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Low-frequency electron dynamics in the near field of a Hall effect thruster
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Time-resolved electrostatic probe measurements were performed in the near field of a SPT100-ML
Hall effect thruster in order to investigate electron properties changes on a microsecond time scale.
Such measurements allow one to monitor the electron temperature 7, the electron density n,, as
well as the plasma potential V), during a time period that corresponds to one cycle of a
breathing-type plasma oscillation with = 15-30 kHz. Although 7,(¢) stays constant in time, n,(z)
and V,(t) oscillate with the discharge current waveform frequency. The observed time delay
between n, and anode discharge current (Id,) waveforms, which is of approximately 7 us, is linked
to the ion transit time from the ionization layer to the probed near-field region. The same time gap
is measured between V,,(¢) and 1d,(t), however V,(t) and n,(r) are in phase opposition. The electron
density reaches its highest value at the very moment ions are ejected out of the thruster discharge
chamber, which also corresponds to the instant the cathode potential is the most negative. Such a
behavior images the need for ion beam neutralization. Further, it is shown that there is a strong
correlation between the electron dynamics and the presence of high frequency (HF) plasma

oscillations in the megahertz range: HF fluctuations are the strongest when n, is the highest.
© 2006 American Institute of Physics. [DOI: 10.1063/1.2209628]

I. INTRODUCTION

Electric propulsion is nowadays a well-established con-
cept for space alpplications.l’2 Among all proposed electric
propulsive devices such as arcjet, magnetoplasma dynamic
thruster, gridded ion engine and Hall effect thruster (HET),
the latter is currently recognized as an attractive propulsion
means for long duration missions and for maneuvers that
require a large change of velocity. Hall effect thrusters, also
called stationary plasma thrusters or closed electron drift
thrusters, are advanced propulsion devices that use an elec-
tric discharge to ionize and accelerate a propellant gas.3’4
Due to interesting features in terms of propellant ejection
speed, efficiency, flexibility and lifetime, HET are now em-
ployed for missions like geostationary satellite orbit correc-
tion and station keeping. The use of high power Hall thrust-
ers for orbit transfer maneuvers would also offer significant
benefits in terms of launch mass, payload mass and opera-
tional life. Further, HETs appear as good candidates to be
employed as the primary propulsion engine for space probes
during interplanetary trips, as demonstrated by the successful
SMART-1 mission of the European Space Agency.5

The basic physics of a HET implies a magnetic barrier in
a low pressure dc discharge generated between an external
hollow cathode and an anode.>®’ The anode, which also
serves as gas injector, is located at the upstream end of a
coaxial annular dielectric channel that confines the discharge.
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Xenon is generally used as a propellant gas for its specific
properties in terms of high atomic mass and low ionization
energy. A set of solenoids provides a radially directed mag-
netic field B of which the strength is maximum in the vicin-
ity of the channel exhaust. The magnetic field is chosen
strong enough to trap electrons around Larmor orbits, but
weak enough not to disturb ion trajectories. The electric po-
tential drop between anode and cathode is mostly concen-
trated in the final section of the channel owing to the low
electron axial mobility in this restricted area. The corre-
sponding induced local axial electric field E has two main
effects. First it drives a high electron azimuthal drift—the
so-called Hall current—that is responsible for the efficient
ionization of the supplied gas. Second, it accelerates the cre-
ated ions, which form the thruster plasma plume. The ion
beam is neutralized by a fraction of electrons emitted from
the hollow cathode. A HET similar to the one used onboard
the SMART-1 lunar probe, when operating approximately at
1.5 kW, ejects ions at 20 kms~' and generates 80 mN of
thrust with an overall efficiency of approximately 50%."
The magnetized plasma of a Hall effect thruster displays
numerous type of oscillations, which encompass many kind
of physical phenomena each of them with its own length and
time scales.®® Discharge and plasma instabilities, of which
the spectrum stretches from the kilohertz to the gigahertz
frequency domain, play a major role in ionization, particle
diffusion and acceleration processes. When they become un-
stable plasma oscillations may, however, be at the origin of a
decrease in overall thruster performances. Unstable oscilla-
tions can damage the electric power supply and they can
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even lead to the extinction of the discharge.8 Physical mecha-
nisms at the origin of low frequency plasma oscillations in
the kilohertz range, the so-called breathing-type oscillations
are nowadays well understood % and well described by means
of hybrid HET models.*’ Moreover, the impact of such
plasma oscillations on the ion flow and the plume properties
is well documented.'®* On the contrary, and despite many
years of in-depth research, high-frequency discharge insta-
bilities linked to electron transport are not yet fully grasped,
which limits the design and development of high power Hall
thruster and prevents numerical simulations to be used as
predictive tools.

Low-frequency oscillations in the kilohertz range domi-
nate the power spectrum of discharge and plasma instabilities
in Hall effect thrusters.*”"" These oscillations originate in a
periodic depletion and replenishment of the neutrals near the
exit of the thruster.*” In that area, the strong magnetic field
lowers the electron conductivity, which in turn leads to an
increase of the electric field required to maintain current con-
tinuity. Therefore, the ionization process is enhanced, leading
to a depletion of the neutral density. Then the ionization front
moves backward in the channel to an area where the ioniza-
tion process is not as efficient, thus allowing the neutral flow
to move forward again. This “prey-predator” cycle will then
restart causing an oscillation whose frequency falls in the
15-30 kHz range. In literature, this specific type of oscilla-
tions is often refer to as “breathing oscillations.™

In the past few years, the ion beam transient behavior
over the time scale of breathing oscillations has been exten-
sively characterized by means of various diagnostic tools
like Charged Coupled Device (CCD) imaging, retarding po-
tential analyzer, and emission spectroscopy.lo’lz’13 However,
to the best of our knowledge, nobody investigated the tem-
poral behavior of electron properties in the thruster near field
and in the plasma plume. In other words, only time-averaged
quantities were measured."*!* In the present contribution, we
examine variations of electron temperature 7, and density n,,
as well as plasma potential V, during one low-frequency
current oscillation cycle that correspond to approximately
40 us. Time-resolved electric probe measurements were car-
ried out at the microsecond time scale in the near field of a
SPT100-ML thruster exhaust. The study of the electron dy-
namics in this specific area is of great interest in view of its
peculiarities. It is a region of high magnetic field through
which ions are ejected from the thruster channel and where
the neutralization of the ion beam starts. Consequently, this
area corresponds to the region of interaction between the
thruster plasma and the electron stream that originates from
the hollow cathode. In addition to probe data analysis, the
evolution through time of electron properties and plasma po-
tential is compared with changes in thruster parameters like
discharge current and cathode potential. Finally, we investi-
gate possible link between behavior of electron properties at
breathing oscillation time scale and plasma instabilities ob-
served in the megahertz frequency domain.
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Il. TIME-RESOLVED ELECTRIC PROBE
MEASUREMENTS

A. Setup, instrument, and method

All experiments described in the paper were carried out
with a laboratory version of a SPT100 Hall effect thruster,
so-called SPT100-ML, equipped with BN-SiO, discharge
chamber walls in the PIVOINE ground-test facility.16 In the
course of the measurement campaign, the thruster was oper-
ated under standard conditions: 300 V applied voltage,
5mgs™' xenon gas flow rate through the anode and 2
X 107> mbar background pressure. The mean discharge cur-
rent was approximately 4.4 A and the thrust reached 82 mN.

The discharge current oscillations were directly moni-
tored on the thruster power circuit by means of a 50 MHz
bandwidth current probe (Lecroy AP015). The current could
be measured either on the cathode wire (Id,) or on the anode
wire (Id,). The cathode and anode potential with respect to
ground (V,, V,) were recorded by means of a 15 MHz band-
width differential probe pair. A dedicated electric single
probe has been built up to especially monitor electronic mea-
surable quantities in the near field of the thruster. The electric
probe is based on a coaxial cable architecture. The core of
the probe is a tungsten wire able to endure high temperature.
It is 100 um in diameter and the part in contact with the
plasma is solely 2 mm in length. The nonactive part of the
core is inserted into a small alumina tube that acts as an inner
dielectric insulator. The outer conductor, i.e., the screen, is
made of stainless steel. Finally the outer insulator is in alu-
mina. The probe impedance is close to 50 €). The probe is
connected to a 50 ) SMA cable. Vacuum feed-through is
achieved by 50 ) wide band coaxial connectors. The low-
impedance coaxial design of the probe warrants a low noise
level and no distortion of signals even at high frequency.
Such probes are well suited to capture broadband signal in-
duced by plasma oscillations."” A voltage source allows
variation of the probe potential with respect to the plasma in
order to determine the current-voltage characteristic. The
current delivered by the probe is measured over a 1 k() re-
sistor. It is also possible to measure the floating probe poten-
tial when connecting the latter to ground through a very high
resistance. All signals are recorded by means of a 1 GHz
bandwidth fast sampling oscilloscope. The discharge current
signal is used as a trigger to synchronize waveform acquisi-
tion. The probe is mounted horizontally in the half-plane that
contains the cathode. It is located 1 cm in front of the
thruster exit plane near the plasma plume boundary layer, see
Fig. 1. No change in discharge properties were observed
when inserting the probe into the plasma medium as in the
work of Staack and co-workers.'®

The examination of the electron dynamics over the time
scale of breathing oscillations, i.e., with a time resolution
below 1 us, necessitate to collect a vast dataset in the form
of time-resolved probe characteristics. Several measurement
series, which as we will see correspond to different probe
potential, are performed one after each others with an overall
acquisition duration that exceeds several minutes. The state
of the thruster discharge must naturally be identical for every
single measurement in order to obtain a coherent dataset.”
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FIG. 1. Schematic drawing of a Hall effect thruster and location of the
Langmuir probe.

To a large extent, the HET plasma state can be characterized
by the oscillation level of the discharge current for a given
discharge voltage and xenon mass flow rate. However, low-
frequency plasma oscillations in the 15-30 kHz range are
nonstationary meaning that even at fixed thruster working
parameters the frequency and the amplitude of such oscilla-
tions vary in time."" Therefore, one must find a way to select
identical events, which, in addition, must correspond to the
average behavior of the plasma.

According to previous criteria, data acquisition settings
are the proper ones when any random single shot measure-
ment of the discharge current waveform matches the mean
discharge current waveform. Obviously, if the oscilloscope
trigger level is set either too high or too low, the correspond-
ing events do not image at all the mean state of the thruster
discharge. The electric probe signal acquisition method is the
following. The measurement time period is set to 100 us in
order to cover several current oscillation periods. Under stan-
dard operating conditions, the mean value of the
SPT100-ML anode discharge current is 4.4 A. The oscillo-
scope trigger level is set to a value 10% higher than the mean
value to only select plasma states close to the mean state.
The recorded electric probe signal is the ensemble average of
128 samples. In Fig. 2 the averaged current profile obtained
over the measurement sequence is superimposed to a current
waveform snapshot. The two profiles overlap during 100 us
indicating a proper choice of triggering procedure.

Using the aforementioned acquisition method, the elec-
tric probe response is recorded as a function of time for a
given polarization potential. In order to be able to reconstruct
the current-voltage (/-V) probe characteristic from which
electron properties are extracted, the polarization potential
must be varied from positive to negative values. The probe is
polarized from —-30 to +61 V with 1 V steps. In Fig. 3, the
current collected by the probe is displayed as a function of
time for several polarization voltage. The mean anode dis-
charge current is superimposed to the probe response. The
ensemble of recorded time-resolved probe response allows to
build probe characteristic and to calculate the electron prop-
erties T,(1), n,(t) as well as floating potential V/z) and
plasma potential V,(¢) at a precise time.
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FIG. 2. Hall effect thruster anode discharge current (Id,) waveform aver-
aged over 128 cycles (square). Single shot measurement of Id, (line). The
trigger level is set to 4.95 A and data acquisition starts at =0 us.

B. Analysis of probe characteristics

An example of reconstructed current-voltage probe char-
acteristic is shown in Fig. 4. This curve corresponds to the
probe response at =3.49 us. The /-V probe characteristics
obtained at a given time were analyzed using the classical
theory of electric probe:.zo’22 Under our condition, the elec-
tron mean free path for collisions with ions or electrons is
much longer than sheath thickness, which is in the order of
the Debye length A\p=~200 um, meaning that the plasma
sheath surrounding the probe is collisionless. The electron
mean free path is greater than the probe diameter that war-
rants no disturbance of the plasma flow. In the region of
measurement, the magnetic field magnitude is approximately
100 G and the electron Larmor radius is approximately
1 mm, i.e., larger than the probe tip diameter. In our case, the
probe orientation with respect to B can lead to a decrease in
the collected electron current. However, the relatively large
Larmor radius can counterbalance the effect of the probe
orientation. The theory of Langmuir probes becomes com-
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FIG. 3. Current collected by the electric probe as a function of time for
several polarization voltage (line). Also shown is the averaged thruster dis-
charge current with f=27.5 kHz (square).
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FIG. 4. Probe characteristic at 1=3.49 us. Also shown is the plot In(Z,) as a
function of the probe voltage. V; is the probe floating potential, V), is the
plasma potential, and T, is the electron temperature.

plex when the plasma is magnetized, see, e.g., Refs. 20 and
22. The collection area of the probe is modified and a cor-
rection factor must be determined. This task is however not
straightforward when the magnetic field topology is compli-
cated. Moreover, other effects like cross-field currents, mag-
netic sheath, and viscosity must be taken into account. As no
quantitative theory is as yet available we decided not to cor-
rect the probe /—-V characteristics. Moreover, we are mostly
interested in the evolution of n, and 7, in time and not in
determining absolute numbers.

To extract the electron temperature 7, and density n,
from the probe /-V curve, the electron energy distribution
function (EEDF) was assumed to be Maxwellian. Indeed,
electric probe measurement at the exhaust of a SPT50 HET
revealed that, though non-Maxwellian, the EEDF is largely
dominated by a group of relatively cold electrons that forms
an equilibrium population.15 For an extensive discussion
about single probe measurement analysis, the reader can re-
fer to Ref. 22. The floating potential V; is the potential for
which ion and electron current are equal. If the EEDF is
Maxwellian, the electron current I, exhibits exponential be-
havior for repulsive potentials and thus In(Z,) is a linear func-
tion. The electron temperature is obtained from the slope of
the linear part of the semilog plot of I, after subtracting the
ion saturation current. The plasma potential V), corresponds
to the intersection between the linear part and the tangent of
the electronic branch in saturation regime. Figure 4 displays
the In(Z,) curve obtained from the /-V plot at 1=3.49 us as
well as Ve Vi, and 7,. The experimental error in 7, is esti-
mated to be £1 eV. The measurement uncertainty of V), is
approximately +5 V. The electron density n, is found from
the electron saturation current /, g,:

I

_ e,sat
n=—" —,

ksT,
eS B_

27m

(1)

e

where e is the elementary charge, S is the probe area, kg is
the Boltzmann constant, and m, is the electron mass. The
I-V probe characteristics displayed in Fig. 4 does not exhibit
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FIG. 5. Development of the electron temperature over one low-frequency
oscillation cycle (filled square). The anode discharge current as a function of
time is also shown (open square).

a knee which is the usual signature for the electron saturation
regime. The observed trend is a direct consequence of the
existence of a relatively strong magnetic field in the mea-
surement region. To draw a tangential line to the saturation
part of the In(Ze) curve is rather tricky, hence a large mea-
surement uncertainty for V. Under our conditions, the use of
the second derivate of the discrete -V probe characteristic
to estimate the EEDF was not possible: /—V plots are not
smooth enough and curve fitting as well as interpolation gen-
erate results with a great inaccuracy.

lll. ELECTRON PROPERTIES AT “BREATHING
OSCILLATION” TIME SCALE

The development of the electron temperature 7, as a
function of time is shown in Fig. 5 during a time period that
corresponds to one cycle of the thruster discharge current.
The electron temperature remains constant and there is no
relation between current oscillation and temperature. In the
regime of moderate input power and low level of current
oscillation, the mean electron temperature is approximately
6.5 eV in the near field of the SPT100 thruster, in agreement
with values reported for similar HET."** The constant tem-
perature of the main electron group, which dominates the
EEDF, means that in the near field no energy exchange pro-
cess can modify in a significant way the electron temperature
at the microsecond time scale.

The Langmuir probe is located 1 cm behind the thruster
channel exhaust, see Fig. 1, a region where the electric field
is weak.* Thus, in the probed area electrons cannot gain
much kinetic energy by way of the local electric field. In like
manner, there is no energy loss channel for electrons in the
plasma plume near field as energy transfer owing to collision
with heavy particles is not favored. First, the xenon atom
density is relatively low that leads to a frequency for e-atom
impact of approximately 10° s~!. Second, exchange of en-
ergy in a collision depends upon the ratio of xenon atom
mass to electron mass. As a consequence, the relaxation time
for electron energy transfer by impact lies in the ms range,
which is much greater than the characteristic time scale of
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FIG. 6. Development of the electron density over one low-frequency oscil-
lation cycle (circle). The anode current as a function of time is also shown
(square). The time delay 74,y between the two waveforms is approximately
7T us.

breathing oscillations. As we will see in Sec. V HF oscilla-
tions in the megahertz domain are observed during specific
periods of time.'”* HF oscillations could participate in the
overall electron energy balance, hence influencing the elec-
tron temperature 7,. However a microsecond time resolution
prevents from observing any direct effect of HF oscillations
on the temporal behavior of 7,. Only a mean value is acces-
sible.

Unlike T7,, the electron density does oscillate in time as
can be seen in Fig. 6. The n, oscillation frequency is approxi-
mately 28 kHz as the anode current oscillation frequency.
The plasma potential oscillates at a frequency of approxi-
mately 30 kHz, see Fig. 7. The two quantities oscillate at the
frequency of Id,(t), however, they are in phase opposition.
Moreover, they both are phase shifted with respect to the
anode discharge current. As can be observed in Fig. 6, the
time delay 7, between n,(t) and Id,(r) is 7 us. Looking at
data in Fig. 3, one finds Tne%6 s using the signal measured
at high probe voltage when solely electrons are collected.
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FIG. 7. Development of the plasma potential over one low-frequency oscil-
lation cycle (star). The anode current as a function of time is also shown
(square). V,, is the lowest when n, is the greatest, see Fig. 6.
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The observed time delay is certainly connected with the ion
time of flight from the ionization layer to the probed zone.
Indeed, the anode discharge current images the creation of
ions inside the channel, and the increase of electron density
recorded by the electrostatic probe reveals the flow of ions.
The measured time delay therefore corresponds to the time it
takes ions to travel through the acceleration layer. Note that
for a Hall effect thruster the ion time of flight depends upon
both the applied voltage and the magnetic field map.19

As can be seen in Fig. 6, the electron density reaches a
maximum during a decrease stage of the anode discharge
current, in other words when the slope of the current wave-
form is negative. As already mentioned, the plasma potential
is the lowest at the time n, is the highest, see Fig. 7. It
obviously results from the fact that the higher the amount of
electrons the more negative the local plasma potential. Time-
resolved optical measurements indicated that ion bunches are
indeed created at the breathing instability frequency.lo’]2
Time-resolved CCD imaging of the plasma plume performed
after an ultrafast discharge current ignition have shown that
ejected ions propagate in the thruster near field when the
condition dld,(1)/dt<0 is fulfilled."®* Moreover, the ion
propagation speed was measured in the channel exhaust vi-
cinity by means of laser spectroscopy24: the mean ion speed
in the zone of interest is in the order of 7 km/s (SPT100-ML
in standard operating conditions). The distance between the
ion creation zone and the probe being 25 mm, it takes ap-
proximately 4 us for ions to reach the probe. It now be-
comes obvious that electron density and plasma potential
oscillations in the thruster near field image the ion beam
neutralization process.

IV. TEMPORAL EVOLUTION OF THRUSTER
DISCHARGE PARAMETERS

The behavior of the SPT100-ML Hall effect thruster dis-
charge parameters, i.e., currents and voltages, have been
monitored as a function of time in standard operating condi-
tions. Corresponding plots are shown in Fig. 8 for a time
period of 100 ws. Naturally, the behavior of discharge pa-
rameters is strongly correlated with the electron property
evolution in time, as we will see in the remainder of this
section.

In the upper graph of Fig. 8, oscillations of Id, and Id,
are displayed as well as the difference between the two quan-
tities. The two currents are almost in phase, however, a few
us after the peak, the decay of /d.,. is less pronounced. At this
very moment n, reaches its maximum value, see Fig. 6. The
difference in shape between Id, and Id, waveforms occurs
exactly when ions are ejected out of the thruster channel. The
gap between cathode and anode discharge currents corre-
spond to the amount of electric charges flowing out of the
discharge chamber Q, for a given period of time: [Id (t)
—1d,(1)] X Ar=Q,,. Naturally, when the left-hand side of the
previous equation is integrated over a long period of time,
one finds Q,,=0. As can be seen in Fig. 8, Q,,,>0 during a
trough of Id, curve, i.e., at the beginning of a new ion cre-
ation stage inside the channel, or in other words at the mo-
ment ions flow outside the channel. Q, therefore mostly
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charge current as a function of time (top). Also shown in this plot in the
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tom): V,=276.0 V and V,=-21.5 V. All curves result from the ensemble
average of 128 waveforms.

corresponds to the quantity of charges necessary to neutralize
the ion beam.

In the lower graph of Fig. 8, cathode and anode potential
waveform are slightly shifted in time, with a delay approxi-
mately 2.5 us. Note that the cathode potential, with respect
to ground, is negative. Also shown in Fig. 8, is the fact that
Id,(t) and V,(r) exhibit a time shift of approximately 5 us.
Moreover, V., is the most negative when Id,. departs from its
expected behavior, as previously discussed. Observed trends
can be explained as follows. In the near field of a Hall effect
thruster, the electron density n, reaches a maximum value at
the moment ions exit the channel. The time delay between
Id, and n,, which is linked to the ion time of flight through
the potential fall, depends upon the exact location of the
electrostatic probe. Electrons, that are needed to neutralize
the ion beam, are produced by the hollow cathode. As soon
as ions are ejected out of the thruster channel, the cathode
must respond to the inrush current. It produces a burst of
electrons, hence a more negative potential, which in turn
allows to easily repel electrons toward the plasma plume. A
last remark can be made. As can be seen in Fig. 7, cathode
waveform V,(t) and plasma potential waveform V,(¢) are in
phase. The observed phase-locking property suggests that
potential changes occur everywhere at the same time being
then an overall plasma phenomenon.

V. ELECTRON DYNAMICS VERSUS HF OSCILLATIONS

A last point is worth discussing. HF Hall effect thruster
plasma oscillations in the megahertz domain have again at-
tracted attention over the past years in view of their possible
implications in the phenomenon of anomalous electron trans-
port across the thruster magnetic barrier. Numerous works
devoted to both measurement and analysis of such high fre-
quency signals are nowadays reported in literature, see, e.g.,
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FIG. 9. (Color online) High frequency part of the time-dependent power
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represents the evolution in time of the anode discharge current /d,,.

Refs. 11, 17, and 27. Nevertheless, there is not so far any
direct proof for a link between electron motion and the ex-
istence of HF plasma oscillations.

The high-frequency part of the time-dependent power
spectrum of the cathode potential V, is displayed in Fig. 9.
The power spectrum was obtained using short-time Fourier
transform for simplicity’s sake, although such a tool is not
perfectly appropriated to analyze nonstationary signal like
Hall effect thruster plasma oscillations." The existence of
HF signals with f=~6 MHz is clearly visible in Fig. 9. Note
that HF oscillations are also observed when analyzing Id,(t)
and 1d.(7) current waveforms'"'” even though they appear to
be weaker in that case. On the contrary, HF components have
never been detected when monitoring oscillations of the an-
ode potential. It may indicate that HF plasma oscillations are
solely produced in the region where both the magnetic field
is high and the particle density is low, i.e., in a region where
anomalous electron transport dominates. As can be seen in
Fig. 9, the 6 MHz oscillations appear in the form of bursts:
the amplitude of the HF oscillations is maximum during a
decrease stage of the anode discharge current. For a detailed
review about the dynamics of high frequency oscillations in
a Hall thruster the inclined reader can refer to.'' What is
interesting here is the following fact: the highest HF signal
amplitude coincides with a maximum of the electron density
in the near field, see Fig. 6. This mere property suggests a
link between high frequency plasma oscillations and electron
dynamics in the outer plasma. As soon as neutralization pro-
cess begins in the thruster near field a large number of elec-
trons must travel through the magnetic field to maintain ion-
ization inside the channel. High frequency plasma
oscillations could then be a kind a signature for anomalous
electron transport across the magnetic field. However, even if
outcomes of this work reveal a HF signals-electron proper-
ties relation, the question about the origin of the high fre-
quency plasma fluctuations is still opened.

VI. CONCLUSION

Electrostatic probe measurements have been performed
in the near field of a SPT100-ML Hall effect thruster with a
microsecond time resolution. Such a diagnostic tool allowed
to determine electron properties changes over a time scale
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that corresponds to breathing-type plasma oscillation. 7,(z)
stays constant in time, meaning that the electron energy bal-
ance is not disturbed, whereas n,(¢) and V,(t) oscillate with
the discharge current waveform frequency (f= 30 kHz). It is
shown that the observed behavior images the ion beam neu-
tralization process. Moreover, this work brings to light a link
between high frequency plasma oscillations in the megahertz
domain and electron dynamics.

This work can be seen as a first step. Indeed, in order to
confirm our results and to get more precise insights into elec-
tron dynamics behind the channel exhaust, measurements
should not only be time-resolved but also spatially-resolved.
A set of Langmuir probes placed at various locations could
be employed to observe the evolution of electron properties
in time as well as in space. In such a way it may for instance
be possible to distinguish between transport phenomena from
the cathode to the channel entrance and from the cathode to
the downstream plasma plume.
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