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Abstract
We have developed a numerical tool devoted to the design and the optimization of an Helicon plasma
source employed in an Helicon Plasma Thruster. Our tool is specifically conceived to model high density
(higher than > 1018 m−3) Helicon plasma sources. The tool is realized coupling ADAMANT, an Electro
Magnetic solver which solves for the wave propagation and in turn the power deposition, and OpenFOAM,
an open-source C++ library in which we have implemented the fluid transport model. We have developed
three versions of the tool, namely 1D-axial, 1D-radial, and 2D-radial-axial. First we have benchmarked
our tool against a well-established solver; than we have compared the results given by the three versions
of the tool among each other and against a 0D global model for a fixed source configuration. The three
models grasp the main features of the Helicon sources and show a better agreement among themselves and
with the 0D model in absence of magnetic field.

1. Introduction

In the last two decades several new plasma based propulsion concepts have been proposed and developed, and now are
beginning to challenge the monopole of chemical thrusters in space propulsion. Plasma based propulsion systems have
a series of advantages in respect to chemical rockets: i) high specific impulse which allows for a huge reduction of
propellant mass, and in turn of costs, ii) high thrust efficiency. Plasma propulsion systems are characterized by a low
thrust, therefore they have been employed in interplanetary missions1 and in the position and attitude control systems
of missions with high demanding requirements.2 At the state of the art the most widely employed plasma thrusters are
Ion Engines (IE), and Hall Effect Thrusters (HET). Both these concepts are characterized by high efficiency but present
some critical issues: i) lifetimes are limited by the erosion of the extracting grids and the ceramic walls; ii) external
cathodes are necessary for charge compensation.

Recent advances in plasma-based propulsion systems have led to the development of Helicon Plasma Thrusters
(HPTs) (see Figure 1), whose plasma generation system is derived from high-density industrial plasma sources.3 The
principal elements of an HPT are a gas feeding system which provides the neutral gas to be ionized; a dielectric tube
in which the gas is ionized; a RF antenna working in the MHz regime which convey the ionization and heating power;
coils or permanent magnets which surround the dielectric tube, and create a quasi-axial magnetic field in the range
of hundreds of Gauss. The magnetic field: i) enhances the plasma confinement inside the source; ii) allows for an
efficient power deposition into the plasma, by means of the Helicon waves dumping;4 iii) creates a diverging magnetic
field region at the dielectric tube exhaust, providing a magnetic nozzle effect. Therefore in a HPT we can distinguish
between two main stages: an Helicon source which works as plasma production stage, and a magnetic nozzle which
works as acceleration stage. In the magnetic nozzle the divergent magnetic field structure allows for the conversion of
plasma thermal energy into axial kinetic energy. HPTs are characterized by the absence of electrodes and neutralizers,
and a reduced interaction of plasma with walls (because of the magnetic field); therefore HPT are characterized by
a long life (reduced erosion), and a good efficiency (reduced heat losses). HPTs are under study and development in
some international research projects such as the American VASIMR,5 where a high-power Helicon source is coupled to
an ion cyclotron resonance heating section to increase the specific impulse; the Europeans HPH.COM6 in which a low-
power (≤100 W) system has been developed, and SAPERE-STRONG7 that aims at the realization of a high-power (≥1
kW) propulsive system to be employed in a space tug. Other research centers which have developed HPTs prototypes
are ANU,8 MIT,9 Tokio University,10 and Madrid University.11
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Figure 1: Helicon Plasma Thruster draft.

In order to optimize the propulsive figures of merit (e.g. specific impulse, thrust/mass ratio, and efficiency) of
an HPT, we need to gain a deep physical insight into both the plasma generation and plasma acceleration mechanisms.
In this work we will focus on the study of plasma source stage. Among different plasma sources Helicon sources are
more efficient in conveying electromagnetic power into the plasma, therefore plasma density up to 1019 m−3 can be
reached with a magnetic field below < 1000 G and a simple antenna geometry such as Single Loop antenna. Physics
processes that occur in a Helicon plasma sources are: i) plasma generation, ii) wave-plasma coupling, and iii) plasma
transport. Therefore we need theoretical and numerical models able to grasp these phenomena in order to design and
possibly optimize an Helicon source devoted to space applications.

Simplified theoretical models of an Helicon plasma source for space application have been developed by Ahedo12

and Lafleur;13 these models are useful in the preliminary design but give not sufficient insight to perform source opti-
mization. Standard numerical approaches rely on Electro-Magnetic (EM) solvers, which model the wave propagation
and the power deposition therein, coupled to either kinetic14 or Particle-In-Cell (PIC)15–17 strategies to reproduce
plasma response. However in high-power plasma sources, such as that required in the STRONG project, the plasma
density can reach values higher than 1019 m−3; such values can not be handled by a PIC code, while could result in
a computational burden for a kinetic approach. Therefore, we will resort on a fluid strategy to reproduce the plasma
transport in a high-power plasma source while keeping the computational cost at bay. Plasma fluid approaches have
been widely employed for modeling of industrial plasma sources; in literature we can find fluid transport models of
Capacitively Coupled Plasma sources (CCPs),18 magnetically enhanced CCPs,19 Inductively Coupled Plasma sources
(ICPs),20 and Helicon sources.21, 22

We have developed a numerical tool devoted to the study and the optimization of Helicon plasma sources for
space applications. The tool is realized by means of the integration of an EM solver and a fluid solver (section 2.1);
the EM problem is solved with ADAMANT24 (section 2.2), and the fluid transport model has been implemented in
OpenFOAM23 (section 2.3). We have developed three versions of our tool, namely 1D-axial, 1D-radial, and 2D-
radial-axial. We have accomplished the simplest versions, namely 1D-axial and 1D-radial, in order to validate the
EM-fluid coupling strategy, and thereafter the 2D-radial-axial version in order to model the source with a good degree
of accuracy. In this paper we first present the benchmarking of the 2D-radial-axial version against a well-established
solver21 (section 3.1). Second, we have analyzed two source configurations (with and without magnetic field) with the
three versions of the tool. For a fixed configuration we have compared the 2D-radial-axial solver against the simplified
versions; moreover we have benchmarked our tool against a 0D model.17 The aim of this analysis is to cross-validate
the different versions of our tool among each other and against a 0D model, and, in turn, to understand when simplified
models can give good predictions (section 3.2).
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Figure 2: Sketch of the iterative loop.

2. Methodology

2.1 EM-Fluid Coupling

To model the coupling of the wave propagation and the plasma transport it is possible to study separately the electro-
magnetic and plasma dynamics phenomena. From a physical point of view, this approach is justified because the time
scaling at which the two phenomena happen is different: the wave propagation is by far faster than the plasma diffusion.
In the study of the plasma transport, the wave propagation can be retained as a source term through the power deposited
by the antenna into the plasma; in the solution of wave propagation the plasma parameters (e.g., plasma density and
electron temperature) can be considered as stationary. Wave propagation and plasma transport are solved by means of
ADAMANT and OpenFOAM, respectively; both solvers are coupled by means of an iterative loop (see Figure 2). This
loop is initialized with a first guess plasma parameters profile, usually uniform; the electromagnetic solver runs first
and its output (the power deposited into the plasma) is the input for the fluid solver. Similarly, the output quantities
of the fluid solver (plasma parameters profiles) are the input of the fluid solver. These two solvers will iterate until
convergence criteria are satisfied; in this way we have obtained a consistent tool for source modeling.
In coupling ADAMANT with the fluid solver particular attention must be paid to avoid the introduction of numerical
noise. In fact ADAMANT works only with 3D geometries while the input power profile of our fluid solver can be 1D-
radial, 1D-axial or 2D-radial-axial. Therefore the local power deposition profile has to be sampled on the OpenFOAM
structured mesh; in order to avoid the introduction of numerical noise during this operation a careful mesh analysis on
both ADAMANT and OpenFOAM meshes has to be done.
We have developed three versions of the tool for the study of a cylindrical Helicon source: i) 1D-axial where we eval-
uate gradients of plasma parameters (e.g. plasma density and electron temperature) and power deposition profiles only
along the axis of the source; ii) 1D-radial where the plasma is inhomogeneous only along the radius of the source; iii)
2D-radial-axial where we evaluate plasma inhomogeneities along both the radius and the axis of the source.

2.2 EM Model

The EM problem is solved with ADAMANT, a full-wave 3D numerical tool specifically conceived for the analysis
and design of RF antennas which drives the discharge in Helicon plasma sources. ADAMANT solves for the surface
electric current density on the antenna conductors and the volume polarization current within the plasma; the latter can
be inhomogeneous and anisotropic whereas the antenna can have arbitrary shape. The plasma anisotropy is due to the
presence of a magneto-static field, at the moment ADAMANT can treat only uniform magneto-static fields. The EM
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problem is formulated in term of volume equations solved with the Method of Moments (MoM). ADAMANT allows
for the accurate evaluation of the current distribution on the antenna and in the plasma, and in turn of the profile of the
power deposition profile. ADAMANT relies on a 3D unstructured tetrahedral mesh, therefore we need to sample the
power deposition profile given as ADAMANT’s output on a 1D or 2D mesh if we are studying respectively a 1D or 2D
problem.

2.3 Fluid Model

We have implemented the fluid model in OpenFOAM, an open source C++ library which solves differential problems
with the MoM. OpenFOAM is designed for solving 3D problems and defines all meshes as such; however, 1D and 2D
problems can be simulated by generating a mesh in 3D and applying special boundary conditions. In all the analyzed
cases we have resorted on an hexahedral structured mesh.
In the fluid solver plasma is considered as a multi-fluid mixture composed of electrons, ions and neutrals. Electron den-
sity ne and electron energy nε are solved through the drift-diffusion25 approximated momentum and energy equations,
ion ni and neutral n0 density are solved through the drift-diffusion form of the momentum equations (ion and neutral
temperature are assumed equal to the initial gas temperature T0), and an electrostatics model is employed to compute
the plasma potential φ.

2.3.1 Governing Equations

The evolution of the k-th species (i.e. electrons, ions or neutrals) density is described by the continuity equation

∂nk

∂t
+ ∇ · Γk = Rk (1)

where nk is the species density, Γk is the species flux vector and Rk is either a source or a sink of particles due to
chemical reaction. In the drift diffusion approximation the equation of motion reduces to

Γk = nkvk = ±µknkE − Dk∇nk (2)

where vk is the species velocity, E is the electrostatic field , Dk the species diffusivity, and µk the species mobility. The
sign of the mobility term is positive for ions, and negative for electrons; for neutrals the mobility contribution disappear
because neutral particles are not affected by electric field.
The electron energy follows the energy equation

∂nε
∂t

+ ∇ · Γε + E · Γe = Rε (3)

where Γε is the energy flux vector and Rε is either a source or a sink of energy due to chemical reaction and external
power sources. In the drift diffusion approximation the energy flux vector reads

Γk = −µεnεE − Dε∇nε (4)

where µε is electron energy mobility and Dε is the diffusion energy mobility.
The electrostatic potential is calculated via the Poissont equation

∇2φ = −ni − ne

ε0
(5)

where ε0 is the vacuum permittivity.

2.3.2 Source Terms

The k-th species source term Rk which appears in the continuity equation depends on chemical reactions. We have
considered an Ar discharge characterized by two reactions, namely elastic scattering and ionization

Ar + e −→ Ar + e Elastic Scattering (6)

Ar + e −→ Ar+ + 2e Ionization (7)

therefore the only ionized species is single ionized Ar+. We have assumed a Maxwellian Electron Energy Distribution
Function (EEDF), therefore the reaction rate constants for elastic scattering kel and for ionization kiz can be calculated,
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in function of the electron temperature Te, following the empirical relations reported by Libermann and Lichtenberg.26

The electron temperature is calculated as Te = (2nε)/(3ne) being the EEDF Maxwellian. Therefore

Re = Ri = −R0 = kiznen0 (8)

The electron energy source terms Rε depends on the power deposited into the source by RF antenna EPow and the
chemical reactions power losses, namely the elastic loss Eel = −3m/MTeRel and the ionization loss Eiz = −∆izRiz;
where m is the electron mass, M is the ion mass, and ∆iz is the first ionization energy, for Ar ∆iz = 15.80 V. Therefore

Rε = EPow + Eel + Eiz (9)

2.3.3 Transport Properties

In absence of any magneto-static field B0, electron mobility is calculated as

µe DC =
q

m n0 (kel + kiz)
(10)

where q is the elementary charge. In presence of a magneto-static the mobility becomes a dyadic tensor

µ−1
e =


µ−1

e DC −B0z B0y

B0z µ−1
e DC −B0x

−B0y B0x µ−1
e DC

 (11)

where B0 j is the B0 component along the j-th direction. Being EEDF Maxwellian we can apply the Einstain relations:
De = µeTe, µε = 5/3µe, Dε = µεTe.
The ion Ar+ diffusion properties are calculated interpolating the experimental data reported by Chicheportiche.27

The neutral diffusivity D0 is calculated considering only collisions among neutral Ar particles because we are dealing
with weakly ionized gases.

2.3.4 Boundary Conditions

Ion and electron boundary conditions are given by the Bohm sheath criterion; the ion and electron fluxes perpendicular
to the wall, and oriented outward the discharge, are

Γe = Γi =

√
qTe

M
ni (12)

The neutrals boundary condition is determined assuming that all the ions colliding the wall recombine in accordance
with the wall reaction Ar+ −→ Ar; therefore the neutral particles flux is equal to

Γ0 = −Γi (13)

The electron energy boundary condition is imposed in accordance with Mikellides28

Γε =

[Te

2

(
1 + ln

M
2πm

)
+ 2Te

]
Γe (14)

The grounded walls is the boundary condition for the Poissont equation

φ = 0 (15)

3. Benchmark

3.1 Comparison against a well-established solver

We have benchmarked our tool against a well-established solver, namely HEMP.21 As reported in the Kinders’ paper21

we have studied a plasma cylinder of radius R = 5 cm, and length L = 37.5 cm. The system is powered by two ring
coils with currents 180◦ out of phase (see Figure 1 of the reference paper21). The deposited power is Pw =1 kW, the
initial neutral pressure is pn = 10 mTorr. The best trade-off between accuracy and calculation time is approximately
9000 tets for the ADAMANT mesh, 100 structured elements in the radial direction and 200 structured elements in the
axial direction for the OpenFOAM mesh. If we consider B0 = 10 G a good agreement is found between the two models
(compare Figure 5 of the reference paper21 and Figure 3).
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(a) (b)

Figure 3: Low magnetic field B0 = 10 G: a) electron density n, b) radial-axial deposited power profile Pwrz.

3.2 Results

We have considered a plasma cylinder of radius R = 2 cm, height L = 10 cm, excited by a Single Loop antenna of
radius Ra = 3 cm and width w = 0.6 cm (see Figure 4). The antenna if fed by a voltage gap ∆V = 500 V, the initial
neutral pressure is pn = 30 mTorr. We have analyzed two cases: i) absence of magnetic field B0 = 0 G, ii) presence of
an axial magnetic field B0 = 500 G. We have analyzed this configuration with a 1D-radial model (hereinafter referred
to as Radial Model), a 1D-axial model (referred to as Axial Model), and a 2D-radial-axial model (referred to as Radial
Axial Model); we have compared the results of our tool against a 0D global model (referred to as Global Model). The
aim of this analysis is to identify the source configurations which can be studied with less computationally expensive
models (e.g. Global Model) while retaining a good degree of accuracy.
The best trade-off between accuracy and calculation time is approximately

• Axial Model: 5500 tets for the ADAMANT mesh, 500 hexahedra for OpenFOAM mesh;

• Radial Model: 9000 tets for the ADAMANT mesh, 500 hexahedra for OpenFOAM mesh;

• Radial Axial Model: 9000 tets for the ADAMANT mesh, 100 hexahedra in the radial direction and 200 hexahedra
in the axial direction for the OpenFOAM mesh.

 

2R 2R
a 

Figure 4: Helicon plasma source driven by a Single Loop antenna
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3.2.1 Radial Axial Model results

Both in absence and in presence of magnetic field the equilibrium configurations present the same major features: i)
plasma density n has a peak for r = 0 (near the cylinder axis) and for z = 0 (in the middle of the cylinder, below the
antenna), as reported in Figure 5(a) and Figure 6(a); ii) the deposited power Pwrz has a peak for r = R (near the outer
boundary) and z = 0, as reported in Figure 5(b) and Figure 6(b). The presence of the magnetic field increases the n
peak value and reduces its width in the radial direction (compare Figure 5(a) and 6(a)).

(a) (b)

Figure 5: Equilibrium configuration calculated with Radial Axial Model. Absence of magnetic field, B0 = 0 G. a)
density profile, b) deposited power profile.

(a) (b)

Figure 6: Equilibrium configuration calculated with Radial Axial Model. Presence of magnetic field, B0 = 500 G. a)
density profile, b) deposited power profile.

3.2.2 Comparison against the Global Model

If we integrate the results of Radial Model, Axial Model, Radial Axial Model we obtain the total power deposited into
the source Pw and the average plasma density navg. In absence of magnetic field we have obtained the results reported
in Table.1, in presence of magnetic field results are reported in Table.2. The Axial Model over-estimate both navg and
Pw, this is due to the geometrical configuration considered: the plasma cylinder is prolate, therefore its lateral surface
is larger than its top surface; Global Model and Radial Axial Model consider losses through the whole surface of the
plasma cylinder, while Radial Model consider only losses from the side surface and Axial Model losses from the top
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surface. If the top surface is a small part of the whole surface (like in this case) the Axial Model is highly inaccurate.
The agreement between Radial Model and Radial Axial Model is good, while their agreement with Global Model is
better in absence of magnetic field. This could happen because of the simplified diffusion model implemented in the
Global Model.

Global Model Radial Model Axial Model Radial Axial Model

Pw [W] 480 375 592 383

navg [m−3] 1.68 × 1019 7.08 × 1018 1.48 × 1020 6.53 × 1018

Table 1: Total power deposition Pw and average plasma density navg extimated with Global Model, Radial Model,
Axial Model, Radial Axial Model. The considered axial magnetic field is B0 = 0 G.

Global Model Radial Model Axial Model Radial Axial Model

Pw [W] 805 338 510 379

navg [m−3] 3.05 × 1019 6.39 × 1018 1.30 × 1020 1.09 × 1019

Table 2: Total power deposition Pw and average plasma density navg extimated with Global Model, Radial Model,
Axial Model, Radial Axial Model. The considered axial magnetic field is B0 = 500 G.

3.2.3 Comparison against the Axial Model

As we expected from the comparison against the Global Model, we have a bad agreement between the Axial Model
and the Radial Axial Model integrated in the radial direction (see Figure 7(a) and Figure 8(a)). This seems mainly due
to the prolate shape of the plasma cylinder.
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Figure 7: Equilibrium configuration calculated with the Axial Model (1D ax), and Radial Axial Model (2D) integrated
in the radial direction. Absence of magnetic field, B0 = 0 G. a) axial density profile, b) axial power profile.
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Figure 8: Equilibrium configuration calculated with the Axial Model (1D ax), and Radial Axial Model (2D) integrated
in the radial direction. Presence of magnetic field, B0 = 500 G. a) axial density profile, b) axial power profile.

3.2.4 Comparison against the Radial Model

We have compared the results of the Radial Model and of the Radial Axial Model integrated in axial direction (in order
to have an averaged information in the radial direction). A good agreement between the two models is found if B0 = 0
G (see Figure 9). If B0 = 500 G a good agreement between the power deposition profiles if found (see Figure 10(b)),
however the coherence between the two models decreases in regard of the plasma density (see Figure 10(a)). This
could be due to the different diffusion models applied: in the Radial Model diffusion coefficients are scalars while in
the Radial Axial Model diffusion coefficients are dyadic tensors.
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Figure 9: Equilibrium configuration calculated with the Radial Model (1D rad), and the Radial Axial Model (2D)
integrated in the axial direction. Absence of magnetic field, B0 = 0 G. a) radial density profile, b) radial power profile.
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Figure 10: Equilibrium configuration calculated with the Radial Model (1D rad), and the Radial Axial Model (2D)
integrated in the axial direction. Presence of magnetic field, B0 = 500 G. a) radial density profile, b) radial power
profile.

4. Conclusions

We have realized a numerical tool specifically conceived to model a Helicon plasma source, coupling the EM problem
(solved by ADAMANT) and the fluid problem (solved in OpenFOAM). We have successfully benchmarked our tool
against a well-established tool. Depending on the level of accuracy required to the simulation, it is possible to choose
among 1D-radial, 1D-axial, or 2D-radial-axial models of the source. All these models are able to grasp the main
physical features of a Helicon source: power peak near the radial edge of the plasma cylinder, plasma density peak
near the axis of the discharge. In particular in absence of any magnetic field the three models developed show a better
agreement among themselves and with 0D global models. In a magnetized case it is advisable to employ the 2D model
of the discharge because mobility and diffusivity are dyadic tensors. In future works we want to refine the fluid model,
implementing a more accurate chemical model, and to evaluate the effects of solenoidal magnetic fields (removing the
approximation of axial and uniform magnetic field).
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