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Abstract

A Helicon Plasma Thruster is an electric propulsion system in which the thrust is attained
accelerating the plasma produced in a Helicon source with a magnetic nozzle. The main
components of a Helicon Plasma Thruster are (i) a dielectric tube inside which the plasma
is produced from a neutral gas propellant, (ii) a radio frequency antenna working in the
MHz range which drives the discharge, and (iii) magnets which generate a magneto-static
field (up to 0.2 T) for plasma confinement and acceleration. The principal features which
make Helicon Plasma Thrusters appealing for space applications are the simple geometry
and in turn the relatively low cost, the long life due to the absence of grids or electrodes
in contact with the plasma, and no need for a neutraliser being the ejected beam glob-
ally neutral. The propulsive performances (e.g., thrust and specific impulse) of Helicon
Plasma Thrusters are strictly related to both the plasma generation and the plasma ac-
celeration mechanisms, therefore a numerical tool capable of resolving both the Helicon
source and the plume has been implemented. Specifically, the 3D-VIRTUS code has been
developed to solve self-consistently the plasma transport and the wave propagation inside
the source, while an analytical model of the plume has been adopted to obtain prelimi-
nary estimations of the propulsive performances. In particular, 3D-VIRTUS can handle
sources of arbitrary three-dimensional geometries, driven by an arbitrary-shaped conduc-
tive antenna, and magnetized by coils or permanent magnets. Moreover, 3D-VIRTUS has
been verified against both numerical and experimental benchmarks. The new code has
been exploited in a parametric analysis conducted on a simplified configuration of Helicon
Plasma Thruster. The parameters of the system (e.g., initial neutral density, along with
intensity and topology of the magneto-static field) and the geometry (e.g., discharge ra-
dius and length, along with antenna shape) have been varied in typical operational ranges
in order to assess their influence on (i) the equilibrium plasma profiles (e.g., plasma den-
sity and electron temperature), (ii) the electrical response of the discharge (e.g., antenna
impedance), and (iii) the preliminary estimations of the propulsive performances. More-
over, a counterbalanced pendulum thrust stand specifically conceived for testing Helicon
Plasma Thrusters has been characterised and exploited. The stand can handle prototypes
producing thrust from tens of µNewton up to tens of milliNewton, operated with an elec-
trical power lower than 1 kW, and whose weight envelope (i.e., thruster integrated with
other subsystems such as the PPU) is up to 10 kg. Tens of measurements per day can
be accomplished with a 2-σ uncertainty in the order of 15%. Preliminary tests have been
conducted in order to characterise of the mechanical response of the stand (e.g., sensibility,
linearity range and noise), and to develop a correction procedure for the zero-position drift.
Subsequently the thrust stand has been exploited to test a medium power (200-300 W)
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Helicon Plasma Thruster operated with xenon and carbon dioxide propellants. Finally, a
combined numerical-experimental campaign has been conducted on a low power (50 W)
prototype operated with argon propellant in order to verify the reliability of the numerical
model when handling a real-life thruster.



Abstract Italiano

Un Helicon Plasma Thruster è un propulsore elettrico in cui la spinta è ottenuta ac-
celerando, attraverso un ugello magnetico, il plasma prodotto in una sorgente Helicon.
I componenti principali di un Helicon Plasma Thruster sono (i) un condotto in materi-
ale dielettrico all’interno del quale il plasma viene prodotto a partire da un propellente
gassoso, (ii) un’antenna eccitata in radio frequenza (alcuni MHz) che sostiene la scarica,
e (iii) magneti che generano un campo magnetostatico, di intensità solitamente inferiore
a 0.2 T, il quale viene impiegato sia per migliorare il confinamento del plasma che per
favorirne l’accelerazione. La tecnologia Helicon risulta particolarmente adatta ad appli-
cazioni spazio, infatti propulsori di questo tipo hanno una geometria molto semplice e
quindi sono relativamente poco costosi, hanno una vita operativa molto lunga perché non
ci sono griglie o elettrodi a contatto con il plasma, e non servono neutralizzatori perché
il flusso di particelle eiettato è globalmente neutro. Dato che le prestazioni di un Helicon
Plasma Thruster (spinta ed impulso specifico) sono intimamente legate a come il plasma è
prodotto ed accelerato, si è ritenuto opportuno sviluppare un codice numerico in grado di
simulare sia la sorgente Helicon che il fascio di plasma (chiamato plume). Nello specifico,
il codice 3D-VIRTUS è stato sviluppato per risolvere l’accoppiamento fra la propagazione
di onde elettromagnetiche ed il trasporto di plasma nella sorgente, mentre un modello
analitico è stato adottato per simulare il plume e quindi ottenere una stima preliminare
delle prestazioni. In particolare con 3D-VIRTUS si possono simulare sorgenti di forma
generica, sostenute da antenne di geometria qualsiasi, e circondate da campi magneto-
statici generati sia da elettromagneti che da magneti permanenti. Inoltre, 3D-VIRTUS è
stato verificato sia contro altri modelli numerici che contro misure sperimentali. Il nuovo
codice è stato quindi impiegato per l’analisi di una configurazione semplificata di Helicon
Plasma Thruster. I parametri del sistema (cioè densità iniziale dei neutri, intensità e
topologia del campo magnetostatico) e la geometria (cioè diametro e lunghezza della scar-
ica, forma dell’antenna) sono stati analizzati in un intervallo tipico per un’applicazione
spazio, in particolare si è valutato il loro impatto su (i) profili di plasma all’equilibrio
all’interno della sorgente (cioè densità e temperatura), (ii) comportamento elettrico della
scarica (cioè impedenza dell’antenna), e (iii) stime preliminari delle prestazioni del mo-
tore. In aggiunta, una bilancia di spinta di tipo counterbalanced pendulum, progettata
per testare Helicon Plamsa Thruster, è stata caratterizzata ed utilizzata. La bilancia può
lavorare con prototipi che producono una spinta fra le decine di µN e le decine di mN,
alimentati da una potenza inferiore a 1 kW, ed il cui inviluppo di massa (cioè motore più
eventuali sottosistemi come una PPU) sia inferiore a 10 kg. Si possono effettuare decine di
misure al giorno con un’incertezza di 2-σ nell’ordine del 15%. Alcuni test preliminari sono

vii



viii

stati condotti per caratterizzare la risposta meccanica della bilancia (cioè sensibilità, inter-
vallo di linearità, e rumore), e per elaborare una procedura per correggere lo zero-position
drift. Successivamente la bilancia di spinta è stata utilizzata per valutare le prestazioni
di un Helicon Plasma Thruster di media taglia (200-300 W) fatto lavorare con xeno ed
anidride carbonica. In fine, una campagna numerico-sperimentale è stata condotta su di
un prototipo di taglia piccola (50 W) alimentato ad argon per verificare l’attendibilità
delle simulazioni effettuate su motori reali.
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input power of Pw = 120 ± 5 W. The recorded signal reports: (i) supply
of the maximum attainable Xe mass flow rate at t=30 s for the ignition,
(ii) plasma switch on at 20 W at t=90 s, (iii) mass flow rate adjusted to
0.4 mg/s at t=105 s, (iv) power and electric matching adjusted to 120 W
between t=240 s and t= 270 s, (v) plasma switch off at t=300 s, (vi) cold
gas switch off at t=360 s. The measured thrust is T = 1.43± 0.29 mN and
specific impulse Isp = 364 ± 82 s. Zoom highlights the sinusoidal damped
oscillation of the stand after the plasma switch off. . . . . . . . . . . . . . . 80

4.15 Performances of the HPT operated with Xe propellant: (a) thrust T against
input power to the thruster Pw for different propellant mass flow rates ṁ0;
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Chapter 1

Introduction

From the beginning of the Space Age (i.e., ’50s), electric thrusters for the propulsion of
spacecrafts have been studied and developed due to their high specific impulse (up to
10000 s [1]) and, in turn, efficient utilization of propellant mass. The reduction of pro-
pellant to be embarked in a spacecraft allows for both increasing the amount of useful
payload, accomplishing missions otherwise unaffordable with chemical rockets, and reduc-
ing the mission’s costs.

In conventional chemical rockets, thrust is obtained heating a working fluid by means
of a dedicated chemical reaction (usually combustion but also decomposition [2]) and
than expanding this very fluid through a nozzle. Therefore, in a chemical rocket the main
constraints which limit the velocity of the exhaust fluid, and in turn the specific impulse,
are:

• the maximum amount of heat that can be provided to the fluid without damaging
the walls of the combustion chamber and of the nozzle

• the energy that the chemical reaction can provide

In electric thrusters these limitations does not hold true because:

• the working fluid is constrained away from the thruster’s solid walls by electric means
(e.g., magnetostatic fields [1, Chap. 5])

• the upper values of specific impulses attainable with electric propulsion (up to
10000 s), are obtained accelerating the working fluid with the aid of Electro-Magnetic
(EM) body-forces (e.g., Lorentz force [1, Chap. 8.1])

In literature, electric propulsion concepts have often been divided into three categories
depending on the means in which the working fluid is accelerated: (i) electrothermal

propulsion, if the propellant is heated with electric means and then accelerated with a
nozzle; (ii) electrostatic propulsion, if an electric body-force is applied for accelerating
and ionizing particles; (iii) electromagnetic propulsion, if an ionized propellant stream
is accelerated by means of the interaction of magnetic fields and currents (the former
can be both internal or external to the stream [1, Chap. 8.1]). Table 1.1 provides the
typical performances (thrust T and specific impulse Isp) of the most diffused electric, and
chemical, thruster concepts.

1
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Propulsion concept T [N] Isp [s]

Electric

Electrothermal 10−3 - 10
- Resistojet ≤ 500
- Arcjet ≤ 1000

Electrostatic 10−6 - 1
- Ion 200 - 10000
- Hall effect 300 - 6000
- FEEP ≤ 10000

Electromagnetic 10−6 - 1
- Magnetoplasmadynamic 2000 - 5000
- PPT 1000
- Cathodeless ≤ 2000

Chemical

Liquid monopropellant 10−1 - 103 ≤ 300
Liquid bipropellant 1 - 106 ≤ 450
Solid 102 - 107 ≤ 350

Table 1.1: Summary of the performances (thrust T and specific impulse Isp) of the most
diffused electrical and chemical thruster concepts [1, 3, 4, 5].

Clearly, in order to provide electric heating or EM body-forces, electric thrusters re-
quire dedicated power supplies. The amount of electrical power Pw required for achieving
certain thruster performances (i.e., thrust T and a specific impulse Isp) is given by

Pw =
1

2
ηTIsp (1.1)

where η is the efficiency of thrust power conversion. The mass of the power supply mP

depends principally on Pw, therefore it can be assumed that

mP = αP Pw (1.2)

where αP is a proportionality constant. Combining Eq. 1.1 and Eq. 1.2 it can be easily
shown that [1, Chap. 1.4]:

• for a certain mission profile, increasing Isp above a certain threshold value is no more
convenient in terms of the total spacecraft mass, because the increase of the power
supplies mass mP overcomes the saving up of propellant mass

• for a certain amount of electrical power Pw available, increasing Isp results in a
reduction of T
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Therefore, due to the mp constraint: (i) the thruster with the highest specific impulse is
not always the most suited for a certain mission scenario; (ii) as shown in Table 1.1, electric
thrusters are usually characterized by higher specific impulses than chemical rockets but
also by significantly lower thrust attainable. Moreover, an electric propulsion system is
in general more complex than a chemical one because extra components are required.
Typically, the power is supplied to the thruster by means of a Power Processing Unit
(PPU) which processes the DC electric power provided from the satellite into the specific
form required by the thruster (e.g., increasing the voltage or DC/AC conversion). In order
to guarantee a high electrical efficiency and a reduced mass and volume, the PPU is usually
one of the most complex and challenging components of an electric propulsion system [4].
At the same time, a fluidic line is in general required to provide the propellant to the
thruster. Even though the latter is not much more complex than for a mono-propellant
or a cold gas thruster, the flows to be handled are usually very small and occur for very
prolonged periods of time (months), therefore special challenges arise for the design of
precise flow controllers and leak-free valving [4]. Therefore, the main disadvantages of an
electric thruster in respect to a chemical one are:

• a lower thrust attainable due to the limited power available on a satellite (i.e., the
mp constraint)

• the more complex and expensive process required to integrate the thruster into a
satellite

Because of the substantial differences between chemical and electric thrusters, the
mission scenarios in which two typologies of space propulsion concepts can be applied are
significantly different

• Electric propulsion is particularly suited for interplanetary orbit transfers or station
keeping corrections, where the required high total impulses can be provided with
low-thrust and long-time manoeuvres

• Chemical propulsion instead is the only option now available for launchers which
require very high thrusts (up to tens of mega-Newton) in order to overcome the
Earth’s gravity force

A fairly complete list of space missions employing electric thruster can be found in [6]; it
can be easily noted that the most widely employed electric propulsion concepts are Ion
and Hall-effect thrusters [7].

1.1 Helicon Plasma Thruster

The research activity in the electric propulsion field is today very active even though
mature technologies as Ion and Hall-effect thrusters have been employed in space missions
for years [8]. In the last decade, particular effort has been paid in the development
and study of a new concept of plasma-based propulsion system called Helicon Plasma
Thruster (HPT) [9]. A HPT is composed of a Helicon plasma source at its core for the
plasma generation [10], and a magnetic nozzle which accelerates the exhaust stream and,
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Institution Pw [W] T [mN] Propellant L× Φ [mm]

Ad Astra ≈ 2× 105 ≈ 103 H/Ar/Kr 1000× 100

ANU ≤ 900 1− 3 Ar 300× 10

UNIPD ≤ 50 Ar 200× 40

T4i ≈ 50 ≤ 1 Xe 100× 20

UC3M ≤ 103 Ar/Xe 200× 30

Todai ≤ 3× 103 ≤ 6 Ar 1000× 100

Tohokudai 800− 6000 10− 60 Ar 200× 100

MIT ≈ 103 ≈ 10 Ar/N2 200× 40

UMich ≤ 200 Xe

UW ≤ 5× 104 Ar 200× 20

Table 1.2: Summary of the performances of the most relevant HPTs found in literature:
institution which developed the HPT under consideration, input power Pw, produced
thrust T (reported only if measured directly), propellant gas adopted, rough estimation
of the discharge chamber envelope (length L × diameter Φ).

interplanetary missions [16, 17]. In 2003, the Double Layer phenomena has been investi-
gated at the Australian National University (ANU) as the principal acceleration mecha-
nism of HPTs [18]; more recently [19, 20] medium power (up to 1 kW) HPTs have been
developed and tested at the same institution. At the University of Padova (UNIPD), a
50 W HPT has been designed, developed, and tested during the HPH.COM project [9], a
1 kW thruster is under development in the frame of the SAPERE-STRONG project [14],
while a propulsion platform for CubeSats [15] is currently in progress in collaboration
with Technology for Propulsion and Innovation Srl (T4i) [21], a spin-off of the above-
mentioned university. At the Carlo III University of Madrid (UC3M) a medium power
(up to 1 kW) has been developed and characterized with the collaboration of the European
Space Agency (ESA) and the Sener company [22]. An additional acceleration mechanism
based on polarized electrodes have been investigated at the Tokyo University (Todai) in
order to enhance the performances of medium-high power (up to 3 kW) HPTs [23, 24].
At the Tohoku University (Tohokudai) a deep experimental investigation on medium up
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1.2 Prediction of HPT performances

In order to optimize the propulsive figures of merit (e.g. specific impulse, thrust/mass
ratio, and efficiency) of a HPT, a deep physical insight has to be gained into both the
plasma generation and plasma acceleration mechanisms.

1.2.1 Phenomena governing the HPT dynamics

The dense plasma (≥ 1019 m−3) production is governed by the propagation of whistler
waves in the discharge region (identified as Production Stage in Fig. 1.3). In general, in a
uniform Helicon source, the dispersion relation can present two branches which describe the
propagation of a faster and a lower wave; the former has been classically referred as Helicon
wave and the latter as Trivelpiece-Gould (TG) [12]. Specifically, the power deposition
phenomena comes from the dumping of such waves by means of collisional processes and
Landau damping [37, Chap. 7.4]. In particular, due to the motion of charged particles
and the diffusion processes that contribute to the achievement of a stable discharge, the
density production in Helicon sources is non-uniform [38]. The resulting density gradient
greatly modifies the wave structure so that non uniform plasma profiles can induce cut-
offs at certain radial positions of the cylindrical Helicon source [39]. Moreover, if also the
non-uniformity of the actual magneto-static field is accounted, cut-offs, resonances, radial
reflections and mode conversions of the excited waves might arise. In turn, the latter can
result in power deposition profiles peaked in the central core region of the discharge rather
than at the edge as expected in ICPs [29]. Therefore, the key physical phenomena that
govern the Helicon source are the EM wave propagation, the plasma transport, and their
mutual coupling.

The acceleration and detachment phenomena take place principally downstream the
Helicon source (identified as Acceleration Stage in Fig. 1.3). The Acceleration Stage is
characterized by the formation of a plume where the plasma is more rarefied than in
the Production Stage (density in the range 1016 – 1018 m−3) [40]. The plume can be
divided into two separate regions, respectively near region and far region, depending on the
phenomena which govern the plasma dynamics [41]. In the near region, particle collisions
and the geometry of the applied magneto-static field drive the plasma behaviour. Instead
in the far region, the expansion of the plasma is mainly governed by the thermal pressure,
and the ambipolar diffusion.

1.2.2 Theoretical and numerical approaches

Provided the complexity and the variety of the phenomena involved in the dynamics
of a HPT, several theoretical and numerical strategies have been adopted to predict the
performances of such a thruster. Three analytical models have been developed respectively
by Lafleur [42], Ahedo [43], and Fruchtmann [44]. These very tools are particularly useful
in the preliminary design of the thruster, when a quick estimation of the performances
(e.g., thrust and specific impulse), and of the plasma properties inside the source (e.g.,
plasma density and electron temperature) is required. Nonetheless, for the optimization
of the thruster more advanced numerical instruments must be adopted.
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For what concerns the simulation of the Production Stage, despite the huge amount
of codes that solves for the EM wave propagation [39, 51, 52, 53, 54, 55], there are few
examples of numerical models that solve self-consistently the Helicon discharge by ac-
counting for both the power deposition, and the transport phenomena. In this regard, a
one-dimensional (1D) radial fluid model [56] has been adopted to study cylindrical Helicon
sources; the main limitation of this formulation relies on the assumption of semi-empirical
relations to estimate the plasma profiles along the axis of the discharge. A much more
accurate two-dimensional (2D) axisymmetric model of a Helicon material processing reac-
tor has been solved by means of both fluid, and hybrid approaches [57, 58]. In the latter
the electron distribution function has been calculated with a PIC-MCC strategy, and then
exploited for the evaluation of the transport coefficients in the fluid equations. The power
deposited by the TG wave has been neglected both in the fluid and hybrid model. Simi-
larly, a 2D-axisymmetric fluid model has been exploited to simulate a Helicon reactor for
plasma etching[59]. A cylindrical Helicon source has been studied with an hybrid code
where the PIC-MCC approach for ion simulation has been coupled to a fluid formulation
of electrons motion [50]. Though only ions have been solved by PIC-MCC, and the ge-
ometry is 2D-axisimmetric, the computational cost of this approach can be considerably
high for plasma density values higher than ≥ 1019 m−3.

Finally, if the analysis of the Acceleration Stage is considered both fluid [11], ki-
netic [48], PIC-MCC [60], and hybrid [61] approaches have been followed. Nonetheless,
particular care must be adopted if fluid or hybrid codes are employed because, in the
plume, the particles distribution function can significantly depart from Maxwellian [60],
in particular if double layer arises [62, 63]. In conclusion, it is worth recalling that if
two different simulation strategies are adopted to simulate the Production Stage and the
Acceleration Stage, the boundary conditions at the source outlet and at the plume inlet
must be chosen carefully in order to avoid mismatching between the two solvers [43].

1.3 Measurement of HPT performances

In order to verify the actual performances of a HPT prototype, and to validate the predic-
tions of theoretical and numerical tools, reliable and accurate measurements of the thrust
are needed.

In literature, different methods has been pursued to measure the force produced by
an electric thruster; the two most widely used rely on electrostatic probes and thrust
stands respectively. In the first method, a Faraday cup [64] and a retarding potential
analyser [65] are employed for measuring the flux of ions ejected from the thruster and the
ion energy distribution in the plume; from these data, thrust and specific impulse can be
deduced [66]. This method, even if simple to implement, leads to not very accurate results,
in particular if dealing with RF based plasma systems [67] (the error can be between
30-40%). The other method is based on the measurement of mechanical displacements
produced on a sensitive thrust stand or a pendulum, on which the thruster is fastened. This
second method is more reliable but even the simplest concepts of thrust stand (e.g. simple
pendulum configuration [68]) require bulky hardware inside the vacuum chamber and
several expedients to reduce mechanical vibrations and interferences. The most commonly



10

employed thrust stand concepts are:

• Conventional hanging pendulum [69, 70], which is the simplest solution but could be
some meters tall if designed to detect micro-Newton level forces, or involves original
mechanisms for motion amplification [71]

• Double pendulum [20, 72] which has similar features of the conventional hanging
pendulum but is particularly robust against disturbances.

• Inverted pendulum [73, 74, 75], which can be very accurate depending on the feed-
back control employed, but can hardly be adjusted to cover a wide range of thrust
and weight due to its intrinsic instability.

• Torsional pendulum [76, 77, 78, 79], which allows for an accurate thrust measurement
but the horizontal axisymmetric arrangement can be difficult to configure.

• Null-displacement systems, involving a feedback control loop [80, 81], which allows
for accurate measurements but may be prone to RF disturbance effects.

Other thrust stand concepts have been adopted in order to meet specific requirements, e.g.
measuring thrust in the nano-Newton range [82] or in the tens of Newton range [83], mea-
suring the thrust in two directions [84], measuring the performances of hollow cathodes [85]
or Pulsed Plasma Thrusters (PPTs) [86]. Different stand concepts can be adopted in order
to measure a wide range of thrust: at the ESA propulsion lab of ESTEC [87] motors which
produce thrust from 1 µN up to 20 N can be tested relying on inverted pendulum, load
cells, and null-force pendulum.

1.4 Outline

This work is devoted to the presentation and discussion of:

• a numerical model for the optimization of the discharge chamber of a HPT which
relies on: (i) the 3-Dimensional adVanced fluId dRifT diffUsion plaSma solver (3D-
VIRTUS) [88] for the simulation of the Production Stage, and (ii) an analytical
model of the plume [42] for the solution of the Acceleration Stage, and in turn for
the preliminary estimation of the propulsive performances (i.e., thrust and specific
impulse)

• the characterization and exploitation of a counterbalanced pendulum thrust stand [89]
specifically developed for measuring the force generated by HPTs

The numerical model solves the two stages of the thruster in separate steps: (i) first
the Production Stage is solved, (ii) second the Acceleration Stage is simulated with a sim-
plified plume model which takes in input the plasma parameters (e.g., plasma density and
electron temperature) calculated in the previous step. The 3D-VIRTUS code [88] has been
employed for the solution of the Production Stage, and a quasi one-dimensional analytical
plume model [42] has been adopted for the Acceleration Stage, and in turn the preliminary
estimation of the propulsive performances. In particular, the 3D-VIRTUS code has been
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developed to solve self-consistently Helicon plasma sources; namely to simulate the mu-
tual coupling between the EM wave propagation into the discharge, and the macroscopic
plasma transport. To this end, the two problems are treated by two distinct modules, that
have been iteratively run up to the convergence. The first problem has been solved with
the well-established numerical tool ADAMANT [53], while for the second problem, a fluid
model has been implemented in OpenFOAM [90]; the latter can be easily reconfigured to
treat either 1D, or 2D, or 3D problems depending on the specific analysis. It is worth re-
calling that in literature, among the few codes which solve self-consistently Helicon sources
(i.e., both the EM wave propagation and the plasma transport) [50, 56, 57, 58, 59], no
other numerical tool has been found which can (i) treat discharges with a generic 3D
geometry, and (ii) model the actual RF antenna, solving the current distribution thereof.
As a result, it is possible to accurately simulate the Production Stage of a HPT that has
arbitrary geometry, is driven by arbitrary-shaped conductive RF antennas, and is magne-
tized by realistic coils or permanent magnets. Moreover, the code provides a preliminary
estimation of the propulsive performances which can be adopted as target parameters in
an optimization process of the plasma discharge. Finally, it is worth highlighting that this
work is focused on the presentation of the code (i.e., model implemented, numerical ac-
curacy, verification and validation) and not on its exploitation on a realistic optimization
process.

The thrust stand is intended to test small-medium size HPTs (i.e., up to 1 kW input
power) at the high vacuum facility of the University of Padova [66, 91, 92]. In particular,
the counterbalanced pendulum concept [89] is an evolution of the hanging pendulum which
allows enhancing the range of thrusters which can be handled; in fact the sensibility
of the instrument can be adjusted simply reconfiguring the position and mass of the
counterweights. Consequently, this very instrument allows for testing prototypes which
produce a thrust in the range from tens of µNewton up to tens of milliNewton. Moreover,
tens of tests per day can be accomplished and the data attained are rather accurate (2-σ
uncertainty in the range of 15%).

The rest of the work is organised as follows:

Chapter 2 First, the numerical model implemented in OpenFOAM for the solution of
plasma transport is presented and validated. Second, the physical assumptions and
the numerical scheme of 3D-VIRTUS are discussed; moreover, the code is validated
against the self-consistent solver SEMS [59] and against experimental data [93]. Fi-
nally, the coupling between 3D-VIRTUS and the analytical model of the Acceleration
Stage is presented.

Chapter 3 The numerical model is exploited in the analysis of some simplified HPT
configurations.

Chapter 4 The characterization of the reconfigurable counterbalanced pendulum thrust
stand is presented. Subsequently, the reliability of the stand inside its operational
range is verified testing a non-optimized medium-power (i.e., 200-300 W) HPT.

Chapter 5 The results of the numerical model are compared against the experimental
data retrieved with the reconfigurable counterbalanced pendulum thrust stand.
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Chapter 6 The principal findings of the research activity are discussed, future work is
illustrated and the novelty made by this work highlighted.



Chapter 2

Numerical approach

2.1 Plasma fluid model

The estimation of the equilibrium condition of a Helicon plasma source requires the solu-
tion of the plasma-wave coupling, and the charged/neutral particles transport inside the
discharge. For what concerns the plasma transport, a discharge filled with an inhomoge-
neous weakly-ionized argon plasma has been studied. Specifically, the plasma has been
assumed as a multi-species mixture of electrons, and heavy species (i.e., ions, and neutral
particles); notably, each species has been assumed with a Maxwellian distribution func-
tion so that a fluid treatment of the transport problem is justified. In early experiments
on Helicon sources [33], high energy tails of electrons distribution function have been ob-
served. Nonetheless in [94], by means of a careful interpretation of previous results and
relying on more accurate measurements, Chen stated that deviations from Maxwellian are
not so intense to have strong effects on the dynamics of a generic Helicon discharge. On
the contrary, assuming a Maxwellian distribution for ions is not in general correct. Mea-
surement performed by Scime et al., [95] highlighted: (i) a strong anisotropy between the
ion temperature perpendicular and parallel to the magnetic field lines, being the former
up to an order of magnitude higher than the latter, (ii) perpendicular ion temperature
up to 1 eV. Nonetheless, this effect is particularly intense in correspondence of the lower
hybrid frequency [96]; therefore assuming a Maxwellian distribution also for ions is not
expected to affect badly the results of the simulation apart from in the lower hybrid fre-
quency range. Moreover, the reasonableness of the assumption is enforced by the good
agreement, reported in [97], between the experimental results and a simplified fluid model
that neglect the anisotropy of ions temperature.

Finally, it is worth to justify why this work is focused on argon discharges. In fact
in space applications the majority of the electric propulsion devices is propelled with
xenon gas rather than argon [6]. Nonetheless, in literature many experiments on HPTs
operated with argon are reported (see Table 1.2); in fact HPTs are based on Helicon
sources which are derived from industrial applications where the adoption of argon gas
is predominant [10]. Consequently: (i) HPTs have been very often operated with argon
to exploit the know-how on Helicon sources matured in other technological fields, and
(ii) the few numerical models which solves self-consistently the Helicon sources have been

13
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developed for argon discharges [50, 56, 57, 58, 59]. Therefore, the adoption of argon gas
is forced by the necessity of comparing the actual code against well established numerical
and experimental results.

2.1.1 Governing equations

In order to evaluate the species densities, fluxes, and temperatures, a set of continuity,
momentum, and energy transport equations is necessary. The principal assumptions done
in modelling the plasma discharge for typical dimension, magneto-static field, and neutral
pressure values in Helicon sources on-board of HPTs [9, 26], are: (i) the ions are unmag-
netised since the gyroradius is large compared to the characteristic scale-length of the
discharge, (ii) the heavy species temperature is constant in time, homogeneous, and equal
to the initial neutral gas temperature T0, since the ions kinetics is dominated by collisions
with neutral particles [29] apart from in the lower hybrid frequency range [95]. In addi-
tion, drift-diffusion approximation [98] for plasma species instead of the full momentum
equation has been considered since the diffusion speed is of the same order or lower than
thermal speed [99]; this description might fail in the sheath region, whose resolution has
been avoided from the discharge model. Rather than, the sheath at the discharge walls
has been modelled by means of appropriate boundary conditions to keep the numerical
treatment efficient. As a result, the set of governing fluid equations reads

∂nk

∂t
+∇ · Γk = Rk (2.1a)

∂εn
∂t

+∇ · Γε +EDC · Γe = Rε (2.1b)

∇2φ = −q

(

ni − ne

ε0

)

(2.1c)

In general, the plasma is a mixture of different particles, therefore the mass conser-
vation of each species is described by a dedicated continuity equation (Eq. 2.1a). From
the latter, the number density of each species nk (expressed in m−3) is calculated. In
the following, four species have been considered, namely: electrons (identified with the
subscript e), single ionized particles (i), neutrals at the ground state (0), and neutrals at
the excited state (s). In particular, Rk is a production/loss term which depends on the
reactions which involve the k-th species; whereas the particles flux Γk is given from the
drift-diffusion expression of the momentum equation

Γk = nkvk = ±µknkEDC −Dk∇nk (2.2)

where vk is the species velocity, Dk is the species diffusivity (expressed in m2s−1), EDC

is the electrostatic field due to local imbalance of net space charge, and µk is the species
mobility (expressed in m2V−1s−1), which is non-zero for charged species only, and it has
positive (negative) values for ions (electrons).

At the same time, the electron energy density εn (expressed in Vm−3) is calculated
from the energy equation (Eq. 2.1b) [100]. In particular εn = 3/2Tene, where Te is the
electrons temperature (expressed in eV), and ne the electrons number density. Moreover,
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Γe is the electrons flux, and Γε the electron energy flux which, according to the drift
diffusion-approximation, reads

Γε = −µεεnEDC −Dε∇εn (2.3)

where µε is the electron energy mobility (expressed in m2V−1s−1), and Dε is the electron
energy diffusivity (expressed in m2s−1). Furthermore, Rε = Echem + Epow is the local
source/sink term of energy, that is due to chemical reactions (Echem), and the RF power
deposited by the antenna (Epow).

The plasma potential φ (expressed in V), which is associated to the EDC field, is given
by the Poisson equation (Eq. 2.1c), where ne and ni are respectively the electrons and
ions number densities, q is the elementary charge, and ε0 is the vacuum permittivity.

It is worth recalling that EDC is not related to the electrostatic component of the EM
waves excited by the RF antenna; the contribution of the latter to the discharge dynamics
is accounted in the Epow term. Specifically, EDC accounts for the steady state electric
field due to plasma diffusion and not to the oscillating electric field due to the RF power
coupling [101]. Finally, it must be pointed out that the Epow term, considered as an input
parameter for this model, must be calculated by a dedicated tool capable of describing the
EM wave propagation in a magnetized and non-uniform plasma. Moreover, provided that
the non uniformity of the the plasma profile can drastically influence the power deposition
(i.e., the Epow term) [39], a self consistent model of the Helicon discharge is obtained
iterating the fluid model here described and an EM solver [53] devoted to the calculation
of Epow (see Sec. 2.2).

Plasma Chemistry

The production and loss terms in the continuity equations of the charged particles include
different reactions. Argon discharges have been studied, and thus the chemical reactions
considered are the elastic scattering, the neutrals ionization, the excitation, and the excited
ionization (see Tab. 2.1) for the neutral (Ar), the excited (Ar∗), the single-ionized (Ar+),
and the electron (e) species. Since plasma species have been assumed with Maxwellian dis-
tribution function, the reaction rate constants (i.e., kel, kiz, kex, ksiz, for elastic scattering,
neutrals ionization, excitation, and excited ionization, respectively) can be expressed as a
function of the electron temperature by means of empirical relations [29, Eqs.(5.3.16,17)].
As a result

Re = Ri = kiznen0 + ksiznens (2.4)

for the electrons (ions) production/loss term, i.e., Re (Ri), while for the neutral

R0 = −kiznen0 − kexnen0 (2.5)

and for the excited production/loss term (Rs)

Rs = kexnen0 − ksiznens (2.6)

The chemical contribution in the electron energy equation (see Eq. 2.1b) reads

Echem = Eel + Eiz + Eex + Esiz (2.7)
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Ar + e −→ Ar + e Elastic Scattering
Ar + e −→ Ar+ + 2e Neutrals Ionization
Ar + e −→ Ar∗ + e Excitation
Ar∗+ e −→ Ar+ + 2e Excited Ionization

Table 2.1: Summary of the chemical reactions in an argon plasma discharge.

in which the four contributions are: (i) Eel = −3m/MTe(kelnen0), for the elastic loss;
(ii) Eiz = −∆iz(kelnen0) for the neutral-ionization loss; (iii) Eex = −∆ex(kexnen0) for the
excitation loss; (iv) Esiz = −∆siz(ksiznens) for the excited-ionization loss. In particular, m
(M) is the electron (ion) mass, ∆iz = 15.80 V is the first ionization energy, ∆ex = 12.14 V
is the excitation energy, while ∆siz = 4.427 V is the energy required to ionize an excited
particle [29, Tab.(3.3)]. Finally, it is worth to point out that, in order to ease the numerical
treatment, the Ar∗ species comprises the particles at all the different excitation levels.
Therefore kex and ksiz are derived summing the contributions due to each excitation level,
as long as ∆ex and ∆siz averaging the energy losses weighted for the rate constants [102].
Moreover, this approach has been previously adopted in literature for studying Helicon
discharges without undermine the accuracy of the results [29, 50, 57, 58].

The electron mobility, in the presence of a magneto-static field B0 = (B0x, B0y, B0z)
in a system of Cartesian coordinates, reads [103]

µe =
µ̃e

µ̃e
−2 + |B0|2













µ̃e
−2 +B2

0x −B0z/µ̃e +B0xB0y B0y/µ̃e +B0zB0x

B0z/µ̃e +B0xB0y µ̃e
−2 +B2

0y −B0x/µ̃e +B0yB0z

−B0y/µ̃e +B0zB0x B0x/µ̃e +B0yB0z µ̃e
−2 +B2
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(2.8)
with µ̃e the scalar electron mobility in absence of any magneto-static field

µ̃e =
q

m (n0 kel + n0 kiz + n0 kex + ns ksiz)
(2.9)

The other transport coefficients follow from the Einstein’s relations, namely: De = µeTe,
µε = 5/3µe, and Dε = µεTe. In regards to the heavy species (i.e., neutrals, excited, and
ions), the diffusion coefficient can be expressed as [104]

Dk =
3

8

√

πkBT0/M

πσ2
DΩD

1

n0 + ns + ni
, k = 0, s, i (2.10)

in which kB is the Boltzmann’s constant, whereas σD, and ΩD depend on Lennard-Jones
parameters that can be inferred from [105], while the mobility follows form the Einstein’s
relation µi = Di/T0.
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Boundary Conditions

Assuming that k̂ is the unit vector perpendicular to the domain boundary, and it is directed
outward from the domain; the boundary conditions for the continuity equation (Eq. 2.1a)
for charged species are given through a Robin boundary condition that enforces the Bohm
sheath criterion [29], and that reads

± (µkEDC) · k̂nk − (Dk∇nk) · k̂ = Γ⊥ (2.11)

in which Γ⊥ = Γe = Γi =
√

qTe/Mni for ion, and electron fluxes.

In regards to the continuity of excited and neutral species, a Neumann boundary
condition has been imposed, that reads

∂nk

∂x⊥
= −

Γ⊥

Dk

(2.12)

in which ∂
∂x⊥

is the derivative along the k̂ direction. For the excited species, the boundary

condition depends on the particles thermal flux [106], and Γ⊥ = Γs = 1
2
vth,0ns in which

vth,0 =
√

8kBT0/(πM) is the average thermal speed of the heavy particles. As for the
neutral species boundary condition, all the ions and the excited particles which collide
against the wall have been assumed to recombine [101] in accordance with the wall re-
actions Ar+ −→ Ar, and Ar∗ −→ Ar; so that Γ⊥ = Γ0 = −(Γi + Γs). Similarly, for
the energy equation (Eq. 2.1b), Bhom sheath criterion [100] has been imposed through a
Robin boundary condition that reads

− (µεEDC) · k̂ εn − (Dε∇εn) · k̂ = Γε,⊥ (2.13)

in which Γε,⊥ =
[

Te

2

(

1 + ln M
2πm

)

+ 2Te

]

Γe.

As for the Poisson equation (Eq. 2.1c), the boundary value of the electric potential is
defined by using a Dirichlet boundary condition as follows [101]

φ = 0 (2.14)

2.1.2 Implementation

The system of equations that describes the plasma transport have been resolved with
OpenFOAM that solves differential problems with the Finite-Volume (FV) approach [90].
The Poisson, continuity, and electron energy equations have been time integrated in this
specific order, and have been spatially discretised on a 3D structured (hexahedral) mesh.

The time discretisation and the approach to advance the solutions in time have been
decided to avoid severe time step restriction, which may lead to prohibitive computational
run time, while allowing for stable and accurate solutions. In regards to the Poisson
equation, the electrostatic potential has been obtained from a semi-implicit solution of
the equation that gives the potential φ at the time instant t+ 1 by means of

ε0∇
2φt+1 = −q(nt+1

i − nt+1
e ) = −q

(

nt
i +∆t

∂nt
i

∂t
− nt

e −∆t
∂nt

e

∂t

)

(2.15)
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in which ∆t is the time step; the electron (nt+1
i ), and ion (nt+1

e ) densities at the (t+ 1)-th

time step have been linearised by substituting nt+1
k = nt

k+∆t
∂nt

k

∂t
(with k = i, e), in which

∂nt

k

∂t
comes from Eq. 2.1a at the t-th time step [107]. Thanks to this approach, the Poisson’s

equation is not affected by the dielectric relaxation constraint, which can severely limit
the maximum time step [107, 108]. The continuity equation has been treated with an
implicit scheme, and reads

nt+1
k − nt

k

∆t
+∇ · Γt+1

k =
nt+1
k − nt

k

∆t
+∇ ·

(

± µt
kn

t+1
k Et+1 −Dt

k∇nt+1
k

)

= Rt
k (2.16)

Such a formulation avoids the Courant-Friedrichs-Lewy (CFL) constraint [107, 108]. Fi-
nally, the energy equation has been discretised as

εt+1
n − εtn
∆t

+∇ · Γt+1
ε +Et+1 · Γt+1

e = Rt
ε (2.17)

The time derivatives have been discretised with the first order implicit Euler scheme [109,
Chap. 13.3]. Differential operators have been discretised in space in accordance with: the
classical combination of the divergence theorem and the gradient discretisation for the
laplacian [109, Chap. 8.1], the Green-Gauss method for the gradient [109, Chap. 9.2], the
central-difference scheme for the divergence [109, Chap. 11.2]. The boundary conditions
are treated according to the classical schemes for Dirichlet, Neumann, and Robin condi-
tions [109, Chap. 8.3]; notably, 1D and 2D (e.g., axisymmetric) problems can be handled
by means of special boundary conditions [110].

The above-mentioned system of equations is solved until the achievement of the steady
state which is identified, by means of the SIMPLE residual control algorithm [110] on
the electron density, when the relative difference between the electron density at two
consecutive time steps is lower than a given threshold (εF,max). Clearly, the value imposed
for εF,max affects both the accuracy of the results and the computational time.

2.1.3 Numerical accuracy

A detailed analysis on the numerical accuracy of the plasma fluid model has been per-
formed as the grid refinement, and the integration time step are varied. To this end,
a cylindrical Helicon plasma source has been considered which has radius R = 0.01 m,
length L = 0.10 m, and whose axis is aligned with the z direction of a cylindrical coordi-
nate system (r, θ, z). Provided that this analysis is focused only on the numerical accu-
racy of the plasma fluid model, a power deposition profile has been assumed in the form

Epow (r, z) = E0
pow

[

1 + (1− r/R)2 + 0.25 (1− 2z/L) (1 + 2z/L)] with E0
pow = 106 W/m3.

Three cases have been analysed: initial neutral number density n0 = 3 × 1020 m−3 and
uniform axial magneto-static field B0 = 1000 G (hereinafter referred as high magnetiza-

tion), n0 = 1021 m−3 and B0 = 750 G (medium magnetization), and n0 = 1022 m−3 and
B0 = 0 G (low magnetization). Higher (lower) values of magneto-static field have been
associated to lower (higher) values of initial neutral density in order to amplify (reduce)
the anisotropy induced on the diffusion parameters. Due to the inherent symmetry of the
case at hand, and to keep the analysis lucid, a 2D axisymmetric problem has been solved
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Figure 2.1: High magnetization case, initial neutral plasma density n0 = 3 × 1020 m−3,
axial magneto-static field B0 = 1000 G. (a) The reference electron density distribution
within the Helicon discharge; comparison between the reference (dashed line), and the
fluid model (solid line) solution for the electron density profile along the radius of the
discharge at (b) z = 0 m, (c) z = 0.25 m, (d) z = 0.05 m.

by the fluid model with εF,max = 10−5, and the results of the electron density have been
compared against those obtained by COMSOL Multiphysics R© [111], hereinafter referred
to as reference. The simulations have been performed on a machine equipped with Intel
R©Core i7-6700HQ CPU @ 2.60GHz × 8, and 16 Gb of RAM.

First, the effect of the grid refinement have been analysed by solving the 2D transport
problem with different mesh configurations, that can be uniquely identified by the number
of radial (Nr), and axial (Nz) nodes as follows (Nr, Nz) ∈ {(10, 100) , (25, 250), (50, 500),
(100, 1000), (200, 2000)}. The comparison between the reference electron density and the
results of the fluid model have been reported respectively in Fig. 2.1 for the high magneti-

zation, in Fig. 2.2 for the medium magnetization, and in Fig. 2.3 for the low magnetization.
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Figure 2.2: Medium magnetization case, initial neutral plasma density n0 = 1021 m−3,
axial magneto-static field B0 = 750 G. (a) The reference electron density distribution
within the Helicon discharge; comparison between the reference (dashed line), and the
fluid model (solid line) solution for the electron density profile along the radius of the
discharge at (b) z = 0 m, (c) z = 0.25 m, (d) z = 0.05 m.

Specifically, Figs. 2.1-2.3 depict the reference electron density (see Figs. 2.1(a)-2.3(a)) and
the comparison against the solution of fluid model along the radius of the discharge at
three different axial sections. For the sake of brevity, only the solution for Nr = 50 and
Nz = 500 have been reported. Notably, the results of the two codes show an excellent
agreement for all the three magnetization cases considered, which allows concluding that
the fluid model has been correctly implemented. It is worth recalling that similar results
hold true for the other plasma species densities, and electron temperature. As the mesh
gets finer and finer, the percent error, which has been evaluated between the reference

electron density and the solution of the fluid model at the bulk of the discharge, decreases
below < 1% for all the magnetization cases (see Fig. 2.4(a)). As the number of nodes
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Figure 2.3: Low magnetization case, initial neutral plasma density n0 = 1022 m−3, axial
magneto-static field B0 = 0 G. (a) The reference electron density distribution within the
Helicon discharge; comparison between the reference (dashed line), and the fluid model
(solid line) solution for the electron density profile along the radius of the discharge at (b)
z = 0 m, (c) z = 0.25 m, (d) z = 0.05 m.

increases, the computational cost of the fluid model grows as evidenced by the increase
of the simulation run time (see Fig. 2.4(b)), and the memory consumption (see Tab. 2.2).
Therefore, as a rule of thumb, the number of mesh nodes should be decided according to
the steepness of the gradients of the plasma parameters, while keeping in mind that the
computational burden increases as the grid refinement does so.

In regards to the time discretization, the effect of the integration time step on the
transport solution of the above-mentioned Helicon discharge have been studied for the
three magnetization cases, keeping the same mesh configuration with Nr = 50, and Nz =
500. The percent error (between the reference, and the fluid model solutions) of the
electron density at the bulk of the discharge remains almost constant as the time step
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configuration Nr Nz memory usage [Gb]

1 10 100 0.0468
2 25 250 0.1092
3 50 500 0.1560
4 100 1000 0.4524
5 200 2000 1.6540

Table 2.2: Memory usage for distinct mesh configurations with different radial (Nr), and
axial (Nz) node numbers.
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Figure 2.4: (a) Percent error between the reference and the fluid model solutions of the
electron density at the bulk of the discharge; (b) simulation time. Different mesh config-
urations (see Tab. 2.2) and magnetization degrees (see Figs. 2.3-2.1) analysed.

increases (see Tab. 2.3). These results confirm that the semi-implicit treatment of the
transport equations allows larger time steps, while providing stable solutions for typical
dimension, magneto-static field, and neutral pressure values in Helicon sources on-board
of HPTs. Nonetheless, the time step has to be lower than a threshold value (∆tmax) [112,
Thm. 9] to guarantee the convergence of the continuity, and energy equations. In general,
the plasma parameters have a marked influence on this threshold value, which in this
specific cases is 2.5× 10−7 s for high magnetization and medium magnetization, and 5.0×
10−8 s for low magnetization case.

2.2 Helicon plasma source model

In order to describe a Helicon discharge realistically, the RF antenna, the plasma discharge,
along with any additional component (e.g., dielectric vessel, electromagnets, conducting
shields), either metallic or dielectric have been modelled. The confinement magneto-static
field can be either uniform, and aligned with the discharge axis, as it is usually assumed
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magnetization ∆t [s] percent error [%] simulation time [s]

1× 10−9 0.937 1.716× 104

high 1× 10−8 0.934 1.736× 103

1× 10−7 0.935 2.061× 102

2.5× 10−7 0.938 9.428× 101

1× 10−9 1.320 1.595× 104

medium 1× 10−8 1.315 1.700× 103

1× 10−7 1.316 2.016× 102

2.5× 10−7 1.317 9.190× 101

1× 10−9 0.733 1.877× 104

low 1× 10−8 0.589 2.320× 103

5× 10−8 0.539 5.553× 102

Table 2.3: Simulation time and percent error between the electron density at the bulk of
the discharge calculated by the reference and the fluid model. Results are expressed as
function of the integration time step (∆t), and for three different magnetization degrees.

in Helicon investigations, or can be the actual confinement field that is generated by a
realistic arrangement of electromagnets (or permanent magnets). The formulation does
not rely on any specific shape of both the antenna, and the plasma regions; besides, the
RF antenna like any other metallic part has been assumed as Perfectly Electric Conductor
(PEC). The discharge is filled with an inhomogeneous weakly-ionized argon plasma, that
is modelled as multi-fluid mixture of electrons, and heavy species (i.e., ions, and neutral
particles).

In order to obtain a self-consistent estimation of the equilibrium condition of the
Helicon plasma source, both the plasma-wave coupling and the charged/neutral particles
transport inside the discharge have to be resolved. Specifically, the RF antenna, which is
fed with a voltage in the range of tens of MHz (e.g. 1 - 30 MHz), launches EM waves that
propagate into the plasma, and are ultimately absorbed by the latter; such phenomena
have time scales in the order of 10−6 s. Consequently, the plasma configures itself under
the forcing action of the RF deposited power, with characteristic times of approximately
10−3 s [50, Tab.(2.1)]. From a physical standpoint, the independent solution of the plasma-
wave coupling, and the transport phenomena is justified since the two physical processes
are well separated.

The electromagnetic fields propagating inside the plasma cylinder has been calculated
in the frequency domain with ADAMANT code [53], that provides the local values of the
electric flux density (Dp), and polarization currents (Jp) inside the plasma. From the
knowledge of the local value of the fields and currents, the local RF power coupled into
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while the plasma parameters that are evaluated by the FLUID module are interpolated
on the unstructured mesh of the EM module. To verify that a converged solution has
been found, the code checks that the residual of the electron density of two consecutive
iterations is lower that a prescribed threshold (εmax)

max
j

(

ni+1
e,j − ni

e,j

ni
e,j

)

≤ εmax , j = 1, . . . , NF (2.18)

in which j, and NF are the node index, and the number of nodes, respectively, in the
structured mesh, whereas i indicates the iteration step.

2.2.2 Numerical accuracy

The accuracy of the numerical solution provided by 3D-VIRTUS depends on: (i) the mesh
of the EM module, (ii) the mesh of the FLUID module, (iii) the interpolation procedure.
The relation between the accuracy of the FLUID module and the mesh has been discussed
in Sec. 2.1.3; while a sensibility analysis on the mesh of the EM module can be found
in [53]. In the following, the interpolation procedure has been discussed.

In order to accomplish the iteration process of 3D-VIRTUS, the output of the EM
module, provided in an unstructured mesh, has to be interpolated in the structured mesh of
the FLUID module and vice-versa. In particular, the interpolation of the power deposition
on the structured mesh of the FLUID module is a critic operation because numerical noise
can be introduced. In order to overcome this problem, an auxiliary structured interpolation
grid, hereinafter referred as samplig grid, has been introduced; the latter is usually coarser
than the mesh of the FLUID model. The power is distributed in the samplig grid in
accordance with the following procedure: (i) the power deposited in each tetrahedron of
the unstructured mesh is provided in output of the EM module; (ii) the power associated
to a tetrahedron is distributed among the nodes of the element of the samplig grid which
contains the baricenter of this very tetrahedron (see Fig. 2.6(a)); (iii) the total power
associated to each node of the samplig grid is divided by a proper co-volume [49] in
order to obtain a map of the RF power deposited by the antenna Epow. Finally, Epow
is interpolated from the samplig grid to the mesh of the FLUID module. A particular
advantage derived from the introduction of the sampling grid is that the 3D output of the
EM module can be easily interpolated in a 1D or 2D mesh: e.g., if the plasma transport is
treated as a 1D-radial problem in a cylindrical plasma discharge, the samplig grid consists
of coaxial cylindrical shells (see Fig. 2.6(b)).

A sensibility analysis is required to select a sampling grid which provides an accurate
description of the power deposition profile without introducing numerical noise. An ex-
ample is presented in Fig. 2.7 for a cylindrical plasma source of length L = 0.10 m, and
radius R = 0.01 m. The discharge is driven by a single loop antenna in presence of an axial
magneto-static field B0 = 350 G. The plasma is uniform with density n = 1 × 1018 m−3,
electron temperature Te = 3 eV, and neutral pressure pn = 30 mTorr. The unstructured
plasma mesh is composed of 8743 tetrahedra. Because of the symmetry of the prob-
lem, the output of the interpolation is a 2D-axisymmetric power deposition profile Epow.
Specifically, three interpolation grids have been analysed, namely: radial nodes Nr = 6
and axial nodes Nz = 4 (hereinafter referred as grid A), Nr = 20 and Nz = 7 (grid B),
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Figure 2.7: Power deposition profile Epow for a discharge driven by a single loop antenna,
axial magneto-static field B0 = 350 G, uniform plasma density n = 1× 1018 m−3, electron
temperature Te = 3 eV, and neutral pressure pn = 30 mTorr. Three sampling grid tested:
(a) radial nodes Nr = 6 and axial nodes Nz = 4, (b) Nr = 20 and Nz = 7, (c) Nr = 20
and Nz = 20.

Verification against a well established numerical code

To provide an independent benchmarking of the new code with another well-established
code, 3D-VIRTUS has been compared against SEMS. The latter solves plasma transport
and wave differential equations in 2D axisymmetric problems by means of a finite-difference
method using a fully coupled implicit scheme; the propagation is driven by a RF antenna,
which is modelled as an assumed current distribution. Specifically, 3D-VIRTUS has been
benchmarked against the equilibrium power deposition, and plasma parameters profiles
calculated by SEMS in a Helicon reactor filled with argon gas [59].

For this test, the Helicon discharge of [59, Fig. 2] has been considered in two con-
figurations, namely unmagnetised (i.e., B0 = 0 G), and magnetised (i.e., B0 = 100 G);



28

0 0.2 0.4
0

0.05

0.1

0.15

0.5

1

1.5

2

2.5

(a)

0 0.02 0.04
10

-4

10
-2

10
0

10
2

(b)

Figure 2.8: (a) The power deposition distribution (Epow), and (b) the radial power deposi-
tion profile (Epow) as in [59, Figs. (7),(8)] for B0 = 0 G. EM module (dashed line), SEMS
(solid line).
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Figure 2.9: (a) The power deposition distribution (Epow), and (b) the radial power deposi-
tion profile (Epow) as in [59, Fig. (7),(8)] for B0 = 100 G. EM module (dashed line), SEMS
(solid line).

whereas the RF antenna is made of two circular coils 180◦ out of phase. The number of
coils of the electromagnets have been decided to get the same magnetic field lines of [59,
Fig. 2]; similarly, the current of the coils has been tuned to obtain the same magneto-static
field magnitude that has been specified in [59, Sec.III], which has been assumed to be the
maximum value realized on the axis of the discharge. The equilibrium power deposition
Epow, electron density ne, and electron temperature Te distribution have been solved by
3D-VIRTUS with prescribed threshold values εF,max = 10−5, and εmax = 10−1; besides,
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Figure 2.10: The distribution of (a) the electron density (ne), and (b) the electron tem-
perature (Te) computed by 3D-VIRTUS in the unmagnetised (B0 = 0 G) configuration.
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Figure 2.11: The distribution of (a) the electron density (ne), and (b) the electron tem-
perature (Te) computed by 3D-VIRTUS in the magnetised (B0 = 100 G) configuration.

the mesh of the EM module is made of 11350 tetrahedra, while the FLUID module mesh
has 44000 hexahedra (Nr = 170, Nz = 200).

The power deposition distribution calculated by 3D-VIRTUS in the B0 = 0 G config-
uration (see Fig. 2.8(a)) resembles the distribution of SEMS (see [59, Fig. 7]), in which
the power deposition is localized under the the two antenna coils, and close to the edge of
the discharge. In Fig. 2.8(b), the radial power deposition at the lower coil axial location
has been depicted; the trend predicted by the two codes is the same, while the peak of the
deposited power is exactly at the edge for 3D-VIRTUS, and close to the edge for SEMS.
As for the B0 = 100 G configuration, there is still a good agreement between 3D-VIRTUS
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(see Fig. 2.9(a)) and SEMS for the power deposition distribution, though SEMS predict
a weaker increase in the power deposition near the bulk of the discharge (see [59, Fig. 7]);
in regards to the radial power deposition profile (see Fig. 2.9(b)), similar considerations
as in the unmagnetised configurations hold true.

The density, and temperature distribution of the electron species as computed by 3D-
VIRTUS in the unmagnetised (magnetised) case have been reported in Fig. 2.10 (Fig. 2.11).
There is a good matching with the distribution evaluated by SEMS for the electron density
(see [59, Figs.(9)]), and the electron temperature (see [59, Figs.(10)]). In the unmagnetised
configuration, the density is peaked near the axis of the cylindrical source, whereas the
maximum temperature is close to the edge of the discharge, and below the antenna coils;
the maximum density (temperature) is 3.5×1017 m−3 (4 eV) in 3D-VIRTUS, while it can be
inferred that the peak density (temperature) is approximately around 8.0×1017 m−3 (4 eV)
in SEMS. In the magnetised configuration, the electron density, and electron temperature
distributions of the two codes still show a good agreement; specifically, both codes predict
two distinct density peaks in the cylindrical source, and the expansion chamber regions,
respectively (see Fig. 2.11(a), and [59, Figs. (9)]), and an intense temperature region near
the edge of the source, and between the two antenna coils (see Fig. 2.11(b), and [59,
Figs. (10)]). The density (temperature) peak value is ne = 4.3× 1017 m−3 (Te = 3.6 eV)
in 3D-VIRTUS, while in SEMS around 8.0×1017 m−3 (4 eV). The differences in the power
deposition, the electron density, and temperature between the two codes can be ascribed
to: (i) the lack of information about the boundary conditions, and the plasma chemistry
reactions that have been implemented in SEMS, (ii) the modelling of the RF antenna
as an assumed current distribution in SEMS, while it is self-consistently computed in
the EM module, and, ultimately, (iii) the numerical approaches the two codes resort on.
Moreover, being the magneto-static field produced by electromagnets, namely assumed
axisymmetric both in both codes, it does not seem that the differences in the power
deposition distributions can be attributed to the 3D formulation of the EM problem in
3D-VIRTUS rather than the 2D formulation of SEMS. Despite the differences, both SEMS
and 3D-VIRTUS predict similar distributions as the magneto-static field increases.

Validation against experimental measurements

To provide an independent validation of the new code against experimental data, 3D-
VIRTUS has been compared against the measurement performed on a Piglet Helicon
reactor [93]. Specifically, 3D-VIRTUS has been benchmarked against the electron density
profiles measured on the axis of the Helicon discharge filled with argon gas. Measurements
have been performed with a Langmuir probe aligned with the axis of the reactor which
can be manoeuvred in order to sample the electron density in several axial positions.

The Helicon discharge has been produced by a Double Saddle antenna [114] driven at a
13.56 MHz frequency. A pair of electro-magnet coils surrounds the RF antenna and is em-
ployed to generate the confining magneto-static field; more specifically two configurations
have been considered, namely magneto static field generated by Source Coil and Exhaust

Coil (see [93, Fig. 1] for further details). The maximum intensity of the magneto-static
field in both cases is B0 = 21 G, the antenna input power Pw = 250 W, and the neutral
background pressure p0 = 0.36 Pa. The equilibrium electron density ne, power depo-
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Figure 2.12: (a) The electron density distribution (ne) calculated with 3D-VIRTUS, and
(b) the electron density on the axis of the discharge, when the magneto-static field is
generated by the Source Coil. Experimental data (open circles), 3D-VIRTUS output
(solid line).
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Figure 2.13: Normalized profiles of electron density (ne) measured experimentally (open
circles) and calculated numerically with 3D-VIRTUS (solid line), along with magneto-
static field intensity on the axis of the discharge (dashed line); the magneto-static field is
generated by the Source Coil.

sition Epow, and electron temperature Te distributions have been solved by 3D-VIRTUS
with prescribed threshold values εF,max = 10−5, and εmax = 10−1; besides, the mesh of the
EM module is made of 9283 tetrahedra, while the FLUID module consists on a 2D mesh
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Figure 2.14: (a) The electron density distribution (ne) calculated with 3D-VIRTUS, and
(b) the electron density on the axis of the discharge, when the magneto-static field is
generated by the Exhaust Coil. Experimental data (open circles), 3D-VIRTUS output
(solid line).
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Figure 2.15: Normalized profiles of electron density (ne) measured experimentally (open
circles) and calculated numerically with 3D-VIRTUS (solid line), along with magneto-
static field intensity on the axis of the discharge (dashed line); the magneto-static field is
generated by the Exhaust Coil.

of 15000 hexahedra (Nr = 75, Nz = 200).

The electron density distribution calculated with 3D-VIRTUS in the Source Coil con-
figuration (see Fig. 2.12(a)) is peaked in the source region (i.e., z < 0 m) under the
active electromagnet and the antenna. In Fig. 2.12(b), the plasma density on the axis
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Figure 2.16: The distribution of (a) the power deposition (Epow), and (b) the electron
temperature (Te) computed by 3D-VIRTUS when the magneto-static field is generated by
the Source Coil.
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Figure 2.17: The distribution of (a) the power deposition (Epow), and (b) the electron
temperature (Te) computed by 3D-VIRTUS when the magneto-static field is generated by
the Exhaust Coil.

of the discharge has been depicted: the trend found experimentally is well reproduced
by 3D-VIRTUS, moreover the intensity of the peak predicted numerically is roughly four
times lower than the expected experimental value. In particular, comparing the normal-
ized values of the numerical and experimental plasma density (see Fig. 2.13) an extremely
well agreement can be appreciated: the numerical results reproduce the experimental one
apart from a shift of the density peak of a few centimetres. Also the normalized mag-
netic field intensity has been reported in Fig. 2.13 (as done in [93, Fig. 8]) to highlight



34

the strong dependency between the latter and the shape of the electron density profile.
Also in the Exhaust Coil configuration, the electron density distribution predicted by 3D-
VIRTUS is peaked in the source region below the active electromagnet (see Fig. 2.14(a)).
Moreover, the trend predicted numerically agrees very well with the experimental one
(see Fig. 2.14(b) and Fig. 2.13) and the value of electron density peak calculated with
3D-VIRTUS is roughly half of the experimental one.

Also the power deposition and electron temperature distributions have been reported
for both the Source Coil and the Exhaust Coil configurations (see respectively Figs. 2.16
and 2.17). In the reference paper [93] there are no data to benchmark these predictions,
nonetheless the analysis of these results can give useful insights on the plasma behaviour
in this reactor. The power deposition distribution is not significantly influenced by the
magnetic topology: the power peak is located in the source region close to the edge of
the discharge in both configurations (see Fig. 2.16(a) and Fig. 2.17(a)). More significant
differences can be noticed on the electron temperature distribution (see Fig. 2.16(b) and
Fig. 2.17(b)), in fact the peak position is located under the active electromagnet. There-
fore, for these specific configurations, the magneto-static field topology influences much
more the electron density and temperature profiles (i.e., the plasma transport) than the
power deposition.

In conclusion, the numerical and experimental results show an excellent agreement, in
fact: (i) the trend predicted numerically reproduces very well the experimental measure-
ments, (ii) the quantitative differences between the numerical and experimental results can
be in part attributed to the measurement uncertainty which, even though not reported in
the reference paper [93], can be also exceed the 50% with a Langmuir probe [67]. Moreover
it has been shown numerically that the magnetic topology affects much more the plasma
transport than the power deposition.

2.3 HPT model

In order to predict the propulsive performances of a HPT, both the Production Stage and
the Acceleration Stage (see Fig. 1.3) have to be modelled. In this work, the Production

Stage has been solved by 3D-VIRTUS, while the Acceleration Stage by a plume model
derived from a quasi one-dimensional analytical description of a HPT [42].

Analytical plume model

It is worthwhile to briefly illustrate the plume model, as reported on [42], before discussing
its integration with 3D-VIRTUS. More specifically, the aim of [42] is to give a quasi-one
dimensional, along the axis of the thruster, description of a HPT (i.e., both Production

Stage and Acceleration Stage). For what concerns the modelling of the Production Stage,
its principal outputs are the average plasma density n inside the source and the upstream
plasma thrust at source outlet F0 (i.e., the force produced by the plasma acceleration in
absence of a magnetic nozzle). The latter is calculated assuming that: (i) the electrons
inertia is negligible, (ii) the ions are cold, and (iii) at the source outlet the speed of both
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ions and electrons is equal to the Bhom velocity uB [37, Chap. 8]; therefore

F0 =
(

MΓuB + 〈pe〉
)

A0 (2.19)

where M is the ion mass, Γ is the ions flux at the source outlet (expressed in m−2s−1),
〈pe〉 is the radially averaged electron pressure, and A0 is the outlet section of the thruster.
Eq. 2.19 can be rewritten as

F0 = 2βqnTeA0 (2.20)

where β is a dimensionless coefficient which accounts for plasma non uniformity, q is
the elementary charge, and Te the electron temperature (expressed in eV). In the region
downstream the source outlet an additional thrust due to the magnetic nozzle Fmag is
produced; therefore the total thrust provided by the plasma acceleration Fp is equal to

Fp = F0 + Fmag (2.21)

In particular Fmag is given as [44]

Fmag =

∫

V

JθBrdV (2.22)

where Br is the radial component of the magneto-static field, Jθ is the azimuthal plasma
current, and V is the volume in which the magnetic nozzle effect is non-negligible. In
particular, assuming the paraxial approximation Bz(r, z) ≈ Bz(0, z), Eq. 2.22 can be
rewritten as [44]

Fmag =

∫ A

A0

〈pe〉dA (2.23)

where A is the area of the magnetic flux tube which determines the boundary of the
magnetic nozzle region. Interestingly, the magnetic nozzle plays a similar role of a physical
nozzle with the main difference that in the latter only the pressure at the walls impart a
force, whereas in the former the force is determined by the average value of the pressure
in the expansion volume. From the mass conservation and the momentum equations [42,
Eqs. 28,29], Eq. 2.23 can be rewritten as

Fmag = F0

(M− 1)2

2M
(2.24)

where M = v/uB is the magnetic Mach number, and v is the plasma velocity. Therefore
the thrust produced by the plasma acceleration becomes

Fp = F0 + F0

(

M− 1
)2

2M
(2.25)

Provided that, at some point downstream the source outlet, the plasma will not remain
attached to the magnetic field indefinitely but will detach, the value of M to be adopted
in Eq. 2.25 is Mdet, namely the magnetic Mach number at the detachment point. A very
simplified criterion to determine the location of the detachment point is assuming that
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the latter occurs when the ion gyroradius is equal to the radius of the plasma flow area
defined by the diverging magnetic field. Therefore, Mdet can be calculated solving

1

2

(

M2
det − 1

)

− lnMdet = ln

(

qB2
0A0

πMTi

)

(2.26)

B0 is the magnetic field at the source outlet, and Ti is the ion temperature (expressed in
eV); it is worth recalling that Eq 2.26 is derived from the combination of continuity and
momentum equations in the magnetic nozzle region [42, Eqs. 28,29]. Therefore the thrust
provided by the plasma acceleration is

Fp = F0

M2
det + 1

2Mdet

(2.27)

In general the thrust T produced by a HPT is the sum of two contributions, namely the
thrust produced by the acceleration of the plasma Fp, and of the neutral gas Fgas. The
latter is derived from

Fgas = ṁ0vg

(

1 +
kBTg

Mv2g

)

(2.28)

where ṁ0 is the input mass flow rate, kB is the Boltzmann constant, Tg is the neutral
gas temperature (expressed in K), vg =

√

γkBTg/M is the speed of sound, and γ is the
specific heat constant. Therefore, the thrust T provided by the HPT is

T = Fp + Fgas (2.29)

and trivially the specific impulse Isp is calculated as

Isp =
T

g0ṁ0

(2.30)

where g0 is the acceleration of gravity at the sea level.

In conclusion it is worth recalling that the above described plume model is extremely
simplified, in fact

• The detachment point is determined with a very simplified criterion.

• Because of the paraxial approximation, the model describes properly only idealized
magnetic nozzles.

• Magnetic nozzles in which magnetic cusps appears cannot be handled because the
conservation equations as reported in [42] do not hold true.

Nonetheless, this model can be useful to preliminary estimate the thruster performances
and, if coupled to an accurate model of the discharge chamber, to identify some parameters
for the optimization of the latter.
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Γ0 = vgn0 (2.34)

where ns and n0 are respectively the excited and neutral number densities, vg =
√

γkBT0/M
is the speed of sound, kB is the Boltzmann constant, T0 is the heavy species (i.e. ions,
neutrals, and excited) temperature, M the heavy species mass, and γ is the ratio of specific
heats. The boundary condition for the Poisson equation are derived from [42, Eq. 9]

∂φ

∂z
=

Te

ne

∂ne

∂z
(2.35)

where φ is the plasma potential, and ∂/∂z is the derivative along the axis of the thruster.



Chapter 3

Numerical results

The capabilities of the new numerical code have been exploited to perform a numerical
study on a simplified configuration of HPT. The aim of this analysis is not to identify
the optimum design of a HPT, rather than it is intended to gain a preliminary insight
on how the principal design parameters (e.g., geometry of the magneto-static field, of the
antenna, and of the discharge chamber) affect the thruster behaviour. A parametric study
has been conducted on a idealized HPT which relies on a cylindrical plasma discharge
surrounded by four different magnetic topologies. The latter have been compared with
respect to: (i) the equilibrium profiles of electron density (ne), electron temperature (Te),
and power deposition (Epow) in the plasma discharge, (ii) the antenna parameters, namely
the impedance (Z) and the current distribution over the conductors, along with (iii) the
preliminary estimations of the attained thrust (T ) and specific impulse (Isp).

In particular, the magnetic topologies analysed are: (i) uniform magneto-static field
(hereinafter referred as Uniform) because it has been usually assumed in theoretical works
on HPTs [43], (ii) non-uniform magneto-static fields which, even though not particularly
complex, are representative of magnetic configurations adopted in real-life experiments.
The three non-uniform magnetic topologies analysed are generated by electromagnets,
namely:

• Helmholtz coils [115, Chap. 5] (the associated magnetic field will be referred as
Helmholtz ), a similar configuration has been employed in prototypes realised at the
Washington University [28]

• single coil (Single Coil) which is representative of the configuration adopted in pro-
totypes realized at the Australian National University [20]

• pair of coaxial coils carrying currents in opposite directions (Cusp) that generate a
magnetic cusp which is a typical feature of experiments involving permanent magnets
(e.g., see [19])

The field lines of the four magnetic topologies considered, and the correspondent electro-
magnets (if present), are depicted in Fig. 3.1. All the electromagnets are coaxial to the
discharge tube, have radius Rc = 5 cm, and both in the Helmholtz and the Cusp configu-
rations the two coils are 5 cm-distant. Moreover, the non-uniform magnetic configurations

39
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Figure 3.2: Intensity of the magneto-static field B0 in function of the radial r and axial z
position for: (a) Uniform, (b) Helmholtz, (c) Single Coil, and (d) Cusp magnetic topology.

antenna of radius RA = 3 cm and width w = 0.6 cm (see Fig. 3.3). Subsequently, both
the plasma parameters (i.e., n0, B0, and Pw) and the source geometry (i.e., L, R, and
the antenna type) have been varied in order to evaluate their influence on the equilibrium
conditions of the discharge. More specifically, each configuration examined in this study
differs from the Reference for only one of the listed features so as to keep the analysis lucid.
Instead, the parameters which are always kept constant are the symmetrical position of
the antenna in respect to the centre of the plasma column, and the antenna excitation
frequency f = 13.56 MHz. The latter is the typical frequency at which Helicon thrusters
are operated during testing (e.g., see [19, 20, 22]).

From a numerical standpoint, the plasma transport problem has been formulated in
a 2D-axisymmetric geometry in order to describe accurately the source while keeping
the computational cost at bay. The 2D structured mesh of the FLUID module consists
of approximately 25000 rectangles, while in the EM module the plasma is meshed with
roughly 9000 tetrahedra; finally the sampling grid has 20 radial nodes and 7 axial nodes.
A time step of 5×10−8 has been imposed in the solution of the plasma transport, and the
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Figure 3.4: Reference source (see Fig. 3.3) surrounded by the Uniform magnetic topology;
(a) electron density ne, (b) electron temperature Te, and (c) power deposition Epow profiles
expressed in function of the radial r and axial z position.
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Figure 3.5: Reference source (see Fig. 3.3) surrounded by the Helmholtz magnetic topol-
ogy; (a) electron density ne, (b) electron temperature Te, and (c) power deposition Epow
profiles expressed in function of the radial r and axial z position.

since the introduction of a magneto-static field results in a reduced rate of diffusion across
the field lines, and in turn in steeper gradients of the plasma parameters in this very
direction [37, Chap. 5].

The electron temperature is peaked in the edge of the discharge; more specifically in
the Uniform, Helmholtz, and Single Coil cases the peak is below the antenna, while in the
Cusp case there are two peaks below the electromagnets (see Figs. 3.4(b)-3.7(b)). The
intensity of the electron temperature depends on the magnetic topology, and the maximum
values are registered in the Helmholtz and Single Coil cases. The position of the electron
temperature peaks is consistent with the dumping of TG waves which are confined near the
edge of the discharge and propagate only in presence of a sufficiently intense quasi-axial
magneto-static field [12]. The power deposition is always peaked under the antenna and
close to the edge (see Figs. 3.4(c)-3.7(c)). In particular, the amount of power deposited
in proximity of the axis of the discharge is much more intense in the Cusp case than in
the other three configurations; in addition, also the lowest peak value is registered in this
very case. It is worth recalling that total amount of power deposited into the discharge is
fixed in this analysis (i.e., Pw = 250 W); therefore it is expected that the lower (higher)
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Figure 3.6: Reference source (see Fig. 3.3) surrounded by the Single Coil magnetic topol-
ogy; (a) electron density ne, (b) electron temperature Te, and (c) power deposition Epow
profiles expressed in function of the radial r and axial z position.
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Figure 3.7: Reference source (see Fig. 3.3) surrounded by the Cusp magnetic topology; (a)
electron density ne, (b) electron temperature Te, and (c) power deposition Epow profiles
expressed in function of the radial r and axial z position.

peak values are associated to the more (less) spread profiles.

In conclusion, the magnetic topology has a strong influence on the equilibrium profiles
being both the plasma diffusion and the power deposition phenomena significantly affected
by the geometry of the magneto-static field lines.

3.1.2 Effect of the intensity of the magneto-static field

The effect of the magneto-static field intensity on the equilibrium conditions of the dis-
charge has been evaluated in the range from 0 G to 1000 G; the results of the Helmholtz

magnetic topology has been utilised for this purpose. More specifically, the source has
been studied for B0 = 0 G (see Fig. 3.8), B0 = 250 G (see Fig. 3.9), and B0 = 1000 G
(see Fig. 3.10); in addition the Reference case for B0 = 500 G is depicted in Fig. 3.5.
In absence of the magneto-static field, the electron density profile is centred and peaked
on the axis of the discharge, and under the antenna as it would be in a ICP source [29,
Chap. 12] (see Fig. 3.8(a)). As the magneto-static field increases the density peak spreads
axially around the axis of the discharge, and gets greatly enhanced in magnitude as it
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Figure 3.8: Intensity of the magneto-static field B0 = 0 G, the other parameters as in
the Reference (see Fig. 3.3), source surrounded by the Helmholtz magnetic topology; (a)
electron density ne, (b) electron temperature Te, and (c) power deposition Epow profiles
expressed in function of the radial r and axial z position.
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Figure 3.9: Intensity of the magneto-static field B0 = 250 G, the other parameters as in
the Reference (see Fig. 3.3), source surrounded by the Helmholtz magnetic topology; (a)
electron density ne, (b) electron temperature Te, and (c) power deposition Epow profiles
expressed in function of the radial r and axial z position.

would be for a Helicon source (see progressively Fig. 3.9(a), Fig. 3.5(a), and Fig. 3.10(a)).
Eventually, the density peak gets stronger, and moves toward the edge of the discharge for
higher values of the magneto-static field (see Fig. 3.10(a)). As a result, the maximum value
of the electron density increases of roughly four times from B0 = 0 G to B0 = 1000 G.
The electron temperature profile is radially uniform, whereas it exhibits a weak variation
along the axial direction in the unmagnetised configuration (see Fig. 3.8(b)). With the
introduction of the magneto-static field, the electron temperature becomes predominantly
inhomogeneous along the radial direction and the electron temperature peak moves close
to the edge of the discharge; in addition the maximum temperature increases as the mag-
netic field does so (see Fig. 3.9(b), Fig. 3.5(b), and Fig. 3.10(b)). The power deposition
profile is peaked under the antenna; it gets closer and closer to the edge of the discharge, as
the magneto-static field increases in magnitude (see Figs. 3.8(c)-3.10(c) and Fig. 3.5(c)).

In general, for all the four magnetic topologies considered, a greater (lower) intensity
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Figure 3.10: Intensity of the magneto-static field B0 = 1000 G, the other parameters as in
the Reference (see Fig. 3.3), source surrounded by the Helmholtz magnetic topology; (a)
electron density ne, (b) electron temperature Te, and (c) power deposition Epow profiles
expressed in function of the radial r and axial z position.

of the magneto-static field results in: (i) the increase (decrease) of both the density and
the temperature peaks, and (ii) the enhancement (diminishment) of the non-homogeneity
of the plasma profiles in the direction perpendicular to the magneto-static field lines.

3.1.3 Effect of the initial neutral density

The effect of the initial neutral density has been evaluated in the range from 1020 m−3 to
1022 m−3; the results of the Uniform magnetic topology has been utilised for this purpose.
More specifically, the source has been studied for n0 = 1022 m−3 (see Fig. 3.11), and
n0 = 1020 m−3 (see Fig. 3.12). In addition: (i) the Reference case for n0 = 1021 m−3 is
depicted in Fig. 3.4, and (ii) also the n0 = 2 × 1021 m−3, and n0 = 5 × 1020 m−3 cases
have been studied but are not reported for the sake of brevity.

The electron density profile presents the same features of the unmagnetised case when
n0 = 1022 m−3 (see Fig. 3.11(a)). As the neutral density decreases, the peak of the elec-
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Figure 3.11: Initial neutral density n0 = 1022 m−3, the other parameters as in the Ref-

erence (see Fig. 3.3), source surrounded by the Uniform magnetic topology; (a) electron
density ne, (b) electron temperature Te, and (c) power deposition Epow profiles expressed
in function of the radial r and axial z position.
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Figure 3.12: Initial neutral density n0 = 1020 m−3, the other parameters as in the Ref-

erence (see Fig. 3.3), source surrounded by the Uniform magnetic topology; (a) electron
density ne, (b) electron temperature Te, and (c) power deposition Epow profiles expressed
in function of the radial r and axial z position.

tron density spreads axially and moves toward the edge of the discharge (see progressively
Fig. 3.4(a), and Fig. 3.12(a)). It was expected that the neutral density had a strong effect
on the electron density profile; in fact, the influence of the magneto-static field on the
plasma diffusion diminishes as the collisionality (i.e., the neutral density) increases [37,
Chap. 5]. The electron temperature is significantly non-uniform along both the radial and
the axial directions also when n0 = 1022 m−3 (see Fig. 3.11(b)). Moreover, as the neutral
density decreases, the temperature peak moves closer to the edge of the discharge, spreads
axially, and increases its value (see progressively Fig. 3.4(b) and Fig. 3.12(b)). Finally,
the power deposition profile is not significantly affected by the value of the neutral density
(see Fig. 3.11(c), Fig. 3.4(c) and Fig. 3.12(c)).

In general, for all the magnetic topologies analysed, the peak of the electron tempera-
ture is more (less) intense and closer to (more distant from) the edge of the discharge as
the neutral density deceases (increases). The power deposition profile is not significantly
influenced by the latter. Moreover, the electron density profile has features closer to the
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Figure 3.13: Total power Pw = 500 W, the other parameters as in the Reference (see
Fig. 3.3), source surrounded by the Cusp magnetic topology; (a) electron density ne, (b)
electron temperature Te, and (c) power deposition Epow profiles expressed in function of
the radial r and axial z position.
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unmagnetised case as the neutral density increases, and conversely the non-uniformity in
the direction perpendicular to the magnetic field lines is greatly enhanced as the neutral
density decreases. Interestingly, the trend of the electron density peak varies with the
magnetic topology: its value increases as the neutral density does so, apart from in the
Uniform case where the trend is not monotonous.

3.1.4 Effect of the total power deposited into the plasma

The effect of the total power deposited has been evaluated in the range from 50 W to
500 W; the results of the Cusp magnetic topology has been utilised for this purpose. More
specifically, the source has been studied for Pw = 500 W (see Fig. 3.13), Pw = 100 W (see
Fig. 3.14), and Pw = 50 W (see Fig. 3.15); in addition the Reference case for Pw = 250 W
is depicted in Fig. 3.7.
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Figure 3.14: Total power Pw = 100 W, the other parameters as in the Reference (see
Fig. 3.3), source surrounded by the Cusp magnetic topology; (a) electron density ne, (b)
electron temperature Te, and (c) power deposition Epow profiles expressed in function of
the radial r and axial z position.
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Figure 3.15: Total power Pw = 50 W, the other parameters as in the Reference (see
Fig. 3.3), source surrounded by the Cusp magnetic topology; (a) electron density ne, (b)
electron temperature Te, and (c) power deposition Epow profiles expressed in function of
the radial r and axial z position.
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Figure 3.17: System driven by Fractional Antenna, the other parameters as in the Refer-

ence (see Fig. 3.3), source surrounded by the Single Coil magnetic topology; (a) electron
density ne, (b) electron temperature Te, and (c) power deposition Epow profiles expressed
in function of the radial r and axial z position.
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Figure 3.18: System driven by Nagoya Type-III Antenna, the other parameters as in the
Reference (see Fig. 3.3), source surrounded by the Single Coil magnetic topology; (a)
electron density ne, (b) electron temperature Te, and (c) power deposition Epow profiles
expressed in function of the radial r and axial z position.

geometry (see Fig. 3.17(b), Fig. 3.18(b), and Fig. 3.6(b)); only in the Fractional Helix
Antenna case this very profile is mildly asymmetric. On the contrary, the power deposition
depends on the antenna: the amount of power deposited in the centre of the discharge is
more intense in the Fractional Helix Antenna and Nagoya Type-III Antenna cases than
in the Reference (see Fig. 3.17(c), Fig. 3.18(c), and Fig. 3.6(c)). Moreover, if the system
is driven by Fractional Helix Antenna, a mild asymmetry is noticed also in the power
deposition profile. Nonetheless, this behaviour have been found also in experiments in
which Fractional Helix Antenna have produced asymmetric plasma profiles [116]. Finally,
it can be noticed that the increase of the electron density peak and its translation closer
to the axis of the source in the Fractional Helix and Nagoya Type-III cases, is associated
to a higher amount of power deposited in the core of the discharge.

The same trends hold true also for the other magnetic topologies: the plasma density
peak is more intense and closer to the discharge axis with Fractional Helix Antenna and
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Nagoya Type-III Antenna; in the same cases, the amount of power deposited in the core
of the discharge is higher in respect to the Reference.

3.1.6 Effect of the discharge radius

The effect of the dimension of the discharge radius has been evaluated in the range from
0.5 cm to 2 cm; the results of the Helmholtz magnetic topology has been utilised for this
purpose. More specifically, the source has been studied for R = 0.5 cm (see Fig. 3.19),
and R = 2 cm (see Fig. 3.20); in addition the Reference case for R = 1 cm is depicted in
Fig. 3.5.

The electron density profile is peaked on the axis of the discharge if R = 0.5 cm (see
Fig. 3.19(a)). Similarly, the electron temperature peak moves closer to (more distant
from) the edge as the radius grows (diminishes), but its value varies mildly and non-
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Figure 3.19: Discharge radius R = 0.5 cm, the other parameters as in the Reference (see
Fig. 3.3), source surrounded by the Helmholtz magnetic topology; (a) electron density ne,
(b) electron temperature Te, and (c) power deposition Epow profiles expressed in function
of the radial r and axial z position.
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Figure 3.20: Discharge radius R = 2 cm, the other parameters as in the Refernce (see
Fig. 3.3), source surrounded by the Helmholtz magnetic topology; (a) electron density ne,
(b) electron temperature Te, and (c) power deposition Epow profiles expressed in function
of the radial r and axial z position.
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monotonously (see Fig. 3.19(b), Fig. 3.5(b), and Fig. 3.20(b)). The power deposition
profile is significantly influenced by the dimension of the discharge radius: (i) to smaller
(bigger) radius is associated a higher (lower) peak value, and (ii) the amount of power
deposited in the centre of the discharge increases as the radius becomes smaller (see
Fig. 3.19(c), Fig. 3.5(c), and Fig. 3.20(c)). Point (i) can be explained considering that
the total amount of power deposited is kept constant on this analysis (i.e., Pw = 250 W),
therefore smaller (bigger) is the volume of the discharge tube, higher (lower) is the power
per unit volume. Instead from point (ii), it can be inferred that the waves are mainly
damped in a superficial region of the plasma column (coherently with the TG waves
dynamics [12]). Therefore as the radius grows, the region where the damping, and in turn
the power deposition, is important moves away from the centre of the discharge. Notably,
the higher intensity of the electron density peak is obtained when the deposited power per
unit volume is maximum.

The same features are reproduced also for the other magnetic topologies: increase
(decrease) of both the electron density and power deposition peaks as the radius of the
discharge grows (diminishes).

3.1.7 Effect of the discharge length

The effect of the dimension of the discharge length has been evaluated in the range from
5 cm to 20 cm; the results of the Uniform magnetic topology has been utilised for this
purpose. More specifically, the source has been studied for L = 5 cm (see Fig. 3.21), and
L = 20 cm (see Fig. 3.22); in addition the Reference case for L = 10 cm is depicted in
Fig. 3.4.

For the lower values of the discharge length (i.e., L = 5 cm) the plasma density profile
is not significantly modified in respect to the Reference case, only the value of the peak
is slightly increased (see Fig. 3.21(a) and Fig. 3.4(a)). The electron temperature profile
is more axially uniform for lower values of the discharge length, while the peak value is
almost unaltered (see Fig. 3.21(b) and Fig. 3.4(b)). Also the power deposition profile is
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Figure 3.21: Discharge length L = 5 cm, the other parameters as in the Refernce (see
Fig. 3.3), source surrounded by the Uniform magnetic topology; (a) electron density ne,
(b) electron temperature Te, and (c) power deposition Epow profiles expressed in function
of the radial r and axial z position.
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Figure 3.22: Discharge length L = 20 cm, the other parameters as in the Refernce (see
Fig. 3.3), source surrounded by the Uniform magnetic topology; (a) electron density ne,
(b) electron temperature Te, and (c) power deposition Epow profiles expressed in function
of the radial r and axial z position.

more uniform in respect to the Reference case, but the peak value is significantly increased
(see Fig. 3.21(c) and Fig. 3.4(c)); the latter effect is only due to the fixed amount of power
which has been assumed in this analysis (i.e., Pw = 250 W). Interestingly, similar trend
for the electron temperature and power deposition profiles are registered also for the other
magnetic topologies. Similarly, the intensity of the electron density peak increases in
each case, but more significantly for the Helmholtz and Single Coil configurations (see
Fig. 3.23). In fact in these two cases, the higher uniformity of the magneto-static field
is registered in the centre of the source (see Fig. 3.1(b) and Fig. 3.1(c)); therefore if the
discharge length is reduced, the system resembles much more to the Uniform case. On
the contrary, in the Cusp case the non-uniformity of the magneto-static field is maximum
in the centre of the discharge, in correspondence of the cusp region (see Fig. 3.2(d)).

For the higher values of the discharge length (i.e., L = 20 cm) the electron density
peak is located close to the axis of the discharge and its intensity is slightly increased in
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Figure 3.23: Discharge length L = 5 cm, the other parameters as in the Refernce (see
Fig. 3.3); electron density profile ne expressed in function of the radial r and axial z
position. Source surrounded by (a) Helmholtz, (b) Single Coil, and (c) Cusp magnetic
topology.
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Figure 3.24: Discharge length L = 20 cm, the other parameters as in the Refernce (see
Fig. 3.3); electron density profile ne expressed in function of the radial r and axial z
position. Source surrounded by (a) Helmholtz, (b) Single Coil, and (c) Cusp magnetic
topology.

respect to the Reference (see Fig. 3.22(a) and Fig. 3.4(a)). Also the maximum value of
the electron temperature profile is almost unaltered, but the axial uniformity decreases
in respect to the Reference (see Fig. 3.22(b) and Fig. 3.4(b)). The power deposition
profile has a lower axial uniformity and the peak value is decreased (see Fig. 3.22(c) and
Fig. 3.4(c)). Similar trends of the electron temperature and the power deposition profiles
have been found also for the other magnetic topologies. Instead, for what concerns the
electron density profile: (i) the intensity of the peak decreases in all the configurations
apart from the Uniform, and (ii) the profiles are significantly non uniform in the axial
direction apart in the Uniform case (compare Fig. 3.22(a) and Fig. 3.24). Nonetheless,
for L = 20 cm a different behaviour of the Uniform configuration was expected being,
at the edge of the source, the intensity of the magneto-static field roughly one order of
magnitude higher than in the other cases (see Fig. 3.2 for z = ±10 cm).

3.2 Antenna analysis

3.2.1 Antenna impedance

One of the most interesting features of the EM module of 3D-VIRTUS is the capability
to accurately evaluate the real Re(Z) and the imaginary Im(Z) parts of the antenna
impedance, which are crucial for the design of the feeding and matching network.

Higher (lower) values of the real part of the plasma impedance are in general asso-
ciated to higher (lower) intensities of the magneto-static field (see Fig. 3.25(a)). The
result is in good agreement with previous analyses [117] which highlighted that in a uni-
form discharge the antenna impedance is strongly influenced by both the intensity of the
magneto-static field and the value of the plasma density. Clearly, the latter parameters are
intimately related in a self-consistent model (see Sec. 3.1.2). Higher (lower) values of the
real part of the antenna impedance are associated to higher (lower) neutral densities (see
Fig. 3.25(b)). Interestingly, it was proven [117] that the value of the neutral density does
not particularly affect the plasma impedance. Nonetheless, the present result is still in
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Figure 3.25: Real Re(Z) part of the antenna impedance as a function of (a) the intensity of
the magneto-static field B0, (b) the initial neutral density n0, and (c) the power deposited
Pw for a discharge surrounded by Uniform, Helmholtz, Single Coil, and Cusp magnetic
topologies. The other parameters of the source are as in the Reference (see Fig. 3.3).

agreement with [117] considering that the plasma density varies with the neutral density
(see Sec. 3.1.3). Higher (lower) values of the real part of the plasma impedance are in
general associated to higher (lower) total powers (see Fig. 3.25(c)). Also in this case, the
result is in agreement with [117] being the plasma density related to the deposited power
(see Sec. 3.1.4). Higher values of the real and imaginary parts of the antenna impedance
are respectively associated to the Reference Single Loop Antenna and the Fractional He-
lix Antenna (see Table 3.1). This result is still in agreement with [117] where it was
proven that the antenna geometry has a strong influence on the impedance also if the
plasma parameters are kept constant. Considerably higher (lower) values of the real part
of the plasma impedance are associated to higher (lower) values of the source radius (see
Fig. 3.26(a)). On the contrary, the real part of the antenna impedance does not have
a monotonous relation with the source length: lower values are in general associated to
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Antenna Single Loop Nagoya Type-III Fractional Helix

Uniform
Re(Z) [Ω] 7.5× 10−2 7.6× 10−2 4.8× 10−2

Im(Z) [Ω] 1.0× 101 1.2× 101 8.5× 100

Helmholtz
Re(Z) [Ω] 6.7× 10−2 6.4× 10−2 3.6× 10−2

Im(Z) [Ω] 1.0× 101 1.2× 101 8.5× 100

Single Coil
Re(Z) [Ω] 7.0× 10−2 5.4× 10−2 2.3× 10−2

Im(Z) [Ω] 1.0× 101 1.2× 101 8.5× 100

Cusp
Re(Z) [Ω] 7.6× 10−2 2.1× 10−2 1.5× 10−2

Im(Z) [Ω] 1.0× 101 1.2× 101 8.5× 100

Table 3.1: Real Re(Z) and imaginary Im(Z) part of the antenna impedance for a dis-
charge driven by Single Loop, Nagoya Type-III, and Fractional Helix antennas, along with
surrounded by Uniform, Helmholtz, Single Coil, and Cusp magnetic topologies. The other
parametes of the source are as in the Reference (see Fig. 3.3).
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Figure 3.26: Real Re(Z) part of the antenna impedance as a function of (a) the discharge
radius R and (b) the discharge length L for a discharge surrounded by Uniform, Helmholtz,
Single Coil, and Cusp magnetic topologies. The other parametes of the source are as in
the Reference (see Fig. 3.3).

both the L = 5 cm and L = 20 cm cases in respect to the Reference (see Fig. 3.26(b)).
Finally, a higher value of the impedance is in general associated to the Uniform magnetic
topology, and the only parameter which influences the imaginary part of the impedance
is the antenna geometry (see Table 3.1).
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3.2.2 Antenna current distribution

The current distribution over the conductors of the three antennas (i.e., Single Loop,
Nagoya Type-III, and Fractional Helix) has been reported in Fig. 3.27. It is worth recalling
that this very field is self-consistently calculated in the EM module of 3D-VIRTUS and not
assumed a-priori. More specifically, the linear colour bar of Fig. 3.27 has been normalized
in respect to the current flowing through the excitation port. In fact, the spatial trend of
the current does not depend on the parameters investigated in this analysis (i.e., plasma
parameters, source geometry, and magnetic topology). Moreover, the intensity of the
current can be inferred once the deposited power and the antenna impedance (see Fig. 3.25,
Table 3.1, and Fig. 3.26) are known [53, Eq. 13].

The current distribution over the Single Loop Antenna is almost uniform as depicted
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Figure 3.27: Antenna current distribution normalized in respect to the current flowing
through the excitation port; (a) Single Loop Antenna, (b) Nagoya Type-III Antenna, and
(c) Fractional Helix Antenna.
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in Fig. 3.27(a). On the contrary, the antenna current is not constant over the loops of the
Nagoya Type-III Antenna (see Fig. 3.27(b)). The largest variation of current is registered
in the region where the loops are connected to the legs, on which the current is most
intense and constant. The pattern of the current distribution over the Fractional Helix
Antenna, given in Fig. 3.27(c),is similar to that of the current over the Nagoya Type-III
Antenna. This is expected, since the Fractional Helix Antenna reduces to the Nagoya
type-III Antenna in the limit of straight legs. However, in the Fractional Helix Antenna
the largest values of the current are not registered in the legs of the antenna but in the
region where the latter are joined to the loops.

In conclusion, it is worth highlighting that the spatial trends of the current depicted
in Fig. 3.27 are almost equal to that reported in [117], where a similar analysis has been
conducted for homogeneous discharges. Moreover, the two works predict coherent effects
of the plasma parameters on the intensity of the current, in fact: (i) the latter depends on
the antenna impedance through [53, Eq. 13], and (ii) in Sec. 3.2.1 it has been shown that
the effect of the plasma parameters on the antenna impedance is in agreement with [117].

3.3 Thruster performances analysis

Following the methodology described in Sec. 2.3, the attainable thrust (T ) and specific
impulse (Isp) can be preliminary estimated.

Higher (lower) thrust and specific impulse are associated to higher (lower) intensities of
the magneto-static field (see Fig. 3.28). In fact, both the plasma density and the electron
temperature at the source exhaust, and in turn F0 (see Eq. 2.31), increase as the intensity
of the magneto-static field does so (see Sec. 3.1.2); moreover the magnetic nozzle effect
(i.e., the value of Mdet) depends monotonically on the magnetic field intensity. Lower
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Figure 3.28: (a) Thrust T and (b) specific impulse Isp as a function of the intensity of the
magneto-static field B0 for a discharge surrounded by Uniform, Helmholtz, Single Coil,
and Cusp magnetic topologies. The other parametes of the source are as in the Reference

(see Fig. 3.3).
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Figure 3.29: (a) Thrust T and (b) specific impulse Isp as a function of the initial neutral
density n0 for a discharge surrounded by Uniform, Helmholtz, Single Coil, and Cusp mag-
netic topologies. The other parametes of the source are as in the Reference (see Fig. 3.3).

(higher) specific impulse is associated to higher (lower) values of the neutral density (see
Fig. 3.29(b)). On the contrary the relation between the thrust and the neutral density
depends on the magnetic topology (see Fig. 3.29(a)). In the Single Coil and Cusp config-
urations higher (lower) thrust is associated to higher (lower) values of the neutral density;
instead, in the Uniform and Helmholtz configurations this trend is reversed for values of
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Figure 3.30: (a) Thrust T and (b) specific impulse Isp as a function of the total power
deposited Pw for a discharge surrounded by Uniform, Helmholtz, Single Coil, and Cusp

magnetic topologies. The other parametes of the source are as in the Reference (see
Fig. 3.3).



60

the neutral density lower than a certain threshold (respectively n0 = 2 × 1021 m−3 and
n0 = 5 × 1020 m−3). Interestingly, in the Uniform case also the intensity of the electron
density peak reverses its trend for values of the plasma density lower than the same thresh-
old (see Sec. 3.1.3), with the consequent enhancement of the F0 parameter and therefore
of the attained thrust.

Higher (lower) thrust and specific impulse are associated to higher (lower) total power
(see Fig. 3.30). In fact, the plasma density at the source exhaust increases as the total
power does so (see Sec. 3.1.4). The propulsive performances are not significantly influ-
enced by the antenna geometry (see Table 3.2). Only in the Helmholtz and Single Coil

configurations a mild increase of the performances is associated to the adoption of Frac-
tional Helix Antenna and Nagoya Type-III Antenna. Higher (lower) thrust is associated
to higher (lower) values of the discharge radius (see Fig. 3.31(a)); for what concerns the
specific impulse, the trend is reversed (see Fig. 3.31(b)). In this analysis the diameter of
the exhaust section of the source is equal to the diameter of the plasma tube; therefore
for higher values of the discharge radius the fluxes of both the plasma and the neutral
particles increase, and in turn the overall thrust. Notably, the trend of the specific impulse
highlights that the flux of the neutral particles is more influenced by the discharge radius
in respect to the plasma flux.

Higher (lower) thrust and specific impulse are associated to lower (higher) values of the
discharge length (see Fig. 3.32). This effect is more significant for the non-uniform mag-
netic configurations where the intensity of the magneto-static field at the source exhaust,
and in turn the intensity of the magnetic nozzle effect, depends on the length of the dis-
charge (see Fig. 3.2). In the specific case considered, reducing the discharge length results
always in the increase of the value of Mdet. The best performing magnetic topology is the

Antenna Single Loop Nagoya Type-III Fractional Helix

Uniform
T [mN] 5.32 5.95 5.77
Isp [s] 369 408 398

Helmholtz
T [mN] 3.20 3.68 3.69
Isp [s] 228 260 262

Single Coil
T [mN] 1.73 2.21 2.29
Isp [s] 126 160 166

Cusp
T [mN] 2.82 2.79 2.71
Isp [s] 194 196 192

Table 3.2: Thrust T and specific impulse Isp for a discharge driven by Single Loop, Nagoya
Type-III, and Fractional Helix antennas, along with surrounded by Uniform, Helmholtz,
Single Coil, and Cusp magnetic topologies. The other parametes of the source are as in
the Reference (see Fig. 3.3).
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Figure 3.31: (a) Thrust T and (b) specific impulse Isp as a function of the discharge radius
R for a discharge surrounded by Uniform, Helmholtz, Single Coil, and Cusp magnetic
topologies. The other parametes of the source are as in the Reference (see Fig. 3.3).
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Figure 3.32: (a) Thrust T and (b) specific impulse Isp as a function of the discharge length
L for a discharge surrounded by Uniform, Helmholtz, Single Coil, and Cusp magnetic
topologies. The other parametes of the source are as in the Reference (see Fig. 3.3).

Uniform one, followed by the Helmholtz and the Cusp (see Figs. 3.28-3.32 and Table 3.2).
More specifically, among the configurations simulated, the higher performances are associ-
ated to the magnetic topologies which guarantee an higher intensity of the magneto-static
field in correspondence of the exhaust section of the source and therefore a more intense
magnetic nozzle effect.

In conclusion, the best performances are obtained with the Uniform magnetic topology,
and the intensity of magneto-static field and total power deposited as high as possible.
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The other parameters can be tuned in order to increase the thrust and reduce the specific
impulse or vice-versa.

3.4 Discussion

The main findings of the analysis conducted on the equilibrium plasma parameters within
the discharge are:

• Higher values of the electron density peak have been found for: (i) the Uniform

magnetic topology, (ii) higher intensities of the magneto-static field, (iii) higher
values of the initial neutral density, (iv) higher amounts of power deposited into the
plasma, (v) Fractional Helix and Nagoya Type-III antennas, and (vi) lower values of
the discharge radius and length. Moreover, for the higher values of the initial neutral
density the influence that the magneto-static field has on the electron density profile
is very mild.

• Higher values of the electron temperature peak have been found for: (i) higher
intensities of the magneto-static field, (ii) lower values of the initial neutral density.
The other parameters do not significantly affect the electron temperature.

• The shape of the power deposition profile is principally influenced by: (i) the geom-
etry of the magneto-static field lines, and (ii) the antenna geometry. The amount
of power deposited in the core of the discharge is enhanced in presence of magnetic
cusp regions and if the discharge is driven by a Fractional Helix or a Nagoya Type-III
Antenna.

For what concerns the antenna behaviour:

• The parameters which has the major influence of the real part of the antenna
impedance is the discharge radius; for what concerns the imaginary part, it is influ-
enced only by the antenna geometry.

• The pattern of the current on the conductors of the antennae is not influenced by
the parameters analysed. On the contrary, the intensity of the current depends on
both the plasma parameters and the source geometry, and can be inferred from the
antenna impedance and the total power deposited.

Finally, the thruster performances follow these general rules:

• The highest thrust and specific impulse are obtained with the Uniform magnetic
topology, and the highest intensity of magneto-static field and total power deposited.

• The other parameters can be tuned in order to increase the thrust and reduce the
specific impulse or vice-versa.

Notably, higher thruster performances are obtained in correspondence of higher values of
electrons density and temperature. Therefore, the principal parameters which should be
investigated in a future optimization analysis are the magneto-static field topology and
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the geometry of the discharge chamber; in fact the total input power, the magneto-static
field intensity (i.e., the weight of the system) and the initial neutral density (i.e., the mass
flow rate) are usually constrained.

In many cases currently under analysis the peak of the electron density is not located
on the axis of the discharge. This result is not in agreement with previous experiments
performed on Helicon sources [118, 119, 120]. Nonetheless, it must be noted that the
geometry of the sources considered in the present study is far distant from that of the
experiments mentioned (the latter are approximately 1 m-long). In addition, both the
source radius and length have been proven to significantly influence the position of the
electron density peak (see Sec. 3.1.6 and Sec. 3.1.7). Moreover, in this very experiments
the antenna was of the Helical type (i.e., similar to the Fractional Helix Antenna under
analysis), and in Sec. 3.1.5 it has been shown that the electron density peak moves toward
the centre of the discharge with this very type of antenna.

In conclusion, it is worth repeating that the outcome of this analysis is to gain some
physical insight on how the principal design parameters influence the behaviour of a HPT,
and not to simulate or optimize a realistic thruster. Nonetheless, the code developed during
this work has been exploited also to simulate a real-life HPT prototype. The discussion
of these further results and their comparison against experimental measurements have
been reported in a dedicated chapter of this thesis (see Chap. 5). Finally, it is worth to
point out that, when the code will be fully developed, it could be it could be used as an
optimization tool for realistic HPTs.
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with the 0.5 kg prototype, has been reported in Fig. 4.5. The stand has been loaded with
a mass mm = 0.69 ± 0.01 g after 32 s from the beginning of the test, this has lead to an
average displacement ∆x = 347 ± 1 µm; at time t = 95 s the stand has been unloaded.
Subsequently, at t = 195 s a current I = 4.00± 0.01 mA has been imposed in the calibra-
tion wire, resulting in an average displacement ∆x = 101± 2 µm. Provided that the mass
has been loaded at a distance from the pivot bm = 0.100±0.002 m and the thruster arm is
bt = 0.150±0.002 m, the equivalent thrust is Teq = 4.51±0.21 mN. The resultant calibra-
tion ratios are therefore RT = 76.94± 3.80 µm/mN , and RI = 25.25± 1.75 µm/mA. For
what concerns the calibration accomplished with the 4 kg prototype, it has been reported
in Fig. 4.6. In this case, only the principal calibration with a mass mm = 10.15±0.01 g has
been performed. The stand has been loaded at t = 31 s causing an average displacement
of ∆x = 185± 3 µm. The resultant calibration ratio is RT = 3.43± 0.13 µm/mN. Finally,
it is worth recalling that the uncertainty analysis has been performed in accordance with
ISO/IEC GUIDE 98-3:2008(E) (GUM,1995) [123].

It can be seen from the two cases reported that the sensibility of the instrument
is strongly dependent on the mass of the thruster. This was expected since, from the
theoretical relation reported in Eq. 4.3, and being in practice K � g0(mtbt−mcbc+mrbr)

RT ∝
1

mt − bc/btmc + br/btmr
=

1

mred

(4.6)

where mred is the reduced mass of the system which depends on the combination of the
thruster mass and position (i.e., mt and bt), the counterweights mass and position (i.e., mc

and bc), and the rotating arm geometry (i.e., mr and br). Other analyses which confirm the
inverse proportionality between RT and mred have been performed but are not reported
for the sake of brevity.
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Figure 4.7: Linear response verification with a 0.5 kg-thruster: (a) averaged displacement
∆x in function of the equivalent thrust Teq generated by the calibration mass applied;
(b) averaged “avg” and recorded “data” displacement in function of time if the calibrated
masses employed are 0.31± 0.01 g, 0.61± 0.01 g, 3.00± 0.01 g, and 4.70± 0.01 g.
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In conclusion, both in Figure 4.5 and Figure 4.6 a zoomed portion of the recorded
displacement has been depicted in order to highlight that, after loading - unloading the
stand, the pendulum arm describes sinusoidal dumped oscillations as expected.

4.2.2 Linear response verification

The interval of thrust inside which the stand responds linearly has been evaluated in the
tests reported in Fig. 4.7 and Fig. 4.8; a prototype of 0.5 kg has been employed. More
specifically, in the test of Fig. 4.7 the force exerted on the pendulum arm has been produced
by calibrated masses in the range from 0.31 ± 0.01 g up to 4.70 ± 0.01 g which generate
an equivalent thrust from 6.1± 0.3 mN up to 92.2± 4.6 mN. The linear behaviour is well
verified in the overall thrust range (see Fig. 4.7(a)), which corresponds to a displacement
of the pendulum arm up to 2000 µm (see Fig. 4.7(b)). In order to confirm that the results
obtained are independent from the means in which the stand is loaded (calibrated masses
in the case reported in Fig. 4.7 ), the linear response have been verified also when the
displacement is induced by the calibration current. In the test reported in Fig. 4.8 the
calibration currents has been varied from 5.00±0.01 mA up to 100.00±0.01 mA producing
an equivalent thrust from 4.1± 0.2 mN up to 82.3± 4.1 mN. It can be confirmed that the
linear behaviour is well verified in all the thrust range (see Fig. 4.8(a)), namely up to a
displacement of roughly 2000 µm (see Fig. 4.8(b)).

In general, the linearity range is more properly associated to an interval of displace-
ments rather than of forces: if the displacement induced by the thrust is higher than a
threshold ∆max, the small angle approximation for the pendulum rotation angle α is no
more valid and the linear relation between α and the thrust T reported in Eq. 4.2 does
not hold true. Therefore the maximum thrust for which the instrument is linear Tmax is
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Figure 4.8: Linear response verification with a 0.5 kg-thruster: (a) average displacement
∆x in function of the equivalent thrust Teq generated by the calibration current applied;
(b) averaged “avg” and recorded “data” displacement in function of time if the calibration
currents are 5.00± 0.01 mA, 10.00± 0.01 mA, 50.00± 0.01 mA, and 100.00± 0.01 mA.
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polation lines is determined with the least square method. The displacement corrected of
the zero-position drift is computed subtracting the interpolation line to the raw data, the
result is reported in Fig. 4.11(b). Once the corrected graph is obtained, the total thrust
can be derived from the equivalent displacement (∆eq) calculated as the difference between
the average position when the plasma is on (red line in Fig. 4.11(b)) and the thruster is
off (yellow line in Fig. 4.11(b)).

It is worth to point out that this methodology gives a representative measure of the
thrust only if the thruster is operating at the steady state when the plasma is turned off.
The achievement of this condition is established checking that the plasma impedance and
power absorption values are constant within a proper uncertainty band (some percentage
points).

4.3.3 Accuracy of the measurement

In order to evaluate the accuracy of the measurements of the thrust stand, it is necessary
to calculate the error introduced with the correction of the zero-position drift. This value
has been identified with a Monte Carlo strategy

1. The “Break Points” which divide the experiments in sub-sets are preliminarily po-
sitioned in accordance with the test plan; e.g., “Break Point 1” is located where the
plasma is supposed to be turned off, namely at t = 90 s (see Fig. 4.11).

2. The position of the “Break Points” is moved randomly with a standard deviation
±2 s, the associated drift correction line is calculated (i.e., the piecewise line reported
in Fig. 4.11(a)), and therefore a value of the thrust is obtained.

3. Iterating step 2 for a sufficiently high number of repetitions (usually hundreds) a set
of values is obtained whose mean value and standard deviation gives respectively the
thrust measured and the uncertainty associated to the zero-position drift correction.

Test T [mN] Uncertainty [mN]

1 0.278 ±0.029

2 0.426 ±0.033

3 0.380 ±0.065

4 0.252 ±0.037

5 0.405 ±0.079

Table 4.1: Thrust T measured with the stand and relative uncertainty. Tested a 0.5 kg-
HPT operated with xenon propellant.
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The overall uncertainty is obtained combining the contributions of both the calibra-
tion and the drift correction procedures as prescribed in ISO/IEC GUIDE 98-3:2008(E)
(GUM,1995) [123]. The results of five tests performed with a 0.5 kg-HPT operated with
xenon propellant have been reported in Tab. 4.1: the uncertainty is in the order of 15%.

Moreover, it is worth highlighting that back-streaming effects due to the relatively
proximity between the stand and the walls of the discharge chamber have not been ac-
counted in the error budget. In fact, such effects have been proven to be non-negligible
while testing cold-gas thrusters operated with mass flow rates higher than some milligrams
per second, and relying on vacuum chambers smaller than the one of the University of
Padova [124]. In addition, during the testing of HPTs (operated with input power up to
700 W, and mass flow rate up to 0.5 mg/s) in environments similar to the vacuum facility
of the University of Padova (chambers 1-2 m long and with a diameter lower than 1 m)
back-streaming effects have been neglected [19, 20]. Clearly, if thrusters requiring mass
flow rates in the order of some milligrams per second would be operated in the vacuum
facility of the university of Padova, dedicated analyses should be performed in order to
account for back-streaming.

4.3.4 Benchmark

Finally, the measurements of the thrust stand have been benchmarked against the results
of a Faraday probe [66]. In Table 4.2 four tests performed with a 0.5 kg-HPT have been
reported; in particular the thruster has been operated with argon propellant in tests 1,
2 and 4, while Krypton has been adopted in test 3. The two estimations agree within
20%; the disagreement between the two measurement methods is in line with the 15%
uncertainty associated to the data of the thrust stand, and the 40-50% uncertainty of the
results of the Faraday probe.

Test TFP [mN] Ts [mN] εrel [%]

1 0.203 0.178 -12.4

2 0.254 0.208 -18.2

3 0.147 0.172 16.6

4 0.180 0.192 6.8

Table 4.2: The measurements of the thrust provided by the Faraday probe TFP and the
thrust stand Ts are reported, along with their relative difference εrel. A 0.5 kg-HPT
prototype has been tested.
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Isp = 364± 82 s. In particular, in Fig. 4.14 only the graph corrected for the zero-position
drift has been reported (correction applied only for t ≥ 270 s); nonetheless the drift
intensity was low (< 5% of ∆eq). Moreover, it can be noticed that the cold gas switch off
has produced negligible variations in the mean value of the displacement, therefore it can
be assumed that almost only the plasma contributes to the thrust. Finally, the zoomed
portion of Fig. 4.14 highlights the sinusoidal damped oscillation of the mobile arm after
the plasma switch off.

4.4.2 Results

The results of the testing campaign for Xe have been depicted in Fig. 4.15, while for the
CO2 propellant in Fig. 4.16. In particular, both in Fig. 4.15 and Fig. 4.16, the uncertainty
band has not been reported for the sake of clarity. Nonetheless, the uncertainty associated
to the thrust is roughly 15%, to the specific impulse between 15% and 20%, to the power
is few percent points, and to the mass flow rate ±0.01 mg/s.

For what concerns the Xe propellant, higher (lower) thrust can be obtained with higher
(lower) mass flow rates and input power (see Fig. 4.15(a)). The highest thrust achieved
is around T = 3 mN for an input power of roughly Pw = 350 W and a mass flow rate
of ṁ0 = 0.5 mg/s. The specific impulse depends linearly from the input power and has
a non-monotonous dependence to the mass flow rate (see Fig. 4.15(b)). More specifically,
two different regimes can be identified, namely high specific impulse for a mass flow rate
higher than ṁ0 > 0.3 mg/s, and low specific impulse for ṁ0 < 0.3 mg/s. The maximum
specific impulse achieved is Isp = 700 s with input power of roughly Pw = 350 W and a
mass flow rate of ṁ0 = 0.5 mg/s. If the thruster is operated with CO2, the thrust has
the same dependencies to input power and mass flow rate identified with the Xe gas (see
Fig. 4.16(a)). The specific impulse still increases with the input power, but decreases

(a) (b)

Figure 4.15: Performances of the HPT operated with Xe propellant: (a) thrust T against
input power to the thruster Pw for different propellant mass flow rates ṁ0; (b) specific
impulse Isp against input power to the thruster for different propellant mass flow rates.
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(a) (b)

Figure 4.16: Performances of the HPT operated with CO2 propellant: (a) thrust T against
input power to the thruster Pw for different propellant mass flow rates ṁ0; (b) specific
impulse Isp against input power to the thruster for different propellant mass flow rates.

(increases) for higher (lower) values of the mass flow rate (see Fig. 4.16(b)). The higher
thrust T = 0.6 mN have been obtained with a mass flow rate of ṁ0 = 0.5 mg/s and an
input power of roughly Pw = 250 W.

Therefore, independently from the propellant gas, the thrust increases (decreases) as
both the mass flow rate and the input power does so, and the specific impulse is a linear
function of the input power. On the contrary, the behaviour of the specific impulse in
function of the the mass flow rate varies with the propellant gas. Moreover, for the same
operative conditions, the thrust (specific impulse) obtained with Xe propellant is roughly
four times higher than with CO2; therefore the former performs far better than the latter
from a propulsive standpoint. Finally, instability problems have been found when the
thruster was operated with Xe at ṁ0 = 0.3 mg/s, in particular when the input power was
higher than Pw > 250 W (in Fig. 4.15 the measures taken in this very unstable regime
have not been reported).

4.4.3 Discussion

The capabilities of the thrust stand have been successfully verified within this experimental
campaign. The calibration procedure can be accomplished in less than five minutes (see
Fig. 4.13), and each test requires less than ten minutes (see Fig. 4.14); therefore tens of
measurements per day can be performed. Moreover, the uncertainty associated to the
thrust measurement is in the order of 15%; these results are accurate enough for the
intended application of the stand (i.e., characterization of HPT prototypes usually still
under development). Finally, the thrust stand have not shown any problem (e.g., thermo-
mechanical, electrical, or RF interference) in all the operational envelope that has been
scanned (see Fig. 4.15 and Fig 4.16).
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Figure 5.3: Experimental measurements of the performances of the HPT prototype oper-
ated with Ar propellant: (a) thrust T (uncertainty in the order of 15%), and (b) specific
impulse Isp (uncertainty in the order of 15-20%) against input power Pw (uncertainty few
percent points) for different propellant mass flow rates ṁ0.

propellant mass flow rate is regulated with a MKS 1179A01311CS1BV mass flow controller
whose accuracy is ±0.01 mg/s.

The results of the testing campaign has been reposted in Fig. 5.3. Higher (lower) thrust
can be obtained with higher (lower) mass flow rates and input power (see Fig. 5.3(a)). The
highest thrust achieved is around T = 0.8 mN for an input power of roughly Pw = 70 W
and a mass flow rate of ṁ0 = 0.15 mg/s. The specific impulse depends linearly from
the input power and is inverse proportional to the mass flow rate (see Fig. 5.3(b)). The
maximum specific impulse achieved is roughly Isp = 800 s with input power of Pw = 60 W
and a mass flow rate of ṁ0 = 0.06 mg/s. No instability issues have been encountered
within this input power and mass flow rate ranges. The uncertainty associated to the
measurements is in the range of 15% for the thrust, and 15-20% for the specific impulse.

5.3 Numerical estimations

The low-power HPT prototype has been simulated with the numerical code described in
Chap. 2 (i.e., 3D-VIRTUS for the analysis of the discharge chamber and a plume model
for the preliminary estimation of the thruster performances). The plasma transport has
been resolved in a 2D domain in order to reduce the computational cost. The convergence
of the 3D-VIRTUS code has been stated when the relative error associated to the FLUID
module is εF,max = 10−5 and to the iteration loop is εmax = 10−1.

The estimation of the thruster performances has been reported in Fig. 5.4. Higher
(lower) thrust is associated to higher (lower) values of mass flow rate and input power (see
Fig. 5.4(a)). The highest thrust estimated is roughly T = 0.5 mN for an input power of
Pw = 70 W and a mass flow rate of ṁ0 = 0.15 mg/s. The specific impulse depends linearly
from the input power and is inverse proportional to the mass flow rate (see Fig. 5.4(b)).
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Figure 5.4: Numerical estimations of the performances of the HPT prototype operated
with Ar propellant: (a) thrust T , and (b) specific impulse Isp against input power Pw for
different propellant mass flow rates ṁ0.
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Figure 5.5: Numerical estimations of the average plasma properties at the outlet section
of the HPT prototype operated with Ar propellant: (a) electrons density ne, and (b)
electrons temperature Te against input power Pw for different propellant mass flow rates
ṁ0.

The maximum specific impulse estimated is roughly Isp = 600 s with input power of
Pw = 70 W and mass flow rate of ṁ0 = 0.06 mg/s.

In order to get a deeper physical insight on the results depicted in Fig. 5.4, it is worth
discussing more thoroughly the data provided by 3D-VIRTUS on the plasma discharge.
In Fig. 5.5 the average values of electrons density ne and electrons temperature Te on
the outlet section of the discharge have been reported. In fact, the thrust provided by
the acceleration of the plasma, and in turn T , depends linearly from both ne and Te (see
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Eq. 2.31). The electrons density increases with the input power, while the electrons tem-
perature mildly decreases (see respectively Fig. 5.5(a) and Fig. 5.5(b)); the former effect
is more intense than the latter, therefore both thrust and specific impulse increase with
the input power (as depicted in Fig. 5.4). Similarly, the electrons density increases with
the mass flow rate while the electrons temperature decreases (see respectively Fig. 5.5(a)
and Fig. 5.5(b)). The former effect is slightly more intense than the latter and there-
fore, in combination with an higher thrust provided by the neutral gas acceleration, the
total thrust T increases with the mass flow rate (see Fig. 5.4(a)). On the contrary the
specific impulse decreases with the mass flow rate as the electrons temperature does (see
Fig. 5.4(b) and Fig. 5.5(b)).
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Figure 5.6: Numerical estimations of the plasma parameters distribution inside the dis-
charge chamber in function of the radial r and axial z positions (normalized in respect
the the source radius R and length L): (a) electron density ne, (b) electron tempera-
ture Te, and (c) power deposition Epow. Input power Pw = 50 W, Ar mass flow rate
ṁ0 = 0.10 mg/s.
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Finally, the distribution of the plasma parameters on the discharge chamber, calculated
with 3D-VIRTUS, has been depicted on Fig. 5.6. Specifically, the electrons density ne,
the electrons temperature Te, and the power deposition Epow have been reported for an
input power Pw = 50 W and a mass flow rate ṁ0 = 0.10 mg/s. Despite the presence
of the two magnetic cusps, the electron density distribution is mildly non-uniform inside
the discharge, and the peak value is registered in correspondence of the source outlet (see
Fig. 5.6(a)). The electrons temperature presents a higher degree of non-uniformity in
respect to the electrons density, nonetheless the peak value is located in correspondence
of the source outlet and close to the edge (see Fig. 5.6(b)). Moreover, it must be noticed
that also the power deposition peak is located very close to the source outlet and on the
edge (see Fig. 5.6(c)). Therefore, even if the prototype has not undertook a dedicated
optimization campaign, the plasma parameters are maximum in correspondence of the
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Figure 5.7: Comparison between the experimental measurements and the numerical esti-
mations of the attainable thrust T against the input power Pw. Ar mass flow rate: (a)
ṁ0 = 0.06 mg/s, (b) ṁ0 = 0.10 mg/s, (c) ṁ0 = 0.12 mg/s, (d) ṁ0 = 0.15 mg/s.
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source outlet leading to an enhancement of the thruster performances (see Eq. 2.31) in
respect to the wall losses [42, Sec.II-D]. In conclusion, the plasma parameters distributions
share the same features highlighted for the case reported in Fig. 5.6 regardless the value
of the input power and of the mass flow rate.

5.4 Comparison

The thruster performances measured experimentally (see Sec. 5.2), and estimated numeri-
cally (see Sec. 5.3) have been compared in order to verify the reliability of the HPT model
when handling a real-life prototype.

From a qualitative standpoint, the numerical and experimental data show a good
agreement. In fact, the HPT model has predicted: (i) the linear dependency of both the
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Figure 5.8: Comparison between the experimental measurements and the numerical esti-
mations of the attainable specific impulse Isp against the input power Pw. Ar mass flow
rate: (a) ṁ0 = 0.06 mg/s, (b) ṁ0 = 0.10 mg/s, (c) ṁ0 = 0.12 mg/s, (d) ṁ0 = 0.15 mg/s.
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thrust T and the specific impulse Isp from the input power Pw (compare Fig. 5.3 and
Fig. 5.4), (ii) the linear increase of T with the mass flow rate ṁ0 (compare Fig. 5.3(a) and
Fig. 5.4(a)), and (iii) the inverse proportionality between Isp and ṁ0 (compare Fig. 5.3(b)
and Fig. 5.4(b)).

From a quantitative standpoint, the agreement is satisfactory. Regardless the value of
ṁ0, the numerical estimation of T almost agrees with the experimental data for Pw =
10 W; however the relative error between experimental and numerical results increases
progressively up to 40% for Pw = 70 W (see Fig. 5.7). Similarly, the relative error on Isp
grows from few percent point at Pw = 10 W up to 50% at Pw = 70 W, still regardless
the value of ṁ0 (see Fig. 5.8). This mismatching cannot be attributed exclusively to
the measurement uncertainty, being the latter in the order of 15-20% for both T and
Isp. Nonetheless, a better agreement was not expected; in fact, as previously stressed,
the plume model [42] describes the plasma acceleration and detachment with a simplified
1D approach which cannot provide very accurate results. In particular, the paraxial
approximation and the detachment criterion (see Sec. 2.3), are the main limitation of
the actual model adopted to estimate the propulsive performances. Finally, it is worth
highlighting that the HPT numerical model predicts lower thruster performances in respect
to the measured values, therefore it provides conservative data.

In summary, a low-power (50 W range) HPT operated with Ar gas has been analysed
both numerically and experimentally. The comparison has shown a good qualitative and
a satisfactory quantitative agreement. Nonetheless, a better accord was not expected
since the plume model adopted for the estimation of the performances is very simplified.
Moreover, it has been shown numerically that, even if the thruster is not optimized,
the plasma parameters distributions are more intense in the source outlet leading to an
enhancement of the propulsive performances in respect to the wall losses.



Chapter 6

Conclusions, future work, and

novelty

6.1 Conclusions

This work has been focused on the presentation and discussion of:

• A numerical model of HPT which consists on the 3D-VIRTUS code [88] for the
simulation of Helicon sources and a simplified plume model [42] for the preliminary
estimation of the propulsive performances.

• The characterization and the exploitation of a counterbalanced pendulum thrust
stand [89] specifically developed for testing HPTs.

The numerical model of HPT operates in two steps: (i) first the Helicon source is
solved with 3D-VIRTUS, (ii) second the plume is simulated with an analytical model that
takes as input the plasma parameters at the source outlet. In particular, 3D-VIRTUS
solves self-consistently (i.e., both EM wave propagation and plasma transport) the equi-
librium conditions of a Helicon plasma source that has arbitrary geometry, is driven by an
arbitrary-shaped conductive RF antenna, and is magnetized by coils or permanent mag-
nets. As a result, it is possible to predict the propulsive performances of HPTs relying on
realistic Helicon sources. Moreover, 3D-VIRTUS has been verified against both the well
established code SEMS [59] and against experimental measurements [93].

The numerical model of HPT has been exploited in a parametric analysis in order to
gain a preliminary insight on how the principal design parameters (e.g., geometry of the
magneto-static field, of the antenna, and of the discharge chamber) affect the thruster
behaviour. The main findings of the study performed on the plasma discharge are:

• The maximum values of plasma density and electron temperature have been obtained
for the highest intensities of the magneto-static field and input power.

• The behaviour of the discharge is strongly influenced by the initial neutral den-
sity: the plasma density increases as the neutral density does so, while the electron
temperature decreases.
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• Higher plasma densities have been found in presence of a uniform magneto-static
field, and for the lower values of the discharge radius and length. These very param-
eters (i.e., geometry of the source and of the magneto-static field topology) have a
relatively mild influence on the electron temperature.

• The power deposition profile is significantly influenced only by the geometry of the
antenna and of the magneto-static field topology; the amount of power deposited in
the core of the discharge is enhanced in presence of a magnetic cusp region and if
the discharge is driven by a Fractional Helix or a Nagoya Type-III antenna.

For what concerns the preliminary estimation of the thruster performances:

• The best thruster performances are obtained with uniform magnetic topology, and
the highest intensities of magneto-static field and input power.

• The other parameters (i.e., neutral density, geometry of the source and of the an-
tenna) can be tuned in order to enhance the thrust and reduce the specific impulse
or vice-versa.

Notably, higher performances are obtained in correspondence of higher values of electrons
density and temperature. Therefore, the principal parameters which should be investigated
in a possible optimization analysis are the magneto-static field topology and the geometry
of the discharge chamber; in fact the total input power, the magneto-static field intensity
(i.e., the weight of the system) and the initial neutral density (i.e., the mass flow rate) are
usually constrained.

The counterbalanced pendulum thrust stand is a variant of the conventional hanging
pendulum in which both the position and the mass of the counterweights can be recon-
figured in order to regulate the sensibility of the instrument. Specifically, the stand can
handle prototypes producing thrust from tens of µNewton up to tens of milliNewton, op-
erated with an electrical power lower than 1 kW, and whose weight envelope (i.e., thruster
integrated with other subsystems such as the PPU) is up to 10 kg; tens of measurements
per day can be accomplished with a 2-σ uncertainty in the order of 15%. The principal
tests performed with the thrust stand are:

• Characterization of the mechanical response of the stand. Preliminary tests high-
lighted that the sensibility of the instrument is almost inverse proportional to the
reduced mass of the system (see Eq. 4.6). In addition, the sensibility influences both
the range of linearity and the level of noise: the latter increases as the sensibility
does so, while the former decreases.

• Verification of the accuracy and the reliability of the measurements. As the other
pendulum-based thrust stands, also the counterbalanced pendulum is susceptible to
zero-position drift. In order to properly evaluate the thrust, this effect has been
corrected in post-processing with a procedure that introduces an uncertainty in the
order of 15%. In addition, the measurements of the stand have been benchmarked
against the results of a Faraday probe [66]: the two estimations agree within 20%.
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• Exploitation of the thrust stand to test a medium power (200-300 W) HPT operated
with xenon and carbon dioxide. The thrust increases as both the mass flow rate and
the input power does so, and the specific impulse is a linear function of the input
power. On the contrary, the relation between the specific impulse and the mass flow
rate is propellant gas dependent. In general, the xenon propellant presents far better
propulsive performances than the carbon dioxide, namely thrust four times higher
for the same operative conditions.

It is worth highlighting that during the test campaign the stand has been proven to be a
robust instrument in a wide range of operational conditions. Moreover, the good accuracy
of the measurements (up to 15%) and the possibility of accomplishing tens of tests per
day have been confirmed.

In conclusion, a combined numerical-experimental campaign has been conducted on a
non-optimized low power (50 W range) prototype operated with Ar propellant in order to
evaluate the reliability of the HPT code when dealing with real-life thrusters.

• A good qualitative agreement has been found between numerical and experimental
results provided that the code has correctly predicted that (i) both thrust and specific
impulse are linear functions of the input power, (ii) the thrust increases with the
mass flow rate, and (iii) the specific impulse is inverse proportional to the mass flow
rate.

• A satisfactory qualitative agreement has been found, provided that the maximum
mismatching between measurements and numerical previsions is in the order of 40%.

Nonetheless, higher agreement between numerical and experimental data was not expected
provided the very simplified plume model adopted. Finally, the HPT numerical model pre-
dicts lower thruster performances in respect to the measured values, therefore it provides
conservative data.

6.2 Future work

The satisfactory agreement between the numerical results and experimental measurements
have confirmed that the HPT numerical code is a sufficiently reliable instrument to deal
with real-life prototypes. Nonetheless, it is particularly unlikely that a HPT propelled
with argon is suitable for space applications. In a real space mission the adoption of
xenon is the most probable solution. Therefore, the next step will be enabling the code to
study HPTs propelled by Xe. Subsequently, a combined numerical-experimental campaign
will be conducted in order to optimize the discharge chamber of Xe-based HPTs (i.e.,
potentially usable in real space missions). Moreover, in the last years many feasibility
studies have been conducted on the adoption of exotic propellants, such as Iodine, for
Electric Thrusters [127]. In particular, the University of Padova in collaboration with T4i
Srl is getting involved into this field of research; therefore a further step will be upgrading
the HPT model to handle Iodine plasmas.

Nevertheless, more work is needed to properly predict the thruster performances. The
model adopted for the plasma accelleration must be improved in order to obtain more
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reliable results. Provided that in the plume the distribution function of the charged
particles can significantly depart from the Maxwellian (e.g., because of the presence of a
Double Layer [62, 63]), and that the plasma density is order of magnitudes lower than in
the plasma source [40], a PIC strategy seems the best option to obtain accurate data with
reasonable computing time. The numerical code F3MPIC [128] seems a good candidate
to describe the plasma plume, in fact it is a PIC code coupled with a finite element
electrostatic solver which has been validated and widely employed during the HPH.COM
project [9]. Once the 3D-VIRTUS and the F3MPIC code will be integrated, the new
tool will be adopted to optimize the overall thruster, namely both Production Stage and
Acceleration Stage.

6.3 Novelty

Finally, it is worth highlighting the innovative contributions made by this research work:

• The development of the 3D-VIRTUS code. It is one of the very few self-consistent
(i.e., which resolves both the EM wave propagation and plasma transport) numerical
tools which can handle Helicon sources. In particular it is the only which can (i)
treat discharges with a generic 3D geometry, and (ii) model the actual RF antenna,
solving the current distribution thereof. In addition, the code can resolve generic
plasma sources driven by RF antennas (e.g., ICPs and CCPs [29]) if all the plasma
species can be considered Maxwellian. Furthermore, the FLUID module stand-alone
can also simulate DC discharges [29], provided that the Maxwellianity hypothesis is
respected. Thanks to its versatility, the code has been exploited also for studying
plasma discharges adopted in Gaseous Plasma Antennas (GPAs) [129].

• The development of the HPT numerical code. Even though the plasma plume is stud-
ied with a very simplified model, the numerical results show a satisfactory agreement
with experimental data. Moreove, this code is the only one in literature which pre-
dicts the performances of HPTs relying on an accurate tool for the plasma source
simulation.

• The characterization and exploitation of the counterbalanced pendulum thrust stand
for evaluating HPTs performances. This compact and low-cost instrument is per-
fectly suited for testing generic HPTs, in fact it is robust against RF disturbances
(2-σ uncertainty of 15%) and can handle a wide range of thrusters, both in term of
force produced and mass. Moreover, this stand has been successfully exploited also
to test other RF driven Electric Thrusters, such as RIT [121] and cathodeless [122].

• The parametric analysis reported in Chap. 3. In literature, no similar analyses on
both Helicon discharges and HPTs (i.e., wide ranges of design parameters scanned
relying on an accurate tool for the discharge chamber modelling) are available.
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