping of these electrons. Indeed, two mechanisms in our simulations are
capable of reducing an electron’s energy, causing it to be listed as trapped: ionization and
excitation collisions, and the temporal variation of the electric potential during the initial
transient. In the former case of inelastic collisions, colliding electrons provide part of
their kinetic energy to excite or extract the electrons in the orbitals of the target neutral
atoms, effectively decreasing their total energy and possibly causing them to be trapped in
the plume. In the specific case of ionization collisions, not only is the energy of the parent
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electron reduced when providing a portion of the ionization energy, but a second electron
may be produced inside of the plume’s potential well, resulting in its immediate trapping.
On the other hand, the total energy of electrons is only conserved under the hypothesis of
a time-invariant electric potential, so that it is possible that primary electrons undergo a
decrease in their total energy during the initial transient, essentially trapping them in the
developing potential well.[167]

Once the total in-plane energy of an electron becomes low enough for it to become
trapped, very few escape mechanisms are available for it to exit the simulation domain.
This is confirmed by the in-plane specific currents of trapped electrons shown in Figure
4.4(f), which displays negligible flows to any of the domain boundaries, and by Table 4.4,
which reports the net currents of trapped and primary electrons flowing to each domain
boundary (positive when electrons are absorbed by the surface, negative when emitted)
as a fraction of the injected ion current. Additionally, no coherent structure can be iden-
tified in the streamlines at the center of the plasma beam when observing the plot of the
trapped electron specific currents. The dense column of trapped electrons at the center of
the plume is therefore essentially static, and is agitated only by a slight chaotic motion.
Note that, although collisional events between these electrons and the ions and neutrals in
the plume are infrequent, the trapped electron population turns out to be thermalized, be-
cause of their large residence time. This is evidenced by panels (a) and (b) of Figure 4.5,
in which we plot the primary and trapped electron velocity distribution functions (VDFs)
measured at two points along the axis of the plasma plume (x = 0, z = 10.2 and 37.5 cm).
The trapped electron VDF, in fact, appears to follow a Maxwellian distribution (overlain
with a dash-dotted black line) at low energies, but shows a depletion of the high energy
tails, that would contain electrons sufficiently energetic to escape the simulation domain,
and which can therefore be observed in the primary electron VDF. The similarity between
the trapped electron distributions in v,, v,, and v, also explains the isotropy of the tem-
perature tensor, whose in-plane, diagonal components are shown in panels (g) and (h).
It is also interesting that the population of trapped electrons is roughly isothermal at the
center of the plume, with T}, = 2 eV, and relevantly colder than the population of primary
electrons (consider also the change in the scale of the colour-maps between the plots of
primary and trapped electron temperatures). This rather low value of T, is likely set by
a combination of the energy threshold for ionization or excitation collisions, and the po-
tential drop between the plume bulk and the domain boundaries. On one hand, trapped
electrons with sufficiently high kinetic energies will sooner or later undergo an inelastic
collision, lowering their energy and consequently removing any high energy particle from
the trapped electrons VDF. On the other hand, the smallest potential difference between
the plume bulk and the domain boundaries will define the maximum energy range that
trapped electrons may have, as any electron with an energy outside of this range would
not be considered trapped.

Although the residence time of trapped electrons in the plume is largely increased with
respect to that of primary electrons, the former do possess a few escape mechanisms. The
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Figure 4.5: The primary and trapped electron VDFs at the center of the simulation do-
main (x = 0, z = 37.5cm), just downstream of the acceleration grid sheath (x =0, z =
10.2 cm), and in front of the cathode (x = —10cm, z = 7.5cm). Each curve represents
a mono-dimensional distribution, obtained by integrating the 3D VDF in the remaining
two dimensions. The data has been smoothed with a sliding window filter to remove
noise and increase readability. In panels (a) and (b) the dashed-dotted black line shows a
Maxwellian VDF with the macroscopic parameters of trapped electrons.

71



4.4. Primary and Trapped Electrons

Ipe/liinj Ite/liinj

Thruster Body  0.003  0.034
Grid 0.0 0.0

Cathode -1.11 0.086
Chamber walls  0.96 0.013

Table 4.4: Primary and trapped electron currents to the different domain boundaries ex-
pressed as a fraction of the ion current injected through the thruster grids. Positive values
indicate a net collection of electrons; negative values indicate a net electron emission from
the boundary.

first is linked to the fact that the present simulation is bi-dimensional in space, but three-
dimensional in velocity. As a consequence, electrons that undergo a collisional event that
scatters the direction of their velocity vector may trade part of their out-of-plane kinetic
energy for an increase of the in-plane kinetic energy, which could now be sufficient to
escape the plume’s potential well. It is worth noting that the inverse process may also
lead to the trapping of primary electrons, by tilting their in-plane velocity in the out-of-
plane direction. However this latter case is statistically less probable, as there are two
useful directions for electron escape (x and z) and only one for electron trapping (y). The
second mechanism for the escape of trapped electrons is once again the time-variation
of the electric potential[!78]. As we will later discuss with the use of Figure 4.7, the
potential values in the plume bulk (and in particular the maximum potential value @,,,.,
found ~9 cm downstream of the acceleration grid) gradually decrease over the course of
the simulation. As a result the trapping potential drop also decreases, allowing an outflow
of what were previously the most energetic trapped electrons. These escape mechanisms
are likely the explanation for the moderate electron flux observed to reach the cathode in
Figure 4.4(f) and Table 4.4. Indeed the cathode is the domain boundary surrounded by the
largest plasma density and with the highest electric potential, and represents as a result
the easiest escape route for any trapped electron that has undergone an increase in its total
in-plane energy.

Primary electrons, on the other hand, consist of those particles that are injected by
the cathode and never undergo a sufficient energy loss to cause their trapping inside of
the plume. A portion of these electrons, indeed, never reach the ion plume, as their
downstream motion is halted by the potential drop located in front of the cathode and
inverted back upstream, where they neutralize on the cathode or thruster walls (these are
the electrons that in other works are termed ‘reflected’[46], [130]). This causes the density
peak just in front of the cathode observed in Figure 4.3(e), and the presence of electrons
with negative velocities along x and z in front of the cathode, as shown if Figure 4.5(c).
The majority of the electrons with sufficient energy to overcome this initial potential drop
are instead accelerated into the plume by the positive electric charge of the ion beam.
Here, because of the large local neutral density and the recent gain in kinetic energy, a
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portion of these electrons undergo those inelastic collisions responsible for the production
of trapped electrons. The others, instead, either cross the potential drop at the top of the
plume and reach the upper domain boundary, or are reflected back into the plume (Figure
4.7(b)). This latter portion of primary electrons remain inside of the ion beam, bouncing
against its lateral edges until they reach the downstream boundary or return to the cathode
and exit the simulation. This can be noticed in panels (a) and (b) of Figure 4.5, that show
that at the center of the domain the primary electron population is characterized by a
double peaked VDF along v,, caused by the bouncing motion of these electrons between
the upper and lower edges of the plume. This motion causes both the local maxima in the
primary electron density at the lateral edges of the plasma beam in Figure 4.7(a), and the
large component of the primary electron temperature tensor along x, symptom of the large
spread of electron velocities in v,. Note that T, ,, is about half of the magnitude of 7T .,
pointing to a strong anisotropy in the primary electron population, which is confirmed by
the plots of their VDF. Finally, it is important to consider that the potential of the chamber
walls ¢y is mostly influenced by the properties of this electron population, and is largely
insensitive to the characteristics of trapped electrons. Indeed the total electron current to
the facility walls I, in Eq. (4.1) is mostly comprised of primary electrons, as clearly
demonstrated by Table 4.4. Except for the few escape mechanisms described, in fact,
trapped electrons do not have by definition the energy necessary to reach the chamber
walls, and are therefore reflected by the downstream simulation boundaries.

The presence of these distinct electron populations in the plume prompts the question
on their description by reduced models. With this objective it is important to first observe
that, since trapped electrons represent the vast majority of electrons in the plume bulk,
the even moments of the VDF of the total electron population (e.g. density, temperature,
etc.) will essentially coincide with those of the sole trapped electron population. On
the other hand, since the trapped electron VDF is symmetric in all direction of phase-
space, the odd moments of the total electron VDF (e.g. velocities, heat-flux, etc.) will
be dominated by the properties of primary electrons. Figure 4.6 is used to investigate
the compliance of the total electron population to the polytropic and Boltzmann relations
often used in numerical and experimental investigations of a GIT plume. In particular,
panel (a) shows the relationship between the densities and temperatures of the primary and
trapped electron populations along the axis of the ion beam (x = 0). It appears evident that
a polytropic law with a parameter y = 1.1475 (overlaid in the plot with a dashed black
line) is capable of precisely capturing the thermodynamics of trapped electrons in the
plume bulk. On the other hand, primary electrons follow a more complex thermodynamic
behaviour, which cannot be modeled with a polytropic relation. As mentioned, however,
in the main plume bulk a relationship that correctly captures the temperature of trapped
electrons will also give a very good estimation of that of the total electron population. It
instead represents a less accurate approximation when considering the regions outside of
the main ion beam, where primary electrons are the dominant population.

Panel (b), on the other hand, shows the relative error committed when employing the
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Figure 4.6: Panel (a) shows the relationship between the density and total temperature
of primary (in blue) and trapped (in orange) electrons along the axis of the ion beam.
The region of the initial plasma sheath was excluded from the plot, and the densities and
temperatures were normalized to be 1 in the first point. Panel (b) shows the relative error
obtained with the polytropic Boltzmann relation for the total electron density.
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polytropic Boltzmann relation to obtain the density of the total electron population as a
function of the local potential:

1
Yy=1¢—doly-1
To ’

1+

ng(@) = no (4.6)

where the reference density, potential, and temperature (ny, ¢y and 7)) were taken at the
point of maximum density (roughly located at x = 0 and z = 10.5cm) and y = 1.1475
was used. As expected, such a Boltzmann relation appears to be mostly acceptable in
the plume bulk, where trapped electrons (characterized by a near-Maxwellian VDF, and
well-described by the polytropic law) are dominant, and instead provides larger errors in
the outer regions of the plume where primary electrons prevail.
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Figure 4.7: Panel (a) shows the convergence in time of the facility wall potential (dashed
blue line), maximum potential value in the plume bulk (continuous blue line), and fraction
of trapped electrons (orange line) for the reference simulation. Panel (b) shows the tempo-
ral trend of electron-neutral elastic (continuous lines) ionization (dashed) and excitation
(dotted) collision frequencies for primary (in blue) and trapped (in orange) electrons, av-
eraged over the whole simulation domain.
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The steady-state of the simulation requires that an equilibrium is reached between the
trapping and escape mechanisms described above, that determine the properties of the
trapped electron population. This is a non-trivial process that may be better understood
with the use of Figure 4.7. Here in panel (a) we show the temporal variation of the poten-
tial at the chamber walls with a continuous blue line, and the maximum of the potential
along the plume axis (which is roughly located at x = 0, z = 9 cm) with a dashed blue line.
In orange, instead, we plot the ratio between the density of trapped electrons and the total
density of ions around the point of maximum potential. The inlaid plot shows a zoom
of the behaviour of these values in the last two thirds of the simulation, when the results
are close to steady-state. Panel (b), on the other hand shows the profile in time of the
average collision frequencies in the domain for primary (in blue) and trapped (in orange)
electrons. It is apparent from this Figure that the value of ¢,,., the fraction of trapped
electrons present in the plume bulk, and the inelastic collision frequencies are intimately
linked. During the initial transient, in fact, as the ion beam creates a region of high posi-
tive electric charge in front of the thruster grids, the plume potential rises to values close
to ¢max = 90 V. This produces a strong potential ramp that accelerates primary electrons,
injected at the cathode, towards the center of the ion beam with very high energies, lead-
ing to a profuse ionization and excitation of the neutral atoms emitted by the thruster and
the decrease of the primary electron energy, which can thus become trapped in the plume.
As the ratio of trapped electrons increases, they contribute to the neutralization of the ion
beam, reducing the electric charge and consequently the value of the electric potential in
the plume. This in turn diminishes the energy of the primary electrons arriving into the
plume and the inelastic collision rate, slowing down the trapped electron production. As
the simulation advances, the inelastic collision rate of primary electrons settles at a mod-
erate value, dependent on the slight acceleration provided by the few volts of potential
increase between the cathode and the ion beam, while the trapped electrons progressively
cool down due to the sparse inelastic collisions (and the decrease of the potential bar-
rier that traps them), causing their excitation and ionization frequencies to asymptotically
approach zero. By the end of the simulation, the described trapping and escape mecha-
nisms for trapped electrons almost balance each other out as steady-state is approached
asymptotically. Indeed, the inlaid panel shows that the variation in the amount of trapped
electrons n,, and maximum potential ¢,,,, in the second half of the simulation is minor. It
is important to consider that this asymptotic approach to equilibrium is characterized by a
timescale linked to the inelastic collision frequencies, which at low electron energies are
very low. We will in fact see in Section 4.6 that for the axisymmetric case, where the neu-
tral densities and collision frequencies are even lower, this slow approach to steady-state
will be further accentuated, to the point that an artificial acceleration mechanism will be
proposed. For now, however, the considered simulation gets sufficiently close to steady-
state in reasonable simulation times, so that no acceleration is needed, and we simply
employ this case to stress that the slower dynamics of the problem should not be over-
looked in the attempt to reduce the simulation’s computational times. Finally note that
the potential of the facility walls does converge to a constant value within the simulation
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time. As mentioned, in fact, ¢y is mainly determined by the primary electrons, and is
therefore less affected by the slow build up of the trapped electron population.

These considerations highlight the importance of the correct inclusion of trapping
mechanisms in simulations of the neutralization of GIT ion beams. Indeed, the under-
estimation of the trapped electron population leads to an overestimation of the potential
rise in front of the grids of the thruster, which through Joule heating has led in previous
works to excessively large electron temperatures, and to an increase in the beam diver-
gence caused by the deceleration of ions at the thruster exhaust[32], [157]. The temper-
atures obtained here for trapped electrons (which as mentioned coincide with the total
electron temperatures in the plume bulk) instead appear much closer to the typical values
of around 2 eV obtained experimentally[164], [179]. We note, moreover, that Kozakov
et al.[42] have recently shown that the trapped electron population may pose challenges
also for experimental investigations. Intrusive probing of the plume, in fact, may provide
an additional escape mechanism for electrons, which may now neutralize at the probe’s
surfaces. If the generation of trapped electrons is sufficiently slow this may strongly alter
their equilibrium, depleting their population in the plume and causing an increase in the
potential values in front of the thruster. This in turn can vary the general plume properties
measured.

4.5. Sensitivity Analysis

The previous section has highlighted the importance of inelastic collisions in the plasma
response. In order to confirm the physical mechanisms identified previously we present
here two additional simulations: in the first we artificially decrease excitation and ioniza-
tion cross-sections by a factor f.,; = 0.5, and in the second we fully omit these collisions
from the model. Moreover, the present section aims to study the sensitivity of the sim-
ulation results to some critically unknown input parameters of the model, such as the
emitted current /. ;,; and the temperature of the electrons injected by the cathode into the
domain. As a result, two further simulations have been considered, in which the emitted
cathode current and the electron temperature have been respectively doubled to 1,;,; =
8.46 A/m and T, = 6eV. Figure 4.8 compares the results of these four additional simula-
tions with the reference one by plotting the densities and scalar temperatures of primary
and trapped electrons, together with the electric potential and the electric charge density.
These quantities are shown along the plume axis in the first column of plots, and in the
lateral direction, 37.5 cm downstream of the thruster grids, in the second column. The
results relative to the reference simulation are plotted in blue, while the cases with double
electron temperature, double electron injection current, decreased inelastic collisions, and
no inelastic collisions are respectively shown in green, red, purple and orange. To provide
further information useful for the discussion of these results, Figure 4.9 shows a direct,
bidimensional comparison between the reference simulation and the one without inelastic
collisions, while Table 4.5 displays the steady-state values of the chamber potential for
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Figure 4.8: Comparison of the most relevant plasma properties obtained for the simulation
scenarios considered. The first column of plots displays, in order, the primary and trapped
electron densities, their temperatures, the electric potential, and the electric charge density
along the ion beam axis. The second column shows these same quantities in the lateral
direction, at the axial mid-line of the domain. Note that the results of the reference and
mildly collisional (f,,; = 0.5) simulations often perfectly overlap in the plots.
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Figure 4.9: Comparison between the maps of total ion density, total electron density,
electric potential and total electron temperature obtained for the reference simulation (in
blue) and the simulation with no inelastic collisions involving electrons (in orange).

It is clear from Figures 4.8 that there is a strong discrepancy in all the plotted values
between the simulation with no inelastic collisions and the other cases, to the extent that a
break in the abscissas of the temperature and potential plots was required for visualization
purposes. The cause of this variation has already been introduced in the previous sections:
the absence of inelastic collisions removes one of the most prominent electron trapping
mechanisms, strongly reducing the trapped population as shown by panels (c¢) and (d).
This in turn leads to a reduced neutralization of the ion beam (note the positive electric
charge present downstream of the acceleration grid in panel (k)) and a hefty increase in
the plume’s electric potential (see panel (i) and Figure 4.9(c)). The result is that fast ions
undergo a stronger deceleration in front of the thruster grids, leading to the larger plume
divergence observable in all plots of the second column. Moreover, the primary electrons
accelerated into the plume gain a large amount of kinetic energy from the strong potential
rise between the cathode and the plume bulk, which translates into the considerable values
of the primary electron temperature observed in panels (e) and (f), and in the total electron
temperature of Figure 4.9 (d). Once accelerated into the plume, a portion of the primary
electrons may bounce on the plume edges, moving with a zig-zag motion downstream.
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Case ow [V]
Ref -4.02
2xT, -7.49
2X 1, in; -6.30

fCol =0.5 -4.01
No Collisions  -4.03

Table 4.5: Values of the facility wall potential for the simulation scenarios considered.

This kind of bouncing trajectory is present also in the collisional cases, but is damped by
the inelastic collisions and by the gradual energy loss of these electrons that eventually
fall into the trapped population. As a consequence, the density peaks, that are observed
only for the collisionless case in the primary electron density of panel (a), indicate the
positions where the beam of bouncing primary electrons crosses the plume axis. Similarly
to primary electrons, trapped electrons for the collisionless case also display a substantial
scalar temperature, which can be attributed to the large trapping potential drop found at
the edges of the plume, capable of trapping electrons with a wide spread of velocities.

On the other hand, the simulation with reduced but still present inelastic collisions
provides at steady-state results in excellent agreement with the reference scenario, to the
point that the blue and purple lines often perfectly overlap in Figure 4.8. This steady-state
is reached, however, in double the simulation time 7, indicating that it is the simple pres-
ence of a collisional trapping mechanism for electrons that relevantly modifies the simu-
lation results, not its strength. More collisional or less collisional simulations will in fact
require shorter or longer transients, but will eventually approach the same steady-state.
Finally, note that the facility wall potential shown in Table 4.5 for the collisionless case
is nearly identical to the one obtained with the reference and mildly collisional simula-
tions. As already mentioned, in fact, the value of ¢y is strongly insensitive to the trapped
electron properties, which is the electron population most affected by the exclusion of
inelastic electron collisions. In fact, while the maps of the primary electron properties
vary due to the changes in the potential profiles in the domain, the total energy of each
primary electron, which is what determines whether it reaches the chamber walls or not,
is essentially unaffected due to the conservative nature of the electric forces.

Conversely to the case with no inelastic collisions, the cases with a doubled injection
electron temperature or current appear to influence mostly the properties linked to the
primary electron population, while leaving the characteristics of trapped electrons mostly
unvaried. Figures 4.8(c) and 4.8(d), in fact, display a negligible variation within the main
ion beam both in the axial and lateral profiles of the trapped electron density for these
two cases. Similarly, also the trapped electron temperature shown in Figures 4.8(g) and
4.8(h) appears to be mostly insensitive to the injected electron current, and only mildly de-
pendent on the injected electron temperature. Interestingly in this latter case the trapped
electron population is essentially isothermal along the plasma plume, causing it to be-
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come progressively warmer than in the reference case as one moves downstream. These
negligible variations in the trapped electron population cause an identical neutralization
of the ion beam throughout all three simulations, as demonstrated by panels (k) and (1),
which leads to the very similar profiles of the electric potential observed in panels (i) and
(j).- The upward or downward shifts of these profiles with respect to the reference simula-
tion are instead linked to the primary electron population. Note, in fact, that the primary
electron properties are directly connected with the injection parameters at the cathode:
doubling the injection temperature causes the temperature values of primary electrons to
be roughly doubled (see panels (e) and (f)), while increasing the injected current causes
an increase in the primary electron densities (panels (a) and (b)). Because this electron
population groups the more energetic electrons present in the domain, which are therefore
capable of further penetrating inside the Debye sheaths found at the edges of the plasma
plume (i.e. in front of the thruster grids and at the chamber walls), it is the one mostly
responsible for the determination of the sheaths’ potential drop. According to classical
sheath theory, in fact, the potential drop in a Debye sheath is known to be proportional
to the electron temperature, causing the larger potential rise in front of the acceleration
grid for the simulation with the increased electron temperature, and as a consequence the
upward shift of its potential profile with respect to the reference simulation. The larger
electron temperature in this simulation also accentuates the average energy of the primary
electrons at the domain edge, explaining the low value of the chamber potential of Table
4.5 which is necessary to maintain the electron current to the walls equal to the ion one.
A similar mechanism takes place for the case of the increased electron current, where
more electrons must be reflected back into the domain at the outer boundaries to maintain
1w = —Iw. This causes the decrease of the facility potential with respect to the reference
case shown in Table 4.5, which in turn drags down the entire potential map decreasing the
potential values in comparison to the reference scenario.

4.6. Axisymmetric Simulation

In order to obtain a more faithful description of a real GIT plume, the simulation of a
three-dimensional expansion is necessary. Nevertheless, the employed PIC code PICASO
is bi-dimensional in space, and we therefore make use of axisymmetric simulations to
achieve a 3D description of the plume. While this implies the simulation of an annular
cathode that surrounds the ion source, and the consequent symmetrization of the real sys-
tem, we believe this to be an acceptable approximation for our purpose. Indeed, all of the
previous planar and asymmetric simulation results show that all asymmetry is lost imme-
diately downstream of the cathode, and that the main bulk of the ion beam is symmetric.
Analogously to the previous planar case, we therefore first ran a three-dimensional plume
simulation in the hybrid code EP2PLUS to retrieve the neutral density map, which was
then imported into PICASO. Note that, because of the additional dimension of the expan-
sion, the density map obtained for this 3D case is relevantly more sparse with respect to
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the one shown in Figure 4.1 (see Appendix 4.A).

4.6.1. Approach to steady-state and simulation acceleration

Because of the lower values of neutral density obtained, and considering that the charac-
teristic time of the formation of the trapped electron population is strongly linked to the
frequency of inelastic collisions with neutrals (as discussed in Section 4.4 and 4.5), rele-
vantly longer simulation times will be necessary for this axisymmetric case to approach
steady-state. Nevertheless, the residence time ¢,.; of trapped electrons in the domain is
theoretically infinite, so that the number of inelastic collisions that they undergo is not
delimited by #,.5/t.,; — oo (with 7., the mean period between collisions), but by the ratio
between the electron energy and the collision energy. It therefore stands to reason that the
simulation times may be importantly reduced, without changing the underlying physical
mechanisms and the final steady-state solution, by increasing by a factor f,, the inelastic
collision cross-sections, and therefore the collision frequency, of trapped electrons. In-
deed, the sensitivity analysis of the previous section already showed negligible variations
in the simulation results when altering the inelastic collision frequencies (although in that
case we were varying the collisionality of all electrons, not only of the trapped electron
population).

Figure 4.10: Temporal trend of the facility wall potential (dashed blue lines), maximum
potential in the plume bulk (continuous blue lines), and fraction of trapped electrons (or-
ange lines) for the unaccelerated and accelerated cases. Because of the different simula-
tion lengths the x-axis shows the fraction of the total simulation time. The dashed vertical
black line shows where the collision cross-sections were reset to their physical values.

To further confirm this we have run a total of five axisymmetric simulations: the first
one with no acceleration factor on the collision cross-sections and a relatively large to-
tal simulation time #,, = 3 ms, and the others with progressively increasing acceleration
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factors of f,.,; = 2.5,5,7.5, and 10, and proportionally decreasing simulation times. The
cross-sections of all the accelerated simulations were reset to their physical values in the
last tenth of each simulation, in order to avoid a non-physical ionization production at
steady-state and to confirm that no relevant variations of the plume properties could be at-
tributed to f,,;. It must however be mentioned that similar simulations were run in which
feo1 Was kept constant throughout the whole duration, and no visible changes were ob-
served in the simulation results. Figure 4.10 displays once more the convergence of the
maximum potential ¢,,,, facility wall potential ¢y and trapped electron fraction n,./n;
for the simulations considered. Note that the non-accelerated simulation is shown with
thicker dark blue and orange lines, while progressively darker thin lines are used for simu-
lations with incrementing acceleration factors. It is immediately clear that the acceleration
factor has only a minor effect on the plotted values for all of the considered cases. How-
ever, for values of f,,; > 5 a slight overshoot of the fraction of trapped electrons, and a
consequent undershoot of ¢,,,, may be observed, which eventually leads to slightly lower
values of the steady-state maximum potential. This is likely due to excessive inelastic
collisions during the initial simulation transient, where the energy of trapped electrons is
still very high and their residence time is not truly infinite because of the variation in time
of the potential map. However, for f.,; < 5 the steady-state values of the accelerated and
non-accelerated simulations are indistinguishable. We therefore infer that, for this spe-
cific scenario, a simulation speed-up of roughly a factor 5 is possible with this technique
without sensibly altering the steady-state results. This is confirmed by Figure 4.11, where
the comparison between the axisymmetric simulation results for the non-accelerated case
(in the upper portion of each plot) and the case with f,,; = 5 (below), shows that negligible
effects may be attributed to the acceleration technique introduced.

4.6.2. Simulation results

Regarding the plume response a few differences with respect to the planar case may be
noticed in Figure 4.11. The first observation, and the more relevant from the point of
view of the general plasma response, consists of the higher potential values shown in the
bottom right plot when compared to those of the planar case. This is a consequence of
the lower trapped electron density obtained here, which causes a worse neutralization of
the ion beam, as shown by the charge density plot. The physical causes that lead to a
lower trapped electron density in this case are not fully clear to the authors, as they likely
depend on the complex equilibrium between the trapping and escape mechanisms that
govern this electron population. The result, however, is the formation of a slightly more
divergent plume, due to the the potential rise in front of the grids that reduces the axial
velocity of the injected fast ions.

The second thing immediately noticeable in Figure 4.11, is the very low density of
the primary electrons displayed in panel (b). Similarly to the case of the neutral density,
this is simply explained by considering the additional direction of expansion that is now
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Figure 4.11: Comparison of the steady-state plasma properties obtained for the non-
accelerated (upper portion of each plot) and accelerated (below) axisymmetric cases.
From left to right and from top to bottom the panels show the total ion density, and the
primary and trapped electron densities; the total ion velocity and the primary and trapped
electron currents; and the ionization production term, the charge density and the electric
potential. In panels (d), (e) and (f) the black arrows represent the velocity and current
streamlines.
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available to these electrons. In fact, while fast ions and trapped electrons essentially form
a mono-dimensional beam, neutrals, slow ions and primary electrons are free to expand
in all directions, causing a relevant decrease in their density when moving from a 2D
to a 3D expansion. Note also that the motion of primary electrons described by panel
(e) is slightly different in this axisymmetric case with respect to the planar one. These
electrons, in fact, emitted by an annular cathode, cross radially the ion beam and are then
re-attracted towards it by its positive space charge, causing the curvature of the current
streamlines back towards the axis of symmetry. At the downstream boundary a portion of
these primary electrons are reflected by the BCs imposing a current-free plume and return
upstream, forming the current ‘vortex’ observed in the second half of the domain close
the the plume’s center-line.

Except for these variations, the axisymmetric simulation qualitatively behaves anal-
ogously to what has already been discussed for the planar cases. Fast ions are slightly
decelerated in the Debye sheath in front of the grids, and then continue their axial mo-
tion, while slow ions are accelerated laterally (see the total ion velocities of panel (d)).
Primary electrons accelerate through the ion beam and then reach the chamber walls on
the opposite side (panel (e)), and the trapped ones only display a chaotic motion inside of
the plume’s bulk (panel (f)).

4.7. Conclusions

In this work we have employed our in-house 2D PIC code PICASO to simulate and study
the expansion and neutralization process of a gridded ion thruster plume both in planar
and axisymmetric geometries. Importantly, these simulations consider a library of colli-
sional processes, including inelastic electron collisions such as ionization and excitation
of the neutral background. These latter collisions were observed to be one of the primary
mechanisms responsible for the generation in the plume of two distinct electron popu-
lations termed ‘primary electrons’ and ‘trapped electrons’ depending on their ability to
escape the plume’s potential well.

By using an energy-based criterion it was possible to sort the primary and trapped
electrons in the simulations into separate lists, enabling the study of the generation mech-
anisms and properties of each population. Those electrons trapped in the potential well
formed by the ion beam were found to represent the vast majority of the total electron pop-
ulation at steady-state, thus essentially determining the total electron density and temper-
ature in the plume bulk. Because these electrons have a large residence time in the plume
they undergo numerous collisions, and are thus characterized by an undrifted Maxwellian
VDF (depleted at the high energy tails) and by moderate and isotropic values of the tem-
perature tensor. As a consequence, the even moments of the tapped electron VDF (i.e.
density and temperature) can be well approximated both by a polytropic law and by the
Boltzmann relation, while all odd moments (e.g. particle flux and heat flux) are negligible.
The formation of this electron population via inelastic collisions was found to be funda-

85



4.7. Conclusions

mental for the neutralization of the plume and the lowering of the maximum potential
and electron temperature values observed downstream of the thruster grids. Indeed, our
collisional simulations gave results in good agreement with the typical values for these
experimental measurements in GIT plumes, while simulations that forego the inclusion
of inelastic collisions were observed to underestimate the size of this population, and as
a consequence to importantly overestimate the electron temperature and potential in the
plume. Importantly, because of the small inelastic collision frequencies in a typical GIT
plume, the collisional generation of trapped electrons is slow, meaning that this popula-
tion will be sensitive to any perturbation (e.g. plasma probes) that may extract even small
currents of trapped electrons from the plume. Finally, the properties of trapped electrons
were found to be largely independent on the cathode injection conditions, and appeared
mostly affected by the collisional processes considered in the simulations.

On the other hand, primary electrons, injected from the cathode and predominant at
the outer edges of the plume, were observed to have a low residence time in the simulation
domain, and as a consequence undergo a limited number of collisions and display large
and anisotropic values of the temperature tensor. Because the odd moments of the trapped
electron VDF are negligible, this electron population provides the total currents and heat
fluxes of electrons in the plume, and as a consequence is also fundamental in determining
the thruster’s floating potential. A sensitivity analysis also showed that the steady-state
equilibrium of this electron population is strongly dependent on the cathode injection
properties, but that in any case the net primary electron current emitted by the cathode
adjusts to provide a current free plume by means of the formation of a sheath in front
of the cathode and the evolution of the thruster’s floating potential. Finally, a study of
the simulation transient revealed that these are the electrons that, accelerated into the ion
beam, generate through inelastic collisions the trapped electron population.

The characteristic time for the formation of the trapped electron population was found
to depend on the timescales of the inelastic collisions that generate them, extending no-
ticeably the required simulation times to approach steady-state. As a consequence an
acceleration strategy employed to speed-up the the simulations was presented for the case
of an axisymmetric domain. This strategy, which consists in the artificial increase of the
cross-section of inelastic collisions involving the trapped electron population, was shown
to allow a reduction in simulation times of up to a factor 5 without influencing the steady-
state results. The axisymmetric simulations thus obtained, which allow a three dimen-
sional description of the plume expansion, displayed many of the characteristics of the
planar case analyzed previously, but also showed a smaller fraction of trapped electrons,
responsible for a larger potential increase in front of the thruster grids, and an increased
divergence of the plasma plume. Because of the additional dimension in the simulated
expansion the density of neutrals and of primary electrons also sharply decreased.

As a final remark, we would like to acknowledge the necessity of an experimental
validation of the theoretical findings presented in this work. One approach to investigate
the presence and effects of a trapped electron population could be to insert differently
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sized and biased electrodes in a GIT’s plume. Because of the slow generation mechanism
of trapped electrons, in fact, these electrodes would collect them and possibly lead to the
depletion of their population, allowing a first experimental determination of their energy,
production rate, and effect on the plume structure.
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4.A. Hybrid Simulation
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Figure 4.A.1: The plasma density, neutral density, ion velocity and electric potential for
the planar case obtained with the quasi-neutral hybrid code EP2PLUS

Figures 4.A.1 and 4.A.2 show respectively the plasma properties obtained for the pla-
nar and axisymmetric cases with the quasi-neutral, hybrid code EP2PLUS. Notice that,
while qualitatively the plume shape and the plasma densities match the ones obtained with
PICASQO, the values of electric potential and the behavior of the ion velocity display some
marginal differences. Interestingly, the main variations observed in the PIC simulations
when passing from the planar to the axisymmetric case are also seen here (e.g. the de-
crease of the density in the CEX wings and the increased plume divergence). Finally, note
that, because the code is quasi-neutral, the Debye sheath in front on the thruster grids is
here assumed infinitesimal, and described by means of an analytical model.[29]
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Figure 4.A.2: The plasma density, neutral density, ion velocity and electric potential for
the axisymmetric case obtained with the quasi-neutral hybrid code EP2PLUS

4.B. Effects of the Artificial Vacuum Permittivity

The reference simulation presented and discussed in Sections 4.3 and 4.4 has also been
run with an augmentation factor fp = 10 in order to evaluate the effects of artificially
increasing the vacuum permittivity. This decrease of the augmentation factor implies a
doubling of the number of cells in each dimension and a decrease of the simulation time-
step by a factor 2, ultimately increasing the computational burden by a factor 8. Figure
4.B.1 compares the quantities most sensitive to a variation in the vacuum permittivity
(i.e. the electron properties and the electric potential) along the axis of the ion beam and
at a lateral section with z = 37.5cm. The most evident variation is the reduction of the
size of the Debye sheath in front of the acceleration grid as fp decreases, which also
implies the presence of electrons at a shorter distance from the grids. Downstream of
this sheath the electric potential reaches slightly lower values for the case with a smaller
augmentation factor, and this minor shift between the two potential values is then kept
constant throughout the domain. Indeed, the electric fields in the two simulations are
essentially the same beyond the initial sheath. These lower potential values for the case of
fp = 10 are also responsible for a decrease in the electron temperatures shown in panels
(g) and (h). Finally, all lateral profiles do not seem to suffer particular changes when
varying the vacuum permittivity, except for the one of the trapped electron density. In any
case this latter quantity remains between 2 and 5 times smaller than the primary electron
density in the plume periphery, and therefore represents only a marginal fraction of the
total electron density in this region of the domain. These small discrepancies between
the two simulations are likely due to the different size of the Debye sheath in front of the
acceleration grid, where the finite discretization of the electron VDF by means of macro-
particles means that the electron density decreases identically to zero in some cells. A
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different dimension of this region with a null electron density leads to slightly different
potentials, and to the differences observed between these two simulations.

z=0cm z=375cm

101

0 20 40 60 —40 —20 0

B 0
2z [em]

2 [em]

== fp=10

primary, fp = 20 === primary, fp =10
— fp=20

trapped, fp = 20 —==- trapped, fp = 10

Figure 4.B.1: Comparison between the plasma properties obtained with acceleration fac-
tors fp = 20 (continuous lines) and fp = 10 (dashed lines).
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CHAPTER 5

Numerical and Experimental Study of Facility Effects on a
Gridded lon Engine’s Plasma Plume

This chapter reproduces the contents of Ref. [50], published in a special issue dedi-
cated to facility effects in the peer-reviewed Journal of Applied Physics. The typog-
raphy has been adapted to the style of this thesis.

Abstract

Combined numerical and experimental investigations of facility effects on grid-
ded ion engines and their plumes are necessary to improve the extrapolation of ex-
perimental data to in-space conditions. This work presents —for different operating
points, background pressures, and thruster potentials— the comparison between the
experimental characterization of the RIT10-EVO’s plasma plume and its simulations
by means of an axisymmetric particle-in-cell code. The axial and radial profiles of
the ion densities, energies and axial currents in the thruster’s plume, as well as the
electron temperature in the far plume computed by the code fall within experimental
error bars. The electron temperature closer to the thruster, and the radial energies
of backstreaming ions outside of the plasma beam, are instead underestimated by
respectively about 4eV and 20eV. Simulations that include an immersed probe in
the modeled plume do not fully explain this mismatch, but showcase an important
dependence of the plume’s potential on the probe’s biasing voltage, hinting at a pos-
sible deformation of the measured IV curve. A closer inspection of the effects of the
facility background pressure reveals that both experiments and the numerical model
observe an increase in plasma density, a drop in electron temperature and a decrease
in the backstreaming ion energy as the neutral density rises. Similarly, both simu-

lations and experiments show an increase of the energy of backstreaming ions, and
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the formation of a negative net current flowing from the thruster to the facility walls,
when the thruster potential with respect to ground is decreased.

5.1. Introduction

The performance of gridded ion engines (GIE), the behavior of the plasma plume that
they produce, and its interaction with the surfaces of the hosting satellite are principally
studied through experiments carried out in ground facilities. These analyses make the
assumption that the thruster’s behavior will not be altered by the differences between the
experimental and in-space conditions. However, numerous studies suggest that this is
not the case, and that an ensemble of mechanisms, generally collected under the term
“facility effects”, may cause relevant variations in the properties of the thruster and its
plume when operated in an experimental facility rather than in space.[26], [180], [181]
The most evident and well documented among these are: (i) the larger density and differ-
ent distribution of background neutral atoms found in an experimental facility[!82], that
increment the plume’s collisionality and lead to the formation of low energy ions[29],
[183] and electrons[49]; (ii) the presence of facility walls, that truncate the plasma ex-
pansion at a finite distance from the thruster[31], [39], introduce in the plume additional
neutral particles and electrons through recombination, sputtering and secondary electron
emission[42], [184], and set artificial boundary conditions for the electric potential[31];
and (iii) the use of immersed probes (or in general any immersed electrode) employed
to measure the plasma properties and that may offer current paths to ground that are not
present in space.[42], [49]

The presence of these facility effects means that an exact extrapolation of experimental
data to in-space operating conditions is not trivial, especially for high power density appli-
cations that impose even more challenging requirements on the facility size and pumping
rate.[ 1 84], [185] Important modeling efforts are therefore required in close collaboration
with experimental studies to understand and isolate these effects, allowing a more accu-
rate prediction of the thruster’s operation in space. Recently, relevant contributions have
been made in this direction by Nishii et al.. Their work first investigated, through a 3D
full PIC code, the effect of facility background pressure and the sputtering of the chamber
walls caused by high energy ions[ 58], and later concentrated on the analysis of the neu-
traliser’s coupling with the thruster’s ion beam.[32] Similarly, our previous work[49] —of
which the present document is a natural continuation— developed a 2D full PIC model
and applied it to study the fundamental physical mechanisms that lead to the neutralisa-
tion of a GIE plume. A major conclusion of that work is that inelastic electron collisions
play a prominent role in the efficient neutralisation of the positive space-charge of the
GIE’s ion beam, and in the mitigation of the electric potential values in the plume. These
collisional processes, in fact, cause the reduction of the total energy of electrons com-
ing from the neutraliser (termed primary electrons as long as they have enough energy
to escape from the plume), allowing their trapping within the plume’s potential well and
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restraining the electron cloud within the ion beam (i.e. forming a trapped electron popu-
lation)[47], [130]. As a consequence, the plume’s neutralisation process takes place with
time-scales dictated by the relatively slow inelastic collision frequencies of electrons, and
may be perturbed by any mechanism that provides an efficient escape path to the trapped
electrons.

While many different GIE plume models are present in the literature [29], [32], [150],
[153], [159], only a few have been compared with existing experimental data [30], [32],
[42], [186], and to the authors’ knowledge none have undergone a dedicated and ex-
tensive validation campaign. In this work we attempt to validate the 2D axisymmetric,
full PIC model presented in Ref. [49] —and the physical insights and conclusions dis-
cussed therein— by means of a thorough comparison with experimental data. To this
end, measurements of the plasma plume of Ariane’s RIT10-EVO were carried out at the
Justus-Liebig-Universitit (JLU) in GieBen for different background pressures and elec-
trical configurations of the thruster with respect to ground [187], and are here compared
with the model’s results[ 1 88].

The remainder of this paper is structured as follows. Section 5.2 gives a general
overview of the RIT10-EVO, its neutraliser, and the different operating conditions in
which their plume was studied, before descending into the details of the experimental
(Sec. 5.2.1) and numerical methodologies (Sec. 5.2.2). Section 5.3 then employs one
of the operating conditions as a representative example of the comparison between the
numerical and experimental results. This comparison is extended to the other operating
conditions in Section 5.4, where the experimental and numerical response of the plume to
variations in the background pressure and thruster potential are analyzed. Next, Section
5.5 provides a qualitative evaluation of the disturbances caused by the immersion of a
probe in the plume, while Section 5.6 discusses the main sources of uncertainties in the
model, and their relation to the discrepancies between numerical and experimental results.
Finally, Section 5.7 summarizes the main conclusions and remaining open-points of this
work.

5.2. Methodology

The RIT10-EVO is a medium-power radio-frequency ion thruster[ 6], [168], [189] pro-
vided by ArianeGroup, with a thrust range of 5-25 mN and a corresponding power range
of 145-760 W. Its body has a total diameter of 16 cm at the center of which is located
a grid system —composed of a screen grid and an acceleration grid— of 10cm in di-
ameter. During the test campaign the neutralisation of the ion beam was guaranteed by
a radio-frequency neutraliser developed by ArianeGroup[|90], with a total diameter of
7.8 cm and a 2 mm aperture in the extraction plate, positioned above the thruster and in-
clined towards the ion beam with an angle of roughly 45°. The neutraliser was operated
with a fixed Xenon mass flow of 0.8 sccm and in electrical contact with the thruster, so
that all its external surfaces were at the same potential as the thruster body. For this work
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the thruster was studied experimentally and numerically in the 12 distinct operating con-
ditions detailed in Table 5.1, obtained as a combination of two operating points of the
thruster (O1 and O2), three background pressures BP (P1, P2 and P3), and up to five val-
ues of the thruster potential with respect to ground V; (an electrically floating thruster, and
the prescribed potential differences of -15, -20, -25, and —30 V). Note that, in the case of
02, the thruster floated at V;, ~ —20 V making the values of —15 and —20 V impossible
to impose with the voltage supply used during experiments. The corresponding operating
points therefore were not investigated and are not present in Table 5.1.

Table 5.1: Operating conditions in which the plume of the RIT10-EVO was studied. Here
I;, AV, and m represent respectively the ion current, the potential difference between the
thruster grids, and the Xenon mass flow at which the thruster is operated.

Operating Point

I; [mA] AV [V] m[sccm] | BP [mbar] | V, [V]
O1P1F 100 1150 2.0 4x1076 float®
O1P2F 100 1150 2.0 4x1073 float®
O1P3F 100 1150 2.0 8x1073 float®
0O1P1V2 100 1150 2.0 4x107° -15
01P1V3 100 1150 2.0 4x1076 -20
O1P1V4 100 1150 2.0 4x1076 -25
O1P1V5s 100 1150 2.0 4x107° -30
O2P1F 200 1350 4.0 4x1076 float®
O2P2F 200 1350 4.0 4x1073 float®
O2P3F 200 1350 4.0 8x107° float®
02P1V4 200 1350 4.0 4x1076 -25
02P1V5s 200 1350 4.0 4x1076 -30

 Thruster is electrically floating with respect to ground

5.2.1. Experimental Setup

The experimental data presented in this work was collected in the JUMBO vacuum test fa-
cility at JLU: a cylindrical vacuum chamber of 2.6 m in diameter and approximately 6 m in
length. The chamber is equipped with four turbopumps with a combined Xenon pumping
speed of 4000 L s™! and eight cryogenic panels with a total pumping speed of approxi-
mately 150 000L s~!, that allow a baseline facility background pressure of 2x10~"mbar.
The chamber pressure is constantly measured by two Pfeiffer PKR251 cold cathode vac-
uum gauges (located at the front and center of the facility) and a Pfeiffer PBR260 Bayard-
Alpert vacuum gauge (behind the thruster). At the opposite end of the facility with respect
to the thruster a water-cooled carbon beam dump is installed. The background pressures
P2 and P3 reported in Table 5.1 were obtained by operating only with the turbopumps and,
for the higher pressure values, by feeding additional neutral Xenon gas into the center of
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the chamber, about 1.5 m downstream of the thruster exit plane. Finally, the control of the
potential of the thruster-neutraliser combination was ensured by mounting it on an isolat-
ing Teflon plate, and when necessary biasing it with respect to ground using a CPX200DP
power supply from Aim-TTi. The resulting thruster potential was continuously measured
during operation using a digital multimeter.

An image of the RIT10-EVO and RF-neutraliser, mounted in the JUMBO facility is
presented in Figure 5.1, while Figure 5.2 shows a sketch of the thruster inside of the
vacuum vessel, and displays the locations and types of measurements carried out for each
operating condition considered. These are further detailed below.

Figure 5.1: The RIT10-EVO mounted in the JUMBO facility at JLU with the RF-
neutraliser positioned above it, and the plume RPA in front of it at z = 30 cm.

5.2.1.1 Double Langmuir Probe

A double Langmuir probe (DLP) was employed for the determination of the plasma den-
sity and temperature. The probe, manufactured in house, is composed of two 6 mm long
and 0.3 mm thick tungsten wires connected to a Keysight B2901A Precision Source Meter
via shielded cables in a four-wire configuration. Measurements were taken by biasing one
wire with respect to the other at three axial distances from the thruster: z = 10, 30, and
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Figure 5.2: Sketch of the experimental and numerical (in yellow) domains. The dashed
blue lines and purple circular markers show the probing locations of the DLP, FC and
RPAs during the experimental campaign. The solid green shape at the left of the diagram
represents the physical geometry of the thruster, while the dashed green lines contigu-
ous to it indicate the annular neutraliser geometry considered in simulations due to the
assumption of axisymmetry. For purposes of clear representation the elements of the dia-
gram are not scaled equally.

60 cm. At each axial location a Cartesian translation stage was used to move the probe
within a measurement area on the xy plane of respectively 30x30cm?, 60x35 cm?, and
60%35 cm?, each with a step size in the x and y directions of 2, 4, and 5 cm. At each mea-
surement location the potential between the two probes was swept between —60V and
60V with steps of 0.5V, each held for an averaging time of 40 ms. From the resulting
current-voltage curve the electron temperature 7, and ion density n; were obtained as

dl e

. =1isar57s 5.1
AU ly_o = s (5.1)

Iisat
n= ———, 52
AeNT,/m; (5-2)

following the procedure detailed in Ref. [191]. Here e is the elementary charge, m; the
mass of ions, A the probe area, and /;,, the ion saturation current, determined as the
intercept on the y axis of a linear fit of the saturation region. The covariance of this fit was
then used, in combination with an error propagation calculation, to determine an estimate
of the measurement’s standard error, displayed as error bars in the relevant figures of
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this work. We note here that, because the floating potential of the double probe was not
measured during its operation, no estimation of the plasma potential could be retrieved
from the measured IV curves.

5.2.1.2 Plume Retarding Potential Analyzer

A four aperture, in-house manufactured retarding potential analyzer (RPA) [192] was
employed to evaluate the ion energy distribution function at four locations in the plume
bulk: two points at an axial distance z = 30cm from the thruster and at r = 0, and
Scm; and two points at z = 60cm and r = 0, and 5 cm. The voltage of the ion repelling
grid with respect to the thruster body was swept between 850V and 1150V for O1, and
between 1050 V and 1350V for O2, in both cases in steps of 1.5 V; and the ion velocity
distribution function (VDF) was obtained by fitting a Gaussian to the derivative of the
resulting current-voltage curve. The standard error of the computed (VDF) was obtained
from the covariance matrix of the fitting parameters.[193] Since the transparency of the
apertures of the employed RPA is unknown, the obtained distributions (and the standard
error) are normalized before comparing them with those given by the numerical model.

5.2.1.3 Backflow Retarding Potential Analyzer

The radial energy of ions flowing laterally, outside of the plume bulk, was measured
in the point z = 15cm, r = 30cm with the use of a Semion RPA by Impedans[24].
Due to the small current densities of low energy ions passing through this point, the
measurement was repeated up to 26 separate times for each operating condition, and the
resulting curves were averaged to improve the signal-to-noise ratio. The derivative of the
current-voltage curves was then fitted with a Gaussian (or for some operating conditions
a double Gaussian) and the normalized fitting curve was used for the comparison with
the numerical results. Note that the standard measurement errors were retrieved from the
covariance matrix of the fitting parameters.[ 193]

5.2.1.4 Faraday Cup Array

The ion current density profiles were measured with the use of a Faraday cup (FC) ar-
ray[194] at axial distances from the thruster of z = 1m and z = 1.2m. The array, per-
manently mounted within the JUMBO facility at JLU, is one meter tall and is composed
of 53 FCs placed at mutual vertical distances ranging from 12.5 mm at the center of the
array to 25 mm at its edges. Each FC has a circular aperture of area Ay, = 3.14 mm?, an
acceptance angle of 60°, and is equipped with a repeller biased to =50 V with respect to
ground to suppress perturbations due to secondary electron emission. At both axial dis-
tances the array was swept across the ion beam from x = —40 cm to x = 40 cm in steps of
1 cm, resulting in a measurement area of 80x100 cm?. The net current measured by each
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FC at position i was then converted to an ion current density by dividing it by an effective
aperture area A; that takes into account the non-normal incidence of ions on the detection
surface of the probe:

Afc P for rp < Verids
Ti = Fgrid
Z

A= (5.3)

Ay cos [arctan( )] , for ri > ryias

where r; is the radial distance of the considered FC from the beam axis, r,,;4 is the radius
of the thruster’s grid system, and z is the axial distance between thruster and measurement
plane.

As depicted in Figure 5.2, the axial distances at which the FC measurements were
taken lie outside of the domain employed in the simulations, due to the large computa-
tional costs associated with an increase in domain size. In order to compare experimental
and numerical data, it was therefore necessary to extrapolate the FC measurements to a
location within the simulation domain. This was done by assuming a conical expansion
of ions, which accelerated through the thruster grids possess a sufficiently large inertia to
follow essentially straight trajectories over the distances considered here, and that their
scattering due to ion-neutral collisions could be neglected. Under these assumptions, and
passing to spherical coordinates (p = V22 + r2 and @ = tan”'(r/z)), one has that (o, @)p>
does not vary with p, allowing the extrapolation of the ion current density from one axial
location to another. This was first confirmed by extrapolating the measurements taken at
z = 1.2m to z = 1 m, and comparing the results with the measurements available there,
yielding in all cases a maximum relative error below 7% . Then, the measurements taken
at z = 1 m were extrapolated to an axial distance of z = 0.6 m, allowing the comparison
with simulations.

5.2.2. Simulation Setup

The modeling approach and the specific description of the model employed have already
been thoroughly discussed in Ref. [49]. We therefore limit our description here to a gen-
eral outline of the methodology employed. Each operating condition of Table 5.1 was
simulated in two phases. First, the quasi-neutral hybrid code EP2PLUS[29] was used to
reach a steady-state solution of the expansion of the charged and neutral particles emitted
by the thruster and neutraliser. This was complemented with a second stationary neu-
tral population, with uniform densities and temperatures (7,,, = 400K), representing
the facility background density. The resulting maps of neutral densities, velocities and
temperatures were then passed as an invariant background to the axisymmetric 2D3V,
time-explicit, momentum-preserving PIC code PICASO[68], [195]. Charge-exchange
(CEX), momentum exchange and elastic, excitation and ionization collisions were con-
sidered for ions and electrons through Montecarlo collision algorithms with these neutral
maps[49]. The simulation domain employed in PICASO is shown in Figure 5.2, while
Sections 5.2.2.1 and 5.2.2.2 will provide further details on the employed boundary con-
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ditions and injection properties of particles. Importantly, the use of an axisymmetric
code causes a distortion of the real geometry of the thruster-neutraliser ensemble, since it
implies the presence of an annular neutraliser that encircles the thruster (as depicted by
the green dashed lines in the lower half of Figure 5.2), rather than the actual neutraliser,
which breaks axisymmetry. However, planar simulations of this same setup[49] showed
that, even in presence of an asymmetrically mounted neutraliser, plume symmetry was
recovered just a few centimeters downstream of the thruster, justifying the simplification
employed here. In any case, this issue and the one linked to the importantly larger exhaust
area that an annular neutraliser implies with respect to the real problem geometry will be
further addressed throughout this work.

5.2.2.1 Boundary Conditions

Regarding the boundary conditions applied to Poisson’s equation for the electric potential
¢, Dirichlet conditions with ¢ = 0 are imposed at all thruster surfaces (including those
pertaining to the neutraliser), except for the acceleration grid where ¢ = —150 V. At the
symmetry axis, Neumann conditions d¢/dn = 0 are applied, with n the versor normal to
the surface. Finally, the Robin boundary condition detailed in Ref. [49] and introduced
by Andrews et al.[63]

9 28 G-ow =0 (54
are used for the downstream boundaries. Here d is the distance between the boundary
node and the center of the acceleration grid (r = 0, z = 0), and ¢y is the potential of the
facility walls with respect to the thruster body, which is evolved in time so as to converge
to a current free plume (note that at steady-state, and placing the reference potential at
facility ground, V, = —¢y ). Simple Neumann conditions (d¢/dn = 0) were also tested for
these downstream boundaries, and yielded negligible variations in the simulation results.
The Robin boundary conditions are however used here to maintain continuity with our
previous work.

As for the boundary conditions applied to macro-particles intersecting domain bound-
aries, all particles crossing material surfaces (i.e. the thruster body or acceleration grid)
are removed from the simulation. Similarly, any ions intersecting the downstream bound-
ary are removed, while an electron with velocity v is deleted only if mv* > —2e(¢y — @),
and is otherwise specularly reflected back into the domain. Finally, no special treatment of
particles is required at the symmetry axis in axisymmetric simulations, since their trajec-
tories are first integrated in three-dimensional Cartesian coordinates and then converted
to cylindrical ones, so that their radial coordinate r = /x* + y? remains always positive.

5.2.2.2 Injection parameters

Table 5.2 summarizes, for each operating point, the macroscopic properties defining the
Maxwellian distribution of ions and electrons (and neutrals in the hybrid simulations)
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injected from thruster and neutraliser into the simulation domain.

01 02
GIE neutraliser GIE neutraliser
njp [m=>3] | 2.6x10% - 4.8x10" -
u; [km/s] 41.67 - 45.06 -
Tons T, [eV] 35 - 15 -
T, [eV] 0.1 - 0.1 -
I; [mA] 100 - 200 -
n, [m=3] - 3.8x10™" - 7.6x10'
Electrons ¢ (/3] ) 0 ) 0
T, [eV] - 4 - 4
I} [mA] - 160 - 320
n, [(m=] | 2.34x10"7 108 6.27x10" 108
Neutrals [m/s] 180 0 180 0
T, [K] 400 400 400 400
[, lg/s] | 5.8x10° 7.8x107 | 1.6x107* 7.8x107

Table 5.2: Thruster and neutraliser injection properties for each operating point. n, u and
T refer to the density, normal bulk velocity, and temperature (isotropic for electrons and
neutrals, anisotropic for ions) of each species at the relative exhaust surface. For ions and
electrons I represents the emitted current, while for neutrals I" refers to the total mass flux
injected through the surface.

As evident from Table 5.2 no electrons are assumed to feed through the thruster’s grid

system, while the ion total current /; and bulk velocity u; = 2e(AV + V,)/m; (where
V. = 30V is included to consider the potential drop between the source’s ionization
region and the screen grid[196]) are given from the thruster’s operating point. The ion
density distribution across the acceleration grid was instead assumed to depend on the
distance from the thruster axis r following a heuristic law employed in global models of
RIT discharge chambers[196], [197]

2
ni(r) = ny \/1 —(1-1) (%) , (5.5

where hg = 0.36 is the radial bulk to sheath density ratio, which depends on the ionization
cross-section and on the assumed neutral density in the thruster source, and R = 7cm
is the internal radius of the ionization chamber. The ion density at the center of the
acceleration grid n;y may then be determined by imposing that I; = 2me f ni(ryu;rdr.
Finally, the temperature of the injected ion population formed by the merging of the ion
beamlets emitted by each hole of the acceleration grid, is considered anisotropic. The
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dependence of the ion temperature on the divergence half-angle 8 detailed in Appendix
5.A, in fact, yields a relatively large radial temperature 7,; o< e(AV +V,) sin’ B, responsible
for the overall plume divergence, and a much smaller axial one T; < e(AV+V,)(1—cos 8).
Here, also taking advantage of the RPA measurements taken in the bulk of the plume, we
set T,; =0.1eV.

Conversely, no ions were injected from the neutraliser, under the assumption that they
would all neutralise on its extraction plate. However, ions will be generated outside of
it, due to the ionization of the relatively large neutral density there. Regarding the elec-
trons, a uniform injection of a non-drifted Maxwellian with an isotropic temperature[ | 98]
T, = 4eV was prescribed across a surface of 4.2 mm in length at the center of the neu-
traliser. The choice of the electron current /] was of more complex determination since,
as explained in Ref. [49], it does not correspond to the net electron current emitted by
the neutraliser (a relevant portion /; of the injected current, unknown a priori, is in fact
expected to return to the neutraliser), and one cannot simply impose I, = I + I, = —I,.
However, our previous simulation efforts showed that /] has only a modest influence on
the general plasma response and plume properties as long as I; > I,, since any excess
will be returned back to the neutraliser in /,, and mostly has the effect of varying by a
few volts the floating potential of the thruster[49]. The comparison with the experimental
values of V, at the lower background pressure was therefore employed to set I =~ 1.61; for
O1 and O2, which was then left unvaried for the other conditions at the same operating
point. Finally, we note here that the neutral injection properties employed in the hybrid
simulations were simply defined from the knowledge of the net mass flux injected into
the thruster and neutraliser.

5.2.2.3 Numerical Considerations

For all simulations presented in this work the vacuum permittivity was artificially in-
creased by a factor f7 = 400, thus increasing the minimum Debye length in the domain
to A;, = fpdp ~ 4mm and allowing the stable use of a cell size Al = 3 mm (leading to
a domain of 250x125 cells) and of a time-step At = 2 x 107'% (the simulations reached
steady-state after 7, = 1.1 ms, or 5.5x10° time-steps). A weight of w, = 1.6x107 physical
particles per computational macro-particle was employed, leading to at least 2x 10° ion or
electron macro-particles at steady-state in the cases with the globally lower plasma densi-
ties (i.e. all O1 P1 cases). These values correspond to a maximum of 200 macro-particles
per cell in the denser regions of the plume bulk (in front of the grids), and around 20
macro-particles per cell in the portion of the plume bulk close to the downstream bound-
ary of the domain. With these numerical settings, running on the 40 physical cores of an
Intel Xeon Silver 4316 processor, the simulations required on average a wall-time of 120
hours to complete. The robustness of simulation results to the number of particles and
to the simulation time-step was verified, and is presented in Appendix 5.B. We also note
here that the sensitivity of analogous simulations to the vacuum permittivity augmentation
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factor f3, and to uncertainties on the cross-sections of inelastic collisions was investigated
in our previous work (Ref. [49]), and found to be negligible.

5.3. Reference case: O1 P2 F
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Figure 5.3: Steady-state simulation results for the case O1 P2 F. The bottom boundary
coincides with the axis of symmetry that passes through the center of the thruster grids.

This section uses the case O1 P2 F (in which the thruster is operated in O1, electrically
floating, and with a background pressure of 4x10~>mbar) to showcase those elements of
the comparison between numerical and experimental data that are common to all operat-
ing conditions. Figure 5.3 shows, from left to right and from top to bottom, the steady-
state simulation results for the density of fast ions ny(those emitted by the thruster), of
slow ions ng; (those produced by CEX and ionization collisions in the plume), and the
electron density n,; the ionization and CEX source terms of slow ions (S; and S ¢gx), and
the electron temperature 7,; and finally the total ion and electron in-plane current densities
(j; and J,), and the plasma potential ¢. These panels display many of the plume features
already identified in previous numerical studies[37], [49], among which we highlight: (1)
the relevant population of slow ions, mainly produced by CEX collisions, that forms in
front of the thruster and then flows laterally guided by —V ¢, (ii) the nearly isothermal elec-
tron population that neutralises the ion beam and the regions of lower ion density around
it, and (iii) the electric potential map characterized by a global maximum a few centime-
ters downstream of the acceleration grid, a topology that causes the electrostatic trapping
of electrons within the main ion beam and the efficient neutralisation of the plume. These
characteristics are common to all the operating conditions studied in this work, although
some quantitative variations in the plasma properties of the plume were observed from
one case to the other, as further discussed in Section 5.4.
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z = 10 cm z =30 cm z = 60 cm
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Figure 5.4: Comparison between the experimental and numerical radial profiles of the ion
density [panels (a), (b), and (c)] and electron temperature [panels (d), (e), and (f)] at z =
10, 30, 60 cm. The experimental data-points are shown in shades of red depending on their
azimuthal angle with respect to the thruster-neutraliser axis, or in gray if their standard
error is larger than the measurement itself. The steady-state results of the simulation are
shown with blue lines.

Figures 5.4 and 5.5 compare the simulation results (in blue) with the experimental data
retrieved with the DLP (in red for data-points with small standard errors, in gray when
the standard error is larger than the measurement value). In particular, Figure 5.4 displays
the radial profiles of the ion density and electron temperature at three axial distances from
the thruster exhaust z = 10, 30, and 60cm. Note that the experimental data points in
these plots have been marked with different shades of red depending on their azimuthal
coordinate § = arctan(y/x). Importantly, there is no observable dependence of either
density or temperature on the azimuthal coordinate, meaning that at z = 10 cm the plume
already appears to be essentially axisymmetric, and the influence of an asymmetrically
located neutraliser seems to be limited to a very reduced region just downstream of it.
This observation supports our use of an axisymmetric model for the simulation of the
plume bulk.

The first row of plots in Figure 5.4 shows a very good agreement between the exper-
imental and numerical values of the ion density, with the simulation results consistently
falling within the measurement error bars. However, a slight tendency of simulations to
underestimate the ion density on the plume axis at larger values of z may be observed here
and for other operating conditions (Section 5.4 will show that it tends to be more evident
at low background pressures). The comparison between the experimental and numerical
values of the electron temperature in the second row of Figure 5.4 shows instead some
more evident disagreements between the simulation and experiments. Here, in fact, as

103



5.3. Reference case: O1 P2 F

z = 30cm z = 60cm z = 15cm, r = 30cm
1.0 ) 1.0 ) 1.0 0)
= g =
- 5 =
=05 0.5 = =05
8 &
= = =
w3 w3
0.0 , , , ~0.0+=" , ‘ : 0.0 : : :
1000 1025 1050 1075 1000 1025 1050 1075 0 25 a0 5 100
Loty [(\\;]
1.0 dy | L0 e) 2 f)
= =
4 : g
- =
05 0.5 e =11
S [
= - &
0.0 , , —0.0t7 , ‘ : 01 ‘ ‘ .
1000 1025 1050 1075 1000 1025 1030 1075 0 10 20 30 40
Eip - [eV] Byt - [eV] r [cm]
— Experiment — Simulation

Figure 5.5: Comparison between the experimental and numerical data for the ion energies
and currents for the case O1 P2 F. Panels (a),(b),(d), and (e) display the ion axial VDF
in the bulk of the thruster plume. Panel (e) shows the ion radial VDF at the position of
the lateral RPA, and panel (f) shows the radial profile of the axial ion current density at
z=60cm.

for most of the other operating conditions analyzed, the model tends to underestimate the
electron temperature closer to the thruster (at z = 10 cm) by about 3 eV. While this likely
represents a physical mismatch between simulations and experiments, which will be fur-
ther analysed in the course of this paper, it must be remarked for completeness that in
presence of multiple electron populations the use of DLPs may cause the overestimation
of the electron temperature[ | 99]. Nevertheless, as the plume expands, the experimen-
tal data displays a more marked electron cooling with respect to what is foreseen by the
model, so that from z = 30cm a good agreement is reached between simulations and
experiments. Finally, we note here that the experimental data-points at z = 60 cm and
r > 20cm that seem to indicate a radial increase in temperature should likely be dis-
carded. The signal-to-noise ratio in the IV curve of the DLP in this region of low plasma
density is, in fact, high, as evidenced by the large error bars associated with these points,
and the reliability of this data should therefore be called into question.

The four panels to the left of Figure 5.5 compare the normalized axial energy distri-
bution function of ions in the plume bulk according to simulations and experiments. We
stress here that these plots refer to the total mechanical energy per charge of the collected
ions
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with Z the charge number and ¢ the plasma potential at the location of the probe. This
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energy includes also the potential energy that ions possess with respect to the collection
plate of the RPA, which was biased to the potential of the thruster body ¢5. Once again,
there is a good agreement between the model and the experimental data: both the value
of the most probable energy and the spread of the distribution function display maximum
deviations below 3%. Such a good agreement is to be expected, since the axial energy dis-
tribution of the ion beam is essentially imposed by the configuration of the thruster’s grid
system, and will suffer only small alterations due to the electric fields and collisional pro-
cesses that take place in the plume bulk. Therefore, the agreement between experiments
and simulations mostly depends on the injection conditions detailed in Section 5.2.2.2.

Figure 5.5(c), on the other hand, shows the comparison between the simulated me-
chanical radial energy distribution of ions at z = 15 cm, » = 30 cm and the one measured
by the backflow RPA. Although the qualitative shape of the distribution is similar (with
an elongated low energy tail and a more abrupt cut-off at high energies), the model yields
a most probable energy about 24 eV lower than the one measured experimentally. Since
the radial energy of ions reaching the measurement location is provided by the potential
drop that develops between it and the plume axis, this reduced ion energy is a symptom of
an underestimation by the model of the plume potential. Our previous publications[49],
[200] suggest that the plume potential is governed by the density of electrons trapped in
the ion beam, which are created by the infrequent inelastic collisions. A higher density
of trapped electrons results in a lower plume potential. The fact that the source term of
this electron population is small means that their density may suffer wide changes if an
artificial sink term is introduced in the plume, making their exact determination fragile,
and consequently, that of the plume potential. The difference in ion energies seen in 5.5(c)
could be the consequence of a difference of trapped electron density, due to an imbalance
between their source and sink terms in the model and the experiments. This may be due
to numerous effects, such as uncertainties in the employed neutral densities (either due to
inaccuracies in the injection conditions, or to their simplified steady-state modelling), or
to the exclusion of electron-electron Coulomb collisions that may act as an escape mech-
anism. Recent studies have also shown that the immersion of a probe and its holding
apparatus in the plasma could have this effect.[42] To investigate this latter hypothesis,
Section 5.5 will provide a qualitative assessment of the effect that an immersed probe
may have on the plume equilibrium by providing an additional current path to ground for
electrons. A discussion on other possible causes for the observed discrepancies between
experimental and numerical results is instead deferred to Section 5.6.

Finally, Figure 5.5(f) compares the ion axial current density at z = 60cm com-
puted by the model with the one extrapolated from the FC array measurements taken
at z = 1 m. Because the FC scans provide 2D measurements of the plume cross-section
in Cartesian coordinates, multiple data-points are available for the same radial coordinate
r = /x> +y?. Uncertainties in these measurements are responsible for the broadening
of the experimental curve observed in the figure. Again, we obtain an excellent match
between the numerical and experimental data for this case and for all the operating con-
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ditions considered in this work.

5.4. Trends with pressure and potential

In an effort to concisely present the comparison between the experimental and numerical
results obtained for the many operating conditions considered, Figures 5.6 and 5.7 show
the trends followed by some significant plume properties when altering the background
pressure (Py,) or thruster potential with respect to ground (V,). In particular, Figure 5.6
shows in the first two columns the behavior of the ion density and electron temperature
at the beam axis, and in the latter two the most probable radial energy with which ions
reach the lateral RPA (E,,,), and the floating potential of the thruster. The rows instead
refer respectively to Ol and O2, and as for all figures in this work, the experimental
data is represented in red and the numerical data in blue. Panels 5.6(a) and 5.6(e) show
how, in all cases, the densities obtained by simulations fall within the experimental error
bars, although as already mentioned in Section 5.3, there is a tendency by the model
to overestimate the beam divergence and yield smaller densities as z increases. As in
other studies on the effects of background pressure[30], [150], both the numerical and
experimental data show a clear increase in the plume’s density as the chamber pressure
rises due to the additional collisional processes that enlarge the slow ion population.
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Figure 5.6: Behaviour of the ion density [panels (a), and (e)], electron temperature [(b),
and (f)], ion energy to the backflow RPA [(c), and (g)], and floating thruster potential
[(d), and (h)] with the background pressure Pp,. Simulation results are shown in blue
and experimental data is shown in red. The first row of plots refers to O1 and the second
to O2. Triangular markers are used for measurements that are not referred to a position
along the plume axis.

Similarly, panels (b) and (f) confirm for all cases the comparison in electron temper-
ature values already detailed in Section 5.3: the model predicts a smaller electron tem-
perature than measured close to the thruster, but this difference decreases as one moves
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downstream. Interestingly, both the model and experiments show a global decrease in the
values of the electron temperature as the background pressure increases. This is caused
by the increase in inelastic electron collision frequency as the background neutral density
rises, accelerating the production of trapped electrons. In turn, this will reduce the values
of the plasma potential maxima in front of the thruster and the potential barrier trap-
ping electrons within the plume, lowering the energy range for which an electron will be
trapped, and causing the cooling of this electron population (which prevails in the plume
bulk). Note that in simulations the decrease of the trapping potential barrier is mitigated
by a simultaneous increase in the thruster’s floating potential [see Fig. 5.6(d) and (h)],
causing a milder electron cooling compared to experiments.

This physical mechanism is also responsible for the trends in the radial energies of
backflowing ions observed in panels (c) and (g). Both simulations and experiments, in
fact, observe a decrease in the ion energies reaching the lateral RPA as the background
pressure increases. This may be associated to an improved neutralisation of the positive
space-charge in front of the thruster and the subsequent decrease of the potential drop that
accelerates ions radially. Nevertheless, as discussed in Section 5.3, the code appears to
consistently underestimate the energies of these ions with respect to the experimental data,
further suggesting (as for the case of the electron temperature) an exceedingly efficient
trapping of electrons in the plume. A further analysis and a possible explanation for this
disagreement between model and experiments are proposed in Sections 5.5 and 5.6.

Finally, panels (d) and (h) display the markedly different effects of the background
pressure on the floating thruster potential within simulations and experiments. Although
at P1 the two values of the floating potential coincide (we remind here that the current 7
injected through the neutraliser in simulations was determined so as to match the float-
ing thruster potential at P1), the experimental and numerical values drift away from each
other as the background density is increased. In the case of simulations, the floating po-
tential of the thruster increases due to the more numerous CEX collisions that take place
in the plume and that deflect ions back towards the thruster body, charging it positively.
Experimental measurements, instead, show a slight decrease of V; with the background
density, possibly caused by two concurring effects. First, we note that the ion current
prescribed by the thruster’s operating point was experimentally controlled by considering
the difference between the currents flowing to the screen and acceleration grids. As a
result, if more ions were to backflow to the acceleration grid by effect of the CEX col-
lisions in the plume, the screen grid current would be increased to maintain the nominal
net current required by the operating point. This methodology mitigates the mechanism
through which V; increases in simulations. Indeed, setting up the simulation for the case
O1 P3 F so that ions collected by the acceleration grid are re-injected into the ion beam
(i.e. imposing a net ion current of 100 mA as in experiments) the computed V, decreases
to -3V, reducing the difference with respect to experiments. Second, we observe that the
cooling of the electron temperature that takes place in experiments as P, rises is more
pronounced with respect to the one seen in simulations. At high pressures, this would
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result in a milder potential drop developing from the potential maximum downstream of
the acceleration grid to the chamber walls, possibly leading to smaller values of V.
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Figure 5.7: Behavior of the ion density [panels (a), and (e)], electron temperature [(b),
and (f)], backflow ion energy [(c), and (g)], and current to ground [(d), and (h)] with the
thruster potential V;. Simulation results are shown in blue and experimental data is shown
in red. Triangular markers are used for measurements that are not referred to a position
along the plume axis. In panels (c) and (g) data-points in which the Gaussian fit of the ion
VDF yielded a coeflicient of determination R? < 0.7 are colored in gray.

Figure 5.7 shows the effects of the thruster potential V, on the ion density, electron
temperature, most probable ion energy to the backflow RPA, and total current to ground
(Iw). Both the numerical and experimental curves of the ion density [ panels (a) and (e)]
and electron temperature [panels (b) and (f)] on the plume axis do not show distinctive
trends as one varies V,. On the other hand, the most probable ion energies to the backflow
RPA display a more complex behavior. In simulations a clear monotonic trend links
V: to E,,,: as the thruster potential is decreased below its floating value more electrons
are capable of reaching the vacuum chamber walls (which are now at a larger potential
with respect to thruster and neutraliser), decreasing the density of trapped electrons in
the plume and the efficiency with which the ion beam is neutralised. As a consequence,
the potential values in the plume and the energies of ions flowing laterally increase as V;
decreases. Experimentally this trend is observed up to values of V, mildly smaller than
the floating potential (V, = =20V for Ol, and V, = —-25V for O2), but inverts (i.e. the
most probable ion energy decreases) once the thruster potential is pushed to even smaller
values. However, the signal-to-noise ratio in the IV curve measured by the RPA decreases
noticeably (from around 40 to just below 2) for the lower values of V;, disrupting the
employed Gaussian fit to the point that it calls into question the reliability of the results.
In order to visually highlight this we have colored in gray the experimental data-points in
Figures 5.7(c) and (g) in which the Gaussian fit of the ion VDF yielded a coefficient of
determination R? lower than 0.7.[201]
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Finally, panels (d) and (h) show the total current flowing from the thruster-neutraliser
ensemble to ground, which obviously starts at O when the thruster is floating and pro-
gressively becomes more negative as V, decreases. The larger the potential slope between
the thruster and electric ground, in fact, the more electrons will be able to reach the fa-
cility walls, producing the negative net current observed. The fact that Iy reaches much
smaller values in the experiments compared to simulations is likely attributable to the
larger exhaust surface of the annular neutraliser employed in the model compared to its
real geometry. As further discussed in Section 5.6, this larger exhaust area implies smaller
electron densities in front of the neutraliser, and thus a more efficient coupling between
neutraliser and ion beam. In a more realistic geometry, in fact, the large negative space
charge that develops in this region causes the development of a potential valley (some-
times referred to as a virtual cathode) which reflects the less energetic electrons back
towards the neutraliser before they can reach the ion beam[32], [49]. In presence of a
larger neutraliser exhaust this potential valley is much smaller, and only slight changes in
V: will therefore be necessary to eliminate the virtual cathode from the potential map, and
saturate the total electron current flowing to ground.

5.5. Immersed Probe Effects

In order to evaluate the effects that an immersed probe may have on the plume’s equilib-
rium, the trapped electron population, and the electrostatic potential, the simulation of the
reference case O1 P2 F was repeated, this time with an additional object placed inside the
plume to represent the DLP. In particular three distinct simulations were run, each with a
cylindrical object of radius Rp = 0.6 cm and length Lp = 1.2 cm, placed on the plume’s
axis at axial distances of z = 10, 30, and 60 cm. From an electrical point of view, the
object’s potential ¢p was evolved at each time-step k so as to reach a floating condition
(i.e. a zero net current Ip collected from the plasma):

(k)

G = g + ILAz, (5.7)
Cp

with Cp = 3 nF the object’s capacitance, chosen for the numerical stability of ¢p but (if
large enough) uninfluential on the simulation’s steady-state. The resulting potential was
imposed as a Dirichlet condition for the Poisson equation at the nodes belonging to the
object’s external boundary. As for all other material boundaries, particles intersecting
the object’s surface were removed from the simulation. The electrical and geometrical
properties of this object are far from representing the real characteristics of the DLP and
its holder (which have a much more complex geometry and electrical properties, which
can span from dielectric surfaces to biased electrodes), but this arrangement allows a first
qualitative estimation of the probe’s effect.

Figure 5.8 shows in each of its columns the resulting radial profiles in ion density
and electron temperature when the probe is placed at z = 10, 30, and 60 cm, compared
with the corresponding experimental measurements. The results relative to the reference
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Figure 5.8: Comparison between the experimental (red markers) and numerical (blue
line) radial profiles of the ion density [panels (a), (b), and (c)] and electron temperature
[panels (d), (e), and (f)] at z = 10, 30, 60 cm when including the probe in simulations.
Experimental points with standard errors larger than the measurement itself are colored
in gray, while black dashed lines show the results of the simulation without a probe.

simulation (presented in Section 5.3) have also been traced with a dashed black line for
easier reference. The upper row of plots, depicting the ion density, shows essentially no
deviations with respect to the simulation that did not include the immersed probe, except
for the foreseeable drop in density at the probe’s location. As a result, the ion densities
continue to match very well with what was measured experimentally. On the other hand,
the second row of plots, illustrating the radial profiles of electron temperature, shows a
slight heating of electrons with respect to the nominal simulation, especially at the radial
edges of the plume bulk. Interestingly, this increase of 7, is more marked when the probe
is inserted closer to the thruster, where the plume’s plasma is denser, and instead fades
away when the probe is in less dense regions and generates a smaller perturbation. Given
this observation, it is also logical to assume that, as the probe moves radially away from
the plume axis (which we cannot model with an axisymmetric code), a similar decrease
in the perturbation occurs.

The physical cause of the observed increase in electron temperature is best explained
with the use of Figure 5.9. Here we show in panel (a) the steady-state potential profiles
along the plume axis for the nominal case without immersed probes (in blue), and for the
cases with the probe located at z = 10, 30, and 60 cm. For these latter three simulations a
clear Debye sheath develops around the probe, bridging the potential difference from the
local plasma potential to the floating potential of the object. This floating potential tends
to increase as the probe is moved closer to the thruster exhaust, where the ion current
densities are larger and more electrons are thus pulled into the probe to balance the total
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Figure 5.9: Plume properties for simulations without an immersed probe (in blue) and
with a floating probe on the plume axis at zp = 10, 30, and 60 cm (in orange, green, and
purple). Panel (a) shows the axial plasma potential profile, while panel (b) displays the ion
VDF at the location of the backflow RPA (the corresponding experimental data is reported
in red). Panel (c) shows the evolution in time of the electron currents to the probe (in
continuous lines), and the maximum electron temperature in the plume (in dashed lines).
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absorbed current. As the probe floats to potentials larger than that of the facility walls
(for all simulations here ¢y = —1 V) electrons that were previously trapped now find an
escape pathway, depleting their population and increasing the total space-charge in the
plume. As a result the plume’s potential also rises, forming a new potential “pocket”, at
values larger than ¢p, in which new electrons can be trapped. Importantly, the potential
difference that forms this “pocket” is always of a similar magnitude (A¢ =~ 6.5 V), so that
the plume’s potential is ultimately governed by the probes floating potential, and settles
to values that peak at ¢p + A¢ and decrease axially.

The increase in the plume’s potential will act on the trapped and primary electron
populations in two distinct ways. Primary electrons will experience a sharper acceleration
from the neutraliser into the ion beam, increasing their kinetic and internal energies, and
causing the noticeable rise in temperature at the edges of the plume bulk (where this
population dominates the total electron density). On the other hand, since the potential
barrier that separates trapped electrons from the lowest resistance neutralisation pathway
remains roughly unchanged, the range of energies available to trapped electrons will not
vary, and thus their macroscopic temperature will also remain the same. The result is that
only marginal variations are observed in the electron temperature in the plume’s bulk in
Figure 5.8. The direct effect of the probe on the electron temperature is thus not sufficient
to explain the mismatch between simulations and experiments in the very near-plume.
Nevertheless, the relevant influence that the probe has on the plume potential may have
a more subtle effect on experiments, since the models used to reconstruct the plasma
properties from a probe’s IV curve assume a negligible change in the plasma’s state during
the measurement.[199] If a new equilibrium is instead reached for each voltage point of
the probe’s scan, the resulting IV curve may not be interpretable with classical Langmuir
probe theory.

Similarly, the increase of the plume’s potential values has a relevant effect on the ion
energies observed at the location of the backflow RPA, as shown in Figure 5.9(b). Here
we observe that the ion energies outside of the plume gradually increase from the case
without an immersed probe to those with a probe moving closer to the thruster, although
the energy values never reach those measured experimentally (shown in red).

Finally, Figure 5.9(c) shows, over the simulation time span, the total electron current
flowing to the immersed probe, along with the maximum electron temperature along the
plume axis (for all cases that is at z ~ 8.4 cm). As expected, the plot shows larger electron
currents flowing to the immersed probe the closer it gets to the thruster, justifying the
increase in the perturbation that it causes. As commented before, this is also mildly
mirrored in the values of the maximum electron temperature, which displays a slight
increase from zp = 60 cm to zp = 10 cm. More critically, however, the settling time of the
electron temperature displayed here is in the order of milliseconds, due to its dependence
on the inelastic collision frequencies that trap electrons in the plume (incidentally, at lower
background pressures, this settling time is expected to rise). Such a time scale is in the
order of the voltage stepping time of typical Langmuir probe scans, meaning that —if
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peculiar care is not taken— the instrument may be measuring during its scan a plasma
which is not in equilibrium, thus altering experimental results.

5.6. Discussion

The previous sections have identified discrepancies between experimental measurements
and numerical results that can be attributed to a number of different and sometimes con-
current effects. In this section we therefore attempt to clarify and delimit the influence
that these effects (be it a shortcoming of the numerical model, or systematic experimental
errors) may have on the observed discharge properties. First, it is useful to distinguish
between two categories of measured quantities: those principally dominated by the ion
dynamics, and those that display a larger dependency on the electron population. Due
to the large inertia of ions emitted by the thruster, the former, which include the plasma
density, the ion current densities, and the ion mechanical energy within the plume bulk,
are very robust and exhibit only a minor sensitivity to changes in the numerical model or
in the experimental approach. These properties are also the ones that display the better
agreement between numerical and experimental results. A second group of quantities,
that depend on the delicate electron dynamics and include the radial ion energy in the
plume periphery, the correlated bulk potential, the electron temperature, the currents to
ground, and the floating thruster potential, is instead more sensitive to uncertainties or
limitations in the model and to perturbations induced by invasive probing. As shown in
the previous sections these are also the quantities that display a worse correlation when
comparing simulations to experiments.

We now tackle the issue of possible systematic experimental errors due to invasive
probing, especially for the case of the DLP measurements in the very near plume (z =
10cm). Although Section 5.5 showed that the immersion of probes in the near plume
may alter the global discharge equilibrium and the plasma potential of the plume, it did
not detect sufficient variations in the bulk electron temperatures to explain the discrepan-
cies in the numerical and experimental values of 7,. Moreover, the DLP scan time used
during the experimental campaign was much larger than the settling time of the discharge
predicted by simulations, so that each point of the IV curve should be representative of a
quiescent plasma. In support of this we note that, consistently throughout our study, the
independent measurements from both the backflow RPA and the DLP pointed to a sys-
tematic underestimation by simulations of the plume potential and the near-plume elec-
tron temperature by a similar factor. As a result, although acknowledging the need for a
further refinement of DLP theory for these types of plasmas, we consider the experimen-
tal measurements presented here as a sufficiently reliable benchmark for simulations. The
remainder of this section will therefore concentrate on identifying the model limitations
that may be cause of discrepancies between numerical and experimental data.

We move on now to the evaluation of a major assumption of the numerical method-
ology: the axisymmetry of the plume. While planar asymmetric simulations of a GIE
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Figure 5.10: Electron density map for a planar asymmetric simulation with D, = 1.2 cm.
The white dot in the center of the plume marks the point of global maximum in the plasma
potential.

plume[49] and the DLP and FC data presented here point to the formation of an axisym-
metric plume bulk, the assumption of rotational symmetry may not be as accurate when
considering the plasma bridge surrounding the neutraliser. The annular neutraliser ge-
ometry used in the model, in fact, is inevitably characterised by a much larger exhaust
area than the actual one, leading to smaller electron densities in the plasma bridge for the
same electron current /. This in turn will modify the potential profiles found in this area,
altering the local plasma conductivity and possibly influencing the currents to ground, the
thruster floating potential, and the potential and electron temperature values in the plume.
A conclusive and quantitative study on the effects of the neutraliser exhaust area requires
3D simulations that are currently beyond our capabilities. Nevertheless, we propose here
a first qualitative evaluation based on three planar simulations (with trivial variations in
the numerical methodology, but with a full domain to account for the asymmetry of the
geometry) in which the neutraliser exhaust diameter is respectively D, = 6 cm, 2.4 cm,
and 1.2 cm. Figure 5.10 shows the electron density map in this asymmetric scenario (with
D, = 1.2 cm), highlighting once more the symmetry immediately retrieved in the plume
bulk. The comparison between this density map and its axisymmetric equivalent in Figure
5.3(c) also showcases the evident differences between a 2D and a 3D expansion, and re-
inforces the importance of the latter when comparing with experiments. Table 5.3 instead
reports the variation of the potential, electron temperature and electron density measured
at the point M of maximum ¢ in the domain [indicated by the white point in panel (a)],
along with the thruster floating potential and the electron density in front of the neutraliser,
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as the exhaust diameter is varied. The table shows that, while the electron density in the
plume bulk remains essentially unvaried, the plasma potential and electron temperature
both show a slight increase as D, decreases. Considering that the real electron densities in
front of the neutraliser (n,) are still orders of magnitude larger than the ones considered
here (going to real neutraliser densities is computationally unfeasible), this suggests that
the discrepancies between the experimental and numerical data reported in the previous
sections may be in part attributed to an increased neutraliser exhaust area. We addition-
ally note here that a similar numerical experiment was carried out for the axisymmetric
case, but yielded negligible differences between simulations. This is likely because, even
for exhaust widths corresponding to a single cell, n, in this case remains too small to
relevantly modify the local potential map.

Table 5.3: Variation of relevant discharge properties with the neutraliser exhaust area D,.
Densities, temperatures and the potential are reported at point M, location of the global
plasma potential maximum (marked with a white circle in Figure 5.10). The electron
density at the neutraliser exhaust n, is also shown.

neo M1 nep M1 Topr [€V] ¢u [VI Vi [V]
D, =6cm 1.3x1015  3x10" 2.24 6.7 2.48
D,=24cm | 3x10% 3x101 2.3 7.2 2.37
D,=12cm | 6x10" 2.99x10" 2.39 7.88 2.26

Finally, it is worth commenting on the influence of uncertainties in collisional algo-
rithms on the simulation results. As mentioned throughout this work, the inclusion of
inelastic electron collisions in the model is paramount for a proper charge neutralisation
of the plume. However, as was demonstrated in Ref. [49], it is the mere presence of these
collisions, no matter how small the collisionality, what is important to enable the electron
trapping mechanism (i.e. the strictly collisionless case is a singular limit of the problem).
There, it was shown that reasonable variations in inelastic collision cross-sections have
negligible effects on the steady-state equilibrium reached by the discharge, affecting only
the time to relaxation. We do not expect, therefore, the uncertainties on the experimen-
tally determined cross-sections to relevantly influence the simulation results. Conversely,
the absence in the literature of a computationally affordable model for electron-electron
Coulomb collisions[ ! 75] hinders their inclusion in the code, and the precise evaluation of
their effect on the plume equilibrium. Nevertheless, given the relatively low plasma den-
sities of GIE plumes, the momentum transfer Coulomb collision frequency is estimated to
be about an order of magnitude smaller than that of electron neutral elastic collisions[49],
[144], so that until further investigation their effect is assumed to be of secondary impor-
tance.
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5.7. Conclusions

This work presents the first methodical comparison between full PIC simulations of the
plume of the RIT10-EVO, and its experimental characterization by means of double Lang-
muir probe, RPA, and FC measurements. The comparison was carried out for 12 different
operating conditions (involving two operating points of the thruster, three different back-
ground pressures, and up to five different thruster potentials with respect to electrical
ground). When compared with experimental data, the developed axisymmetric, explicit
full PIC code was found to adequately predict the ion densities, current densities and
energies in the plume. A good agreement was also obtained between the simulated and
measured electron temperature in the far plume, although the code was shown to underes-
timate it closer to the thruster grids by about 4 eV. Moreover, when considering the radial
energies of ions streaming to the sides of the plasma plume, the qualitative shapes of the
experimental and numerical VDFs compared well, but the RPA measurements observed
substantially larger energies (in the order of 20 eV) with respect to simulations. This ob-
servation, coupled with the underestimation of the electron temperature, points towards
an excessively efficient neutralisation of the ion beam in the numerical model with respect
to reality. The possibility that this may be caused by the presence of probes immersed in
the plume during experiments was then qualitatively analysed by representing a probe and
its holder as an electrically floating object in simulations. Although this study highlighted
a noteworthy dependence of the plume potential on the voltage of the probe, it was unable
to explain the measured electron temperatures and radial ion energies.

The analysis of the plume behavior when increasing the facility background pressure
showed an increment in the plasma density and a drop in the electron temperature both
in experiments and in the numerical model. Similarly, the simulations and the RPA mea-
surements outside of the plume bulk displayed a decrease of the backflowing ion energies
as the neutral background density rises, although the numerical model continued to under-
estimate these values with respect to experiments. On the other hand, when investigating
the effects of the potential of the thruster body on the plume, the plasma densities and
electron temperatures were observed to remain essentially unchanged in the model and in
experiments, while the backflowing ion energies were found to increment as the thruster
was pushed to smaller potentials with respect to facility ground.

While the general comparison between numerical and experimental data partially val-
idates the developed PIC code for the simulation of GIE plumes, and corroborates the
physical insights previously presented in Ref. [49], it also highlights some mismatches
in the results which should be the subject of further research. First, it is clear from our
limited planar study of the effects of the neutraliser exhaust surface, that an improvement
in the modeling of the neutraliser is necessary. On one hand, an important advancement
would be the use of a 3D model, allowing the correct simulation of the neutraliser ge-
ometry and of the plasma bridge region that develops in front of it. On the other hand,
the introduction of a global model for the neutraliser would permit the self-consistent de-
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5.7. Conclusions

termination of an important free parameter of the model, the emitted electron current I,
and allow its coupling with the thruster plume. This would also allow an important step
forward in the self-consistent determination of the thruster floating potential and current
to ground, which are inevitably tied to I]. Second, the analysis carried out on the influ-
ence of immersed probes is only qualitative, and requires a more rigorous framework to
yield relevant quantitative insight. In particular, a simulation that includes the temporal
variation of the probe’s potential and retrieves the resulting IV curve would allow an eval-
uation of the plume’s response to a dynamic biasing of the probe, and an assessment of
the deformation of the IV curve that this may entail. Third, the inclusion of an algorithm
for electron-electron Coulomb collisions, that may provide an electron escape mechanism
through energy transfer but are neglected in this work, is necessary to conclusively assess
their influence on the plume equilibrium. Finally, the coupling into the plume of a residue
of the RF wave generated by the thruster and neutraliser should be numerically and exper-
imentally assessed, as it would provide energy to trapped electrons allowing their escape
to the facility walls and contribute to the reduced neutralisation observed in experiments.
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Appendices

5.A. Ion Injection Temperature

The extraction of ions from the thruster’s ionization chamber through the grid system pro-
duces a series of beamlets —one per grid hole— which expand and merge a small distance
downstream of the acceleration grid into a homogeneous and single-peaked ion beam. In
first approximation, these beamlets may be assumed as composed of mono-energetic ions

with velocity vo = V2e(AV + V,)/m; that can form up to a maximum angle S (the beam-
blet’s divergence half-angle) with the normal to the grid’s surface. Their eventual merging
produces an ion fluid with an essentially axial bulk velocity, and a distribution function
populated limited in the axial velocity range V, = [v; — Av,;v;] and the radial velocity
range V, = [-Av,; Av,], with Av, = vo(1 — cosB) and Av, = vy sinB. These expressions
are obtained considering the ion velocity vector has an angle < 8 with respect to the axis.

What shape the distribution function takes within these limits depends on the details
of the ion optics of the grid system, and on the collisional and electrostatic effects that take
place during the beamlet merging, but is outside of the limited scope of this derivation.
We therefore assume here a uniform (or “water-bag”) VDF

A, forv, e V,v, eV,
Fvesvy) = { FAVAV: (5:8)
0, otherwise,
which, given the absence of a decay of the distribution at its outer edges, will yield a
reasonable upper-bound to the temperatures we wish to compute. Using cylindrical co-
ordinates the radial and axial ion temperatures after the merging of the beamlets are then

1 27 00 00
_ﬂ—zof f f fmv? dv.dv,do
notA2A. Jo o S (5.9)

1
Em,-Avf =e(AV + Vc)sinz,B

obtained as

Tri
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and
Ti=—— ff fmi(v. — vy + Av,/2)* dv.dv,do
7r1Av ZAv, (5.10)
= 5" AV = —e(AV + Vo) = cosp)’.

Using the parameters from operating point 1 in Table 5.1 and a beamlet divergence of
B =10°, we obtain 7,;, =35eV ,and T,; = 0.05¢eV.

5.B. Sensitivity of Simulations
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Figure 5.B.1: Comparison between the total ion density and electric potential profiles
along the plume axis for the reference simulation (O1 P2 F) in blue, and simulations with
halved time-step and particle weight respectively in green and orange.

The robustness of simulation results against numerical parameters such as the simula-
tion time-step At and the particle weight w, was verified by running two new simulations
of the reference case (O1 P2 F), respectively with a halved time-step and particle weight.
Figure 5.B.1 shows the resulting total ion density and electric potential along the plume
axis compared with the one obtained in the reference simulation. As can be seen the differ-
ences on the plume axis (and in general in the whole simulation domain) when changing
these numerical parameters are negligible, confirming the convergence of our simulations.
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CHAPTER 6

PIC-Informed Reduced Electron Model for Gridded lon
Engine Plumes

This chapter reproduces the contents of Ref. [51], presented at the 10" Space Propul-
sion Conference in Bari, Italy in May 2026. The typography has been adapted to the
style of this thesis.

6.1. Introduction

Many recent works on gridded ion engine (GIE) plumes have studied their properties by
means of high-fidelity full PIC simulations. While these types of codes represent the state
of the art for the detailed analysis of plasma thruster plumes in the academic EP commu-
nity[42], [49], [50], [202], their computational burden hinders their use in an industrial
design and integration pipeline. Even with dedicated codes, in fact, built for efficient
parallelized computation and run on state of the art computing nodes, important simpli-
fications of the problem are required (e.g. the assumptions of axisymmetry, increased
vacuum permittivity, and frozen neutral dynamics made in Ref. [50]) to reduce simula-
tion times to the order of days or even weeks. Industrial applications for the evaluation of
plume-spacecraft interactions, on the other hand, require models with run-times that allow
the execution of parametric analyses on design choices and operating conditions, while
simultaneously permitting a fully dimensional description of the plume and its interac-
tion with the complex spacecraft geometry. As a result, hybrid models —that describe
the heavy species as particles and employ the fluid formalism for the characterization
of electrons— are those of choice for this kind of application, since they allow one to
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6.1. Introduction

overcome the constraints on time-step and cell size that burden PIC codes by assuming
quasi-neutrality.

However, hybrid codes encounter their own set of challenges when applied to the
simulation of GIE plumes. First, there is the issue of the closure to be employed for the set
of fluid equations describing electrons. Indeed, a basic isothermal closure has been shown
to provide inaccurate predictions of the electron thermodynamics outside of the plume
bulk, ultimately leading to an imprecise determination of the potential map and of the
radial acceleration that it imposes on CEX ions[!56]. The use of a polytropic expression
for the electron temperature, on the other hand, produces more accurate results but may
not hold in regions of lower plasma density, and requires the empirical determination of
the polytropic parameter y[49], [79], [80]. Finally, higher order fluid models that include
the electron energy equation represent a further step forward, but introduce the problem
of the definition of a heat flux closure capable of outperforming the classically employed
Fourier law, which has been generally shown not to hold in the plasma plumes of EP
devices [81], [130].

Second, the implementation of a quasi-neutral model requires an externally imposed
value of the reference plasma potential. In the specific case of a GIE plume, the most nat-
ural location in which to provide this reference potential would be the quasi-neutral point
just downstream of the acceleration grid. However, as this work will show, the determina-
tion of the value of this potential with respect to that of the material walls of the thruster is
not a trivial task. Stemming from these considerations, the present work attempts to over-
come the mentioned limitations to the hybrid modelling of GIE plumes through the study
of the detailed kinetic information provided by the numerous PIC simulations presented
and discussed in our previous works (Refs [49] and [50]).

To this end, we propose to exploit the conceptual distinction between the trapped and
primary electrons that populate and neutralise a GIE plume. Recent works have in fact
highlighted how the neutralisation of the ions’ electric charge and current depends on
two distinct categories within the electron population[49], [130], [202]. Trapped elec-
trons are those electrons that have an insufficient mechanical energy to overcome the
electric forces confining them within the plume, and are thus characterized by an ideally
infinite residence time (in reality, infrequent collisional processes offer a means to pop-
ulate/depopulate the trapped electron region of phase space). These electrons represent
the vast majority of the electrons in the plume, thus playing a major role in determining
the values of the total electron density and temperature. Conversely, due to the symmetry
of their distribution, they do not contribute to the electron currents and heat fluxes (or
any other odd moment of the total electron distribution function). Primary electrons, on
the other hand, are those electrons that possess sufficient energy to escape the plume’s
potential well, be it either by neutralising at one of the spacecraft’s material surfaces or
by reaching infinity. Although they represent a small percentage of the total electron pop-
ulation and barely contribute to density or other even moments of the distribution, these
are the electrons responsible for the definition of the total currents and heat fluxes.
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6.2. Hybrid Model Formulation

Given the enormous difference in particle densities between trapped and primary elec-
trons, we postulate here that the latter population has a negligible authority on the deter-
mination of the plume’s potential map. The formulation of a model capable of precisely
capturing the density evolution of trapped electrons would therefore be sufficient for an
accurate determination of the electric potential and consequently for the integration of
the ion trajectories required to advance in time in the hybrid model. The derivation, im-
plementation and verification of such a model for trapped electrons are thus the main
objectives of the following sections.

6.2. Hybrid Model Formulation

As stated, the proposed model relies on the assumption (verified in Section 6.3) that
trapped electrons vastly outnumber the primary ones, and that the contribution of this
latter population to the even moments of the complete electron velocity distribution func-
tion (VDF) may be comfortably neglected. Under this assumption, the total electron
density and temperature are approximated by those of trapped electrons (i.e. n, = n;, and
T, = T,,). In order to provide a description of this latter population we start by considering
its VDF at the point of maximum potential in the plume (denoted here with the suffix 0),
which is assumed to be representable through a truncated Maxwellian, with a truncation
energy given by the potential at infinity, ¢y — ¢:

2

) exp _ M if lmv2 < e(py — Poo)
2T+ | 20 ’

(N[04}

m
Jo(vo) =n" -

1
fove) =0, if vaé > e(¢o — Poo)

where n* and T are respectively the density and temperature of the untruncated Maxwellian,
¢o and ¢, are the potentials at 0 and at an infinite distance from the thruster, and m and
v are the electron mass and the velocity norm. This expression for the trapped electron
VDF derives from two properties of the population. The first is their large residence time,
which implies that eventually the population reaches a state close to thermal equilibrium,
and justifies the use of a quasi-Maxwellian distribution. The second is the absence of
trapped electrons with a mechanical energy (1/ 2)mv(2) —edy > —ed, since these would
have a sufficient energy to escape the plume and would not be trapped by definition.
Because in the collisionless limit the mechanical energy of electrons is conserved, the

velocity v of an electron that at point 0 had a velocity vy can be computed at a general

v = \/vé—m. (6.2)

m

point of potential ¢ as

Additionally, the Boltzmann equation for the evolution of the particle distribution ensures
the conservation of a VDF along particle orbits if the collisional source term on its right
hand side is small enough, so that at the general point of potential ¢ one has f(v) = fy(vo).
Combining these two considerations, the following general expression for the trapped
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6.2. Hybrid Model Formulation

electron VDF is can be obtained

m )3 mv? + 2e(¢y — @)
exp|—
2n1+) P 27"

1
fv,¢) =n" ( ) if Emv2 <e(¢ — ¢e),
(6.3)

fv,¢) =0, if %mvz > e(¢ — o).

By integrating over three-dimensional velocity space, one finds the following expressions
for the trapped electron density and temperature as a function of the local potential

nte(¢;n*7 T*, ¢0’ ¢00) =n exp [_W] P [%’ @]’ (64)
, F | e<¢;*¢m>]
Tte ;T*, 0 =T . 6.5
BT =T (6.5)
2’ T*

P(a,x) = fox 12 Vexp(~1)dt/ fooo 17! exp(—1) dt is the lower regularized gamma function,
that guarantees physically meaningful results only if x > 0. Nevertheless, by definition,
no trapped electrons can be present in regions of the domain where ¢ < ¢, and we
can comfortably take n,, = O there. Note that the variables n* and T, of rather obscure
physical meaning, can be related to the electron density and temperature at point O by n* =
no/ P[3/2,e(o — $)/T7] and T* = ToP[3/2,eo — $e)/T]/ P[5/2. elbo — $) /T"]-
In particular, for cases in which e(¢y — ¢)/T* > 4 (a condition that we will show to be
regularly fulfilled) the terms containing P(-,-) in Egs. (6.4) and (6.5) approach unity, so
that n* =~ ng and T* = Ty. In the interest of the numerical implementation proposed later,
we also report here the partial derivative in ¢ of the trapped electron density:

o _en” [_€(¢0 - ¢>]erf[ [e(p - 6e0)
op T+ T+ T+

Given this description of the trapped electron population, and assuming that ¢g, ¢

. (6.6)

and 7™ are known (Section 6.5 will discuss their determination), the following numerical
algorithm for the implementation of a hybrid code is suggested.

1. Injection and neutral macro-particles into the simulation domain through the thruster
grids and, in the case of neutrals, from the neutraliser’s orifice.

2. Compute the ion density »; at the mesh nodes.

3. Set ny equal to the current maximum ion density, and position the point O in this
location. The electric potential at each point in the domain can now be computed in
two ways:

(a) Assume quasi-neutrality and solve for ¢ the implicit equation n,.(¢; ng, T, ¢o, po) =

n; with a Newton-Raphson scheme employing Egs. (6.4) and (6.6).
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6.2. Hybrid Model Formulation

(b) Retrieve ¢ from the non-linear Poisson equation V2¢ = —e[n; — n,.(¢)]/&o.
This approach is numerically more cumbersome, since it requires a cell size
of the order of the Debye length in the non-neutral regions of the domain, and
the numerical implementation of a non-linear Poisson solver. However, it still
permits a time-step that is unconstrained by the plasma frequency, since the
model does not resolve the electron dynamics, and allows a consistent retrieval
of the plasma sheaths in front of material surfaces.

4. Employ the computed electric fields to advance the ion (and neutral) macro-particles.
5. Execute any collisions between ions and neutrals.
6. Iterate over steps 1 through 5 until steady-state is reached.

7. If desired, the electron temperature may be obtained at the end of the simulation
from Eq. (6.5). The electron currents and heat fluxes, on the other hand, can be
retrieved by freezing the steady-state potential map and injecting primary electron
test particles from the neutraliser (with the flux, velocity and temperature that most
appropriately describe the its exhaust). If the quasi-neutral version of this algorithm
is employed, care must be taken in correctly reflecting those test particles that do
not posses sufficient energy to cross the infinitesimal sheaths present at the domain
boundaries. Once this population of electron macro-particles has reached steady-
state, their weighting to the mesh nodes provides an estimation of the macroscopic
properties of primary electrons, which in the case of the odd moment of the VDF
coincide with those of the entire electron fluid.

Incidentally, the proposed algorithm can be executed with any expression that, anal-
ogously to Eq. (6.4), provides the electron density as a function of the local plasma
potential. By far the most employed expressions of this kind are the Boltzmann relation,

e(¢ - ¢0)]

- 6.7)

np(p;n*, T", pg) = n* exp [

and the one that ensues from the use of a polytropic closure in the collisionless and un-
magnetized limit

1

npol)'(¢;n s T 7¢0’ y) =n 1 + ’)/T¢—*¢%):|fy . (6.8)

T

Note that Eq. (6.7) coincides with Eq. (6.4) when the incomplete gamma function is unity
(i.e. when no truncation of the underlying VDF is carried out), and therefore provides a
good evaluation of the electron density if primary electrons complete the Maxwellian
distribution at energies larger than e(¢y — ¢,). In other words, Eq. (6.7) is accurate
when the primary electron density n,, ~ ng(¢) — n.(¢), while Eq. (6.4) provides a better
description of the total electron population if n,, < ng(¢) — n,.(¢). An evaluation of the
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precision of these two closures can therefore be locally obtained by considering the non-
dimensional parameter 7, /[ng(¢) —n,(¢)|, that assumes a value of 1 where the Boltzmann
relation is the most accurate, and a value of 0 where n, = n, and Eq. (6.4) provides a
good description of the electron density. Regarding the polytropic relation, we point out
that Eq. (6.8) employs the same set of parameters as Eq. (6.4), especially considering that
the collisionless fluid equations yield a relationship between the polytropic coefficient and

the total potential drop
Y €(¢0 - ¢00)

i e TR 6.9)

6.3. Verification of Assumptions

The model proposed in the previous section relies on a series of assumptions that must be
verified and discussed before proceeding. To this end we employ the full PIC simulations
of a GIE plume presented and validated in Ref [50] to evaluate the accuracy of our hy-
potheses. The results presented hereafter refer to the specific operating conditions of case
O1 PI1 F, in which electron macro-particles were sorted into primary and trapped particle
lists depending on their mechanical energy[49], but an analogous outcome is obtained
when considering all other simulation cases. For this specific simulation the values of the
characteristic electron temperature, the maximum plume potential, and the infinity poten-
tial obtained by the PIC code and employed hereafter were respectively T = 2.58 eV,
¢o =28.56V, and ¢, = 10.38 V.

a) e [m_ﬁ} DE c) pe/|np(d) — nue(9)| [
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Figure 6.1: The steady-state primary and trapped electron densities (n,, and n,, respec-

tively), along with the non-dimensional parameter indicating the effectiveness of the as-

sumption on the electron densities behind the proposed closure, for the case O1 P1 F of

Ref [50]. The black dots and labels in panel (b) indicate the positions where the VDFs

displayed in the corresponding panels of Figure 6.2 are measured.

First, Figure 6.1, displays the steady-state densities of primary and trapped electrons,
along with the non-dimensional parameter employed to evaluate the applicability of the
Boltzmann and trapped electron relations for the total electrons densities (respectively
Egs. (6.7) and (6.4)). The comparison of the first two panels confirms that —except in
the immediate proximity of the neutraliser— the primary electrons provide a negligible
contribution to the total electron density, and n, ~ n,, is an accurate assumption in most
of the domain. Additionally, the value of n,./|ng(¢) — n.(¢)| (which has been computed
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employing the values of 77, ¢, and ¢, retrieved by the PIC simulation) is close to zero
everywhere in the domain, excluding the region right in front of the neutraliser, indicating
that Eq. (6.4) provides a more accurate estimation of the total electron density with respect
to the Boltzmann relation.
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Figure 6.2: The primary and trapped electron VDFs at along the plume’s centerline (in the
upper row of plots) and at the plume periphery (in the lower row). Each curve represents a
mono-dimensional distribution, obtained by integrating the 3D VDF in the remaining two
dimensions. The data has been smoothed with a sliding window filter to remove noise and
increase readability. In all panels the dashed-dotted black line represents the analytical
formulation of Eq. (6.3). Note that in some cases the axial energy of primary electrons
exceed the bounds of the x axis.

Second, Figure 6.2 displays the VDFs of primary (in blue) and trapped electrons (in
orange) at six different points in the plume (on the plume axis in the upper row, and in
the plume’s periphery in the second). The location in the plume corresponding to each
panel of Figure 6.2 has also been marked in Figure 6.1(b). The black dash-dotted line
displays the analytical formulation for the trapped electron VDF of Equation (6.3), in
which the values of ng, ¢y, ¢, T and of ¢ at the considered point were taken from the
PIC simulation itself. At all the considered points (possibly excluding the one of panel
(d), located just in front of the neutraliser), Eq. (6.3) proves to be a good estimation of
the trapped electron VDE, although a rounding of the high energy “corners” of the VDF
obtained by the PIC code —which is not captured by our analytical formulation— can
be observed. This is to be expected, since the corners of the trapped electron distribution
are smoothed out by collisional processes that enable the escape of those electrons that
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6.3. Verification of Assumptions

already belong to the higher energy regions of the VDF. Consider, however, that this
rounding only affects a minimal portion of the electron population (note that the y-axis
in Figure 6.2 is in logarithmic scale) and that the slight overestimation of the trapped
electron density (and temperature) that it causes partially balances out the omission of
primary electrons.

1016

¢ [V]

Figure 6.3: Comparison between the derived expressions for the trapped electron density
and temperature as a function of the local potential (in dash-dotted black lines), and the
corresponding data-points obtained from the full PIC simulation (shown with coloured
markers).

Having confirmed that our approximation of the trapped electron VDF captures suf-
ficiently well its profile, Figure 6.3 displays the comparison between the consequent ex-
pressions for their density and temperature as a function of the local potential (respec-
tively Eqgs. (6.4) and (6.5), where once again n*, ¢y, ¢ and T~ are taken from the PIC
simulation) and the results of the full PIC model. Focusing first on the profile of 7,
Figure 6.3(b) shows in differently coloured markers the three diagonal components of the
temperature tensor obtained by the PIC simulation (the off-diagonal ones are negligible),
confirming that the trapped electron population is perfectly isotropic and that the use of a
single scalar temperature is appropriate. Additionally, because of the clear-cut corners of
the underlying VDF observed in Figure 6.2, Eq. (6.5) is shown to provide a slight overes-
timation of the temperature at potential values between 13V and 21 V. Nevertheless, both
analytical expressions for the density and temperature of trapped electrons as a function
of ¢ display a satisfactory correlation with the PIC simulation data.

Finally, Figure 6.4 evaluates the accuracy of the two approaches proposed above
(quasi-neutral and non-neutral) for the computation of the electric potential. This is done
by considering the ion density map retrieved by the PIC simulation at steady-state, com-
puting the resulting electric potential map by either imposing quasi-neutrality or solv-
ing the non-linear Poisson problem, and comparing it with the potential values self-
consistently obtained by the full PIC code. In order to provide a benchmark for the pro-
posed model, the results obtained employing the Boltzmann and polytropic relations of
Egs. (6.7) and (6.8) are also shown in Figure 6.4. Both in the quasi-neutral and in the
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Figure 6.4: Errors between the PIC solution and the the potential maps computed with
the proposed closure [panels (a) and (b)], with a Boltzmann relation [panels (c) and (d)],
and with the polytropic relation [panels (e) to (h)]. All errors are normalised by the
characteristic electron temperature 7.

non-neutral case, the proposed approach provides smaller errors compared to the Boltz-
mann closure, which tends to amplify the potential drop outside of the plume due to its
overestimation of the primary electron density. The evaluation of the precision of the
polytropic relation, on the other hand, is not as straight forward. Indeed, if a polytropic
parameter y = 1.166 is used, as obtained by inserting the value of ¢, in Eq. (6.9), the
resulting quasi-neutral and non-neutral potential maps tend to overestimate the values of
¢ at the plume periphery, as shown in panels (e) and (f). Nevertheless, panels (g) and
(h) prove that, within the considered domain, potential errors equivalent to those obtained
with the use of Eq. (6.4) can be obtained by decreasing arbitrarily the polytropic index to
v = 1.06. This value of vy, however, theoretically corresponds to a potential at infinity of
¢ = —17V (as opposed to the ¢., = 10.38 V obtained by the PIC simulation), so that if

129



6.4. Result Comparison

one could enlarge the simulation domain, an eventual disagreement between the PIC and
the polytropic solutions is to be expected.

Focusing now on the quasi-neutral cases, all closures display large errors close the the
thruster grids and cathode due to the non-neutral sheaths that are present there, which can
only be resolved by integrating Poisson’s equation. It is important to remember, however,
that in order to relax the computational burden of the PIC code, the vacuum permittivity
in those simulations (and thus in the computation of the map of ¢ that is here used as
reference) was artificially increased by a factor f3 = 400, thus enlarging the non-neutral
regions by approximately a factor fp =20. Similarly, the errors in the potential outside
of the main ion beam may be accentuated by the use of a larger vacuum permittivity
in the PIC code, which leads to an overestimation of non-neutrality in these regions of
lower plasma density. In the rightmost row of plots, on the other hand, in which the
Poisson equation is solved for (also with f2 = 400 to ensure a consistent comparison),
the discrepancies due to the sheaths in front of cathode and grids disappear since they are
now solved for. In particular, in the case of the closure proposed in this work [see panel
(b)], the error in the whole domain never exceeds 0.4 V, confirming the validity of the
hybrid approach proposed here.

6.4. Result Comparison

Up to this point the validation of the proposed model and its underlying assumptions has
been carried out considering the steady-state equilibrium reached by the full PIC sim-
ulation. A more complete and consistent evaluation of the model’s accuracy, however,
must take into account the steady-state reached when employing the proposed hybrid ap-
proach, and compare its relevant plasma properties with those obtained by the full PIC
model. To this end, the non-neutral version of the algorithm outlined in Section 6.2 was
implemented in FORTRAN, and was used to simulate a scenario identical to the full PIC
simulation case O1 P1 F of Ref. [50]. The problem geometry, the operating point of the
thruster, the background neutral density and the numerical mesh were thus kept unvaried,
while the simulation time-step could be incremented by a factor 100 thanks to the relax-
ation of its numerical constraints. The non-neutral approach was here preferred to the
quasi-neutral one because of its ease of comparison with the non-neutral PIC code, espe-
cially in presence of an artificially augmented vacuum permittivity, which for consistency
was also employed in the hybrid code. As a consequence, a numerical method for the res-
olution of the non-linear Poisson equation was developed. At each simulation time-step,
the method starts from an initial guess of the potential map ¢® and iteratively corrects
it until a convergence criterion is reached. In practice, at a generic iteration instance k,
the potential map ¢ is used to compute the corresponding electron density and charge
density, and the resulting linear Poisson equation is solved, yielding a potential map ¢’.
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This map is then used to update the guess of the potential as

T ¢-¢Y

RIS .
O (e — o1, 4T o)

(6.10)

Where a value of the tuning parameter C = 0.05 was found to guarantee stable conver-
gence. The iterations on the potential map were stopped when max(|¢p® — ¢'|) < 0.1V,
which for the scenario considered was reached in the vast majority of time-steps with
less than 10 iterations. This approach proved to be simple and effective, especially for
the demonstrative scope of the present work. However, the time employed in the inver-
sion of the non-linear Poisson problem foreseeably constitutes a relevant fraction of the
total simulation time (in the present scenario it accounted for 30% of the simulation),
so that future optimized versions of the model should take into consideration alternative
numerical schemes for its resolution.

a) ¢ [V] . b) E [V/m] o ¢) T, [eV]

Hybrid

r [em]

Full PIC

r [em]

r [em]
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Figure 6.5: Comparison between the steady-state results for the simulation case O1 P1 F
of the hybrid and full PIC simulations.

Figure 6.5 shows the comparison between the steady-state results of the proposed
hybrid methodology, and those of the PIC simulation. In particular, from left to right
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the panels of each row show the maps of the electric potential, the electric field and the
electron temperature; the densities of fast ions (those emitted by the thruster), slow ions
(those generated in the plume), and electrons; and their respective electric currents. The
upper half of each panel shows the results of the hybrid simulation, while the bottom half
displays the steady-state reached by the PIC model. Both codes provide very similar re-
sults, especially when considering the fast and slow ion properties In line with this general
agreement, the hybrid and PIC potential maps shown in panel (a) display only minimal
differences, and as a consequence the profiles of the electric field, electron density, and
temperature of panels (b), (c) and (f) are also very similar. In all three cases, in fact, the
main differences can be observed in proximity of the neutraliser, where the assumption of
a negligible primary electron density does not hold. These differences, however, remain
confined to the region of the plasma bridge, while the comparison in the plume bulk for
the electric field and electron densities remains excellent. Similarly, only a minimal over-
estimation by the hybrid model of the electron temperature in the plume can be observed
in panel (c), in line with the observations already made for Figure 6.3(b).

Finally, panel (i) displays the comparison between the electron current maps, which
we remind here are computed in the hybrid approach once the simulation has reached
steady-state by freezing the potential map and integrating within it the trajectories of test
particles injected from the neutraliser. Comparing the two solutions, the currents obtained
by the full PIC code are more focused around the neutraliser axis, because of the electric
forces that are present at the cathode orifice due to the high primary electron density.
These have a lasting effect the electron trajectories even further downstream, which tend
to fan out more in the case of the hybrid simulations, but remain slightly more focused in
the case of the full PIC code. Nevertheless, even in presence of these minor differences,
the comparison between the results of the two codes is satisfactory when considering
the difference in computational costs. Indeed, while the full PIC model takes roughly 80
hours to reach steady-state running on the 40 physical cores of two Intel Xeon Silver 4316
processors, the hybrid code takes roughly 3 hours to run an analogous simulation on 16
physical cores of the same processor.

6.5. Determination of ¢, ¢., and T~

Sections 6.3 and 6.4 have proven that, if a sufficiently accurate estimation of the free
parameters of the closure ¢, ¢, and T is provided, the proposed model provides a sat-
isfactory description of the plasma in GIE plumes. The problem now becomes, therefore,
the precise determination of these three scalar values. On the one hand, this new query
takes advantage of the fact that all three parameters represent clear and measurable physi-
cal values (unlike, for example, the y parameter in a polytropic closure): ¢ is the floating
thruster potential with changed sign, ¢, the maximum plasma potential value in the plume
bulk (which should be located just downstream of the thruster grids), and 7" approxi-
mately coincides with the electron temperature at that same point. On the other hand, all
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three values depend on the delicate global equilibrium reached by the column of trapped
electrons, which even the higher-fidelity full PIC model struggles to precisely identify, as
demonstrated in the comparison with experiments of Ref. [50]. This is partially due to
the fact that ¢y, ¢, and 7™ all represent energies which are orders of magnitude smaller
than the energies externally applied to the system (ions are injected with around 1000 eV
of energy into the plume, and a potential difference of 150V is set between the accelera-
tion grid and the neutraliser), making their precise determination challenging. To further
complicate things, none of the three parameters appears to depend on a single physi-
cal process, but rather from the interaction between multiple interdependent mechanisms
such as the equilibrium of collisional processes that trap and release trapped electrons, the
requirement of a current free plume, the electron conductivity in the plasma bridge, and
the development of plasma sheaths in front of material objects.

An illustrative example of the delicate and malleable equilibrium reached by the col-
umn of trapped electrons may be found in our attempts to establish a simple model for
¢o. At a naive first glance, in fact, the value of the maximum potential appears to depend
on the characteristics of the plasma sheath that forms in front of the acceleration grid. A
simple 1D axial model, that describes the variation of ion and electron densities along the
plume axis coupled with Poisson’s equation, should therefore be capable of providing a
first estimation of ¢,. To this end we employ the expression derived in Reference [53] for
the ion density along the axis of a GIE plume

I;
2 2¢(d — bue)
eAag(1+£tana/) \/M?O—M
R 1

m;

ni($,z) = (6.11)

where z is the axial coordinate, /; is the ion current emitted by the thruster, A,, is the
emission area of the acceleration grid, R and ¢,, are its radius and potential, and @ and u;
are the initial divergence and velocity of the mono-energetic ion beam. This expression
for the ion density is then coupled with the law for the trapped electron density of Eq. (6.4)
(where ¢, and T* are still assumed to be given, while ¢, is now an additional unknown
of the problem) and with the 1D Poission equation and its boundary conditions:
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Although this may appear a closed system of equations, the last boundary condition im-
plicitly introduces a new unknown: the position of the potential maximum zy. Without
an additional condition that either provides the value of ¢, or of z, therefore, the system
of equations is undetermined. This is shown in Figure 6.6, where we plot the axial po-
tential profiles obtained by solving with a shooting method the described axial 1D model
parametrized in function of zy. As obvious from the plot, a different ¢, is obtained for
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Figure 6.6: Potential profile within the plasma sheath that develops in front of the ac-
celeration grid according to the 1D model. Each line corresponds to the solution with a
different total sheath z.

each value of zy imposed; or, in other terms, any value of ¢, required by the global equi-
librium of the plasma plume can be obtained through a slight extension or contraction of
the sheath in front of the acceleration grid.

Given this complexity, the dependence of ¢y, ¢, and T on parameters of the prob-
lem such as the operating point of the thruster, the neutral background pressure, and the
relative position and orientation between thruster and neutraliser requires further, detailed
research and should eventually lead to a theoretical, physics-based model for their de-
termination. In the meantime, however, we propose here a heuristic approach for their
approximation based on the numerical and experimental observations presented in Ref
[50]. First, we note that from the experimental standpoint the value of ¢, is largely
independent on the background pressure and is of relatively simple determination. An
experimental measurement of the thruster’s floating potential (and its variations with the
operating point) would therefore be the most direct and dependable approach to its quan-
tification. Second, we observe that in all of the cases considered there is, both numerically
and experimentally, a direct dependence between the background pressure and 7, which
on the other hand does not depend on the thruster’s operating point. To visualize this, Fig-
ure 6.7 displays, for the two operating points considered, the variation of 7* in function
of the background pressure p;, according to experimental and numerical data (respec-
tively in red and blue markers), along with two linear fits which we provide below for
completeness:

T" =17.233 - 43492p,, (6.13)

for the experimental data, and
T" =2.508 = 9679y, (6.14)
for the simulation data, where 7™ and P, are respectively given in €V and mbar.
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Figure 6.7: Behaviour of the trapped electron characteristic temperature as a function of
the background pressure according to experimental and numerical data.

The final observation, that can be used to retrieve ¢y, is that the ratio e(¢y — ¢o,)/T™ is
roughly constant both for simulations and experiments, as shown in Table 6.1. Numeri-
cally this ratio suffers only small fluctuations around the average value {(e(¢9—d)/T*), =
6.82. Experimentally, on the other hand, the fluctuations around the average value {e(¢ —
¢)/T"), = 4.74 are larger, although it must also be stated that the determination of this
ratio from the available experimental data is of much more complex and uncertain nature.
This is because the experimental campaign of Reference [50] did not provide a map of
the plume potential, so that the location of the reference point 0 had to be assumed just
downstream of the thruster grids, and the value of ¢, had to be roughly extrapolated from
the energies of ions flowing radially outside of the plume. Even so, our experimental
measurements also yields a ratio between 7™ and the total potential drop in the plume
that remains roughly constant throughout all of the operating conditions explored. As a
result, with the value of ¢, obtained experimentally, and that of 7" given by Eq. (6.13) or
(6.14), ¢y can be trivially determined by assuming a reasonable value of e(¢y — ¢)/T ",
and the hybrid methodology introduced in Section 6.2 can be employed without the need
of a supporting model.

6.6. Conclusions

This paper develops and presents an approach for hybrid simulations of GIE plumes, that
attempts to overcome the challenge of the identification of an accurate closure for the
classical electron fluid formulation. The proposed methodology stems from the subdivi-
sion of plume electrons into primary and trapped populations, and from the observation
that the former category provides a negligible contribution to the total electron density.
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Case Simulation Experiment
Ol P1F 6.97 7.46
O2P1F 6.99 6.58
O1P2F 6.71 4.17
O2P2F 6.65 4.85
O1P3F 6.65 4.17
O2P3F 6.53 4.17

Table 6.1: Numerical and experimental values of the ratio e(¢y — ¢,)/T* for the different
operating conditions considered.

The latter electron population can instead be described through an approximation of their
VDF, which allows the determination of analytical expressions for their density and tem-
perature as a function of the local plasma potential. As a result, a quasi-neutral and a
non-neutral version of the hybrid model are proposed, that guarantee a relevant reduc-
tion of computational times (upward of a factor 10) with respect to an equivalent full PIC
formulation.

The assumptions on the negligible influence of primary electrons and on the VDF
profile of trapped ones, that are at the base of the developed electron model, are then
verified by means of previously developed and validated full PIC simulations of a GIE
plume[49], [50]. Moreover, a practical implementation of the developed non-neutral hy-
brid model is proposed and its results are compared with those obtained with the full PIC
code. The comparison demonstrates an excellent agreement between the results of the
two codes if an accurate estimation of the three scalar free parameters of the developed
hybrid model (the floating thruster potential ¢.,, a characteristic electron temperature 7,
and the maximum plume potential ¢,) can be provided.

Unfortunately, a theoretical and fully consistent approach to the determination of these
parameters could not be identified in the present work, and will be the topic of future
research. Nevertheless, a heuristic method for the determination of ¢.,, ¢o and T* was
extrapolated from the available numerical[ | 88] and experimental[ | 87] data of the RIT10-
EVO’s plasma plume, permitting an independent utilization of the model.

Although the developed hybrid methodology displays enticing computational costs
and a promising comparison with full PIC results, important additional research must be
undertaken before it can be confidently and independently employed for the simulation
of GIE plumes. Chief among the remaining open points is the issue of the accurate deter-
mination of ¢y, ¢, and T*, and the sensitivity of the model to their values. The provided
heuristic approach, in fact, relies on a limited set of experimental and numerical data of
the sole plume of the RIT10-EVO, which must thus be expanded to other thrusters and
other operating conditions before it can be assumed to have predictive capabilities. More-
over, the proposed approach does not and can not provide a theoretical and physics-based
understanding of the behaviour of ¢, ¢, and T* as a function of the operating conditions
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and design parameters of the thruster and neutraliser. A deeper understanding of this de-
pendency likely requires dedicated research on the influence of the neutraliser and plasma
bridge properties on the plume equilibrium, and on the effects of collisional processes on
the trapped electron population. Finally, the proposed hybrid model would benefit from
an investigation of the accuracy of its quasi-neutral version, which was not extensively
elaborated in this work, as well as from a study dedicated to the injection conditions for
the primary electron test particles employed to obtain the electron currents in the domain,
which may allow a better comparison with the full PIC results.
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CHAPTER 7/

Conclusions

This chapter provides a summary of the main achievements accomplished throughout the
thesis, and proposes future work to build upon the present results.

7.1. Summary and Main Results

This thesis consists of a collection of simulation efforts, employing different modelling
approaches, of EPT and GIE plasma plumes. Each of these efforts strives to provide
novel insight on the core physical mechanisms that govern the plume equilibrium, on the
external factors that may influence it, and on the effectiveness of the chosen modelling
approach. Their results are here covered separately based on the propulsive architecture
investigated.

Simulation of Magnetic Arches: The 3D in-house hybrid code EP2PLUS was adapted,
assuming a polytropic closure for electrons, to the simulation of a planar magnetic arch,
the magnetic topology that arises when clustering a pair of EPTs with opposite magnetic
polarities. The use of a planar hybrid code allowed, for the first time, a parametric analysis
of the influence on the plume properties of electron magnetization, collisional processes,
and boundary conditions. The plume of a magnetic arch was found to be divisible in (i)
a near plume, where the plasma beams emitted by each EPT source are yet to interact;
(i1) a transition region, where the weakly collisional merging of the two plasma beams
gradually takes place, giving rise to non-Maxwellian ion VDFs and double-peaked plasma
properties; and (iii) a far plume, where the merging of the two plasma beams has fully
completed. The presence of a region of magnetic drag was observed where the expanding
plasma is forced to cross closed magnetic field lines, but ultimately a saturation of the
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effects of the magnetic field on the propulsive and discharge properties was detected for
values of the Hall parameter larger than 10. At high electron magnetization levels the
in-plane electron currents were found to be sensitive to the magnetic topology and BCs
(prompting the distinction between BCs to be applied in a vacuum vessel or in space), but
were also shown to be strongly decoupled from other plasma properties. Finally, a study
on the effects of ion-neutral collisions highlighted a relevant production of slower ions
within the plume, and the consequent increase in propulsive performance due to neutral
entrainment.

Simulation of GIE plumes: The ion beam of a gridded ion thruster, neutralised by an
externally mounted cathode, was simulated by means of a full PIC code in its planar and
axisymmetric versions. These simulations highlighted for the first time the importance
of inelastic collisional processes between electrons and neutrals in the neutralisation of
the thruster’s ion beam, that provide the energy loss mechanism required to reduce the
mechanical energy of electrons and confine them within the potential well of the plume.
As a result, a relevant improvement with respect to previous works in the literature was
observed in the values of the electric potential and electron temperature predicted by the
model. The process of electron trapping allows a conceptual subdivision of electrons
into primary ones, those yet to undergo an inelastic collision and sufficiently energetic to
escape the ion beam, and the trapped ones, electrostatically confined within the plume.
A parametric analysis of the model inputs also revealed that, at equilibrium, the charac-
teristics of primary electrons are directly associated with the emission properties of the
neutraliser, while the much more numerous trapped electron population reaches a delicate
and complex equilibrium that interacts with the neutraliser and primary electrons through
the mediation of scarce collisional events.

Later, these theoretical conclusions and the results of the full PIC code were thor-
oughly compared with the data from a dedicated experimental investigation of the RIT10-
EVO’s plasma plume. This analysis showed that the developed model accurately pre-
dicted the ion properties in the plume bulk, but was not as exact in the determination of
the equilibrium reached by the confined electron cloud. Nevertheless, simulations were
capable of qualitatively explaining the decrease of the plasma potential and electron tem-
perature in the plume as the facility background pressure was raised, and their increase
when negatively biasing the thruster body with respect to the chamber walls. Additionally,
simulations were also employed to evaluate the effect of immersing a double Langmuir
probe into the plume, indicating that it could lead to a change in the plume’s equilibrium,
causing non-negligible shifts in the plasma potential but leaving the electron temperature
and density nearly unaffected.

Finally, a closure for the electron fluid equations, based on an approximation of the
electron VDF, was proposed for the specific case of GIE plumes. The closure, employed
in a non-neutral hybrid code, was shown to markedly reduce computational costs with
respect to a full PIC code, while providing very similar results. However, the suggested
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algorithm relies on the knowledge a priori of the maximum potential value in the plume,
of the floating potential of the thruster, and of a reference electron temperature. Although
a heuristic approach has been proposed for the determination of these values, extensive
further research is required for their theoretical determination as a function of the param-
eters of the problem, and for the confident extension of the algorithm to any GIE plume.

7.2. Future Research

As is often the case in research, the physical and numerical insight provided in this work
opens the door to many further queries and open points. In an attempt to guide said
research, the more relevant of these points are schematically summarized below.

Magnetic arch simulations:

1. Extend the analysis to the three-dimensional scenario, providing a more realistic
overview of the full expansion, and allowing the study of the closure of the electron
currents in the direction normal to the plane containing the arch.

2. Improve the description of the electron thermodynamics, either by including the
energy equation in their fluid module or by considering the use of a kinetic method-
ology for the determination of their properties. This improvement would allow a
more accurate description of the pressure forces and a study of the effects of in-
elastic collisions on the plasma equilibrium and on the propulsive properties of the
magnetic arch.

3. Provide a first evaluation of the effect that the exchange of particles (principally
electrons) along closed magnetic lines may have on the plasma discharge within the
chambers of the two EPTs. The ionization region in EPTs, in fact, communicates
directly with the plume, and the flow of electrons produced in one source into the
other (and vice versa) may have a strong influence on the properties of the discharge.
A first approach to this study consists in coupling a PIC model (a kinetic description
of electrons is necessary to distinguish between the outgoing and incoming electron
properties) with a global model for the discharge chamber of the EPT.

4. Study the applicability and effectiveness of controlling the direction of the thrust
vector by modulating the intensities of the magnetic fields of the two EPTs.

GIE plumes:

1. Develop and couple the PIC simulations with a global model for the internal neu-
traliser dynamics, capable of self-consistently determining its exhaust properties as
a function of the plume equilibrium. This development should allow to restrict the
uncertainties linked to the currently externally imposed values of 7, and I .
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2. Study the importance of the plasma bridge that develops between the neutraliser
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and the ion beam in the determination of the final plume equilibrium. The assump-
tion of axisymmetry often employed in the thesis, in fact, importantly distorts the
plasma properties in this region, possibly influencing the potential values ultimately
obtained at equilibrium. Given the prohibitive computational costs associated with
a full plume 3D simulation characterized by realistic plasma densities at the neu-
traliser exhaust, this research line should first consider the study of an isolated cath-
ode and its plume, and then envision an approach to couple it with the ion beam.

. Analyse in detail the effects of elastic and inelastic collisions on the final equilib-

rium reached by the column of trapped electrons. At steady-state and in absence of
oscillations an exact equilibrium between collisional processes that allow the trap-
ping and escape of electrons from the plume bulk must exist, and in some cases
may be delicately dependent on the collisional algorithms employed. Central to
this study would be the inclusion of an accurate description of Coulomb interac-
tions, and a precise evaluation of the effects of numerical thermalisation.

Extend the research on the effects of an immersed probe by executing a virtual
voltage scan of the simulated probe and recording the resulting IV curve. This
would allow a more precise evaluation of the measurement distortions that the non-
stationary plasma equilibrium may cause.

Improve the description of neutrals by periodically updating their properties to be in
equilibrium with the current plasma characteristics.[203] This would ensure that the
maps of neutral density, velocity and temperature are consistent with the final plume
equilibrium, without extending the simulation length to the full neutral timescales.

Improve the code parallelization, possibly porting it to GPUs. In particular this lat-
ter development may help make 3D simulations, or ones with more realistic values
of the vacuum permittivity, computationally affordable.

. Finally, the closure to the electron fluid equations proposed in Chapter 6 requires

extensive further research to (i) ensure that it provides an accurate and general de-
scription of the electron properties in most GIE architectures; and (i1) provide a
theoretical framework for the determination of the floating thruster potential, max-
imum plume potential, and characteristic electron temperature.
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