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Direct Experimental Comparison of Krypton and Xenon Discharge

Properties in the Magnetic Nozzle of a Helicon Plasma Source
Alfio E. Vinci1, a) and Stéphane Mazouffre1, b)

Institut de Combustion, Aérothermique, Réactivité et Environnement, Centre National de la Recherche Scientifique,

1C Avenue de la Recherche Scientifique, 45071 Orléans

(Dated: 9 February 2021)

Helicon plasma sources currently represent an active field of research in the domain of low-temperature plasmas due to
several interesting characteristics for in-space propulsion applications. This work reports direct comparison of krypton
and xenon plasma properties through spatially resolved measurements performed in the near-field plume of a sub-
kilowatt-class 13.56 MHz Helicon source. The set of developed and employed intrusive diagnostics is comprehensively
described. The magnetic components of the plasma rf field are inferred using a 3-D B-dot probe along the reactor
axial direction with and without the externally applied DC magnetic field. Plasma floating potential fluctuations are
measured using a capacitive probe to draw design requirements for a rf-compensated Langmuir probe. The latter is
used to perform axial and radial measurements of plasma density, electron temperature and plasma potential. A 4-grids
Retarding Potential Analyzer is used to infer the ion kinetic energy downstream the source exit. The effect of magnetic
field magnitude on ions and electrons properties is especially investigated.

I. INTRODUCTION

The research performed on helicon plasma (HP)
discharges1–6 has recently become subject of growing
interest among the electric space propulsion community7–17.
These devices feature several attractive characteristics for
propulsion purposes, namely a relatively simple design, no
need for a neutralizer, expected long lifetime, easy use of
alternative propellants and high plasma densities (typically
> 1017 m−3) over a wide range of sizes and input powers.
Although still at an early stage18, promising performance
measurements have been recently reported7,16. As a result,
HP thrusters have been proposed as an innovative alternative
worth to be investigated to enrich the set of already available
technologies for use on small platforms19,20.

HP sources comprise three main components: i) a dielec-
tric tube as plasma discharge region, ii) a radiofrequency (rf)
emitting antenna for gas ionization and iii) an axially di-
rected DC magnetic field for plasma confinement and expan-
sion throughout its diverging region, i.e. the magnetic nozzle
(MN). Power radiated by the antenna is deposited in the elec-
tron population as thermal energy by means of helicon wave
modes21 and Trivelpiece-Gould wave modes22. Energy is then
spent for plasma production and plasma transport phenomena,
such as ambipolar electric field, resulting in axial supersonic
acceleration in the MN region23,24.

Most of fundamental studies involving HP sources have
been employing argon as working gas because of the main
interest in plasma processing applications. Likewise, more
recent studies focused on space propulsion have equally em-
ployed argon propellant25–27. However, it is expected that
the use of krypton or xenon in electric propulsion systems
would enhance thrust, thrust density and thrust efficiency due
to higher ion mass and larger ionization cross section. Thus

a)Electronic mail: alfio.vinci@cnrs-orleans.fr.
b)Electronic mail: stephane.mazouffre@cnrs-orleans.fr.

far, only a few works have been reported on HP discharges
using either krypton16,28 or xenon29–31. Nevertheless, it is im-
perative to extensively characterize the plasma generated us-
ing these gases for progressing in terms of maturity and com-
petitiveness of HP thrusters.

This paper analyzes measurements of a variety of plasma
properties performed using krypton and xenon gases in the
MN region that extends upstream the exit plane. These ac-
tivities are intended to better understand the physics of such
rf plasma sources and to provide a comprehensive dataset for
comparison with numerical simulations and for optimization
of thruster design and performance. In Section II a detailed
description of the HP reactor is provided; the set of diag-
nostics which has been employed to attain ions and electrons
properties is reported in Section III. It includes: a 3-D B-dot

probe to measure the rf propagating magnetic field compo-
nents; a capacitive probe (CP) for detection of floating poten-
tial fluctuations; a rf-compensated Langmuir probe (LP) for
characterization of plasma density, electron temperature and
plasma potential; a Retarding Potential Analyzer (RPA) to as-
sess ions energy. Eventually, in Section IV the collection of
measurements is presented and discussed. Conclusions are
drawn in Section V.

II. HELICON PLASMA SOURCE

The HP source employed in this work is schematically de-
picted in Fig. 1. It comprises a vertically oriented quartz tube
with φ = 9 cm inner diameter and L = 58 cm length, whose
open exit defines the origin of the system axial coordinate
z. The top aperture is equipped with an off-axis gas injec-
tor, while the bottom part is connected to a 30 cm in inner
diameter and 50 cm in length expansion chamber. One lateral
side of the chamber is connected to a turbomoleular/primary
pumping system providing an ultimate base pressure in the or-
der of 10−5 mbar. Typical values of pressure during operation
lay in the 10−3 mbar range.

RF power is generated by a 1 kW class power supply at
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FIG. 1. Helicon Plasma Reactor Schematics. The z = 0 position
refers to the tube outlet, y = 0 refers to the reactor axis.

FIG. 2. Externally applied magnetic field profile. The shaded area
indicates the antenna location.

13.56 MHz and fed into a copper-made double-saddle antenna
through a 2 kW custom π-type matching network. The an-
tenna is 12 cm high and its center is located at z ∼=−11 cm. It
is designed such that it is directly connected to the matching
network to reduce power transfer losses. A rendering of the
antenna is provided in Fig. 3.

The HP source features nine electromagnets, also depicted
in Fig. 1. The electromagnets surrounding the expansion
chamber are named GB and numbered from 1 to 3, moving
upstream. The same progression is applied to those surround-
ing the quartz tube, named PB from 1 to 6. Each electromag-
net is made up of a 2 mm diameter copper wire, constituting
510 loops for PB1-6 and 430 loops for GB1-3. Fig. 2 illus-
trates the measured and simulated intensity of Bz obtained by
driving a current of 7 A through GB3 and 1 A through PB1-6
and GB2. This arrangement allows a specific magnetic topol-
ogy with the magnetic throat exactly at z = 0 with strength of
about 10 mT. The same qualitative topology applies for three
additional scaled-down magnetic profiles with peak values of
about 7, 5 and 4 mT, which are investigated to obtain the re-
sults contained in Section IV D.

Bz

FIG. 3. Rendering of double-saddle antenna wrapped about the dis-
charge tube. Electromagnets and expansion chamber are not shown.
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FIG. 4. B-dot probe calibration results.

III. DIAGNOSTICS

A. B-dot Probe

The 3-D B-dot probe developed for this work is inspired by
the design reported in Ref. (32) and it consists of: a main body,
three orthogonal magnetic pickup coils, a protective cover and
a noninductive pickup rejection filtering unit.

The main body is a 4 mm outer diameter alumina tube
which has been hand-shaped to allow winding of the coils.
Each coil consists of 3 loops of 0.22 mm insulated copper
wire. The coils assembly is shielded from direct exposure
to plasma by using a PEEK cover with 8 mm outer diame-
ter. Wire leads are first arranged in the twister pair configura-
tion nearby the coils assembly, and finally they are converted
into six coaxial cables. These are eventually connected to a
2.5 GS/s digital oscilloscope through the noninductive pickup
rejection filtering unit33,34. It consists of one sub-unit per coil,
each of which features a Coilcraft SWB2010-PCL 1:1 center-
tapped transformer and a Faraday shield.

The magnetic sensitivity of the probe is absolutely cal-
ibrated using two magnetic coils in the Helmholtz config-
uration with a radius of 60 mm and 100 loops. Power at
13.56 MHz between 5 W and 20 W is fed into the coils con-
nected in parallel to a 50 Ω resistor to the ground. Current
flowing in the coils is measured using a Pearson Current Mon-
itor 2878, post-processed using a Savitzky-Golay filter and
used to compute the rf magnetic field amplitude, which is fi-
nally related to the measured induced voltage in the probe coil
by a linear fit. The resulting calibration curves are reported in
Fig. 4.

B. Capacitive Probe

The capacitive probe developed for this work is based on
the design reported in Ref. (35). It comprises an exposed elec-
trode made of stainless steel and an inner electrode connected
to a coaxial cable. An exposed insulator layers made of PEEK
is interposed between the two electrodes. The coaxial cable is
carried into the plasma inside a 4 mm alumina tube which also
provides structural support to the electrodes assembly. The
probe has a cylindrical geometry with an outermost diameter
of 10 mm.

For calibration, an aluminum foil envelopes the primary
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FIG. 5. Capacitive probe (a) calibration coefficient and (b) capaci-
tance vs. frequency.

electrode and the PEEK layer. A 10 V amplitude sine wave
is generated at 1 to 40 MHz and applied to the aluminum foil.
The probe is connected to a 2.5 GS/s digital oscilloscope to
acquire the measured voltage and retrieve the calibration fac-
tor κ reported in Fig. 5(a) as function of the input frequency.
Probe capacitance C is inferred by measuring the current flow-
ing in the probe cable using a Pearson Current Monitor 2878.
Results are reported in Fig. 5(b). In both plots, dash-dotted
lines indicate 13.56 MHz and second harmonic. Values for
κ and C at the third harmonic are approximated to those at
40 MHz due to setup limitations. Note that the probe exhibits
a non-ideal behavior in the ∼17-35 MHz range.

C. RF-compensated Langmuir Probe

The rf-compensated LP is depicted in Fig. 6. Its design is
based on the results and guidelines reported in Ref. (36–38).
The probe tip is a 0.38 mm tungsten wire with 5 mm length.
A 1 mm outer diameter alumina tube insulates the tip from
the rf compensating electrode made of stainless steel. The
back end of the compensating electrode is soldered to a 1 nF
axial capacitor. The probe tip and the small capacitor are to-
gether connected to a series of three chokes, each of which
self-resonates at one of the first three harmonics. The em-
ployed chokes are: Bourns 78F270J-RC for the fundamen-
tal harmonic, API Delevan 1025-60K for the second one and
Bourns 9230-52-RC for the third one. The whole assembly is
encapsulated in a 6 mm outer diameter Pyrex tube which also
accommodates the coaxial cable for probe biasing and current
measuring.

Characterization of the chokes is a crucial aspect of probe
development as they are typically manufactured to satisfy
a requirement on the inductance value but not on the self-
resonating frequency. Therefore, an Agilent 4264A precision
analyzer has been used to characterize the choke for the funda-

FIG. 6. rf-compensated Langmuir Probe.
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FIG. 7. Impedance of 1st , 2nd and 3rd harmonic chokes.
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FIG. 8. rf-compensated LP characterization.

mental harmonic. It also allowed validation of a more easily
accessible method hereafter described which has been used
to characterize the other two chokes. A 10 V amplitude sine
wave is fed to one lead of the testing choke. The other lead is
connected to a resistor (46.52 kΩ is used in this setup) and the
series circuit closes to the ground. Input frequency is changed
while the voltage drop across the resistor is measured and used
to calculate the current flowing in the circuit. The frequency
at which the current is minimum is the self-resonating fre-
quency of the choke. The voltage drop across the choke is
maximum at resonance. Impedance is then computed using
Ohm’s law. Chokes characterization results are reported in
Fig. 7. The blue solid line represents the impedance profile
obtained using the Agilent 4264A precision analyzer and blue
squares are obtained with the aforementioned method, show-
ing good agreement. The theory illustrated in Ref. 36 allows
stating that this configuration of chokes series and compen-
sating electrode enables proper rf compensation for plasma
potential fluctuations up to 99.5 V in krypton and 85.1 V in
xenon. The whole probe is characterized by applying a 10 V
amplitude sine wave to the tip at different frequencies. The
probe output is illustrated in Fig. 8 in dB units, showing local
minima for the desired harmonics (dash-dotted vertical lines
indicate first and second harmonics).

D. Retarding Potential Analyzer

The RPA, also known as Retarding Field Electrostatic An-
alyzer (RFEA), used in this work consists of four mesh grids
with 0.4 mm mesh size: the entrance grid (G1), the electron
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repeller grid (G2), the ion filtering grid (G3) and the sec-
ondary electron repeller grid (G4). A collector (C) is placed
downstream the grids assembly to enable ion current measure-
ment. The whole assembly is encapsulated in an aluminum
body with 4.5 cm outer diameter and 1 cm entrance orifice.
The gap between all the elements is kept constant at 1 mm. In
principle, this is not compatible with the expected value of De-
bye length in the bulk of the plasma (in the order of 10−2 mm),
implying a requirement on the grid spacing to be smaller than
about 0.15 mm to avoid space charge limited flow39. Such a
grid spacing is technologically difficult to achieve. Hence, to
reduce the plasma flux entering the probe, i.e. the plasma den-
sity inside the probe itself, an additional grid (G0) is placed
in contact with the outer body. This allowed to significantly
increase the quality of the measured I-V signal. The grid po-
larization scheme with respect to ground is: G0 at 0 V; G1 at
0 V; G2 at −60 V; G3 swept from −20 V to 100 V with 0.2 V
step size; G4 at −30; C at −3 V.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

All the spatially-resolved measurements presented here-
after are obtained by feeding 750 W rf power to the antenna.
Reflected power is below 2.5% for all operating conditions.
Krypton and xenon are injected at 1 mg/s and 0.2 mg/s, re-
spectively. Assuming the two gases have the same molar vol-

FIG. 9. B-dot probe measurements with PIN = 750 W, ṁ = 1 mg/s
Kr and no external B field. Spatially-resolved (a) frequency spectrum
and (b) first harmonic amplitude.

ume, the neutral density is about 8 times larger for krypton.
These mass flow rate values are implicitly assumed in the fol-
lowing when not specified.

The diagnostics presented in Section III is manually actu-
ated using a single-axis translation stage with a resolution of
10 µm and 150 mm stroke. Probes are individually employed
and displaced with a step size of 5±0.05 mm. Probe align-
ment is ensured by use of a cross-line laser pendulum.

A. RF Propagating Magnetic Field

The B-dot probe is mounted off axis at r = 30 mm and dis-
placed axially. It is mounted in such a way that the vector
defining its y-coil, i.e. the coil probing the By component
of the propagating field, is aligned with the antenna feeding
lines. The notation is consistent with the reference frame il-
lustrated in Fig. 1. It should be noted that there is an ambigu-
ity of 180 in the phase of the recorded signals, yet it is of no
relevance for this study.

At each axial location of the probe, the waveform of the in-
duced voltage on the three coils is acquired using a 2.5 GS/s
digital oscilloscope. Noise reduction on the signal is attained
using a Savitzky-Golay filter. Fast Fourier Transform (FFT) is
then performed to infer the spatially-resolved frequency spec-
trum for Bx, By and Bz. Since the probe is absolutely calibrated
at 13.56 MHz only, the FFT component at this frequency is

FIG. 10. B-dot probe measurements with PIN = 750 W, ṁ = 1 mg/s
Kr and 10 mT peak value of the external B field. Spatially-resolved
(a) frequency spectrum and (b) first harmonic amplitude.
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FIG. 11. B-dot probe measurements with PIN = 750 W, ṁ= 0.2 mg/s
Xe and no external B field applied. Spatially-resolved (a) frequency
spectrum and (b) first harmonic amplitude.

extracted to quantitatively evaluate the rf B field amplitude.
Results using krypton as propellant are reported in Fig. 9

and Fig. 10. The measurements of Fig. 9 are obtained with-
out applying any external DC magnetic field, while those in
Fig. 10 result from the application of the magnetic profile de-
picted in Fig. 2. Similar qualitative results are obtained using
xenon as propellant and are reported in Fig. 11 for the B = 0
case and in Fig. 12 for the externally applied magnetic field
case.

It is immediately evident from Fig. 9 and Fig. 11 that
no electromagnetic wave propagates in the B = 0 case, as
expected. Indeed, visual inspection of the reactor operat-
ing in this condition strongly suggests an inductively-coupled
regime, with a very bright plasma just below the antenna and
very low light emission elsewhere, either using krypton or
xenon. Differently, when the external magnetic field is ap-
plied, the plasma column appears quite uniform over a length
about ten times larger than the antenna length, suggesting
higher power absorption and transport downstream, typical
of helicon mode plasmas4,5. In the B = 0 configuration, a
larger amplitude of By is recorded in the upstream region of
the axial scan, see Fig. 9(b) and Fig. 11(b), suggesting it is
related to the field radiated by the antenna40. By comparing
Fig. 9(a) and Fig. 10(a), as well as Fig. 11(a) and Fig. 12(a),
it is noted that the presence of higher harmonics in Bx and
Bz components is reduced when the external magnetic field is
applied, while they are anyhow present in the By component.

FIG. 12. B-dot probe measurements with PIN = 750 W, ṁ= 0.2 mg/s
Xe and 10 mT peak value of the external B field. Spatially-resolved
(a) frequency spectrum and (b) first harmonic amplitude.

Higher order harmonics cannot be attributed to the rf power
supply, which is certified to carry harmonics below−40 dBc.
As their presence is susceptible to the external magnetic field,
it is reasonable to consider they are related to some physical
phenomenon. However, it is not possible to accurately quan-
tify the influence of each harmonic due to the lack of calibra-
tion factors at frequencies different from the fundamental one.
Furthermore, with reference to Fig. 10(b) and 12(b), an impor-
tant amplitude decay can be observed for Bz approximately
for z > 7 cm. This could be explained by observing that the
applied magnetic field starts weakening rapidly at z ∼= 7 cm,
cf. Fig. 2. Also, it shall be shown in Section IV C that the
plasma density np monotonically increases for z > 0. Using
the 0-D dispersion relation for helicon waves4,41,

kkz = eµ0ω
np

B0
, (1)

where k and kz are respectively the total and axial wavenum-
bers, np is the plasma density, B0 is the assumed uniform ex-
ternal magnetic field and the rest is convential, it can be qual-
itatively stated that as the ratio np/B0 increases, the condi-
tion for wave propagation is met only for higher order axial
wavenumbers. These are not necessarily efficiently coupled
with the antenna, therefore helicon waves could not prop-
agate further downstream. However, lack of data at larger
axial locations prevents excluding that the amplitude decay
of Bz is rather due to modulation, which has been previ-
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FIG. 13. V f fluctuation amplitude vs. z. PIN = 750 W, 1 mg/s Kr,
r = 0 mm and 10 mT peak value for the B field.
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FIG. 14. V f fluctuation amplitude vs. z. PIN = 750 W, 1 mg/s Kr,
r = 30 mm and 10 mT peak value for the B field.

ously observed and attributed to the presence of multiple axial
wavenumbers4,21.

B. Floating Potential Fluctuations

It is well known that typical plasma potential fluctua-
tions occurring in rf plasmas substantially alter the I-V char-
acteristic of a LP, leading to a poor estimation of plasma
properties36–38. In order to properly design a passively rf-
compensated LP, i.e. chokes selection and compensating elec-
trode sizing36, it is important to estimate the amplitude of
these fluctuations within the operating condition of interest.
To do so, the capacitive probe described in Section III B is im-
mersed in the plasma and displaced axially in a similar fashion
to the B-dot probe. Axial scans have been performed at r = 0
and r = 30 mm radial locations. At each axial location, the
measured voltage is recorded using a 2.5 GS/s digital oscillo-
scope. FFT allows isolating the first three harmonics out of
the signal which are scaled according to the calibration out-
comes. Results obtained using krypton are reported in Fig. 13
and Fig. 14, while those using xenon are in Fig. 15 and Fig. 16.

It is clearly evident that fluctuations at the second and third
harmonic are weakly present in the spectrum. With reference
to Fig. 14 and Fig. 16, larger amplitudes of the oscillating
floating potential are recorded off-axis, starting from few tens
of volts close to the quartz tube exit and then smoothly de-
caying to zero downstream. Comparing on-axis profiles us-
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FIG. 15. V f fluctuation amplitude vs. z. PIN = 750 W, 0.2 mg/s Xe,
r = 0 mm and 10 mT peak value for the B field.
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FIG. 16. V f fluctuation amplitude vs. z. PIN = 750 W, 0.2 mg/s Xe,
r = 30 mm and 10 mT peak value for the B field.

ing krypton and xenon, cf. Fig. 13 and Fig. 15, it is evident
that substantially different results are obtained. After a shared
increase of |Vf |, a very sharp edge is present in Fig. 13 at
z = 8.5 cm. The reason behind this remains unclear.

Ultimately, it is observed that Vf fluctuations amplitude can
reach an upper value of about 50 V. This value is taken as
requirement in designing the rf-compensated LP described in
Section III C.

C. Plasma Properties

Characterization of plasma properties has been carried out
using the rf-compensated LP described in Section III C. I-V
characteristics are obtained by using an automated control
unit by Impedans Ltd and afterwards interpreted using the
OML theory38. An example is provided in Fig. 17. Ion cur-
rent squared is plotted versus probe potential and fitted by
a straight line, enabling the evaluation of plasma density np

(assuming local quasi-neutrality). The ion current fit is sub-
tracted to the total current to obtain a better estimation of the
electron current. Assuming that the electron population is
described by a Maxwell-Boltzmann distribution function, the
logarithmic curve of the electron current is fitted by a straight
line. Electron temperature Te is deduced from the slope of the
linear fit and plasma potential Vp is consequently inferred us-
ing the electron current equation with the known values of np

and Te.
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FIG. 17. Typical (a) squared ion current and (b) electron current
vs. probe potential. Curves obtained for PIN = 750 W, ṁ = 1 mg/s
Kr, 10 mT peak value of the external B field.

A statistical analysis is performed to evaluate the un-
certainty associated with the assessment of plasma proper-
ties. The rf-compensated LP is placed at two axial locations
(z =−5 cm and z = 10 cm), at each of which twenty I-V char-
acteristics are recorded in different moments of the day, ran-
domly switching between the magnetic configurations investi-
gated in Section IV D. Values for np, Te and Vp are computed
at both z =−5 cm and z = 10 cm as previously discussed, to-
gether with the associated mean value µ and standard devia-
tion σ . The error is then computed as the ratio σ/µ . Starting
from the errors evaluated at z =−5 cm and z = 10 cm, a sin-
gle representative value is calculated as the average of the two.
The whole process is repeated for krypton and xenon propel-
lants. Results are reported in Table I. It is shown that np, Te

and Vp are measured with an error as high as ∼ 2% in all cases.
Data is collected by displacing the probe radially between

r = 0 mm and r = 30 mm and axially, both directions with
a step size of 5 mm. Seven axial profiles for np, Te and Vp

are obtained. By interpolation, contour plots for kypton and
xenon are derived and shown in Fig. 18(a)-(d) and Fig. 19(a)-
(d), respectively. Electron pressure pe is computed using the
measured density and temperature. Peak values for Te are
about 4.5÷5 eV both for krypton and xenon, occurring off-
axis and few centimeters downstream the antenna. Then, from
z ∼= 0 on, the temperature decays monotonically. Counter-
intuitively, np is peaked downstream where Te is low. It is
notable that the same qualitative results have been previously
found in numerical42 and experimental5 studies using com-
pletely different setups in terms of scale and input parameters,
such as antenna type and associated azimuthal mode numbers,
input power frequency, magnetic field strengths and propel-

σnp
/µnp

×100 σTe
/µTe

×100 σVp
/µVp

×100

Kr Xe Kr Xe Kr Xe

4 mT 0.90% 0.64% 0.31% 0.37% 1.05% 0.56%

5 mT 1.07% 0.85% 0.59% 0.34% 1.99% 1.17%

7 mT 0.76% 0.78% 0.69% 0.51% 2.17% 0.72%

10 mT 1.22% 0.49% 0.84% 0.43% 1.41% 0.75%

TABLE I. Uncertainty analysis of rf-compensated LP measurements:
percentage error of plasma properties for four different magnetic
field strengths.

lant. It shall be noted that likewise reported in Ref. (5), also in
the present case this phenomenon is due to pressure balance.
In a simplified 1-D two fluids description of the plasma, the
axial component of the electron momentum equation in cylin-
drical coordinates reads

−npeEz − jθe
Br −

∂ pe

∂ z
= 0, (2)

where pe is the electron pressure, Ez is the axial electric field,
jθe

is the electron azimuthal current density and Br is the ra-
dial component of the applied magnetic field. For simplicity,
the momentum transfer collisional term has been neglected.
This is justified by observing that the mean free path λ is
much larger than the source diameter. Values of λ are com-
puted using average values for np and Te from Fig. 18 and
Fig. 19 together with the available dataset for the elastic mo-
mentum transfer cross section43, yielding λ ≈ 25 m for kryp-
ton and λ ≈ 15 m for xenon. With reference to Fig. 1, it can
be observed that Br/Bz ≪ 1 in the region where the scan is
performed, with typical values of Br ≈ 10−6 ÷10−7 T. The
electron current density shall be shown to be jθe

. 103 A/m2,
cf. Fig. 25 and Fig. 26 later described. Hence, the electrons
momentum equation reduces to a balance between the volu-
metric electric forces term, i.e. −npeEz, and the volumetric
pressure forces term, i.e. −∂ pe/∂ z. By averaging the mea-
sured np(r,z), Vp(r,z) and pe(r,z) over the radial direction,
both terms of Eq. 2 can be easily evaluated. Results are re-
ported in Fig. 20(a) for krypton and Fig. 20(b) for xenon. It is
shown that pressure gradient and potential gradient are nearly
equal and opposite through all the scanned region. Yet, this
is more evident for krypton than for xenon, potentially due to
the neglected collisional term in Eq. 2. Hence, it is concluded
that the density peak localized downstream is due to pressure
balance. As the external magnetic field reduces the cross-field
electron mobility, a relatively large axial conductivity ensues,
which determines an almost constant plasma potential profile.
This results in a small pressure gradient for equilibrium rea-
sons, cf. Equation 2. The density peaks downstream because
the temperature drops.

It is worth noting that, by knowing the number of neutrals
injected in the system per unit time Ṅg = ṁ/Mi, where Mi

is the ion mass, and by taking a tentative value for the av-
erage plasma density n̄p accounting for all measured values
in Fig. 18(a) and Fig. 19(a), it is possible to further compare
the two working gases in terms of local propellant utiliza-
tion efficiency ηp. It is implicitly assumed that the two gases
share the same mean ion charge as Te is relatively low to en-
able a significant amount of multiply charged particles. Since
ηp ∝ n̄p/Ng, it is computed that ηXe

p /ηKr
p ≈ 5, suggesting that

xenon is much more efficiently ionized, as expected.

D. Effect of Different Magnetic Strengths

Plasma properties are also investigated as function of the
external magnetic field strength. By tuning the current in the
electromagnets, the magnetic profile depicted in Fig. 2 can be
scaled down attaining peak values of 7 mT, 5 mT and 4 mT.
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FIG. 18. Contour plot of (a) plasma density, (b) electron temperature, (c) plasma potential, (d) electron pressure. Input parameters are:
PIN = 750 W, ṁ = 1 mg/s Kr, 10 mT peak value of the external B field.

1
.6

1.7

1.8

1.8

1.9

1.9

2

2

2
.1

2
.1

2.1

2
.2

2
.2

2
.2

2
.2

2
.3

2
.3

2
.3

2
.4

0 1 2 3

-4

-2

0

2

4

6

8

10

2
.8

3

3

3
3
.2

3
.2

3
.4

3
.4

3
.4

3
.6

3
.6

3
.6

3
.8

3.8

3
.8

4

4

4

4
.2

4
.2

4.2

4
.4

4.4

4
.6

4
.6

0 1 2 3

-4

-2

0

2

4

6

8

10

1
2
.5

1
2
.5

1
2
.5

1
2
.5

1
3 1

3
1
3

1
3

1
3
.5

1
3
.5

1
4

1
4

1
4

1
4
.5

1
4
.5

0 1 2 3

-4

-2

0

2

4

6

8

10

0.0
8

0
.0

9
0
.1

0
.1

0.1

0
.1

1

0
.1

1

0
.1

2

0
.1

2

0
.1

2

0
.1

2

0
.1

3

0
.1

3

0
.1

3

0
.1

4

0
.1

4

0
.1

5

0
.1

5

0
.1

6

0 1 2 3

-4

-2

0

2

4

6

8

10

FIG. 19. Contour plot of (a) plasma density, (b) electron temperature, (c) plasma potential, (d) electron pressure. Input parameters are:
PIN = 750 W, ṁ = 0.2 mg/s Xe, 10 mT peak value of the external B field.

Measurements of plasma properties are performed both axi-
ally and radially. On-axis scans of np, Te and Vp are reported
in Fig. 21(a)-(c) and Fig. 22(a)-(c) using krypton and xenon,
respectively. Notably, substantial differences are drawn.

In Fig. 21(c), it is shown that the plasma potential changes
from a rapidly dropping profile to an almost constant profile
as the strength of the external magnetic field is increased.
Furthermore, with reference to Fig. 21(a), the plasma den-
sity peak moves downstream. Visual inspection of the plasma
source in operation agrees with these results. Indeed, at 4
and 5 mT, it is observed that plasma concentrates just below
the antenna region, with almost null light emission elsewhere.
On the contrary, a visibly homogeneous plasma column ap-
pears at 10 mT, extending over several antenna lengths. This

strongly suggests that a magnetic field between 7 and 10 mT
is somewhat a threshold external parameter characterizing the
transition from inductively-coupled regime to a wave-mode
regime. Differently, when the plasma source operates with
xenon, no mode transitions have been recorded. Qualitatively
speaking, this is clearly shown in Fig. 22(a),(c) where the den-
sity and potential profiles shift up as the external magnetic
field strength is increased. It has been previously reported
the presence of density peaks at low externally applied mag-
netic fields44. In this particular experimental setup, either us-
ing krypton or xenon as working gas, no larger plasma density
at lower magnetic fields has been recorded. Note that the den-
sity in Fig. 21 is larger than that in Fig. 22 because the reactor
operates with a larger ṁ for krypton, see Section IV.
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FIG. 20. Volumetric forces acting on the electrons for (a) krypton and
(b) xenon propellants. Variables p̄e and n̄p refer to radially averaged
quantities.

Detailed plasma properties measurements were also per-
formed in the radial direction at z = 3 cm for the four different
magnetic profiles. In accordance with the reference system in
Fig. 1, the measurements were performed along the x axis.
The results are given in Fig. 23(a)-(d) and Fig. 24(a)-(d) for
krypton and xenon respectively. Filled dots represent mea-
surement points and dotted lines are smoothed profiles to en-
hance data visualization. In agreement with Fig. 18 and 19,
density, temperature and potential peak values are localized
off-axis. Similar outcomes have been previously reported for
np and Te

45,46, but not for the plasma potential to the knowl-
edge of the authors. It has been suggested that off-axis density
peak is due to transport of high temperature electrons from the
plasma discharge along the surface of the MN47. Fig. 23(a)
and Fig. 24(a) show how ionization efficiency is enhanced at
stronger magnetic fields. No relevant advantages in terms of
electron temperature are obtained by increasing the applied
field for krypton, as seen in Fig. 23(b). Differently, peak
value of Te increases by more than 20% (4 mT vs. 10 mT)
when xenon is used, cf. Fig. 24(b). Similarly, Vp profiles in
Fig. 23(c) and Fig. 24(c) show that a more energetic plasma is
obtained at larger B fields.

Neglecting the ion contribution to the plasma pressure
(Ti ≪ Te), the local β parameter, i.e. particle pressure over
magnetic pressure48, is computed using the pressure profiles
illustrated in Fig. 23(d) and Fig. 24(d). Calculations yield
10−4 . β . 10−2, outlining a negligible diamagnetic effect in
the proximity of the magnetic throat.

Radially non-uniform pressure and potential profiles shown
in Fig. 23 and 24 inherently imply the presence of a Hall cur-
rent jθe

in the expanding plasma, which has been analyzed
theoretically/numerically24 and experimentally46. When de-
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FIG. 21. Evolution along the reactor axis of (a) plasma density, (b)
electron temperature and (c) plasma potential for different magnetic
strengths. PIN = 750 W, ṁ = 1 mg/s Kr, r = 0 mm.
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FIG. 22. Evolution along the reactor axis of (a) plasma density, (b)
electron temperature and (c) plasma potential for different magnetic
strengths. PIN = 750 W, ṁ = 0.2 mg/s Xe, r = 0 mm.

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
0
3
7
1
1
7



10

FIG. 23. Radial profile of (a) plasma density, (b) electron temperature, (c) plasma potential and (d) electron pressure for different magnetic
strengths. PIN = 750 W, ṁ = 1 mg/s Kr, z = 3 cm.

FIG. 24. Radial profile of (a) plasma density, (b) electron temperature, (c) plasma potential and (d) electron pressure for different magnetic
strengths. PIN = 750 W, ṁ = 0.2 mg/s Xe, z = 3 cm.

scribing the evolution of axial momentum in a single conduct-
ing fluid description, i.e. combining electrons and ions mo-
mentum equations, it is deduced that thrust generation mech-
anisms in a HP thruster are due to an electrothermal acceler-
ation and an electromagnetic Hall acceleration24,49. The first
contribution results from the plasma pressure acting inside the

discharge chamber and on the "walls" of the diverging MN,
while the second one results from a Lorentz force proportional
to the net azimuthal current jθ . However, it has been exper-
imentally observed26 that the swirl current jθi

, i.e. the ion
contribution to jθ , is fairly negligible for the values of applied
magnetic field in analysis as the ions are unmagnetized. The
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FIG. 25. Computed profiles of (a) electron E ×B current density, (b)
electron diamagnetic current density and (c) Hall current jE×B + jD
from plasma properties in Fig. 23.
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FIG. 26. Computed profiles of (a) electron E×B current density, (b)
electron diamagnetic current density and (c) Hall current jE×B + jD
from plasma properties in Fig. 24.

profile of jθe
in this particular experiment can be inferred by

using the radial component of the electron momentum equa-
tion in cylindrical coordinates, which reads

−npeEr + jθe
Bz −

∂ pe

∂ r
= 0, (3)

where Er is the radial electric field, Bz is the axial magnetic
strength and the rest has already been introduced. It is shown
that the Hall current comprises an E×B drift component jE×B

and a diamagnetic drift jD component:

jθe
= jE×B + jD = npe

Er

Bz

+
1
Bz

∂ pe

∂ r
. (4)

The smoothed profiles of pe and Vp in Fig. 23 and Fig. 24 have
been used to calculate the current densities reported in Fig. 25
and Fig. 26, for krypton and xenon respectively. Taylor Series
Method (TSM) is used to evaluate the uncertainty associated
with the indirect estimation of jθe

through Equation 4. It has
been assumed that propagation of the error is only due to np,
Te and Vp, whose error values are shown in Table I. By ex-
panding Equation 4 and substituting partial derivatives with
finite differentiation terms, the expression for the uncertainty
of jθe

truncated to the first order reads50

(

U jθe

jθe

)2

= 2
(

Unp

np

)2

+

(

UTe

Te

)2

+

(√
2

Unp

∆np

)2

+

+

(√
2

UTe

∆Te

)2

+

(√
2

UVp

∆Vp

)2

. (5)

Typical values of U jθe
/ jθe

are in the order of 3% for all oper-
ating conditions in terms of magnetic field strength and pro-
pellant. Note that jθe

> 0 at x < 0 indicates that current flows
in the diamagnetic direction (i.e. the magnetic field associated
to the net jθ is directed along −z), while jθe

< 0 at x < 0 indi-
cates it flows in the anti-diamagnetic direction. No profound
differences are found when using krypton or xenon. With both
propellants, jE×B flows in the diamagnetic direction in the in-
ner radial region and in the anti-diamagnetic direction in the
outer radial region, cf. Fig. 25(a) and Fig. 26(a). The oppo-
site behavior is recorded for jD, cf. Fig. 25(b) and Fig. 26(b).
Since the local thrust component due to the Lorentz force ex-
pressed in cylindrical coordinates is proportional to the prod-
uct r jθe

Br, only values of jθe
flowing in the positive θ direc-

tion contribute to thrust generation. In the Cartesian reference
system presented here, positive thrust contribution is given by
jθe

> 0 at x < 0 and vice versa. At the specific axial location

∫ |xmax|

0
|x| jθe

dx [A]

4 mT 5 mT 7 mT 10 mT

Kr 0.26 0.27 0.35 0.25

Xe 0.34 0.49 0.40 0.15

TABLE II. Mean cumulative values of |x| jθe
integration along |x| for

krypton and xenon propellants at different magnetic strengths.
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FIG. 27. Most probable ion energy as function of the magnetic field.
PIN = 750 W, ṁ = 1 mg/s Kr, z = 33 cm. Horizontal mark indicates
median value, thick box delimits 25th and 75th percentiles, red marks
represent outliers.

where the radial scans are performed, integration over the ra-
dial direction outlines that a net thrust is produced for all the
magnetic field magnitudes. Numerical values are reported in
Table II. Accounting for Br in the integral does not contribute
in sign changing as it is positive in the r direction. Estimation
of the total thrust would require a complete map of the plume
and integration over the plasma volume.

Additional measurements include the investigation of ion
energy as function of the externally applied magnetic field.
In doing so, the RPA detailed in Section III D has been em-
ployed. To increase data resolution, magnetic profiles with
6 mT and 8 mT peak values have been added to the four ones
previously discussed. The probe has been placed downstream
at z = 33 cm. While operating the HP source at one specific
magnetic configuration, fifty I-V characteristics are acquired
in groups of ten. Data is firstly smoothed and later numerically
derived to obtain the ion energy distribution function (IEDF).

The most probable ion energy (MPIE) is then extracted as
the IEDF peak value. Results in terms of MPIEs for kryp-
ton and xenon are reported in Fig. 27 and Fig. 28, respec-
tively. As expected, higher ion energies are measured as the
external magnetic field strength is increased, coherently with
what reported in Fig. 21(c) and Fig. 22(c). Generally speak-
ing, although consistent with the values of plasma potential,
typical ion energies herein reported are very small, suggest-
ing low propulsive performance of the HP source in analysis.
The measured ion energies imply electrostatic ion speeds of
about 2.7 km/s for Kr+ and about 3.5 km/s for Xe+, both es-
timated for the highest strength of the magnetic field. Higher
beam energies in the range of few tens of eV have been re-
ported in previous works7,29,51–53.It is reasonable to state that
this large performance discrepancy with respect to other HP
sources comes from a complete different set of input param-
eters. The source analyzed in this work features a relatively
large geometry and operated at relatively weak magnetic fields
and small mass flow rates.

4 5 6 7 8 9 10

4

5

6

7

8

9

FIG. 28. Most probable ion energy as function of the magnetic field.
PIN = 750 W, ṁ= 0.2 mg/s Xe, z= 33 cm. Horizontal mark indicates
median value, thick box delimits 25th and 75th percentiles, red marks
represent outliers.

V. CONCLUSION

Several plasma properties have been inferred via direct
measurement in a HP source operating with krypton and
xenon as propellants. The magnetic component of the rf field
in the plasma is axially characterized with and without the ex-
ternal magnetic field, showing that an electromagnetic wave
propagates downstream in the first case only. Plasma density,
electron temperature and plasma potential have been deter-
mined both axially and radially for different configurations
of the externally applied magnetic field. 2-D profiles of these
properties are then provided when the HP source operates with
a magnetic field peak value of 10 mT at the exit cross section
of the discharge chamber. It is found that the electron temper-
ature peaks off-axis just before the exit cross section, while
the peak in plasma density occurs similarly off-axis but down-
stream where the electrons are cooler. This phenomenon is
quantitatively attributed to pressure balance effects. Using the
plasma density data for the two propellants and their related
mass flow rates, it is computed that xenon is roughly 5 times
more efficiently ionized in the probed region. Qualitatively
and quantitatively different plasma potential axial profiles are
reported when using krypton for distinct external magnetic
fields strengths, thus suggesting that the plasma source oper-
ates in inductive mode below a threshold value of the applied
field. On the contrary, no mode transitions have been found
when using xenon, which operates in helicon mode even for
the weakest magnetic field. By using radial measurements
performed few centimeters downstream the tube exit, the Hall
current is computed as the sum of a E ×B contribution and a
diamagnetic contribution. Radial integration of the Hall cur-
rent shows that a positive net thrust is locally produced. Ion
energy is measured as function of the applied magnetic field
strengths, showing that xenon performs better. Nevertheless,
low ion energies are recorded.

The present work provides an useful dataset to be exploited
in developing theoretical models and numerical simulations of
the plasma expansion in the MN. A complete 2-D description
of krypton and xenon plasma plume would enable the eval-
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uation of the attained performance thus guiding the thruster
design procedure. Investigation of smaller size devices and
different topologies of the magnetic field are certainly of in-
terest for performance improvement and thruster optimiza-
tion. Examination of the multiply-charged species fraction in
the plume would further refine the knowledge of such plasma
sources.
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