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Hall thrusters are 𝐸 × 𝐵 plasma devices where a large azimuthal electron current is implicated in the formation of a wide variety 
of instabilities on different frequency scales (from kHz to GHz) and that propagate in different directions. We have focused on a 
limited number of low-frequency instabilities that could be experimentally observed, such as breathing mode (BM) and ion transit 
time oscillations (ITTO). There are still grey areas in the understanding of the mechanisms behind these instabilities, which are 
often described individually, without considering an eventual exchange of information between the different types of instability. 
Wavelet time-frequency study of the plasma revealed the coexistence and interdependence of distinct instabilities. We suspect a 
possible interaction between the breathing mode and higher-frequency oscillations leading to ITTOs: it was shown that a transition 
occurred when the frequency of one of the BM harmonics became a multiple of the frequency of the higher-frequency oscillations. 
This was also accompanied by a deformation of the ion energy distribution functions (IDF). 

 

Glossary 

 

HT: Hall thruster 

ISP: specific impulse 

E: electric field 

B: magnetic field 

RF: radio-frequency 

BM: breathing mode 

ITTO: ions transit time oscillations 

RS: rotating spokes 

ECDI: electron cyclotron drift instability 

RPA: retarding potential analyser 

IDF: ion distribution function 

FFT: fast Fourier transform 

WT: wavelet transform 

PSD: power spectral density 

PIC: particles in cell 
MCC: Monte-Carlo collisions 

LIF: laser inducted fluorescence 

 𝑈𝑑: discharge voltage 𝐼𝑑: discharge current 𝑉𝑐𝑔: potential of the cathode in reference to the mass 𝜙𝑅𝑃𝐴: RPA filtering potential 𝐼𝑅𝑃𝐴: ion current collected by the RPA  
 𝜌𝛼: Larmor radius of an 𝛼 particle (ion or electron) 𝐿𝑐: the characteristic dimension of the channel �̅�: mean value of signal X 𝜀𝑖: Ionisation cost 
 

I / Introduction 

Invented between the 1960s and 1970s in the USSR 
by Morozov and his colleagues [1], Hall current thrusters, 

commonly known as Hall thrusters or SPT (Stationary  Plasma 
Thruster), are a type of electric propulsion system for spacecraft. 
The Hall thruster is now the main type of propulsion system used 
on geostationary satellites [2] and the use of electric propulsion 
systems is set to become even more prevalent due to the ongoing 
trend towards complete electrification of propulsion and attitude 
control systems. Although their thrust is lower than chemical 
thrusters, their ISP (proportional to the exhaust velocity) is much 
higher [3] [4]. 

I.1 Operation of a Hall thruster 

A Hall thruster is made up of several components, 
consisting of the thruster block itself and an emissive cathode. 
The thruster block consists of a magnetic circuit, a gas injection 
and uniformization system, along with an anode. The propellant 
gas is injected through the anode, at the bottom of an annular 
channel, the walls of which are made of a dielectric material. 
The role of the cathode is to supply electrons to the thruster, to 
initiate and maintain the discharge, and to neutralize the 
extracted ion beam to keep the plasma electrically neutral. The 
emissive element of the cathode made of LaB6 is heated close to 
1600°C by Joule effect thanks to an electric current flowing in a 
resistive element. The emissive material then releases electrons 
into a cavity in which some of the propellant gas has been 
rerouted. It is additionally subjected to an electric field, which 
greatly increases the extraction of electrons. The extracted 
electrons then collide with the gas atoms, ionising them. This 
primary plasma then serves as the electron source for the 
propellant. 

The principle of operation of a HT is relatively simple: 
a DC voltage of a few hundred volts is applied between the 
cathode and the anode, and a magnetic field of a few tens of mT, 
mainly radial, is imposed throughout the channel. The intensity 
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of the magnetic field is chosen to trap only the electrons and not 
the ions, which results in 𝜌𝑒 ≪ 𝐿𝑐 ≪ 𝜌𝑖 where 𝜌𝛼 is the Larmor 
radius of an 𝛼 particle and 𝐿𝑐 is the characteristic dimension of 
the channel. 

In a HT, the plasma is created by ionisation via 
electron impacts: some electrons emitted by the cathode enter 
the channel through its exhaust, and are accelerated as they 
travel up the electric field towards the anode. On their way, they 
pass through an area with a strong magnetic field that confines 
them. At the same time, the propellant atoms (usually xenon or 
krypton) are injected homogeneously from the bottom of the 
channel and diffuse upwards along it. When they cross the 
magnetic barrier, they collide with the electrons trapped in the 
magnetic field. 

To ensure an efficient ionisation, it is necessary for the 
propellant atoms to collide with sufficiently energetic electrons. 
However, to initiate and maintain the discharge, many ionisation 
reactions and therefore collisions are necessary. This is why the 
use of a magnetic field is justified: as the electrons are trapped 
in the magnetic barrier, their residence time is considerably 
increased, which significantly increases the probability of 
ionising collisions. As a result, this type of device is one of the 
most effective for ionising a gas, achieving ionisation rates of 
over 80% assuming that only singly ionised ions are created. 

When ionisation occurs, an electron-ion pair is 
created. The electron remains trapped by the magnetic field and 
diffuses towards the anode through collisions and instabilities. 
Ions are immediately extracted and accelerated by the electric 
field, which generates the thrust, or it is lost on the dielectric 
surface of the channel; which contributes to the erosion of the 
channel [5]. Finally, the ion beam is neutralised by electrons 
coming from the cathode.  

We note that the operation of a HT requires an electric 
field and a magnetic field perpendicular to each other. This 
configuration generates a strong electron drift current in the 
direction of the E × B product. To avoid the loss of electrons at 
the walls (and the associated Hall effect), the thruster designers 
came up with the idea of closing the channel in on itself by 
giving it an annular shape [1], thus closing the azimuthal drift of 
the electron current. This configuration is known as a closed drift 
configuration. The combination of electric and magnetic fields, 
together with the strong azimuthal electron current and any 
inhomogeneities in the plasma or system, creates a source of 
energy that leads to the development of various instabilities. 

I.2 Instabilities in a Hall thruster 

Low-pressure cross-field plasma sources, including 
HT , produce a wide variety of instabilities that can lead to 
regular [6] or transient [7] oscillating phenomena or lead to 
turbulence [8], [9]. It has been experimentally observed that 
these instabilities cover a wide range of frequencies, from a few 
Hz to several GHz, for wavelengths ranging from a few cm to 
less than one mm. They are also capable of propagating in both 
axial and azimuthal directions. 

Studied experimentally and theoretically over 
decades, and more recently using numerical models, there 
remain many grey areas as to the exact properties and nature of 
certain instabilities. In addition, to avoid excessive complexity, 

the most complete theoretical models only look at one instability 
at a time, ignoring the possible couplings and feedbacks loops 
between the different plasma instabilities, and the interactions 
that may occur between phenomena on different scales. 
However, understanding the complex dynamics of these 
instabilities in time and space is a key point in solving the 
electron transport problem through a magnetic barrier. In this 
article, we will focus only on low-frequency oscillations (< 
MHz). 

I.2.1 Axial instabilities 

 We can distinguish two main categories of oscillations 
propagating in the axial direction that can coexist despite being 
at different frequencies. The physical mechanisms governing 
their behaviour are also different. 

I.2.1.a The breathing mode (BM) 

The first instabilities take the form of oscillations with 
long periods and relatively high amplitudes on the discharge 
current and also on the overall luminosity of the plasma [10]. 
Their frequency range is from a few kHz to a few tens of kHz. 
They were discovered after the invention of the Hall thruster [1] 
and have regularly been observed since in [10], [11], [12], [13], 
[14], [15], [16], [17], [18]. These oscillations are strongly 
dependent on the shape and intensity of the magnetic field [19], 
[20], on the applied discharge voltage, the gas flow rate and the 
material making up the channel walls [1], [20]. In some cases, 
these oscillations are strong enough to extinguish the discharge 
or damage the electrical power unit. The characteristic shape of 
the discharge current, with its strong oscillations, is not 
dissimilar to a predator-prey model (Lotka-Volterra). Different 
studies that explored this similarity [21] have shown that the 
oscillation frequency was related to the gas flow and the 
ionisation rate in the HT channel. More developed models have 
been proposed to justify the observed behaviour. We might 
mention in particular the 1D hybrid model developed by 
Garrigues & Boeuf [22] from which the following explanation 
is given: the triggering of oscillations is caused by the fact that 
in a HT, the ionisation process can be so efficient that all the 
neutrals present in the ionisation zone are ionised faster than the 
flow of gas can replace them, thus, the ionisation front moves 
deeper into the channel, towards the anode. This leads to a 
reduction in ionisation efficiency (the magnetic trapping of 
electrons is less effective as we move closer to the anode), which 
can lead to a quasi-extinction of the discharge, allowing the 
neutrals to repopulate the channel (i.e., the ionisation region). As 
the ionisation restarts, the neutrals are again depleted, and so on. 
The alternating nature of this instability is the reason behind its 
name "breathing mode" (by analogy of the inhalation of 
air/neutral gas during BM’s phase 1 and the consumption and 
expulsion of combustion products/ionisation and extraction of 
ions during phase 2). More sophisticated models were then 
developed [23], [24], but it remains difficult to simulate/predict 
the properties of BM due to the different mechanisms involved 
being interdependent. 

 

I.2.1.b The ion transit time oscillations (ITTO) 

Although BM-type oscillations have already been 
studied extensively, relatively few are actually complete, in 
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particular experimental studies of instabilities occurring at 
frequencies between a few tens and a few hundreds of kHz. 
These frequencies correspond to the inverse of the time of flight 
required for the ions to cross the acceleration zone, hence the 
name ion transit time oscillations given to oscillations within 
this frequency range. These oscillations leave their mark on the 
discharge current, where they generally coexist with other 
oscillations such as the BM, but they are usually less prominent. 
Similar oscillations can be found in certain fluid [25], [26], 
hybrids [27] and PIC-MCC models [28]. Based on the 
descriptions provided by the literature, we can say that one of 
the major characteristics of ITTOs is the presence of oscillations 
in the potential distribution in the thruster channel, and also in 
the first few cm of the plume. These oscillations in the electric 
field have a significant impact on the acceleration of the ions: 
during one part of the oscillation, a fraction of the ions surf on 
the electric field wave [6] and therefore always see the 
maximum electric field, which gives them an additional 
acceleration, sometimes bringing their kinetic energy to more 
than that provided by the applied potential energy. During the 
other half of the oscillation, some of the ions are accelerated less 
efficiently and gain less speed because they do not see the full 
potential difference. These changes in the speed of the ions 
distort the IDF, disrupt the ion currents (and consequently also 
the discharge current, which is the sum of the ion and electron 
currents) and modify the ion density profile over time (bunch 
emission due to the segregation of ions as a function of their 
speed), which all have a feedback effect on the potential 
distribution. However, there are points of divergence between 
more recent studies and older Soviet ones carried out in the early 
days of HT. Contemporary models contradict the hypotheses put 
forward at the time : ITTOs were described as quarter-wave 
resonators that would impact electron movements [29]. It should 
be remembered that on early HTs, the magnetic barrier was 
positioned deeper in the channel than in modern HTs. It should 
also be noted that the configuration of the ID-Hall 2 thruster is 
halfway between these two configurations.  

I.2.2 Azimuthal instabilities 

Azimuthally propagating modes have been observed 
in the HT channel and more generally in E×B devices. These 
include ECDI/EDI: electron drift instabilities, in the MHz range 
[30], [31] and rotating spokes (RS). RS manifest themselves by 
an azimuthal displacement of coherent structures resulting in 
variations in luminosity, potential and discharge current at 
frequencies of the order of a few kHz to a few tens of kHz [32], 
[33], [34], [35].  Their azimuthal displacement speed is an order 
of magnitude lower than the speed of the E×B drift current [34]. 
In many experimental studies, the RS are observed together with 
other instabilities, such as the BM [36]. It has recently been 
shown that the BM and RS can be interdependent, leading to 
axial-azimuthal coupling of the RS, which then describes a 
helical movement within a BM cycle [36]. The combination of 
fast imaging and the use of a segmented anode has highlighted 
the fact that almost 50% of the total discharge current flows 
through the luminous structures of the RS, even though the RS 
occupies only about 1/4 of the channel surface area [34].  

In this article we look into the signatures of these 
oscillations on different types of signals. First, in sections III.1.1 
and III.1.2 we identify different oscillation regimes as a function 
of parameters such as discharge voltage and gas flow rate, and 

discuss the characteristics of these different oscillations 
identified on the time series of the discharge current and a 
capacitive signal. In each of these oscillation regimes the 
discharge, ion and average electron currents are also studied, as 
well as the energy cost of extracting an ion. Then, in section 
III.1.3, we discuss the characteristics of the mean ion 
distribution functions, pointing out in particular the existence of 
a asymmetry of the IDF in one of the oscillation regimes 
identified previously, in which a doubling of the amplitude of 
the discharge current oscillation was observed. Finally, in 
section III.2, we present the results of using a time-frequency 
analysis technique called the wavelet transform. This diagnostic 
is used to highlight the links between the different oscillations 
taking place at different times and/or at different frequencies. 
Section III.2.1 is devoted to a brief introduction to the method 
itself, while section III.2.2 shows the application of the method 
to the time series of the discharge current and a capacitive signal 
picked up outside the vacuum vessel. Finally, section III.2.3 
describes the oscillations detected in the ion current, the 
temporality of which is revealed by wavelet transforms. 

The detection of different phenomena moving in the 
azimuthal direction was carried out using a segmented anode 
composed of three electrically independent segments all 
recording the discharge current. In this paper, we have only 
qualitatively described the zones where RS could exist and 
whether their presence might have an impact on the rest of the 
discharge. 

II / Experimental set-up  

II.1 The ID-Hall 2 thruster 

The results presented in this paper were obtained by 
using the experimental ID-Hall 2 thruster (Inductive Double 
stage Hall thruster, version 2). Figure 1 shows a schematic view 
of the ID-Hall 2 thruster, its magnetic field lines and their 
strength. This is a low-power thruster, operating between 80 and 
400 W. The ID-Hall 2 thruster, like its predecessor ID-Hall, was 
designed and built by the LAPLACE laboratory in Toulouse, 
with the support of the French space agency CNES. The 
characteristics of the ID-Hall experimental thruster and its 

Figure 1: Schematic view of ID-Hall 2 thruster and 
associated magnetic field lines. The colormap indicates the 
norm of the magnetic field, from cyan for the lowest B values 
(<2.5 mT), to dark pink for the highest B values (>4.75 mT). 
This figure has been modified from [10]. 
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plasma have already been explored and made public in the 
following publications [7], [10], [15], [36], [37].  

The idea behind using a second ionisation source is to 
facilitate the ionisation of propellants that are more difficult to 
ionise, such as argon or krypton, but that are more abundant and 
therefore less expensive. It has also been shown that the addition 
of RF power can moderate certain instabilities, such as the 
breathing mode. [15]. ID-Hall 2 incorporates feedback from its 
predecessor with the aim of improving ion confinement close to 
the ICP source, in order to reduce the ionisation cost and increase 
ion extraction efficiency (The RF source consists of a coil of a 
few copper turns surrounding the outer wall of the channel. In 
Figure 1, these elements are represented by the orange dots). To 
this aim, it was decided to move the RF ionisation zone closer to 
the accelerating magnetic field barrier. This meant that the 
magnetic configuration had to be modified: the magnetic cusp 
was removed, leaving only a single magnetic barrier, and the 
anode was placed into a zone with almost zero magnetic field. 
With this setup, the magnetic field adopts a configuration close 
to that of cylindrical Hall thrusters. [38] [39]. The bending of the 
field lines enables the magnetic barrier to cover the ICP 
ionisation zone and brings it closer to the acceleration zone. The 
magnetic field is generated by SmCo permanent magnets. The 
DC coil intended for varying the intensity of the magnetic field 
is not powered here. 

In this article, we will only consider the case of the 
thruster operating in single-stage mode, i.e., without using the 
RF coil. 

II.2 The test bench 

The ID-Hall 2 thruster is mounted on one of the inside 
faces of a 1 m long and 0.5 meter wide cylindrical vacuum 
chamber. The chamber is equipped with a pumping system 
consisting of three turbo-molecular pumps connected to two 
primary pallet pumps. The pumping rate of the system is 4200 
L/s [16]. Without gas injection, the lowest achievable pressure 
in the chamber is of the order of 10-6 mbar (10-4 Pa). With gas 

injection, the pumping system maintains a pressure of around 
10-4 mbar (10-2 Pa). The pressure inside the chamber is measured 
using an Adixen ACC 2009 gauge. 

In operation, the thruster uses a MIREA-type emissive 
cathode with LaB6 [40]. The cathode is heated by the Joule effect 
by applying an electric current of 14.5 A to the resistive element 
(the helical wire in the cathode in Figure 2) for a power 
dissipation of 240 W. To preserve the cathode and increase the 
life time of the heating filament, heating/cooling of the cathode 
is carried out by incrementally increasing/decreasing the current 
(0.5 A) sent through the filament. The procedure takes around 
fifteen minutes. The cathode gas flow rate was maintained at 
0.25 mg/s of xenon. The thruster gas flow was varied over a 
range from 0.4 to 1.2 mg/s of xenon. Flow rates were controlled 
by Brooks mass flow controller 5850TR and Bronkhorst mass 
flow meter EL-FLOW.  

To be more representative of space flight conditions 
and as we see in Figure 2 with the blue wires, the thruster's 
electrical system, which includes the anode, cathode, keeper 
(ignitor), and their respective power supplies, is kept floating in 
relation to the ground (here, the metal housing of the vacuum 
vessel), this potential is called the cathode common. The 
discharge voltage is supplied by a Delta Electronika SM-400-
AR-8 power supply.  

II.3 Diagnostics 

II.3.1 Measurement of time varying properties 

The discharge current is measured using a Bell-NT5 
magneto-resistive sensor. This sensor is positioned in the 
electrical circuit between the anode and the discharge voltage 
generator (green circles in Figure 2). The discharge current 
flows through the sensor, which returns a voltage proportional 
to the discharge current. This voltage is then acquired directly 
by a digital oscilloscope with an input impedance of 1 MOhm. 
The oscilloscope used throughout the study is an Agilent 

 

Figure 2: Thruster electrical circuit schematic diagram. 

       
             

      

       
       

         
       

         

Se
gm

en
t A

Se
gm

en
t B

Se
gm

en
t C   

 

   
 

 

 

 

 

  
                  

     

            

       

   

            

             

T
hi

s 
is

 th
e 

au
th

or
’s

 p
ee

r 
re

vi
ew

ed
, a

cc
ep

te
d 

m
an

us
cr

ip
t. 

H
ow

ev
er

, t
he

 o
nl

in
e 

ve
rs

io
n 

of
 r

ec
or

d 
w

ill
 b

e 
di

ffe
re

nt
 fr

om
 th

is
 v

er
si

on
 o

nc
e 

it 
ha

s 
be

en
 c

op
ye

di
te

d 
an

d 
ty

pe
se

t.

P
L

E
A

S
E

 C
IT

E
 T

H
IS

 A
R

T
IC

L
E

 A
S

 D
O

I:
 1

0
.1

0
6
3
/5

.0
2
0
6
3
6
9



5 

 

Infiniium MSO9254A. The following quantities are also 
measured directly on the oscilloscope: 

- The potential difference between the cathode and the 
ground, noted 𝑉𝑐𝑔 (measured on the green point in Figure 2).  

- The voltage on a capacitive antenna placed outside 
the chamber, against the side quartz window of the vessel. This 
antenna records all the electromagnetic and potential 
disturbances induced by the plasma, without undergoing any 
charge recombination on its surface. The probe was moved 
along the 42 cm of the quartz window and no significant change 
in the shape of the signals was observed between the different 
locations, the amplitude that decreased as the antenna was 
moved further from the thruster. Below about ten MHz, the 
signals measured on two antennas placed at the extremities of 
the window remained coherent and no significant phase shift 
was measured. 

II.3.2 Faraday probe 

A Faraday probe is an instrument commonly used to 
measure the ion flow [41]. When mounted on a rotating arm, it 
can also be used to estimate the divergence of the ion beam. By 
knowing the collection surface of the probe, it is possible to 
determine the total ion current 𝐼𝑖 extracted from the thruster. 
Then, by subtracting the ion current to the discharge current 𝐼𝑑, 
we determine the electron current 𝐼𝑒 coming from the cathode. 
The Faraday probe measurements were carried out using a two-
sided flat probe with guard rings. The probe and the protocol are 
described in [10], [16], with the exception that the measurement 
points were recorded manually using a multimeter. It should be 
noted that the measurements were carried out at different angles 
to the thruster axis, to obtain the angular distribution of the ion 
current. To determine the total ion current, assuming 
axisymmetry of the discharge, a hemispherical integration is 
performed. 

II.3.3 IDF averaged over time 

To measure the mean distribution functions of the ions 
in the thruster plume, we used an RPA (Retarding Potential 
Analyser) with four grids. It was designed and built by the 
GREMI laboratory in Orléans in 1998; design details are 
available here [42].  

The aim of this instrument is to filter ions according to 
their kinetic energies, so that only selected ions are detected and 
contribute to the measured current. The first grid is called the 
screening grid and is used to isolate the plasma from the 
instrument’s own electric field, and is left floating. The second 
grid is the electron repulsion grid. As its name states, its role is 
to repel the electrons from the plasma, allowing only the ions to 
pass through. It is polarized negatively at -35 V, corresponding 
around 5 to 6 times the electron temperature in the plume. The 
third grid is the ion discrimination/filtering grid. It creates the 
potential barrier through which only sufficiently energetic ions 
can pass and therefore contribute to the collected current. The 
last grid is also an electron repulsion grid. Its role is to send back 
the secondary electrons emitted by the collector due to ion 
bombardment. It is polarized at -40 V. Via recombination, the 
ions impacting the collector induce a current 𝐼𝑅𝑃𝐴(𝜙𝑅𝑃𝐴), which 
can be measured using an oscilloscope, and which is 
proportional to the flow of ions with an energy greater than the 

minimum energy 𝜙𝑅𝑃𝐴 required to cross the potential barrier. We 
note 𝑓 the ion velocity distribution function (IVDF): 

𝑓(𝜙𝑅𝑃𝐴) ∝ − 𝑑𝐼𝑅𝑃𝐴(𝜙𝑅𝑃𝐴)𝑑𝜙𝑅𝑃𝐴 (1) 

It is necessary to apply a correction to compensate 
effects of the potential difference between the electrical system 
of the thruster, which is free-floating, and the RPA, which is 
referenced to the ground. To do this, we subtract 𝑞𝑖  𝑉𝑐𝑔 from the 
measured ion energy, with 𝑞𝑖 = 1 (only singly charge ions). 

Before calculating the IDF, it is essential to filter the 
measured signals to reduce the noise, which would then be 
exacerbated by the calculation of the derivative shown in 
equation (1). To accomplish this, the Savitzky-Golay (SG) 
algorithm is used [43] [44]. The obtained IDFs are then also 
processed by the SG algorithm for a final filtering. 

III / Results & discussion 

During the experimental characterization of the ID-
Hall 2 thruster, numerous oscillations were observed. The results 
presented here focus on the single-stage operation of the 
thruster, i.e. without RF power injection, like a conventional 
cylindrical Hall thruster. 

III.1 Oscillation regimes 

Since ID Hall-2 has a magnetic field imposed by 
permanent magnets, the only parameters that can be modified to 
study the plasma behaviour are the thruster gas flow rate and the 
discharge voltage applied between the anode and cathode. The 
gas used in single-stage mode is exclusively 99.99% pure xenon. 
The gas flow rate and the power dissipated in the cathode are 
fixed and kept constant for all experiments. 

III.1.1 Current evolutions 

Figure 3 shows the current-voltage characteristic of 
the thruster for a gas flow rate fixed at 0.9 mg/s. It can be seen 
that the average discharge current follows a classic pattern 
already observed as the discharge voltage increases [20].  At low 
voltage, the mean value of the discharge current 𝐼�̅� quickly 
increases with the discharge voltage 𝑈𝑑, rising from 0.6 to 1.0 A 
for an increase of 70 V. This increase can be explained by the 
fact that we are in a zone where the ionisation efficiency rises 
sharply with the addition of electrical energy and therefore with 
the increase of electron energy. The increase in the ionisation 
efficiency was demonstrated experimentally by observing the 
increase in the total ion current 𝐼𝑖 with a Faraday probe in Figure 
4. If we assume that all the ions created are singly-charged, the 
ionization rate, estimated by calculating the ratio between the 
ion current and the theoretical maximum ion current if all the 
gas is ionized once (represented by the dark blue dotted line), 
rises from 50% to 80%. The measurements, illustrated in Figure 
4a, were carried out at a gas flow rate of 0.6 mg/s. As the 
discharge characteristics are similar and the evolution of the ion 
current increases proportionally to the increase of the propellant 
gas flow rate (blue curve in Figure 4b), we can assume that the 
results are of the same order of magnitude; for a flow rate of 0.9 
mg/s, a measurement was carried out for 𝑈𝑑 = 250 𝑉 and the 
ionisation rate was estimated at 88%. Above 175 V and up to 
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250 V, the average discharge current inflects and decreases 
slightly, from 1 A to 0.925 A. It then remains constant up to 335 
V. In the literature, this zone is known as the plateau zone [20]. 
In this regime, the maximum ionisation of the propellant is 
reached and the ion current is almost unchanged (there is also a 
plateau on the ion current curve in Figure 4a). At higher 
discharge voltages, the discharge current increases due to an 
increase in the electron current coming from the cathode (red 
curve in Figure 4a) which can be linked to a change in the 
electron conductivity in the magnetic barrier. As can be seen in 
Figure 5, this change in electron mobility across the barrier also 
causes a considerable increase in the cost of ionisation of a gas 
atom. This reflects the fact that an increasing proportion of the 
created ions are lost on the walls, which also increases the 
secondary electronic emission on the ceramic walls. The 
electron current 𝐼𝑒  is obtained by subtracting the total ion current 𝐼𝑖  from the discharge current 𝐼𝑑  and the effective ionisation 
energy cost is calculated as follows: 𝜀𝑖 = 𝑈𝑑𝐼𝑒 𝐼𝑖⁄ . Our 
exploration of the thruster operating range was limited at high 
voltage by the maximum voltage of the generator (408 V).  The 
lower limit is imposed by the plasma itself: below 105 V, it is no 
longer possible to maintain a stable discharge. The values of the 
ion and electron currents measured show that the thruster used 
in our study can be considered representative of cylindrical 
thrusters [38]. 

 
Figure 3: Thruster characteristics for 0.9 mg/s of xenon. The 
blue dots represent the mean discharge current, the green 
triangles mark the extrema of the discharge current (the 
minimum / maximum for those pointing downwards / upwards) 
and the cyan error bars symbolize the standard deviation of the 
oscillations. In red, on the right-hand axis, the frequency of the 
main oscillation (breathing mode).  

If we now observe the evolution of the discharge 

current as a function of 𝑈𝑑, we can see that oscillations are 

always present. In Figure 3, these current oscillations are 

represented by the extreme values and standard deviation of the 

current time series. At low voltage, the oscillations tend to be of 

low amplitude, although two sub-regimes of oscillation can be 

distinguished. At very low voltage, the maximum amplitude of 

the oscillations increases as the voltage 𝑈𝑑 increases (regime 

A1), until the oscillations stabilise with smaller amplitudes 

(regime A2). Figure 6 plots the discharge current over a period 

of a few oscillations. At very low voltage (110 V in this case), 

the oscillations are very irregular, with unstable BM oscillations 

in both frequency and amplitude. We can also see the higher 

frequency oscillations that are triggered when the current is at 

its maximum. The frequency instability is also clearly visible on 

the discharge current spectrogram (Figure 7), where we can see 

that the width of the frequency range swept by the BM extends 

from 3 to 8 kHz. When increasing 𝑈𝑑 above 130 V, the BM 

becomes progressively more regular and increases its oscillation 

frequency. An example of the current is given in Figure 6, for 𝑈𝑑 = 150𝑉. The intermittent nature and imperfect periodicity 

of fast oscillations make it difficult to capture their frequency 

using a FFT, which nevertheless gives us a frequency range of 

between 100 and 200 kHz. In this range of low voltage 
operation, we observed azimuthal variations in the discharge 
current at frequencies of the order of tens of kHz, which could 
be assimilated to RS. In Figure 3, the transparent green area 

B1 B2 

A1 A2 

C1 C2 

Figure 5: Evolution of the effective ionisation energy cost of a 
xenon atom as a function of the discharge voltage for a gas flow 
rate fixed at 0.6 mg/s. 
 

Figure 4: Average discharge 𝐼𝑑, ions 𝐼𝑖, and electrons 𝐼𝑒 currents 
as a function of the: discharge voltage for 0.6 mg/s) of gas 
injected into the thruster channel: a) (top graph); the gas flow 
rate injected through the anode for a discharge voltage set at 𝑈𝑑 = 250𝑉: b) (bottom graph).  
 

a) 

b) 
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indicates the discharge voltages at which these azimuthal 
structures were observed. It was also observed that the higher 

the gas flow rate and the lower the discharge voltage, the greater 

the probability of observing phenomena moving in the azimuthal 

direction, and the number of occurrences per BM also increased. 

We note that these oscillations are in addition to the axial 
oscillations already observed, such as the BM and ITTO, as well 
as other oscillations at higher frequencies. 

When increasing 𝑈𝑑, there are significant changes in 

the shape, amplitude, and frequency of the oscillations. The 

amplitude of the oscillations doubles and can exceed 3A, and the 

current also passes practically through zero at the minimum of 

the BM. These oscillations can lead to temporary extinction of 

the discharge. The spectrogram in Figure 7 shows that the 

frequency of the BM increases rapidly for 𝑈𝑑  ∈ [175 − 250] 𝑉 

(regime B1), before slowing down for 𝑈𝑑  ∈ [250 − 335] 𝑉 

(regime B2). The frequency range of the fast oscillations 

remains the same as that identified previously, so the number of 

fast oscillations per BM cycle decreases as the discharge voltage 

increases (since the BM period decreases). It can also be seen 

that for each voltage, the frequency of BM oscillations stabilizes 

around a central frequency with a small dispersion of merely a 

few kHz. In addition, the first harmonics of this frequency 

become much more pronounced, to the point where we can 

observe an overlap between the frequency domain of fast 

oscillations and certain harmonics of the BM (between the 4th 

and the 7th). 

If the discharge voltage is increased further, 

alternations between different oscillation modes can be seen in 

Figures 3 & 6. A first transition zone can be defined for 𝑈𝑑  ∈[335 − 360] 𝑉 where BM oscillations are still present but 

alternate between high and low amplitude modes, 2.5 and 1A 

respectively (C1 regime). For higher voltages 𝑈𝑑 ≥ 360 (C2 

regime), low-amplitude BM oscillations alternate with 

oscillations of reduced amplitude (0.4A) and higher frequency 

(between 150 and 250 kHz), which more closely resemble the 

rapid oscillations previously found when the discharge current 

was at its maximum. These changes are associated with a loss of 

regularity in the oscillations, resulting in a widening of the 

frequency range, a reduction in the spectral power density and 

the disappearance of the BM harmonics from the spectrogram. 

An analysis of the characteristic in Figure 3 also 
reveals a hysteresis phenomenon: alternations can be seen in 
both the mean current, standard deviation and in the extreme 
values reached along with the frequency of BM oscillations. To 
understand the origin of this phenomenon, we need to take a 
closer look at the experimental measurement protocol: starting 
from one operating point of the thruster, the discharge voltage is 
increased by a 10 V step. Then, once the maximum voltage has 
been reached, the voltage is shifted by 5V and decreased again 
by 10V, a reversed operation is carried out when the minimum 
discharge voltage is reached. This procedure shows that the 
plasma does not behave in the same way when the discharge 
voltage is raised and lowered. We also note that the plasma 
requires a few seconds to a few minutes to stabilize after each 
change in its operating conditions. This difference could be 
dictated either by the time taken to reach a new thermal 
equilibrium with the walls [45], or by a change in the surface 
state of the ceramics due to their temperature [46] or to the 
deposition/spraying of particles such as ceramic, steel or/and 
aluminium in the enclosure, or by all three phenomena at once. 
This would underline the sensitivity of the BM to secondary 

Figure 6: A few time series in each of the regimes identified in 
Figure 3, with: in blue, the discharge current and in orange, the 
voltage of the external capacitive antenna. 

Figure 7: Spectrogram of low-frequency oscillations in the 
discharge current of the thruster for 0.9 mg/s of xenon. The time 
series were measured every 5V with a sampling frequency of 50 
MHz. (To generate this image, a zero-order spline interpolation 
was performed). 
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electron emissions. In addition, close to the transition discharge 
voltages, the standard deviation also reflects the proportion of 
time spent in each of the oscillation modes. Thus, we can see 
that the transition between two regimes is not well defined and 
does not occur for a very precise voltage. Instead, we have a 
hysteresis at the transition point between regimes and therefore 
a shift in the transition discharge voltage depending on the 
previous state of the plasma. The switch between regimes is thus 
delayed towards the high voltages, respectively the low voltages 
(of about twenty volts) when the discharge voltage applied to the 
plasma is progressively increased (respectively decreased). This 
highlights the nonlinear nature of the physics governing plasma 
discharges in HT. 

 Although the thruster used in our study is very 
different from the STP-100ML, a striking similarity in terms of 
frequency distribution with the increase in discharge voltage and 
in particular the BM frequency can be observed between our 
spectrogram and the one shown in Figure 5 of the article [21]. 
This could be attributed to the use of ceramics made from the 
same material: BN-SiO2. 

Let us now focus on the fast oscillations. Fast 
oscillations are defined as oscillations whose frequencies are at 
least one order of magnitude higher than the BM frequency. In 
the current vs. time graphs in Figure 6, it can be observed that 
these oscillations are primarily present when the discharge 
current is at its maximum during a BM oscillation. It is also 
noticeable that the number of fast oscillations per BM cycle 
decreases with the increase of 𝑈𝑑. These oscillations have 
frequencies ranging from a few tens to a few hundreds of kHz. 
For a gas flow rate of 0.9 mg/s, the analysis of the FFTs 
associated with the discharge current indicates that these fast 
oscillations cover a relatively wide frequency range, ranging 
from 30 to 200 kHz for 𝑈𝑑 = 115𝑉 and from 200 to 500 kHz 
for 𝑈𝑑 = 315𝑉.  

In regime A, the frequencies of the fast oscillations do 
not appear to change significantly when the discharge voltage is 
modified. Considering that increasing 𝑈𝑑 leads to an increase in 
the BM frequency (i.e., a decrease in its period), this explains 
why when the discharge voltage is increased, fewer fast 
oscillations are observed per BM cycle. 

In regime B, we see far fewer rapid oscillations per 
BM cycle, just a few and sometimes just one, with the number 
of occurrences decreasing with an increasing 𝑈𝑑. Their 
amplitude distribution also changes: the first oscillations have a 
very low relative amplitude, whereas the last oscillations 
appearing during a BM cycle are more noticeable. The 
frequency of these oscillations seems to be constrained by the 
period of the BM, which would exert a forcing effect on these 
faster oscillations. It is interesting to note that in this regime, the 
appearance of fast oscillations leads to an increase in the 
maximum discharge current, sometimes even doubling it. We 
might therefore assume that there is possibly a resonant 
interaction between the fast oscillations and the BM that could 
explain this change.   

In regime C, if the BM is intermittent, the rapid 
oscillations never cease. Their frequency dispersion is also 
narrower, centred around 200±100 kHz. 

To sum up, based on what we have observed, we can 
identify the following regimes: a low-frequency BM oscillation 
regime for 𝑈𝑑  ∈ [105 − 175] 𝑉 (regime A), a high-frequency 
BM regime for 𝑈𝑑  ∈ [175 − 335] 𝑉 (regime B), and an 
unstable BM regime for 𝑈𝑑  ∈ [335 − 408] 𝑉 (regime C). In 
Figure 3, these regimes are indicated by thick black dashed 
lines. The thin black dashed lines represent the boundaries of 
sub-domains defined by the frequency stability of the discharge. 
In all these regimes BM oscillations are present at least 
transiently and fast oscillations are always present over the BM 
during the maximum discharge current phase with smaller 
amplitudes than BM. We will see in section III.1.3 that we found 
exactly the same delimitations for the thruster operating regimes 
on the ion velocity distribution functions. Plasma oscillations 
therefore have a strong impact on the overall behaviour of the 
ions. 

We can add that as Ud increases, an increasing in the 
luminosity of the plasma and a decreasing in the divergence of 
the plume is observed. This last observation is in line with the 
measurement of the divergence of the ion beam by the Faraday 
probe, where the divergence decreases linearly with the increase 
in Ud. 

III.1.2 Characteristics of the discharge current 
for several gas flow rates 

The thruster behaviour was tested at different xenon 
flow rates: 0.4, 0.6, 0.9 and 1.0 mg/s. The different 
characteristics are shown in Figure 8, and the evolutions of BM 
frequencies are shown in Figure 9. The cases at 0.6, 0.9 and 1.0 
mg/s are very similar: they show the same operating modes with 
variations in amplitude, frequency of BM oscillations, average 
discharge current and FDI as a function of flow rate. These 
values all increase with an increase of the flow rate. The most 
noticeable differences are found in the locations of the different 
oscillation modes in terms of discharge voltages, shifting about 

Figure 8: Thruster characteristics from top to bottom: 0.7, 
0.6, 0.9 & 1.0 mg/s of xenon. 
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twenty volts lower for the tested flow rate increment. With a 
flow rate of 0.4 mg/s, the discharge behaviour is quite different 
from that observed for the higher flow rates. At low voltage 
discharge, BM oscillations are relatively rare, and their 
distribution over time appears quite random. It is also noticeable 
that fast oscillations (in the order of hundreds of kHz) are present 
but with very low amplitude (around 50mA).  

To summarise, at a constant discharge voltage, 
increasing the gas flow rate results in a higher gas density in the 
thruster channel and thus increases the probability of electron 
neutral collisions. Consequently, ionising collisions would 
increase the density of electrons trapped in the magnetic barrier, 
leading to even more ionising collisions, and improving the 
overall degree of plasma ionisation. Since it is established that 
BM is an instability related to global ionisation in the channel, 
this explains why the high BM region can exist at lower voltages 
when the gas flow rate increases. Assuming there are only singly 
charged ions, for 𝑈𝑑 = 250𝑉 we do indeed observe a slight 
increased ionisation rate on Figure 4b. As the electron density 
increases with the gas flow, the mean free path decreases, which 
could increase the global ionisation, explaining the dependence 
of the BM frequency to the gas flow. It is also noticeable that the 
frequency spread around the central frequencies of the BM 
increases with the flow rate. So, the BM oscillations might be 
destabilized with an increase in the gas flow rate. 

III.1.3 Time-averaged ion distribution 
functions 

We measured the ion distribution function for different 
discharge voltages using an RPA. The RPA was positioned in 
front of the thruster, aligned with the thruster axis, perpendicular 
to the exit plane and at 41 ± 1 cm from it. Our results are shown 
in Figure 10 for a gas flow rate of 0.9 mg/s.  

 Two distinct groups of IDF shapes can be observed: a 
group of relatively symmetrical distributions with a Gaussian 
appearance, and a group of asymmetrical distributions 
resembling the sum of two Gaussian functions shifted with 
respect to each other. We can note that the different groups of 
ion distribution shapes correspond exactly to the different 
plasma oscillation regimes identified as a function of discharge 
voltage. The behaviour of the ions is therefore closely linked to 
the characteristics of the discharge. 

The IDFs are relatively symmetrical in the regimes of 
discharge voltage that correspond to low-amplitude BM 

oscillations of the discharge current (regime A), but also in the 
intermittent areas with medium-amplitude BM (regime C). 
Under the regime of a high-amplitude discharge current (regime 
B), the distribution functions are asymmetrical and both widen 
towards high energies, with the gradual appearance of a second 
peak on the high-energy side, and strongly towards low energies, 
displacing the initial probability maximum towards the lowest 
energies. The second peak becomes stronger at the expense of 
the low-energy peak as the discharge voltage increases until it 
becomes dominant, causing the less energetic peak to gradually 
disappear. When the latter has completely disappeared, the 
transition to regime C is reached.  

While symmetrical distributions with a Gaussian 
shape are common and relatively easy to explain, this is 
unfortunately not the case for asymmetrical distributions. There 
are several possible explanations for these differences including 
the fact that the IDF are not fixed in time but evolves over time 
in response to plasma oscillations [16]. To confirm this 
behaviour, temporal IDF studies are needed. 

III.2 Time-frequency analysis 

While we have been able to identify the main 
frequency domains of low-frequency oscillations, it is difficult 
to carry out a more detailed study using a simple FFT. Two 
intrinsic problems with the properties of the FFT are particularly 
limiting. Firstly, the FFT transforms an entire time series into a 
corresponding frequency spectrum, which excludes temporal 
monitoring of the evolution of the oscillations. Secondly, by 
construction, the FFT is very reliable when the phenomenon 
being studied is stationary, which is not the case here. The result 
is a relative reduction in the weights of the frequencies 
corresponding to the least regular oscillations and a spectral 
broadening on the frequency distributions, which makes the 
frequency bands of the oscillations harder to discern. The FFT 
therefore struggles to effectively capture the different 
frequencies involved, because the oscillations are neither 
regular, periodic nor stable in frequency and are even 
intermittent, either because some oscillations are triggered 
selectively or because different oscillation modes alternate along 
the time series. The use of moving-window Fourier transforms 
(also known as the short-term Fourier transform) could be a 
solution if the frequencies of the oscillations studied did not 
extend over several orders of magnitude, which is our case. 

Figure 10: IDF given for some discharge voltages with a xenon 
flow rate of 0.9 mg/s. 

B A C 

 
Figure 9: Central frequencies of the BM for the different flow 
rates tested. 
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Wavelet transforms (WT) are another mathematical tool that 
offers the best compromise between frequency and time 
resolution thanks to the use of a window that is adaptive to the 
probed frequency. This allows us to probe frequencies over 
several orders of magnitude, making it possible to study the 
behaviour and interactions of instabilities on several scales at 
once. There are also diagnostics based on wavelet analysis, 
which can be used to find a possible direction of propagation of 
information between the scales of the oscillations [47]. It should 
be noted that wavelet transforms are not the only tools suitable 
for studying the time-frequency behaviour of a signal. As an 
example we can also mention the Hilbert-Huang transform [12]. 

III.2.1 Brief introduction to Waveletsè 

WTs are used relatively frequently in a number of 
fields, such as the search for instabilities in fusion, the detection 
of gravitational waves, medicine (the search for warning signs 
on ECGs), meteorology and so on. Surprisingly, this type of 
diagnosis does not seem to be very widespread in the electric 
propulsion community [48], [49], [50]. In [48], [50], they use 
WT to extract a averaged frequency spectrum from emissive 
probe measurement and discharge current. In [49], the authors 
focus on oscillations from MHz to a few tens of MHz, a 
frequency range that partially overlaps with ours, which mainly 
probes with frequency ranges going from kHz to a few MHz.  

This article is not intended to provide a detailed 
explanation of how the WT works. For this purpose, the reader 
is referred to the documents [51], [52], [53], [54], [55], [56], 
[57]. Here, we will simply give a general outline. Although 
similar in appearance, the Gaussian moving window Fourier 
transform (MWFTs) developed by Gabor, sometimes considered 
to be the first draft of continuous wavelet theory, and WT are 
fundamentally different. One of the main differences between 
MWFT and WTs is that the Fourier transform decomposes the 
signal into a sum of weighted sines waves, where the sine is a 
localised function in Fourier space, whereas the WT uses a series 
of dilated/compressed wavelet functions to scan several scales 
and thus best match the corresponding pseudo-frequencies of the 
functions. These functions, known as mother wavelets, can 
theoretically be chosen arbitrarily, on condition they satisfy 
certain rules, such as: be an oscillation function with a zero 
mean, be a summable square function of 𝐿2(ℝ) Hilbert space (be 
defined in both real and Fourier space). 

The wavelet transform 𝑊(τ, 𝑡) of a signal 𝑠(𝑡) can be 
expressed using the following equation: 

W(χ, τ)  = 1√𝜒 ∑ 𝑠(𝑡𝑗) ϕ∗ [(𝑡𝑗 − 𝜏)χ ]N−1
j=0 (5)  

Where χ is a dilation parameter (time scale parameter), 𝜏 is the position parameter (a translation parameter) around 
which the convolution is performed on a Δ𝑡 sized window. 𝑊(χ, 𝜏) is the coefficient of the wavelet transform for a scale 
factor χ, at time 𝜏. The symbol ∗ designates the complex 
conjugate and ϕ is a mother wavelet function. Wavelet analysis 
therefore consists of carrying out a local comparison of a signal 
with a wavelet function, enabling the signal to be zoomed in on 
at different scales and at all times in the recorded series 𝑠(𝑡𝑗). 

The choice of the scale vector on which to expand the 
wavelet function must be made carefully. If the chosen scale is 
too low, aliasing may occur of the Shannon-Nyquist condition is 
not satisfied. Inversely, a too high scale should be avoided as to 
not make the dilated wavelet function larger than the input 
signal. In general, scales are inversely proportional to 
frequencies. 

As a mother wavelet function, we have chosen to use 
the complex Morlet function, which is the result of the 
convolution between a sinus wave and a Gaussian function (see 
Figure 11). The Gaussian shape of the envelope of the Morlet 
wavelet minimizes the product of the wavelet temporal and 
frequency resolutions and therefore optimizes the accuracy of 
the results [54]. This wavelet function has two free coefficients 𝑓0  and 𝛽𝑏. 

𝜙𝑓0,𝛽𝑏(𝑡) = 1√𝜋𝛽𝑏 𝑒2𝑖𝜋𝑓0𝑡 𝑒−𝑡2 𝛽𝑏⁄ (6) 

The choice of these coefficients also plays an 
important role: the optimum value for the central frequency 𝑓0 
is 1. Moving away from this value reduces the quality of the 
time/frequency compromise, increases edge effects, promotes 
aliasing, and destroys the approximation of the conversion 
relationship between scales and frequencies. The bandwidth 𝛽𝑏 
has a direct impact on the balance between frequency and time 
resolution. It is customary to set it between 3 and 6, and we have 
empirically set it at 4. The implementation of the WT calculation 
was greatly facilitated by the use of the open source python 
library PyWavelets [58]. 

III.2.2 Wavelet analysis of the discharge 

The WT of the time series of the discharge current, the 
capacitive signal and the ionic current have been calculated and 
give very similar spectrograms. Indeed, the variations in these 
signals are highly correlated, especially for fast oscillations, as 
can be seen in Figure 12 where the coherence of the discharge 
current and the capacitive signal is plotted. The coherence of two 
signals is the normalised cross spectral density. It is a statistic 

Figure 11: Complex Morlet wavelet function illustration. 

Figure 12: Coherence of discharge current and capacitive signal 
as a function of oscillation frequency; calculated using matplotlib 
cohere function with a resampling frequency of 3.3MHz. 
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that can be used to examine the relationship between two signals 
for given frequency components. Here on the graph in Figure 
12, we see that oscillations with frequencies between 30 and 130 
kHz are well correlated. The only visible differences between 
the discharge current and capacitive signal series are in the 
distribution of the power spectral density: like in the Fourier 
spectra, the BM oscillation concentrates the power spectral 
density (PSD) in the frequency space of the discharge current, 
making the other oscillations less visible. On the other hand, the 
relative weight of the fast and BM oscillations is more balanced 
on the capacitive signal, which means that the fast oscillations 
can be investigated in greater detail. 

By studying the graphs in Figure 6, we can see that 
there is an anti-correlation between the fast oscillations on the 
discharge current peaks (in blue) and the capacitive voltage 
peaks (in green) occurring at frequencies between a few tens and 
a few hundreds of kHz. As soon as a pulse is detected by the 
capacitive antenna, the discharge current starts to increase. As 
the antenna is located outside the enclosure, a change in its 
potential means either a change in an electric field and/or in the 
plasma potential, which tells us about a charge displacement or 
a reorganization of the plasma propagating into the plume. 
Disturbances in the plasma potential over a frequency range 
ranging from 60 to 150 kHz can suggest the presence of ion 
transit time oscillations.  

Since these two signals are correlated in this frequency 
range, we will illustrate our observations here with wavelet 
spectrograms calculated from series of the capacitive signal. 
They have been plotted in Figure 13. 

Let us look first at the low discharge voltage regimes 
(A). Starting with the lowest frequencies, we find an initial 
bright red band that is continuous throughout the spectrum, 
around 4 kHz for 𝑈𝑑 = 115𝑉 (A1) and 7 kHz for 𝑈𝑑 = 125𝑉 
(A2) marking the fundamental frequency of the BM. The Fourier 
spectra are also shown in the panels on the left of the graphs in 
burgundy red, showing the BM at the same frequency. The 
frequency band appears wider on the wavelet spectrum than on 
the Fourier spectrum, because in frequency space, the complex 
Morlet wavelet function is defined as a Gaussian of non-zero 
width. This width is a function of the probed frequency and can 
be seen as an analogy to Heisenberg's uncertainty principle: in 
time-frequency analysis, we cannot have perfect resolution in 
both time and frequency space. In this regime we can see that 
the BM frequency is not stabilised through time: it oscillates by 
a few kHz during the probed time interval. This is particularly 
noticeable in the A1 regime, where the period of BM oscillations 
can vary by several hundreds of µs, and these variations were 
also observed in the discharge current in Figure 6. A period of 
the BM is bordered by the two dashed lines. When 𝑈𝑑 increases, 
the BM frequency tends to stabilize, approaching a straight line 
on the spectrogram. As we move up towards higher frequencies, 
we encounter bands corresponding to the harmonics of the BM. 
Depending on the oscillation regime, between 2 and 5 harmonics 
bands can be easily be observed on the spectrogram. By raising 
the frequency further, between 30 and 200 kHz, we see 
discontinuous coloured areas, in phase with the areas where 
rapid oscillations occur when the maximum discharge current is 
reached, which confirms the intermittent nature of these 
oscillations. The dotted lines show the development zone for the 
rapid oscillations on the discharge current. A quick comparison 

with the Fourier spectrum immediately reveals the power of the 
WT: where these oscillations form a small and broadened bump 
on the Fourier spectrum, very distinct islets appear on the WT. 
This reveals that there are several types of rapid oscillation that 
can be divided into two blocks of frequencies, the first 
oscillating between 20 and 90 kHz and the second between 100 
and 350 kHz. In regime A, we can see that the frequencies of the 
rapid oscillations are not constant over time and that they change 
as the BM cycle progresses. In the unstable regime A1, the 
frequency variations seem quite random, although we can guess 
an increase and then a decrease in the frequency of oscillations 
evolving between 20 and 90 kHz within certain BM oscillations 
(such as between 0 and 600 µs). If the oscillations of the lower 
frequency block occur continuously during the discharge, the 
oscillations of the upper block occur essentially when the 
discharge current is at its maximum.  In the A2 regime, where 
the BM oscillations are more stable, we can clearly see a gradual 
increase in the frequency of the oscillations, which tends to 
create a frequency continuity between the two previously 
identified blocks. This frequency shift begins when the 
discharge current is still minimal and ends when the discharge 
current has fallen sharply. We can therefore assume that the 
phenomena at work in these oscillations are active in the 
ionisation zone, which, as we recall, is strongly impacted by the 
BM. 

Above 700 kHz and up to MHz, flame-like oscillations 
can be seen on the spectrogram. The apparition of these 
oscillations is synchronised with the reaching of the maximum 
of the picked up capacitive signal, which corresponds to the rise 
in the discharge current due to the fast oscillations previously 
defined. On the spectrograms, these time instants are indicated 
by dotted lines. They then disappear during the descending 
phase of the ITTO oscillations. Note that our Shannon-Nyquist 
cut-off frequency is 25 MHz, so there are no effects due to the 
signal sampling. Finally, we find oscillations displaying a 
similar behaviour around 400 kHz when the discharge current is 
minimal between two BM oscillations.  

To summarise, in the A regime, there are at least 3 
levels of instability between kHz and MHz. These oscillations 
appear intermingled with each other. We observed that when BM 
oscillations are unstable (in frequency and in shape), ITTO 
oscillations are also very unstable and evolve chaotically over 
time on a BM cycle. In contrast, in the A2 regime, when BM 
oscillations stabilise and become more regular, the evolution of 
the ITTO frequency is also more regular, with a frequency shift 
towards the higher frequencies over time during a BM cycle. We 
can therefore assume that instabilities at lower frequencies 
periodically create favourable conditions for the emergence of 
oscillations at higher frequencies. 
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By increasing the discharge voltage, we enter the high-
amplitude BM oscillation regime (B), and we can see that the 
band corresponding to the BM increases in frequency, which 
was already highlighted on the spectrogram in Figure 7. We can 
also remark that unlike regime A, in this regime the BM 
oscillations are very regular, which is reflected in the 
straightness of the BM bands. With the increasing of the 
discharge voltage, we can also see on the spectrograms that the 
20 to 90 kHz band gives up its place to the bands corresponding 
to the BM harmonics. However, in the B1 regime, on certain BM 
oscillations, there are still zones in this frequency band where 
the spectral power is higher (such as between 70 and 100 µs on 
the spectrogram at 215V). Only oscillations with a frequency 
between 100 and 300 kHz remain. There is also a noticeable 
change in the behaviour of these fast oscillations, which are now 
perfectly localised when the discharge current is maximum and 
their central frequency is fixed. It can be observed that the 
central frequency of these oscillations is juxtaposed with that of 
one of the harmonics of the BM, located between the 4th and 6th 
harmonics. Oscillations are no longer found in regimes of low 
discharge current, which may be too low to maintain the plasma 
discharge and the richness of its dynamics.  

Green peaks can also be seen on the spectrograms at 
frequencies between 300 and 700 kHz. These peaks are visible 
at the local maximum of the discharge current during 
oscillations at around 100 kHz. By probing higher frequencies, 
oscillations can still be observed between 0.7 and 1.1 MHz. 
These follow the same dynamics as in regime A. In case B1 
where several oscillations are superimposed on the BM, a PSD 
peak is observed when the capacitive signal is locally maximum 
during the oscillations at around 100 kHz. At higher frequencies, 
such as the frequency band between 2 and 10 MHz, oscillation 
packets gradually appear as 𝑈𝑑 increase. At this point, these 
oscillations seem too random in both time and frequency and 
have too low a PSD for us to consider them significant compared 
to the ambient EM noise. 

To sum up, in regime B, the oscillations become more 
regular, whether it is the BM whose frequency and amplitudes 
are more stable or the oscillations in the hundreds of kHz whose 
central frequency no longer evolves and overlaps with the 
frequency of some of the harmonics of the BM. It could be 
imagined that an interaction between the BM and the fast 
oscillations via the BM harmonics is helping to stabilise these 
fast oscillations. In addition, it should be remembered that in this 
regime the amplitude of the discharge current oscillations 
doubles, so it could be suggested that there might be some 
resonance interactions between the two oscillations. Finally, at 
higher frequencies, oscillations appear temporarily when the 
local maximums of the discharge current and capacitive signal 
oscillations are reached. 

Finally, in regime C (and as the last cases), we used as 
an example a discharge voltage of 408 V, we still see oscillations 
such as the BM, around 14 kHz, and the fast oscillations, 
between 100 and 400 kHz. However, these oscillations have 
become unstable, both from a frequency point of view, with the 
broadening of the frequency bands, and from a time point of 
view, with different oscillation modes alternating. When the 
amplitude of the BM is low, between 60 and 100 µs for example, 
the rapid oscillations are more regular and their frequency is 
more prominent, which is reflected in the thinness of the 

corresponding band on the spectrogram at 100 kHz. Finally, 
between 3 and 7 MHz, we observe oscillation packets that are 
synchronised with the local minima of the discharge current 
during oscillations at 120 kHz and corresponding to a reception 
of a wave packet on the capacitive antenna (examples are shown 
on the spectrogram with the location of the thin dotted black 
bars). We can also see that these MHz oscillations are more 
visible because their PSD is greater when the discharge current 
reaches the minimum of the BM.  On the other hand, these MHz 

Regime C

Regime B

Regime A

Figure 14: Wavelet spectrogram of time series of the total ion 
current collected with a RPA for a gas flow rate of 0.6 mg/s and 
from the top to the bottom, a discharge voltage of 115, 207 and 
405 V. The lower graphs plot the discharge currents (in blue), the 
ion currents (in red, collected at the RPA) and the capacitive 
signal (in green) on a common time base with the spectrograms.  
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oscillations are much more visible on the spectrograms of the 
capacitive signal and the ion current than on the discharge 
current, where they can only be seen as a trace. This could 
therefore be an instability affecting the movement of the ions. 
We therefore need to study the characteristics of the ions in more 
details. 

III.2.3 Ion wavelet analysis 

 In parallel with the time measurements of the 
discharge current, the capacitive signal, the coupling potential of 
the cathode with the ground and the ion current were also 
recorded. These were made using the RPA placed in the central 
axis of the thruster with the ion filter grid set to being unbiased, 
so that the RPA no longer made any selection on the energy of 
the ions collected, giving us a view of the variation of the ion 
current. The spectrograms shown in Figure 14 are taken from 
the ion current time series for a xenon flow rate of 0.6 mg/s. 

The spectrograms in Figure 14 show several 
frequency bands. The first band, which is more or less 
pronounced in each of the spectrograms, is located between 4 
and 6 MHz, and we note that the frequency of these oscillations 
may correspond to the plasma pulsation of the ions. At 115 V, in 
regime A, these oscillations are episodic, and we cannot really 
say whether they are anything other than ambient 
electromagnetic noise. With the rise of the discharge voltage and 
the transition to regime B, we observe a succession of wave 
bursts whose intensity increases with time before gradually 
disappearing when the BM is restarted (when the discharge 
current increases). In regime C, the MHz oscillations are much 
more pronounced and there seem to be more occurrences when 
500 kHz oscillations are present. 

These oscillations around 500kHz are also visible 
regardless of the discharge voltage. Depending on the oscillation 
regime, their location relative to other oscillations with longer 
periods seems to change. They are intermittent and relatively 
homogeneously distributed in regimes A and C, and appear to be 
activated when the capacitive voltage inflects.  By contrast, in 
regime B, they seem to be located more often in the time interval 
corresponding to a low discharge current. 

 Finally, at lower frequencies, the oscillations are very 
similar to those already observed on the spectrograms of the 
discharge current and capacitive signal in Figure 13.  
Particularly in regime A, between 60 and 110 kHz, we can 
clearly and distinctly see the islands of oscillations previously 
associated with ITTO when the discharge current is at its 
maximum. However, we note that there are still oscillations 
around 100 kHz, although their PSD and therefore their 
amplitude are relatively low. In regimes A and B, we can clearly 
see the continuous bands associated with BM oscillations 
around 5 kHz. In regime C, where the BM is intermittent (on the 
spectrogram shown here, the BM is not present), we mainly 
observe the fast ITTO oscillations between 80 and 100 kHz and 
we note that their frequency is not very stable and depends on 
the value of the discharge current. 

To summarise, the ion current also displays the marks 
of numerous instabilities, including the signatures of the BM and 
ITTO, but also other oscillations that we have not been 
identified, some of which appear to be interdependent or at least 
dependent on the conditions created on larger scales by the 

instabilities with longer periods. We also note that the 
oscillations around 500 kHz and 4-6 MHz become more 
pronounced as the discharge voltage increases. This suggests the 
presence of different physical phenomena, which are more 
pronounced when the discharge current is low, and which act 
mainly on the current collected by the RPA. We cannot exclude 
the possibility that at least one of these oscillations develops 
because of plasma instability inside the RPA, or is a capacitive 
signal picked up by the RPA and/or on its wires inside the plasma 
(the noise-to-signal ratio was evaluated at 6% by comparing the 
signals collected by the RPA in the plasma with and without a 
shield in front of the instrument entrance; for a constant 
discharge voltage and flow rate). The oscillations present in the 
4 to 6 MHz frequency range are also observable on the 
spectrogram of the capacitive signal (and discharge current) at 
high voltage in Figure 13 (for 𝑈𝑑 = 408 𝑉). In the article [59], 
a similar signature of oscillations was observed on the Fourier 
spectrum of the discharge current, and were attributed to 
electron-drift type oscillations. 

 

Conclusion 

The study of the discharge current oscillations enabled 
us to identify several oscillation regimes in which several types 
of oscillations coexist for different times, frequencies, and 
amplitudes. It was shown that in each of the oscillation regimes, 
the ion distribution functions were affected in different ways. We 
were also able to demonstrate a correlation between the 
discharge current oscillations and the variation in a capacitive 
signal collected outside the chamber. 

The diagnostic tool of time-frequency analysis by 
wavelet transform has been imported into the field of the study 
of propulsion plasma oscillations, and some interesting results 
have been obtained. The advantage of this technique over 
analyses based on the Fourier transform is its relative 
indifference to the fact that our signals are often irregular and 
that some oscillations are intermittent. We can therefore capture 
intermittent oscillating structures, such as certain oscillations 
that only appear at certain precise moments in relation to another 
oscillation. It has therefore revealed the coexistence and 
interdependence of several different instabilities: the BM, the 
ITTO, oscillations at higher frequencies ranging from several 
hundred kHz to MHz and a RS in the azimuthal direction. We 
suspect a possible interaction between the breathing mode and 
the higher-frequency oscillations leading to ITTO. It was 
observed that a transition between two different oscillations 
regime seemed to occur when the frequency of one of the BM 
harmonics became a multiple of the frequency of the higher-
frequency oscillations, in parallel with a doubling of the 
discharge current and a deformation of the IDFs. In all 
oscillation regimes, when the discharge current varied quickly 
inside a BM cycle, a pulse is detected on the capacitive signal, 
reflecting the variation of an electric field in the plasma. These 
capacitive signal peaks are also correlated with the ITTO 
oscillations on the discharge current, which they precede. All 
this information highlights the instability of ITTO. Rapid 
oscillations were also observed at low discharge voltages, but 
without any asymmetric change in the IDF, which raises the 
question of the existence of different ITTO excitation modes.  It 
was also shown that at low discharge voltage, the ITTO centre 
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frequency was not fixed in time, but shifted towards higher 
frequencies as the BM advanced (in regime A). 

However, we did not identify the mechanism 
responsible for triggering ITTO. Fluctuations on the cathode 
potential have been measured in the same frequency ranges, but 
given that the cathode plasma can exhibit oscillation modes over 
this same frequency range, it is not currently possible to know 
whether there is a causal link between these oscillations. We 
observe that the conditions necessary for rapid oscillations are 
met when ionisation is at its maximum and no longer evolves 
with 𝑈𝑑, the azimuthal electron current could also be 
destabilised by an increasing electron current coming from the 
cathode and leading to the formation of ITTO. By increasing the 
discharge voltage (>300 V), the electron current passing through 
the barrier increases and at the same time we observe a reduction 
in the rate of presence and amplitude of BM oscillations to the 
benefit of fast oscillations. In this regime, the average energy of 
the ions is always close to the energy supplied to the discharge. 
So, instability combinations may increase the anomalous 
transport. 

It was observed that oscillations at MHz are also much 
more visible on the ion currents captured by the RPA (without 
polarisation of the filter grid), than on the other signals. So, they 
might be oscillations developing in the plasma plume and not in 
the thruster channel (to be confirmed). Additionally, these 
oscillations are essentially present when the discharge current is 
low between two BM cycles or in regimes where the BM is 
intermittent. The triggering mechanisms are therefore probably 
different from those responsible for oscillations at lower 
frequencies. 

Questions remain about the mechanisms for 
stabilising the oscillations corresponding to ITTOs in regime B 
and about the possible coupling of instabilities on different 
scales, leading to a doubling of discharge current amplitudes. 
There are also questions about the origin of the MHz oscillations 
visible in the ion current collected by the RPA (without ion 

filtering) and about their temporal dependence on oscillations 
with longer periods.  

It would also be interesting to determine the temporal 
evolution of the electron current flowing through the magnetic 
barrier to determine the impact of low-frequency oscillations on 
anomalous transport. This work is in progress. 
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