
HAL Id: hal-03797523
https://hal.science/hal-03797523

Submitted on 10 Oct 2022

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Effect of magnetic nozzle geometry on ion and electron
properties

Alfio E Vinci, Stéphane Mazouffre

To cite this version:
Alfio E Vinci, Stéphane Mazouffre. Effect of magnetic nozzle geometry on ion and electron properties.
73rd International Astronautical Congress, Sep 2022, Paris, France. �hal-03797523�

https://hal.science/hal-03797523
https://hal.archives-ouvertes.fr


IAC–22–72147

Effect of magnetic nozzle geometry on ion and electron properties

Alfio E. Vincia*, Stéphane Mazouffreb
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Abstract
Ion and electron properties are measured in a helicon plasma source to characterize the plume when the magnetic

nozzle throat is axially shifted with respect to the antenna center and to study the electron cooling rate along the mag-
netic streamlines as the magnetic nozzle divergence is varied. Larger ion currents and increased plasma confinement
are achieved when the throat of the magnetic nozzle is located downstream the antenna center, at a distance that equals
or exceeds two times the antenna length. Furthermore, the electrons polytropic index shows dissimilar values along
distinct streamlines. It is suggested that ionization phenomena and reduced cross-field transport are responsible for
departure from adiabatic conditions.
Keywords: magnetic nozzle, electrodeless, helicon plasma, rf

1. Introduction

A recent keen interest in novel electric propulsion tech-
nologies stems from an increasing number of small satel-
lites being deployed for plural applications [1–5]. Sim-
ple and compact thrusters might enable in-space maneu-
vering of such small spacecrafts [6]. In this framework,
electrodeless plasma thrusters can offer certain advan-
tages compared to consolidated systems. Qualities like
a current-free nature, the elimination of plasma-electrodes
interaction, the design simplicity, are the asset of this tech-
nology which can nominally operate without a dedicated
neutralizer and on virtually any propellant. Several re-
search groups are currently involved in experimental [7–
12] and numerical [13–15] studies in order to deepen the
physical understanding of this technology with the pri-
mary aim of improving its propulsive performance.

Most of electrodeless devices, e.g. helicon plasma
thrusters (HPT) and electron cyclotron resonance
thrusters (ECRT), integrate a magnetic nozzle (MN),
which essentially is an externally applied magnetic field
that enables transport and acceleration of ions up to
supersonic speeds. A number of transport phenomena are
seen to occur in a MN as the result of inlet thermal energy
usually stored in the electron population, such as an
ambipolar diffusion [16] and an azimuthal diamagnetic
electron current [17]. Both of them act in converting the
electron energy in ion kinetic energy, the former as an
electrostatic force term and the latter as an electromag-
netic contribution. As a result, the shape of the MN and
the location of the throat can strongly impact the device
efficiency. Although many aspects of physics involved are

understood by now, information about plasma properties
recorded in a MN having different geometries can suggest
novel approaches to improve propulsive performance.

This paper reports on experimental results obtained in a
helicon plasma source operating under several configura-
tions of the external magnetic field. Two separated exper-
imental campaigns are presented through which plasma
properties are spatially resolved. The first analysis deals
with the characterization of the plasma plume as the lo-
cation of the magnetic throat is moved with respect to the
antenna axial position. The second analysis reports on
2-D measurements of the electron cooling rate retrieved
along the magnetic streamlines in three different magnetic
nozzle shapes. A detailed description of the experimental
setup is provided in Section 2, which includes the helicon
source and the diagnostics. Results are presented and dis-
cussed in Section 3. Eventually, conclusions are drawn in
Section 4.

2. Experimental apparatus
2.1 Helicon plasma source

Measurements of plasma properties are performed in
a helicon plasma source, whose main characteristics have
been reported in [11, 12, 18]. It is schematically shown in
Figure 1.

The tube constituting the discharge chamber is made
in borosilicate glass with φ = 9.4 cm inner diameter and
L = 55 cm length. The origin of the axial coordinate z is
arbitrarily defined to coincide with the tube open bound-
ary. Propellant gas is introduced off-axis at the injec-
tion plate of the reactor which is placed at the top aper-
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Fig. 1. Helicon source schematics. The z = 0 position
refers to the discharge tube outlet, y = 0 refers to the re-
actor axis.

ture of the glass tube. The gas goes through a plenum
first and eventually reaches the discharge chamber via
a multi-perforated plate, resulting in a axial gas flow.
The tube is connected to a 30 cm in inner diameter and
50 cm in length expansion chamber made in aluminum
which is equipped with a turbomolecular/primary pump-
ing system. The ultimate base pressure is in the order of
1×10−5 mbar, whereas the typical pressure during oper-
ation reads about 1×10−3 mbar.

The rf antenna in use is a double-saddle type with
12 cm length centered at z ≃−11 cm. It is made of
pure copper and is directly connected to a custom π-
type matching network. Input rf power is generated by
a 1 kW-class commercial power supply at 13.56 MHz.
Matching of the rf power is manually attained and the
reflected power is typically below 1 % during operation.
The helicon-mode regime has been experimentally veri-
fied in [18] for typical operating conditions.

The plasma source comprises nine electromagnets, six
of which surround the discharge tube while three are
placed around the expansion chamber, cf. Figure 1. Spec-
ifications on the magnetic field used for the presented
experiments are provided hereafter within the respective
sections.

2.2 Diagnostics
RF-compensated Langmuir probe

Local plasma parameters are measured using the rf-
compensated Langmuir probe (RFCLP). A comprehen-
sive technical description of the probe is reported in [18].
The probe design is based on the results and guidelines
reported in [19]. The tip of the probe is a 0.38 mm diame-
ter and 5 mm tungsten wire. An additional compensating
electrode made of stainless steel is connected in parallel to
the tip through a 1 nF axial capacitor and it provides me-
chanical support to the whole assembly as well. A series
of three axial chokes, each of which self-resonates at one

of the first three harmonics, ensures the proper rf com-
pensation of the probe [18]. The whole assembly is en-
capsulated inside a borosilicate glass tube of 6 mm outer
diameter, which also accommodates the coaxial cable for
probe biasing and current measuring.

I-V curves are recorded using an Automated Langmuir
Probe control unit by Impedans Ltd. Eventually, plasma
parameters are deduced using the orbital motion limited
(OML) theory [20, 21]. Assuming the plasma is locally
quasi-neutral, the plasma density np is retrieved from the
linear fit of the ion current squared versus the probe bias
potential. Then, the electron current is computed by sub-
tracting the ion current fit from the total probe current.
Under the assumption of a Maxwell-Boltzmann electron
distribution function, the electron temperature Te is in-
ferred from the linear fit of the electron current logarith-
mic profile versus the probe bias potential. The plasma
potential Vp is computed as the probe bias voltage where
the first derivative of the I–V curve features its peak value.

The probe is manually actuated within the measure-
ment region using a single-axis translation stage with a
resolution of 10 µm and a stroke of 150 mm. The probe is
aligned by means of a cross-line laser pendulum.

Planar probe with guard ring
The ion current density ji is measured using a pla-

nar probe with a guard ring (PPGR). It mainly comprises
a disk-shaped collector and an outer ring, both made in
stainless steel. The role of the guard ring is to concentrate
sheath edge effects far from the collector, thus ensuring
that the ion collection area exactly corresponds to the col-
lector geometrical area [22]. The collector is 5.6 mm in
diameter and 1 mm in thickness, whereas the ring width
is 1 mm. A gap of 100 µm is maintained between the two
electrodes to ensure electrical insulation. Each electrode
features a separated electrical connection for polarization
and current measurement. Voltage is applied to the col-
lector by way of a Keithley 2410 SourceMeter, which is
also used to measure the flowing current. The guard ring
is biased using a TTIEX752M power supply. The probe
is manually actuated from outside the chamber using the
same single-axis translation stage described in regard of
the RFCLP.

3. Experiments, Results and Discussion
The present section details the experimental conditions

and the relative results of two separated studies, respec-
tively performed to investigate: i) how the magnetic throat
location affects the plume properties; ii) how the MN di-
vergence impacts the electron thermodynamics. The fol-
lowing sections separately address the two experimental
campaigns.
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Fig. 2. 2D maps of the external magnetic field. White
line indicates the discharge tube walls, white rectangles
represent the magnetic coils, the gray rectangle indicates
the antenna region and the black solid line exemplifies the
magnetic streamline crossing the tube edge at z = 0.

3.1 Effect of the magnetic throat location
For the purpose of this study, the plasma source is op-

erated at 750 W and 1 mgs−1 Kr. Five magnetic configu-
rations are examined, each of which is obtained by power-
ing two electromagnets at once so that the location of the
magnetic throat is intentionally relocated along the z axis.
The tested magnetic configurations are progressively la-
beled as Conf. A to Conf. E. When involved, PB coils are
powered with 3 A and GB coils with 6 A of direct current.
Figure 2 shows the computed 2D magnetic field maps,
highlighting the streamline that crosses the discharge tube
edge at z = 0, thus defining the ideal shape of the plasma
plume (whether it is assumed fully magnetized). With ref-
erence to Figure 2, it is noteworthy to emphasize on the
magnetic throat location. It moves from upstream the an-
tenna in Conf. A to far downstream the antenna in Conf. E.
The first axial mode the antenna can generate translates in
an axial wavelength as λz = 24 cm. Notice that the mag-
netic throat in Conf. D is approximately one wavelength
downstream of the antenna center. All magnetic configu-
rations feature a peak value of about 11 mT with a similar
qualitative profile but shifted along z.

Plasma properties are characterized in the region

Fig. 3. Normalized plasma density for the five magnetic
configurations. Normalization factor is 6×1017 m−3.
Solid black lines represent magnetic streamlines.

0 < y < 4 cm and −4 < z < 21 cm with a spatial resolu-
tion of 5 mm using the RFCLP described in Section 2.2.
Figures 3, 4 and 5 illustrate normalized 2D maps of np, Te
and Vp, respectively, for the five magnetic topologies. The
solid black lines included in the figures represent the mag-
netic streamlines delimited by the discharge tube edge at
z = 0. These experimental measurements show that:

1. when the HP source operates in Conf. A, the ex-
tracted plasma plume is characterized by a low
monotonically decreasing profile of np ranging be-
tween ∼ 1×1017 and ∼ 9×1015 m−3 along the re-
actor axis. The profile of Te features a monotonic
behavior as well, with a peak value of ∼ 3 eV. In
a similar fashion, Vp drops from ∼ 24 V to ∼ 15 V.
All plasma properties peak on-axis at z < 0. Visual
check of the plasma reveals that light is concentrated
within the discharge tube. This suggests that the ra-
dial and back boundaries represent a major loss term
of plasma [23, 24].

2. when the HP source operates in Conf. B, analogous
arguments can be put forward. The profile of np like-
wise peaks on-axis at z < 0 and decays monotoni-
cally downstream. Altogether, slightly larger values
of np are measured with respect to Conf. A. In the
bulk of the plasma, Te remains in the order of ∼ 3 eV
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Fig. 4. Normalized electron temperature for the five mag-
netic configurations. Normalization factor is 6 eV. Solid
black lines represent magnetic streamlines.

with lower values downstream. However, a popula-
tion of relatively more energetic electrons (Te ∼ 3.5
eV) appears off-axis, in correspondence of the mag-
netic nozzle edge, visible at z < 0 in Figure 4(b). Al-
though qualitatively very similar, the distribution of
Vp for Conf. B presents lower values with respect to
Conf. A of a few volts.

3. when the HP source operates in Conf. C, results sim-
ilar to those previously reported in [18] using the
same HP source are obtained. As a matter of fact, in
both the experiments the magnetic throat is located
at z = 0. In contrast to what was discussed in points
(1) and (2), all plasma properties peak off-axis. Data
acquisition in the region (0 < r < 2, z < 0) was not
possible due to discharge instability possibly induced
by the probe presence. The largest value of np
is recorded at z > 0 and it reads ∼ 3×1017 m−3,
whereas Te reaches a peak of 4 eV at z < 0. The dis-
tribution of Vp is relatively isotropic, ranging in the
8.0(5)V interval. The reason why np and Te present
separated regions of the respective maximum values
has been explained in [18, 25] in terms of pressure
balance.

4. when the HP source operates in Conf. D, light emis-
sion upstream the antenna is almost absent, hinting

Fig. 5. Normalized plasma potential for the five magnetic
configurations. Normalization factor is 25 V. Solid black
lines represent magnetic streamlines.

that plasma losses at the back and lateral walls are
mitigated with respect to the previous cases. With
reference to Figure 3(d), it is evident that np fol-
lows the axial gradient of Bz. The maximum value
of ∼ 5×1017 m−3 is therefore located in correspon-
dence of the magnetic throat. In Figure 4(d), it is rel-
evant to notice the distinct transport pattern of a rel-
atively more energetic electron population along the
magnetic field lines at the edge of the nozzle, which
exhibits Te ≈ 3.5÷4.2 eV. A relatively small Vp is
measured throughout the probed region, with a peak
value in the order of 10 V in the area of maximum
np.

5. when the HP source operates in Conf. E, similar ob-
servations to those stated in point (4) can be raised.
Profiles of np and Te have a strong dependence on the
spatial distribution of Br and Bz. The highest plasma
density value among all the studied magnetic config-
urations is herein recorded to be ∼ 5.5×1017 m−3

nearby the magnetic throat. As highlighted in point
(4), also in this case a more energetic population of
electrons is transported along the external surface of
the magnetic nozzle, cf. Figure 4(e). At z ∼= 10 cm,
all the electrons with Te ≳ 3 eV are concentrated in a
radius of about 3 cm.
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Fig. 6. Ion current density at (a) z = 5 and (b) z = 15 cm
for the five magnetic configurations.

A further insight into the properties of the plasma when
operating with the different magnetic topologies is ren-
dered by the employment of the PPGR described in Sec-
tion 2.2. The probe is displaced radially along the x axis at
z = 5 cm and z = 15 cm in order to analyze the divergence
of the extracted plasma plume. The measurements of ji
are shown in Figure 6(a-b). Results confirm that a low-
current high-divergence ion beam is extracted from the
HP source when operating in Conf. A and B. Differently,
the ion beams related to Conf.s C, D and E feature a simi-
lar low-divergence profile of ji in the proximity of the tube
exit, see Figure 6(a). Yet, the divergence angle of Conf. C
rapidly grows as the plasma expands downstream, cf. Fig-
ure 6(b). The highest value of ji is recorded in Conf.E at
z = 15 cm, in agreement with the largest np probed in the
same configuration. Larger values of ji relate well with
higher propellant utilization efficiency, which is a desir-
able working condition for space propulsion applications.

3.2 Effect of magnetic nozzle divergence
In this experiment, the plasma source is operated at

800 W and 0.2 mgs−1 Xe. The aim is to retrieve the elec-
tron cooling rate along the magnetic streamlines in three
different magnetic nozzle shapes. For this purpose, GB1
and GB3 are solely used to exploit three different diver-
gent shapes of the magnetic nozzle. The current dedicated
to GB3, i.e. IGB3, is fixed to +9 A, whereas IGB1 is set to
0 A, −1 A and −2 A. A positive (negative) value of the
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Fig. 7. Magnetic nozzle streamlines for three different
cases. The throat is fixed at z = 8.5 cm. The nozzle di-
vergence is tuned using different values of IGB1, whereas
IGB3 = 9 A. The color code of the streamlines (SLs) is
consistent with that of Figure 10.

current means that the generated B field points along the
+z (−z) direction. In all of the three studied MNs, the
peak value of the axial magnetic field reads 8.6(3)mT in
correspondence of GB3 at z ≃ 8 cm. Each set of currents
generates a different shape of the MN whose divergence
increases together with the absolute value of IGB1. The
streamlines identifying the tested MNs are represented in
Figure 7. Every streamline (SL) is numbered and associ-
ated with a color which is used afterward for the interpre-
tation of measurement outcomes. The numbering is also
included beside each SL within the plots for the sake of
clarity.

For the purpose of studying the electron thermodynam-
ics along the magnetic SLs, the RFCLP is displaced in
the region −6 < x < 0 cm and 0 < z < 30 cm to resolve
the electron properties. The resulting normalized (x− z)
profiles of np and Te are shown in Figure 8 and Figure
9, respectively. The dashed black lines included in each
plot reproduce the magnetic SLs as previously displayed
in Figure 7. Figure 8 shows that the expanding plasma
features a high density region along the HP source axis
along with high density conics, which are often observed
in other experiments [9, 11, 26]. In the z < 10 cm domain,
the density increases due to the increasing magnitude of
the external magnetic field. Regardless of the MN shape,
the highest value of np is located off-axis. Yet, the density
peak moves upstream as the MN divergence is increased.
As a matter of fact, with reference to Figure 8, the max-
imum of np is observed at (a) z ≃ 17 cm, (b) z ≃ 13 cm
and (c) z ≃ 10 cm. A positive density gradient beyond the
magnetic throat is likely linked to pressure balance effects
as analyzed in [18] where the plasma source was operated
under similar conditions. Furthermore, the spatial evolu-
tion of the high density conics largely resembles the shape
of the MN, highlighting that the electrons are visibly mag-
netized in all of the studied configurations.
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Fig. 8. Contour plots of normalized plasma density for the
three tested shapes of the MN. The normalization factor is
4×1017 m−3. Dashed black lines represent the magnetic
SLs.
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Fig. 9. Contour plots of normalized electron temperature
for the three tested shapes of the MN. The normalization
factor is 5.5 eV. Dashed black lines represent the mag-
netic SLs.

Similar comments can be drawn concerning the elec-
tron temperature profiles in Figure 9. Relatively higher
temperature electrons are localized on-axis and at the ex-
ternal surface of the MN. Te is larger in the latter region

regardless of the MN shape. Some works associate the
presence of higher energy electrons at the edge of the MN
to heating phenomena near the rf antenna and transport
along the SLs [27]. The region at z ≲ 10 cm is visibly
unchanged albeit the MN is differently shaped, cf. Figure
9(a-c). It suggests that the discharge process inside the
source tube is not deeply influenced by the downstream
conditions. At z > 10 cm, in contrast, the maps of Te ex-
hibit important dissimilarities owing to the different shape
of the MN. Consistently to what is observed in Figure 8,
the spatial evolution of Te similarly resembles the com-
puted magnetic SLs, further hinting that the electrons are
strongly magnetized.

The data mapped in the MN as shown in Figure 8 and
Figure 9 is used for analyzing the evolution of the electron
flow with a polytropic state equation,

Te/nγe−1
p =C(ψ) (1)

where γe is the polytropic index and C is constant along
a characteristic magnetic surface ψ . Note that Te is in
general an effective value of the electron energy. Assum-
ing that the electron inertia is negligible and the electrons
are fully magnetized, the magnetic SLs coincide with the
electron flow SLs [28]. Hence, the polytropic law is evalu-
ated along the (x,z) coordinates that define the computed
magnetic SLs. In order to evaluate (np,Te) at the exact
same point [x,z] belonging to the magnetic SL, the exper-
imental maps are numerically interpolated by means of a
linear method. Given that np increases in the upstream
portion of the probed domain, cf. Figure 8, the data of
this region is disregarded. In other terms, only the re-
gion where ∇np < 0 is considered as the focus here is
to analyze the expansion process. Eventually, the poly-
tropic index γe is inferred using a linear regression of the
log10(Te) vs. log10(np) datasets. Figure 10 gathers the re-
sults obtained evaluating γe along the magnetic SLs pre-
viously shown in Figure 7 for each of the studied MN
shapes. The colors in Figure 10 are consistent with those
in Figure 7, thus allowing to identify the magnetic SL that
corresponds to each set of scatter points and fitting lines.

Interestingly, γe has dissimilar values along distinct
SLs. Furthermore, in some cases it reads γe > 5/3 (adi-
abatic value with N = 3 degrees of freedom) and each of
the magnetic nozzles being tested features a unique struc-
ture of γe. In general, γe ranges from 1.3 to 1.8. The cases
γe ≃ 2 imply that the degrees of freedom of electrons is re-
duced to 2, while γe < 5/3 would suggest the presence of
heat flux within the MN under the hypothesis of local ther-
modynamic equilibrium (LTE). The study reported in [29]
shows that strongly non-Maxwellian EEPF yields an adi-
abatic expansion with γe ≃ 1.17 in a collisionless regime.
However, nearly Maxwellian electrons are found in the
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Fig. 10. Electron cooling rate evaluated along the magnetic streamlines for three different magnetic nozzle shapes
(a)-(c). The color code relates to Figure 7 to identify the SL corresponding to each dataset. Scatter points represent the
interpolated experimental data. Solid lines are the least square linear regressions used to compute γe. Colored areas
render the 95 % confidence interval of the Student’s t-distribution.

present experiment thereby collisionless phenomena are
not of primary relevance here. Moreover, the theory de-
veloped in [30] fails to predict the values of γe observed
in this experiment. By using the Spitzer resistivity [31]
for the thermal conductivity, the estimation of the Nusselt
number based on the experimental data yields Nu ∼ 10−3.
This would translate into γe ≈ 1.2 according to [30] which
does not agree with the actual observations. Burm et al.
[32] suggest that the ionization process serves as an addi-
tional degree of freedom in plasma adiabatic expansions.
Using the formulation provided in [32] for a monoatomic
plasma in non-LTE, i.e. Ti ̸= Te and different ionization
degree with respect to Saha equilibrium, the value of γe is
computed as

γe =
cp

cV

2Θ+(1−Θ)α

2Θ+(1−Θ)α +(1−α)α
(2)

where Θ= Ti/Te is the ions to electrons temperatures ratio
and α = np/nn is the plasma to neutrals density ratio. The
expressions for the heat capacity at constant pressure cp
and constant volume cV are found in [32]. The implemen-

tation of this theory yields γe ≃ 1.3−1.5 for Te = 3−6 eV
on the basis that Θ∼ 10−2 and α ∼ 10−2 in the present ex-
periment. However, the result of Equation 2 is not dramat-
ically affected by small variations in Θ and α compared to
the fitting confidence intervals in Figure 10. This means
that very dissimilar values of γe in this experiment cannot
be attributed to small local variations in Θ or α . The value
of the polytropic index computed with Equation 2 agrees
well with most of the findings shown beforehand in Fig-
ure 10. This effectively suggests that ionization within
the plume does occur, as previously pointed out in other
experiments using a MN [11, 33] and Hall thrusters [34].
Nonetheless, this scenario might not be representative in
the far-field region. As collision frequencies drop and
α approaches unity, other phenomena besides ionization
such as collisionless cooling [35] likely become predomi-
nant.

Although the ionization process can clarify the occur-
rence of γe < 5/3, the physical phenomenon that makes
γe > 5/3 has to be investigated. In a simplified picture, the
dynamics of electrons in the MN primarily results from
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Fig. 11. Radial distribution of plasma potential Vp and
polytropic index γe at z = 20 cm for three different mag-
netic nozzle shapes (a)-(c). Upper graph: scatter points
represent experimental data; lines are computed polyno-
mial fitting curves. Bottom graphs: lines reproduce Vp
from the upper plot to enhance visualization (left/black
axis); scatter points represent the value of γe for each mag-
netic SL crossing z = 20 cm (right/red axis). The bottom
graphs share the same scale on the vertical axes for better
comparison.

the forces associated with the external magnetic field and
the spontaneous electric field. As hinted in [36, 37], the
radial electric field in the plasma can profoundly affect
the transport across the magnetic lines. In [37], relatively
high potential regions concentrated off-axis identify a ra-
dial electric field which effectively withdraw the degree of
freedom related to the motion perpendicular to B. A cor-
relation between the radial Vp and γe is therefore quested
in the present experiments. The profile of Vp at z = 20 cm
is retrieved from the measured I-V curves and smoothed
as shown in Figure 11(top) for the three shapes of the MN.
By determining the radial coordinate where each mag-
netic SL crosses the section at z = 20 cm, the resulting
Vp and γe radial profiles are compared in Figure 11(bot-
tom). It is found that the two quantities follow a similar
qualitative trend along the x axis. As Vp experiences a rel-
atively large variation in the radial direction, so does γe,
cf. Figure 11(a)-(b). Likewise, a nearly flat profile of Vp
produces a small variation in γe, as shown in Figure 11(c).
At this stage, two points shall be addressed when compar-
ing the studied MNs: (i) the different behavior of γe in
the proximity of the MN axis; (ii) the relatively large γe
close to the plasma potential peak. The formulation of a
comprehensive theory is beyond the purpose of this paper,
hence only a few possible explanations are provided in the
following.

A value of γe > 5/3 close to x = 0 is found only for
the first MN, cf. Figure 11(a). This is possibly linked to
a more intense magnetic field considering that ∥B∥ ≈ Bz

spans from about 6 mT in case (a) down to 4 mT in
case (c). Differently, an increase in γe along with Vp
is observed in all cases of Figure 11(bottom), reaching
γe ≃ 1.7− 1.9 in Figure 11(a-b). A larger γe where Vp is
higher seems at odds with the claims in [36, 37]. In the re-
gion where the plasma potential is large, rather than owing
to the radial electric field, the cross-field electron transport
is more likely reduced because a large conductivity ensues
in the direction parallel to B which strongly promotes the
longitudinal transport. This is supported by considering
that Te is higher where Vp is larger and that the cross-field
diffusion coefficient D⊥ ∼ (kBTe)

−1/2 [31], therefore D⊥
decreases in the high temperature region. In extension to
the results reported in [36, 37], the present findings sug-
gest that the analysis of the electron cooling dynamics in
a MN cannot be addressed regardless of the plasma prop-
erties radial profiles throughout the nozzle inlet which are
in turn linked to the discharge process.

Nevertheless, it must be emphasized that under the hy-
pothesis of a single isotropic electron fluid, the magnetic
field cannot directly modify the number of degrees of free-
dom [38, 39]. The latter are instead determined by the
kinetic nature of the dynamics. The presence of the exter-
nal magnetic field would contribute to the complexity of
the species dynamics, i.e. multiple populations, instabili-
ties and anisotropies might arise thus turning the original
assumption behind the concept of γe unrealistic. These
phenomena and their occurrence are still not fully under-
stood, therefore new and more detailed experimental evi-
dence shall be sought.

Ultimately, a comment is due with regards to the
boundary conditions of the plasma studied in this experi-
ment. The interaction between the plasma plume and the
vacuum chamber is typically unimportant. However, the
diameter of the expansion chamber is about twice that of
the plasma column in this case. The metallic walls of the
chamber represent both a constant zero-potential bound-
ary and a conductive medium within which closure of in-
ternal plasma currents can in principle occur. The latter
effect might affect the internal plume structure. Further-
more, the plasma may be thermally connected to the rel-
atively cold walls, thus implying the presence of a heat
flux towards the system boundaries. In this experiment,
plasma properties are intentionally inferred within a rela-
tively small domain away from the chamber walls in order
to downplay all of the aforementioned effects. Yet, their
quantitative assessment represents a further challenge in
the experimental process which definitely deserves future
investigation.
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4. Conclusions
In summary, the effect of the magnetic nozzle geom-

etry (throat location and divergence degree) on plasma
properties is experimentally inferred to establish strate-
gies for thruster design and optimization. It is found
that a low-current high-divergence plume is extracted
from the plasma source when the magnetic throat is lo-
cated upstream or in correspondence of the antenna cen-
ter point. In those cases, the generated plasma mainly re-
mains within the discharge tube and is lost at the radial
and back boundaries. Larger ion currents and higher con-
finement levels are attained when the magnetic throat is
located downstream the antenna, namely at a distance at
least equal to the wavelength corresponding to the first
order axial mode of the helicon wave. Hence, optimiza-
tion of the plasma generation process in a Helicon thruster
would include the separation of the magnetic throat from
the antenna location in accordance with the excited heli-
con wavelength.

Furthermore, analysis of the electron thermodynam-
ics along the magnetic streamlines shows that the sim-
plest scenario describing an electron flow with 3 degrees
of freedom does not provide an accurate picture of the
plasma expansion. The introduction of the ionization as
an additional degree of freedom allows to better predict
the value of the polytropic index for some plasma condi-
tions. In general, the electron polytropic index is observed
to be inhomogeneous in space, which emphasizes the pre-
vailing complexities of the MN expansion mechanisms. It
is observed that a reduced cross-field transport possibly
due to a large longitudinal conductivity can effectively re-
duce the electrons degrees of freedom to 2.
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