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PLASMA DYNAMICS IN A HELICON THRUSTER
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Internal and external plasma dynamics in a helicon thruster are discussed
through several theoretical models. Main plasma processes inside the
helicon source are: wave energy absorption, gas ionization, magnetic
confinement, Hall current formation, and subsonic plasma flow. The
processes taking place in the external divergent magnetic nozzle are:
axial supersonic acceleration, radial rarefaction, Hall current evolution,
thrust increment, and downstream detachment. The possible formation
of a current-free double layer (CFDL) is discussed too. Emphasis is
put in aspects affecting the propulsive capabilities of the device, such as
specific impulse and thrust efficiency.

1 INTRODUCTION

Space plasma thrusters based on helicon sources, known as helicon thrusters,
are a subject of intensive current research [1 4]. One of the principal projects,
and genuinely European, is HPH.COM (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 [5].
The main objective of the project is to design, build, and test a helicon thruster
in the range 50 100 W. In the first phase of the project, an important effort was
devoted to a deep theoretical investigation of the physics and critical parameters
of helicon thrusters that could guide the thruster design, the development of
detailed numerical codes, and the interpretation of experimental results from
built prototypes. This paper reviews succinctly the main physical phenomena of
the plasma discharge in a helicon thruster based, mainly, on the research carried
out by our team for HPH.COM and detailed in several papers.

The main elements of a helicon thruster are a feeding system that injects gas
into a cylindrical quartz tube, a radiofrequency (rf) antenna that emits helicon
waves in the range 1 26 MHz, a set of coils surrounding the vessel that creates
a quasi-axial magnetic field of 100 1000 G typically. The magnetic field has
a triple function: (i) to facilitate an efficient plasma wave energy absorption;
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(#4) to confine the plasma from the tube walls; and (iii) to create a divergent
magnetic nozzle outside the tube [6].

Like in other plasma thrusters [7], two stages are distinguished in a heli-
con thruster: the production stage inside the helicon source and the acceleration
stage in the magnetic nozzle. Helicon sources are much appreciated for industrial
applications due to the high-density plasma they produce [8]. Like a divergent
solid nozzle, a magnetic nozzle is expected to convert thermal energy into ax-
ial kinetic energy and deliver a thrust increment from the interaction with the
plasma.

Beyond gaining insight in the plasma physics and processes, a central goal
of the research has been to understand well the thrust transmission mechanisms
and to assess the propulsive capabilities of a helicon thruster. In order to com-
pete with other plasma thrusters, the helicon thruster must offer good figures
for specific impulse, thrust efficiency, lifetime, reliability, thrust/mass ratio, etc.
These figures-of-merit are much related to the behavior of the plasma discharge.
First, good thrust efficiency requires: (4) efficient wave plasma energy conver-
sion; (ii) near-total plasma ionization inside the vessel; (iii) efficient plasma
heating, with small energy losses to the tube walls; and (iv) efficient conver-
sion of internal energy into directed axial energy, with small plume divergence.
Second, the energy conversion in the magnetic nozzle means that the specific
impulse (roughly, the downstream plasma axial velocity) is proportional to the
square root of the plasma thermal energy inside the source, as in an electrother-
mal accelerator. Since industrial helicon sources operate with low-temperature
plasmas (say, 3 5 eV), they require to be modified for this application and,
perhaps, to operate in a different regime. Third, a prominent advantage of a
helicon thruster is the lack of electrodes and the small interaction with walls
(thanks to the magnetic confinement and nozzle), with clear benefits in terms of
(¢) erosion/lifetime and (i¢) heat loads on the structure.

Section 2 is devoted to the plasma physics inside the helicon source, i.e., to
the production stage. Two types of processes take place there: first, the wave
plasma interaction that leads to the deposition of wave energy into the plasma
column; and second, the usual plasma dynamics processes (ionization, heating,
confinement, and flowing towards the tube exit).

Section 3 explains the plasma processes in the magnetic nozzle: supersonic
acceleration, thrust transmission, and detachment.

Section 4 reviews the formation of a CFDL in and expanding plasma and its
possible propulsive benefit. A CFDL was first observed at the exit of a helicon
source by Charles and Boswell [9]. The formation of a supersonic ion beam across
the CFDL [10] led them to suggest that ‘the CFDL in an expanding plasma could
be the basis of an enhanced type of space plasma thruster,” referred later as the
Helicon Double Layer Thruster (HDLT') [11]. That claim has biased heavily the
research in helicon thruster physics and merits a discussion.
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2 PRODUCTION STAGE

2.1 Plasma Wave Interaction

There is much theoretical research done on the interaction of the rf wave emitted
by the antenna and a cylindrical plasma [12 15]. The typical analysis considers a
normal wave with a time dependence x (iwt) and solves the Maxwell equations:

VxE=—iwB; VxB=iwe-E (1)

where the dielectric tensor €(r) carries all the plasma information through its
density n.(r) and collision-frequency functions [16]. The typical frequency hier-
archy in a helicon source is [12]

Ve,Wih KW K Wee K Wpe, (2)

with wpe = (€®ne/(egme)) /? the plasma frequency, we. = eB/m, the electron
cyclotron frequency, wyy, ~ eB/(mem;)'/? the lower-hybrid frequency, and v, the
effective electron collision frequency; other symbols are conventional.

Helicon waves pertain to the branch of whistler waves; in a cold, unbounded
plasma, no other waves can propagate in the regime of inequalities (2). For an
axial, uniform magnetic field and a uniform plasma, the wave dispersion relation

reduces to
w

k*d? = (3)
where k is the wavenumber; 6 is the angle between the wavenumber and the
magnetic field; and d, = (m./(e?uon.))*/? is the collisionless electron skin depth.
For v, < w, Eq. (3) presents a quasi-resonance at w = w. cosf. For k| = kcosf
given, the four solutions of Eq. (3) correspond to a pair of helicon waves and
a pair of Trievelpiece Gould (TG) waves. The TG waves are short-wavelength
and dissipative and appear usually as surface waves. For given w and B, there
is a finite range of n. where both helicon and TG waves propagate within the
plasma column and efficient energy absorption is achieved [13, 14]. This is called
the helicon or blue mode in contrast to the inductive mode, when the helicon
waves penetrate evanescently within the plasma.

The wave energy is deposited mostly in the electrons and is spent in ionizing
and heating the gas. Nonetheless, the electron heating process is poorly known
yet. First, most analyses are limited to a one-dimensional (1D) cold plasma
column, confined in a closed cylindrical resonator (with strong wave reflections
at the two tube ends) [14, 15, 17], while few studies attempt to address the case
of a longitudinally nonuniform plasma flowing out of the tube [18]. Second, sev-
eral experiments (but not all) have detected the presence of a two-temperature
population of electrons [19 21]. However, the conditions propitiating the gener-
ation of highly-energetic electrons and the resulting form of the electron velocity

FWee €080 — (W + i)
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distribution function (VDF) remain to be clarified. This seems crucial since a
two-temperature electron VDF may affect significantly plasma ionization and
expansion and the formation of a CFDL.

2.2 Radial Dynamics

In order to derive a model tractable analytically, let consider that the magnetic
field is purely axial and constant, the plasma temperature is constant too, and
the tube is slender. Furthermore, a variable-separation technique, already im-
plemented successfully for the plasma discharge in a Hall thruster [22], is used
in order to decouple the radial and axial dynamics, except for the local plasma
recombination frequency along the tube lateral wall.

The main analysis of the radial model was carried out in [23]. The plasma in
the helicon source is expected to behave in a magnetized regime characterized by

Cs 2/’[’0n€T€
n), o

A< le €< R; ViSO(Ve)SO(R

where Ay = (e0T./(e?*m.))"/? is the Debye length; f, = c./we. is the electron
gyroradius; R is the tube radius; ¢ = \/T./m; is the sound speed (for T; < T¢);
ce = /Te/ne is the electron thermal speed; and v; and v, are the typical collision
frequencies for ions and electrons. Then, the radial structure of the plasma
consists of (1) a diffusive region occupying the bulk of the tube, followed by
(2) a quasineutral inertial layer and (3) the Debye sheath (Fig. 1). The typical
thicknesses of these regions are R, ¢, and )4, respectively.

The plasma response in the bulk, diffusive region, is characterized by (i) a
small plasma radial drift v, and a small ambipolar electric field; (i7) a negligible
ion azimuthal drift; (i77) a large azimuthal electron drift ug.; and (iv) the near
0-pinch equilibrium of the expanding electron pressure gradient and the confining

magnetic force created by jg. = —encuge, i. €.,
0(Tun )
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Figure 1 Sketch of the plasma regions inside the tube
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Figure 2 Typical radial profiles for the bulk diffusive region [23]

In the magnetized regime, the radial profiles satisfy

ne(r,z) AN uge(r,z2) E_ea Ji(aor/R)
no '\MR)" Ce "R Jo (aor/R) ’ (5)
ur(r,2)  uge VeR E_e
Cs ¢ ¢s R

with ng = ng(0,2) the density profile at the plasma axis, Jy and J; Bessel
functions, and ag ~ 2.405 the first zero of Jy. Notice that u, is normalized
with ¢s and wug. with c.. The universal solution of Egs. (5) is plotted in Fig. 2.
The transition to the inertial layer occurs when ug. ~ c. and is characterized
by electron-inertia effects limiting further increments of ug.. Ion inertia is lim-
ited to a thinner sublayer where the transition from magnetically-confined to
electrostatically-confined electrons takes place. This assures also a gentle tran-
sition to the Debye sheath.

The universal solution for n.(r) in Eq. (5) is the one to be used in the dielec-
tric tensor for the plasma wave interaction problem of Eq. (1). In particular,
for the common 1D radial model commented before, it was found that the qual-
itative features of the solutions of the wave dispersion relation (for instance, the
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presence of quasi-resonances) are little affected by the details of the plasma den-
sity profile [24]. From Egs. (5) and conditions at the inertial and Debye layers,
the plasma density at the sheath edge S satisfies

2
NeS VR (Y,
~ 1.25 —
ng Cs (R)

which proves the strong plasma confinement achieved by the magnetic field. Val-
ues of nes/ng = O(1072) have been observed by Tysk et al. [25]. The main result
from the inertial layer is the determination of the electron azimuthal energy. For
electrons collected by the wall, the azimuthal energy is the main contribution to
the energy deposited into the wall (see Py in Eq. (6) below).

The zero-beta response assumed up to here could be unsuitable if efficient
helicon thrusters can operate with high plasma temperature and density, and
a moderate magnetic field. The zero-beta analysis of [23] has been extended
in [26] to 8 = O(1), when the magnetic field induced by the azimuthal plasma
current tends to demagnetize partially the plasma. Within conditions (4), the
plasma response is then characterized by two dimensionless parameters, which
are proportional to the electron gyroradius, ., and the electron skin-depth, d.,
and each of them measures, respectively, 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, i. e., £, < d.. In the high-density case, when the electron
skin-depth is smaller than the gyroradius (i.e., 3 = 2¢2/d? is large), most of the
plasma column is unmagnetized and the confinement is weak, with n.s/ng ~ 0.6.
In this last case, the skin-depth is shown to be the screening length of the applied
magnetic field at the edge of the plasma column.

2.3 Axial Dynamics

The axial dynamics of the plasma inside the tube has been analyzed in [27].
The model, based on a previous one by Fruchtman [28], works with r-averaged
magnitudes and determines both the axial depletion of the gas injected at the
tube back-plate and the structure of the plasma density and flow. At the rear of
the tube (see Fig. 1), a Debye sheath forms and the ions reach its edge with the
Bohm (or sonic) velocity. These ions recombine at the wall and are reemitted
with the injected gas. At the open end of the tube, the plasma flow is choked.
The power losses to the lateral wall depend strongly on the magnetic confine-
ment, and they can be reduced to be a marginal effect for reasonable values of the
magnetic strength. Figure 3 shows (in dimensionless form) typical axial profiles.
Observe that 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
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Figure 3 Typical axial profiles in dimensionless form for different values of the axial
magnetic field (increasing along the arrows) [27]: #@.; — plasma axial velocity; 72 —
plasma density; 7, — neutral density; and 0., — effective recombination frequency at
the lateral wall

the location where the plasma flow changes direction; the decrement of neutral
density represents the gas ionization spatial rate; and v,, is the plasma recom-
bination frequency at the lateral wall, measuring wall losses. Ion collisions on
the plasma flow are found negligible but they can affect neutral dynamics. Min-
imum conditions in terms of plasma flow, tube length, and plasma temperature
in order to achieve near-total ionization of the gas are obtained and do not seem
difficult to achieve (if the rf wave energy is absorbed efficiently).

The model assumes a constant electron temperature. There are three reasons
supporting this choice. First, there is some experimental support. Second, since
most of the electron population is confined effectively by walls and the down-
stream potential fall, large thermalization is quite plausible. Third, a noncon-
stant temperature model is dependent on the spatial distribution of the absorbed
wave energy, but this is very poorly known yet. Then, the constant 7, can be
determined from a global energy balance inside the tube. This yields [27, 28]

Pa:Pion+PW+PA+PE (6)
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where the absorbed power P, = [ p,(r)dr is spent into: ionization (and ra-
diation) power P, power losses to the lateral wall Py, power losses to the
back plate P4, and useful power at the tube exit Pr. The contributions on
the right-hand-side depend on 7. and other plasma parameters and their ex-
pressions are obtained from the radial and axial models. In fact, Eq. (6) yields
P,(T.) explicitly, wherefrom T, (FP,) is derived.
If magnetic confinement is effective, Py is small and Eq. (6) becomes

Ly

Pa = T [BTE + Ei/on(Te)}

m;
with E{ , the effective ionization energy of the gas (including excitation/
radiation losses) and 7, the propellant utilization.

In the optimal case, the contribution of the helicon source to thrust effi-
ciency is

ot (T2) = Pp Tew _Ie
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Figure 4 Performance of the plasma source vs. the total power absorbed from the rf
wave for different magnetic strengths (increasing along the arrows) [27]
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with I the total current of plasma produced in the source and Iz the current
at the source exit. The expression for 7, indicates that the helicon thruster
behaves as an electrothermal thruster (where the directed axial energy of the
downstream plasma jet comes from the internal plasma energy). Therefore, the
plasma temperature must be large in order the thrust efficiency be acceptable.

Figure 4 plots plasma performances. The functional relation between T, and
P, comes from Eq. (6). As the magnetic field is increased, losses to the tube
walls decrease and larger values of T, are obtained for the same absorbed power.
Observe that near-total ionization is easily achieved but the current efficiency
Neur 18 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, I4 ~ Ig, neur < 0.5, and energy losses at the rear end are
unacceptably large. These large losses at the back plate can be reduced by a
more elaborate magnetic topology that screens magnetically the plasma from
the wall.

3 ACCELERATION STAGE

3.1 Plasma Expansion in the Magnetic Nozzle

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 [6]. However, plasma physics in a magnetic
nozzle are far more complex than gas dynamics in a solid nozzle, because of the
different forms that the plasma can store energy [29], the presence of azimuthal
electric currents and self-induced magnetic fields, and the plasma downstream
detachment issue. Notice that, beyond helicon thrusters, studies of magnetic
nozzles are of interest for other propulsion devices under current research, such
as the Applied-Field MagnetoPlasmaDynamic Thruster [30], the VASIMR [31],
and the Divergent Cusped Field Thruster [32].

A two-dimensional (2D) fluid model of the expansion of a collisionless plasma
in a divergent magnetic nozzle, in the limit of magnetically-guided electrons and
zero-beta was derived in [33]. In that case, the electron streamtubes coincide
with the magnetic streamtubes, with the electron fluid advancing helicoidally on
magnetic surfaces. On the contrary, for typical magnetic strengths and propel-
lants, ions are usually weakly magnetized, and their large inertia makes the ion
streamtubes less divergent than the electron/magnetic streamtubes, except at
the plasma vacuum edge which defines the magnetic nozzle shape (Fig. 5). This
separation of ion and electron streamtubes creates small longitudinal currents,
breaking current ambipolarity, even if the plasma is globally current-free, as it is
the case. The ion/magnetic separation also leads to a slight azimuthal rotation
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nonuniform plasma beams at the throat,
respectively

of ions, but the main azimuthal cur-
rent is the Hall current due to electrons.
The electron equilibrium perpendicular
to the magnetic streamtubes consists of
the confining magnetic force, due to the
Hall current, the confining -electric
force, and the expanding pressure gra-
dient [34]. The radial ambipolar elec-
tric field is also responsible for bending
the ion streamtubes towards the elec-
tron streamtubes; in doing that, it in-
crements plasma radial rarefaction. As
a consequence, the plasma flow in a
magnetic nozzle has much larger radial
gradients than the gas flow in solid noz-
zles.

The two functions of a divergent
solid nozzle on a neutral gas are (i) the
conversion of thermal energy into di-
rected kinetic energy; and (ii) to in-
crease the thrust by the gas interaction
with the nozzle. Two equivalent pro-
cesses take place in a magnetic nozzle.
First, ions get directed kinetic energy
from conversion of the electron thermal
energy via the ambipolar electric field.
Second, there is an increment of the ax-
ial momentum of the plasma (summing
ion and electron contributions) and, as-
sociated to it, an increment of thrust.
Since the magnetic nozzle has no walls,
the mechanism of thrust transmission is
not a contact force (i. e., the pressure of
the gas on the divergent walls of a solid
nozzle) but the magnetic reaction force
of the plasma current on the magnetic
circuit of the thruster. The action and
reaction forces are illustrated in Fig. 6.
Figure 7 shows the plume or nozzle ef-

ficiency, defined as the ratio of axial-to-total power on ions. The plasma per-
formance 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 a low divergence rate are also better in terms of plasma
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performances but require heavier and
bulkier coils.

The main contribution of the az-
imuthal plasma current comes from
electrons and has a diamagnetic char-
acter. The small ion contribution is
paramagnetic and has a negative im-
pact on thrust. Figure 8a shows the
correct directions of the circuit and
plasma currents in a propulsive mag-
netic nozzle and the action and reac-
tion forces they exert; notice that this
is just an straightforward application
of the basic law stating that currents
running in opposite directions repel
each other. The case of Fig. 86 would
lead to plasma deceleration along the
nozzle and a decrement of thrust.

Y Je
To ey [

(a)

1.0

0.9F \

n plume
/

0.8 N

T

-~

07+
1

Figure 7 Plume or nozzle efficiency as
ratio of axial-to-total energy flow of ions
along the nozzle. Solid and dashed curves
represent uniform and nonuniform plasma
beams at the throat, respectively

(b)

Figure 8 Coil (black) and plasma (grey) currents for a propulsive magnetic nozzle
configuration (a) and for the magnetic stretching configuration suggested in [37] (b)

3.2 Plasma Detachment

The magnetic nozzle seems an excellent device to accelerate supersonically a

plasma jet without wall contact.

But once the acceleration is achieved, the

beam needs to detach from the magnetic lines; otherwise, the beam would turn
back with the magnetic lines towards the thruster structure. Visual observation
in vacuum chamber testing suggests that most of the plasma beam detaches from
the magnetic nozzle but there is not a well established theory of the process and
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its quantitative influence on nozzle efficiency. The detachment mechanisms that
had been proposed in the propulsion-related literature can be grouped in two
types: diffusive detachment [35, 36] and magnetic stretching [37]. We have dis-
puted the validity of these mechanisms for propulsive magnetic nozzles in recent
works [38 40].

Diffusive detachment would be caused by via either plasma resistivity [35]
or electron-inertia [36] and would provide an inwards plasma detachment from
the magnetic streamtubes. In [39], we assessed how the two mechanisms drift
electrons away from magnetic tubes and showed that the detachment is out-
wards from magnetic tubes, instead of inwards, thus worsening, in a sense, the
plasma detachment issue. Both effects were quantified, showing that electron-
inertia diffusion increases as the beam moves downstream and can be prominent
there. In [40], we included electron-inertia effects in our previous 2D model,
leading to generalized electron laws for conservation of mechanical energy and
angular momentum, and the azimuthal drift. It was confirmed that local current
ambipolarity is incompatible with the 2D expansion of a plasma with partially-
magnetized ions. Furthermore, we showed that Hooper’s theory on inwards
electron-inertia detachment was inconsistent because it assumes current am-
bipolarity at the cost of not fulfilling the equation for the electron azimuthal
drift.

Detachment via magnetic strectching [37] proposes that, in a high-density
plasma, there is a significant induced magnetic field, which increments the ap-
plied field, thus stretching the effective magnetic nozzle. The plasma beam, by
remaining attached to the resulting magnetic nozzle, would detach efficiently
and inwardly from the applied magnetic nozzle. The theory was set in an ideal
magnetohydrodynamics scenario, with fully-magnetized ions and a cold plasma,
a case not suitable for a propulsive magnetic nozzle. Indeed, for the case of
interest, sketched in Fig. 8a, 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. Mag-
netic stretching would correspond to Fig. 80 with parametric plasma currents,
leading to plasma deceleration and thrust decrement, which does not correspond
to a propulsive magnetic nozzle.

The present studies suggest that detachment takes place by the conjunction of
four phenomena. First, as shown in Fig. 4a, there is detachment of the partially-
magnetized ion flow (which bears most the plasma momentum) from the mag-
netic streamtubes. Second, as the nozzle diverges, the magnetic field decreases
inversely to the cross-section area and eventually the plasma becomes demag-
netized. Third, plasma demagnetization is reinforced by the induced magnetic
field, the effect being observed even for low-beta plasmas at the source exit [38].
And fourth, the strong perpendicular rarefaction of the beam tends to build up
space-charge effects near the beam edge, which reinforces the detachment of the
ion flow.
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4 CURRENT-FREE DOUBLE LAYERS

Charles and Boswell found that a CFDL forms sometimes 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 tempera-
tures (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 [41, 42] 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 characterize the
nonneutral CFDL and, its gentler form, the quasi-neutral steepened layer (QSL).
It was shown that these structures appear as a consequence of the anomalous
thermodynamics of a three-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 dom-
inate the plasma density upstream, the hot population ends dominating down-
stream. Since the electric field is proportional to the local plasma temperature,
a profile steepening, called a QSL, occurs when the hot population becomes
dominant.

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

4=0.12 |
0.339
0.30
-5 0.20
&o -10* }
< 1
® 15 |
|
20 |
|
_25 Il l Il Il

|
.10 -05 00 05 10 15 20
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Figure 9 Electric potential steady-state profile showing the presence of a QSL or
a double layer in a plasma expanding in a quasi-1D convergent divergent nozzle with
a hot-to-cold electron temperature ratio of 16; discontinuities correspond to a double
layer; o — upstream hot-to-cold electron density ratio and 7., — temperature of the
cold electron population
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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 the quasi-neutral scale), happens when that
minimum tends to be subsonic and the quasi-neutral 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 in [41]. The QSL/CFDL location moves
upstream as the density ratio increases, as Fig. 9 illustrates. Apart from the
fulfilment or not of quasi-neutrality, a CFDL and a QSL do not differ much.
Any difference is further blurred because the CFDL is a weak double layer, that
is, one with a small percentage of relative charge separation which extends tens
or hundreds of Debye lengths.

In [43], the 2D model of the magnetic nozzle of [33] is generalized to include
plasmas with two electron populations. The 2D model, being fully quasi-neutral,
is able to reproduce the QSL but cannot enter the CFDL regime. Apart from
confirming the main 1D axial properties, this work showed that the QSL has a
curved shape, as seen in Fig. 10. This makes less plausible a possible focusing
benefit that could arise if the QSL were planar and could focus the plasma
beam.

The CFDL is, certainly, an interesting entity in plasma physics studies. How-
ever, for helicon thrusters, its interest lies in how it changes the plasma response

Electric field
T ] [ [ [ .

00 05 10 15 20 25 3.0
3

Figure 10 Maps of the ambipolar electric field and equipotential lines, illustrating
the presence of a QSL from the 2D nozzle model for a hot-to-cold electron temperature
ratio of 9 [43].
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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 double layer [44, 45]: within the
double layer, there is just a transfer of electron momentum to ion momentum.
Therefore, there is no thrust increment associated to the formation of a CFDL.
All thrust increment in the divergent magnetic nozzle comes from the magnetic
force of the plasma azimuthal currents, and the CFDL does not seem to change
them. Any variation in propulsive efficiency in a three-species plasmas (com-
pared 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 three-species plasma.

5 SUMMARY

The theoretical investigation summarized in this paper has provided much insight
into the multiple processes shaping the plasma dynamics in the production and
acceleration stages of an helicon thruster. Many of the dominant phenomena,
parameters, and regimes have been identified and evaluated. The most valu-
able contributions have been made for the acceleration stage, constituted by the
magnetic nozzle, and cover plasma acceleration, plasma currents, thrust trans-
mission, plasma detachment, and double layer formation and role. Further work
is needed on plasma detachment and assessment of nozzle efficiency, mainly, for
high-density plasmas. Nonetheless, the mastering of plasma dynamics inside the
source is far less known. There is still much research ahead on the coupling of the
plasma wave interaction and plasma flow scales, the electron heating processes,
and the 2D plasma structure inside the helicon source for nonaxial magnetic
topologies.
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