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Abstract: Even after half a century of development, many phenomena in Hall Effect Thrusters are still
not well-understood. While numerical studies are now widely used to study this highly non-linear
system, experimental diagnostics are needed to validate their results and identify specific oscillations.
By varying the cathode heating current, its emissivity is efficiently controlled and a transition
between two functioning regimes of a low power thruster is observed. This transition implies a
modification of the axial electric field and of the plasma plume shape. High-speed camera imaging is
performed and the data are analysed using a Proper Orthogonal Decomposition method to isolate the
different types of plasma fluctuations occurring simultaneously. The low-frequency breathing mode
is observed, along with higher frequency rotating modes that can be associated to rotating spokes
or gradient-induced instabilities. These rotating modes are observed while propagating outside the
thruster channel. The reduction of the cathode emissivity beyond the transition comes along with a
disappearance of the breathing mode, which could improve the thruster performance and stability.

Keywords: electric propulsion; plasma instabilities; HET regime; HET oscillatory phenomenon;
proper orthogonal decomposition (POD)

1. Introduction

In the last decade, the number of satellites orbiting around Earth has grown exponentially.
For various applications (orbital station-keeping, collision avoidance, etc.), a propulsion system is
needed aboard these satellites. Electric propulsion appears to be the best option and ion-gridded
thrusters along with Hall-Effect Thrusters (HET) are now routinely used [1,2]. The latter are known
from the 1960s and have been successfully used in space (for example, the Safran PPS-1350 on the
ESA SMART-1 mission to the moon, in 2003), but, despite extensive studies [3-5], the physics of these
thrusters is still not well-understood.

In these devices, a neutral gas, often Xenon, is injected through an anode ring located at the back
of an annular discharge channel. The gas is ionised by electrons emitted by a cathode located at the
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exit of the channel (see Figure 1b). A potential difference is imposed between the anode and cathode to
sustain the discharge. The resulting axial electric field, E, accelerates the ions to produce thrust. At the
low pressures used (typically of the order of 103 mbar or less), the ionisation mean free path is orders
of magnitude larger than the thruster length, and hence a radial magnetic field B is needed to confine
the electrons and increase the ionisation efficiency up to 90% [6].
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Figure 1. Schematics of: (a) a HET side view, with relevant parameters: discharge voltage U, discharge
current I, cathode heating current I; and potential difference between the anode and the plume Usg;
and (b) an experimental vacuum chamber with the two camera positions.

HET have historically been developed in the 1-kW power range [7] with typical discharge voltages
of a few hundred volts and currents of several amps. Decades of experience have improved these
thrusters to make them highly efficient. However, from the diversity of space missions stems the
need of widening the thruster power capabilities. High-power thrusters are needed for deep-space
missions, while low-power thrusters could be used on small satellites. Due to a lack of knowledge on
HET physics, these scalings are currently done empirically (trial and error method), which limits the
efficiency of the newly developed thrusters and increases the development time and cost.

As described by Choueri [8], a wide range of instabilities can arise and interact inside a HET.
They originate from the presence of diverse gradients, in multiple directions [9]. The HET discharge
is hence difficult to analyse due to this highly non-linear behaviour. Many experimental [10-14],
numerical [15-17] and theoretical [18-20] studies have been conducted on these instabilities but more
insights are still needed. The current effort made towards developing predictive models [21-23] is
limited by the axial electron mobility that cannot be derived self-consistently [24]. Understanding
this so-called anomalous electron transport is the main current challenge. As it has been found to be
related with kinetic effects [20], Particle-In-Cell (PIC) simulations are the best numerical tool to study
this transport [16,25,26]. However, even though a recent effort has been made on the cross-verification
of PIC codes [27], more work is needed towards their validation against experimental data. Moreover,
current experimental diagnostics need to be improved as the experimental uncertainties are still too
large to help the derivation of first-principles models [28]. Overall, while numerical simulations give
important insights, the development of new experimental diagnostics is still of uttermost importance.

For these reasons, this study aimed at diagnosing a low power HET. The studied thruster is a 500 W
PPS-type HET prototype developed by Safran, operated in Xenon, with a simple Thoriated-Tungsten
filament cathode. The typical discharge voltage is 200 V with a gas flow rate of 1.8 mg-s~!. This kind
of low-power thruster has been scarcely studied experimentally thus far [29,30]. In this work,
we combined the use of a high-speed camera that can acquire images up to 900 kfps with the
Proper Orthogonal Decomposition (POD) image analysis method [31] to extract characteristics of
the unstable regimes developing in the plasma. The focus was made on two main instabilities:
the low-frequency breathing mode, in the kHz range, that develops axially and is related to the neutral
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gas dynamics [32,33] and rotating modes, with a frequency around ten times higher, that propagate in
the azimuthal E x B direction [34,35] and could be related to rotating spokes [36] or gradient-induced
instabilities [37]. It appears that these rotating modes are not only located near the anode but propagate
in the thruster plume.

Depending on the filament cathode emissivity, two different regimes have been observed:
a nominal regime where the cathode is emissive enough so that the heating current of the cathode does
not affect the discharge current and an under-emissive regime where the discharge current is strongly
driven by the cathode heating current. These two regimes exhibit different oscillating behaviours. Front
and side videos of the thruster along with the POD analysis allow us to isolate the two aforementioned
oscillations and bring insights on the properties of each regime. It is important to mention that we
study here a current limited transition of the discharge regime through a magnetic barrier. This is
quite an original work as it is usually the magnetic field that is taken as the driving parameter for this
type of transition, both in HET functioning regime analysis [38-41] and in fundamental and fusion
studies [42-45]. Moreover, in the under-emissive regime, the breathing mode disappears and only
rotating modes are observed, which could affect the performances of the thruster.

First, a description of the experimental set-up is given, along with more details about the POD
algorithm. Then, the results for different working regimes are given, depending on the cathode heating
current ;. The observed instabilities are finally analysed and discussed for each of these regimes.

2. Materials and Methods

2.1. The Hall Effect Thruster

The thruster channel is a 30-mm-long cylinder with an inner diameter of 30 mm and an outer
diameter of 50 mm. The walls are dielectric, made of BNSiO,. An electric field E is created along the
channel by a power supply imposing a potential difference between a cathode, located in front of the
channel, and an anode, at the back of the channel. Five coils (one in the centre and four on the corners)
generate a radial magnetic field B (see Figure 1a). The electrons emitted by the cathode, in addition
to their movement in the opposite direction to the field E, hence undergo a drift in the azimuthal
direction E x B, causing a circular global drift current within the ejection channel. Xenon atoms (Xe)
injected as a gas at the entrance of the channel, are then ionised by collisions with this circular current
of electrons. This phenomenon gives birth to the ions Xe™ (mainly) and Xe?* (very few) [46]. These
ions are accelerated by the axial electric field E, which produces the thrust. The typical value of the
ejection speed of the ions at the exit of the thruster is 15,000 m.s~! [47].

The presence of the radial magnetic field B, with a maximum of around 150 G, has very little
influence on the trajectory of the ions since their Larmor radius is much larger than the characteristic
size of the thruster. However, because of their lower mass, the electrons are strongly magnetised in the
discharge channel so the magnetic field has a major impact on their dynamics. Therefore, the field B
acts as a magnetic barrier for electrons and drastically increases the total length of the path followed by
an electron from the cathode to the anode. In this way, the probability of collision (e, Xe) is maximised,
allowing the ionisation of the plasma, with the least possible disturbance on ion acceleration.

The thruster has a typical regime characterised by a Xenon mass flow rate Q, a discharge voltage
U, and a discharge current I;. The mass flow rate Q has been kept fixed at 1.8 mg-s~! for this study,
but can be varied from 1.2 to 2.1 mg-s~!. The discharge voltage U, has been kept equal to 200 V but
can be varied from 100 to 350 V, giving discharge currents I; typically between 1 and 3 A.

The cathode, made of three tungsten wires doped with 1% of Thorium, is heated by an electric
current Iy. Several wires are set in parallel because it drastically extends the lifetime of the cathode;
however, it also increases the necessary heating current. The cathode is immersed in an electric
field, experimentally generated and controlled by the discharge voltage Uy, that “tears off” thermionic
electrons to feed the thruster discharge and neutralise the ion beam.
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2.2. Vacuum Chamber

The thruster is ignited inside a vacuum chamber composed of a large 6-way cross with flange
of 350-mm diameter, as shown in Figure 1b. On the thruster axis, a 4-way cross corresponds to the
second part of the chamber. Each port of this cross is 260-mm diameter. This leads to a total of 7 large
accesses for the pumps, the cathode and needed optical access or diagnostics. The total length of the
experimental set-up along the thruster axis is 900 mm. Three turbo-pumps with a combined pumping
speed of 5060 L-s~! for pure N, are used. The base pressure is about 1 x 10~7 mbar while, with a
Xenon mass flow rate of 1.8 mg-s~!, the background pressure is about 4 x 10~% mbar (1.6 x 10~* Xenon
corrected pressure).The authors are aware that this pressure is quite high compared to previous
experiments [48] but it is not unusual and the background pressure effects should not affect the physics
analysed here [49].

2.3. Fast Frame Camera, Data Acquisition

The high-speed camera used to capture videos of the thruster is a Photron FastCam SA-Z
2100 K. This camera is able to record 20,000 frames per second (fps) at full frame resolution of
1024 x 1024 pixels, and goes up to 2.1 million fps with a reduced resolution of 128 x 8 pixels. In our
context, videos have been acquired at three different frame rates: 3 x 10° fps with a 256 x 128 pixels
resolution, 4.8 x 10° fps with a 128 x 80 pixels resolution and 9.0 x 10° fps with a 128 x 56 pixels
resolution. Hence, a very suitable spatial resolution of the observed phenomenon is provided at low
acquisition rate, but is slightly reduced when increasing the temporal resolution. Each pixel has a
12-bit dynamical range and the light intensity is given in counts between 0 and 4096.

Videos were taken both facing the thruster (Figure 2 top row) and from the side of the thruster
(Figure 2 bottom row). Front videos can capture all the light emitted from the plasma in the plume and
inside the thruster channel down to the anode, whereas only the thruster plume is imaged with side
videos. The raw images were used to compute temporal averaged images (over the corresponding
acquisition length varying from 1.5 to 2.5 ms, depending on the acquisition frequency) displayed in the
middle column of Figure 2. On the front images, one can recognise the two concentric ceramic walls
delimiting radially the discharge channel. On the side images, the thruster is on the right-hand side of
the frame, with the plume extending to the left. On both these images, the maximum of captured light
is located at the top, where the cathode stands. In fact, the cathode is very bright with respect to the
plasma which makes the camera hard to position. The mean image is then subtracted to each image of
the movie to improve the analysis on the oscillatory regime of the thruster (right column of Figure 2).
The POD analysis is applied to this last set of images, as described in the next section.

As only one fast camera is available to do these experiments, the front and side videos were
acquired separately. An effort was made to have reproducible experimental conditions but POD modes
singular values and exact oscillation frequency may vary from a dataset to another.

The authors acknowledge that light emission measured with a fast camera cannot be taken as a
direct measurement of any plasma parameter. The light fluctuations, integrated over the full spectrum,
are only a proxy for plasma density. The correlation between these two figures is very good only
when electron temperature and neutral density fluctuations are negligible [50,51], which has not
been demonstrated in the case of HETs. A strictly quantitative analysis of the light emitted by a
plasma would then require a calibration, which can be led for example with a Langmuir probe or a
full collisional radiative model. Best correlations are then obtained when only a short wavelength
range is selected, for example using an interference filter with a narrow bandwidth at the camera
entrance. Only photons emitted by the plasma at a given electronic transition are then acquired. In our
case, the acquisition time is too small to use this type of filter and light from the full spectrum will
be used. Given these restrictions, the relative amplitudes and typical frequencies of the different
oscillation regimes observed later in the manuscript are representative of the fluctuations phenomena
occurring in the plasma but no quantitative analysis on the plasma density fluctuations amplitudes
can be performed.
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Figure 2. Example of images captured with the high-speed camera in front of the thruster (top row)
and from the side (bottom row). For both cases, the discharge parameters are : [y = 20.05 Amps
(Ia/Igerir = 1.09), Q = 1.8 mg-s*1 and Uy =200 V. (Left) Raw image; (Middle) mean image over the
whole acquisition time interval; and (Right) raw image minus the mean image. The light intensity is
given in counts, encoded between 0 and 4096 for the raw images and the mean images and between
—4096 and +4096 for the raw images minus the mean images.

2.4. POD Analysis Routine

To analyse the movies acquired with the high speed camera and isolate dominant physical
modes of the plasma dynamics, a Proper Orthogonal Decomposition (POD) routine was implemented.
This method was first introduced in the early 1900s by Pearson [52] and then developed by several
researchers including Kosambi (1943) [53], Loeve (1945), Karhunen (1946), Pougachev (1953), Obukhov
(1954) and E N Lorenz (1965). It is thoroughly described in the book by Lumley [54] for fluid dynamics
applications. The main idea of this technique is to decompose a real valued video signal v : x € (),
t € T — v(x,t) € R defined over the pictures 2D space () and acquired over the temporal interval T
as a linear combination of so-called POD modes p;(x,t) = A;u;(x)w;(t):

v(x,t) = ZAiui(x)wi(t). 1)

Space and time are decoupled as a product of spatial POD modes u;(x) and temporal POD modes
w;(t), both normalised, and weighted by the modes” amplitude A; > 0 named 'singular values’. Indeed,
both {u;} and {w;} are asked to be orthonormal families with respect to their corresponding inner
product (-) over space Q2 and (-)1 over time T:

<Lli, M]>Q = fQ ui(x)u]-(x)dx = 51] and <wl~, w]>T = fT wi(t)wj(t)dt = (Sl] (2)

Applying (-) onto Equation (1) enables us to think p;(x, t) as the spatial projection of the frame
v(x, t) over u; at a given time t and derive w;(t) from this projection:

pi(x/ t) = ui(x)<v(-, t)/ Z’li>Q (3)

(o( ), ui)q = Aiwi(t) 4)

A natural inner product (-) T over space and time can be carried out, defining A; as the L2 norm
of the POD mode p;, that turns out to be orthogonal with the other modes thanks to the orthonormality
condition asked in Equation (2):

(ot = [ pilxtpslx tydxdt = 5,02 Q
QxT
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In the discrete case of a video of Nt images, each image having Mq pixels, the POD can be
performed efficiently when Nt < Mq (typically, in our case, Nt ~ 10% and 64 x 64 < Mq < 256 x 128)
using the method of snapshots introduced by Sirovich [55]. This method consists in converting the
video into a matrix A, called snapshots matrix, of size M x Nt whose nth column A, is the vectorised
image v(x, t,) at time t, computed over points {X; }1<m<mj,:

time : Nt columns

v(xq,t1) v(x1, tNy)

A= : : space : Mq rows

Z)(XMQ,fl) U(XMO,tNT)

The POD method then derives from a Singular Value Decomposition (SVD) of this matrix. Indeed,
let us suppose the SVD decomposition of the matrix A to be given as follows: A = ULZW! where
U € My, (R) and W € My, ,(R) are orthogonal matrices, with 7 = rank(A). £ = (d;;A;) € My,(R)
is here a definite positive diagonal matrix. Defining u; and w; such that u;(x,,) = Ujy,, and w;(t,) = Wy,
leads us to the expected form of Equation (1), respecting the orthonormality properties in Equation (2):

T T T T r r
0(Xm, tn) = =) Z =Y ) UnibiiAiWnj = Y AillyiWei = Y Ajuti(xn ) wi(£)  (6)
:] =1

i=1j=1 i=1 i=1

As shown in Equation (6), the POD can be achieved from a SVD simply in un-vectorising the
columns of U (respectively, W) to obtain the spatial (respectively, temporal) POD modes u; (respectively,
w;), while the singular values A; are listed in X diagonal. To perform efficiently the SVD on the
snapshots matrix A of size M x N7, where Nt < M, a well known method called thin SVD
consists in computing the orthogonal diagonalisation of the smaller positive definite matrix AT A of
size Nt x Nt [56]. This method is used by most SVD algorithms and makes the POD a very efficient
tool to decompose large set of images onto their main components.

Because the video remains in a finite-dimensional space, the decomposition in Equation (1)
appears to be exact, with a finite number of POD modes that is exactly equal to r, the rank of A.
However, what if fewer modes are taken? Which one should be chosen to best fit v? As explained
in [31], the POD computation can be seen as trying to find an orthonormal family {u;} optimal for
reconstructing the video signal the most efficiently. To understand how, let us try to approximate
v(x, t) by an arbitrary given family of n frames i, ..., 1, supposed to be orthonormal. It is easy to
show that, for a given instant t, the closest frame v[{#; }1<i<y] (x, ) of v(x, t) spanned by this family is:

M-

[
—

ﬁi(x)<v('/ t)/ ﬁi>Q (7)

v[{fiti<i<n] (% t) ;== argmin  ||o(-,t) — VH?)(X) =
veSpan(iy,..., Ay )

The optimality property of the POD claims that for every dimension n € [1,r], the family
of spatial POD modes {u;}1<j<y, indexed such that A; > A, > ... > A, > 0, minimises the
approximation residual:

i A7 ®)

i=n+1

In other words, when averaging over time, the family {u;}1<;j<, spans the optimal subspace of
dimension n in which to approach the signal v(x, f).

As shown by Equation (8), the singular value distribution {A; };<;<, carries in itself the system
propensity to be reduced in a lower dimension. Moreover, it plays no mean part in the uniqueness

Zpl

o= vithall,,, = o= vimhed]|, er =
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of POD modes determination. Indeed, any orthonormal family of AT A eigenvectors raised by the
thin SVD computation is admissible to be a temporal POD modes family. The corresponding spatial
POD modes are uniquely derived from this family. As is well known, a real symmetric matrix with
only distinct eigenvalues has a unique basis of orthonormal eigenvectors up to a £1 factor, regardless
of their order. Nevertheless, in the case of a multiple eigenvalue, every orthogonal transformation
of its corresponding eigenvectors is another admissible decomposition. Hence, the POD modes {p;}
are uniquely defined if and only if their singular value distribution {A;} is not degenerated, while
their space-time decompositions { (1, w;) } are always defined up to a +1 factor. Since the video v(x, t)
stems from a physical acquisition, it is fairly certain that the matrix AT A has no multiple eigenvalues
in practice, not even 0. Therefore, in the sense described previously, the POD is unique.

Thus, the POD catches in unique way 'natural modes’ stemming from the system dynamics which
are by essence uneven in space and in time. This is a pro in the first analysis of a physical phenomenon
but can be a con in a comparison between experiment and theoretical descriptions usually using
Fourier transform decomposition of an oscillatory phenomenon.

The results of this technique applied to the HET plasma framing are presented in the
following section.

3. Results

3.1. Cathode Emissivity and Thruster Operating Regime

The cathode, sometimes called the neutraliser, is an electron emitter based on the principle of
thermionic electron emission. It is located outside of the discharge channel. Part of the electrons
emitted are entering the discharge channel to ionise the neutral gas before being collected at the anode.
The rest of them are neutralising the ion flux in the thruster plume. Cathodes are usually made of a
ceramic compound (BaO or LaB6) that has a very low work function. A heater made of a resistive
conductor is used to bring the temperature of the ceramic typically above 1000 K. A keeper is biased
with respect to the emissive material to produce a discharge, fuelled by a neutral gas flow independent
from the anodic one. The overall electrical circuit (emissive material and keeper) is biased with respect
to the anode to create the axial electric field in the HET discharge. Once the discharge has started,
the heater is usually turned off and the ceramic temperature is self-sustained by the discharge process.
This type of cathode (so-called hollow cathodes) is very efficient in an industrial process but is quite
cumbersome in a laboratory experiment.

In this work, a simpler cathode was used. It is made of a single Tungsten filament doped by 1% of
Thorium that is heated using a DC current, Ij;. The filament is directly biased with respect to the HET
anode. No gas flow is then necessary which simplifies the process but makes the HET more difficult
to ignite. Electrons are emitted from the hot filament. The maximum discharge current that can be
extracted from this cathode follows a Richardson law [57], describing thermionic emission:

Lom = AgffAcTy exp (—%) )
with Agff the effective area of the cathode, Ag the Richardson constant, Ty the temperature of
the filament, e the elementary charge, W the work function of the cathode material and k; the
Boltzmann constant.

The maximum current emitted by the cathode then strongly varies with the filament temperature.
This temperature is easily controllable experimentally by changing the DC heating current Ip.
In Figure 3a, the HET discharge current averaged over time is plotted against the cathode heating
current. I; increases at first with the heating current: the discharge current is limited by the cathode
emissivity. I then reaches a plateau and is no longer limited by the cathode thermionic emission
(which keeps increasing with If7), but by the HET discharge properties. This transition, which happens
at a critical heating current Iy .., is associated with a strong modification of the HET plume geometry
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as shown in Figure 3c—f. On these images, only the bottom 2/3 of the thruster is represented to avoid
the cathode brightness disturbing the plume shape. In the case of low heating current and low cathode
electron emission (Ig < Ip ¢t), the HET plume is very small and forms a hemisphere of plasma at the
exit of the channel. In the case of higher heating current and higher electron emissivity (I > I i),
the HET plume is more elongated and pointy and the plasma extends further away from the thruster
channel. This second case tends to correspond to typical HET plume and will be called nominal regime,
whereas the first case will be called under-emissive regime. Gransted [58] described an effect of the
heating current of a filament cathode on the divergence angle of a HET plume but to our knowledge

no study currently reports the regime transition described here.
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Figure 3. (a) Evolution of the HET discharge current I; depending on the cathode heating current Iy for
different discharge voltage U;. The heating current is normalised to the heating current at the regime
transition Iy ;. (b) Evolution of the potential difference between anode and plume Us depending on
the normalised cathode heating current for different discharge voltage Uj;. (c—f) The side view of the
plume for different values of normalised cathode heating current. The other discharge parameters are
Q=18 mg~s_1 and Uy =200 V. The light intensity has been normalised to each image maximum.

A floating probe was placed in the HET plume to estimate the variation of potential between the
anode and the plume Us, or extraction voltage, as displayed in Figure 1b. In an ideal HET, this potential
difference Us should be the closest to the imposed discharge voltage U;. In the under-emissive regime
(Figure 3b), U; does not depend on the discharge voltage: it remains small and equal to 70 V. When Iy
crosses the transition limit Iy ..i, Us quickly increases and gets closer to the discharge voltage.

Both the evolution of the plume shape and the measurement of the extraction voltage suggest
that a strong electric field builds up inside the HET channel only if the cathode emissivity is high
enough. The critical heating current Iy .,;; defines the limit between two functioning regimes of the
HET. To better understand the differences between these two observed discharge regimes, high speed
camera measurements of the plasma were made. The results obtained for the nominal and for the

under-emissive regime are developed in the next section.
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3.2. Analysis of the Oscillatory Phenomenon through the Regime Transition

Front and side videos of the thruster have been analysed using the POD method (see Section 2.4).
For each video, 800 frames were used to perform the analysis. It represents a time sample of 2.7 ms
at a 300 kfps frame rate, 1.7 ms at 480 kfps and 0.9 ms at 900 kfps. The results are displayed as one
panel per video, each panel representing all the output parameters of the POD analysis. These panels
are all organised the same way. The first row of subplots shows the spatial POD modes u;, i.e., the
stationary geometrical description of the POD modes, normalised to one. The second row of subplots
presents the first third of the temporal POD modes w;, also normalised to one and representing the
instantaneous amplitude of the POD modes. The third row contains the Fast Fourier Transforms
(FFT) of the temporal modes w; to give more information on the spectral content of the temporal
POD modes. Finally, the singular values A; of each POD modes are shown in the title of the second
row of subplots as ¢; equal to A? over the sum of all the squared singular values and expressed as
a percentage. Of the over one hundred POD modes computed, only the ones with the higher ¢ are
displayed, as they represent most of the energy stored in the measured fluctuations. As the POD mode
number gets higher, the spatial and temporal content of the POD modes usually get less structured.
The POD modes, described by the set {u;, A;, w;}, are labelled p;. The results of the POD analysis are
first presented in the case of the nominal regime before going towards the under-emissive regime and
finally, to the transition between these two regimes. This transition is studied for a discharge voltage of
200 V. The results for the nominal regime are shown for both 250 (Figure 4) and 200 V (Figures 5 and 6).
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Figure 4. Nominal regime: POD analysis of the front videos with a discharge voltage U; = 250 V,
a mass flow rate Q = 1.8 mg~s*1, a cathode heating current Iy = 19.95 A (Ig/Ig it = 1.08) and a
acquisition frequency of Fs,s = 480 kfps. (Top) Spatial POD modes u;; (Middle) corresponding temporal
POD modes w; with their singular value A; given as 0; = A? over the sum of all the A; expressed as a
percentage; and (Bottom) corresponding FFT.

3.2.1. The Nominal Regime

The nominal regime corresponds to a high cathode heating current Iy, i.e., to high cathode
emissivity. Figure 4 shows the results of the POD analysis conducted on a video acquired in this
regime, for a discharge voltage of 250 V and a gas flow of 1.8 mg-s~! of Xenon. The camera is set on
a 480 kfps frame rate and is facing the thruster. The POD modes extracted from this video are the
following: an azimuthally homogeneous POD mode pg and a series of azimuthally non-homogeneous
POD modes from p; to pg. The first POD mode corresponds to an oscillation of the whole discharge.
It has been described extensively in previous studies in larger thrusters [59,60] and is usually called
breathing mode. It is described in more details below. The second group of POD modes can be paired
by two or three to create rotating objects. For example the POD modes p; and p, have spatial POD
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modes that represent an azimuthal fluctuation of the plasma with one maximum and one minimum.
This is called an azimuthal mode of order m = 1. u; and u; see their maximum shifted by 45° and
the combination of these two spatial POD modes by temporal signals in phase quadrature allows
reconstructing a rotating mode. These rotating modes are described in more details below.

The Breathing Mode

The breathing mode consists of fluctuations of the whole discharge that can be seen easily on the
discharge current signal. It usually has a well defined frequency located between 1 and 20 kHz [8].
The mechanism invoked for the generation of this oscillation is a predator-prey model (Lotka—Volterra
model) between the neutrals and the ions [33]. First, the discharge channel fills up with neutrals from
the anode. Then, these neutrals are strongly ionised in the high magnetic field region which depletes
their density profile: the front of neutral density moves towards the anode where the ionisation is
less efficient due to a higher electron mobility (lower magnetic field). The discharge current hence
decreases, the plasma is extracted by the axial electric field and the ionisation will take place again
once the neutral density will be high enough. The cycle will then repeat, with a period depending on
the time needed for the atom to replenish the ionisation region. While this simple explanation leads to
good order of magnitude for the oscillation frequency [32,33], it has been shown that some assumptions
of the model are not valid [19] and hence more theoretical work is needed to better understand these
oscillations. The POD mode py of Figure 4 clearly exhibits the characteristics of the breathing mode.
It demonstrates an oscillation of the plasma light emission in the whole discharge channel and wy
oscillates at about 12 kHz. This mode is the dominant mode in the nominal regime, with a o of 74%
in the case of the 250 V discharge and 51% in the case of the 200 V discharge. Whereas it is very
regular for a discharge voltage of 250 V, one can notice that the breathing mode is intermittent at 200 V
(Figure 5). This intermittency is easily captured by the POD analysis and very explicitly shown on the
signal w(t). Further studies on the Breathing Mode frequency, amplitude and intermittency against the
experimental parameters will be conducted using these analysis tools. The video reconstruction of this
mode can be found in the Supplementary Materials (Video S1).

The analysis of the video taken from the side of the thruster (Figure 6), at 200 V, gives another
view of the breathing mode. The breathing mode can be recognised in the POD modes pg and p; by
their azimuthal homogeneity and spectral content. One is axially homogeneous (i) and one has a
positive and negative axial oscillation (7). The generation of a more emissive and then denser plasma
region at the exit of the thruster and the ejection of this plasma is constructed by the sum of these two
POD modes in phase quadrature. The frequency and the relative amplitude of the breathing mode
measured on the front and side videos are very similar. The video reconstruction of this mode can be
found in the Supplementary Materials (Video S2)

The POD modes p1, p4 and pg in Figure 6 are showing very small patterns that looks like a regular
grid. These patterns are homogeneous on the whole frame, even on the right hand side, where no
plasma is present (see Figures 2 and 3). This demonstrates that theses POD modes are not associated
to the behaviour of the plasma but are showing numerical noise coming from the digitisation of the
camera pixel when the movies are acquired. These patterns come out only on the videos from the side
because the level of light is too low compared to the camera sensitivity.
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Figure 5. Nominal regime: POD analysis of the front videos with a discharge voltage U; = 200 V,
a mass flow rate Q = 1.8 mg-sfl, a cathode heating current Iy = 20.05 A (Ig/Ig i = 1.09) and a
acquisition frequency of Fs,s = 480 kfps. (Top) Spatial POD modes u;; (Middle) corresponding temporal
POD modes w; with their singular value A; given as 0; = )\12 over the sum of all the A; expressed as a
percentage; and (Bottom) corresponding FFT.
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Figure 6. Nominal regime: POD analysis of the side videos with a discharge voltage U; =200 V, a mass
flow rate Q = 1.8 mg~s*1, a cathode current Iy = 20.05 A (I /I i = 1.09) and a acquisition frequency
of Frps =300 kfps. (Top) Spatial POD modes u;; (Middle) corresponding temporal POD modes w;
with their singular value A; given as 0; = )\12 over the sum of all the A; expressed as a percentage; and
(Bottom) corresponding FFT.

The Rotating Modes

Rotating modes have been observed in the past in HETs [36,48] and are starting to be observed in
smaller size HETs [30]. Chourei [8] reported two main different types of rotating modes: rotating spokes
and gradient induced oscillations. The rotating spokes are typically described by very well defined
rotation frequencies ranging from 5 to 25 kHz. They seem to arise from azimuthal ionisation instabilities
close to the anode and remain at the back of the thruster channel. To this day, no quantitative theory
describing their behaviour has been developed and some advanced numerical simulation work is
being led on the subject [34,61]. The gradient induced oscillations originate from the magnetic field
and plasma density gradients that give free energy to develop higher frequencies plasma oscillations,
ranging from 20 to 60 kHz, with a broader spectral content. These instabilities can be located in the
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magnetic field and plasma density gradients which are close to the exit of the thruster channel. These
instabilities can be compared to instabilities arising in tokamak edge plasmas usually called drift
instabilities [62]. Both these types of instabilities are characterised by their phase velocity and their
frequency depend on the thruster geometry. The typical figures for the oscillation frequency given by
Choueri [8] have been computed for a HET with a 4.5 cm discharge channel mean radius, whereas,
in the present study, the mean radius is equal to 2.0 cm. This brings the typically frequency of the
rotating spokes to the range 11 to 56 kHz and the typical frequency of the gradient induced oscillations
to the range 45 to 135 kHz.

In Figure 4, one can see that after the breathing mode described by the POD mode py, the POD
modes from p; to pg all have local minima and maxima along the azimuthal direction. These modes
can be sorted by their number of local minima/maxima, corresponding to the so-called mode number
m. Modes of order m = 1 (spatial POD modes #1 and u3), m = 2 (spatial POD modes 13 and u4) and
m = 3 (spatial POD modes u5 and ug) are present. One can notice that modes of same mode number
also display similar singular values and spectral contents and hence, can be paired. In fact, two POD
modes are necessary to described a physical rotating mode. The sum of the two paired spatial POD
modes, each multiplied by its temporal POD mode, allow reconstructing an oscillation moving in the
azimuthal direction. The paired POD modes quoted above each describe one physical azimuthally
rotating plasma oscillation. The rotating mode of order m = 1 has a typical frequency of 58 kHz with
a well defined peak. Its o is about 15 %. The modes m = 2 and m = 3, with lower ¢ values, 3.5 %
and 1.5 %, have very broad frequency peaks covering the spectrum between 5 and 130 kHz. It has
been shown in previous experimental work by McDonald et al. [48] on bigger HET that there is a
relation between modes of different orders. The high order modes (here m = 2 and m = 3) can be either
turbulent smearing of the dominant mode (here m = 1), and, in this case, they have the same oscillation
frequency, or harmonics of this lower order dominant mode. It does not seem to be the case here
considering the properties of the rotating modes described above. These properties would indicate
that the mode m = 1 can be identified as a rotating spoke, whereas the modes m =2 and m = 3 might
be generated by gradient driven instabilities. This would need to be further investigated to confirm
these first conclusions. The video of the reconstruction of all these rotating modes are accessible in the
Supplementary Materials (Videos S3-55).

The videos of the plasma taken from the side of the thruster also show rotating modes (Figure 6).
The spatial POD mode u3 is anti-symmetric with respect to the horizontal axis and describes rotating
modes escaping from the thruster channel and propagating far in the plume. From this analysis, the
mode number cannot be determined. The oscillation frequency of this POD mode is well defined, which
seems to link this mode to rotating spokes, but equal to 79 kHz, which is higher than the frequency of
the POD mode analysed as a rotating spoke in front video. Moreover, the presence of rotating spokes
that far in the thruster plume has not been documented in the literature [34]. The identification of this
oscillation as rotating spokes or gradient induced instability is then hazardous.

3.2.2. The under-Emissive Regime

For lower cathode emissivity, the thruster works in an under-emissive regime whose stationary
characteristics have been described in Section 3.1. Figures 7 and 8 present the results of the POD
analysis of front and side videos of the thruster in this regime. Except from the cathode heating current,
which have been lowered from 20.05 to 17.50 A, all the other experimental parameters have been kept
fixed. The first observation is that the breathing mode, which was dominating the plasma oscillations
in the nominal case, has completely disappeared. The POD output is only composed of rotating modes.
In Figure 7, one can see that the rotating modes, which were only located close to the inner wall of
the discharge channel in the nominal regime, are now associated with rotating modes in the outer
part of the discharge channel. The mode m =1 is still clearly present with a similar spectral content of
50 kHz. It seems to demonstrate that, unlike the breathing mode, the rotating spokes are not affected
by the regime transition. A 15 kHz, frequency oscillation appears on the POD modes pg, p; and p5.
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It corresponds to a fluctuation of the intensity of the rotating modes, as can be seen in the video S6 in
the Supplementary Materials. The nature of this fluctuation is not identified. The spectral content of
these fluctuations is very comparable with the spectral content of the POD modes pp and p; on the
side video (Figure 8). These oscillations could be either a faint breathing mode, hidden behind the
rotating modes, or a rotating mode with a frequency lower than the previously described ones. Modes
of higher order tend to be blurred and are difficult to distinguish.
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Figure 7. Under-emissive regime: POD analysis of the front videos with a discharge voltage
U; =200V, a mass flow rate Q = 1.8 mg~s‘1, a cathode heating current Iy = 17.50 A (Ig/Ify ¢yir = 0.95)
and a acquisition frequency of Ff,s = 480 kfps. (Top) Spatial POD modes u;; (Middle) corresponding
temporal POD modes w; with their singular value A; given as 0; = /\12 over the sum of all the A;
expressed as a percentage; and (Bottom) corresponding FFT.
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Figure 8. Under-emissive regime: POD analysis of the side videos with a discharge voltage U; =200V,
a mass flow rate Q = 1.8 mg~s*1, a cathode heating current Iy = 17.50 A (Ig/ Iy crir = 0.95) and
a acquisition frequency of Fg,; = 300 kfps. (Top) Spatial POD modes u;; (Middle) corresponding
temporal POD modes w; with their singular value A; given as 0; = /\12 over the sum of all the A;
expressed as a percentage; and (Bottom) corresponding FFT.

The POD modes extracted from the side images of the thruster in Figure 8 stay close to the channel
exit. This is coherent with the evolution of the plume shape described in Section 3.1 (see Figure 3).
The largely dominant mode is the rotating mode po, with a frequency lower than the rotation frequency
observed in the front video and comparable to the 15 kHz POD mode (Figure 7). This observation
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might be showing that the 15-kHz oscillations observed on the front videos are modes rotating outside
the thruster channel. More generally, the spatial POD modes exhibit very small structures evolving at
very low frequencies, which indicates that the modes are rotating faster inside the thruster channel
than in the plume. No mechanism is at this time proposed to explain this type of oscillation at the exit
of a HET.

3.2.3. The Transition

Using the results of the POD analysis of the front videos, for six different values of the cathode
filament heating current, one can observe the disappearance of the breathing mode (Figure 9). From
I/ Iaerir = 1.09 to Iyy/ Iyerir = 0.99, the breathing mode sees its relative squared singular value
decreasing from 48.5% to 3.6% and goes from the dominant POD mode to the 5th POD mode. Below
this heating current, the breathing mode completely disappears.

For cathode emissivity above the critical value or close to it, the thruster discharge oscillations are
structured by one or two strong modes that represent at least 30% of the sum of all the singular values.
For discharges with lower cathode heating current, the POD mode amplitudes are spread on a larger
number of modes with lower amplitude (Figure 9 zoom).

8 Zoom
= Breathingmode [~ /100 | _.-| % O /iy =09
W/ ere = 1.08_ |-~ A O 7 Tient = 1.08
O 14/ et <1701 6 o ~ =70 W/lke = 1.01
3 40 -~ O I/ lncrie = 0.99
[ ¢ X -7
S 5 % = % In/lucre = 0.98
~ P ¥_-" X 14/ lucrit = 0.95
aNg 30 Lo o0 ¥ b / Ihcrie
o b 8 -4
< 20 = 3 =" o
I s +- X x x
& -2 ¢ g ; e X
10— Wri=ga=a=a=—=a=—=a === - n L & X
| e 86 8 § & ¥ & x
* 88 5y ' 0 8 888
O T T Trt it -t -+t -t -+ _¥_¥_ §_§_§_§_§L____
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 3 4 5 6 7 8 9 10 11 12 13 14
POD mode number # POD mode number #

Figure 9. Evolution of the relative singular values A; given as 0; = )\12 over the sum of all the /\1-2
expressed as a percentage for the 14th first POD modes and for different values of the heating current
ratio Iy / Iy crir. For each value of Iy / Ip crit, the mode corresponding to the breathing mode is
represented with a filled symbol.

4. Discussion

In the literature, the magnetic field amplitude is usually studied as the main parameter for
transitions between HET functioning regime [38—41]. All these transitions are related to modifications
of both the thruster performances and the observed plasma fluctuations. In the case of this study,
the observed transition of HET regime is due to a modification of the cathode emissivity. Above the
transition, in the nominal regime, the discharge current is independent of the cathode heating current,
whereas, below the transition, the discharge current varies continuously with the cathode heating
current. The voltage difference between the anode and the plume, referred as extraction voltage, is
constant in both regimes but changes abruptly at the transition. It is lower in the under-emissive
regime and does not depend on the discharge voltage. In the nominal regime, the extraction voltage
is higher and depends on the discharge voltage. This work shows that having a sufficient cathode
electron current is needed for the HET to develop a strong potential gradient in its channel.

The use of high-speed camera imaging and video analysis by a POD algorithm allows identifying
different oscillation modes in the thruster channel (facing videos) and in the thruster plume (side
videos). Two types of modes have been observed: breathing mode and rotating mode.

Whereas the breathing mode is dominating the plasma fluctuations in the nominal regime at
high cathode emissivity, it abruptly disappears while transitioning into the under-emissive regime.
This loss is most certainly related to the reduction of the electric field inside the thruster channel.
It induces a reduction of the ionisation frequency and reduces the neutral depletion and the neutral
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dynamics role in the drive of the breathing mode. This phenomenon is in good agreement with the loss
of the breathing mode at low discharge voltage in previous publication [33]. The physical mechanism
responsible for the modification of the extraction voltage at the regime transition is not identify yet
and will be the subject of further experimental and numerical investigations.

On the opposite, the rotating modes of order m = 1, which are associated to the previously
described rotating spokes, are less sensitive to this transition as they remain present in the
under-emissive regime. This is in agreement with the hypothesis linking the spokes formation with
an ionisation instability occurring at the back of the discharge channel, even though a small electric
field is still necessary to generate the E x B flow at play in this instability. Measurements of the axial
electric field from the anode to the plume in both functioning regime will be necessary to confirm these
hypothesis. Moreover, we have also observed that, for both regimes, rotating modes can extend far into
the thruster plume and can play a role not only in the ionisation region but also in the charge extraction
region of the thruster. These rotating modes might be identified as gradient-induced oscillations
that usually appear where the magnetic field gradient is negative, or as rotating spokes that have
been convected from the near-anode region. This study demonstrates that a lot of these oscillatory
phenomena are still largely unexplored. The different instabilities that give birth to these oscillations
are not fully understood and experimental work should continue side by side with theoretical and
numerical studies in this direction.

Finally, current oscillations are normally detrimental to HETs operation and, to filter them,
RLC circuits are used between thrusters and power supplies. Hence, it could be interesting to
measure the thruster performances in this under-emissive regime where the main current oscillations
(breathing-mode) disappear. However, we should keep in mind that the use of a filament cathode
in-space might be challenging but a smaller hollow cathode could also make a thruster work in the
under-emissive regime. Moreover, measurements of the different gradients in the plasma would
allow for a theoretical stability analysis of the observed instabilities. A deeper analysis of this regime
transition and of the reported phenomena will give more insights on the self-organisation of electric
field at the exit of HET and improve our knowledge of HET physics.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/5/518/
sl,

Video S1: Breathing_mode_face_nominal_regime_fps_480kHz_Ud_200V.avi

Video S2: Breathing_mode_side_nominal_regime_fps_300kHz_Ud_200V.avi

Video S3: m-1_face_Nominal_regime_fps_900kHz_Ud_200V.avi

Video S4: m-2_face_Nominal_regime_fps_900kHz_Ud_200V.avi

Video S5: m-3_face_Nominal_regime_fps_900kHz_Ud_200V.avi

Video S6: (u0+ul+u2)_oscillations_face_under-emissive_regime_fps_480kHz_Ud_200V.avi.
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The following abbreviations are used in this manuscript:

HET  Hall Effect Thruster

PIC Particle-In-Cell

POD  Proper Orthogonal Decomposition
SVD  Singular Value Decomposition
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