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Abstract
Theoretical analyses of the internal and external dynamics of the plasma discharge in an helicon thruster
are summarized. The internal dynamics studies cover the processes inside the thruster chamber: plasma
production and heating, magnetic confinement, and subsonic flows. The external processes in the divergent
magnetic nozzle are: the two dimensional plasma expansion and detachment, and the thrust gain. The
formation of current-free double layers and its propulsive role are discussed too.

1. Introduction

Space plasma thrusters based on helicon sources are a subject of intensive current research[1, 2, 3, 4]. One of the
principal projects, and genuinely European, is HPHCOM (Helicon Plasma Hydrazine Combined Micro), funded by
the European Union within the 7th Framework Programme and conducted by a consortium of 15 institutions from 7
European countries. The main objective of the project is to design, test, optimize, and develop an helicon-based plasma
thruster in the range 50-100 watts. The first phase of the project has been devoted to a deep theoretical investigation
of the physics and critical parameters of helicon thrusters and the development of detailed numerical codes, that could
guide in the thruster design and the interpretation of thruster tests in vacuum chambers. This paper is devoted to
summarize the theoretical research carried out on the internal and external plasma dynamics in the helicon thruster.

2. Principles of operation

The main elements of a helicon thruster are (i) a feeding system that injects gas into a cylindrical vessel, (ii) a ra-
diofrequency(RF) antenna system that emits helicon waves in the range 1-30 Mhz, (iii) a first set of magnetic coils
surrounding the vessel, that creates a quasi-axial magnetic field required for an efficient plasma-wave energy absorp-
tion, and (iv) a second set of magnetic coils around the vessel exit, that configures a divergent magnetic nozzle. The
helicon wave is part of the family of whistler waves[5].

There are two stages in an helicon thruster: the production stage inside the plasma source and the acceleration
stage in the magnetic nozzle. Two types of processes take place inside the source: the resonant wave-plasma interaction,
leading to the deposition of wave energy into the plasma and the multiple phenomena governing plasma dynamics there.
A choked plasma flow is expected around the tube exit. Two other distinguished processes take place in the magnetic
nozzle: the supersonic plasma acceleration and its magnetic interaction with the thruster, and the detachment from the
magnetic nozzle. The four main processes are coupled but, in order to understand the main phenomena and parameters
at play, some extra assumptions are commonly made in order to treat each process independently. Subsequent studies
and numerical codes will look for a deeper and consistent coupling of the four independent models.

Beyond gaining insight in the plasma physics, a central goal of our research has been to understand well the
thrust mechanism on an helicon thruster and to assess its propulsive capabilities. In order to compete with other plasma
thrusters the helicon thruster must offer good figures for specific impulse, thrust efficiency, and thrust/weight ratio.
The two first figures-of-merit are directly related to the plasma discharge. First, since the helicon thruster is basically
an electrothermal accelerator, the specific impulse is proportional to the square root of the plasma internal energy.
Therefore a high plasma temperature is needed; observe that this condition is not required for an helicon source for
a non-propulsive application. Then, good thrust efficiency requires: (i) efficient wave-plasma energy conversion from
the antenna, (ii) near-total plasma ionization inside the vessel, (iii) efficient plasma heating, with small energy losses to
the walls, (iv) efficient conversion of internal energy into directed axial energy, minimizing plume divergence, and (v)
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efficient plasma detachment. Each of these requirements can be measured with a dedicated efficiency parameter. Some
of them will be discussed here.

Research in helicon thrusters has been much influenced by the Helicon Double Layer Thruster(HDLT) proposed
by Charles and Boswell[6]. These authors first reported the formation of a current-free double layer (CFDL) near
the interphase of an helicon source tube and a larger diffusion chamber[1] and related the presence of a supersonic
ion beam to the jump in electric potential across the CFDL[7]. Based on this, they suggested that ’the CFDL in an
expanding plasma could be the basis of an enhanced type of space plasma thruster’[1], referred later as the HDLT. The
formation of a CFDL in the expanding plasma and its propulsive role will be commented here too.

3. Internal plasma dynamics

There is much theoretical research done on the interaction of the RF wave emitted by the antenna with the plasma[5,
8, 9, 10]. The most common analysis is to assume a normal wave with a time dependence ∝ (iωt) and to solve the
Maxwell equations

∇ × E = −iωB, ∇ × B = iω ¯̄ϵ · E, (1)

where the dielectric tensor ¯̄ϵ(r) carries all the plasma information through its density ne(r) and collision-frequency
functions. The basic dispersion relation for a uniform and infinite plasma shows that two pairs of modes, helicon and
Trievelpiece-Gould(TG) waves, can propagate. Analyses for bounded, nonuniform plasmas are limited generally to
1D, radial models. The plasma-wave response depends mainly on the wave frequency ω, the magnetic field strength
B0 and the plasma density. Resonant absorption of the RF emission is most efficient in the parametric region where
the two pairs of modes propagate within the plasma column (i.e. they are not evanescent), interact with each other, and
absorption takes place preferentially through the TG modes and near the plasma edge. This is called the helicon or
blue mode in contrast to the inductive mode, when the waves penetrate evanescently within the plasma.

The 2D dynamics of the plasma inside the source depends on the vessel dimensions, the topology of the applied
magnetic field, the flow of injected gas into the vessel ṁ, and the spatial distribution of power absorbed from the
wave, pa(r). Functions pa(r) and ne(r) couple the plasma-dynamics and the plasma-wave interaction problems. The
goals of the plasma dynamics study are to determine: the plasma density profile, the plasma conditions at the vessel
exit –which constitute the upstream conditions for the supersonic plasma acceleration in the magnetic nozzle–, the
propellant utilization ηu –which should be high for efficient thruster operation–, the internal efficiency or ratio between
useful power and absorbed power, and the influence of the different governing parameters on the above magnitudes –in
order to optimize the design and operation of the thruster–.

3.1 Radial structure

In order to define a model tractable analytically we have assumed that the magnetic field is axial and constant and
the plasma temperature is constant. A variable-separation technique, already implemented successfully for the plasma
discharge in a Hall thruster[11], has been used here to decouple partially the radial and axial dynamics, which still
remain coupled through the local plasma recombination frequency at the lateral walls of the vessel.

The analysis of the radial model is detailed in Ref.[12]. The model invokes: the zero-Debye length limit –
in order to separate the Debye sheath and quasineutral plasma regions– and the zero-beta limit (beta is the thermal-
to-magnetic pressure ratio) –in order to neglect the magnetic field induced by azimuthal plasma currents–. Then,
the quasineutral response is characterized by three-dimensionless parameters, relating the electron gyroradius ℓe, the
electron collision mean-free-path λe, and the ion collision mean-free-path λi, to the tube radius R. Three parametric
regimes are distinguished: the unmagnetized regime, the main magnetized regime, and, for a low-collisionality plasma,
an intermediate-magnetization regime. The helicon source is expected to operate within the main magnetized regime
with

λd ≪ ℓe ≪ R ∼ λe, λi,

with λd the Debye length. The plasma radial structure in that regime consists of a diffusive region occupying the bulk
of the tube, followed by a quasineutral inertial layer and the Debye sheath. The typical thicknesses of these two layers
are ℓe and λd.

The plasma response in the bulk diffusive region is characterized by (a) small plasma radial drift ur and small
ambipolar electric field, (b) negligible ion azimuthal drift, (c) a large azimuthal electron drift uθe, and (d) the near
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Figure 1: Typical radial profiles for the bulk diffusive region[12].

balance of the expanding electron pressure gradient and the confining magnetic force created by uθe –as in z-pinch
equilibrium–. The radial profiles, plotted in Fig.1, satisfy

ne(r, z)
n0

= J0

(
a0

r
R

)
,

uθe(r, z)
ce

=
ℓe
R

a0
J1 (a0r/R)
J0 (a0r/R)

,
ur(r, z)

cs
=

uθe
ce

ℓe
λe
, (2)

with: n0 = n0(0, z) the density profile at the plasma axis; λe = λe(z) the collision mean-free path averaged radially;
cs =

√
Te/mi, ce =

√
Te/me; J0 and J1 Bessel functions and a0 ≃ 2.405 the first zero of J0. Notice that ur is normalized

with cs =
√

Te/mi and uθe with ce =
√

Te/me.
The transition to the inertial layer occurs when uθe ∼ ce and is characterized by electron-inertia effects limiting

further increments of uθe. Ion inertia is limited to a thinner sublayer, where the transition from magnetically-confined
to electrostatically-confined electrons takes place. This assures also a gentle transition to the Debye sheath.

The large electron azimuthal energy in the inertial layer yields a relevant contribution to the plasma energy
deposited in lateral walls. Nonetheless, these energy losses to the wall are moderate or small because of the strong
magnetic confinement, which implies a large radial decay in plasma density: the plasma flux to the wall scales pro-
portional to ℓ2e/(Rλe). The large density gradient near the wall can have some relevant effect on the plasma-wave
conversion via the Trivelpiece-Gould waves, but this aspect has not been investigated.

It will be found that competitive helicon thrusters require a high plasma temperature, a relatively-high density,
and a moderate magnetic field. These are conditions that make the plasma beta, β = neTeµ0/B2, non negligible. The
analysis of Ref.[12] has been extended in Ref.[13] to the non-zero beta case, when the magnetic field induced by the
azimuthal plasma current tends to demagnetize partially the plasma. Then, the plasma response is characterized mainly
by two dimensionless parameters, which are proportional to the electron gyroradius and the electron skin-depth, de,
and each of them measures the independent influence of the applied magnetic field and the plasma density. The strong
magnetic confinement regime, characterized by very small wall losses, is limited to the small gyroradius and large
skin-depth ranges. In the high-density case, when the electron skin-depth is smaller than the gyroradius, the plasma
behaves as unmagnetized and is confined only electrostatically. Therefore, the skin-depth turns out to be the magnetic
screening length of this stationary plasma column.

3.2 Axial structure

The axial model is analyzed in Ref. [14], based on a previous model by Fruchtman[15]. It works with r-averaged
magnitudes and determines, first, the plasma formation and neutral depletion, and second, the plasma flow towards
both the tube rear-end and front exit. Sonic plasma conditions apply at both tube ends. At the back plate a Debye
sheath forms and the plasma recombines. Ion collisions on the plasma flow are found negligible but they can affect
neutral dynamics. Minimum conditions in terms of plasma flow, tube length, and plasma temperature in order to achieve
near-total ionization are derived. The power losses to the lateral wall depend strongly on the magnetic confinement,
and they can be reduced to be a marginal effect for reasonable values of the magnetic strength. Figure 2, from Ref.[14],
shows (in dimensionless form) typical axial plasma profiles: the plasma velocity is sonic at the tube exit and backwards-
sonic at the edge of the rear Debye sheath; plasma density presents a maximum around the location where the plasma
flow changes direction; the neutral density decrement represents gas ionization; and νw is the plasma recombination
frequency at the wall, measuring wall losses.

The plasma temperature is assumed constant in the vessel. This simplification has some experimental support
and allows us to use a global energy balance, independent of the details of the 2D map of the absorbed power density,
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Figure 2: Typical axial profiles in dimensionless form for different values of the axial magnetic field (increasing along
the arrows)[14].
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Figure 3: Performance of the plasma source versus the total power absorbed from the RF wave for different magnetic
strengths (increasing along the arrows)[14].

to determine the plasma temperature. The energy balance yields

Pa = Pion + PW + PA + PE , (3)

where the absorbed power Pa =
∫

pa(r)dr is distributed into ionization power Pion, power losses to the lateral wall
PW , power losses to the back plate PA, and useful power at the tube exit PE . Indeed, Eq. (3) determines the plasma
temperature. If magnetic confinement is adequate wall losses are small and one has

Pa ≃ ηu
ṁ
mi

2
[
3Te + E′ion(Te)

]
, (4)

with E′ion the effective ionization energy of the gas (including excitation/radiation losses).
The contribution of the helicon source to thrust efficiency is

ηint(Te) =
PE

Pa
≈ ηcur

1 + E′ion/(3Te)
, ηcur =

IE

I
(5)

with I the total current of plasma produced and IE the current at the source exit. The expression for ηint indicates
that, since the helicon thruster is basically an electrothermal thruster (where the directed axial energy of the down-
stream plasma jet comes from the internal plasma energy) the plasma temperature must be high in order that the thrust
efficiency be acceptable.

Figure 3 plots plasma performances. The functional relation between Te and Pa comes from Eq. (3). As the
magnetic field is increased losses to the tube walls decrease and larger values of Te are obtained for the same absorbed
power. Observe that near total ionization is easily achieved but the current efficiency ηcur is quite low. This is due to
the simple magnetic configuration assumed in the model, where there is not magnetic confinement at the tube rear-end.
As a consequence, IA ≃ IE , ηcur < 0.5, and energy losses at the rear end are unacceptably large. Hence, some kind of
magnetic confinement (e.g. a magnetic mirror) must be placed there.

4. Plasma expansion in a magnetic nozzle

4.1 Plasma acceleration and thrust transmission

In addition to the helicon thruster, axisymmetric magnetic nozzles, created by an external set of coils, are being used
in different propulsion devices under research, such as the Applied-Field MagnetoPlasmaDynamic Thruster[16], the
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Figure 4: (Left)Magnetic/electron streamtubes (solid) and ion streamtubes (dashed); the color map represents the
plasma Mach number, and the radial increase of M is due to plasma rarefaction. (Center) F/F0 is the thrust gain along
the divergent magnetic nozzle; Fi/F0 is the ratio of ion-momentum-thrust to total-thrust at the nozzle throat; blue and
red lines represent two different cases. (Right) Plume efficiency as ratio of axial-to-total energy flux of ions at different
sections of the nozzle.

VASIMR[17], and the Divergent Cusp Field Thruster[18]. There is a simple analogy between the acceleration of a
magnetized plasma in a magnetic nozzle and of a neutral gas in a solid (deLaval) nozzle. In both cases, the plasma flow
has a regular sonic transition at the nozzle throat and accelerates supersonically afterwards. However, plasma physics
in a magnetic nozzle are far more complex than gas dynamics in a solid nozzle, because of the different plasma energy
forms, plasma azimuthal currents, self-magnetic fields, and the plasma detachment issue.

Ref.[19] presents a 2D model of the expansion of a collisionless plasma in a divergent magnetic nozzle, in the
limit of magnetically-guided electrons and zero-beta. Thus, magnetic streamtubes are the streamtubes of electrons.
However, ions, which are usually weakly magnetized and have a large inertia, present less divergent streamtubes
except at the plasma-vacuum edge, which defines the magnetic nozzle shape [Fig. 4(left)]. This separation of ion and
electron streamtubes creates small longitudinal currents, breaking current ambipolarity even if the plasma is globally
current-free. It also imparts a slight azimuthal rotation to ions. Nonetheless, the main azimuthal or Hall current is the
one due to electrons. This creates (perpendicular to the magnetic lines) a confining magnetic force that balances the
pressure gradient at the nozzle throat. More downstream, an ambipolar electric field perpendicular to the magnetic
lines is formed[20] which, on the one hand, bends the ion streamtubes towards the electron streamtubes and increments
plasma radial rarefaction –this was already high because of the magnetic confinement–.

The two functions of a divergent solid nozzle on a neutral gas are (i) the conversion of thermal energy into
directed kinetic energy, and (ii) a thrust gain through the pressure on the nozzle walls. Two equivalent processes take
place in a magnetic nozzle. First, ions gain directed kinetic energy from conversion of the electron thermal pressure, via
the ambipolar electric field. Second, there is a thrust gain but, since the magnetic nozzle has no walls, the mechanism
is not a contact force (i.e. the plasma pressure) but the magnetic reaction force of the plasma current on the magnetic
circuit of the thruster. These are illustrated in Fig. 4(center). Figure 4(right) shows the plume or nozzle efficiency as
the ratio of axial-to-total power on ions. The plasma performance in the nozzle, both in terms of thrust gain and nozzle
efficiency, is favored by a weak magnetization when radial rarefaction of the plasma beam is lower. Nozzles with low
divergence-rates are also better in terms of plasma performances but require heavier and bulkier coils.

The main contribution of the azimuthal plasma current comes from electrons and is diamagnetic. The small ion
contribution is paramagnetic and has a negative impact on thrust. Figure 5(a) shows the correct directions of the circuit
and plasma currents in a propulsive magnetic nozzle and the action and reaction forces they exert; notice that this is
a clear example of the basic law that currents running in opposite directions repel each other. The case of Fig. 5(b)
would lead to plasma deceleration within the nozzle at the cost of reducing thrust.

4.2 Plasma detachment

The magnetic nozzle is an excellent vehicle to accelerate supersonically a plasma jet without wall contact. But once
this is achieved, it is a burden since the beam needs to detach from the magnetic lines; otherwise, the beam would
accelerate radially and turn back towards the thruster structure.

Reference[21] makes a detachment analysis based on the nozzle model of Ref.[19]. The detachment mecha-
nisms proposed in the literature can be grouped in two types: diffusive detachment and magnetic stretching. Diffusive
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Figure 5: (a) Circuit and plasma currents for a propulsive magnetic nozzle. (b) Circuit and plasma currents leading to
magnetic stretching, not found in a propulsive magnetic nozzle.

detachment can be caused by either plasma resistivity [22] or electron-inertia[23] and existing studies consider that the
plasma beam detaches inwardly or convergently from the magnetic nozzle. However, we have shown, based on the
azimuthal momentum equation for electrons, that electron diffusion by any of these two effects leads to outwards or
divergent detachment, which is undesirable.

Detachment via magnetic strectching[24] was proposed for high-density plasma, with non-zero beta. It assumes
that the induced magnetic field increments the applied field, thus stretching the effective magnetic nozzle. The plasma
beam, by remaining attached to the resulting magnetic nozzle, would detach effectively and inwardly from the applied
magnetic nozzle. Again, we have shown that this mechanism does not apply to a propulsive magnetic nozzle. The
argument is quite simple: for the case of interest, sketched in Fig. 5(a), when plasma currents are diamagnetic, the
induced magnetic field opposes the applied field, and therefore the resulting magnetic nozzle is more divergent than the
one due to the applied field exclusively. Magnetic stretching would correspond to Fig. 5(b) which is not of application
here.

Hence, our detachment analysis in a propulsive magnetic nozzle concludes that a major revision of the subject
is necessary in order to identify the correct mechanism for convergent detachment. Our analysis suggests two basic
processes as possible alternatives. The first one is simply plasma demagnetization, which here means electron demag-
netization and would be caused by the opposite signs of the applied and induced magnetic fields and the increase of the
induced-to-applied magnetic field ratio as the plasma moves downstream. The second alternative would be electrostatic
separation and relies on the large radial rarefaction of the plasma which increases dramatically as the turning point of
the magnetic nozzle is approached. This can cause the breaking of the quasineutrality condition so that the ion beam
detaches from the electron beam. Further work on these detachment mechanisms is in progress.

5. Current-free double layers

Charles and Boswell found that sometimes a CFDL forms in the plume emitted by a helicon source and claimed it to
constitute a novel and efficient acceleration mechanism. Previous studies and experiments on CFDLs had shown that
they always form in plasmas with two electronegative species of disparate temperatures (cold and hot electrons or cold
ions and hot electrons). Also, three different types of CFDLs exist depending on the entrance and exit conditions of the
flow.

References [25] and [26] discussed a quasi-1D model of the acceleration of a three-species plasma (i.e. with two
electron populations of different temperatures) in a convergent-divergent nozzle with the aim to understand and char-
acterize the non-neutral CFDL and, its gentler form, the quasineutral steepened layer (QSL). It was shown that these
structure appear as a consequence of the anomalous thermodynamics of a 3-species plasma. As the ambipolar electric
potential decreases downstream the cold electron population is confined more strongly than the hot one. Therefore,
although the cold population is expected to dominate the plasma density upstream, the hot population ends dominating
downstream. Since the electric field is proportional to the local plasma temperature, a profile steepening occurs when
the hot population becomes dominant, which we call a QSL.

For a simple plasma –without hot electrons– the sound speed is constant and the plasma undergoes a sonic
transition at the magnetic nozzle throat. For a three-species plasma, the plasma Mach number is also 1 at the throat
but the Mach number function can be nonmonotonic because of the sound speed changes with the local electron
temperature. For small populations of very hot electrons, the supersonic Mach number function in the divergent side of
the nozzle presents a minimum. The change of structure, from a QSL to a CFDL (which is a discontinuous surface in
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Figure 6: (Left) QSL and DL formation in an expanding plasma from the quasi-1D model; α is the upstream hot-to-
cold electron ratios for density and temperature, respectively; σ characterizes the nozzle expansion area. (Right) Maps
of the ambipolar electric field and equipotential lines, illustrating the presence of a QSL from the 2D nozzle for τ = 9.

the quasineutral scale), happens when that minimum tends to be subsonic and the quasineutral plasma cannot manage,
with a regular solution, three sonic points.

The parametric regions, in terms of density and temperature ratios between the two electron populations, for the
QSL and the CFDL were determined. The QSL/CFDL location moves upstream as the density ratio increases, as Fig.
6(left) illustrates. Apart from the fulfilment or not of quasineutrality, a CFDL and a QSL do not differ much. Any
difference is further blurred because the CFDL is a weak DL, that is one with a small percentage of relative charge
separation, which extends tens or hundreds of Debye lengths.

Reference [27] generalizes the 2D model of the magnetic nozzle of Ref.[19] to include plasmas with two electron
populations. This has allowed us to observe the 2D structure of a QSL [Fig. 6(right)]. Apart from recovering the 1D
axial properties, the curved shape of the QSL and the nozzle efficiency were determined. The 2D model, being fully
quasineutral, was not able to treat the CFDL.

The CFDL is certainly an interesting entity in plasma physics studies. However, for helicon thrusters, its interest
lies in how it changes the plasma response and specifically on whether there is a gain in the propulsive capabilities
of the device. Charles and Boswell base their prospects in the HDLT on the fact that ions are greatly accelerated
across a CFDL. However it is known that the total plasma momentum remains unchanged across a DL[28, 29]: within
the DL there is just a transfer of electron momentum to ion momentum. Therefore there is no thrust gain associated
to the formation of a CFDL. All thrust gain in the divergent magnetic nozzle comes from the magnetic force of the
plasma azimuthal currents, and the CFDL do not seem to change them. Any variation in propulsive efficiency in a three
species plasmas (compared with a simple plasma with the same absorbed power) is marginal and due to details of the
electron distribution function. Indeed, our studies with 1D and 2D models detect, in general, a small efficiency loss in
a 3-species plasma.

6. Conclusions

The theoretical investigation reported here has provided much insight into the multiple processes shaping the plasma
dynamics in the production and acceleration stages of an helicon thruster. To a large extent, the dominant phenomena,
parameters, and regimes have been identified. The most complete and interesting analyses are on the plasma expansion
and detachment in a magnetic nozzle and the formation of current-free double layers. Further and more detailed
investigation will be better accomplished with more general models, which require more intensive numerical tools,
transiting from what is considered a theoretical model to a simulation code.
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