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The dynamics of atoms and ions expanding in the magnetic nozzle of a Helicon plasma
thruster is experimentally studied by means of near-infrared laser-induced fluorescence spec-
troscopy and a retarding potential analyzer. The two techniques are compared in measuring
Xe and Kr ion velocity for different thruster working parameters. Fluorescence spectra are
recorded for several operating conditions inside and outside the thruster discharge chamber.
In the near-field plume, the relatively intense magnetic field induces the Zeeman effect on the
probed optical transitions. Hence, modeling of the atomic lineshapes is addressed to accurately
compute the Doppler shift and infer the velocity. The first direct measurements of the neutral
flow in a magnetic nozzle reveal that atoms are accelerated to supersonic velocities downstream
the thruster exit. The ions acceleration region extends several centimeters downstream the exit
plane. Larger axial ion speeds are attained when the thruster operates at lower mass flow rates
and higher levels of input power.

I. Introduction
An increasing portion of small spacecrafts currently requires in-space maneuvering capabilities [1]. As a result,

research on alternative electric propulsion technologies, e.g. electrodeless plasma thrusters among others, is an active
area in the electric propulsion field [2–11]. Most of the investigated types of electrodeless devices integrate a magnetic
nozzle (MN) to increase the momentum of the ejected ions thus to enhance the attained performance. A series of
paramount advantages might derive from the use of electrodeless plasma thrusters with respect to the well consolidated
systems, such as Gridded Ion thrusters and Hall thrusters. Perhaps the foremost attractive is that any electrodeless
discharge is intrinsically current-free on the full scale, therefore no neutralizer is required. Thus, chemical compatibility
of the thruster constituents does not represent a limiting factor for the exploitation of virtually any alternative propellant.

The Helicon plasma thruster (HPT) exemplifies one of the investigated electrodeless systems. In general terms, it
comprises 𝑖) a dielectric chamber as the plasma discharge region, 𝑖𝑖) a radio-frequency (rf) antenna as the source of the
input power and 𝑖𝑖𝑖) an applied magnetic field having two roles: 𝑎) to reduce the plasma-wall interaction and enhance
the plasma-wave coupling efficiency within the source, 𝑏) to shape a divergent MN in the external region, which is
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the main driver for plasma acceleration and electromagnetic thrust production. The rf power fed to the antenna allows
exciting specific electromagnetic modes which mainly depend on the antenna size and geometry. The energy is coupled
to the electron population as thermal energy through Helicon wave modes [12] and Trivelpiece-Gould wave modes [13].
The electromagnetic excitation is responsible for ionization and transport phenomena of the charged species, such as
ambipolar electric field [14] and diamagnetic electron drift [15], eventually leading to supersonic ion velocities in the
MN.

The maturity of this technology is still relatively low [16], therefore prototype characterization and fundamental
studies are being conducted on HPTs by many laboratories [3, 9, 11, 17–20]. Thus far, thrust efficiency measurements
do not exceed 10 % in many tested devices [3, 8, 21–26], with the only exception of nearly 20 % in the high-power
regime [20]. In such a scenario, a deeper insight on the physical phenomena occurring throughout the MN can
be obtained via experiments, thus suggesting strategies to performance improvement. The availability of accurate
experimental data is a pivotal aspect for the advance in modeling of MN plasma dynamics and thruster design iteration.

Under the typical conditions in terms of power levels and size ranges, ionization cost and wall losses may not
represent the only primary source of inefficiency [27]. Given the low input power, the resulting low ionization fraction
translates into a dense population of neutrals that inherently impacts the dynamics of the ions to be accelerated.
Hence, it is clear that information about the ions and atoms velocity in the MN under different operating conditions,
namely power and mass flow rate, is of crucial importance in order to assist the development and validation of more
sophisticated kinetic/fluid models [28]. The currently available datasets are limited to a few studies performed on
inductive plasma [27] and electron cyclotron resonance (ECR) [29–32] thrusters. Moreover, to the best of the authors
knowledge, the velocity profile of neutrals has never been reported in the literature so far.

To this end, the present study reports on the velocity of ions and neutrals in the MN of a HPT. Measurements
are performed by means of near-infrared laser-induced fluorescence (LIF) spectroscopy on resonant and metastable
states as well as using a Retarding Potential Analyzer (RPA). In the latter case, a rf-compensated Langmuir probe
(RFCLP) is required to accurately infer the local plasma potential. The ions and neutrals velocity is spatially resolved
from the inside of the discharge chamber up to the far-field plume. Comparative measurements of RPA versus LIF are
performed in a single point along the thruster axis for several operating condition so as to explore the widest possible
range of ion energy. In the proximity of the thruster exit plane, the intense magnetic field leads to a visible Zeeman
and Paschen-Back effects that manifest as a relatively complex shape of the LIF profile. An accurate estimation of
the Doppler shift in this region requires a full modeling of the fluorescence profile by accounting for all broadening
mechanisms. This strategy is proposed as the unique method to infer the most probable velocity where the magnetic
field strength causes the splitting of the probed transitions.

A detailed description of the experimental arrangement is provided in Section II, which includes the HPT, the
vacuum facility, the optical setup and the RPA-RFCLP diagnostics kit. Experimental results are presented and
discussed in Section III. Fluorescence spectra are introduced first in Section III.A, showing the need of modeling
the lineshape. Details of the model are then addressed in Section III.B and eventually theoretical and experimental
lineshapes are compared to compute the Doppler shift. The resulting velocity profiles of ions and atoms are reported
in Section III.C for a set of operating conditions. The comparison of LIF versus RPA measurements is discussed in
Section III.D. Finally, conclusions are drawn in Section IV.

II. Experimental setup

A. Thruster unit and test facility

The thruster unit (TU) studied in this work is schematically depicted in Figure 1. The plasma discharge chamber,
also referred to as discharge tube, is made of boron nitride. It is 60 mm long (outlet to injector plate distance), 25 mm
in inner diameter and its wall thickness is 1.5 mm. The exit plane of the discharge tube is set as the reference 𝑧 = 0
hereafter. Gas is injected from the back side of the tube through an embedded multi-hole injector, also made in boron
nitride, which allows a uniform distribution of the propellant. Both xenon and krypton propellants are investigated in
this work.

An assembly of radially polarized Neodymium permanent magnets (PM) generates the desired magnetic field. The
PMs are allocated in an auxiliary annular aluminum structure, which allows for a wide flexibility on the assembly
configuration, thus enabling the generation of different magnetic field topologies/strengths. In this work, the PMs are
assembled to form an annular ring. Since the PMs are radially polarized, they generate a symmetric magnetic field with
respect to the mid-plane of the assembly, perpendicular to the 𝑧 axis in Figure 1. As a consequence, the PMs mid-plane
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Fig. 1 Experimental setup schematics relative to (left) LIF and (right) RPA measurements. The exit plane of
the discharge tube is set as the reference 𝑧 = 0.
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Fig. 2 Axial profile of the HPT magnetic field strength. 𝑧 = 0 refers to the exit plane of the discharge tube.

represents a magnetic separatrix surface. A null field point appears at the center of the assembly. Downstream the
separatrix plane, the shape of the magnetic field is convergent-divergent, thus forming the so called MN. Upstream
the separatrix plane, the field resembles the same topology because of the mentioned symmetry. The width of the
PM annular assembly is 40 mm and the internal radius is 50 mm. Figure 2 shows the magnetic field strength at the
centerline of the thruster in the region of interest for the LIF analysis. The peak of the magnetic field reads ≈ 65 mT
and coincides with 𝑧 = 0.

Radio-frequency power at 13.56 MHz is fed to the TU through a half-helical silver coated antenna, wrapped around
the ceramic tube without entering in physical contact with it. The antenna is 45 mm long and it has a mid diameter
of 30 mm. RF power (𝑃𝑟 𝑓 ) is generated with an industrial power amplifier Seren HR2100 and it is conditioned to the
antenna with a Sener Aeroespacial S.A. customized L-type matching network and control system [33]. The system can
be operated up to 600 W but in this work it has been limited to lower levels.

The thruster unit has been tested inside the main vacuum chamber of the UC3M laboratory. It consists of a
non-magnetic stainless-steel vessel of 1.5 m inner diameter and 3.5 m long. The facility background pressure is
about 10−7 mbar, while the operating pressure is kept within the range 5.9 × 10−6 − 4.6 × 10−5 mbar for a Xe flow
of 5 to 50 sccm. The vacuum technology implemented in the chamber consists of three cryopanels and a couple of
turbomolelucar pumps. The thruster axis is aligned with the vacuum chamber axis, and the thruster outlet section is
about 2.5 m away from the chamber downstream wall to minimize plume-chamber wall interactions.

B. Laser-induced fluorescence setup

The atoms and ions velocity is determined by excitation of the probed species via injection of laser beam produced
by an amplified tunable single-mode laser diode in the near-infrared spectral range. This measurement technique and
the optical apparatus in use have been extensively described in previous works [34, 35]. The laser diode can deliver
up to 600 mW in the 810 − 840 nm wavelength range. In the actual experiment, the laser remains mod-hop free over a
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Table 1 Xe I, Xe II and Kr II probed optical transitions.

Transition 𝜆𝑒𝑥𝑐 (air) 𝜆 𝑓 𝑙𝑢𝑜 (air)

Xe I
5𝑝5 (2𝑃◦

1/2)6𝑠
2 [1/2]◦1 →

834.682 17 nm 473.41 nm
→ 5𝑝5 (2𝑃◦

1/2)6𝑝
2 [3/2]2

Xe II
5𝑝4 (3𝑃2)5𝑑 2 [4]7/2 →

834.724 nm 541.91 nm
→ 5𝑝4 (3𝑃2)6𝑝 2 [3]◦5/2

Kr II
4𝑠24𝑝4 (3𝑃)4𝑑 4𝐹7/2 →

820.273 nm 461.92 nm
→ 4𝑠24𝑝4 (3𝑃)5𝑝 2𝐷◦

5/2

frequency tuning range larger than 5 GHz. By splitting the primary laser beam into multiple beams, it is possible to: 𝑖)
monitor continuously the laser mode and detect any mode hop by means of a Fabry-Pérot interferometer; 𝑖𝑖) accurately
measure the laser wavelength by way of a calibrated wavemeter whose absolute accuracy is 80 MHz (≈ 60 m s−1).
Modulation of the laser beam is achieved using a mechanical chopper set at an arbitrary frequency up to a few kHz.

The laser is coupled to a 50 µm multi-mode optical fiber which transports the beam from the optical bench to
the inside of the vacuum facility. Here a custom collimator is employed to shine the laser beam in the direction of
the thruster axis, cf. Figure 1. At the output of the collimator, the laser beam diameter is about 4 mm, whereas the
power density is a few of mW mm−2, which ensures a weak saturation effect. Note that k · v < 0 here, where k is the
laser wavevector and v the particle velocity. The collimator is kept at a safe distance from the thruster exit plane in
order to minimize plume perturbations and avoid overheating. The fluorescence light is collected using a bi-convex
lens with 60 mm focal length focusing on a 200 µm core diameter optical fiber. Due to line-of-sight constraints, the
detection branch is placed perpendicularly to the laser beam when the measurements are resolved along 𝑧 > 0, whereas
it is tilted by 35 deg when scanning at 𝑧 < 0. Both the excitation and detection branches are mechanically linked to a
two-axes polar translation stage, whose radial and angular resolutions are 1 mm and 1 deg, respectively. Any relative
displacement between the two optical branches is inhibited. The 200 µm optical fiber transports the fluorescence light
to a monochromator which isolates the desired line from the whole spectrum. Afterwards, a photomultiplier tube is
used to convert the light signal into voltage, which is fed into a lock-in amplifier operating at the laser modulation
frequency to distinguish the signal from the natural plasma emission.

The probed optical transitions are reported in Table 1, together with the excitation and fluorescence wavelengths
[35–39]. Xenon atoms are probed in the 6𝑠2 [1/2]◦ resonant level, whereas xenon ions are probed in the 5𝑑2 [4]7/2
metastable level. It is worth mentioning that the LIF signals relative to atoms and ions are collected from distinct
frequency tuning scans. In the second part of this work, krypton ions are probed in the 4𝑑4𝐹7/2 metastable level.

C. Retarding potential analyzer and RF-compensated Langmuir probe

For the purpose of comparing different diagnostics to infer the ion velocity, an RPA has been designed and
manufactured. In the actual configuration, the RPA is constituted by a series of four stainless-steel grids with holes size
of 0.15 mm and a thickness of 0.1 mm. This relatively small mesh size has been achieved through chemical etching
and it enables measuring the ion energy in regions where the local plasma density exceeds 1017m−3. The grids are
labeled using the conventional notation: entrance grid (G1), electron repeller grid (G2), ion filtering grid (G3), and

(a) (b)

Fig. 3 (a) Retarding potential analyzer and (b) RF-compensated Langmuir probe.
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secondary electron repeller grid (G4). A collector (C) made of molybdenum is placed downstream the grids assembly
to enable the ion current measurement. An alumina layer of 0.2 mm thickness is placed between two subsequent grids,
functioning both as a spacer and as electrical insulator. The same strategy is employed to insulate G1 and C from the
probe housing. By changing the thickness of the multiple alumina layers (while being compliant with the constraints
set by the local Debye length), it is possible to add a secondary ion filtering grid with the aim of improving the energy
resolution of the probe. The instrument port size is set by an extra metallic layer whose aperture is 5.4 mm in the
present configuration. The whole assembly is encapsulated into a non-magnetic stainless-steel body resulting in a
probe size of 26 mm in diameter and 11 mm in height. The assembled probe is shown in Figure 3a. The rear side
features the electrical connections required to bias the probe elements along with a K-type thermocouple to monitor
the probe temperature during operation. The polarization scheme in the present experiment is as follows: G1 at plasma
floating potential; G2 at −20 V; G3 swept from −10 V to 65 V with 0.5 V step size; G4 at −70 V; C at −1 V. I-V
characteristics are recorded using an automated control unit by Impedans, Ltd. and numerically derivated to retrieve
the ion EDF.

Since the ions entering the RPA are accelerated by the plasma sheath that forms at the probe entrance, it is compulsory
to measure the local plasma potential 𝑉𝑝 to correctly estimate the actual ion kinetic energy. This task is performed by
using a RF-compensated Langmuir probe (RFCLP), which is depicted in Figure 3b. The RF compensation relies on the
results and guidelines reported in [40–42]. The probe design makes use of a modular approach so that several different
configurations can be tested by replacing each single component. The probe comprises a tip assembly and a main body,
which are quickly plugged via a pin connector. The former mainly includes the tip and the auxiliary electrode, whereas
the latter contains the chokes series. In the actual configuration, the probe tip is a 0.256 mm tungsten wire with 3 mm
length. The tip is inserted into a hypodermic needle and the latter is insulated from a 4 cm2 auxiliary electrode made
of stainless steel through a thin alumina tube. The back end of the compensating electrode is connected to a 4.7 nF
axial capacitor. A series of two pairs of chokes is used, each of which is constituted by two inductors self-resonating
at one of the first two harmonics. The whole assembly is encapsulated into alumina tubes which accommodate a
coaxial connector for probe biasing. I-V curves are recorded using a programmed Source Meter. Thereafter, data are
post-processed relying on the orbital motion limited (OML) theory [42, 43]. Assuming local quasineutrality, plasma
density is inferred from the linear fit of the ion current squared versus the probe potential. The ion current fit is then
subtracted from the total current to obtain a better estimation of the electron current 𝐼𝑒. Eventually, the plasma potential
𝑉𝑝 is computed as the probe bias voltage where the first derivative of 𝐼𝑒 features its peak value [44].

III. Results and discussion

A. Preliminary considerations on experimental findings

The fluorescence spectra recorded for Xe atoms and ions are shown in Figure 4a and 4b, respectively, for different
values of propellant mass flow rate. The density of Xe atoms in the probed resonant state is low due to its short
lifetime [37]. As a consequence, the fluorescence signal is rapidly lost downstream the thruster exit plane, therefore
the atoms profiles could only be resolved inside the discharge tube and in the near-field region of the plasma plume.
Differently, the behavior of Xe ions could be investigated up to 15 cm downstream the exit plane, at the expense of
longer integration times to increase the signal-to-noise ratio. The longest time required to scan over one entire profile
is in the order of 8 min.

The spectra relative to Xe I, cf. Figure 4a, exhibit a double-peak shape in the region −2 ≲ 𝑧 ≲ 4.5 cm. The gap
between the two peaks is maximum at 𝑧 = 0, it decreases with 𝑧 and eventually the peaks merge completely behind
the thruster exit plane at 𝑧 ' 5 cm. With reference to Figure 4b, a double-peak lineshape is likewise observed also for
Xe II in the region close to 𝑧 = 0, i.e. where the magnetic field strength is maximum. In the Xe II profiles, the two
peaks merge at 𝑧 ' 3 cm and farther downstream the lineshape becomes nearly Gaussian.

Given that these spectra exhibit relatively complex lineshapes nearby the thruster exit plane, the routine assumption
that they image the local velocity distribution function (VDF) cannot be applied in this case. The most probable velocity
of the probed species is given by the Doppler shift of the line center. However, when the fluorescence light profile does
not feature a quasi-Gaussian shape, it is not possible to identify which peak of the profile corresponds to the shifted line
center, making it impossible to accurately retrieve the most probable velocity. For this reason, it is necessary to model
the expected lineshape by accounting for all the possible broadening mechanisms and fit the experimental profile thus
to determine the accurate Doppler shift. Previous experiments relying on LIF spectroscopy have likewise observed a
broadening of the recorded spectra, suggesting it was linked either to the Zeeman effect or to charge-exchange (CEX)
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(a) LIF spectra of Xe I resolved along 𝑧.
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(b) LIF spectra of Xe II resolved along 𝑧.

Fig. 4 On-axis LIF spectra of xenon atoms and ions resolved along 𝑧. The horizontal dashed line indicates the
zero-velocity wavelength, cf. Table 1. Thruster input power is 𝑃𝑟 𝑓 = 350 W.

collisions [31]. The occurrence of a population of slow ions resulting from CEX collisions cannot clarify the profiles
recorded in this experiment. In fact, this hypothesis would not provide an explanation for the two peaks in the neutrals
spectra as well as for the absence of slow ions in the far-field. In Section III.B, modeling of the fluorescence profiles
is addressed, proving that the form of measured lineshapes is influenced by the external magnetic field and therefore it
results from the Zeeman and Pachen-Back effects.

B. Modeling of fluorescence lineshape

Xenon has seven stable isotopes with abundance above 1 % [45]. Each isotope leads to the so called isotopic shift
due to mass and volume differences in the nucleus. Isotopes with odd atomic number (129Xe and 131Xe) possess a
non-zero nuclear spin 𝐼 and therefore lead to the hyperfine structure (HFS). In addition, the presence of a magnetic
field further splits each spectral line into several components. As a result, the absorption line comprises several optical
transitions. The spectrum is modeled either in the weak or strong field approximation. The former case corresponds to
the occurrence of the Zeeman effect, while the latter is referred to as Paschen-Back effect. The choice of relying either
on the weak or strong field approximation depends on the local strength of the external magnetic field in the context
of the hyperfine interaction [46]. It is quantitatively assessed as customary by comparing the interaction energies
associated with the HFS and the magnetic field at each scanning location, i.e.

𝑔𝐽 𝜇𝐵 |B|/𝐴 � 1 weak field (1)
𝑔𝐽 𝜇𝐵 |B|/𝐴 � 1 strong field (2)

where 𝑔𝐽 is the Landé 𝑔-factor, 𝜇𝐵 is the Bohr magneton, 𝐴 is the magnetic dipole constant and |B| is the local magnetic
field intensity. For what concerns the modeling of Xe I profiles, the weak field approximation is valid as long as the
magnetic field intensity remains below ≈ 0.1 T, therefore it represents a justified assumption in the present experiment.
Regarding the Xe II lines instead, distinction has to be done in function of the 𝑧-coordinate. Indeed, in the proximity
of the thruster exit plane, the strong field approximation provides a more realistic picture for the 131Xe lines as long as
the magnetic field intensity exceeds ≈ 20 mT.

In practice, the procedure employed to model the fluorescence lineshape needs to be implemented for atoms and
ions separately and it consists in:

1) finding all the allowed optical transitions;
2) quantifying the associated detuning frequency;
3) determining the relative intensity of each line;
4) include Doppler broadening and Doppler shift to finally retrieve the lineshape.
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Fig. 5 129Xe 𝜎-components of the Xe I line at 834.682 17 nm.

In the weak field regime, the upper and lower energy levels of the probed transition are solved by determination of the
total angular momentum 𝐹 and the magnetic 𝑀𝐹 quantum numbers for the hyperfine sub-levels, whereas the electronic
angular momentum 𝐽 and the magnetic 𝑀𝐽 quantum numbers are required for the even isotopes[36, 37]. The hyperfine
components are beforehand identified by the dipole-dipole selection rule Δ𝐹 = 𝐹 − 𝐹 ′ = [0,±1], with 𝐹 = 0↛ 𝐹 ′ = 0
[46]. In the strong field case, 𝐹 and 𝑀𝐹 are undefined quantum numbers therefore the set (𝐼, 𝐽, 𝑀𝐼 , 𝑀𝐽 ) needs to
be used instead. The allowed transitions are set by the values of Δ𝑀𝐹,𝐽 . The latter are selected by accounting for
the laser polarization with respect to the magnetic field vector. As the polarization at at the output of the optical
fiber is negligible, when the laser is shone in the direction of the magnetic field (k ‖ B), only the 𝜎 components
(Δ𝑀𝐹,𝐽 = ±1) are allowed. Though, when k ∦ B, both 𝜎 and 𝜋 components (Δ𝑀𝐹,𝐽 = 0) need to be accounted for.
The selection rule Δ𝑀𝐼 = 0 is additionally considered whenever the strong field condition is met. In the simplest case
when only the 𝜎 components are allowed and the weak field approximation holds, the selection rules lead to 6 lines
for each even isotope, 18 for 129Xe and 54 for 131Xe in the 6𝑠 2 [1/2]◦1 → 6𝑝 2 [3/2]2 transition of Xe I. Regarding
the 5𝑑 2 [4]7/2 → 6𝑝 2 [3]◦5/2 transition of Xe II instead, the spectrum comprises 12 lines for the each even isotope, 36
for 129Xe and 108 for 131Xe. An instance of the allowed 𝜎 transitions due to hyperfine structure and Zeeman effect is
shown in Figure 5 for 129Xe isotope relative to the Xe I line at 834.682 17 nm. Several additional lines appear when
the 𝜋 components are included.

The energy shift of each transition is computed as the sum of three terms: the isotopic shift Δ𝐸𝐼 𝑆 , the contribution
of the hyperfine structure Δ𝐸ℎ 𝑓 𝑠 , the contribution of the Zeeman effect Δ𝐸𝑍 . The values of Δ𝐸𝐼 𝑆 for the Xe I and
Xe II lines here investigated are tabulated in [47] and [48], respectively. It is chosen to refer these shifts to 132Xe since
it is the most abundant isotope. The hyperfine structure term Δ𝐸ℎ 𝑓 𝑠 is nonzero for the odd isotopes only and it is the
sum of magnetic dipole and electric quadrupole contributions [36, 46, 49]. The latter are function of the hyperfine
constants 𝐴 and 𝐵 which can be found in [36, 50] for the two transitions used in this work. The last contribution to the
total energy shift, i.e. Δ𝐸𝑍 , is a function of the magnetic quantum number 𝑀𝐹,𝐽 ,𝐼 , the strength of the magnetic field
and the Landé 𝑔-factor 𝑔𝐹 or 𝑔𝐽 , depending on the isotope atomic number and weak/strong field regime. Complete
expressions for Δ𝐸ℎ 𝑓 𝑠 , Δ𝐸𝑍 and 𝑔𝐹 can be found in [46]. The values of 𝑔𝐽 and the nuclear magnetic dipole moments
𝜇𝐼 necessary to compute 𝑔𝐹 are provided in [39, 51].
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Fig. 6 Experimental (squares) and modeled (line) lineshape for (a) Xe I and (b) Xe II transitions. The
experimental data points are Doppler shifted to fit the model profile. Thruster operation parameters are:
350 W, 25 sccm.

After the energy shift of each transition is known, the complete spectrum is built by determining the relative
intensity. The equations of interest are reported in [46] for each of the 𝜋 and 𝜎 componentsa. They are function of
𝐹 and 𝑀𝐹 (𝐽 and 𝑀𝐽 ) for the odd (even) isotopes. The so computed intensities require to be weighted accounting
for natural abundance of each isotope [45] and hyperfine components tabulated in [52] as a function of 𝐼, Δ𝐽 and Δ𝐹.
Furthermore, in order to account for the laser polarization direction, the intensity of each 𝜋 transition can be scaled by
sin(𝜃), where 𝜃 is the local relative angle between k and B.

At last, Doppler broadening of each transition is addressed. At this stage, two reasonable approximations are
made: the laser beam profile is considered as a Dirac delta function due to its bandwidth (< 1 MHz), and the natural
width (5 MHz) is neglected in comparison to the Doppler broadening full width at half maximum (' 0.65 GHz at
𝑇 = 800 K) [37]. It is assumed that ions and atoms share the same temperature. A Gaussian profile is applied to each
component, exhibiting identical width and frequency shift. Eventually, the theoretical lineshape stems from the sum
of all individual Gaussian profiles.

Figures 6a and 6b illustrate two sets of the model outcomes compared to the experimental LIF spectra recorded in
different locations of the plasma beam for atoms and ions, respectively. These spectra comprise the 𝜎 transitions only
as k ‖ B. A kinetic temperature of 800 K is used to fit the experimental profiles, which are Doppler shifted to overlap
the model lineshape. It is observed that a portion of the Xe I spectrum has not been included in the experimental
scan, cf. Figure 6a. However, this fact is irrelevant considering that the focus here is on the Doppler shift. A poorly
satisfactory match in the 0 GHz region is found for those profiles that exhibit a double-peak shape, for both Xe I
and Xe II. In relation to this matter, the size of the laser beam and its alignment are possibly involved. The model

aThe results are obtained by direct substitution of |𝐽𝑀𝐽 〉 and |𝐹𝑀𝐹 〉 in the equations reported in [46]. The extent to which these intensities
are approximations was not explored here.
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Fig. 8 Axial velocity profile of Xe II for different operating parameters.

reasonably assumes that the excitation light is perpendicularly polarized with respect to the magnetic field. Yet, a slight
misalignment and/or a relatively large probed volume would enable the occurrence of 𝜋 transitions. The intensity of
these transitions would be related to the angle between k and B. Nevertheless, it is virtually impossible to quantify
this contribution. By manually implementing a non-zero angle between k and B in the simulation code, it is found
that a misalignment in the order of 2 − 3 deg is sufficient to visibly alter the 0 GHz region. These values are perfectly
compatible with the uncertainty associated with the experimental setup and the magnetic field simulation accuracy.

The most probable velocity is ultimately estimated from direct implementation of the Doppler shift equation [35].
This shift is equal to the off-set in the frequency axis that gives the best match between the experimental and modeled
lineshapes with a precision of 10 MHz (≈ 8 m s−1). This procedure is clearly embedded in the simulation algorithm.
The reference zero-velocity frequency 𝜈0 comes from previous experiments reported in [36] relying on two-beam
saturated spectroscopy in a drift-free RF plasma. Altogether, this technique allows deducing the kinetic temperature
and the most probable velocity with a reasonable accuracy. The error bar results from several contributing factor, such
as the uncertainty on hyperfine constants and isotopic shifts in input, the quality of the raw data, the robustness of
the fitting algorithm. Although the signal-to-noise ratio decreases downstream, the single-peak shape of the recorded
profiles simplifies the fitting procedure. By exploring the full range of uncertainties of the input constants to the model
(i.e. isotopic shifts and hyperfine constants) and different filtering parameters on the noisy signals, it is estimated that
the typical uncertainty is in the order of ±10 m s−1 and ±100 K for the velocity and temperature, respectively.
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C. Atoms and ions velocity profiles

The velocity profiles of Xe and Xe+ herein reported are extracted by means of the model illustrated in Section III.B.
The value of the kinetic temperature is fixed to 800 K for both species since it fits well the experimental data.

Figure 7 displays the evolution of the atoms axial velocity along the thruster center line. This data is deduced
from the LIF spectra in Figure 4a. It is found that the neutrals drift towards the exit plane with a velocity smaller
than the thermal speed (𝑣𝑡ℎ =

√
8𝑘𝐵𝑇𝑖/𝜋𝑚𝑖 ≈ 365 m s−1 at 800 K). Then, the atom velocity increases within a few

centimeters over the thruster exit plane up to 700 − 800 m s−1. Note that at 800 K and with 𝛾 = 5/3, the sound speed
reads 𝑣𝑠 =

√
𝛾𝑘𝐵𝑇𝑖/𝑚𝑖 ≈ 295 m s−1. Thus, the neutrals reach the sonic point in the proximity of the thruster outlet and

expand supersonically within the plume. This behavior is not visibly influenced by a different value of the propellant
mass flow rate. Similar upper values of the neutrals axial velocity have been found also in Hall thrusters [37]. This
relatively high speed of the atoms is likely to result from various contributing phenomena. Inside the discharge chamber,
the ions naturally recombine at the walls. They are reflected back with a fraction of the momentum carried before
the recombination and therefore populate the high energy wing of the atoms distribution function. Ion-neutral elastic
collisions may likewise contribute to increase the most probable atom velocity. The neutrals largely dominate the
discharge chamber with a particle density of ∼ 1020 m−3, derived from mass flow conservation and assumed uniform
everywhere. As a result, the mean free path for ion-neutral momentum transfer collisions reads 𝜆 ' 3.5 mm using
an equivalent cross section 𝜎𝑒𝑙 = 2 × 10−18 m2 at about 1 eV of ion energy [53]. For comparison, the cross section
associated with CEX collisions reads 𝜎𝐶𝐸𝑋 ' 0.8 × 10−18 m2 [54], thus showing that elastic collisions are about 2.5
times more likely that CEX collisions. Furthermore, the slow wing of the atoms distribution function is selectively
depopulated in the high electron density region, i.e. close to the magnetic nozzle throat, due to the relatively longer
residence time that leads to higher ionization probability.

The profiles of the ions axial velocity are reported in Figure 8a and 8b for several values of the propellant mass flow
rate and input power, respectively. For all the tested working points, it can be noticed that the ions still experience a non-
negligible momentum gain several centimeters downstream the thruster exit plane. The evolution of the ion velocity
at 𝑧 ≲ 2 cm is not visibly influenced by the thruster working condition. Indeed, all the profiles tend to merge close to
the thruster exit plane. The ions leave the discharge chamber with a drift velocity of about 1.4 km s−1. Assuming a
conservative value of the local electron temperature of 4 − 5 eV at 𝑧 = 0 according to previous measurements taken in
a similar device [3, 26], the Bohm speed equals 1.7 − 1.9 km s−1. It clearly means that the sonic condition is reached
downstream the throat of the magnetic field, in contrast with the ideal gas-dynamics analogy of the plasma expansion
as routinely postulated in fluid models[14, 55]. Previous experiments performed on other devices [11, 27, 30–32]
have similarly observed a subsonic ion flow in correspondence of the magnetic nozzle throat. In this experiment, by
accounting for positioning uncertainties in the experimental setup, the axial shift of the sonic transition is in the order
of several millimeters, which is consistent with the findings reported in [30, 31]. Given that a single population of
ions dominates the LIF spectra in this experiment, CEX collisions cannot explain the shifting of the sonic point. On
the other hand, ion-neutral elastic collisions, electron-neutral collisions and ionization within the plume may represent
a pivotal explanation to the axial shift of the sonic transition [27, 32]. The occurrence of ion-neutral collisions is
compatible with the observed atom velocity profiles shown in Figure 7, as previously discussed.

The effect of a different working point of the thruster becomes more evident far downstream, cf. Figure 8a and
Figure 8b. A larger ultimate velocity is recorded at lower mass flow rates and higher input powers. Altogether, the
highest value of the ion axial velocity reads about 4600 m s−1 at 𝑧 = 15 cm, obtained for 350 W and 15 sccm.

D. Comparison of RPA and LIF spectroscopy results

The ion beam energy is additionally probed using the RPA described in Section II.C for the purpose of comparing
the two measurement techniques. A consequence of the discussion reported in Section III.A and III.B is that the intense
magnetic field in the close-field region prevents a direct comparison of the ion VDF retrieved with the two diagnostics
simply because the LIF profile does not picture the true ion VDF. For this reason, measurements are performed and
compared at a single point far downstream where the RPA does not substantially interfere with the plasma beam and
the fluorescence signal still manifests a good signal-to-noise ratio while being negligibly altered by the magnetic field.
The choice of a single point also stems from the fact that an extended scan, either along the axial or angular direction,
is prohibited by alignment limitations due the nature of the radial-polar translation system whenever multiple probes
are employed (RPA and RFCLP in this particular case).

In short, the experimental setup related to the RPA measurements is schematically depicted in Figure 1. The RPA
and the RFCLP are mounted on the translation stage in such a way that they are both aligned with the thruster axis at
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Fig. 10 Krypton ions axial velocity probed with RPA and LIF at different levels of 𝑃𝑟 𝑓 and ¤𝑚.

20 25 30
3200

3400

3600

3800

4000

4200
P = 300 W

LIF

RPA

20 25 30

P = 350 W

LIF

RPA

20 25 30

P = 400 W

LIF

RPA

20 25 30

P = 450 W

LIF

RPA

0.0 0.2 0.4 0.6 0.8 1.0

Mass Flow Rate [sccm]

0.0

0.2

0.4

0.6

0.8

1.0

Io
n

ax
ia

l
ve

lo
ci

ty
[m

/s
]

Fig. 11 Xenon ions axial velocity probed with RPA and LIF at different levels of 𝑃𝑟 𝑓 and ¤𝑚.
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𝑧 = 12 cm. Data from the two probes are acquired nearly simultaneously after prior rotation of the arm system to ensure
proper alignment of each probe. It shall be remarked that LIF and RPA measurements are performed over different
days. The TU is operated with both krypton and xenon propellants under different values of input power and mass
flow rate. For each operational point, the associated dataset comprises of an I-V curve from the RFCLP, an I-V curve
from the RPA and a fluorescence profile from LIF, as exemplified in Figure 9. The resulting axial ion velocity probed
with the two instruments is plotted in Figure 10 and 11 for krypton and xenon, respectively. It is observed that the
two measurement techniques are in reasonably good agreement. In general, the ion velocity determined with the RPA
always results larger than that measured with LIF spectroscopy. The mean difference between the two measurements
is 184.0 m s−1 with a standard deviation of 71.9 m s−1 when operating the thruster with krypton, whereas a mean
difference of 96.3 m s−1 with a standard deviation of 47.7 m s−1 are observed in the case of xenon. From Figure 9, it
can be deduced that the ion VDF from both LIF and RPA is slightly asymmetric, which is possibly due to the presence
of slow ions. These can result from ion-neutral and charge-exchange collisions, as previously discussed in Section
III.C. However, a detailed comparison of the VDF resulting from the two techniques is out of the scope of this study
because several phenomena contribute altering its shape. Indeed, hyperfine structure and magnetic field do not allow
measuring the unperturbed ion VDF using LIF, whereas the I-V curve from the RPA is sensitive to the specific device,
the presence of secondary electrons, ionization and charge-exchange collisions occurring inside the probe.

IV. Conclusion
Plasma flow velocity has been spatially resolved using laser-induced fluorescence spectroscopy and a retarding

potential analyzer in the magnetic nozzle of a Helicon plasma thruster operating under several conditions. The most
probable ion axial velocity obtained with two instruments is compared in a single point of the far-field plume when the
thruster operates with Xe and Kr propellants. It is found that the two diagnostics are in good agreement. In all tested
conditions, the ion velocity measured with the RPA is larger than that resulting from LIF. The mean relative difference
between the two techniques is in the order of 2−3 % accounting for all explored operating conditions.

Xenon atoms and ion dynamics is studied inside and outside the discharge chamber via LIF. In the near-field
plume, the intense magnetic field induces the Zeeman effect, leading to a relatively complex shape of the fluorescence
spectra. Consequently, it results impossible to accurately deduce the atoms and ions velocity in the strong magnetic
field region without prior modeling of the atomic lineshape. Hence, this task is addressed by accounting for broadening
mechanisms, namely isotopic shift, hyperfine structure and Zeeman effect. Fitting of the modeled and measured
profiles allowed inferring the evolution of the most probable velocity both for the Xe atoms and ions. It is found that
the neutrals axial velocity increases up to supersonic values downstream the thruster exit plane. This phenomenon is
associated with parallel occurrence of several processes. The fast atoms wing of the distribution function is populated
because of flow expansion, ions recombination at the walls and ion-neutral momentum transfer collisions, whereas the
slow atoms wing is selectively depopulated because of ionization. The axial evolution of the ions velocity uncovers
the effect of the thruster working parameters. Faster ions are obtained at lower mass flow rates and higher levels of
input power. The velocity profiles also show that the acceleration region extends several centimeters downstream the
exit plane. The largest Xe ion velocity recorded in the probed region is about 4600 m s−1 at 𝑧 = 15 cm for 350 W of
input power and 15 sccm of mass flow rate.

The experimental findings reported in this paper contribute to advance in understanding the ions and atoms
dynamics in a magnetic nozzle. Development and validation of numerical models can largely benefit from the data
herein presented. A parallel numerical and experimental investigation of the near-field atom and ion dynamics under
different working conditions would further assist in clarifying the current picture. Implementation of collisions and
wall recombination phenomena in particle-in-cell models is particularly advised. It is clearly of interest to conduct a
system parametric analysis targeting a larger ultimate ion velocity in view of developing an efficient electric propulsion
system.
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