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Abstract

Properties of rotating spokes have been investigated in the plasma discharge of the 200 W-class
permanent magnet ISCT200 Hall thruster (HT) in wall-less (WL) conﬁguration under various
operating conditions. For comparison purposes, the HT was also operated in the standard
conﬁguration. High-speed camera imaging combined with sophisticated image processing
allowed the observation of the plasma inhomogeneity dynamics and the determination of
characteristics such as mode number, sizes, rotation frequency and propagation velocity. The
time varying Xe+ ion azimuthal velocity distribution function has been measured in front of the
anode of the WL thruster by means of laser-induced ﬂuorescence spectroscopy in photoncounting regime. Experiments show ions move at the thermal speed on average, yet some ions
have a negative velocity, i.e. they rotate in the direction opposite to the E×B drift, in agreement
with numerical simulations performed with a 3D-3V PIC code.
Keywords: Hall thruster, rotating spoke, fast camera imaging

1. Introduction

satellites and spacecraft that rely on a low-pressure plasma
discharge in cross-ﬁeld conﬁguration to ionize and accelerate
a propellant gas [21–23]. A HT is comprised of an anode
placed at the back of a coaxial annular dielectric channel and
an external thermionic cathode. The propellant gas, typically
xenon, is introduced at the back of the channel. Magnetizing
coils or permanent magnets, incorporated into a magnetic
circuit, generate a radially-directed magnetic ﬁeld, the
strength of which is maximum at the channel exhaust. The
magnetic ﬁeld magnitude is set to conﬁne electrons without
affecting ion trajectories. The electric potential drop occurs in
the ﬁnal section of the channel owing to the low axial
mobility of electrons in this restricted area. The electric ﬁeld,
which extends between the interior and the exterior of the
channel, governs the propellant atoms ionization and the ion
acceleration, namely, the thrust and the speciﬁc impulse. The
combination of the radial magnetic ﬁeld with the axial electric
ﬁeld generates an E×B electron drift in the azimuthal
direction, the so-called Hall current. This drift is responsible
for the very efﬁcient ionization of neutral atoms inside the
channel. Thruster operation is also dependent on the large
fraction of electrons emitted by the cathode which ﬂow
downstream to neutralize the ion beam. HTs produce a large

Rotating plasma inhomogeneities, often termed ‘rotating
spokes’, are observed in various types of magnetized low
pressure plasma discharges created in a crossed electric and
magnetic ﬁeld conﬁguration [1–4]. Over the past ten years,
such structures have been experimentally investigated e.g. in
plasma devices like magnetrons [5–10], Hall thrusters (HTs)
[11–18] and plasma columns [19, 20]. There is a great deal of
interest in studying rotating plasma structures for mainly two
reasons. Firstly, such instabilities appear to be a very general
phenomenon in low-pressure, low-temperature, partiallymagnetized plasma discharges, in which their origin and
governing mechanisms are not yet fully understood. Secondly, these large-scale, low-frequency rotating instabilities
appear to play a role in the transport of charged particles
across the magnetic ﬁeld lines. As a consequence, rotating
spokes may inﬂuence characteristics and performance of
plasma devices and plasma technologies used for applications
such as thin-ﬁlm deposition and spacecraft propulsion.
In this work, we experimentally examine the properties
of low-frequency rotating plasma instabilities in the discharge
of low power HTs. HTs are electric propulsion devices for
0963-0252/19/054002+15$33.00
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Figure 1. Schematic of anode layout and magnetic ﬁeld topology for the standard (left) and wall-less (right) conﬁgurations.

thrust-to-power ratio (∼60 mN kW−1) and a large thrust
density ( 30 N m−2) with a speciﬁc impulse (2000 s) high
enough to guarantee substantial propellant mass savings. The
thrust efﬁciency is about 50% for low and moderate power
HTs (1 kW), but it is in excess of 60% for high-power
devices. HTs are therefore well-suited for various types of
maneuvers like orbit transfer, drag compensation, orbit
maintenance and attitude control.
Two different conﬁgurations of the permanent magnet
200 W-class ISCT200 thruster have been employed for this
study: standard (ST) and wall-less (WL). In the ST conﬁguration, the plasma discharge is mostly conﬁned inside the
ceramic channel, whereas in the WL mode, ionization and
acceleration take place outside the channel. A WL conﬁguration makes easier the access to the plasma discharge and it
allows examination of the plasma properties without the
inﬂuence of wall processes. There are a number of key
objectives of this work, namely: to characterize the dynamics
of rotating plasma structures in the E×B discharge of a lowpower HT and to study the impact of operating conditions on
properties of the structures, to compare the features of rotating
structures in conventional and WL HTs, to compare results
with observations in high-power devices and ﬁnally, to
compare experiments with computer simulation outcomes.
Two diagnostic techniques have been employed to examine
the rotating spoke properties in this work. High-speed camera
imaging has been used to capture the rotating spoke motion
and transformation for various thruster operating conditions.
Image processing with sophisticated algorithms allowed the
determination of the rotation velocity, direction and frequency, the plasma structure shape and sizes and the mode
number. Time-resolved laser-induced ﬂuorescence (LIF)
spectroscopy in the near infrared has been employed to record
the temporal evolution of the ion azimuthal velocity component during a spoke rotation.

magnetizing coils [24–26]. Standard (ST) and WL conﬁgurations have been employed here. The two versions share
many common features in terms of design and architecture.
The channel geometry is in the so-called 2S0 conﬁguration, in
which the channel width-to-mean diameter ratio h/d is twice
the standard ratio, where this standard ratio is deﬁned as that
of the well-known Russian SPT100 thruster. The inner and
outer channel walls are made of Boron nitride–Silica composite (BN-SiO2). Small SmCo permanent magnets combined
with a soft iron magnetic circuit generate the magnetic ﬁeld.
The ﬁeld topology is the same for the two conﬁgurations,
with magnetic ﬁeld lines perpendicular to the channel walls at
the channel outlet. The magnetic ﬁeld is directed inwards, and
consequently the E×B electron drift propagates clockwise.
The magnetic ﬁeld strength is highest on the channel axis at
the channel exit plane with Bmax≈300 G. A porous mullite
ceramic placed at the back of the channel serves as the gas
injector.
A heated hollow cathode with a disc-shaped LaB6 emitter
was used with the two thrusters [27]. The cathode, which
produces the electron current for discharge balance and ion
beam neutralization, is located in the plume far-ﬁeld 50 cm
away from the channel exit plane nearby the thruster axis to
avoid breaking the cylindrical symmetry [28]. The cathode is
electrically connected to the thruster anode and ﬂoating, like
the thruster body. Xenon (Xe) was used as the propellant gas
for both the thruster discharge and the cathode discharge. The
cathode has been operated with a constant Xe mass ﬂow rate
of 0.2 mg s−1. Typically, about 150 W electrical power is
applied to the cathode to sufﬁciently heat the emitting
element.
The main differences between the two ISCT200 thruster
conﬁgurations are, in fact, the anode geometry and position.
In the standard version, the anode is a stainless steel ring
5 mm in height and 1 mm thick. It is placed at the back of the
channel against the internal surface of the outer dielectric
wall, i.e. far from the magnetic barrier. In contrast, in the WL
conﬁguration the anode is located in the magnetic barrier, as
shown in ﬁgure 1.
A well-established approach to reduce ion bombardment
in the ﬁnal section of a HT channel, hence prolonging the
thruster lifetime, is magnetic shielding, which, in short, consists of preventing the magnetic ﬁeld lines from crossing the
walls in the acceleration region [29–35]. The WL approach is

2. Experimental apparatus
2.1. 200 W HTs

Experiments have been performed with the low-power
ISCT200 HT, a 200 W-class HT which uses permanent
magnets for generating the magnetic ﬁeld instead of helical
2
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a more drastic alternative to reducing the channel erosion. The
principle is to entirely shift the ionization and acceleration
regions outside the cavity by moving the anode towards the
channel exit plane [36–39]. Figure 1 illustrates the anode
architecture and the magnetic ﬁeld topology in the ST and
WL conﬁgurations. In the WL mode, the anode is placed at
the channel exhaust. To guarantee efﬁcient conﬁnement of
electrons downstream of the channel exit plane, thereby
maintaining performance at a high level, the magnetic ﬁeld
lines must not intersect the anode [37]. A possible solution is
to use a gridded anode with a curved surface in such a way
that the anode surface is parallel to the magnetic ﬁeld lines
[40]. Here the anode is a 1 mm thick grid with 3 mm diameter
circular holes. The anode transparency is 0.68, which allows a
homogeneous propellant gas distribution outside the channel.
From a more fundamental perspective, a WL ion source
provides an ideal platform for the study of cross-ﬁeld discharge conﬁgurations with electrostatic probes and with laseraided diagnostics. The access it provides to key regions of the
plasma facilitates a thorough investigation of plasma
instabilities and small scale turbulence for a better understanding of the discharge physics and anomalous electron
transport. Additionally, it allows the study of these phenomena without the inﬂuence of wall processes such as secondary
electron emission and sputtering as the dielectric channel does
not play any role. A WL HT is also an ideal conﬁguration to
make comparisons between experiments and computer
simulations. Due to its simpliﬁed architecture, boundary
conditions are easier to model. For instance the radial
boundary conditions correspond to the grounded vacuum
chamber walls. A WL source therefore permits more accurate
and more reliable numerical outcomes to be obtained.
The radial boundary conditions are in fact well-deﬁned as
they correspond to the wall of the vacuum chamber. The
potential is zero (walls are grounded) and charged particles
recombine when reaching the walls. In the model, all particles
are absorbed. The current is not ﬁxed, but it is self-consistently calculated. The ‘simulated’ chamber is of course
much smaller than the real one. However, as long as the
boundary is placed far enough from the thruster we can
assume that it does not strongly inﬂuences the numerical
results. The main advantage of the WL case compared to the
standard one is the fact that the channel, which is dielectric,
does not have to be accounted for. In other words, we do not
have to account for complicated plasma-wall interactions like
secondary electron emission or partial recombination.

Figure 2. Front view diagram of a HT with the reference system for
angles and spatial coordinates. Also shown are the E and B vectors
and the drift velocity along with the LIF geometry.

cold panel is sustained at 35 K. The overall pump stack
guarantees a background pressure as low as 2×10−5 mbarXe during operation of a 400 W input power plasma source.
A large water-cooled screen covered with graphite tiles is
mounted at the rear of the chamber to absorb part of the ion
beam energy, thereby reducing the thermal load on the
cryogenic surface. The chamber is equipped with several
observation windows, access ports and vacuum feed-through
connectors for power lines, gas lines and diagnostic tools. A
large front door enables easy access to the interior of the
vessel.
Figure 2 shows the reference system for angles and
Cartesian coordinates used in this study. Angles are deﬁned
according to the unit circle. Also shown in ﬁgure 2 are the
electric ﬁeld and magnetic ﬁeld vectors as well as the associated E×B electron drift velocity. Electrons rotate clockwise in the ﬁgure, which corresponds to the ISCT200 HT
conﬁguration used in this work.

3. Diagnostic techniques
3.1. LIF spectroscopy

The time-averaged and time-varying distribution functions of
the velocity of metastable Xe+ ions have been measured by
means of near-infrared LIF spectroscopy. The LIF technique
has been extensively described elsewhere, see e.g. [41, 42]
and references therein. Only a brief description of the LIF
optical train is given here. An ampliﬁed tunable single-mode
external cavity laser diode is used to excite metatstable Xe+
ion at 834.72 nm. The laser wavelength is accurately measured by means of a calibrated wavemeter. A scanning confocal Fabry–Pérot interferometer is used to perform a realtime check of the quality of the laser mode and to detect mode
hops. The power of the beam is also continuously monitored.

2.2. Vacuum chamber and coordinate system

All experiments have been performed in the cryogenicallypumped NExET (new experiments on electric thrusters)
vacuum chamber, a stainless steel tank 1.8 m in length and
0.8 m in diameter. Primary pumping is provided by a dry
pump that evacuates 400 m3 h−1. A 350 l s−1 turbomolecular
pump further pumps the chamber down to 10−6 mbar-N2, by
absorbing water vapor and light gases such as N2, O2 and H2.
The cryogenic pump absorbs gases such as xenon and krypton. The pumping speed is around 8000 l s−1 when the 0.5 m2
3
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The primary laser beam is modulated by a mechanical
chopper at a frequency of around 2 kHz to allow phase sensitive detection of the ﬂuorescence signal. The laser beam is
coupled into a single-mode optical ﬁber and carried into the
NExET vacuum chamber. At the exit of the optical ﬁber,
collimation optics form a 1 mm diameter beam, the power of
which is maintained below 5 mW mm−2 to avoid strong
saturation of the optical transition. The ﬂuorescence radiation
at 541.91 nm is collected using a 40 mm focal length lens that
focuses the light onto a 200 μm core diameter multimode
ﬁber. The magniﬁcation ratio is 1:1. The ﬂuorescence light
transported by the ﬁber is focused onto the entrance slit of a
20 cm focal length monochromator that isolates the ﬂuorescence line from the rest of the spectrum. A photomultiplier
tube serves as a light detector. In time-averaged mode, a lockin ampliﬁer operating at the chopper frequency is used to
discriminate between the ﬂuorescence light and the intrinsic
plasma emission. In time-resolved mode, the photon counting
technique with a low dark-noise PMT is used to acquire the
ﬂuorescence time-series. The geometry of the LIF setup is
shown in ﬁgure 2. The laser beam propagates horizontally in
front of the channel exit plane. The laser wave vector k is
collinear to the ion azimuthal velocity on the channel centerline at θ=−90°. The ﬂuorescence light is detected at 40°.

Figure 3. Snapshot of the rotating plasma structure in the discharge
of the ISCT200-WL thruster operating at 110 V. Filtered image with
a 8 bit grayscale.

consists in transforming the cine images into tagged image
ﬁle format (TIFF) images, a common ﬁle format for storing
raster graphics images. A TIFF ﬁle includes the images as
well as tags (size, deﬁnition, image-data arrangement, applied
image compression...). In this work raw cine images have
been converted into 8 bit grayscale images such that each
pixel is represented by one 8 bit byte. The maximum number
of gray shades, or colors, is then 28=256. The size of a TIFF
video (set of 2000 images) is typically 130 MegaOctets. It is
necessary to adjust the gain of the camera in such a way that
the light intensity never saturates, i.e. the pixel intensity never
reaches 256.
An in-house MATLAB® (MATrix LABoratory) program
is employed for image processing and subsequent data
treatment. In order to facilitate and speed up data processing,
each TIFF video must be converted into a 3D matrix of the
form nb_pixels × nb_pixels × nb_images. A Wiener ﬁlter is
used for noise reduction before copying an image into the
matrix. Figure 3 shows a 8 bit gray scale ﬁltered image of a
rotating plasma inhomogeneity in the discharge of the
ISCT200 HT in WL conﬁguration ﬁring at 110 V,
1.2 mg s−1-Xe and 0.97 A discharge current. The high-speed
camera settings were 100 000 fps (10 μs time interval),
7.66 μs exposure time, 256×256 pixel resolution.
The next step is the transformation of pixels into mm to
get the real rotating structure size and speed. For this it is
necessary to ﬁnd the thruster center and the channel inner and
outer boundaries. To simplify image processing, the light
recorded outside the thruster channel boundaries is masked,
equivalent to setting the light intensity to 20=1 outside the
channel. Finally, the grayscale is converted into a color scale,
which aids the plasma structure visualization.
Figure 4 shows a color image obtained from the previous
black and white image (ﬁgure 3). The x and y axis are in mm
and a mask has been applied to remove light outside the
channel boundaries.

3.2. High-speed camera

Two versions of the Phantom high-speed digital camera from
vision research have been employed for real-time imaging of
the thruster discharge: the v2512 and the v1612. A speed up
to 1 M frames-per-second (fps) can be achieved with the two
cameras at reduced resolution. The maximum image resolution is 1280×800 pixels. The minimum exposure time is
1 μs. Images are saved in grayscale with a 12 bit depth per
pixel that yields high dynamic range and excellent image
quality.
For high-speed camera imaging of the two conﬁgurations
of the ISCT200 HT, the camera has been aligned on the
thruster axis and positioned 2 m away from the channel exit
plane. Imaging of the thruster front panel is performed
through a 5 mm thick quartz window.

4. Image processing
4.1. Image transformation

Before processing images, it is necessary to adapt the movie
and image format for computer analysis. Several high-speed
camera video sizes have been tested. A good compromise
between the ﬁle size, which deﬁnes the computation time, and
the number of recorded images that allows for a good statistics during data treatment was found to be in the range
[2000–10 000] images. Most videos treated in this work
comprise 2000 frames and the corresponding ﬁle size is
around 300 KiloOctets according to camera resolution. The
Phantom camera saves raw video in the cine format that
includes all images and related information. The ﬁrst step
4
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where r and d are the channel mean radius and mean diameter, respectively. The structure velocity is then 1290 m s−1,
signiﬁcantly lower than the electron drift velocity, or E×B
speed, at the channel exit, which is ∼106 m s−1. The angular
velocity ω is given by:
w=

v
= 2pf .
r

(2 )

The angular velocity is equal to 69 743 rad s−1. The wavelength associated with the plasma inhomogeneity is:
l = vT =

v
,
f

(3 )

where T is the rotation period. Here λ is the channel circumference as m=1. A more general deﬁnition of the propagation velocity and wavelength accounts for the mode
number:
vm =

Figure 4. Color image corresponding to left raw image. Scale is in

2prfm
m

and

lm =

vm
2pr
=
,
fm
m

(4 )

mm. A mask was applied to delete light outside the channel
boundaries that are indicated by the solid lines.

where the subscript m refers to the value of m.

4.2. Rotating structure image series

4.3. Video analysis

A time series of processed images of the ISCT200-WL
thruster plasma discharge is shown in ﬁgure 5. The HT was
operated at 110 V applied voltage, 1.3 mg s−1 Xe mass ﬂow
rate and 1.16 A discharge current. The camera frame rate was
set to 100 000 (time interval = 10 μs) and the exposure time
was 7.66 μs.
A well-deﬁned structure propagating clockwise, i.e. in
the E×B drift direction, is visible in ﬁgure 5. The bright
region (in red according to our colorbar) corresponds to the
plasma inhomogeneity or spoke, which is a region of high
plasma density. As light is linked to excitation processes by
electron impact, a luminous zone corresponds to a region with
an expected high electron density and electron temperature.
Only one structure is present: the discharge is said to be in the
m=1 mode, following the deﬁnition proposed by McDonald
and co-workers [15]. The mode number m indicates the
number of structures simultaneously present in the discharge.
The m=0 mode corresponds to the so-called HT breathing
mode [21, 43–45]. In that particular case, there is a single
structure that covers the entire channel cross-section area and
the discharge ﬂashes as a whole.
The structure size is about 1/4 of the channel crosssection area. Its length is about 1/4 of the channel circumference and its width is the channel width. However, as
the camera exposure time is relatively long, the structure
dimensions are likely to be somewhat overestimated.
As can be seen in ﬁgure 5, it takes about 90 μs for the
structure to travel one complete rotation. The rotation frequency f is therefore around 11.1 kHz. Notice in this work the
rotation frequency is below the breathing mode frequency
whatever the conﬁguration and the operating parameters [46].
The rotation velocity is deﬁned as:

Viewing of a series of images allows an assessment of several
quantities, such as the plasma structure sizes, the rotation
period and the mode number. However, to get accurate values
of structure characteristics and to capture detailed information
about the dynamics, the analysis of time sequences of digital
images has to be performed with mathematical tools and
sophisticated algorithms. The MATLAB® numerical computing environment has been used to analyse images and
videos as it allows matrix manipulations, which is the basic
form of a plasma inhomogeneity video after transformation
[47]. Several methods for computing the plasma structure
velocity and rotation frequency have been compared in a
previous study [28]: visual inspection, temporal tracing of the
light intensity, Fourier transformation of the light intensity,
image segmentation and the use of spoke surfaces. All of
these techniques give values in relatively good agreement,
however, the segmented image method is, in this speciﬁc
case, the most accurate and the easiest to implement. In the
remainder of this paper the image segmentation method has
therefore been used to extract plasma structure parameters
from videos of the ISCT200 HTs.
To generate a segmented image, the light intensity distribution inside the area delimited by the annular channel
walls is divided into discrete angular segments or slices with n
pixels [17]. The pixel intensity is averaged in each slice. A
slice is then deﬁned by only two quantities: angle and
intensity, or color. Image segmentation is a way to reduce a
3D problem (r, θ, pixel intensity) into a 2D problem (θ, mean
intensity). The number of slices can be chosen between 2 and
360. There is, however, a minimum number below which the
plasma structure is not well identiﬁed because intensity
changes are too smoothed. In our case, this number is around
60 and a segmented image is typically cut into ∼100 slices. A
normalized segmented image of the ISCT200-WL thruster

v = 2prf = pdf ,

(1 )
5
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Figure 5. Time series of processed fast camera images of the ISCT200-WL thruster (110 V, 1.2 mg s−1).

image presented in ﬁgure 4 is shown in ﬁgure 6. The channel
area is divided into 90 slices.
The plasma inhomogeneity angular position is deﬁned as
the azimuthal angle of the slice with the highest intensity.
Following this approach, the structure is at −34° in ﬁgure 6.
The rotating velocity is determined from the structure angular
position of two consecutive frames: v = [angle (frame 2)
- angle (frame1)] Dt , where Δt is the time interval. To
obtain a more accurate value of v, two constraints are included in the algorithm. Firstly, to eliminate sporadic ‘jumps’,
the difference between two angles cannot exceed a certain
threshold, half a circle, i.e. 180°, here. Secondly, structures
moving in the opposite direction, i.e. in a counterclockwise
direction in the current example, are not taken into account.
The treatment of each video frame therefore leads to a distribution of the rotation velocity. The plasma inhomogeneity
propagation velocity distribution function is shown in the
form of a bar graph in ﬁgure 7 in the case of the ISCT200
thruster in WL conﬁguration operating at 110 V. The frame
number was 2000 and the time interval was set to 10 μs. The
mean velocity and the most probable velocity associated with
the distribution are 1213 m s−1 and 1279 m s−1, respectively.
As shown in [28], the slice number has little inﬂuence on the

Figure 6. Normalized segmented image (90 slices) of the image

shown in ﬁgure 4 for the ISCT200-WL thruster operating at 110 V,
1.2 mg s−1 and 0.97 A discharge current.

6
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breathing oscillation remains with a frequency around
10 kHz. The length of the plasma structure increases gradually when Ud is ramped up, see [28]. The transition between
the m=1 and m=0 modes occurs when the structure size
matches the annular channel circumference.
The structure rotation velocity was determined between
110 and 150 V using the image segmentation methods outlined previously. The xenon mass ﬂow rate was ﬁxed at
1.2 mg s−1. A plot of the plasma structure rotation velocity as
a function of the voltage is shown in ﬁgure 9, where the
velocity corresponds to the most probable velocity. The
rotation velocity reaches its maximum at Ud=120 V. A
possible source of uncertainty is the large size of the structure.
However, other analysis techniques also reveal that the
velocity increases with Ud up to 140 V. At this voltage, the
plasma discharge enters the m=0 regime: the azimuthal
inhomogeneity disappears and the breathing instability
dominates.

Figure 7. Velocity distribution function computed from analysis of

segmented images for the ISCT200-WL thruster operating at 110 V,
1.2 mg s−1 and 0.97 A discharge current.

structure rotation velocity. In this work, the slice number is
set to 90.

6. Rotating spoke properties: WL conﬁguration
6.1. Impact of the applied voltage

5. Rotating spoke properties: standard conﬁguration

Images of the plasma discharge of the ISCT200 HT in the WL
conﬁguration have been acquired with the high-speed camera
for discharge voltages ranging from 110 to 350 V at a xenon
mass ﬂow rate of 1.2 mg s−1. The camera frame rate was set
to 100 000 fps and the exposure time was 7.66 μs. A series of
consecutive digital images of the ISCT200-WL thruster ﬁred
at 110 V is displayed in ﬁgure 5.
The plasma structure rotates in the clockwise direction,
i.e. in the E×B electron drift velocity direction, whatever the
applied voltage. The change of conﬁguration, ST versus WL,
does not affect the rotation direction, which would be
expected to be governed by the magnetic ﬁeld direction. The
inﬂuence of the applied discharge voltage on the plasma
inhomogeneity shape is illustrated in ﬁgure 10. An m=1
mode structure is observed up to Ud≈200 V, with a few
occurrences of the m=2 mode, especially above 130 V.
However, the structure stops rotating at about 150 V. Between
110 and 130 V, the plasma inhomogeneity is clearly-deﬁned
with sharp boundaries, and exhibits stable dynamics and
quasi-periodicity with a relatively low velocity dispersion.
From 150 V the breathing oscillation dominates with a frequency between 25 and 40 kHz depending on the voltage
[28]. A distinct m=0 mode with a homogeneous discharge
in the azimuthal direction is observed above 200 V. As with
the standard conﬁguration, the length of the plasma structure
increases when Ud is ramped up in the WL geometry.
Figure 10 illustrates the change in size of the structure with
the applied voltage.
A plot of the plasma structure rotation velocity as a
function of the voltage is displayed in ﬁgure 11 for the WL
conﬁguration. The velocity has been determined by means of
the image segmentation method. Both the mean and the most
probable velocities are shown in the ﬁgure. The two values
are very close, indicating that the VDF is symmetrical. As

In recent years, several works about rotating spokes have
been carried out with HTs in the standard magnetic conﬁguration, see e.g. [11, 14–18]. Here we summarize the main
results obtained with our ISCT200 thruster in standard conﬁguration. These results will serve as a baseline for comparisons with spoke properties in the WL conﬁguration.
Images of the plasma discharge of the ISCT200 HT in the
standard conﬁguration have been acquired with the highspeed camera for discharge voltages ranging from 110 to
400 V (at a xenon mass ﬂow rate of 1.2 mg s−1 up to 250 V
and a mass ﬂow rate of 1 mg s−1 at higher voltages). The
camera frame rate was set to 130 000 fps and the exposure
time was 6.19 μs. Figure 8 shows a series of nine consecutive
digital images of the ISCT200-ST thruster ﬁred at 120 V. A
Wiener ﬁlter has been applied to all video frames, which have
been cropped to remove pixels outside the annular channel
boundaries. A well-deﬁned rotating plasma inhomogeneity in
the m=1 mode can be observed in this ﬁgure. The plasma
structure rotates in the clockwise direction, i.e. in the E×B
electron drift velocity direction. The image sequence of
ﬁgure 8 indicates a rotation period around 55 μs, a frequency
equal to 18180 Hz and a propagation velocity in the azimuthal
direction that amounts to 2115 m s−1, or approximately 0.2%
of the E×B speed. The rotation velocity appears to be much
larger than the velocity measured in the WL conﬁguration at
an identical voltage. The plasma structure dynamics are less
stable, or less periodic, in the standard conﬁguration of the
200 W HT. The dispersion in velocity is relatively large and
the structure dimensions change over the course of the rotation, as illustrated in the frames shown in ﬁgure 8. An m=1
mode structure has been observed up to Ud≈150 V. Above
this voltage the discharge is in the m=0 mode and only the
7
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−1
Figure 8. Time series of processed fast camera images of the ISCT200 thruster in standard conﬁguration (120 V, 1.4 mg s , 0.84 A)
discharge current.

with the standard conﬁguration, there is an apparent increase
in the velocity up to Ud=140 V. The rotation velocity varies
from about 0.1%–0.2% of the electron drift velocity. The
velocity magnitude is nonetheless slightly lower in the WL
conﬁguration compared to the conventional conﬁguration (see
ﬁgure 9).
6.2. Impact of the propellant mass flow rate

For studying the effect of the xenon mass ﬂow, the highspeed camera settings were 250 000 fps, 128×128 image
resolution and 3.286 μs exposure time. The thruster has been
ﬁred at two distinct discharge voltages, namely 110 and
130 V. The propellant mass ﬂow rate has been varied in the
range [1.0–1.7] mg s−1. These limits were set by the stability
of the plasma discharge.
A well-deﬁned plasma structure in the m=1 mode is
chieﬂy observed, whatever the gas ﬂow rate for the two
voltages. A few occurrences of the m=2 mode have been
seen. The structure always propagates in the clockwise
direction, i.e. in the E×B drift direction. The azimuthal
velocity has been computed using the segmentation method
with 90 bins. The mean velocity of the distribution is plotted

Figure 9. Plasma inhomogeneity rotation velocity against discharge
voltage for the ISCT200-ST thruster ﬁred at 1.2 mg s−1.
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Figure 10. Digital images of th ISCT200 thruster in the wall-less conﬁguration at various discharge voltages (1.2 mg s

Figure 11. Plasma inhomogeneity rotation velocity versus discharge
voltage for the ISCT200-WL thruster ﬁred at 1.1 mg s−1.

−1

).

Figure 12. Plasma inhomogeneity rotation velocity versus xenon

mass ﬂow rate for the ISCT200-WL thruster at 110 V (squares) and
130 V (circles).

in ﬁgure 12 as a function of the mass ﬂow rate. The velocity
increases with the mass ﬂow rate over the entire range for
Ud=110 V. When Ud is set to 130 V, the velocity ﬁrst
increases and then reaches a plateau around 2500 m s−1.
Changes in the rotation velocity with the gas ﬂow rate
demonstrate the inﬂuence of the neutral gas density on the
plasma inhomogeneity dynamics.

kept constant, see [27] and references therein. Those properties are linked to the thermoionic emission phenomenon. A
plot of the plasma inhomogeneity rotation velocity is displayed in ﬁgure 13. The heater current has a clear impact on
the rotation velocity: it increases quickly when the current is
ramped up. It also inﬂuences Id as seen in ﬁgure 13. The
discharge current increases gradually from 1.1 to 1.2 A when
Ic is changed from 16 to 18.5 A. It drops back to 1.1 A at
19 A, which is a sign of a change in the cathode discharge
mode [27]. The sudden drop of the velocity at 19 A is certainly due to Id returning to 1.1 A.
The plasma structure generally rotates clockwise, i.e. in
the E×B direction, but at 16 A counterclockwise rotation is
sometimes observed. The structure is most often in the m=1

6.3. Influence of the cathode heater current

High-speed imaging has been performed with the cathode
heater current Ic varying between 16 and 19 A. The operating
conditions of the ISCT200-WL HT were 130 V and
1.3 mg s−1. When the heating power of a cathode is increased
at a given gas ﬂow rate, it is known that the discharge
potential decreases if Id is ﬁxed or Id increases when Ud is
9
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Figure 14. Image obtained from 129 frames without synchronization
to the LIF setup PMT signal (left). Image constructed from the same
129 frames with synchronization. ISCT200-WL thruster ﬁred
at 110 V.
Figure 13. Inhomogeneity rotation velocity versus cathode heater
current, for the ISCT200-WL thruster at 130 V and 1.3 mg s−1. Id is
also shown.

However, this quickly turns out to be impractical due to the
size and transfer time of the video ﬁles. Instead of observations of the whole thruster channel cross-section area, the
light intensity was captured at the LIF measurement location
(channel axis, x=4 mm and θ=−90°). The collection
branch optical ﬁber was split in two. A second photomultiplier tube was used to record the total light intensity in
the measurement volume. A 10 nm bandwidth interference
ﬁlter was placed between the ﬁber output and the second
detector to isolate the ion ﬂuorescence line at 542 nm.
When a m=1 rotating spoke is present, the light trace
shows a periodic oscillation with a frequency identical to the
plasma inhomogeneity rotation frequency. The light signal,
i.e. photomultiplier output, peak can be isolated using a
simple peak detect algorithm and subsequently used to pick
the corresponding frames in the synchronized high speed
video. Figure 14 (right) shows an image built with 129 of
such frames. The plasma structure is well localized, which
demonstrates that the observed peaks in the light waveform
correspond to the passage of a plasma inhomogeneity. This
method, i.e. the use of the photomultiplier tube along with the
LIF signal, allows us to simultaneously determine when the
plasma inhomogeneity crosses the LIF measurement volume
and when a given photon from ion induced ﬂuorescence is
generated.

mode. A few occurrences of the m=2 mode have been seen,
but there is no apparent correlation with the cathode heater
current intensity.

7. Time evolution of the ion VDF
7.1. Time-resolved LIF

In the case of time-resolved laser induced ﬂuorescence
spectroscopy (TR-LIF) the ﬂuorescence radiation is recorded
as a function of time and correlated with a periodic
phenomenon occurring in the thruster discharge [41, 42]. For
oscillatory phenomena with characteristic frequencies in the
kilohertz range, there are only on the order of ten LIF photons
collected per period. To reconstruct a time-dependent ion
VDF with an acceptable signal-to-noise ratio and temporal
resolution, the signal therefore needs to be accumulated over
tens of thousands of cycles at the very least. Different
methods have been successfully used to acquire the timevarying ﬂuorescence signal [48, 49]. While TR-LIF studies on
HTs have so far mostly focused on the breathing mode
instability, all approaches, however, require either a stabilization system or a fairly stable and periodic phenomenon.
Unfortunately, high-speed imaging studies show that the
natural plasma inhomogeneity rotation is never perfectly
stable, both in frequency and phase. In the worst cases,
plasma structures can appear and disappear at seemingly
random times and locations. This poses a challenge for TRLIF as whatever the method chosen, knowledge of the plasma
inhomogeneity position at a speciﬁc time is required.

7.3. Data acquisition

Data acquisition based on the aforementioned method
requires special attention. In order to capture single photons
the setup has to be able to detect pulses with a ≈10 ns width.
The ﬂuorescence signal must be recorded over tens of thousands of cycles, i.e. during several seconds, to get an accurate
assessment of the shape of the ﬂuorescence signal over one
cycle. In order to get both the sample rate and memory depth
required, a Lecroy HD6104 oscilloscope was used instead of
our MCS-PCI pulse counter [48]. The characteristics of the
oscilloscope are 12 bit resolution, 1 GHz bandwidth, 250
Mpts per channel and a 1.25 GS s−1 sampling rate. The
oscilloscope records single photons from the two photomultiplier tubes, i.e. LIF light and total ﬂuorescence light, as
well as the signal from a fast photodiode that indicates if the
laser beam propagates through the plasma (mode ON) or is

7.2. Plasma inhomogeneity detection

Attempts at stabilizing the m=1 plasma inhomogeneity by
applying a sinusoidal frequency-tunable potential on the
negative pole of the cathode were unsuccessful [28]. It was
therefore necessary to ﬁnd a way to directly detect the inhomogeneity angular position. One obvious way is to simultaneously acquire the LIF signal and high-speed video.
10
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Figure 16. Normalized time-averaged Xe+ ion VDF from timeresolved LIF measurements (square) compared to the one obtained
with a standard phase-sensitive technique (line). ISCT200-WL
thruster operating at 110 V.

Figure 15. Light intensity (top), ﬂuorescence photons (middle) and

laser power (bottom), as recorded during a typical acquisition
sequence.

suspended (mode OFF). The cw laser light modulation is
achieved with a mechanical chopper set at about 1 kHz. When
the laser is ON, respectively OFF, the signal includes LIF and
background photons, respectively, background photons only.
The LIF signal is then obtained by substracting the ON and
OFF signals [41]. With a sampling frequency of 10MHz each
individual record lasts 1 s. Accumulation of about 100s of
recording is necessary to obtain suitable ion VDFs with a
good signal-to-noise ratio. Examples of raw data recorded by
the oscilloscope are shown in ﬁgure 15. The procedure to
obtain the time-dependent ion VDF at a given position consists in accumulating photons in time at a ﬁxed wavelength,
i.e. in recording the time evolution of a well-deﬁned ion
velocity group.

same: vmp=300 m s−1. This result indicates that the current
statistics for the acquisition duration are adequate. Wings of
the ﬂuorescence proﬁle are not captured in this example,
meaning that the number of probed velocity groups has to be
increased.
Once each photon has been identiﬁed for a particular
instant in time and a corresponding laser cycle (ON versus
OFF), their position in a plasma inhomogeneity rotation cycle
may be determined. The temporal range of each plasma
inhomogeneity passage is found using the method previously
described. From that, the delay between the plasma inhomogeneity and photons before and after the structure has
crossed the measurement volume is computed, with this
precise moment taken as a reference. This operation provides
the number of photons as a function of time for the ON and
OFF modes. Subtracting the two signals for each laser
wavelength gives the time-varying ion VDF. In this work the
time evolution of a velocity group is constructed by looking
for ‘identical photons’ that correspond to the same light level,
slope and moment in time according to the total light trace.
This technique, which is very similar to the technique
developed in Stanford, see [50, 49, 51], does not require the
signal to be periodic. This is a great advantage compared to
other methods as the phenomenon of interest does not have to
be stabilized or forced.

7.4. Data treatment and VDF construction

The ﬁrst step in the data processing is the detection of each
photon. For this, a peak detection algorithm is used and only
peaks of a certain minimum amplitude are retained. This
discrimination step allows the elimination of detector dark
noise photons. The photodiode signal is then read to determine if those photons were collected during the ON or the
OFF phase of the laser cycle. From this information alone, it
is possible to reconstruct the averaged shape of the ion VDF.
For each wavelength, the number of photons collected per
second when the laser is OFF is subtracted from that when the
laser is ON. The photon number per second is used, rather
than the total number of photons, because the durations of the
ON and OFF periods are not exactly equal. The validity of
this photon-counting technique is established by comparing
the time-averaged ion VDF obtained by means of a lock-in
detector with that built from the temporal average of timevarying ﬂuorescence traces. The result is illustrated in
ﬁgure 16. As is apparent from this ﬁgure, the temporallyaveraged ion VDF does not depend on the ﬂuorescence
radiation acquisition method. The two ion VDFs have a very
similar shape and the most probable azimuthal velocity is the

7.5. Time-varying Xe+ ion VDF

The time-varying ion VDF has been measured in the discharge of the ISCT200-WL thruster with a long acquisition
period in order to provide a large signal-to-noise ratio. The
HT operating conditions were 110 V, 1.3 mg s−1 and 1.15 A
discharge current. Time-resolved LIF measurements of the
azimuthal velocity component have been performed on the
channel centerline 4 mm downstream of the anode at −90°,
i.e. in the ionization region (see [36, 40]). The time-dependent
Xe+ ion VDF is shown in ﬁgure 17 along with the relative ion
11
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Figure 17. Time-varying distribution function of the Xe+ ion azimuthal velocity on the channel axis at x=4 mm and θ=−90°. ISCT200WL thruster operating at 110 V and 1.3 mg s−1. Also shown is the relative ion density, which corresponds to the LIF signal intensity. The
dashed lines indicate the spoke rotation period.

density that correspond to the LIF signal intensity corrected
for the laser power variation. The t=0 reference time refers
to the detection of the plasma structure. Under these thruster
operating conditions, the m=1 inhomogeneity rotation period is about 70 μs (see section 6). The ion VDF does not
change much over time, with an amplitude that scales with
density. Most ions rotate in the E×B direction (positive
velocity), i.e. in the direction of the spoke motion. However,
some ions propagate in the opposite direction (negative
velocity) especially when the ion density is large, as can be
seen in ﬁgure 17. The mean ion velocity does not vary signiﬁcantly. The highest magnitude of the mean ion velocity is
around +400 m s−1. It corresponds to an ion thermal speed; in
that case one ﬁnds Ti=1000 K, a reasonable value for a lowpower HT [41]. The measured ion velocity is well below the
rotating spoke velocity, which is about 1600 m s−1, and the
ion sound speed that reaches 3820 m s−1 with Te=20 eV, in
agreement with previous work by Sekerak in high-power
HTs [46].

implemented in the code to enable the monitoring of the atom
and ion VDF in time and space.
Figure 18 shows the simulated temporal evolution of ion
density, ion velocity distribution function in the azimuthal
direction and local plasma potential during two rotation
cycles of the plasma structure at x=4 mm, y=0 mm (onaxis) and θ=−90°. The simulation conditions were 1 mg s−1
Xe ﬂow rate, 175 V discharge voltage and a neutral gas
temperature of 400 K. In ﬁgure 18 the velocity is expressed as
a multiple of the local ion acoustic wave speed cs, which is
equal to 3834 m s−1 here. As can be seen in ﬁgure 18, the
distribution of the ion azimuthal velocity component is most
often distinctly non-Maxwellian, with high-velocity tails.
High-energy ions are created more speciﬁcally at the edges of
the rotating spoke, where strong potential gradients are
present.
The measured and simulated time-dependent Xe+ ion
VDF are in relatively good agreement, although the thruster
operating conditions are different, particularly the applied
voltage [55]. The code reproduces the rotating spoke properties in terms of size, mode number, drift direction and
dynamics, though the m=1 to m=0 mode transition occurs
at higher voltages around 250 V. Similarly, the simulated
plasma inhomogeneity rotation velocity in the azimuthal
direction is larger than that inferred from fast camera imaging.
The discrepancy may originate from scaling relations used in
the PIC simulations to reduce the computational time and/or
from the applied boundary conditions.
Many characteristics of the simulated ion VDF also
appear on the measured distribution function. The timeaveraged Xe+ ion azimuthal velocity is positive, i.e. in the
E×B direction, except at the plasma structure boundaries,
with a small amplitude, well below the structure rotation
velocity. Simulations give a plasma structure rotation velocity
of 2.9 km s−1 (27 kHz rotation frequency) and a mean ion
azimuthal velocity around 800 m s−1 in the high density

7.6. Simulated ion VDF

Computer simulations of the plasma discharge of the
ISCT200 HT in the WL conﬁguration have been performed
using the self-consistent 3D-3V particle-in-cell code STOIC
(electroSTatic optimized particle in cell). A detailed description of the STOIC code can be found in [52–54]. Only the
main parameters are given here. Simulations are performed on
a 70×70×50 grid. The total number of computational
particles is around 2×107. The cell size is 0.1 mm in all
directions, smaller than the Debye length everywhere. The
time step is set to 5.6×10−12 s to resolve the plasma and
cyclotron frequencies. Scaling laws are used to reduce the
computational time. Information and results about numerical
simulations of a WL HT are available in [55, 56]. For this
work, a speciﬁc diagnostic module has been developed and
12
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Figure 18. Simulated time-dependent ion VDF during two rotation cycles of the plasma instability (middle) at x=4 mm, y=0 mm (on-

axis) and θ=−90°. The ion acoustic speed cs is equal to 3834 m s−1 here. Also shown is the time evolution of the ion density (upper plot)
and the time evolution of the electric potential (lower plot). Parameters are 175 V, 1 mg s−1 and Tn=400 K.

in the −E×B direction has indeed been observed recently in
other devices [57]; it is interesting to consider whether any
particular operating conditions may lead to a similar observation in HTs. To our knowledge, no such observation has yet
been made.
The azimuthal spoke velocity is inﬂuenced by the applied
voltage, the propellant mass ﬂow rate and the external cathode properties. Whatever the thruster operating conditions,
the rotation velocity of the plasma inhomogeneity remains
below the critical ionization velocity, which is equal to
4220 m s−1 for xenon. The time-varying Xe+ ion velocity
distribution function has been measured on the channel axis at
−90° in front of the anode of the ISCT200-WL thruster at
110 V using a photon counting LIF spectroscopy technique.
Most ions rotate in the in the E×B direction. The mean ion
velocity corresponds to the thermal speed. It is well below the
plasma structure rotation velocity and the ion sound speed.
The ion VDF reveals the presence of ions with positive and
negative velocities inside the spoke.
Numerical simulations of the rotating structure in the
ISCT200-WL discharge have been performed with a 3D-3V
PIC code. Several qualitative similarities have been found
between experiments and simulations: identical structure sizes
(about 1/5 of the channel mean circumference), dominance of
the m=1 mode whatever the operating parameters, and the
transition from m=1 to m=0 at high voltages. Rotation
frequencies and propagation velocity are, however, different
in simulations and experiments; simulations give larger
values. Discrepancies could originate from boundary conditions or scaling factors used in the 3D-3V simulations. In
addition, the time-dependent ion VDF in the azimuthal

region for conditions of ﬁgure 18. Fast ions, with positive and
negative velocities, are created during short time periods due
to the the strong potential gradients at the structure boundaries. It is worth noting that very fast ions that exist at the
edges of the rotating spoke are not experimentally observed
by LIF spectroscopy as the associated density is low (see
ﬁgure 18). Finally, the ion density distribution along the
channel mean circumference is well-reproduced.

8. Conclusion
Characteristics and dynamics of rotating spokes have been
investigated in the plasma discharge of a 200 W-class permanent magnet HT in the WL conﬁguration with a curved
gridded anode at the channel exit plane. Such a conﬁguration
shifts the plasma discharge outside the dielectric channel.
These results have been compared to those for a HT operated
in the standard conﬁguration, where the anode is placed at the
back of the channel. The magnetic ﬁeld topology was the
same for the two conﬁgurations, with the highest magnitude
at the channel outlet.
High-speed camera imaging combined with sophisticated
image processing allowed the observation of the plasma
structure dynamics and the determination of the mode number, the rotation frequency and the propagation velocity. For
the two conﬁgurations, the m=1 mode dominates at low
voltages and transition from this mode to the m=0 mode,
which corresponds to the breathing oscillation, occurs around
150 V. The plasma instabilities always rotate in the E×B
electron drift velocity direction. We note that spoke rotation
13
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Phys. Rev. Lett. 106 225006
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closed drift thrusters Plasma Sources Sci. Technol. 8 R1–20
[22] Boeuf J-P 2017 Tutorial: physics and modeling of Hall
thrusters J. Appl. Phys. 121 011101
[23] Mazouffre S 2016 Electric propulsion for satellites and
spacecraft: established technologies and novel approaches
Plasma Sources Sci. Technol. 25 033002
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2012 Ionization and acceleration processes in a small,
variable channel width, permanent-magnet Hall thruster
J. Phys. D: Appl. Phys. 45 185203
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axial velocity distribution functions in a cross-ﬁeld ion
source Phys. Plasmas 19 073501
[26] Grimaud L and Mazouffre S 2018 Performance comparison
between standard and magnetically shielded 200 W Hall
thrusters with BN-SiO2 and graphite channel walls Vacuum
155 514–23
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5 A-class cathode with a LaB6 ﬂat disk emitter in the 2A20A current range Vacuum 146 52–62
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Schneider R 2017 Investigation of rotating spoke
instabilities in a wall-less hall thruster. part i: experiments
Proc. 35th Int. Electric Propulsion Conf., IEPC (Atlanta,
Georgia) pp 2017–248
[29] Grimaud L and Mazouffre S 2017 Conducting wall Hall
thrusters in magnetic shielding and standard conﬁgurations
J. Appl. Phys. 122 033305
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magnetically shielded and unshielded Hall thrusters Plasma
Sources Sci. Technol. 26 055020
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plasma accelerator Phys. Plasmas 18 033501
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beam in a Hall thruster Appl. Phys. Lett. 102 023509

direction has been reconstructed from the numerical data set.
There is a good qualitative agreement between the simulated
and the measured ion VDF. Simulations, however, reveal the
existence of high-energy tails at the structure edges, regions
of low plasma density and steep plasma potential gradients,
features which will be of interest for future experimental
study.
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