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Abstract: This paper presents a technique for reconstructing the temporal evolution of
ion distribution functions in a Hall thruster (HT) from ion currents measured with a retarding
potential analyzer (RPA). The method involves averaging discharge oscillations and
temporally realigning them based on discharge current maxima. The technique was applied
to ion currents from the ID-Hall 2 experimental thruster, successfully reconstructing the time-
dependent ion distribution function (TIDF) in stable plasma oscillation regimes. The results
indicate that deformations in the integrated ion distribution function (IDF) can be attributed
to the IDF's temporal evolution over a characteristic time equal to the breathing mode
oscillation period. This finding suggests potential uncoordinated displacement of ionization
and acceleration zones within the discharge. However, the technique is limited in resolving
higher-frequency oscillations due to their irregularity.

Nomenclature

HT = Hall Thruster

IDF = ion distribution function

TIDF = temporal ion distribution function

RPA = retarding potential analyser

BM = breathing mode

E = electric field

B = magnetic field

ITTO = ion transit time oscillation

Iy = discharge current

I = electron current balancing the extracted ion current

Lo = current of electrons crossing the magnetic barrier and coming from the cathode

Veg = cathode potential referred to the ground
Prpa = potential of the RPA's ion filtering barrier
Igpa = ion current collected by the RPA

My, = Mass of a xenon atom in kg

elementary electric charge
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l. Introduction

ALL thrusters (HT) are electric propulsion systems used for spacecraft, including orbiting satellites and

exploration probes. Continuous advancements in Hall thruster technology have led to their widespread use as the
primary propulsion system in geostationary satellites *. Despite producing lower thrust than chemical thrusters, Hall
thrusters offer significantly higher specific impulse (ISP), which is proportional to the gas ejection velocity 2.

A. Hall thruster operation

Hall thrusters, despite complex physics, operate simply: a few hundred volts DC are applied between a cathode
and anode, and a radial magnetic field is imposed across the ring-shaped channel. This field traps electrons, extending
their residence time and improving gas ionization. Propellant is injected and diffuses up the channel, ionizing upon
collision with energetic electrons. The resulting ions are accelerated by the electric field, generating thrust, and
neutralized by electrons from the cathode. The perpendicular electric and magnetic fields create a strong azimuthal
electron drift current. The combination of electromagnetic fields, electron current, and plasma inhomogeneities leads
to various instabilities spanning a wide range of frequencies (few Hz up to several GHz) and wavelengths (few cm to
less than a mm).

B. Axial instabilities in Hall thruster

Low-pressure cross-field plasma sources, such as Hall thrusters, exhibit various instabilities that can cause
oscillations #® or turbulence 8. Despite extensive experimental and theoretical research, the properties and nature of
some instabilities remain unclear. Understanding the dynamics of these instabilities is crucial for resolving electronic
transport issues across magnetic barriers.

The first type of instability in HT discharge called breathing mode (BM), is characterized by long-period, high-
amplitude oscillations on discharge current &, with frequencies ranging from a few kHz to tens of kHz. These
oscillations have been extensively observed in experiments ¢ and resemble a predator-prey model ¥ , with the
frequency related to gas flow and ionization rate in the HT channel. The 1D hybrid model by Garrigues & Beeuf 8
explains this behaviour as a result of efficient ionisation depleting neutrals faster than gas flow can replace them,
causing the ionization front to move towards the anode and reducing efficiency. This process leads to a cyclical pattern
of virtual discharge extinction and restarting ionisation. Though more advanced models exist 1*2°, predicting the
properties of these BM oscillations remains challenging due to interdependent mechanisms and potential interactions
with other instabilities.

ITTO, occurring at frequencies from tens to hundreds of kHz, have been less studied experimentally than BM
oscillations. These frequencies correspond to the inverse of ion travel time across the accelerating zone. ITTO are
multi-messenger oscillations, affecting discharge current, plasma potential, electric field, and ion IDFs. They can
coexist with BM oscillations but with generally lower amplitudes. Similar oscillations have been observed in
fluids?>?2, hybrids 2 and PIC-MMC models 2*. ITTO are characterised by oscillations in the potential distribution
within the thruster channel, which can propagate to the plume. These oscillations affect ion acceleration, with some
ions gaining additional energy by resonating on electric field waves, while others are slowed down. This results in
distorted ion velocity distribution functions (IDFs), perturbed ion currents (and consequently the discharge current
Iy =1I,; + I, ), and modified ion density profiles, which in turn affect potential distribution.

This paper aims to investigate the impact of axial oscillations on mean and temporal ion velocity distribution
functions. Following an introduction to our measurement test bench and the HT used, we will outline the principle of
conventional retarding potential analyser (RPA) measurement. The third section presents our method for temporally
resolving IDFs at frequencies of BM and ITTOs. We will then apply this method to reconstruct the time-dependent
IDFs in stable oscillation regimes, discussing possible ion energy variations in relation to discharge current and
capacitive signal changes. Finally, we will conclude with the suitable applications of this method.

I1. Experimental set-up
A. The ID-Hall 2 thruster and vacuum testing facility
The results presented in this paper are obtained using the experimental ID-Hall 2 thruster, equipped with a MIREA-

type emissive cathode 2°, with a constant thermic power dissipation of 240 W. This section briefly reviews the main
discharge parameters. The thruster, designed at the LAPLACE laboratory, operates without an RF coil in single stage
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mode (like a normal cylindrical HT). The cathode gas flow rate is maintained at 0.25 mg/s of xenon, while the thruster
gas flow rates are tested between 0.6 and 0.9 mg/s. The pumping system maintains a pressure of approximately 10
mbar (102 Pa). To represent space flight conditions, the thruster's electric system is kept floating with respect to the
ground, using the cathode common as the reference potential (blue wires in Fig. 1). For more information on the ID-
Hall 2 thruster, please refer to the following article 2.

‘/Cg ( """"""" K -:“’ Cathode \

Vacuum vessel

Cathode
heating power

supply

Cathode +
ignitor _

Discharge -
voltage
generator *

i

Capacitive antenna Quartz window

(Ot

Figure 1. Thruster electrical circuit schematic diagram.

B. Diagnostics
B.1. Measurement of time varying properties
The following measurements were taken directly using a digital oscilloscope:

- The discharge current, measured between the anode and the discharge voltage generator, which produces a
voltage proportional to the discharge current (green circle on Fig. 1).

- The potential difference V., between the cathode and the ground, measured at the green point on Fig. 1.

- The voltage at the electrical poles of a capacitive antenna, placed outside the chamber against the quartz side
window of the wvessel, capturing all
electromagnetic disturbances induced by the
plasma. The probe position was varied along the Ions Electrons
glass window, with no significant changes in
signal shape observed below tenth of MHz.

B.2.  IDF averaged over time
For measuring the mean ion distribution functions in Gl Beeeeillon . Vi
the thruster plume, a four-grid Retarding Potential G2 Kl M.
Analyser (RPA) was employed; further design details }7
can be found in the referenced PhD thesis 7. The RPA G3 —
is attached to an arm that positions the screening grid 41 G4 li
cm away from the thruster exit plane. qsgig;gf})ﬂl;g —||I
The RPA serves to filter ions based on their kinetic C
energy, allowing only selected ions to be detected.
Utilizing four independently polarized grids (Fig. 2), the Oscilloscope

RPA functions as follows: Grid G1, the screening grid,
isolates the plasma from the instrument's electric field
and is left floating (Us, = V). Grid G2, the electron
repulsion grid, negatively polarized at U;, = —35V,

Figure 2. Sketch of the utilized retarding potential
analyser and its connections.
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repels electrons from the plasma, allowing only ions to pass. Grid G3, the ion discrimination/filtering grid, creates a
potential barrier ¢, that only sufficiently energetic ions can cross, contributing to the collected current. Grid G4,
another electron repulsion grid, is polarized at U;, = —40 V to send back secondary electrons emitted by the collector
due to ion bombardment. The resulting collector current Ip,, induced by ions impacting the collector C, is
proportional to the ion charge flux entering the RPA with energy greater than the minimum required to cross the
barrier Jrpa(¢4p,) = Jrpa(Vmin), and can be measured using an oscilloscope.

Irpa = Jrpa(Vimin) fRPA Ter €]
JeoaGmin) = e [ v f@)dv @)

With v, = ’M the minimum velocity required to cross the potential barrier ¢prpa, Sgpa is the surface area

L
of the RPA collection zone and 7., its transparency; these two parameters are unknown to us. The mass of the ion is
noted m;, its charge number g; and e the elementary charge. We note f the ion velocity distribution function (IVDF):

1 m; dlppa(Prpa)

f(@rea) = = Srpa Ter q2€2 drpa ¥
dl
f(brpa) x _W "

It is important to clarify that the IVDF is directly proportional to the derivative of the collected current with respect
to the potential applied to the RPA. In this context, we are discussing an lon Velocity Distribution Function (IVDF),
not an lon Energy Distribution Function (IEDF). The confusion often arises due to the conventional use of energy
units (eV) to express velocities. The IEDF g is given by the following formula, where energy is represented by E:

9B = f) )

An additional correction is required to account for the potential difference between the floating electrical system
of the thruster and the ground-referenced RPA. This is done by subtracting g; V., from the measured ion energy, where

q; = 1 (considering only singly charged ions).

In practice, a voltage ramp is applied to the discriminator grid using a voltage generator controlled by a function
generator, which provides a triangular reference signal with chosen frequency and amplitude. The voltage ramp
extremes are selected to cover the variation zone of the IDF for each operating condition. The frequency of the voltage
ramp is set at 0.5 Hz, much lower than plasma oscillation frequencies, to average out any potential impacts from these
oscillations in the collected signal. The oscilloscope measures both the current from the RPA collector and the voltage
applied to the filter grid. To reduce noise, each measurement series is averaged over 16 cycles on the oscilloscope.
Before calculating the IDF, the measured signals are filtered using the Stavisky-Golay 22 algorithm to minimize
noise that could be amplified by the derivative calculation in equation (4). The obtained IDFs are then further
processed by the SG algorithm for final filtering.

I11. Time-resolved IDF reconstruction

The time averaging principle in the previous RPA method does not enable the probing of potential changes in the
IDF during the characteristic instability times. The target low-frequency oscillations in the Hall discharge have
frequencies ranging from a few kHz to MHz, whereas the ion population measurements are taken at a much lower
frequency of 0.5 Hz.

A. Data acquisition

To capture the IDF dynamics during various oscillations, one might consider increasing the voltage ramp
frequency. However, generating a complete 1/V trace at the Nyquist frequency of the oscillation is challenging due to
the limited availability of variable voltage generators capable of sweeping 300 V at several hundred kHz and the issue
of capacitive effects inside the instrument. An alternative and simpler technique is to set a constant filter potential on
the filter grid, @gpam, and record the time series of the collected current, Izp4(t, @rpam), for this voltage. The filter
voltage is then changed to ¢gp4,, and the acquisition of Izp,(t, @rpan) is repeated until the entire area of interest is
scanned, which is determined by studying the average IDF.
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During acquisitions, the potential associated with the discharge current, the capacitive potential of an antenna
outside the vacuum vessel, the current collected by the RPA, and the cathode potential relative to ground are recorded
simultaneously on a digital oscilloscope. To avoid low-pass filtering by the oscilloscope, a current-voltage converter
Hamamatsu C12419 combined with a broadband amplifier is used to measure ions currents. To minimize measurement
noise, regardless of the data processing technique used, it is common and more practical to average the signals directly
on the oscilloscope. Thus, the acquisitions were obtained by averaging the signals over 16 times.

B. Data pre-processing

The temporal IDFs are reconstructed from the different time series of current as a function of potential 1;,. Several
data processing procedures exist, including FFT®, time realignment®3, discharge forcing®!, empirical transfer
function®, and shadow manifold interpolation®. All these
methods require highly reproducible and perfectly
periodic plasma oscillations, as any instability in the
central frequencies could significantly affect the
reconstructed IDF quality. Although temporal IVDF

e T B e e e L S e e S e o I B e

x  Trpa(t, prea)

f l Irpa($rPA) ]
[xx xx% std(Irpa(t, prra)) ]
XXXXXX X % & x X x ]

.O
[\S}
T

Collected
Currents [pA]
iS4

. 0.0F ]
measurements have been conducted using LIF (laser ;
induced fluorescence)®3, few temporal measurements at ~0.1F ]
the RPA are found in the literature3*03536, \We chose to LOF Lo T ———— x ]
X

use a time realignment technique based on a reference
signal, which must be periodic, representative of the
discharge, and unaffected by RPA setting changes. The
discharge current was chosen as the indicator, but the I
capacitive signal could also be used. [ Kooy L
T 00
RPA filtering voltage [V]

Figure 3. Comparison of the collected currents using
the RPA with a voltage ramp (red solid curve) and by
averaging the time series for each filter voltage (blue
crosses). Top graph: direct current comparison.
Bottom graph: current comparison after
normalization by an affine function. ID-Hall 2 with
0.9 mg/s of xenon at Uq = 120V.

Normalised
currents
(=]

W
T
1

x

Before aligning the data, it is important to verify the
measurement validity. One way is to compare the
collected currents using the integrated method (traditional
RPA use) and the time-averaged method at a series of
fixed filter voltages. This involves averaging each time
Series Ippa (t, rpa) OVEr time to obtain Ixp,(¢rpa), Which
is then compared with the time-integrated current
measurement Ipp,(drpa). The top graph of Fig. 3 shows
this comparison, revealing that while the trends seem
similar, the current values differ: the integrated current is consistently greater than the time-averaged current. The
differences can be attributed to the oscilloscope's averaging function during signal acquisition: while this technique
reduces noise, it also dampens oscillations that are not perfectly periodic. Consequently, the mean value of the signal
is better estimated, but the signal amplitude decreases more rapidly when calculated over many samples with irregular
oscillation frequencies, as shown in Fig. 4. In relatively stable discharges, the change in BM frequency causes a l0ss
of approximately 1/3 of the total amplitude over 3 periods, whereas in more irregular discharges, this instability results
in the loss of almost half the signal amplitude over 3 periods. To achieve quality results, it is crucial to stay close to
the original triggering time, within the green transparency zone. This phenomenon is an artifact caused by the
combination of averaging and the irregularity of the central frequencies of different oscillations, along with the impact
of the oscilloscope's trigger threshold effects, explaining why oscillations centred on time zero are the most similar.

It is possible to calculate the IDF associated with the currents Izps(¢rpa) and Tpa(brpa) Shown in Fig. 3 using
Eq. (4). The resulting IDF graphs can be seen in Fig. 5. They are very similar, although there are slight differences

between the distribution functions. These discrepancies can be attributed to a combination of factors, such as different
sampling steps between the integrated and time measurements, leading to a slight offset when calculating derivatives.
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Additionally, the thruster's behaviour experienced a slight deviation over dozens of hours of firing.

differences are small enough to consider the dataset usable.

1 —
S00r Us=120V

1000

1000 |

Time [ps]
Figure 4. Discharge currents averaged over 16 cycles
by the oscilloscope for a gas flow rate of 0.9 mg/s of
xenon and discharge voltages of 120V (top) and 270V
(bottom). Each signal corresponds to a different RPA
filter voltage.

C. Data processing

Nevertheless, the

Irpa(t, rea) ]

—— Irpa(¢rra)

IDF [au]

P Y

50

00 150 200 230
Ion energy [eV]

Figure 5. Comparison of IDF obtained by direct

derivation of RPA current as a function of retarding

potential (red curve) and from time series averaging

(blue curve).

To reduce noise in the signals, the first step is to filter the time-series data. To achieve maximum noise reduction,
the data was oversampled during acquisition. For filtering procedures, the chosen method is filtering in Fourier space,
in which all oscillations with frequencies above the selected cut-off frequency £, are eliminated f, = 1 MHz.

The objective of the subsequent steps is to synchronize the various time series to reconstruct the currents based on
the RPA filter voltage and a common time. As only the RPA barrier potential is altered in each time series, the thruster
discharge current is deemed perfectly reproducible and thus employed as the time reference to synchronize the time
series (using the capacitive signal instead of discharge current yield to identical results).

The protocol reconstructs time series by identifying a reference time in the discharge current for each series, using
the maximum current on the BM oscillation closest to the measurement time origin. To detect the most significant
peak, a local maxima search algorithm based on relative amplitude and oscillation prominence is employed. Once the

maximum position ¢;4 mq, IS Measured, the time series
retains only points within the interval [t;4 max —
Tm/2 tid max + Tem/2], Where Tgyis the BM
oscillation period. This process is repeated for all series.
The realignment can be quickly verified by
superimposing the discharge currents. As we can see in
Fig. 6, the alignment is not perfect due to non-periodic
discharge oscillations, making the method unsuitable
for excessively irregular conditions.

For improved clarity, Fig. 7 displays a 2D map of
the ion current reaching the RPA collector as a function
of a common time and the energy required to cross the
potential barrier. The time origin corresponds to the
moment when the discharge current reaches its
maximum during a BM cycle. To generate the map in
Fig. 7, an additional step was required: like obtaining
the average IDF by voltage ramp, the difference
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Figure 6. Superimposed discharge currents for a
fixed discharae voltaae of 270 V.
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between the cathode potential and the ground must be
subtracted from the RPA's filter voltage to obtain the
actual ion energy. A continuous and intense band is
observed across the energy domain at times -1, 4, and
6 us. Itis unlikely that a significant number of ions are
accelerated to energies exceeding 450 eV with U, =
270V; thus, this phenomenon can be attributed to
capacitive effects on the RPA and its acquisition line,
possibly due to fluctuations in plasma potential.
Assuming these capacitive effects are independent of
the probed ion energy and periodic in time for fixed
discharge conditions, the mean of currents measured
beyond a hundred volts above the discharge voltage is
subtracted from the current ensemble for each time.
This involves subtracting ion currents collected with
RPA potential barrier settings between 370 and 500 V
for a discharge voltage of 270 V, resulting in the new
current map shown in Fig. 8.

To obtain the IDF as a function of time, the

200
Ton energy [eV]

300

400

0.16

(=]

[9%)

[3¥]
Iion. RPA [“A]

Figure 7. Map of ion current collected by the RPA as a
function of the potential applied to the discriminator

grid at a fixed discharge voltage of 270 V.

collected ion current is differentiated along the energy axis according to equation (4). Before performing this final
operation, currents are filtered along the energy axis to eliminate strong fluctuations caused by discharge irregularities
over time. The result is a graph of IDF(t,E,) shown in Fig. 9, which displays the evolution of the ion energy

distribution during a BM period.

0 100 200 300 400
lon energy [eV]
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-
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Figure 8. Map of the ion current collected by the RPA Figure 9. IDF(t, E) 2D map for Uqg = 270V.
corrected for capacitive effects.
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To facilitate comparison with other measured quantities, IDFs were corrected for distortions due to ions' time of
flight to the RPA. Assuming that ions are no longer accelerated beyond the thruster exit plane, IDFs were reconstructed
at the thruster exit plane using equations (7) and (8). For each current defined by collection time and minimum energy,
IDF time axis alignment was calculated considering tzp, (signal pickup time), t.yicpiane (iON emission time),
Atgiigne eime (i0N time of flight), and drpa—exic piane (distance between thruster outlet plane and RPA manifold). This
implies that each energy level should be shifted by a time equivalent to the time required for ions to reach the RPA,
with more energetic ions having shorter travel times. The resulting transformation is displayed in Fig. 10.

Lexit plane = trPa — A"-'flighl: time

Atflight time = Arpa-exit plane

7

Ze(d)RPA - ch)

(7)
(8)
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Figure 10. IDF(t,Ey) 2D map for Uq =270V at
the exit plane level of the Hall thruster.
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Figure 11.  Overall time shift uncertainty

There are multiple sources of uncertainty in ion
energy:

- The uncertainty in the voltage supplied by the
generator and applied to the filter grid is 0.5 V.

- Fluctuations in the cathode coupling potential
relative to ground have maximum amplitudes of 3 V, but
the RPA measurement step is at least 5 V in ion current
variation areas. These fluctuations cannot be corrected
and are masked by voltage sampling resolution.

- Potential drop loss in the electrostatic sheath at the
RPA input. Assuming plasma potential variations are
transmitted with the same amplitude and phase at the
sheath output, floating potential variations equal plasma
potential variations, with only their average values
differing. This hypothesis is verified for fluctuations
below 1 MHz ¥,

The ion energy uncertainty is estimated at around 5
eV. This uncertainty affects only the absolute energy
value and not the time position of energies in Fig. 7-10.

The uncertainty in the time adjustment is determined
by considering the uncertainty in the distance between
the RPA collector and the ion extraction zone, as well as
the ions' speed. This uncertainty depends on the ions'
energy and is presented in the graph in Fig. 11. It is
calculated by computing the time of flight over the
uncertain distance for an ion with a kinetic energy
ranging from 1 to 500 eV. In the IDF variation zone
(between 200 and 300 V), the uncertainty ranges from 2
to 1.5 ps.

IV. Results & discussion

A. Oscillation regime in ID-Hall 2 plasma

Several oscillation regimes have been identified:

- Regime A: Low-frequency BM oscillation for discharge voltage Uq € [105-175] V.
- Regime B: High-frequency and high-amplitude BM oscillation for Uy € [175-335] V.
- Regime C: Unstable BM oscillation for Uy € [335-408] V, with significant electronic current increase through

the anode.

BM oscillations are present at least transiently in all
regimes, accompanied by fast oscillations with lower
amplitudes and frequencies of several tens to hundreds
of kHz during the maximum discharge current phase.
Each rapid discharge current oscillation corresponds to
a signal peak on the external capacitive antenna,
suggesting a correlation between ion current variations
(potentially causing increased discharge current) and
electric field reorganization in the plasma. This
observation supports the interpretation of these rapid
oscillations as lon Transit Time Oscillations (ITTOs). A
comprehensive study of oscillation regimes has been
conducted, with results available in this reference?. In
regime B, oscillations in the hundreds of kHz overlap
with certain BM harmonic frequencies. Additionally, the
amplitude of discharge current oscillations doubles in

1.5F A2 Ug=150 V
<
:211)ﬂWM me Ffﬁ mm'
~ 1.0} { 1“ “' ol ﬂk |
WV Wi WW g
o”‘ 100 B 200 ‘ 300 ‘ 500 7600
ol 215v
< 1/ / / / /
0 100 150 250 300
Time [us]
Figure12. A time series examples in A and B

regimes, with the ls shown in blue and the external
capacitive antenna voltage in orange.

this regime, suggesting at a potential resonating interaction between the two oscillations.
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B. Temporal ion distribution function

Following the data collection and processing protocols established in section 111, the temporal evolution of the IDF
was reconstructed. Fig. 14 shows, for one discharge voltage (from left to right), the map of ion current collected by
the RPA as a function of time and potential applied to the discriminator grid, the 2D IDF map as a function of time
during one BM cycle (calculated in the thruster exit plane), and some IDF snapshots for fixed times.

The discharge voltage is fixed to U; = 270V, in regime B. The integrated IDF is significantly distorted with a
considerable proportion of fast ions, resulting in distribution asymmetry. On the ion current map, both the maximum
energy reached and the ion current value increase between -15 and -5 ps. This change is reflected in the IDF map:
initially, ion energy collapses during the BM rising phase (between -15us and -10 ps). As the discharge current begins
to stabilize, ion energy stabilizes around 170 eV. During this plateau in the discharge current, a pulse is captured on
the capacitive signal. Then, the discharge current is starting to rise again and the IDF shifts towards higher energies
and stabilizes at a maximum (270 eV) when 1, is starting to decline. During the end of BM's descending phase, the
ion current is insufficient for accurate IDF determination. The integrated IDFs obtained through both methods are
very similar.

The key observation is that in regime B, during one BM oscillation cycle, the ion energy decreases rapidly as the
discharge current first increases. When the current plateau on I, is reached, the average ion energy is relatively low
and constant. The end of this plateau coincides with a capacitive signal pulse, reflecting a reorganisation of the electric
field within the plasma, and the discharge current and extracted ion energy rise again. Right after I, reaches its
maximum, when all gas atoms are ionized, the discharge current rapidly decreases, but the energy of the ions is
maintained, at least at the beginning of the decreasing phase, before the loss of the reliability of the IDF due to weak
and/or irregular ion current. Here, the capacitive pulse represents the variation in the electric field probably responsible
for the acceleration of the ions, which suggests the presence of ITTO, even though there is no trace of it on the IDFs:
because of their irregularity, ITTO oscillations (which can be seen in Figure 12) have been averaged out.

A significant limitation of our diagnosis is the oscillations irregularity, requiring signal averaging during
acquisition. This averaging affects signal shapes, such as observing only one rapid oscillation superimposed on the
BM in the U; = 270V discharge current of Fig. 14, compared to 2-3 oscillations in Fig. 12. The ion response is also
averaged, highlighting a single variation in the ion’s average energy as if the phenomenon were continuous. However,
simulations with visible ITTO on the BM show as many IDF energy alternations as oscillations on the BMY. To verify
if our reconstruction algorithm can probe IDFs at frequencies around hundreds of kHz, it was tested on time series
from simulations presented in article!’. Each visible BM on the collected ion currents was averaged to simulate current
acquisition by the RPA and oscilloscope. Our algorithm's results matched those obtained by directly counting particles
in the model, confirming that the ion distributions were achievable with the desired time resolution, even with slight
discharge variability. So, simulations suggest that ITTO oscillations in discharge currents would be reflected in ion
energy distribution functions as variations in ion energy at ITTO frequencies. However, these variations are not
observed in our data due to the necessary averaging of discharge oscillations to obtain the most reproducible current
shape. As ITTO oscillations are more random than BM oscillations, they are lost in the averaging process.

To experimentally solve IDFs at ITTO frequencies, it is necessary to eliminate the averaging operation. One
approach could be to identify similar oscillation patterns in each time series associated with potential RPA filtering
over a large time period. By assuming that similar effects produce similar consequences for ion movements at ITTO
frequencies, IDFs could be reconstructed for an oscillation typology that includes both BM and ITTOs.

Currently, we can assume that during a BM oscillation, ionization and acceleration zones move independently,
altering the total electric field seen by an ion at a given location and time. Recent hybrid code simulations suggest that
an axial displacement of the ionization zone in the BM (at the BM frequency) can generate a TIDF modification like
that observed in regime B in Fig. 14. Additionally, ITTOs may destabilize the BM, causing its electric field to move
or deform, allowing ions to gain more speed and potentially transferring kinetic energy from some ions to accelerate
others, resulting in super-energetic ions.
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Figure 14. The left graph shows the current collected by the RPA as a function of the voltage applied to the RPA discriminator
grid, corrected for the cathode potential. The middle graph displays the IDF(Ecyion, t) map, while the lower graph compares the

IDF obtained from RPA measurements with a voltage ramp (red) and the calculated averaged lDF(EC,,on) (blue), sharing the
energy axis with the main graph. The left-hand side graph shows discharge currents, reconstructed ion current, and capacitive
signal. The time axis is shared between the central graph and the left-hand side graph, with a time shift applied to correct the
time-of-flight IDF. Colored dotted lines mark selected times for detailed analysis on the right-hand graph. The right-hand side
graph shows IDFs for selected times during a BM cycle for a discharge voltage of 270V and 0.9 mg/s xenon.

I. Conclusion

In this study, a technique inspired by Langmuir probe time measurements was adapted to RPA ion current
measurements to reconstruct ion distribution functions (IDFs) over time, on the scale of ITTO and BM oscillations.
Applying this algorithm to ion currents collected in each previously identified regime helped explain the different
shapes of integrated classical IDFs in these regimes. However, the discharge's irregularity did not enable IDF
resolution on the ITTO scale. Nevertheless, when the discharge was sufficiently periodic, a modulation of the energy
acquired by the ions at the BM oscillation frequency was observed, suggesting a possible decoupling of ionization and
acceleration zones. Depending on the ion creation time and location, the perceived accelerating electric field varied,
with distribution and overlap between these zones evolving with BM instability.
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