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Abstract – Discharge current oscillations influence strongly the Hall effect thruster efficiency. In
order to grasp the physic of the mechanisms that create the low-frequency oscillations of the plasma,
we recorded the Xe+ ion velocity distribution function in the discharge of a PPS100 Hall thruster
using a time-resolved fluorescence technique. Numerical treatment of the acquired data reveals that
the electric field and the ionization zone oscillate without variation in phase, with a very weak spatial
but strong amplitude variation. Measurements also show the crucial impact of the neutral speed that
seem to govern the whole physics of the low-frequency oscillations.

I. Introduction

A Hall Effect Thruster (HET) is a gridless ion accelerator that finds applications in the field of spacecraft
propulsion1,2. Such a type of electric propulsive device is especially suited for long duration missions
and for maneuvers that require a large velocity increment. HETs are currently mostly employed for
geostationary communication satellite orbit correction and station keeping. Other fields of application
are envisaged for the near future. Low power Hall thrusters seem suited for drag compensation of
observation satellites that operate on a low-altitude Earth orbit. The use of high power Hall thrusters for
orbit raising and orbit topping maneuvers of communication satellites would offer significant benefits in
terms of launch mass, payload mass and operational life. In addition, large Hall thrusters appear as good
candidates to be used as the primary propulsion engine for robotic space probes during interplanetary
journeys toward far-off planets and asteroids.

A Hall effect thruster is a low-pressure DC discharge in crossed electric and magnetic fields configu-
ration2–4. Xenon is generally used as a propellant gas due to its high atomic mass and low ionization
energy. A schematic of a HET is depicted in Fig.1. The anode is located at the upstream end of a
coaxial annular dielectric channel that confines the plasma. The cathode is situated outside. A set of
coils combined with magnetic parts provide a radially directed magnetic field B of which the strength is
maximum in the vicinity of the channel exhaust. The magnetic field is chosen strong enough to make the
electron Larmor radius much smaller than the channel characteristic sizes, but weak enough not to affect
ion trajectories. The gas injected through the anode is ionized inside the channel by electron impacts. As
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Fig. 1: Cross-section view of a Hall effect thruster. The channel exit plane is referred to as x=0 in
this work.

the magnetic field considerably slows down the electron motion toward the anode, the applied potential
concentrates in a restricted area at the channel entrance. The corresponding axial electric field E then
accelerates ions out of the channel, which generates thrust. The ion beam is neutralized by a fraction of
electrons emitted from the cathode. The crossed E and B geometry is at the origin of a large electron
azimuthal drift –the Hall current– that is responsible for the efficient ionization of the supplied gas. When
operating near 1.5 kW, a HET ejects ions at 20 km s−1 and generates 100 mN of thrust with an overall
efficiency of about 50 %5.

It is well-established that the crossed-field discharge of a Hall thruster is strongly non-stationary3,6.
This specific type of magnetized plasma displays numerous types of oscillations, which encompass many
kinds of physical phenomena, each with its own length and time scales6. Current and plasma fluctuations,
of which the frequency range stretches from ∼ 10 kHz up to ∼ 100 MHz, play a major role in ionization,
particle diffusion and acceleration processes. Low-frequency plasma oscillations in the range 10-30 kHz, so-
called breathing oscillations, are especially of interest as they carry a large part of the power7. Breathing
oscillations find their origin in a prey-predator type mechanism between atoms and ions as shown by
Boeuf and co-workers8. In short, these oscillations originate in a periodic depletion and replenishment
of the neutrals near the exhaust of the thruster channel due to the efficient ionization of the gas. The
frequency is then linked to the time it takes for atoms to fill in the ionization region. With an atom
thermal speed of 300 m/s and a region size of 20 mm, one finds a frequency of 15 kHz. The breathing
phenomenon not only disturbs the discharge current but also has a strong impact on several quantities.
The plume shape and the ion beam divergence change during an oscillation cycle of the current as was
shown by means of CCD imaging9. A time variation of the ion beam energy in a Hall thruster far field
in the cas of very strong oscillations was evidenced using a retarding potential analyzer11. The electron
density and the plasma potential oscillate at low frequency10. Conversely, the electron temperature stays
unchanged. Oscillations of the aforementioned quantities are most likely connected with a time variation
of the potential distribution or, in other words, with the variation with time of the accelerating electric
field. Therefore, it appears of great interest to investigate the temporal behavior of the electric field that
certainly hides a rich and intricate dynamics. Across the acceleration layer, the medium is collisionless,
i.e. ion-ion and ion-atom collision events are scarce. As a consequence, using the appropriate numerical
method, the electric field can be assessed from the Xe+ velocity which then becomes the quantity to
be examined. Note that, as the ionization and acceleration processes are interrelated in a Hall thruster,
see e.g.12,14, the electric field inferred from the mean ion velocity in a straightforward way is solely an
approximation. The calculation with the moments of the Boltzmann equation provide a more accurate
value of the electric field and the the ionization frequency.

Laser Induced Fluorescence (LIF) spectroscopy in the near infrared has often been used in the past
few years to measure the time-averaged velocity distribution function (VDF) of Xe+ ions in the plasma
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of a Hall effect thruster12,14–16. LIF spectroscopy is a non intrusive diagnostic tool that enables an
accurate determination of the local velocity of atoms along the laser beam direction by measuring the
Doppler shift of absorbed photons. The metastable Xe+ ion VDF is recorded by collecting fluorescence
radiation at 541.9 nm after excitation of the 5d 2F7/2 → 6p 2Do

5/2 transition at λ = 834.7233 nm12. A
phase sensitive detection method is often used to capture the fluorescence signal. However, this method,
which is powerful enough for the extraction of a signal in an environment with a high background noise
level, offers a poor time resolution. To achieve the measurement of the time-resolved Xe+ ion VDF in
the plasma of a Hall effect thruster, it is necessary to develop a method able to detect LIF photons with
a time resolution around 1µ s. In normal operating conditions for a HET, the number of fluorescence
photons observed at 541.9 nm with a continuous laser beam tuned at 834.7233 nm with about 1 mW/mm2

power density is on the order of 10−2 per µs. Under identical experimental conditions, the number of
background photons generated by the plasma at 541.9 nm during 1µs is typically 1, which means a
ratio of 100 between the two signal amplitudes. The laser system must therefore be able (i) to detect a
tiny amount of photons hidden in a strong background (ii) to determine with a high accuracy the exact
moment in time fluorescence photons have been produced. One must therefore turn to a photon-counting
technique. First studies, carried out with a PPSrX000-LM thruster suggest that the electric field weakly
oscillates at the channel outlet with an almost constant overlap of the acceleration and ionization zone13.
Measurements were performed for three locations along the thruster channel axis. In the current work we
were able to measure the Xe+ ion VDF temporal behavior at 11 positions equally spaced on the channel
centerline, increasing a lot the accuracy of the results.

In this contribution, we present time-resolved measurements of the Xe+ ion axial VDF in the discharge
of the 1 kW-class PPS100 Hall thruster fired at 250 V discharge voltage and 4.5 mg/s xenon mass flow
rate. The evolution in time of the VDF was recorded at several locations during the transient regime that
follows a fast anode discharge current ignition in order to investigate the ion dynamics during forced and
free low frequency current oscillations. The current is switched off during 10µs at a 2.5 kHz repetition rate
without any synchronization with the discharge current oscillation cycle. The outline of this paper is as
follows. In Sec II., the LIF optical assembly is described and the pulse-counting technique is introduced.
Section III. compares macroscopic values in the two regimes, without and with the fast interruption
device. SectionIV. shows contour plots of the time-varying Xe+ ion VDF as well as traces of various
velocity groups at the thruster outlet. In Sec.V., the temporal behavior of macroscopic quantities like
the density, the mean velocity and the velocity dispersion, is examined and discussed. SectionVI. reports
on variation over time of the accelerating potential and the accelerating electric field in the crossed-field
discharge of a Hall thruster. Finally, concluding remarks will be presented in Sec.VII..

II. Diagnostic technique

A Optical bench and collection branch

The LIF optical assembly is extensively described in Ref.14. The laser beam used to excite Xe+ metastable
ions at 834.7 nm is produced by an amplified tunable single-mode external cavity laser diode. The
wavelength is accurately measured by means of a calibrated wave meter whose absolute accuracy is better
than 100 MHz, which corresponds to 90 m/s. A high-finesse plane scanning Fabry-Prot interferometer
is used to real-time check the quality of the laser mode and to detect mode hops. The primary single-
mode laser beam is modulated by a mechanical chopper at a low frequency ∼ 20 Hz before being coupled
into a 50 m long optical fiber of 50µm core diameter. The fiber output is located behind the thruster.
Collimation optics are used to form a narrow beam that passes through a small hole located at the back of
the thruster. The laser beam propagates along the channel axis in the direction of the ion flow. Typically,
the laser power density reaches 10 mW/mm2 within the detection volume, which warrants a good signal
to noise ratio and a limited saturation of the observed transition.

A collection branch made of a 40 mm focal length lens, which focuses the fluorescence light onto a
200µm core diameter optical fiber, is mounted onto a travel stage perpendicular to the channel axis.
The magnification ratio is 1, meaning that the spatial resolution is 200µm in axial direction. A slit was
made in the channel dielectric outer wall in order to carry out measurements inside the channel. The
fluorescence light transported by the 200µm fiber is focused onto the entrance slit of a 20 cm focal length
monochromator that isolates the 541.9 nm line from the rest of the spectrum. A photomultiplier tube
serves as a light detector.
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Fig. 2: Block diagram of the lock-in photon counting system. The presence of two pulses generators
allows us to introduce a delay between the beginning of the interruption and the acquisition trigger
time. PMT stands fot PhotoMultiplicatorTube and D.A. stands for Discriminator Amplifier.

B Lock-in photon-counting device

The pulse (or photon) counting technique allows the detection of a very low level signal with an excellent
time resolution. When combined with a modulation of the laser light intensity, the pulse counting
technique can distinguish between LIF photons and spontaneous emission photons. The technique is
known as the time-resolved pulse counting lock-in detection technique17. Here we briefly outline the
main characteristics and settings of our system which was slightly different from the one used in our
previous study13.

A block diagram of the pulse counting system is shown in Fig.2. Photons are detected by means of
a high gain and low dark noise PMT (R7518-P from Hamamatsu). A fast amplifier and discriminator
module (9302 from Ortec - 100 MHz counting rate) are used to screen out dark current from PMT dyn-
odes, to limit the pulse rate thereby avoiding saturation of the pulse counter, and to transform any single
event –here the arrival of a photon– into a TTL pulse. Pulses are subsequently treated by the lock-in
pulse counter device, which counts events as a function of time. Our system is based on a multichan-
nel scaler MCS-pcir from Ortec. A trigger starts the counter which segments photon count data into
sequential time bins. The width of the bins can be set from 100 ns to 1300 s. The instrument records
the number of photons that arrive in each bin. In order to greatly improve the signal-to-noise ratio, the
counter is able to operate in real-time addition-subtraction mode. The laser beam intensity is modulated
at low frequency (∼ 20 Hz) by means of a mechanical chopper. Each pulse recorded when the laser is
propagating through the plasma (laser-on mode) is added to the time series; the signal corresponds to
LIF photons plus background photons. Each pulse recorded when the laser is suspended (laser-off mode)
is subtracted from the time series: in that case the signal is solely composed of background photons. The
pulses generated by a pulse generator to start the fast interruption are used to trigger all the acquisition
system. The time resolution, i.e. the width of each bin, was set to 100 ns and 4000 bins were used.
The duration of one measurement cycle is therefore 400µs, corresponding to about 6 times the period
of low-frequency current oscillations of the thruster operating at 250 V and 4.5 mg/s. In order not to
saturate the electronic buffers, the duration of the acquisition was set to 350µs before data transfer. To
obtain a reasonable signal-to-noise ratio, light was accumulated over 1 million cycles (meaning 1 million
discharge current interruptions).

The procedure to obtain the time-resolved ion VDF on each position is the following:

• the laser is fixed at a given wavelength λ corresponding to a certain ion velocity group δv. The
extent (dispersion) of the velocity group results from the spectral width of the laser beam and from
the thermal expansion of the laser cavity. A feedback loop allows a minimization of the shift of the
laser wavelength. The dispersion is thus around 10 m/s.

• The pulse counter is used to record the number of fluorescence photons induced by excitation of
metastable ions at λ. That means we follow the temporal evolution of the velocity group δv.
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• After about one million discharge current disconnection cycles the laser wavelength is changed and
a new measurement starts.

To obtain a smooth ion VDF about 12 different wavelengths are used.

III. Time averaged characteristics

A Experimental conditions - Ion VDF

All measurements were performed in the PIVOINE-2g test-bench. The PPS100 Hall effect thruster was
equipped with BN-SiO2 channel walls. The main thruster parameters were kept unchanged during the
experiments: The applied voltage Ud was set to 250 V, the anode xenon mass flow rate Φa was fixed at
4.5 mg/s and the current flowing through all coils was set to 5 A. The mean discharge current is 4 A and
the oscillation frequency is found to be 21 kHz.

Fig.3 shows two oscillogramms of the anode current acquired the same day in the two regimes (with and
without power shutdown). It is clear that the value of the current is strictly zero during the interruption,
with a large reignition oscillation. The following oscillations do not seem to differ greatly in the two
regimes which ensure that we do not disturb strongly the natural oscillations we want to look at. The
temporal characteristics of the ion VDF were recorded for eleven locations along the channel centerline
from x=-8 mm to x=+15 mm, which gives us eleven positions to compare the regimes without and with
interruption. Each position defines a distinct area in terms of electric field magnitude14. The position
x=-6 mm corresponds to a zone through which the electric field is almost zero and the ionization is
strong. At x=-2 mm, the electric field is large and ionization is maintained. The channel exit plane,
x=0 mm, corresponds to a region where ionization still exists and the electric field strength is high with
E ≈250 V/cm without interruption, E ≈200 V/cm with interruption. The position x=+5 mm corresponds
to a region where the ionization is almost zero and the electric field is maintained. The electric field falls
to zero at a position around x=+20 mm.

Time-averaged measurements have been carried out in a lot of previous works. Here they have been
recorded using a Lock-in technique with a laser modulation at 1589 kHz and a typical integration time of
300 ms for the regime without interruption or 1 s in some cases, especially in the interruption regime, due
to the lower signal to noise ratio. Fig.4 shows four VDF acquired at various positions on the axis in the
two regimes. It is clear that the disruption of the plasma impacts strongly the VDF in the acceleration
and plume near field. In Fig.4, velocity distribution functions measured in the region of strong electric
field are clearly shifted toward the low-velocity side. The production of slow ions is understandable since
during the 10µs of current break, the channel gets full of atoms which are quickly ionized when the
plasma is reignited. There is almost no difference at x=-6 mm since the ions produced in this region have

Fig. 3: Anodic current waveform snapshots.
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Fig. 4: Compared VDF in four positions. In blue the regime without interruption, in red the
regime with interruption.

a weak velocity, so we cannot distinguish the ions produced at the reignition of the plasma to the ions
produced in the non interrupted regime. The temporal behavior of the discharge will be more discussed
in the following sections.

B Velocity and dispersion

Using the measured profiles in the two regimes, we can compare some characteristic values of the thruster
like the mean velocity of the ion flow and the dispersion in velocity and energy. The mean velocity is
obtained from the VDF with the first order moment.

The influence of the interruption and reignition of the plasma on the acceleration and ionization zone
can be seen in Fig.5, which indicates the appearance of faster ions inside the channel and slower ions
outside in the regime with interruption. The velocity measured in the interrupted regime by means of
Retarding Potential Analyser (RPA) in the plume far field at x=70 cm reaches 17 km.s−1 while the final
velocity measured at x=30 mm in the regime without current interruption is 18 km.s−1. Therefore, one
can conclude that the overlap between the two zones increases when the discharge is periodically shut
off.

Fig. 5: Compared mean velocity. In blue the regime without interruption, in red the regime with
interruption.
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Fig. 6: Compared dispersion in velocity and energy. In blue and crosses the regime without inter-
ruption, in red and dots the regime with interruption.

The dispersion is computed using the mean velocity and the second order moment that gives the
standard deviation. The dispersion comes from the standard deviation using eq.1.

p = 2
√

2Ln(2) · σ ≈ 2.335 · σ (1)

where p is the dispersion and σ standard deviation. The quantity p is equal to the full width at half
maximum in the case of a Gaussian distribtion. The broadening in velocity spread is shown in Fig.6, as
well as the energy spread computed in a first approximation by eq.2.

∆E ≈ m · v̄ · p (2)

where m is the mass of Xe+ ion, v̄ the mean velocity and p the dispersion. Fig.6 shows the evidence
of the overlap between the ionization and acceleration layer. We can estimate the scale of the overlap
thanks to the value of dispersion beyond the acceleration region. The larger the dispersion, the larger
the overlap.

We also computed the energy dispersion in terms of p parameter, using the Energy Distribution
Functions (EDF), inferred from the VDF. Fig.7 shows the comparison of the two calculations in the regime
without interruption. It reveals that, except from x=0 mm to x=7 mm, there is a very good agreement
between the two calculation approaches. The large difference in the x=0-7 mm zone is explained by the
presence of a extremely long slow tail on the VDF that almost disappear at x=7 mm. This long tail is
almost negligible when looking at the EDF in this region, which explains the lower maximum in the value
with EDF computation than with VDF computation.

Several explanations can be proposed to the increasing velocity dispersion when the measurements
reach the bottom of the channel. The broadening by saturation effect of the ions and the worse signal-
to-noise ratio are the most likely ones. Zeeman broadening due to the magnetic field inside the thruster

Fig. 7: Energy dispersion computed from the IVDF and the IEDF.
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Fig. 8: Zeeman effect on the Xe+ transition at λ =834.7 nm in a RF plasma discharge. In plots the
ensemble-average of several data series, in line the linear fit.

cannot explain the large dispersion observed in the vicinity of the channel exhaust21. A specific study
was performed in a low pressure RF plasma discharge with thermal ions plunged into a magnetic field
generated by Helmholtz coils with a maximum field of around 100 G. Fig.8 shows the broadening of the
Xe+ ion transition at λ=834.7233 nm as a function of the magnetic field strength. The large variation of
the plotted data is due to the instability of the discharge but it gives a extrapolated value of 800 MHz
at 300 K and 150 G, or in other units, about 700 m.s−1. This value is too low to explain the dispersion
measured inside the thruster. Thus, as previously demonstrated14, the large energy dispersion is due to
the overlap between the the ionization and acceleration layers.

C Electric field and ionisation

This section presents the time-averaged results on the electric field and ionization frequency. The electric
field can be directly computed from the velocity (most probable taken as the maximum of the LIF
signal and mean velocity computed with the first order moment) using the kinetic energy formula. This
approach is strictly valid insteady state when any change of the velocity is long enough compared to
the characteristic time scale of the plasma. As the data acquisition time is typically 300 ms per velocity
group, eq.3 can be used safely.

Ek =
1
2
· m
q

∂v2

∂x
(3)

The electric field can also be calculated using the moments of Boltzmann equation as described in22. This
computation method also provides the ionization frequency by decoupling the acceleration and ionization
phenomena in the thruster channel. The results are shown in Fig.9.

The three computed profiles of the electric field show very few differences except for the maximum
value. The most probable velocity does not take into account the dispersion of the velocity. Consequently,
it overestimates the electric field in presence of a slow population and underestimates it in presence of a
fast population, which can be seen in the figure (profile inferred from Bolzmann equation is considered
as the reference). The mean velocity takes into account the presence of slow and fast populations but it
considers that the ions are created at the same place and see the same electric field without decoupling
the ionization. It underestimates the electric field in the ionization zone. The calculation with Boltz-
mann equation reveals the large overlap of the acceleration and ionization zones between x=-5 mm and
x=+5 mm. The second maximum of the ionization profile at x=-1 mm is more likely due to numerical
noise than a real second maximum of ionization in the channel, since the computation is very sensitive
to the signal to noise ratio.

Fig.10 shows the comparison between the interrupted and non interrupted regimes in terms of electric
field profile. Fig.11 presents the comparison on the ionization profile. We expected that the acceleration
and the ionization zone would broaden with the current disruption. This is not clear on the two pre-
sented profiles, despite the obvious decrease of the electric field maximum value. The sensitivity of the
computation to the noise can explain why we are limited in the spatial resolution of the broadening.

Now we will examine and discuss our time-resolved measurements in relation with the time averaged
measurements in the interrupted regime.
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Fig. 9: Electric field and ionization frequency without current disruption.

Fig. 10: Electric field without (blue cross and with (red circle) interruption, using the mean velocity
and Boltzmann moments.

Fig. 11: Ionization profile without (blue cross) and with (red circle) interruption.
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IV. Temporal characteristics of the ion VDF

A Experimental conditions - Ion emission light

Fig. 12: Emission profiles at several positions for the 542nm line.

The experimental conditions are exactly the same as seen in SecIII. The acquisition set up has been
described in SecII. In this section we give some results regarding emission at the observed wavelength
(542 nm). Fig.12 plots the emission profiles at four positions, corresponding typically to the preionization
zone (x=-10 mm), the maximum of ionization (x=-5 mm), the maximum of acceleration (x=0 mm) and
the extinction of the ionization as seen in Fig.11 at x=+5 mm.

The interruption occurs at t=6.5µs and lasts 10µs. The plasma extinction is almost complete after a
very short time (around 4µs for 1/e extinction) except for the profile at x=5 mm that appears to behave
differently. The reignition is strong but the oscillations amplitude decays with a quasi exponential shape
and the signal-to-noise ratio remains good enough after 300µs. The signal is directly proportional to the
plasma density which gives us the time-resolved 542 nm wavelength emission profile in the thruster shown
in Fig.13. This map is obtained with a interpolation of spatial data by cubic spline and a smoothing
procedure of the temporal evolution. The color bar gives the intensity of the light emission signal. The
plasma extinction can be easily recognized at t=6.5µs. In the following section are presented the results
regarding time-resolved LIF measurements.

B Time-resolved VDF measurements

As said at the beginning of this document, eleven positions have been probed with around ten velocity
groups scanned for each position. The typical results obtained are plotted in the Fig.14. The interruption
is always recognizable but the behavior during the ignition varies a lot between the different velocity
groups and the position. The plasma interruption and the following forced oscillations have already been

Fig. 13: Evolution in space and time of the plasma emission light at 542nm.
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studied13 but here we were able to get a way better signal-to-noise ratio, sufficient to examine the natural
oscillations of the VDF and thus the natural oscillations of the electric field.

The increase in the noise at the interruption and reignition time is due to the large fluctuations of the
signal, without synchronization on the laser period. It artificially creates negative counting when there is
more light emission during a period without laser (counted as negative) than during a period with laser
(counted as positive). Discussing the precise temporal behavior is quite difficult since the reignition is
different for each position and each velocity group. Although it is clear that, taking the temporal mean
of each group, the time resolved data match perfectly the time averaged measurements in the interrupted
mode as can be seen in Fig.15 for the position x=-2 mm. It validates our approach of time-resolved
measurements and the interest of measuring the time-averaged VDF in the interrupted regime since the
profiles are strongly modified between the interrupted and non interrupted regime.

Fig.16 to Fig.18 show the raw oscillations in time of the VDF at x=-2 mm, x=2 mm and x=8 mm
(no smoothing procedure applied but cubic spline-interpolation used). The strong reignition is followed

Fig. 14: Temporal oscillations of selected velocity groups for three positions (raw waveforms). Each
curve is plotted in counted photons against channel number with the equivalence 10 channel =
1µs.

Fig. 15: Comparison between time-averaged VDF measurement (blue line) and time-averaged VDF
inferred from time-resolved data (red line and dot) at x=-2 mm.
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Fig. 16: Evolution in time of the VDF at x=-2 mm. The profile is interpolated from 12 scanned
velocity groups and unsmoothed.

Fig. 17: Evolution in time of the VDF at x=2 mm. The profile is interpolated from 11 scanned
velocity groups and unsmoothed.
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Fig. 18: Evolution in time of the VDF at x=8 mm. The profile is interpolated from 9 scanned
velocity groups and unsmoothed.

by several oscillations that do not vary in amplitude or frequency, around 20 kHz. The stability of these
oscillations proves that the forced oscillations at the reignition are followed by natural oscillations after
a 150µs delay. The presence of negative values in the map is due to the noise on the raw acquisition,
especially when the velocity group corresponds to a very weak intensity (far in the slow or fast tail of the
VDF).

Using these measurements, we were able to determine the evolution in space and time of macroscopic
quantities such as the relative density, the mean velocity, and the dispersion that will lead to a more
comprehensive view of the oscillation phenomenon in the thruster channel. The determination of the
accelerating potential and electric field comes next.

V. Evolution in time of the density, mean velocity, and
dispersion

Due to the transition used for our measurements, we cannot get the absolute ion density. Nonetheless,
we can determine from the measured VDF the variation in space and time of the density normalized at
an arbitrary value for each position. The density is here given by the area of the VDF corrected from the
laser power, which is possible as we are in a weak optical saturation regime (10 mW.mm−2) and therefore
the density n is proportional to the laser power.

Fig. 19: Evolution in space and time of the metastable ion density normalized at each position.
The profile is interpolated from the eleven recorded positions and smoothed.
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Fig. 20: Evolution in space and time of the mean axial velocity. The colorbar gives the value of the
velocity in m.s−1.

Fig. 21: Evolution in space and time of the velocity dispersion (p parameter). The colorbar gives
the value of the dispersion in m.s−1.

There is evidence of oscillations in space and time of the ion density in Fig.19. The edge is going from
the exterior toward the chanell rear section at around 200 m/s−1 which is close to the neutral velocity.

The evolution of the mean velocity (computed from the VDF by the first order moment) is shown in
Fig.20.We consider the oscillations before t=150µs as forced which let several natural oscillations that
can be seen on the mean velocity map. The maximum of the oscillations seem to move backward in time
as the position increases, or in other words go downstream the ion flow as the time increases. The speed
of this edge is about 150 m/s which corresponds to the neutral velocity.

The evolution of the velocity dispersion is plotted in Fig.21. One can see that the dispersion does not
oscillate or does with a very small amplitude (less than 1000m/s except for the x=0 to 2 mm zone). It
reveals that the ionization and acceleration zone overlaps and oscillates at the same frequency without
any variation of the relative phase in time. It is extremely important since it proves that the electric field
moves at the same time as the ions edge in the channel of the thruster, with a speed close to the neutral
injection velocity.

VI. Low-frequency electric field oscillations

The accelerating potential is computed thanks to Eq. 4 using the mean velocity v̄. Its value corresponds
to the exact equivalence between potential and kinetic energy by total energy conservation. Here we
neglect losses by collisions or the contribution of the non axial velocity.

U =
1
2
· m
q
· v̄2 (4)

The profile is extremely similar to the mean velocity profile which is not surprising due to the compu-
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Fig. 22: Temporal evolution of the accelerating potential. The colorbar gives the value of the
potential in Volts.

tation means used. We can notice at t ≈200µs that there is an edge on the oscillation maximum of the
potential, with a speed of about 400m.s−1, close to the neutral velocity. All the measurements figured
in this contribution seem to conclude on the crucial influence of the neutral injection velocity on the
oscillations that take place in the plasma of the thruster. RPA measurements in the far field showed us
that the maximum velocity, i.e. the effective accelerating potential, was lower in the regime with current
shutdown reaching 200 V instead of 210 V in the regime without shutdown. The integrated potential
is lower than this value, about 150 V. It is likely that, due to the limitation imposed by the signal to
noise ratio, the real acceleration zone extent is larger than the computed electric field zone and that the
spatial variation of the oscillations is higher than the one we were able to determine, so that the effective
accelerating potential would be close to 200 V.

The overlap between the ionization and acceleration zone oscillates without dephasing in time (see
supra). This information is yet insufficient to determine if the overlap oscillates in space or just in
amplitude. Fig.23 shows the evolution in space and time of the electric field and will give us some
answers. The computation is made using the mean velocity and eq.3 in a first approximation. This
approach is solely valid in a steady state since eq.3 does not take into account any time dependence.
Indeed, we developed a simple particle-in-cell simulation with a preexisting electric field and a uniform
ion distribution starting with a null velocity. It revealed that it takes more than 20µs to the electric
field computed with Eq.3 to match the preexisting electric field. Despite its simplicity, it proved that
our computation using a time-independent formula was necessarily wrong at the reignition of the plasma
and during an estimated following delay about 100µs which is a lot longer than the ion flight time in the
thruster channel.

Another way to compute the electric field consists in using a simple time-dependent equation, based
on Lorentz force in the case of an Eulerian approach. Eq.5 gives the expression of the E field variation

Fig. 23: Temporal evolution of the electric field computed with the kinetic energy. The colorbar
gives the value of the electric field in V.cm−1.
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Fig. 24: Time evolution of the electric field computed with the material derivative. The colorbar
gives the value of the electric field in V.cm−1.

in space and time using the the mean velocity v̄.

E =
m

q
· (∂v̄
∂t

+ v̄ · ∂v̄
∂x

) (5)

This approach is interesting since it takes into account the time evolution of the discharge. The
result is shown in Fig.24. It is not as smooth as the profile given by the kinetic energy, due to the noise
introduced by the temporal derivative of eq5.

Comparing Fig.23 and Fig.24, we can identify the same oscillations of the electric field in amplitude
with the same weak variation in space, in a narrow region located nearby the exit plane. It reveals that
the oscillation of the electric field remains nearly at the same place, so do the oscillations of the ionization
since the dispersion is almost constant in time. The print of an edge of the electric field can be seen on the
two figures with a smoother profile on Fig.23, with a approximative velocity of 300 m.s−1, corresponding
to the neutral velocity.

From the electric field map inferred from the material derivative, it is possible to compute the time
evolution of the overall potential drop experienced by xenon ions across the acceleration region. The
potential drop is in fact obtained from direct spatial integration of the electric field. Figure 25 displays
the outcome of computation. As can be seen, the amplitude of the potential oscillations is very weak.
Besides, potential changes certainly originate in the measurement noise. It is therefore likely that the
potential drop is constant in time across the high magnetic field region.

Thanks to our measurement set combined with careful data treatment and analysis, we are now able
to understand the temporal behavior of the electric field in the thruster during of low-frequency plasma
oscillation cycle. The electric field, which is strongly linked to the ionization front, is first created down-
stream of the channel outlet. It then moves backward at the neutral speed with a constant amplitude.

Fig. 25: Accelerating potential integrated from the material derivative inferred electric field.
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Fig. 26: Time evolution of the electric field computed with the time dependent Boltzmann equation. The colobar
gives the value of the electric field in V.cm−1.

When the ionization rate becomes too low inside the channel, the electric field quickly decreases and
disappears, reappearing at the channel exit where the electron density is high enough.

A more sophisticated numerical approach consists in developing the Boltzmann derived moments in
the time-dependent case. It leads to a more noise sensitive expression using up to the fourth order velocity
moment.

The computation starts from the same equations (Vlasov-Boltzmann in collisionless regime and Dirac-
approximated initial VDF) as developped by Pérez et al22. Here we take into account the temporal
derivative which increases the level of the equation system to be solved, from two to three. The central
equation is 6 for k ≥ 1.

y · uk +
∂uk

∂t
+ z · uk+1 +

∂uk+1

∂x
= k · a · uk−1 (6)

where

y =
1
n
· ∂n
∂t

(7)

z =
1
n
· ∂n
∂x

(8)

n the density given by the integrated VDF (same notations as used by J. Perez, with temporal extension),
a the acceleration linked to the electric field by the Lorentz force, m an integer and

uk =
∫
vm · f(v) · dv∫
f(v) · dv

(9)

with v the velocity and f(v) the VDF. Writing down the previous equation with k=1, k=2 and k=3, one
obtains a 3-level linear system easily solved. The final expression is rather long and is given here by
blocks. In the following lines, m is the Xe+ ion mass, q the elementary charge.

a =
q

m
· E =

1
A1
· (∂u3

∂t
+
∂u4

∂x
+A2 +A3) (10)

where

A1 = 3u2 − u3
u3 − 2u1u2

u1u3 − u2u2
− u4

u2 − 2u1u1

u2u2 − u3u1
(11)

A2 =
u3(u2

∂u2
∂t − u3

∂u1
∂t + u2

∂u3
∂x − u3

∂u2
∂x )

u1u3 − u2u2
(12)

A3 =
u4(−u2

∂u2
∂x + u1

∂u3
∂x − u2

∂u1
∂t + u1

∂u2
∂t )

u2u2 − u1u3
(13)
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Several smoothing procedures have been examined to limit the influence of the noise on the result.
The Fig.26 shows the most usable map we obtained until now. The interruption phase and reignition can
be identified as well as some oscillations but there is still a lot of numerical analysis to pursue in order
to obtain a better profile.

VII. Conclusions

In this contribution, we managed to observe the temporal oscillations of the electric field and of several
other macroscopic values in the crossed discharge of a PPS100 Hall Effect Thruster. A lot of interesting
results concerning the physics of the oscillations were obtained. Oscillations at 20 kHz have been registered
on every data and the oscillations of the electric field are now proved to be in amplitude with a weak
variation in space, with a complete understanding of its dynamics. The evidence has also been given that
the neutral speed is a key factor to the mechanisms of the current oscillations since an edge propagating
at about 150 m.s−1 can be seen in every time-evolution profile. Thus it is crucial to study the influence
of the injection velocity and the temperature of the atoms, in particular by decoupling the gas injection
and anodic system in order to be able to modify freely each parameter.

Our future work will consist in improving the numerical analysis of the time-resolved Boltzmann mo-
ments and compare our results with the output of the hybrid and particular models developped by the
CPHT (Ecole Polytechnique) and the LAPLACE (Toulouse University).
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