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Hall thrusters are known to exhibit a large variety of instabilities. Their physical mechanisms have been identified at
low (kHz) and intermediate (MHz) frequencies, even though they are still not fully understood. Furthermore, electro-
magnetic radiations generated by Hall thrusters, named "self-emission" of the thruster, have been measured from kHz
to MHz as expected from the identified instabilities, but also at higher frequencies. The origin of the high frequency
(GHz) self-emission remains for now unknown. Assessing this self-emission, that is important for understanding the
physics of Hall thrusters as well as for electromagnetic compatibility issues with the spacecraft, is challenging. An-
other aspect that makes the understanding of the physics of Hall thrusters complex comes from the eventual coupling
between instabilities, which has been recently suggested and observed. The aim of this paper is to explore the possibil-
ity of characterizing simultaneously instabilities in Hall thrusters on a broadband frequency range (form kHz to GHz)
"in-situ", meaning in conventionally used vacuum chamber where Hall thrusters are usually operated. We show in this
paper that, despite the reverberant nature of the vacuum metallic chamber, useful information is extracted at low and
intermediate frequencies and even at high frequency from the measurements done with an antenna in this environment.

I. INTRODUCTION

In the field of electrical propulsion, Hall thruster (HT) have
been widely used and studied over the past decades. These
E x B discharges have shown to be the site of numerous insta-
bilities, i.e. collective movement of charged particles. The
presence of these instabilities may have a strong influence
on the thruster operation and performances'. The physical
mechanisms behind these instabilities are not perfectly under-
stood nor quantified>*. As a consequence, their contribution
to the electron transport referred to as “anomalous” is far to be
fully understood and a complete description of this anomalous
transport has not yet been found®. So far instabilities ranging
from kHz to MHz have been identified and widely studied® ™.
The main instabilities that have been identified are?*9:

* Atlow frequency (kHz frequency range):

— 10-20 kHz: axial “Breathing mode” (BM) oscilla-
tions, due to the periodic ionization of the atom flux
in the region of large magnetic field”®.

— ~ kHz: azimuthal “Rotating spokes” (RS) oscillations,
which are azimuthal low frequency oscillations®~!!.

— 100-500 kHz: axial “Transit time oscillations” (TTO),
due to the propagation of acoustic waves!>!13.

* Atintermediate frequency (MHz frequency range):

- 1-100 MHz: “E X B electron driff” instabili-
ties (EDI), which are azimuthal, small wavelength
oscillations!+13.

These instabilities are gathered in Table I. A review on the
instabilities that have been experimentally observed has been

done in 2001 by Choueiri'®. However, further work is still
needed on each of these instabilities as their mechanisms and
their influence on thruster performances are not well under-
stood. For example, the effects of the presence of the breath-

ing mode on thruster performances is still under discussion’.

kHz MHz GHz

Known instabilities

Breathing mode X

Rotating spokes X
X

Transit time oscillations

*x %X %X %

E x B electron drift instability X

Self-emission in EMC test facilities

Table I. Frequencies of the known instabilities and of the measured
self-emission in EMC test facilities of Hall thrusters.

Hall thruster instabilities consist in azimuthal or axial os-
cillations or acceleration of charged particles. As a conse-
quence, electromagnetic radiation at these frequencies will oc-
cur, which can be referred to as “self-emission” of the thruster.
This radiation can act as a source of electromagnetic noise for
the spacecraft. Measurements of the self-emission of HT have
been made to check and validate the electromagnetic compat-
ibility (EMC) between the thruster and the spacecraft. This
self-emission of HT have been measured these past decades
in particular by Beiting et al'’?? and Kirdyashev?*>?*. Hall
thrusters have been shown to radiate electromagnetic waves
ranging from kHz to GHz, as represented in Table I. The
GHz radiation does not correspond to any known instability



and an accurate description of its physical origin is still re-
quired. In a paper of 1999°, it is highlighted that for plasma
densities of about 10'? — 10'! cm ™3, the plasma frequency (or
Langmuir frequency) fall into the GHz range. The GHz radi-
ations measured experimentally may thus be a consequence
of the oscillations of electrons in the plasma thruster. For
the GHz radiation measured in a more recent paper'®, the au-
thor also explained this radiation by the oscillation of elec-
trons at the plasma frequency. Other work from Kirdyashev
have suggested that this GHz self-emission emanates from the
cathode?®, which is consistent with the results of Beiting et
al'®. Tn a more recent paper of Kirdyashev>*, the cathode is
also found to be the main source of GHz oscillations and a
physical model of a thruster as a source of GHz radiations
is proposed. However, more work is required to confirm or
refute all of these hypotheses. The physical origin of these
electron oscillations and their link with the thruster operat-
ing principles remain for now unknown. In addition to being
important for EMC issues, measurement of the thruster self-
emission could be a useful tool for characterizing electrical
thruster, and in particular HT. Indeed, a lot of useful infor-
mation about the physical phenomena that occur inside the
plasma thruster is contained in its self-emission.

Hence, instabilities in HT occur from kHz frequencies
up to at least GHz frequencies. Furthermore, recent works
have shown that coupling between these instabilities may oc-
cur. For example, coupling between BM and RS instabili-
ties may be possible and has been reported'>>-?’ and cou-
pling between low (kHz) and intermediate (MHz) frequencies
has also recently been suggested?’2%. In the recent paper of
Kirdyashev?*, it is even envisioned that the microwave oscil-
lations (GHz) in the thruster acceleration channel may be one
of factors governing anomalous transverse plasma conductiv-
ity. Understanding the coupling between instabilities is es-
sential as "in any real HT, anomalous electron transport may
be the result of the complex interaction between a number
of different instabilities."?8. This coupling is also of partic-
ular importance for improving the thruster performances, as it
suggests the possibility of driving these instabilities. This has
been done recently, for example by applying external modu-
lations of the applied voltage'*°. This external modulation
allows the control of the breathing mode oscillations, and it
has been shown that it allows the suppressing of the breathing

mode as well as the rotating spokes'.

Several difficulties are encountered when trying to evalu-
ate the coupling between these instabilities. The main one
comes from the need to be able to simultaneously mea-
sure them. Usually, investigations of instabilities have been
done at low frequency (kHz) using for example Faraday
probes’, cameras’!3 or Langmuir probes**3¢ and at in-
termediate frequency (MHz) using for example collective
light scattering'*?7, electrically small antennas inserted in
the dense regions of the plasma plume®**! or Langmuir
probe®*36. For the high frequency (GHz) instabilities, the fast
variations of the field that need to be captured by the measur-
ing system makes this evaluation particularly complex. One
way to do it would be to measure the self-emission result-
ing from these high frequency (GHz) instabilities. However,

it cannot be characterized in conventional anechoic cham-
bers, since the thruster must be operated in vacuum. Thus,
dedicated test facilities have been implemented, consisting
in the coupling of an anechoic chamber and a metallic vac-
uum chamber, with the aim of avoiding any interaction of the
waves with metallic walls during electromagnetic measure-
ments. We will refer to them in this paper as “EMC test fa-
cilities” to differentiate them from the common test facilities
that are used for characterizing Hall thruster by other diagnos-
tics. These EMC test facilities are sparse, bulky, and expen-
sive and to the best of our knowledge, only three of this kind
of facilities have been built: the one of Aerospazio in Italy*?,
of the Aerospace Corporation in USA*® and of the RIAME
facility in Russia**. To circumvent this problem of evaluat-
ing high frequency instabilities, Kirdyashev proposed recently
to use microwave probes inserted directly into the dense re-
gion of the plasma plume (at a few centimeters away from
the anode), allowing local measurement of these microwave
instabilities?*. In this case, a precise evaluation of the influ-
ence of the presence of the dense plasma around the probe on
its frequency behavior needs to be conducted®*. The signifi-
cant difference of time and space scales of these instabilities,
ranging from kHz to GHz, as well as their difference of phys-
ical nature, makes their simultaneous evaluation complex. A
similar difficulty is found in numerical simulations of HT. For
example, the modeling of the breathing and azimuthal spoke
modes has usually been performed separately® and the high
frequency (GHz) instabilities have not yet been found in sim-
ulation. More work on the simultaneous evaluation of insta-
bilities in HT is thus required.

The aim of this paper is to explore the possibility of char-
acterizing simultaneously instabilities in HT on a broadband
frequency range (form kHz to GHz) "in-situ", meaning in
commonly used test facility, that consists in metallic vacuum
chambers. The idea is to put an electrically small antenna in-
side the vacuum chamber, far away from the dense regions
of the plasma plume. Then, by analyzing the behavior of the
waves inside cavity, we show in this paper that it is possible to
extract useful information from the measurements. It results
in the identification of the operating modes of the thruster in
frequency ranges corresponding to known instabilities (from
kHz to MHz). At higher frequencies (GHz), to our knowledge
it leads to the first identification of the operating modes of the
thruster from measurements done in metallic test facility.

This article is organized as follows: in section II, the ID-
Hall thruster and facilities are briefly described and we present
the electric sensor used for the electromagnetic characteriza-
tion of the Hall thruster in the metallic vacuum chamber. The
procedure used to extract valuable information from the mea-
surements is presented. In section III, we characterize with
the sensor the ID-Hall Thruster by varying the discharge volt-
age and we make a broadband analysis of the signal that we
link with common instabilities encountered in Hall thruster.



Il. EXPERIMENTAL SETUP
A. Thruster and test facility

The ID-Hall thruster (for Inductive Double stage) is a dou-
ble stage Hall thruster where the ionization stage is a mag-
netized RF inductively coupled plasma source with an RF
coil inside the inner cylinder of the thruster, with the aim
of increasing the plasma density before its acceleration’%+,
A schematic of the ID-Hall design and its magnetic field is
shown in Figure 1. The assembly of inductive coil (of the ICP
source), ferrite, and magnets is contained inside a 26 mm di-
ameter Pyrex tube, which is also the inner wall of the thruster.
The outer wall is made of alumina, and it can be divided in a
cylindrical channel with a diameter of 46 mm and a length of
10 mm, and a conical ionization chamber (of the ICP source)
with a length of 30 mm and an outer wall with an increasing
diameter up to 92 mm and the base of the cone.

Permanent
magnets

Soft iron

Figure 1. Schematic of the ID-Hall thruster prototype used in this
study, showing a schematic of the magnetic field lines. In this study,
the ID-Hall thurster is used in "single stage operation”, meaning the
ICP source is not powered.

In this study, the ID-Hall thruster is used in “single stage
operation”, i.e. there is no additional power from the ICP
source (in other word the ICP source is not powered, as shown
in Figure 1) and the thruster operation is similar to the classi-
cal Hall thruster operation. This thruster was fixed at one end
of a cylindrical vacuum vessel with a length of 1 m and a di-
ameter of 0.5 m3*4®, The vessel is equipped with three turbo-
molecular pumps, providing a total pumping speed of 5650
I/s once the transparency of the protection grids is taken into
account. All measurements presented here were performed
with a Xenon flow of 6 sccm through the anode side and 1.5
sccm through the cathode; under these conditions, the back-
ground pressure was 6 x 107> mbar. The ensemble of anode,
cathode, and starter/keeper together with their power sources
are floating with respect to the grounded chamber walls. The
discharge voltage, corresponding to the difference of the po-

tential between anode and cathode, will be varied form 110V
to 350V. All of the measurements presented in this paper have
been obtained within a few minutes following the ignition of
the thruster.

The method deployed in this paper consists in putting an
electrical sensor inside the metallic vacuum chamber, as rep-
resented in Figure 2. The signal r(¢) measured by the sensor is
recorded with a Keysight MS09254A oscilloscope, which has
a bandwidth of f,,,x = 4 GHz and a sample rate of 20 GS/s.

B. Design of the electrical sensor

From an electromagnetic point of view, the emission of a
signal e(f) at a certain location inside of the cavity leads to
a signal r(z) collected by the sensor, which is a convolution
of e(t) and the impulse response A(¢) of the system, com-
posed of the sensor and the vacuum chamber. Assuming that
the presence of the sensor does not have a significant influ-
ence on the cavity response (dimension of the sensor small
compared to the cavity dimensions), A(¢) can be expressed
as h(t) = he(t) * hy(t), with h.(¢) the impulse response of the
cavity and h,(¢) the impulse response of the sensor. In the
frequency domain, this is equivalent to say that

R(f) = E(f)-He(f)-Hy(f) (1)

with R(f), E(f), H.(f) and H,(f) the Fourier transforms of
r(t), e(t), he(r) and hy(t), respectively.

From equation (1) we can see that the measured signal R(f)
results in a product of the emitted signal E(f) with two trans-
fer functions H.(f) and H;(f), corresponding to the cavity
and the sensor respectively. The transfer function of the cav-
ity H.(f) reflects the behavior of the waves inside the cavity
between the location of their emission and the location of the
sensor. At certain frequencies, namely the resonant frequen-
cies, a resonance phenomenon occurs that generates “peaks”
on the magnitude of H.(f) at these frequencies. The fre-
quency of the first resonant mode (meaning the one with the
lowest frequency), named “fundamental frequency”, depends
on the cavity volume, shape (and losses). For our reverberant
cavity, this fundamental frequency fy is approximately equal
to 380 MHz.

In order to mitigate the influence of the measuring system
on the measured signal, the electrical sensor should have a flat
frequency transfer function Hy(f) on the useful [0: 4] GHz
bandwidth, so that the sensor do not have a significant influ-
ence on the waveform of r(z). An easy way to obtain such a
flat response consists in using an electrically small antenna.
Thus, the antenna is designed so that its first resonant fre-
quency f]’? is greater than 4 GHz. Finally this antenna consists
of a metallic conductor of about 1 cm, acting as a monopole,
with a fundamental frequency of about fj‘? ~ 10 GHz. Be-
cause of its small dimension as compared to the wavelengths
associated with the frequencies of the useful bandwidth, the
sensitivity of this antenna is low, in the sense that it does not
behave as an efficient antenna. A picture of this antenna is
shown in Figure 2.
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Figure 2. Example of a measurement with a discharge voltage of 150 V.

Electrically small antennas have already been used for in-
vestigating MHz instabilities of Hall thrusters’®*!. How-
ever, these antennas protruded into the discharge area of the
thruster, at 2 mm from the channel exit®®. Hence, particular
attention should be made for these antennas to operate in this
harsh environment*!. In this configuration, the signal mea-

sured by the antennas has been said to come from a capacitive
coupling between the antenna and the thruster®.

In our case, the antenna is fixed inside the metallic cavity at
a distance of about 80 cm away from the thruster, offset from
the central axis of the thruster. Since the antenna is far from
the dense regions of the plasma plume, we can legitimately



assume that the plasma density is very low at the antenna lo-
cation and hence its transfer function Hy(f) should not be af-
fected by the eventual presence of charged particles.

C. Information captured by the antenna

Self-emission of Hall thrusters have been measured in EMC
test facilities from kHz up to GHz frequencies'’*. And as it
is shown in this paper, information is also captured from kHz
up to GHz frequencies by using the antenna described before.
However, the nature of the mechanism by which this infor-
mation is captured depends on the frequency. Two frequency
ranges can be distinguished when analyzing the signal mea-
sured by the antenna.

For frequencies lower than the fundamental frequency f of
the resonant cavity, the dimensions of the cavity are lower than
the wavelength of the waves. As a consequence, no propagat-
ing wave can exist in the cavity at these frequencies. However,
as it is shown in this paper, information is still measured by
the antenna. From an electromagnetic point of view, in this
frequency range (for f < fy), the cavity behaves as a waveg-
uide excited below its cut-off frequency*’. Hence, the fields in
the cavity follow spatially an exponential decay and the mag-
nitude of its transfer function H,(f) smoothly increases with
frequency, up to fr (there is no intensification since there is no
resonance phenomenon). As a first approximation, this trans-
fer function can thus be assumed to be constant on relatively
narrow frequency ranges. From a signal point of view, the
measured signal is an accurate image of the corresponding in-
stability (on a certain narrow frequency band).

For frequencies higher than the fundamental frequency fr
of the resonant cavity, the dimensions of the cavity are bigger
than the wavelength of the waves. As a consequence, standing
waves can exist in the cavity. Any instabilities oscillating in
this frequency range will radiate waves that can propagate in
the cavity, and that can be captured by the antenna. The mea-
sured signal r(¢) is thus significantly modified by the cavity
transfer function H,(f). It is largely enhanced by a resonance
phenomenon at the cavity resonance frequencies. In this case
the measured signal r(¢) is the result of wave propagation and
reflection due to the emission of e(¢) in the cavity.

Thus, the nature of the mechanism by which the antenna
capture information is certainly different for these two fre-
quency ranges, meaning a non-radiative coupling for f < fr
and a radiative coupling for f > f;.

Note that in addition to these possible couplings, the cap-
ture of information by the antenna could also come from a
local coupling due to the presence of moving charged parti-
cles at the antenna location, even if the plasma density is low
at this location. In this case the mechanism of capture of infor-
mation is similar to the one consisting in putting a probe into
the dense regions of the plasma plume. Furthermore the pres-
ence of a plasma inside of the cavity can affect, depending on
its density and dimensions, the spectral behavior of the trans-
fer function H,.(f). For example, its fundamental frequency
fr can be shifted due to the presence of the plasma. More
work is planned in the future on these effects.

Finally, the information captured by the antenna could de-
pend on its location inside of the vacuum chamber and of
its polarization. However, for the results showed in this pa-
per, several locations and polarizations have been tested and
yielded similar results in term of global trends. For more
details about this investigation see Supplementary materials.
Hence, in our experimental set-up, the location and polariza-
tion of the antenna do not seem to have a significant impact
on the trends and interpretations proposed in this paper (from
the results obtained with one antenna).

D. Example of a measured signal

An example of a signal r(r) measured with a discharge volt-
age of 150 V is plotted on Figure 2. There is a lot of informa-
tion contained in this signal. To extract this information, ideal
numerical filters are first applied to this signal. One that fo-
cuses on the low frequency (kHz) and intermediate frequency
(MHz) range and the other one that focuses on the high fre-
quency (GHz) range.

On the left side of Figure 2, the filtered signal with the
low frequency numerical filter is plotted versus time and fre-
quency. For this operating point, the measured signal does not
exhibit any significant intermediate (MHz) frequency compo-
nents. Its most significant frequency components are the con-
tinuous component and the ones of about 10 and 100 kHz,
which correspond respectively to breathing mode and/or ro-
tating spokes and transient time instabilities.

On the right side of Figure 2, the filtered signal with the
high frequency numerical filter is plotted in blue in the time
domain. It is organized in pulses of duration of about a few
hundred of nanoseconds (it is important to note though that
part of this duration is a consequence of the storage of the
electromagnetic energy in the cavity and its reverberation time
is around 100 ns), that all have frequency components be-
tween about 1 and 4 GHz. For example, in the insets, the
pulse with the highest amplitude — that we name “GHz peak”
— and another pulse — that we name “GHz secondary peak”
— are plotted in red and green, respectively. They are also
represented in the frequency domain on the bottom figure.
Their most significant frequency components are concentrated
around 1.7 and 3.4 GHz. These frequency components are
organized in narrow frequency peaks, that correspond to the
resonant frequencies of the cavity. We see here the influence
of the presence of the metallic cavity on the measured signal
(because the maximal frequency of the filter is higher than f7).

E. Temporal average of the “GHz peak”

As it has been observed for other Hall thrusters on mea-
surements that have been done in EMC test facilities!®?2, the
behavior of the self-emission of the ID-Hall thruster in the
GHz frequency range has a random nature that complicates its
characterization. In order to analyze this GHz self-emission,
statistical analyses have been implemented. They consist in
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Figure 3. Average of the “GHz peak” for a discharge voltage of 150
V. (a) In the time domain. (b) In the frequency domain.

investigating the duration, frequency components, and ampli-
tude of these GHz pulses for different operating points. This
has been shown to allow to extract some trends about the be-
havior of theses GHz pulses, depending on the operating con-
ditions. However, this statistical analysis requires to process a
certain amount of data sets to be effective.

For the HT under study, although the GHz self-emission has
arandom nature, there is always a pulse with a high amplitude,
the “GHz peak”, surrounded by pulses with lower amplitudes,
as can be seen for example on Figure 2. In order to character-
ize this GHz self-emission, we propose in this paper to focus
on the temporal average of these “GHz peaks”. In practice,
the level of the oscilloscope trigger is adjusted to trigger on
the GHz peak and a temporal average is done by the oscil-
loscope (on a few thousands of measurements). For exam-
ple, the temporal averaged signal and its frequency spectrum
for a discharge voltage of 150 V are plotted on Figure 3.
The main interest of this temporal average is that it allows to
handle reproducible signals. In other words, for each oper-
ating conditions of the thruster corresponds an unique GHz

averaged signal. This allows us to characterize the GHz self-
emission as a function of the discharge voltage, as it is done
in the following section.

lll. RESULTS AND DISCUSSION

The aim of this section is to show that there is useful infor-
mation contained in the signals measured in reverberant cavity
by an antenna located far away from the dense regions of the
plasma plume. To that end, the signals are measured by the
antenna described previously for different values of the dis-
charge voltage. Analyzing the evolution of the frequency of
the instabilities as a function of the discharge voltage have
been shown to be an effective way to identify the operating
modes of Hall thrusters**—32,

A. Identification of the operating modes on the
current-voltage curve

The current versus voltage discharge curve is plotted in Fig-
ure 4. The evolution of the current is in good agreement with
previous characterizations of the ID-Hall thruster in single
stage operation for discharge voltages up to 280 V3°. For dis-
charge voltages between 280 and 350 V, the current had been
found to increase with the discharge voltage up to about 0.9
A3 whereas in the results of the present paper this current
decreases from 280 to 300 V, before increasing with the dis-
charge voltage up to about 0.7 A. Note that the reproducibil-
ity of this behavior has been checked. The origin of this
difference remains unknown, but may come from the wear-
ing of the thruster, and it particular from the wall erosion,
which have been shown to have an influence on the thruster
performances>>.

On this current-voltage curve, six operating regimes can be
identified depending on the evolution of the discharge current
as a function of the discharge voltage, as represented on Fig-
ure 4. Note that in ref., strong amplitude variations of the
discharge current has been found in operation modes from (1)

to (3).

B. Low frequency (kHz) instabilities

Signals are measured for different discharge voltages. Then
a numerical filter (such as the one presented in previous sec-
tion) between 0 and 100 kHz is applied on those signals.
The corresponding frequency components of these signals are
plotted in Figure 5 as a function of the discharge voltage.
The operating modes that have been identified on the current-
discharge characteristic are also reported on this Figure.

In operating regime @ the frequency of the main compo-
nent in this part of the spectrum linearly increases with the
voltage discharge from about 3 kHz at 110 V up to 9 kHz
at 170 V. In previous characterizations based on the current
oscillations, it had been found that the breathing mode was
present in this frequency range. Its frequency have also been
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Figure 4. Identification of the operating mode on the curve of the
discharge current as a function of the discharge voltage.

found to increase with the discharge voltage, with slightly
higher frequencies (around 10 kHz)**. The frequency com-
ponent measured in this operating regime is thus probably re-
lated to the breathing mode.

In operating regime @, corresponding to a decrease of the
discharge current, the principal frequency component does not
follow a linear increase with the discharge voltage. We ob-
serve a three-steps increase with the discharge voltage, at 13,
15 and 17 kHz. These frequency components are the most in-
tense obtained for the whole voltage range. Although there is
clearly a change of regime between operating regimes @ and
@, for discharge voltages below 190 V, breathing mode have
been found to be present in previous characterizations, with
a frequency increasing with the discharge voltage up to a fre-
quency of 15 kHz at 180 V3%, This change of regime is also
visible on the amplitude of the current oscillations (thought
to be the sign of the presence of the breathing mode), as this
amplitude have been found to drop significantly from 170 V
to 190 V3%, Thus, this three-steps increase of the principal
frequency component may be also due to the breathing mode.

In operating regime @, the principal frequency component
linearly increases with the voltage discharge from about 17
kHz at 190 V up to 20 kHz at 225 V. For discharge volt-
ages higher than 190 V, the breathing mode have been found
to disappear, as the current oscillations have been found to
be significantly small**. Based on these results, the origin
of this increasing frequency component from 17 to 20 kHz
is probably not due to breathing mode oscillations. It could
come from azimuthal rotating spokes, which generally have
frequencies in this frequency range. However, these rotat-
ing spokes have been found to rather be present at low dis-
charge voltage®. In addition, in this operating regime, two
secondary frequency components, around 55 and 75 kHz, are
also present and increasing with the discharge voltage. The
origin of the frequency components of this operating regime
remains unknown, and further work should be done to inves-
tigate its physical origin.
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Figure 5. Low frequency (0 — 100 kHz) components as a function of
the discharge voltage.

In operating regimes (4), @ and @ the frequency spec-
trum spreads over a certain frequency range, reflecting the fact
that the physical mechanisms at the origin of these frequency
components is less organized, more random than for previous
operating modes. For operating regime @ the spectrum is
contained between 10 and 40 kHz, for operating regime @
the spectrum is contained between 0 and 50 kHz and for oper-
ating regime @ the spectrum is contained between 5 and 50
kHz.

The results presented in this subsection show that the
known frequency instabilities in this frequency range are well
captured by the diagnostic proposed in this paper.

C. High frequency (GHz) instabilities

The same procedure as the one used in the previous sub-
section III B is used for GHz self-emission. In this case the
numerical filter, between 0.5 and 4 GHz is applied on the av-
erage of the GHz peaks for each discharge voltage. The cor-
responding frequency components of the self-emission of the
ID-Hall thruster are plotted in Figure 6 as a function of the
discharge voltage.

First it is important to note that a relative comparison be-
tween the levels obtained at low (kHz) and high (GHz) fre-
quencies is not directly possible. Indeed, some of the fre-
quency components that are measured above the fundamental
frequency of the cavity — of fy = 380 MHz in our case — have
been intensified by the cavity resonances whereas it is not the
case for frequencies lower than f;.

The influence of the presence of resonant modes in this fre-
quency range is visible on the spectrum plotted in Figure 6.
For example, around 1 GHz for discharge voltage around 250
V, three main spectrally narrow contributions are visible, cer-
tainly corresponding to resonant modes of the cavity.
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Figure 6. High frequency (0.5 —4 GHz) average self-emission as a
function of the discharge voltage.

A direct relative comparison between the amplitudes com-
ponents for different frequencies may also not be judicious.
Indeed, the transfer function H(f) between the thruster and
the antenna is unknown, making the self-emission of the
thruster hard to evaluate at these frequencies in metallic cavi-
ties. This comparison could maybe be envisioned in an over-
moded cavity, as the field inside is statistically isotropic and
spatially uniform, which is equivalent to say its spectral be-
havior is statistically flat. As a first approximation, the fre-
quency above which the cavity becomes overmoded is about
3 or 6 times the fundamental frequency (it corresponds to the
“lowest usable frequency”)>*. In our case, this frequency is
found around 1.7 GHz. Thus, our cavity can not be considered
as overmoded on the useful frequency range (at least not on
the whole frequency range). Hence, for the analysis presented
in the present paper, this comparison is not done. Another
consequence is that the frequency ranges that have been iden-
tified for the GHz self-emission (for example around 1 GHz
for discharge voltages around 250 V) may be the result of the
spectral shape of the transfer function H(f). However, this
measurement of the GHz self-emission in reverberant cavity
still allows to clearly identify different operating modes.

The operating regimes that have been identified on the
current-discharge characteristic are reported on Figure 6. We
can see that the characteristics of the GHz self-emission de-
pends on the discharge voltage. At low discharge voltages (be-
low 225 V), the frequencies of the self-emission is distributed
into several contributions, around 1.7 GHz, 2.2 GHz and 3.3
GHz. Between 225 V and 300 V the bandwidth of about 400
MHz around 1 GHz corresponds to GHz self-emission. At
higher discharge voltages, the frequencies of the self-emission
is concentrated around 1.7 GHz. We can see that some of the
operating regimes are also found at these high frequencies.
For example, the self-emission around 1 GHz is only present
in operating regimes (4) and @ Overall, this kind of infor-

mation is really useful for both physical understanding and
EMC concerns.

D. Level of the electric field of the GHz self-emission

Self-emission from the thruster can act as a source of elec-
tromagnetic noise for the spacecraft. This is particularly crit-
ical as the receivers of spacecraft are designed to be highly
sensitive in order to capture relatively small amount of power
coming from ground stations (located on Earth). For example,
GHz self-emission can be troublesome for satellites that have
receiver frequencies in the L (1-2 GHz), S (2-4 GHz), and C
(4-8 GHz) bands. Thus, measurements of the self-emission of
HT have been made in the EMC test facilities for the verifica-
tion of the electromagnetic compatibility between the thruster
and the spacecraft. Very recently, Kirdyashev studied the dis-
turbance induced by the GHz self-emission on the communi-
cation with a spacecraft®. In the present subsection, infor-
mation about the level of the GHz electric field radiated by
the ID-Hall thruster is extracted from the measurements done
inside the reverberant cavity.

The antenna factor AF of the antenna, linking the measured
voltage V, to the electric field at the antenna, has been evalu-
ated as a rough approximation to be of about AF ~ 360 m~! at
GHz frequencies. For the different operating conditions stud-
ied in this paper, the level of measured voltage V, of the GHz
pulses is of about a few tens of mV, as can be seen for example
on Figure 2. Taking V)" ~ 50 mV (which is the maximum
voltage value measured for the different operating conditions),
the maximal level of the estimated electric field measured by
the antenna is of about E"™* = AF.V"** ~ 20 V/m. The level
of this electric field is the result of the filtering of the emitted
signal e(¢) by the transfer function of the system. Thus it does
not correspond to the level of this GHz self-emission emitted
in free space, but it could give information about the order of
magnitude of this radiated electric field. More work is planned
in the future that will focus in a more detailed investigation of
the level of this radiated electric field.

E. Broadband (kHz—GHz) analysis

Lastly, a broadband analysis, from kHz to GHz, is con-
ducted. Two frequency ranges, namely [100 : 500] kHz and
[0.5:10] MHz are added to the two previous frequency
ranges studied ([0: 100] kHz and [0.5 : 4] GHz). These two
added frequency ranges remain inferior to the fundamental
frequency of the cavity, so no resonance phenomenon will
be present. This broadband characterization of the ID-Hall
thruster, along with the corresponding possible instabilities,
are plotted on Figure 7. For frequencies lower than the fun-
damental frequency of the cavity, the plots have been normal-
ized to the highest amplitude found on this frequency range
([0: 10] MHz). The plot at high frequency is normalized to
the highest amplitude found in this frequency range.

At low frequency (kHz), we find Figure 5 that has been
analysed in section III B, with the associate possible sources
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Figure 7. Broadband analysis of the ID-Hall thruster as a function of
the discharge voltage, with the corresponding possible instabilities.

of these frequency components: Breathing mode (BM) and
Rotating spokes (RS).

At higher frequencies, between 100 kHz and 500 kHz, we
find amplitudes that are much lower than the ones of the prin-
cipal frequency components that have been found between
0 and 100 kHz®. A relatively strong contribution is found
around 200 kHz for low discharge voltages (below 170 V) and
for high discharge voltages (above 300 V), which corresponds
to operating regimes @ and @, respectively. The origin of
these frequency components could be the transit time oscilla-
tion (TTO) that has been found to oscillate at these frequen-
cies.

At intermediate frequencies, between 500 kHz and 10
MHz, the amplitudes found are even lower than for the pre-
vious frequency range. The only significant contribution is
found in the operating regime @ for a discharge voltage of
340 V. This contribution is found between 400 kHz (on the
previous plot) and about 4 MHz. The origin of these frequency
components could be the E x B electron drift instability (EDI)
that has been found to oscillate at these frequencies.

At high frequency (GHz), we find Figure 6 that has been
analysed in section III C. The physical mechanisms at the ori-
gin of this self-emission remains for now unknown.

Globally, the operating modes identified from the current-
voltage characteristic seem to be in good agreement with the
evolution of the frequency components as a function of the
discharge voltage. This shows the ability of the proposed
method to investigate simultaneously instabilities of HT on
a broadband frequency range.

IV. CONCLUSION

Characterization of the instabilities of the ID-Hall thruster
(used in single stage operation) has been done "in-situ", mean-
ing inside the vacuum chamber. It consists in putting an elec-
trically small antenna inside the metallic test facility where
the thruster is operated, far away from the dense regions of
the plasma plume, and then analyzing the measured signals.

This characterization has been done in the frequency range
[0:4] GHz. Frequency components are found around kHz,
around ~100 kHz and ~1 MHz, which could be the conse-
quence of known instabilities, meaning breathing mode - ro-
tating spokes, transit time oscillations and E x B electron drift
instability, respectively. Frequency components are also ob-
served in the [0.5:4] GHz frequency range. It is found to
possess a random nature. Using the temporal average of the
GHz pulse with the highest amplitude, this GHz self-emission
has been characterized as a function of the discharge voltage.
Different operating regimes are found for the broadband mea-
surements as a function of the discharge voltage, which seem
globally to be in good agreements with the operating modes
identified on the current-voltage characteristic. In the future,
more elaborated analysis should be done to extract even more
information of these measurements.

This kind of diagnostic, easy to implement (consisting of
a simple antenna put inside commonly used test facilities),
could be a handy additional tool for investigating the physics



of HT. Furthermore, it possess features that none of the com-
monly used diagnostics for characterizing HT have. First, it
allows a broadband (from kHz to GHz) characterization, pro-
viding a general overview of the mechanisms at play in HT.
Instabilities can be simultaneously investigated, which could
be really useful for understanding possible coupling between
them. Furthermore, for frequencies below the fundamental
frequency of the reverberant cavity, the information captured
by the antenna is not much affected by the presence of the
cavity (in term of spectral behavior). The ability to investigate
high frequency (GHz) could really be useful for understand-
ing the origin of the GHz self-emission. Finally, it gives infor-
mation about the electromagnetic compatibility of the thruster
with the spacecraft, which is a question of major interest for
small spacecraft, where the thruster and the spacecraft appa-
ratus are closed to each other.

SUPPLEMENTARY MATERIALS

See supplementary materials for insights about the influ-
ence of the antenna location and polarization on the results
presented in this paper.
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