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Recent advances in plasma-based propulsion systems have led to the development of
electromagnetic (RF) generation and acceleration systems, capable of providing highly
controllable and wide-ranging exhaust velocities, and potentially enabling a wide range
of missions from KWs to MWs levels. In this paper we report on the development of
a system-level modelling of a three-stage helicon plasma thruster composed of a helicon
plasma source, a confining magnetic field structure enclosing a plasma heating section, and
a magnetic nozzle. This modelling can help to optimize the design parameters (antenna
shape, matching circuits and generators, and the ensuing evaluation of the required power,
mass and other physical parameters, including magnetic field for confinement), and estimate
the system feasibility: in particular our activity focuses on the most critical RF issues and
on the RF-plasma interactions. We have divided the study into two different and linked
parts: 1) RF system modelling, which provides an ”interface” between the RF power
generation and the power deposition into the plasma and relies on the TOPICA code, and
2) plasma device modelling of the sub-systems and of their connection, which yields the
global, system-level description of the engine.

I. Background and motivations

Plasma-based propulsion systems have found increasing interest in the past twenty years. Their concep-
tion and design derives directly from magnetic confinement fusion research, particularly of open magnetic
”mirror” devices. Recent advances in plasma-based concepts have led to the identification of electromag-
netic (RF) generation and acceleration systems as able to provide not only continuous thrust, but also highly
controllable and wide-ranging exhaust velocities. This is of particular advantage in maneuvering applica-
tions such as planetary missions involving planetary orbit insertion/transfer and deep space cruise phases.
Another key feature of RF based plasma systems is their ability to produce energetic exhaust flows starting
from light gases (H2, D2, He) giving very high specific impulse (up to 30,000 s) to heavier noble gases (Ar,
Kr, Xe) with lower specific impulse but higher thrust; a side benefit of these RF-based designs is that they
are electrode-less, with the related long device lifetimes since sputtering problems due to ion impingement
on grids is avoided. Furthermore, they are scalable from low-power (few kW) to high-power (¿100 kW), thus
making them suitable for a variety of mission applications. In particular, for missions in the 100 kW-MW
class, the constraint of present electric propulsion system (gridded ion, Hall Effect) lead to the necessity of
large modules integrating a cluster of thrusters with a high number of power processing units, and there-
fore high propulsion system masses and volumes. Alternative propulsion technologies with higher power
and thrust densities and moderate/high specific impulse, such as RF plasma thrusters, could provide high
advantages in terms of mass and volumes savings.
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It is also to be stressed that these plasma thrusters have terrestrial applications in other sectors such as
surface science, high-energy physics, and waste disposal.

The typical conceptual design of an RF plasma thruster is composed of an RF plasma source, an open-
ended magnetic confinement device, an RF acceleration unit, and a ”magnetic nozzle” (that might not be
distinct from the confinement device). The plasma source is composed of an RF driven helix-like antenna
(”helicon”) that energizes a flow of initially neutral gas, into magnetised plasma with high ionization fraction.
The plasma outflow is confined into an elongated column by an intense magnetic field system, and then
accelerated by a second RF driven device before exhaust flux through the ”magnetic nozzle” structure of
the magnetic field produced by the confinement coils near the acceleration region. The plasma source and
the acceleration unit employ distinct RF systems and frequencies; the ubiquitous choice for the acceleration
is to employ the Ion-Cyclotron Resonance Frequency (ICRF), a proven technology in fusion experiments
for efficiently transferring large RF powers to magnetized plasmas, and exploited by the NASA VASIMR
(VAriable Specific Impulse Magnetoplasmadynamic Rocket) propulsion system.1,2 However, despite their
distinct advantages in terms of performance of other forms of electric propulsion, some major challenges
need to be overcome. These are primarily related to reducing the presently high specific mass and the large
geometry of the system, as well as improving the thrust efficiency (at present the specific power is very high).

In present paper we report on the development of a system-level modeling of a three-stage plasma thruster
composed of a helicon plasma source, a confining magnetic field structure enclosing a plasma heating section,
and terminating into a magnetic nozzle. This modeling can be employed to optimize the design parameters
(antenna shape, matching circuits and generators, and the ensuing evaluation of the required power, mass
and other physical parameters, including magnetic field for confinement), and to estimate its feasibility:
in particular our activity focuses on the most critical RF issues and on the RF-plasma interactions. The
modelling has been divided into two different and linked parts: RF system modelling and modelling of
the plasma device. The RF systems modelling activity provides an ”interface” between the RF power
generation and the power deposition into the plasma. The plasma modelling of the sub-systems and of
their connection provides the global, system-level model of the engine. The usual choice for the thruster
acceleration unit is to employ the Ion-Cyclotron resonance frequency (ICRF), a well established technology
in fusion experiments for transferring large RF powers to magnetized plasmas. To help design RF thruster
ICRF antennas, TOPICA (Torino Polytechnic Ion Cyclotron Antenna) code has been recently extended to
handle cylindrically symmetric plasmas (Fig. 1b).

The latter entailed developing a wholly new module of TOPICA charged with the task of solving Maxwell’s
equations in cylindrical magnetized warm plasmas and yielding the Green’s function Ỹ(m, kz), i.e. the
relationship at the air-plasma interface between the transverse magnetic and electric fields in the spectral
(Fourier) domain. The approach to the problem of determining the antenna input impedance relies on an
integral-equation formulation for the self-consistent evaluation of the current distribution on the conductors.
The simulations are aimed at improving the penetration and coupling of the ICRF waves with the magnetized
plasma in order to enhance plasma heating and axial thrust. An electromagnetic model of the plasma device
has been developed in order to provide an appreciation of its performance. As previously mentioned, the
model describes the three stages of the device: plasma generation, plasma heating and plasma detachment.
In the plasma generation section each species is followed in the electron impact reactions of ionization,
dissociation, recombination, and excitation. In the heating stage the plasma absorbs the power emitted by
the antenna ICRF, and in the magnetic nozzle the thermal energy of the plasma is converted into kinetic
energy and the plasma is exhausted. This tool makes it possible to evaluate the required power, mass and
other physical parameters, including magnetic field for confinement. In particular, the feasibility of a low-
power (a few kW) system will be presented, and the scaling to high power addressed. The resources required
for its physical realization will be finally estimated in terms of power, dimensions, mass etc. Finally, critical
technologies will be defined and necessary development steps outlined.

II. Antenna problem formulation

The main purpose is to determine the admittance matrix [Y ] of an arbitrarily shaped antenna operating
within the ICRF acceleration unit of a plasma thruster. If the antenna is feeded by NP coaxial lines,
then NP is the total number of feeding ports and [Y ] comes to be an NP -order matrix: in Fig. 1 a cross-
sectional view of the structure under study is schematically depicted. A widely-used configuration of the
RF booster comprises two counter-driven loops antennas encircling the plasma column (see Fig. 1), but we
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Figure 1. ICRF unit model of a typical RF thruster featuring two loop antennas and plasma flow: (a) cartoon with
the surfaces whereon the EP is applied and (b) clipped for visualization’s sake, a CAD model showing the 3D surface
triangular-facet mesh for simulations with TOPICA; in that regard, ST needs neither be defined nor meshed, as the
plasma Green’s function allows for its effect.

want to emphasize that the approach developed allows considering any shape of the antenna—and of the
acceleration unit. By contrast we require the magnetically confined plasma to exhibit a circular cross section.

Owing to the underlying formulation3 of the EM problem, the plasma enters the equations only via its
pertinent dyadic Green’s function Ỹ(m, kz) in the Fourier space, i.e. the rank-2 tensor linking the transverse-
to-ρ̂ magnetic and electric fields at the air-plasma interface (ρ = a):

−H̃t(a; m, kz) × ρ̂ = Ỹ(m, kz) · Ẽt(a; m, kz), Ỹ =


 Yθ,θ Yθ,z

Yz,θ Yz,z


 , (1)

with m (kz) being the azimuthal (longitudinal) wavenumber. Therefore, a brand new module has been
developed in charge of solving Maxwell’s equations within a magnetized cylindrically-symmetric radially-
inhomogeneous warm plasma and then yielding Ỹ(m, kz). As per the plasma model, the high speed plasma
flow, occurring in the RF thrusters, is assumed to rapidly and wholly absorb the ion cyclotron waves launched
by the antennas;4 besides, the plasma velocity, whose main effect is to shift the ion cyclotron frequency,5 is
accounted for as well. Finally, no limitations at all are posed to the antenna shape, hence the present version
of TOPICA represents a substantive improvement of a previous simplified approach.6

According to Fig. 1a, our thruster model assumes the plasma faces the antennas—and all the other
conducting bodies, for that matter—only through a cylindrical surface SA+ (dubbed aperture) of finite
extent, which is cut out off an otherwise infinite metallic cylinder coaxial to the plasma itself. As can be
seen in Fig. 1b, the fictitious walls and the aperture constitute a cavity—vaguely reminiscent of a drum
with a median hole—wherein the antennas exist and work. The validity of our ICRF stage model can be
backed as follows: for one thing, the whole structure size is usually several order in magnitude smaller than
the vacuum wavelength, in view of the very low operating frequency (about 1 MHz is common), then we
have the distance (h) between the cavity’s top and bottom walls large enough as compared to the antenna
size. Under those circumstances, we do expect h and the fictitious boundaries not to affect the antenna
parameters significantly, although their sensitivity to h can be easily studied.

Now, the electromagnetic problem shown in Fig. 1a is formulated exactly the same way as in3 in terms
of two coupled integral equations, which entails invoking the Equivalence Principle (EP)7 twice and then
enforcing the boundary and continuity conditions the tangential fields obey on SC , SA±. This two-step
application of the EP yields two unknown surface current densities, JC and MA−; the fields dependence on
JC , MA− is linear and represented by surface integrals with appropriate kernels (i.e. Green’s functions).8

Specifically, inside the cavity we use the free space scalar Green’s function, whereas on the plasma side
(SA+) we need employ Ỹ defined in (1). The integral equations are solved by the Moment Method,9 both
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Figure 2. Plasma Green’s function entry Ỹθ,θ/Y0 for the azimuthal wavenumbers m = -1, 0, as a function of the
longitudinal wavenumber kz/k0, with Y0 (k0) being the free space admittance (wavenumber).

Table 1. Geometrical and physical data, single species (4He+) plasma

Height (m) 0.4 Density at center (m−3) 5.55 1019

Loop radius (m) 0.021 Density at edge (m−3) 0
Loop width (m) 0.02 Axial magnetic field (T) 0.2
Loop distance (m) 0.02 Parallel velocity (m/s) 8 103

Plasma radius (m) 0.02 Ion perp./par. temp. (eV) 1
Frequency (MHz) 0.765 Electron perp./par. temp. (eV) 4.7

in spatial and spectral domain, the latter being the one wherein the plasma is more easily described. To be
concrete, JC , MA− are expanded as a linear combination of a finite set of subdomain basis functions, which
are defined over triangles (see Fig. 1b). The coefficients of these linear combinations represent the actual
unknowns of the problem, which is turned from a set of integral equations into an algebraic system.

III. Preliminary antenna results

The formulation outlined above has been implemented in TOPICA, so that, once the current densities
JC , MA− have been computed, the antenna admittance matrix [Y ] along with other common parameters3

can be obtained. The code has been thoroughly tested in vacuum, while preliminary results with plasma
show good agreement with data available in literature.

To give an example of TOPICA’s capabilities, we consider a neutral electron-helium (4He+) plasma and
a two-loop ICRF antenna as in Fig. 1b: listed in Table 1 are the main parameters used for the simulation.
The density profile has been assumed parabolic and given analytically, though it may be read from file if
desired.

An important intermediate step towards the solution is the calculation of the Green’s function Ỹ(m, kz),
which accounts for all the plasma effects. Extensive numerical experiments have shown that, in the light
of the average size of the triangular facets forming the aperture mesh (see Fig. 1b), it suffices to determine
Ỹ(m, kz) for m running from −60 to 60 (i.e. a total of 121 azimuthal modes), in order for the spectral
integrals to converge.3 For sake of completeness, drawn in Fig. 2 are the first two modes of Yθ,θ germane to
the case under study.

In our investigations, we considered a standard counter-driven two-loop antenna, as in Figs. 3 and Fig. 4,
but also experimented new antenna shapes. In that regard, we tried, among others, electrodes constituted by
two disjoint half-loops, as can be seen in Figs. 5 and 6 below, which as a whole we dubbed a capacitor antenna.
Also shown in Figs. 3 through 6 are the electric (magnetic) surface current densities over the conducting
bodies (at the air-plasma interface), when the antenna terminals are driven by {+V , −V , +jV , −jV ,},
respectively, since we want the complete antenna to launch an electric field with the circular polarization
that maximizes the wave coupling to the m = −1 mode.2 As expected the electric current is almost a
constant over the antenna loops, in the standard configuration, owing to the large vacuum wavelength as
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Figure 3. Standard counter-driven two-loop antenna: sample electric current magnitude distribution on conducting
bodies and at plasma/air interface.

Figure 4. Standard counter-driven two-loop antenna: sample magnetic current magnitude distribution at plasma/air
interface.

compared to overall structure size. Besides, the magnetic current magnitude (that’s to say the tangential
electric field) is quite strong under the loops, which agrees with the expectation.

The main TOPICA’s output is the antenna 4-by-4 admittance matrix [Y ], which in this instance may be
further reduced to a 2-by-2 matrix, for each loop is counter-driven with voltages. Upon knowing [Y ], one
can compute the total power Prad absorbed by the system and hence the coupling resistance—a key figure
of merit that characterizes the ICRF antennas efficiency for thruster applications—as Rc = 2Prad /|I|2,
wherein I identifies the current entering the antenna terminals. As an example, assuming V = 1 V, we
computed the absorbed power and the loading Rc for the two cases (standard and non-standard) and found
that the coupling resistance attained with the new electrodes can be about 20% higher than the typical values
featured by the two-loop antenna. This result is itself pretty amazing but also suggestive of the powerful
capabilities of TOPICA as a numerical tool to help design and optimize the ICRF antennas.

As for the technological issues involved in the overall system design, we point out that the thermal aspects
need to be assessed as well and an adequate thermal control system incorporated as necessary, which is due
to the high power required to supply an increased plasma density in the ICRH. Finally, superconductive
magnets should then be used in order to allow a more compact and less complex system, with respect to
conventional magnets. The next step for a future development would be to implement the results obtained
by TOPICA, in order to optimize the RF design and the thruster design at different power levels and to
arrive to a detailed system design.

IV. Plasma thruster modelling

A numerical model that describes the physics of the thruster is useful for a number of reasons: it permits
to understand the physics of the mechanisms involved, it gives direction on the optimization and design
of the experiment, it permits to predict the performance of the thruster, and it contributes to reduce the
number of experiments required. The model resembles the three physical stages of the thruster: the plasma
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Figure 5. Capacitor antenna: sample electric current magnitude distribution on conducting bodies and at plasma/air
interface.

Figure 6. Capacitor antenna: sample magnetic current magnitude distribution at plasma/air interface.

discharge, the RF plasma acceleration, and the magnetic nozzle. Aim of this section is to provide a global
time dependent model of a helicon source developed for producing plasma density above 1018 m−3. The
model combines a global plasma source simulation with a 0-dimensional gas-dynamic simulation. It accounts
for changes in the neutral density, ionization, excitation and dissociation. Outputs of the model are: the
density of each neutral and ionized specie, the electron density and temperature and the time history of each
particle/energy loss channel.10–12

IV.A. Plasma reactions

The plasma balance equations, for particles and energy, have been written for describing uniformly distributed
plasma inside of a region determined by the magnetic field configuration. The neutral interaction with plasma
has been considered in this work by coupling a 0-dimensional gas-dynamic model of the entire system, with
a global plasma model of the source. The interactions taken into account in the model are:

• neutral density reduction due to ionization;

• neutral dissociation (molecular species-atom species);

• zero dimensional gas dynamic analysis behavior in the plasma source and in the vacuum chamber;

• wall recombination and volume recombination in the main vacuum chamber.

The particle balance equations for the ionized particles and electrons are written in a particle flux form,
(particles/seconds m3). The general form for the balance equations of charged particles is:

dni

dt
= Γs

i − Γl
i − ΓW,i − ΓEXH,i (2)

Γs
i is for the i-specie the source term due to plasma processes, ΓL

i is the loss term due to plasma processes,
ΓWi is for the i-specie the loss term due to particle recombination at the wall (the particle diffuses through the
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Figure 7. Thrust efficiency as a function of the specific impulse using helium and argon.

wall sheath before reaching the wall), ΓEXH,i is the loss term due to the particle flow through the exhaust.
The reaction rates were obtained averaging the cross section for the specific reaction over a maxwellian
distribution:14

Kiz =
(

m

2πkTe

)3/2 ∫ ∞

0

σ(ν)ν exp
(
−mν2

2kT

)
4πν2dν (3)

where Te is the electron temperature in eV and m is the electron mass and σ the cross section. Wall losses
are calculated as in.10–12 Ions lost at the exhaust are calculated as:

LEXH = niuBAEXH (4)

uB =
√

kTe/mi (5)

with uB the ion Bohm’s velocity and AEXH is the geometrical exhaust area.
Another parameter affects the exhaust flow. At the exit of the plasma discharge section the magnetic

field increases and then decreases. This peak acts as a magnetic mirror that reflects part of the plasma
flow. Therefore the net flow is given by the difference between the incident flow and the reflected flow. To
calculate the electron temperature, the power balance equation has been written as follows (units W/m3):

PABS

Ve
=

d

dt

(
3
2
eneTe

)
+

∑

i

Pi + PW + PEXH , (6)

PABS is the deposited power into the plasma, which is assumed to be known, e is the electron charge, Te

is the electron temperature, Ve again the plasma volume, the Pi terms are the power lost in the i-reaction.
The general formula is:

Pi = KiETH,inenj (7)

where Ki is the rate constant for the specific reaction, ETH−i the threshold energy for the i-reaction,15 ne

the electron density, nj the density of the species involved in the i-reaction, PW is the power lost at the wall
due to the electron-ions flow, PEXH is the power loss associated with the electron and the ion flux at the
exhaust, assuming that the escaping velocity is the ion-Bohm velocity. Experimental results13 indicate the
presence of a hot tail in the electron population in hydrogen and helium discharge. This distribution has
been modelled summing two maxwellian distributions: one with the temperature of the bulk of the plasma
and one with the temperature of the hot tail.

IV.B. ICRH effect

The ICRH is expected to heat the plasma to ion temperatures in the order of 100 eV. Since the helicon
heats the plasma to an ion temperatures of less than 1 eV, it seems reasonable to consider cold (Ti=0 eV)
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the plasma arriving at the ICRH. Therefore, it has been assumed that the plasma flow entering the ICRH
region is monoenergetic with an axial velocity equal to u2.

The power deposited by the ICRH is absorbed by the plasma in the form of normal kinetic energy:

1
2
mv2

⊥2 =
PABS

n2u2A2
. (8)

IV.C. Magnetic nozzle

Downstream the ICRH, the magnetic nozzle converts part of the normal kinetic energy of the plasma into
parallel kinetic energy, and thus produces thrust. This conversion is effective until the plasma detaches from
the magnetic field lines. We assume that the detachment happens when the parallel kinetic energy density
(mnv2

||/2) becomes greater than the magnetic energy density (B2/2µ0).

V. Plasma modelling results

The results of the model can be summarized in Fig. 7 which shows the thrust performance of a 10 kW
thruster obtained from the optimization by using the evolutionary algorithms. Analogous simulations made
for input powers ranging from 1 kW to 100 kW gave results very similar to those shown. This means that
the thruster’s efficiency seems not to depend on the input power. The thrust performance increases with
the specific impulse basically because less power is needed to ionize the plasma and hence more power is
diverted on the ICRH antenna that boosts the plasma.

Although the lumped numerical model developed is simple, it gives a complete description of the physics
of the thruster. This makes it possible to simulate the plasma behavior in the desired configuration and to
determine the efficiency and thrust performance. The use of a finite-element model would have given more
detailed and accurate results, but it would have required longer computational times, not compatible with
the optimization process. The results of the model give the indication of the values of plasma parameters
that should be expected during the experiment, and thus they give the requirements of the diagnostics
needed. In particular the diagnostics should be able to measure plasma densities from 1017 m−3 to 1020

m−3 and electron temperatures up to 20 eV. The time evolution shows that the plasma probes should have
a frequency pass-band from 0 to 1 kHz.
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