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Local plasma oscillations in correlation with discharge current and cathode potential
variation are studied in a high voltage (HV) Hall effect thruster (HET) PPS®-X000. A set
of electric probes is used to pick-up the signals. The probes are located in the thruster
channel exit zone beyond its outer circumference. In a number of runs the probe locations
and external potential as well the thruster operating conditions (voltage in the range of
200-900 V and xenon flow rate) were varied. Captured non-stationary signals are expanded
into finite sets of intrinsic modes with the use of Empirical Mode Decomposition (EMD)
method. Hilbert-Huang power spectra indicate characteristic bands in LF (tens of kHz),
MF and HF (tens of MHz) range. However, HF emission as regular as had been observed
in our previous studies of low voltage PPS-100 thruster now is observed only in some
particular operating conditions. When the supplying voltage is low (e.g. 400 V) the known
electrostatic drift wave propagating along the thruster azimuth is unambiguously identified
in the probe signals. For higher voltages HF spectra are usually broadband and do not
indicate characteristic, well defined pikes. HF emission becomes very irregular or even
seems to be random. On the other hand, when regular wave appears (intermittently
or in sequences of bursts) the frequencies from the band of ~ 5+ 100 MHz are resolved.
In contrary, the oscillations of MF band that previously had been resolved with some
uncertainty now appear to dominate in discharge current when the thruster is supplied
with the highest voltages. Intense oscillations of MF range are identified with the use of
positively polarized probes and examining variations of cathode potential and discharge
current. The correlations of all mentioned signals are evident in this frequency band.
Correlating oscillations of HF band with MF wave of discharge current one can deduce
that triggering of HF oscillations for the highest voltages now is controlled by appropriate
phase of MF wave while at lower voltages (and for PPS-100 thruster) is controlled by the
phase of breathing mode (LF band).
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I. Introduction

Being currently under examination at ICARE-CNRS Hall effect thruster PPS®-X000 is a high voltage
successor of PPS-100 one. With discharge voltage up to 1kV and power of ~6kW it results in maximal
thrust of ~330mN and specific impulse of ~3200s (Ref.1). Thus producing thrust four times higher than
that of PPS-100, while xenon flow rate does not exceed two times the previous one, it is a promissing engine
in terms of plasma propulsion for space missions.

Studies of operational envelope of the thruster have to be accompanied with examination of its discharge
and plasma stability. Therefore in our experiment discharge current as well local plasma oscillations were
examined. The discharge current was regarded to be the main reference characteristics. It was measured
directly in the electric circuit of the thruster. In addition, time variations of thruster cathode potential
against the ground were measured in a number of runs. The related local plasma oscillations were captured
with the set of unbiased electric probes operating close to the ground potential or biased with both positive
and negative voltages. The time series that represent plasma oscillations were recorded for discharge voltage
varied in the range of 200900V while xenon mas flow rate was varied from 5 to 9mg/s. In these series of
measurements magnetic field was kept constatnt.

Even visual inspection of signals collected during operation of Hall effect thruster (HET) indicates that
they are nonstationary in the time scale of the measurements and often of intermittent nature. Thus for
analysis of these signals we have used a relatively new method suggested by N. Huang (Ref. 2) and called
Empirical Mode Decomposition (EMD). Therefore we summarize this method in the next section. In the
subsequent section the brief description of the experiment is presented. Finally, the obtained results are
discussed and conclusion is drawn.

II. Empirical Mode Decomposition

When nonstationary signals are to be analyzed the well known Fourier methods are not a proper tool.
The reason is that the "frequency content” of any interval of not periodic signal varies in time. In such a case
insteed of Fourier power spectra instantaneous frequency and power corresponding to it are often examined,
like for frequency modulated signals. Instantaneous frequency is usually defined as a time derivative of the
phase of a complex function z(¢) that is to be built using given real signal s(t) and an orthogonal to it
function §(t) (see e.g. Ref. 3).

Thus, one can ask about the intensity and rate of variations of the analyzed signal at any moment in time.
However, searching for function 5(¢) orthogonal to given s(t) is not a unique routine. According to Gabor?
definition of the needed complex function z(t) the identity of its Fourier transform and Fourier transform
of a given signal s(t) is required for positive frequencies. For negative frequencies Fourier transform of z(t)
have to vanish. It is easy to show®® that when imaginary part of the complex function z(¢) is defined by

Hilbert transform of its real part the both conditions are fulfilled. Therefore, for a given real signal s(t) the

following definition of required complex signal is applied: z(t) = A[s(t)] o s(t) + vH[s](t) where:

Hs) (1) déf% v / :(_T)Tdr(’é“ 5), (1)

is the Hilbert transform of s(t), and Pv principal value of the integral. A[s(t)] is called an analytical signal.

Thus one can write at once: z(t) = A(t) exp(ip(t)), and instantaneous frequency of the calculated analytical

signal is defined as a derivative of our complex function argument o(t): wy(t) def dp(t)/dt and instantaneous

power as a square of its amplitude A(t), where as usual: A(t) of

function.

However, for general class of signals s(¢) the instantaneous frequency may lose physical meaning because
its value can become negative. Such signals are often called multi-component. Representation of a given
multi-component signal as a sum of k simpler components si(t) (mono-component signals) with well behaved
instantaneous frequency wy, (¢) is the solution. Thus, one can write:

s2(t) + §2(t) is a module of a complex

ax(t)exp(ipr(t))] = RIA(t) exp(ip(1))], (2)
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where each elementary analytical signal Ay[sk(t)] = si(t) + iH[sk](t) = 2z (t) is determined by si(t) and its
Hilbert transform. For each term of the sum one can find its amplitude ax(¢) and instantaneous frequency
wi(t) = i (t).

In complex plane mono-component signals are represented by trajectories zx(t) rotating around a fixed
center. Such trajectories are called proper rotations.® In contrary, the complex trajectory of a multi-
component signal exhibits a number of loops with moving instantaneous centers of rotation. That is why
the arguments of such trajectories are not monotonic functions of time and instantaneous frequency has not
clear physical meaning.

Having multi-component signal expanded into a set of mono-componet terms power carried by each term is
a function of time and instantaneous frequency. Hence, the resulting power spectrum of a nonstationary signal
may be composed by several components (modes) that depend on two variables: time and instantaneous
frequency. Defined by the algorithm Empirical Mode Decomposition (EMD) method is known as a self-
adaptive routine that can expand the general class of signals into a sum of simpler components — intrinsic
mode functions — imfs.? Each such component is a desired monocomponent signal. Often some of intrinsic
modes have a clear interpretation and represent physical modes that are present in the studied process.
That is why EMD method is so attractive despite it has not got a mathematical background yet. Power
spectrum built up of instantaneous frequencies that are calculated for a set of intrinsic mode functions is
called Hilbert-Huang spectrum. To summarize:

e Given nonstationary signal is decomposed into a set of monocomponent intrinsic modes with the use
of self-adaptive method called EMD

e Application of the Hilbert transform to the whole set of modes allows to identify peculiar events and
assign them a range of instantaneous frequency and power.

For the detailed description of the method the reader is referred to Huang’s et al. original paper (Ref. 2)
and the review paper (Ref. 7). Here, we only summarize the method to remind the main steps of it. Let us
start with the definition of intrinsic mode functions that are generated with EMD method.

DEFINITION 1 To be an intrinsic mode function imf(t), it must fulfill two conditions:
1. the number of its zero crossings and extrema may differ at most by one;
2. imf(t) has to be symmetric with respect to its local mean value which must tend to zero at any point.

The estimation of a local mean value m(t) of a given s(t) is crucial to the EMD method. Usually it is done
calculating the average value of upper upp(t) and lower low(t) envelopes of s(t). The appropriate envelopes
are interpolated using natural cubic splines with nodes in maxima (for upp(¢)) or minima (for low(t)) of
s(t). However, there are other possibilities, for instance m(t) can be estimated by B-spline curve determined
on the all local maxima and minima of s(¢) simultaneously.® In such a case one avoids searching for the
envelopes. The authors have tested this approach and found it similarly usefull as the original method of
Huang (Ref.2). Thus, the EMD algorithm can be summarized as follows:

e starting with subtraction of the local mean m(t) from the signal s(t) results in the first candidate to
be an intrinsic mode function

e if the conditions of definition 1 are not satisfied the subtraction of a local mean is now applied to the
first candidate resulting in the second candidate etec. Finally, if the conditions are fulfilled the last
candidate is regarded as an intrinsic mode (this iterative routine is called sifting procedure)

e the obtained intrinsic mode is now subtracted from the signals resulting in its residue (or from the
previous residue for subsequent modes)

o the residue is proceeded in the same way resulting in the second intrinsic mode,
e and soon ...
e up to the last residue which cannot be farther decomposed due to the lack of more than two extrema,

e finally Hilbert transform is applied to the whole set of intrinsic modes resulting in time—instantaneous
frequency—power distribution and thus desired Hilbert-Huang spectrum.
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EMD method had been successfully applied to study Hall Effect Thruster (HET) plasma oscillations as
measured by means of array of antennas and electric probes galvanically coupled to plasma.’'3 In those
papers one can find more details of the procedure that had been applied for calculation of analytical signals,
searching for instantaneous frequencies, construction of Hilbert-Huang and marginal power spectra as well
looking for the phase lock and some remarks on error sources. The current studies are continuation of the
previous ones and we present here results for the new, high voltage thruster PPS®-X000.

ITI. Experiment

Hall effect thruster PPS®-X000 has been operated at the PIVOINE ground-test facility'* located at
ICARE-CNRS. The new thruster is designed to be supplied with voltage even two times higher than the
previous model PPS-100. Thus, a number of runs were done to study new thruster properties (stability of
the discharge current, efficiency etc.) at different operating conditions — discharge voltage was varied in the
range of 200 <+ 900 V and xenon flow rate in the range of 5 + 9 mg/s. Here, we are mainly interested in local
oscillations (or instabilities) of plasma in the thruster exit zone referred to global oscillations of discharge
current and cathode potential variations.

Discharge current oscillations were directly monitored at the thruster power circuit by means of Tektronix
current probe connected to Tektronix TDS5104 oscilloscope. Usually the discharge current 14 was measured
at the thruster anode side. Additionally, in some experiments, the total current I was recorded at the
cathode side. The cathode potential, when registered was measured against the ground level.

Local MF and HF oscillations were captured with the use of electric probes installed at the outer circum-
ference of the thruster, close to the maximum of magnetic barrier.!® Classical Langmuir probes, in galvanic
contact with plasma were applied. The signalas were recorded when the oscilloscope was operated in AC
mode at sampling frequency of 1.25 GHz. All the transmission lines were of equal length and terminated
according to their 50 €2 impedance. In separate runs polarizing voltage of the probes was varied in the range
of =30+ 450V (in 10 V steps). However, the probes were mostly not polarized and in such a way operated
close to the ground potential.

The location of the probes is shown in Figure 1a and 1b. Four millimeter long probe tips with diameter
of 0.2 mm were oriented radially. P; and Py probes composed a stiff tandem with tip separation of 10 mm
or 11mm. When the tandem was oriented in (r, z) plane the signals of P3 probe was additionally recorded.
The angle between P3 probe and (r, z) plane of the tandem was constant and equal to 7/2 — see Figure 1b.

10 mm
outer magnetic pole
anete p AL
77 anode
inner
magnetic
/ pole
discharge
channel
_ : P | 7 mm
outer insulator 1 —————
11mm

a) b)

Figure 1. Electric probes used in the experiment: a) P; and P2 probe tandem in a fixed location at (r,¥)plane,
b) P1 and P3 probe tandem in a fixed azimuthal location at (r,z) plane — shown is P3 probe with azimuth of
7/2 against P1—P3 tips plane
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The propagation of HF waves along the discharge channel circumference was studied when two of the
probes were located in different azimuthal positions but in the same (r,?) plane. When the tandem was
positioned in (r,z) plane of the thruster 10mm separation between probe tips allowed us to follow the
longitudinal propagation. In a number of runs r and z coordinates of P; —P, tandem were changed. However,
to protect the probe tips against direct exposition to the stream of plasma, they were always kept in the
shade of the outer insulator.

IV. Results and discussion

Nonstationary signals representing discharge current, variation of cathode potential and electric probe
currents were studied using their raw records as well they were expanded into finite sets of intrinsic mode
functions imf’s with the use EMD method.? The analysis is applied to the signals captured in different
operating conditions — as it was mentioned above discharge voltage was varied in the range of 200 +900V
and xenon flow rate of 5+ 9mg/s.

A. Lower voltage range: Up <550V

1. Py and Py probes in (r,9) plane, 6 mg/s xenon flow rate

Comparing waveforms of Uc and discharge current as measured in the thruster circuit it is obvious that
time intervals between cathode potential extrema are two times shorter than appropriate intervals of the
breathing mode visible in I or 14 signals. Typical waveforms of the corresponding raw signals are presented
in Figure 2a and 2b for discharge voltage Up = 350V and Up = 550V respectively. Even with visual
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Figure 2. Raw signals I(P1), I(P2), Ic and Uc as captured for xenon flow rate of 6 mg/s when P; and P>
probes were positioned in (r,9) plane; a) Up =350V, b) Up = 550V.
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inspection of the waveform of I corresponding to Up = 550V one can resolve significant oscillations of
MF range at the background of the breathing mode. They are also well resolved in the raw U¢ signal
despite that the noise level in this signal is much higher than in I¢. The corresponding intrinsic modes
are ambiguously extracted with EMD method. The instantaneous frequency band of considered here MF
oscillations (~ 200kHz and higher) corresponds to characteristic frequency of transit time oscillations*® 17
that are expected in the studied thruster.

P and P probes were not polarized in this series of measurements. Therefore the both were operated
close to the ground potential (perhaps in the vicinity of the low knee of I — V probe characteristics which
will be discussed later) and MF wave could not be reliably resolved even with so sensitive method as EMD
in its classic version. However, HF emission was perfectly recorded.

For Up = 350V one can notice the satisfactory reproducibility of I and Ug records.

2. Py and Py probes in (r,9) plane, 7.3 mg/s xenon flow rate, Up = 350 V

In this series of measurements discharge current as captured at the anode side and cathode potential were
used as the reference global characteristics. P2 probe was not polarized as in the previous case. However,
the voltage applied to Py probe was varied in the range 0 <+ +50V in steps of 10 V. Also, some number of
runs had been recorded for Py probe polarized with —20V. As an example raw signals representing 14, Uc
and currents of positively biased P; probe as well unbiased Py probe are reproduced in Figure 3a. Most
significant modes extracted with EMD method and corresponding Hilbert-Huang spectrum in MF range is
also depicted in the right panels of the same figure. The average frequency of the fastest intrinsic mode

2.500

1 raw signal
f —
2.000 | 08 res(imf_10) —— ]
g 1.500 | 3 os
. 04
< 1000 =
- 02
0500 - ) NGNS NN (b)
0.000 042 10 20 30 40 50 60 70 80
) ) fime - ps j " raw signal
0040 0.3 imf_16 ——
0.020 L 02 ]
S g 01 4
@ 0.000 R
)
é« 0.020 s o 1
el | ©
0040 | 03
L i 04 . . . . . . .
-0.060 s ° 10 20 30 40 50 60 70 80
30  @v/(2m): m16(P,) /
25 0.397+:0.015 —— . i
0.020 = Q/@n: mio(ly) ——
. g 20 0.185-0.043 —
3 E e o J
S 0000 £ — i
—
o
= 0020
-0.040
-8.000
o
. -12.000 =
3 5. 0.
© 2
. -16.000 G 0.
) >
o] o 0.
-20.000 E

-24.000

) 30 40 50
time - us time - micro_sec

(a)

Figure 3. P; and P3 probes in (r,9Y) plane, 7.3 mg/s xenon flow rate, Up = 350V; a) discharge current I,4,
I(P1), I(P2) and Uc with respect to the ground — raw signals. b) Normalized discharge current [4 (in green),
its intrinsic mode imfig (in red) and the residue res(imfio) (in blue) that corresponds to breathing mode. c)
normalized I(P;) signal (in green) and its intrinsic mode imfis (in red) that corresponds to the average
frequency of ~0.4 MHz — probe biased with +40V. d) Phase ¢(t) calculated for intrinsic mode imfio(l4)
of discharge current 4 and imfis(P1) of P; probe signal. The inclination of the best fitted straight lines
corresponds respectively to ~0.2 and ~0.4 MHz. e¢) Hilbert spectra of the appropriate intrinsic modes for Py
probe (upper curve) and discharge current I4 (lower curve) — MF range.
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HF emission starts with average frequency of about 40+ 50 MHz. After 2 <+ 4 microseconds the waveform
of HF emission turns into more regular sequence of very sharp pikes of variable amplitude. The almost
constant intervals between the pikes as well the cross correlations between Py and P3 probe signals allow us
to calculate the basic period of HF emission cycle. For the case that is discussed here this period varies from
~6.4MHz to ~ 6.7 MHz in correspondence to the chosen maximum of discharge current I4. The measured
time delay At between signals of P; and Pg probes is equal to ~ 41 ns. This value gives us circular frequency
w = 2rv &~ 2w -6.1 x 10%rad/s. On the other hand for channel outer diameter of 0.15m the measured At
gives us the velocity of azimuthal propagation vy ~ 2.9 x 10m/s. Assuming that this value corresponds to
the speed of electron drift along the azimuth in radial magnetic field B, = 15mT one calculates the value
of axial electric field E, = v,B, ~ 4.3 x 10* V/m. This vale is about 1.5 times of that reported for PPS-100
thruster. Similar value of E, = vy B, ~ 4.45 x 10* V/m was calculated basing on the signal of an additional
P4 probe was considered. When used P4 probe was positioned at the azimuth of 7 with respect to Py probe.
Usually, in operational conditions of the thruster corresponding to lower voltages (e.g. Up =350V and
xenon flow rate of 5, 6 or 7.3mg/s) HF emission is correlated with each decreasing phase of the breathing
mode that governs the discharge current. The same behavior had been observed for PPS-100 HET. In
contrary, for Up = 550V, when additional MF oscillations appear in global signals HF emission is observed
almost permanently. It is worth to note that its intensity varies irregularly or even abruptly. For both Up
voltages pikes of 7, 14 19, 27, 60 1 110 MHz are resolved in the appropriate power spectra of HF emission.
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Figure 5. Expanded view of HF intrinsic modes resulting due to application of EMD to P; probe signal
captured at Up =350V and xenon float rate of 7.3 mg/s — the probe was unbiased; a) and b) imfo; fragments,
¢) — imfos fragment and d) — imfos fragment. Raw signals are shown in red, smoothed with Gaussian filter in
green, and intrinsic mode functions in blue.

Studying Hilbert-Huang power spectra of the decomposed probe signals at the voltage Up =350V one
can notice the similar average frequencies as mentioned above. However, they corresponds to particular
intrinsic modes and may be limited to short intervals that appear locally in time — see Figure 4.

HF emission when correlated with the decreasing phase of the breathing mode usually starts with
regular oscillations of the order of 60 MHz (see Figure 5a). This phase may last about 1us. Next, even
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faster oscillations that can be grouped into a sequence of packages may appear. The frequency within each
package is modulated and reaches 100 MHz or more (Figure 5b). The duration of distinguished packages
corresponds to the period of the expected azimuthal electrostatic wave. Additionally, the intervals of more
regular oscillations with frequency of about 20 MHz are resolved (Figure 5c¢). The slowest intrinsic modes of
HF band (here im fos) may follow the waveform of envelopes that correspond to the distinguished packages
(Figure 5d).

To follow the azimuthal propagation 11 mm separation of the Py and Py probes positioned in (r, ) plane
seems to be too low.

B. Upper voltage range: Up>500V

In this section we discuss the results that were obtained when xenon flow rate was reduced to 5mg/s. Here
P, and Py probes were positioned in (r,z) plane — see Figure 1b. All three probes Py, Po, and P3 were
unbiased. Typical raw signals are reproduced in Figure 6 for discharge voltage Uy =500, 700, and 900 V.
One can notice at once that the waveform of discharge current 14 is very irregular for Uy =700 V. Thus, it is
obvious that for this voltage we find much worse reproducibility of discharge current in subsequent runs than
one can find for both remaining voltages. However, the general conclusion can be also drawn for Uy =700 V.
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Figure 6. Raw signals corresponding to discharge current /4 and currents of P1,P, and P3 probes — 3 mg/s
xenon flow rate; a) Up =500V, b) Up =700V, ¢) Up =900V.

1. MF range

Also in this case EMD method was used to extract sets of intrinsic modes from signals representing discharge
and electric probe currents. And thus, in Figure 7 we have depicted the sequences of im f’s corresponding to
discharge currents that are reproduced in Figure 6. With the use of EMD it is easy to resolve intrinsic modes
of MF range. In the considered here operating conditions the amplitudes of these modes are comparable
with the amplitude of 4 as a whole.

It is evident that well known breathing mode (with average frequency of ~ 20kHz) dominates for
Uy =500V and is almost completely represented by im f1g. For this voltage intrinsic modes of MF range are
extracted as separate oscillations or wiggles (i.e. events that may last from one to several cycles) that are
correlated with decreasing phase of breathing mode cycles. Increasing Uy voltage to 700V one can notice
that intrinsic modes of MF range turn into irregular but continuous wave of the amplitude that can be
comparable with the amplitude of the breathing mode — see Figure 7b. And finally, for U; =900V intrinsic
modes of MF become more regular (here im f1p with average frequency of ~ 150 kHz) and their amplitude
may be even bigger than that of suppose to be breathing mode (represented perhaps by imf12) — see Figure
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Figure 7. Empirical mode decomposition of I4 currents: a) discharge voltage Up =500V, b) Up =700V, and c)
Up =900 V. Raw signals are shown in blue and resulting intrinsic modes in red. EMD method with treatment
of intermittences was applied. Xenon flow rate of 5 mg/s.

7c. It is worth to note that amplitudes of the slowest intrinsic modes that correspond perhaps to physical
breathing mode (with average frequency of the order of 20kHz) decreases with the growth of Uy. And in
contrary, the amplitudes of intrinsic modes of MF range increase with the growth of U;. Moreover the
instantaneous frequency of these modes tends to stabilize at the average value of about 150+ 200 kHz. These
facts are well documented in a number of runs.

2. HF range

As it was mentioned above HF emission is usually triggered during each decreasing phase of any I4 cycle
and ceases before discharge current reaches its subsequent maximum. This view is evident for discharge
voltage Up =500V and was previously reported for PPS-100 thruster (Ref. 12,18). Also for Up =900V
similar correlation can be confirmed. However, for this high voltage the basic frequency of discharge current
14 is much higher (~ 150kHz) than it was for Up = 500V. Moreover, the amplitude of I4 varies irregularly
in time. It may be the reason that HF emission bursts have not enough time to rise up to similar level
in subsequent cycles of I4. For discharge voltage Up =700V HF emission is very irregular, lasts almost
permanently and we cannot reliably detect when it starts or ceases.

On the other hand in bursts of HF emission captured with Py, P2, and P3 probes we can resolve some
intervals of more regular oscillations (farther called as packages) with average frequencies in the range of
50100 MHz (the appropriate fragment of imfos that was extracted from P3 probe signal is depicted in
Figure 8 c. Usually these packages have the length of several cycles and appear in sequences. Time intervals
between subsequent packages correspond to average repetition frequency of about 4 + 5 MHz. It is worth to
note that each observed sequence of packages is correlated with deep modulation of discharge current I4 —
e.g. for Us =900V corresponding to MF modes of 150kHz. One can ask if due to fast and deep modulation
of 14 the expected azimuthal electrostatic wave has not got enough time for its full development.
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Figure 8. Spectral characteristics of the chosen intrinsic modes resulting for thruster operated at U; =900V
and xenon flow rate of 5mg/s: a) Fourier PSD of imfos resulting with EMD applied to I4, b) instantaneous
frequency v(t) of imfio from the same set intrinsic modes (red curve) — additionally rescaled mode imfio is
shown in green, c¢) in upper panel Hilbert-Huang spectrum of im fos fragment from decomposition of P3 probe
signal; in lower panel the corresponding fragments of this mode (in red) and raw P3 probe signal (in blue).

V. Conclusion

New model of high voltage Hall effect thruster is studied in the wide range of operating conditions.
The oscillations of global thruster characteristics like discharge current and cathode potential variation are
measured directly in the electric circuit of the thruster. The local fluctuations of plasma are captured with
electric probes positioned in the exit zone of the thruster. Empirical mode decomposition method for analysis
of recorded nonstationary signals is applied. Characteristic bands of instantaneous frequency are identified
by means of Hilbert-Huang transform (HHT) and for some quasisteady modes with the use of traditional
Fourier methods.

Studying discharge current (and variation of cathode potential) in different operating conditions a num-
ber of irregular oscillations accompanying the well known breathing mode is observed. The instantaneous
frequency of these oscillations varies close to the average value of about 200 kHz. Their magnitude increases
with the discharge voltage and close to 900V can be big enough to mask breathing mode of the main
discharge current. For this high voltage operational conditions the deep and fast (of about 150 kHz) current
oscillations become more stable than at the lower voltages. In contrary, at lowest discharge voltages or for
reduced xenon flow rate discharge current 4 seems to be clean breathing mode only.

Analyzing signals as captured with electric probes one can conclude that such regular HF emission as had
been observed in PPS-100 thruster, here is found only in specific operational conditions. In such conditions
the view basing on electrostatic wave that propagates along the azimuth with electron drift velocity is likely
to be kept. Generally, HF emission is broadband (~ 5- 200 MHz) and becomes very irregular or even seems
to be random at higher discharge voltages. Are we dealing with the transition to turbulence in the case of
irregular HF emission or could it be interpreted as an interference of several modes that circulate along the
azimuth it is still an open question.

It is worth to note that at the highest voltage (900 V) HF emission appears to be correlated with deep
modulation of the discharge current, now corresponding to ~ 150 kHz. One can wonder if this deep modula-
tion of the main discharge current represents transit time oscillations that mask the known breathing mode,
or if it is still a breathing mode after its possible bifurcation from a limit cycle to the invariant torus. We
expect that the first hypothesis is true.
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