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RESUMO

Comparação do desempenho e da dinâmica de um propulsor Hall cilı́ndrico com diferentes po-
tenciais de entrada por meio de simulações numéricas.

Propulsão a plasma, ou propulsão elétrica, surge da necessidade de explorar o espaço profundo
de forma mais econômica e eficiente. O Propulsor Hall Cilı́ndrico (CHT, do inglês Cylindrical
Hall Thruster) demonstra uma utilização aprimorada do propelente e eficiências de desempenho
dentro de dimensões reduzidas e limiares de potência mais baixos quando comparado aos apa-
relhos de propulsão a plasma convencionais. O tamanho compacto e a operação em nı́veis de
potência mais baixos fazem dele uma opção interessante para fornecer propulsão para CubeSats
e pequenos satélites. O CHT é composto por um canal com um ânodo anular através do qual
o gás neutro é injetado e, posteriormente, ionizado por elétrons magnetizados injetados a partir
de um cátodo oco externo. Os ı́ons de plasma resultantes são ejetados do dispositivo, gerando
impulso. Este trabalho visa compreender e estudar o plasma no canal de descarga de um CHT
por meio de simulações numéricas. O código descreve o plasma com um modelo hı́brido no qual
os elétrons são tratados como um fluido e os ı́ons e átomos neutros como pseudo-partı́culas.
As simulações foram conduzidas para dois valores diferentes de potencial no ânodo, especifica-
mente 150 V e 300 V, representando diferentes modos de operação. Os resultados obtidos com
este modelo simplificado permitem obter uma configuração ideal para um futuro protótipo a ser
implementado no Laboratório de Fı́sica de Plasma da Universidade de Brası́lia.

Palavras-chave: Cubesats, Propulsão Elétrica, Plasma, Ions.
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ABSTRACT

Plasma propulsion, or electric propulsion, arises from the need to explore deep space more
economically and efficiently. The Cylindrical Hall Thruster (CHT) demonstrates enhanced pro-
pellant utilization and performance efficiencies within reduced dimensions and lower power
thresholds when compared to conventional plasma propulsion apparatuses. The compact size
and operation at lower power levels make it an interesting option to provide propulsion for
CubeSats and small satellites. The CHT comprises a channel with an annular anode through
which neutral gas is injected, subsequently ionized by magnetized electrons injected from an
external hollow cathode. The resulting plasma ions are ejected from the device, giving thrust.
This work aims to understand and study the plasma in the discharge channel of a CHT through
numerical simulations. The code describes the plasma with a hybrid model in which the elec-
trons are treated as a fluid and the ions and neutral atoms as pseudo particles. The simulations
were conducted for two different potential values at the anode, specifically 150 V and 300 V,
representing different modes of operation. The results obtained with this simplified model al-
low to obtain an optimal configuration for a future prototype to be implemented at the Plasma
Physics Laboratory at the University of Brasilia.

Keywords: CubeSats, Electric Propulsion, Plasma, Ions.
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1 INTRODUCTION

The search for new technologies aimed at efficiently exploring deep space has been in-
creasingly studied. The aerospace industry has, for the most part, used chemical propulsion,
which provides a high amount of energy and a thrust sufficiently capable of overcoming the
drag and weight forces, thus allowing space equipment to reach Earth orbit and even other
planets (Goebel, 2008). However, one limitation of this type of propulsion is that, in order to
launch a certain device, a high cost of fuel and oxidizer is necessary, in addition to significant
storage space. These factors not only drive up expenses but also hinder the further advance-
ment of space programs, impeding the realization of ambitious exploration objectives (Goebel,
2008).

Electric propulsion emerged as a promising alternative in the mid-1950s (Goebel, 2008).
Hall Thrusters (HTs) are electric propulsion devices, depending on the E × B effect, where E
represents the electric field and B the magnetic field, resulting in a current known as the Hall
current. Hall thrusters are capable of accelerating ions to high speeds (Goebel, 2008). The
particles that are accelerated are light and the impulse is on the order of mili-newtons (mN).

The Cylindrical Hall Thruster (CHT) represents an alternative HT design that comprises
a cylindrical region and a short annular channel. The CHT demonstrates improved propellant
utilization and performance when compared to HTs. The magnetic field can be adjusted using
electromagnet coils or permanent magnets. This device has applicability for micro and nano-
satellites because this device can offer a higher ionization efficiency , offering a better volume-
to-surface ratio compared to compact HTs, potentially mitigating wall erosion (Raitses e Fisch,
2001; Miranda et al., 2017).

The operation of CHT occurs by first filling a cylindrical chamber with neutral gas, with a
small ring-shaped annular region near the surface of the anode. The non-magnetized ions are
accelerated in the cylindrical channel by an electric field generated by the anode. Previous
studies on the structure of this geometry assert that CHTs reduce the interaction between the
plasma and the dielectric wall channel, electron transport, heat, and wall erosion (Seo et al.,
2013).

In this work we perform numerical simulations of a hybrid model of a cylindrical Hall
thruster. We compare the performance of this thruster using two different values of the an-
ode potential, namely, 150 V and 300 V. This work is organized as follows: Section 2 describes
the objectives employed in this work; Section 3 shows plasma physics concepts relevant to
apply to operation of the CHT; Section 4 contains the methodology that was used in this work;

1



while section 5 presents the simulation results, compare some kind of aspects such as thrust,
efficiency and others; finally, section 6 resumes the findings and suggests future research
directions.
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2 OBJECTIVES

2.1 MAIN OBJECTIVE

Analyze the performance of a Cylindrical Hall Thruster (CHT) under different anode po-
tential conditions through numerical simulations. The study aims to understand the plasma
behavior, magnetic field interactions into the thruster and determine optimal configurations for
CubeSats and small satellite applications.

2.2 SPECIFIC OBJECTIVES

• Conduct numerical simulations to map the magnetic field generated by permanent mag-
nets in the Cylindrical Hall Thruster (CHT) using FEMM software.

• Use HALLIS software to study plasma dynamics in the CHT under two different anode
potential values (150 V and 300 V).

• Compare performance parameters such as thrust, specific impulse, and efficiency be-
tween the simulated scenarios for the different potential values.

• Verify plasma density distribution, electrostatic potential and electron energy profiles in
the discharge channel.

• Propose improvements for the development of future prototypes, focusing on feasibility
and efficiency, to be implemented at the Plasma Physics Laboratory at the University of
Brası́lia.

3



3 LITERATURE REVIEW

3.1 ELECTRIC PROPULSION

3.1.1 History

Electric propulsion began its development in the mid-1950s, as reported by Edgard Choueiri,
who published the first detailed studies on this technology (Goebel, 2008). However, the initial
concepts can be traced back to 1906 with Robert Goddard, who envisioned the possibility of
non-chemical propellants. More robust research programs began in the 1960s with initiatives
led by NASA (Choueiri, 2003).

Chemical propulsion, which has dominated the aerospace industry, relies on large quanti-
ties of fuel and oxidizer to generate the thrust necessary to overcome drag and weight forces,
enabling spacecraft to reach Earth orbit and even other planets (Goebel, 2008). However, the
high costs and storage requirements of this technology pose challenges to the development of
more accessible and complex space programs. It was within this context that electric propul-
sion emerged as an alternative solution, offering greater efficiency and feasibility for long-
duration missions and deep space exploration.

The first time an ion thruster was experimentally launched into Earth orbit was in the early
sixties by the United States in conjunction with Russia. This experimental device used cesium
and mercury as propellants. These tests continued until the mid-1980s (Goebel, 2008).

Russia began extensive use of electric propulsion, with Hall thrusters to keep communi-
cations satellites in orbit. Then in 1995, Japan launches its first ion system thruster (Goebel,
2008).The commercial use of this type of propulsion in the United States began in 1997 with
the launch of the Xenon Ion Propulsion System (XIPS) (Goebel, 2008).

Plasma is considered the fourth state of matter and has had excellent applicability in the
aerospace industry, as it is obtained from heating a substance in a gaseous, inert state, which
at a certain temperature has its molecular bonds overcome,thus generating ions, which are
accelerated and then made electrostatically stable after coming into contact with the various
electron beams. This energy originates from the quantum leap that takes place in the gas
atom and generates a high specific impulse, even greater than those generated in chemical
propulsion (Choueiri, 2003).
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3.2 TYPES OF ELECTRIC DEVICES

For aerospace propulsion, there are several technologies. In this case, in order to un-
derstand the objective of studying Hall thrusters, chemical and electrical propulsion will be
highlighted and a performance comparison will be established, in order to offer an assessment
of which thruster is more technically advantageous to be used (Choueiri, 2003).

3.2.1 Resistojet

Figure 3.1 show a resistojet and basic components to work, its operation takes place elec-
trothermally, from the heating of a propellant inside a chamber, where it will be resistively
heated and with that it will produce gases that will be expanded by a suitable nozzle, which
provides for obtaining a specific impulse (Goebel, 2008).

Figure 3.1. Schematic of a Resistojet. Source: (Tummala, 2017)

Resistojets have been used since 1965 on military satellites. Then commercial satellites
were used and are currently used for orbit insertion, altitude control and satellite de-orbiting
(Hoskins, 2013).

3.2.2 Arcjet

It has its operation, also known as electrothermal, through the transformation of a liquid
propellant into a gaseous one with the use of an electric arc, which is produced from a high
current, generating a spark and causing this obtaining of gases that are immediately directed
in high velocity to the nozzle, thus generating thrust (Goebel, 2008). Figure 3.2 illustrates the
schematic of an arcjet, highlighting components and operation.

They are considered to have low specific impulse, but they are used and, in general, have
more specific uses to perform maneuvers on satellites to change direction. Hydrazine is gen-
erally used for this type of propellant (Hoskins, 2013).
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Figure 3.2. Schematic of an Arcjet. Source: (Yildiz et al., 2015)
.

3.2.3 Ion Thruster

This type of system is already more evolved within electric propulsion. It is based on the
ionization of certain propellants. The extracted ions are accelerated at high speeds at voltages
in excess of 10 kV by electrostatic fields. The ionic thruster presents a superior performance to
the other types of existing technologies in the electric propulsion, which in fact can be verified
when analyzing that its efficiency is in the range of 60% to 80% (Goebel, 2008). Figure 3.3
represents an ion thruster using Xenon gas, illustrating key components.

Figure 3.3. Schematic of an ionic propellant with Xenon gas. Source: (Goebel, 2008)

3.3 HALL THRUSTER AND CYLINDRICAL HALL THRUSTER

In electromagnetic propulsion we have the Hall thrusters, which are called like that, be-
cause this type of system has its operation based on the use of perpendicular discharges, E ×
B, which produces the Hall current for plasma delivery. As show in figure 3.4 an electric and
magnetic field set at a right angle accelerate ions to high speeds (Goebel, 2008).

The efficiency and specific impulse, in general, are below those obtained in the ion thruster,
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but the thrust at a given power is greater and the construction of the model is simpler and
requires less energy expenditure to maintain its operation. As a result, it is verified that its use
is of relevant interest to the aerospace community because in addition to providing the reach
of speeds and distances not yet explored, it has a better cost-benefit ratio (Goebel, 2008).

Figure 3.4. Schematic of a Hall thruster. Source: (Boeuf, 2017)

The possibility of its use in deep space exploration and also for orbital relocation maneu-
vers has been verified. The systems are sometimes combined and because they are so, at
certain times they are used for one or more functions. See figure 3.5. This makes it possible
to gain efficiency and precision in maneuvers and displacements (Choueiri, 2003).

Figure 3.5. CHT thruster with SmCo permanent magnets. Source: (Raitses et al., 2010)

Although the traditional Hall thrusters are used in space applications due to their reliability
and efficiency, the development of the Cylindrical Hall Thruster (CHT) addresses specific chal-
lenges. The key distinction is in the discharge channel geometry. While the conventional Hall
thrusters utilize an annular channel, the CHT adopts a cylindrical configuration, significantly
reducing internal channel erosion issues and thereby enhancing durability and efficiency in
long-duration missions.

7



Figure 3.6. Schematic of Cylindrical Hall Thruster. Source: (Raitses et al., 2010)

Therefore, the CHT is particularly advantageous for small-scale missions, such as Cube-
Sats and microsatellites, where space and available power are limited. Its compact structure
allows the system to maintain efficiency and functionality without straining limited resources.
This adaptability amplify the range of applications for Hall thrusters, enabling their use in pio-
neering new frontiers of space exploration.

3.4 PLASMA PHYSICS CONCEPTS

3.4.1 Criteria for Plasmas

Being distinct from solid, liquid, and gaseous states, a substance must meet specific cri-
teria to be classified as plasma. For a gas to become plasma, a fraction of its atoms must be
ionized, leading to the formation of free ions and electrons. According to Chen (2016), some
aspects need be observed, such as:

1. Quasineutrality
Plasmas are quasineutral, meaning the ion density (ni) and electron density (ne) are approx-
imately equal. While small deviations may occur locally, the overall neutrality is maintained
when considering the plasma on a macroscopic scale. As stated by Chen (2016), plasma is
a quasineutral gas of charged and neutral particles which exhibits collective behavior. This
collective behavior refers not just to local interactions but also to the intrinsic nature of plasma,
which involves electric and magnetic fields generated within itself (Chen, 2016).

2. Debye Length
To define quasineutrality more precisely, the system’s physical dimensions (L) must be much
larger than the Debye length (λD). In this context, according to Chen (2016):

• Debye shielding occurs when local concentrations of charge or external potentials are
neutralized over a short distance (λD), leaving the bulk plasma largely free of significant
electric fields or potentials.
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• The Debye length represents the effective range of a charge’s electric field before it is
shielded by surrounding particles of opposite charge.

• If a charged particle is introduced into plasma, it will be surrounded by oppositely charged
particles, which reduce its electric field, this phenomenon is known as shielding.

• The effective distance over which this shielding occurs is the Debye length (λD). Within
this distance, the particle’s electric field is significant; beyond it, the field is effectively
canceled out by the arrangement of opposing charges. - This charge redistribution ex-
emplifies the collective behavior characteristic of plasma.

The Debye length can be expressed as follows

λD =

√
ε0kBTe

nee2
(3.1)

Where:
- ε0: Permittivity of free space
- kB: Boltzmann constant
- Te: Electron temperature
- ne: Electron number density
- e: Elementary charge

3. Debye Sphere Particle Number Criterion
The number of particles within a Debye sphere, known as the Debye number, must be much
greater than 1. This ensures that collective effects dominate, an important property of plasma.
The number of particles inside a Debye sphere can be represented by

ND = ne
4

3
πλ3

D (3.2)

Where:
- ND: Debye number
- ne: Electron number density
- λD: Debye length

4. Ionization and Collisions
The degree of ionization and the dynamics of collisions also determine whether an ionized gas
qualifies as plasma. A weakly ionized gas, such as a jet engine’s exhaust, is not considered
plasma because the charged particles frequently collide with neutral atoms. These collisions
limit the particles’ behavior to ordinary hydrodynamic forces rather than electromagnetic ones
(Chen, 2016).

For a gas to behave as plasma, the condition ωτ > 1 must be met, where:

• ω is the frequency of typical plasma oscillations, and
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• τ is the mean time between collisions with neutral atoms.

If this criterion is satisfied, electromagnetic forces dominate, allowing the gas to exhibit
plasma behavior instead of behaving as a neutral gas. With this, Chen (2016) suggests that
the three conditions a plasma must satisfy are:
1. λD << L

2. ND >>> 1

3. ωτ > 1

3.5 DYNAMICS OF CHARGED PARTICLES IN ELECTROMAGNETIC FIELD

3.5.1 Uniform Magnetostatic Field

In this work, the analysis of particle dynamics is initially conducted using a uniform mag-
netic field to simplify the understanding of fundamental concepts. This approach serves as
an introduction to the more complex scenario explored in the next section, where the interplay
between magnetic and electric fields is analyzed. By starting with a uniform magnetic field,
the focus remains on establishing a clear foundation, ensuring the subsequent analysis with
electric fields builds upon well-defined principles.

For a uniform magnetic field, a solution in Cartesian coordinates system (x, y, z) can be
obtained from the cross product between v and B, where B = Bẑ (Bittencourt, 2004).

v ×B = det

∣∣∣∣∣∣∣
x̂ ŷ ẑ

vx vy vz

0 0 B

∣∣∣∣∣∣∣ = B (vyx̂− vxŷ) (3.3)

From the equation of motion, we have that

dv

dt
=

qB

m
(vyx̂− vxŷ) = ±Ωc (vyx̂− vxŷ) (3.4)

where Ωc is known as cyclotron frequency (Bittencourt, 2004). The magnitude of the angular
velocity is given by

Ωc =
|q|B
m

(3.5)

For a positively charged particle (q > 0) the Cartesian components of the velocity are

dvx
dt

= Ωcvy (3.6)

dvy
dt

= −Ωcvx (3.7)
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Figure 3.7. Helicoidal trajectory of a positively charged particle in a uniform magnetic
field. Source: (Bittencourt, 2004)

dvz
dt

= 0 (3.8)

since vz(t) = vz(0) = v|| it means that there are no velocity changes along the Z axis. There-
fore, if the initial velocity is zero, then the particle does not move in the Z axis. To obtain a
solution for the velocity components perpendicular to the magnetic field, we take the derivative
of (3.6) of both sides with respect to time (Bittencourt, 2004):

d2vx
dt2

= Ωc
dvy
dt

(3.9)

in the next step substitute the (3.7) to −Ωcvx and obtain

d2vx
dt2

= Ωc(−Ωcvx) (3.10)

then

d2vx
dt2

+Ω2
cvx = 0 (3.11)

This results in a harmonic differential equation for vx with solution

vx(t) = v⊥sin(Ωct+Θ0) (3.12)

Using an analogous analysis to determine vy(t), we obtain:
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vy(t) = v⊥ cos(Ωct+ θ0) (3.13)

Note that v⊥ =
√

v2x + v2y . Therefore, now we have the velocity equations, and by integrating
them, we obtain their positions, which are:

Xo = xo +
v⊥
Ωc

cos(θo) (3.14)

Yo = yo −
v⊥
Ωc

sin(θo) (3.15)

Considering only a uniform magnetic field, it can be observed that the charged particle
does not have displacement in the Z direction (Bittencourt, 2004).

3.5.2 Uniform Magnetostatic and Electrostatics Fields

In the following, we will review the dynamics of charged particles in the presence of electric
E and magnetic B fields because their combination is the core of Hall thruster operation, in-
cluding the cylindrical Hall thruster under study. These fields are fundamental to the propulsion
mechanism itself.

The E × B configuration creates a drift that confines electrons enhancing ionization effi-
ciency and enabling the generation of a plasma discharge that propels ions. This interaction
can achieve the thrust required for spacecraft propulsion, Nanosatellites and Cubesats. Now,
when considering the motion of charged particles with the application of both E and B fields,
the particle will be accelerated or decelerated along the Z-axis, depending on the orientation
of the field and the charge of the particle. Thus, the starting equation that correlates with the
motion is:

m
dv

dt
= q(E+ v ×B) (3.16)

Using Cartesian coordinates, with the Z-axis in the direction of the magnetic field, in addi-
tion to the magnetic field in the Z direction, we have the electric field in all three directions as
follows:

E = Exx̂+ Eyŷ + Ez ẑ (3.17)

With this, the equation of motion can be rewritten as.

dv

dt
=

q

m
[(Ex + vyB)x̂+ (Ey − vyB)ŷ + Ez ẑ] (3.18)

For simplicity, we assume the particle has a positive charge. If the charge is negative, the
results change by reversing the sign of Ωc (Bittencourt, 2004).

The z component of this equation can be solved directly and corresponds to previously
shown results. For the x and y components, differentiating dvx/dt with respect to time and
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Figure 3.8. Cycloidal trajectories described by ions and electrons in crossed electric and
magnetic fields. Source: (Bittencourt, 2004)

substituting dvy/dt leads to:

d2vx
dt2

+Ω2
cvx = Ω2

c

Ey

B
. (3.19)

This is a non-homogeneous differential equation representing harmonic motion with a nat-
ural frequency Ωc (Bittencourt, 2004). The general solution combines the homogeneous and
particular solutions, yielding:

vx(t) = v′⊥ sin(Ωct+ θ0) +
Ey

B
, (3.20)

where v′⊥ and θ0 are constants determined by initial conditions.

To obtain vy(t), substitute vx(t) into the equation of motion. This results in:

vy(t) = v′⊥ cos(Ωct+ θ0)−
Ex

B
. (3.21)

The velocity components vx(t) and vy(t), which describe the motion in the plane perpen-
dicular to the magnetic field B⃗, oscillate at the cyclotron frequency Ωc with an amplitude v′⊥.
This oscillatory motion is combined with a constant drift velocity V⃗E , given by:

V⃗E =
Ey

B
x̂− Ex

B
ŷ. (3.22)

This drift velocity corresponds to the case where B⃗ = Bẑ.

By integrating the expressions for vx(t) and vy(t), the particle’s trajectory in the (x,y) plane
is:

x(t) = −
v′⊥
Ωc

cos(Ωct+ θ0) +
Ey

B
t+X0, (3.23)
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y(t) =
v′⊥
Ωc

sin(Ωct+ θ0)−
Ex

B
t+ Y0, (3.24)

where X0 and Y0 are constants determined by the initial conditions (Bittencourt, 2004).

X0 = x0 +
v′⊥
Ωc

cos(θ0) (3.25)

Y0 = y0 −
v′⊥
Ωc

sin(θ0) (3.26)

According to Bittencourt (2004), the motion of a charged particle in uniform electric and mag-
netic fields consists of three main components:

• Acceleration along B: The particle accelerates due to the electric field component
E∥, with an acceleration of qE∥/m. If E∥ = 0, the particle’s motion along B remains
constant.

• Cyclotron motion: In the plane perpendicular to B, the particle undergoes circular mo-
tion at the cyclotron frequency Ωc = |q|B

m , with a radius of rc =
v′
⊥

Ωc
.

• Electromagnetic drift velocity: The particle also moves with a constant drift velocity
VE = E×B

B2 , which is perpendicular to both B and E.

This are the physical principles that govern Hall thrusters and how they are applied to
optimize performance in the cylindrical Hall thruster.
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4 METHODOLOGY

4.1 NUMERICAL TOOLS

4.1.1 Finite Element Methods Magnetics - FEMM

Finite Element Method Magnetics (FEMM) is an advanced software tool designed to solve
electromagnetic problems using the finite element method. This software is particularly useful
for analyzing 2D planar and axisymmetric problems in electromagnetism. Developed by David
Meeker, FEMM is open-source and widely used in academic research, engineering, and var-
ious industrial applications due to its powerful features and ease of use. FEMM addresses
certain limiting cases of Maxwell’s equations. The magnetic problems it tackles are classified
as low frequency problems, where displacement currents can be disregarded (Meeker, 2015).

FEMM consists of three primary components: a preprocessor, a solver, and a postpro-
cessor. The preprocessor enables users to create and modify the model’s geometry, define
material properties, and set boundary conditions. It provides an intuitive graphical interface
where users can draw geometries or import them from other CAD programs. Moreover, FEMM
supports the definition of complex material properties, including nonlinear materials, making it
suitable for a broad range of magnetic and electric field simulations (Meeker, 2015).

The solver is the core of FEMM, where the finite element method is applied to solve
the Maxwell’s equations governing the electromagnetic fields. Users can specify different
types of analyses, such as magnetostatic, time-harmonic magnetic, and electrostatic prob-
lems. FEMM’s solver is known for its robustness and capability to handle large and complex
models (Meeker, 2015).

The postprocessor enables users to visualize and analyze the results. It offers various
tools to analysis the magnetic field distribution, flux density, force calculations, and other pa-
rameters. The users can generate plots and export data. Additionally, the post processor sup-
ports scripting, automating repetitive tasks, and customization of the analysis process (Meeker,
2015).

FEMM’s versatility and user-friendly interface make it an excellent choice for engineers and
researchers involved in electromagnetic design and analysis. Its capability to manage complex
geometries and material properties, along with its open-source nature, allows for extensive
customization and integration into larger simulation workflows. Whether designing electric
motors, transformers, or other electromagnetic devices, FEMM offers a reliable and efficient
solution for electromagnetic field analysis.
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4.1.2 Hall Ion Sources - HALLIS

The Hallis software, Hall Ion Sources simulations software, specifically designed for Hall
Effect Thrusters (HET), is a important tool in electric propulsion. Hall Effect Thrusters are uti-
lized in space missions due to their efficiency and capacity to deliver continuous and controlled
thrust over extended periods. The Hallis software tool simulates the physical and chemical
processes occurring within a Hall thruster.

Hallis is a 2D hybrid model where electrons are treated as a fluid and ions and neutral
atoms are represented by pseudoparticles. Users can select either the 1D or 2D model at the
start of the simulation, and both models can be accessed and simulated for a same configura-
tion of geometry (Laplace, 2018).

4.1.2.1 Introduction to the Hybrid Model and Fluid Description of Particles

The approximation made in the hybrid model for electrons, ions, and neutral atoms sim-
plifies the description. This approach is used due to the high mobility of electrons and the
slower dynamics of ions, which justifies their distinct treatment. The theoretical basis of this
description is founded on the Boltzmann Equation, which defines the evolution of the distri-
bution function f(r,v, t) representing particle density in phase space given by Equation (4.1)
(Taccogna e Garrigues, 2019).

∂f

∂t
+ v · ∂f

∂r
+

F

m
· ∂f
∂v

=

{
∂f

∂t

}
c

(4.1)

In this equation:

• The left-hand terms represent changes in the distribution due to time, position, and ex-
ternal forces (F).

• The right-hand term represents changes due to collisions.

The transition from the kinetic model to the fluid description is achieved by integrating f

over velocity space, resulting in the following macroscopic properties:

• Density (n):

n =

∫
f(r,v, t)d3v (4.2)

Represents the number of particles per unit volume.

• Velocity (u):

u =
1

n

∫
vf(r,v, t)d3v (4.3)

Describes the collective motion of particles.

• Energy (ε):

ε =
m

2en

∫
v2f(r,v, t)d3v (4.4)
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Is the average kinetic energy per particle.

These properties are then used in the transport equations, which describe the macroscopic
behavior of the plasma.

4.1.2.2 Fundamental Transport Equations

1. Continuity Equation

According to Taccogna e Garrigues (2019) the continuity Equation (4.5) describes how
the electron density changes over time and space, accounting for particle sources and losses
within the system:

∂ne

∂t
+∇ · (neue) = Sv + Sw (4.5)

Here:

• ne: Electron density.

• ue: Electron velocity.

• Sv: Volume sources of particle generated.

• Sw: Wall losses due to recombination.

This equation ensures particle conservation in the plasma and is directly derived from the
Boltzmann Equation by integrating f over velocity space Taccogna e Garrigues (2019).

2. Momentum Equation

In the work of Taccogna e Garrigues (2019) the momentum Equation (4.6) describes the
motion of electrons under the influence of external forces (electric and magnetic fields), colli-
sions, and pressure gradients:

∂ue

∂t
+ (ue · ∇)ue =

e

me
(E+ ue ×B)− e

mene
∇(neTe)− νeue −

Sw

ne
ue (4.6)

Here:

• E: Electric field.

• B: Magnetic field.

• Te: Electron temperature.

• νe: Electron collision frequency.
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This equation is essential to model electron transport across the magnetic field (E+ue×B)
and the effects of collisions within the plasma.

3. Energy Equation

According to Taccogna e Garrigues (2019) the energy Equation (4.7) describes how the
energy of electrons (neεe) evolves over time and space, taking into account the work done by
fields, thermal transport, and energy losses:

∂(neεe)

∂t
+∇ · (neεeue +Pe · ue +Qe) = −eneue ·E− Ce,v − Ce,w (4.7)

Here:

• Pe: Electron pressure.

• Qe: Heat flux associated with temperature gradients.

• −eneue ·E: Energy loss due to work done by the electric field.

• Ce,v: Collisional losses by electrons.

• Ce,w: Energy losses at the walls.

These three equations are applied to electrons, which are treated as a fluid. On the other
hand, ions and neutral atoms are treated as pseudo-particles to simulate kinetic processes
such as ionization and recombination.

The reason for using these equations in the hybrid model is their ability to offer a simplified
yet accurate description of the collective behavior of electrons. This reduces computational
complexity while still capturing key phenomena like cross-field transport, pressure gradients,
and energy losses.

4.2 PHYSICS DESCRIBED BY HALLIS

4.2.1 Electron Mobility

The mobility of electrons in magnetized plasmas follows classical collisional transport the-
ory and is expressed as Equations (4.8) and (4.9) (Laplace, 2018):

1. Parallel Mobility (µ∥)

µ∥ =
e

m

Ωce

ν2 +Ω2
ce

(4.8)

where ν is the electron collision frequency as can be seen in the Equation (4.11).
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2. Perpendicular Mobility (µ⊥)

µ⊥ =
e

m

ν

ν2 +Ω2
ce

(4.9)

where Ωce =
eB
me

is the electron cyclotron frequency.

3. Hall Parameter (H) The ratio of parallel to perpendicular mobility is given by the Hall
parameter:

H =
µ∥

µ⊥
=

Ωce

ν
. (4.10)

The Hall parameter can reach very high values (greater than 103) in the exhaust region if
the collision frequency only accounts for electron-neutral and electron-ion Coulomb collisions
(Laplace, 2018).

4. Effective Electron Collision Frequency (ν)

The effective electron collision frequency in the HALLIS model accounts for multiple con-
tributions (Boeuf, 2017):

ν = νen + νc + νBohm + νWall, (4.11)

where:

• νen: Electron-neutral collision frequency,

• νc: Electron-Ion coulomb collision frequency,

• νBohm: Effects of instabilities and turbulence transport,

• νWall: Effects of electron-wall collisions.

4.2.2 Ion Transport

In fluid models, the ion continuity and momentum equations are solved at each time step
using the electric field E and ionization rate according to Equation (4.12) (Laplace, 2018).

S = nenaki(Te) (4.12)

Here, S represents the rate of ion production and ki(Te) is the ionization rate that depends
on the electron temperature. Assuming the principle of quasineutrality, where the electron
density ne is equal to the ion density ni, we can express the plasma density as n = ne = ni.
Additionally, na represents the atom density Laplace (2018). In hybrid models, ions are treated
as particles, moving according to the electric field and accounting for ionization and wall losses.
By the end of the time step, the plasma density n and ion flux Equation (4.13) are determined
by:

Γi = nvi (4.13)
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4.2.3 Electron Temperature

Using the plasma density and electric field as initial inputs, and assuming the electron flux
follows a drift-diffusion model, the electron temperature at the next time step is determined by
integrating the electron energy equation. This calculation assumes a Maxwellian distribution
for electrons and neglects drift energy compared to thermal energy (Laplace, 2018):

3

2

∂(nTe)

∂t
+

5

2
∇ · (ΓeTe)−

5

2
∇ · (µenTe∇Te) = −E · Γe − nanκ− nW (4.14)

In this equation:

• κ = ενεw: Represents the energy loss rate due to electron-atom collisions, derived from
cross-sections and electron temperature.

• W = ενε: Accounts for energy losses caused by interactions with the channel walls.

• µe: Is the electron mobility

The relations between Electron Temperature and Energy is

ε :
3

2
kBTe (4.15)

Where ε is the energy of the electrons. The software HALLIS directly displays the electron
energy, rather than the electron temperature itself (Laplace, 2018).

4.2.4 Neutral atom transport

In the context of neutral atom transport, atoms are released from the channel’s end follow-
ing a semi-Maxwellian flux distribution. For a gas temperature Ta, their average axial velocity
is given by Equation (4.16) (Laplace, 2018):

v̄z =

√
π

2
vT (4.16)

Where,

vT =

√
2kBTa

M
(4.17)

In this equation:

• v̄z: Is the average axial velocity of the emitted atoms.

• vT : Represents the thermal velocity of the atoms, which is determined by their tempera-
ture and mass.
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• kB: Is the Boltzmann constant, which relates the thermal energy of particles to their
temperature.

• Ta: Is the temperature of the gas, influencing the thermal energy of the emitted atoms.

• M : Is the mass of the atom, affecting its velocity for a given thermal energy.

Atoms can also form at the walls (sides or channel end) through ion recombination. It is
generally assumed that these atoms are emitted at the gas-wall temperature Ta with a semi-
Maxwellian distribution (Laplace, 2018).

4.2.4.1 Features of Hallis Software

1. Plasma Simulation: Hallis offers modeling of the plasma dynamics within the thruster.
to analyze the behavior of ions and electrons under the influence of magnetic and electric
fields, providing insights into plasma density, temperature and potential distributions.

2. Magnetic Field Analysis: The software includes advanced modules for analyzing
the magnetic field configurations. This is important because the magnetic field occupies a
significant role in confining and accelerating the plasma, directly impacting the thruster’s per-
formance.

3. Ionization and Collision Processes: Hallis simulates the ionization process, where
neutral atoms are transformed into ions, with various collision processes, including interactions
between electrons and neutrals, ions and neutrals, and between ions themselves. These pro-
cesses are essential for understanding energy transfer mechanisms and optimizing thruster
efficiency.

4. Thermal and Structural Analysis: The software include thermal analysis tools to pre-
dict temperature distributions within the thruster components. This helps in designing thrusters
that can withstand the extreme thermal environments encountered during operation.

5. User-Friendly Interface: Hallis is designed with a user-friendly interface. It includes
visualization tools for interpreting simulation results, which aids in the process of design and
optimization. Researchers with less experience with the software don’t have difficulties using
the software.

4.2.5 Applications in Space Propulsion

Hall Thrusters are essential for present space missions, particularly, in scenarios requiring
precise spacecraft trajectory control, such as satellite station keeping, interplanetary missions,
and orbital transfers. Hallis software optimizes thruster design, analyzing performance and
reliability for space missions.

By offering a detailed insight into the physical processes within the thruster, Hallis facili-
tates the design of more efficient and durable propulsion systems. This takes to reduced fuel
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consumption, longer mission durations, and enhanced mission capabilities, making Hallis a
valuable tool in aerospace engineering.

Therefore, Hallis is a excellent software for modeling and optimizing Hall Thrusters. Its
advanced simulation features, combined with a user-friendly interface, make it an important
resource for researchers and engineers working on electric propulsion systems. As space
exploration progresses, tools like Hallis will be pivotal in advancing the boundaries of space
missions.

4.3 BASELINE GEOMETRY

The baseline geometry, figure 4.1, utilized in this study is based on the work by Ro-
drigo A. Miranda, Alexandre A. Martins, and José L. Ferreira, titled ”Particle-in-Cell Numeri-
cal Simulations of a Cylindrical Hall Thruster with Permanent Magnets” (DOI: 10.1088/1742-
6596/911/1/012021). The figure presented illustrates the essential geometric components of
the Cylindrical Hall Thruster (CHT), offering a clear depiction of the structure and functionality
of the system.

Figure 4.1. Simulation domain representing the upper-half cross-section of a Cylindrical
Hall Thruster. Source: (Miranda et al., 2017)

• Anode: In black, the anode serves as the injection point for neutral xenon gas, which is
essential for the the ionization process within the thruster.

• Xe Neutrals Source: Located adjacent to the anode (small red region), this region marks
where neutral xenon atoms are introduced into the channel for subsequent ionization.

• Dielectric Wall: The yellow colored dielectric wall plays a role in plasma confinement,
ensuring that charged particles interact effectively within the cylindrical channel and min-
imizing energy losses.

• Electrons Source: Shown on the right, in the cyan region, this source provides the elec-
trons required to ionize the neutral xenon gas, emulating the function of the cathode in a
real Hall thruster.
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• Magnetic Regions: The blue regions at the boundaries represent the permanent mag-
nets.

This geometry facilitates the investigation of physical phenomena such as magnetic confine-
ment, electron transport, and ion acceleration efficiency which are fundamental to the opera-
tion of a Cylindrical Hall Thruster. Furthermore, employing this configuration ensures consis-
tency with the existing literature and establishes a robust foundation for validating the obtained
results.

4.4 SIMULATION SETUP

We employ the Finite Element Method Magnetics (FEMM) software to compute the mag-
netic field due to the permanent magnets. The simulations were performed in a two dimen-
sional (2D) domain, keeping the axial and radial directions, and ignoring variations in the az-
imuthal direction. Figure 4.3 shows the simulation domain defined in the FEMM software. The
vertical axis corresponds to the axial direction, and the geometry is symmetric around this axis.

The axis transposition was necessary to implement in the FEEM, adjusting the coordi-
nate system representations for an appropriate visualization of the radial and axial component
relationships, according to the figure 4.2.

Figure 4.2. Visualization of Axis Transposition for Radial and Axial Component
Representation.

The position of the samarium-cobalt magnets are indicated by rectangles labeled by SmCo36,
and their polarization is indicated by a small arrow, note in 4.3. The regions marked as “Air”
represent empty space. The contours between adjacent “Air” regions are defined for controlling
the number of finite elements inside each region, and do not represent solid boundaries. The
boundary of the simulation domain has a semicircular shape, and is set to Dirichlet conditions.

For the simulation of the plasma inside the channel, we use the Hall Ion Sources Simulation
Software (HALLIS) which is a hybrid code developed at the LAPLACE laboratory (Laplace,
2018). The HALLIS software includes two autonomous modules for performing 1D e and 2D
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simulations, using a hybrid model for the plasma. In this model, electrons are treated as a fluid
and neutral atoms are represented by pseudo-particles (Hagelaar et al., 2002).

The simulations start by injecting xenon neutral gas into the cylindrical chamber, resulting
in a distribution density of neutrals inside the channel. The trajectories of positive ions and
neutral atoms are computed through the integration of the equations of motion, considering
collisions and interactions with walls (specular or diffusive). The transport of electrons across
the magnetic barrier is described by empirical coefficients for the effective mobility and energy
losses. In this work, were examine two different values of the electric potential, namely, 150V
and 300V.

Table 5.1 shows the numerical values of the simulation parameters of the HALLIS software.
For each value of the anode potential, simulation results were recorded at three time, t1 = 450
µs , t2 = 500 µs , t3 = 550 µs. After obtaining the analyzed data for each moment, an average
was calculated for a better visualization of the results.

Figure 4.3. Simulation domain defined in the FEMM software, showing the position of the
permanent magnets, marked as “SmCo36”.
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5 RESULTS

5.0.1 Magnetic Field Simulations

We start by computing the magnetic field due to the presence of permanent magnets in a
CHT using the FEMM software. The default installation of the HALLIS software offers example
simulation files for a SPT-100 Hall thruster. Since the geometry of a CHT is different from
the SPT-100 thruster, there was the necessity to create a custom simulation file in FEMM
representing the geometry and position of the permanent magnets of a CHT. Some trial-and-
error was needed to obtain the correct simulation file in FEMM, and import the results to the
HALLIS sofware, because the HALLIS software applies a set of linear transforms (such as
translations, rotations and scaling) on the imported files from FEMM. Since the documentation
was not very clear about these transformations, several tries were needed until the results from
FEMM were correctly imported in HALLIS.

Figure 5.1 shows the grid of finite elements needed for the calculation of the magnetic field
due to the permanent magnets. From this figure it is verified that the number of elements in-
crease at the boundaries of the simulation domain, resulting in a finer grid at these boundaries.
Figure 5.2 shows the resulting magnetic field lines, which extend from the positions of the per-
manent magnets, and their shapes depend on the polarization as defined in Fig. 4.3. The
intensity of the magnetic field is represented by a color scale, where the blue color indicates
minimum values and the red color indicates maximum values. Clearly, the maximum values of
the magnetic field strength are located inside the permanent magnets and decreases with the
distance from the magnets, which is expected.
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Figure 5.1. Mesh used by FEMM with 11814 nodes.

Figure 5.2. The resulting magnetic field, and magnetic field lines. Note that the horizontal
axis represents the radial direction, and the vertical axis represents the axial direction of

the cylindrical coordinates.
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Table 5.1. Numerical values of the simulation parameters with the HALLIS software.

Parameters Values (cm)
Axial domain 5.00

Radial domain 2.50
Channel Lenght 2.50

Inner Radius 0.00
Outer Radius 2.00

Cathode position (2.50, 1.00)
Anode (0.00 , 1.50)

Gas inlet (1.25, 1.75)
Gas flow rate 5.0 mg/s

Gas temperature 500 K

5.0.2 Plasma simulations

In this section we compute the resulting plasma density, electric potential and electron
energy using two values of the electrostatic potential at the anode, namely, 150 V and 300 V.
The magnetic field computed using the FEMM software and imported into the HALLIS software
is depicted in Figure 5.3. Note that the HALLIS software defines the cylindrical coordinate
system in a different manner compared to the FEMM software. In the FEMM software, the
horizontal axis represents the radial direction, whereas the vertical axis represents the axial
direction, whereas in the HALLIS software, the horizontal axis represents the axial direction
and the vertical axis represents the radial direction. Since the magnetic field model in FEMM
has been modified to represent the CHT configuration, it is important to verify that the magnetic
field from FEMM has been imported correctly to HALLIS. The modulus of the magnetic field is
represented in a color scale, and displays variations in the axial (X) and radial (Y ) directions
of the channel. Note that the field lines concentrate closer to the location of the permanent
magnets, which is also a region with higher magnetic field strength.

Figure 5.4 shows the results for an anode potential of 150 V. The electrostatic potential
has a maximum value near the anode and decreases rapidly in the axial direction toward the
channel exit region. The plasma density displays large values near the Y = 0 central axis
of the channel. However, a localized maximum can be also distinguished towards the anode.
This isolated maximum is due to a population of electrons trapped by the magnetic field, and
colliding with the neutral gas, causing an enhancement of ionization and higher plasma density
values.

Following that, the anode potential was adjusted to a value of 300 V keeping all other
parameters fixed. Figure 5.5(a) shows that the electrostatic potential displays a similar pattern
with the 150 V case. However, a narrow strip of low values extending from the anode to the
channel exit can be observed.The plasma density also indicates the presence of a narrow strip
linking the anode region to the central region at the channel exit, where the highest values are
observed. Evidently, the higher potential value at the anode can increase the ionization rate
near the anode, due to a higher number of electrons trapped in that region where the magnetic
field is stronger (see Fig. 5.3).
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Figure 5.3. The magnetic field lines and the modulus of the magnetic field in color scale
in the HALLIS software. Note that the horizontal axis represents the axial direction, and

the vertical axis represents the radial direction.

a) b)

Figure 5.4. Contour plots of (a) the electrostatic potential, and (b) plasma density, for 150
V.

The Figure 5.6 compares the distribution of electron energy in a CHT operating at differ-
ent anode potentials. The first image 5.6(a), with a 150 V potential, the electron energy is
concentrated in a region close to the anode, indicating limited ionization and confinement. It
is worth noting that at 150 V, the electron energy oscillates around 25 eV, whereas at 300 V,
it reaches approximately 50 eV, reflecting a significant increase in energy levels. The second
image 5.6(b), corresponding to 300 V, reveals more intense energy distribution across the dis-
charge channel. This suggests enhanced ionization efficiency and higher energy electrons
due to the stronger electric field. While the 300 V potential enables improved performance
metrics such as thrust and specific impulse, it also requires more power, which can challenge
energy restrictions in CubeSats and small satellites. Thus, the 150 V operation favors power
efficiency, while the 300 V operation enhances propulsion effectiveness, reflecting a trade-off
between power consumption and performance optimization.
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a) b)

Figure 5.5. Contour plots of (a) the electrostatic potential, and (b) plasma density, for 300
V.

a) b)

Figure 5.6. Contour plots of (a) the electron energy for 150v, and (b) electron energy for
300 V.

The performance of plasma thrusters can be evaluated by operational parameters such as
thrust, specific impulse (Isp), and efficiency (η). The thrust in this type of propulsion systems
has units of millinewtons and can be written by Equation (5.1):

T = −vexṁp (5.1)

where mp is the mass of propellant, ṁp represents the mass variation in time, and vex is the
exhaust velocity.

The specific impulse is defined by Equation (5.2):

Isp =
T

ṁg
(5.2)

where ṁ is the xenon mass flow rate. Thus, the Tables 5.2 and 5.3 shows the values of these
parameters for 150 V, and 300 V.
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The efficiency of the thruster is given by

ηR =
1

2

T 2

ṁP
(5.3)

where P is the power. In this equation the thrust is in units of mN, and the power is in units of
KW. Equation 5.3 describes the proportion of the input propellant mass that is converted into
ions and subsequently accelerates within the electric thruster.

The efficiency can be also computed by

ηA = ηu · ηc · ηE (5.4)

where ηu is the efficiency of the propellant, given by

ηu =
extracted ion current

ion current
=

Ii
Ia

(5.5)

where Ia = ṁ
m , ηc is the current efficiency defined by

ηc =
extracted ion current

total discharge current
=

Ii
IT

, (5.6)

and ηE is the energy efficiency is given by

ηE =
ma⟨v cos θ⟩2

2eV
(5.7)

In a steady-state condition, these two efficiency analysis methods (ηR,ηA) should exhibit
similar values (Laplace, 2018).

Tables 5.2 and 5.3 show the numerical values of the performance parameters obtained for
150 V and 300 V, respectively. It is clear that all parameters are higher for the higher anode
voltage. However, the power also increases, which is an important issue for small satellites in
which there is limited power available.

Table 5.2. Performance parameters for 150 V.

Performance at 150 V
Parameters CHT Values
Thrust (mN) 21.250

Specific Impulse (s) 433.23
Power (W) 254.768

Efficiency (ηR) 17.9
Efficiency (ηA) 23.8
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Table 5.3. Performance parameters for 300 V.

Performance at 300V
Parameters CHT Values
Thrust (mN) 46.012

Specific Impulse (s) 938.07
Power (W) 715.616

Efficiency (ηR) 30.1
Efficiency (ηA) 32.7
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6 CONCLUSIONS

In this work we performed numerical simulations of a cylindrical Hall thruster, which is an
electric propulsion device for CubeSats, when compared to traditional Hall Thrusters, due to its
smaller dimensions, and is designed specifically to operate at low power levels. Its geometry
reduces susceptibility to channel wall erosion and makes it particularly suitable for low-power
operations (< 200W ) (Garrigues et al., 2008).

We compare the operational parameters of this thruster for two different values of the
electrostatic potential at the anode, namely, 150 V and 300 V. Our numerical results indicate
that the potential drop is primarily concentrated in the cylindrical section of the channel and
into the plume. Two peaks in plasma density were observed: one in the annular region and the
other at the axis further to the exit thruster (x > 2.5cm), which is attributed to the converging
ion flux.

The efficiencies ηR and ηA showed proximity in the results. The first simulation (150V)
exhibited a difference of 25%; however, for the second simulation (300V), there was a difference
of 8%. These discrepancies are related to the averaging process during computation (Laplace,
2018).

The performance of the CHT at 300 V displays higher values compared to the 150 V case.
However, the power needed for the thruster also increases. The energy available at small
satellites, and in CubeSats in particular, is very limited. Using permanent magnets for the
generation of the magnetic field can reduce the power requirements of the CHT to the range of
50 - 300 W, compatible with that available for CubeSats. Since the power required for the 300
V configuration is outside this range, further work is needed to reduce the power needed while
increasing the potential at the anode. Nevertheless, the analysis presented in this work can
be useful to decide which configuration is the most adequate, taking into account the power
available of the propulsion system from a satellite power system.

The results obtained in this study show significant similarities with those presented by
Garrigues et al. (2008). in their simulations of a miniaturized Cylindrical Hall Thruster (micro-
CHT). Similar to Garrigues’ work, the potential distributions highlight a concentration of the
potential drop in the cylindrical region of the channel and exhibit comparable plasma density
patterns.
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7 PUBLICATIONS RELATED TO THIS WORK

7.1 PUBLISHED ARTICLES

• Comparison of the performance of a cylindrical Hall thruster with different anode volt-
ages via numerical simulations. Published in Mathematics in Engineering and Aerospace
(MESA).

• Comparison of the performance of a cylindrical Hall thruster with different anode voltages
via numerical simulations. Presented at the Congress on Computational Methods in
Engineering (CILAMCE 2024).

• Numerical Simulations of a Plasma Thruster for CubeSats. Presented at the National
Congress of Mechanical Engineering Students (CREEM 2024).

• Particle-in-Cell Numerical Simulations of Plasma Particles in a Cylindrical Hall Thruster.
Presented at the IV Conference on Dynamics, Control, and Applications to Applied Engi-
neering and Life Sciences (DYCAELS 2023).

• Numerical Simulations of Plasma Particles in a Cylindrical Hall Thruster. Published at
the Brazilian Colloquium on Orbital Dynamics (CBDO 2022).
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