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Electron density fluctuations in a Hall plasma thruster:
observations by collective light scattering
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A new collective light scattering diagnostic was built to investigate electron density fluctuations
and associated instabilities in a Hall thruster plasma. Previous numerical simulations have predicted

electronic transport across magnetic field lines occurring at the scales of the electron cyclotron drift

radius at certain frequencies. This paper presents the first experimental observations of the electron

density fluctuations in the expected ranges of wave number and frequency, supporting the role of these

instabilities in anomalous electronic diffusion. Key features such as the dispersion relations, form factor
and spatial distribution of these fluctuations are discussed.
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1. Introduction

The improvement of Hall plasma thrusters poses
challenges because the physics underlying their oper-
ation has not yet been fully mastered. A key ques-
tion concerns the origin of the large electron temper-
ature and anomalous electronic transport across mag-
netic field lines in the thruster. In the past, this phe-
nomenon was explained via wall collisions [1], how-
ever, the electron-wall collision frequency was shown
to be too small to account for the unexpectedly large
electron mobility and temperature.

Yoshikawa and Rose [2] showed early on that den-
sity fluctuations could give rise to anomalous diffu-
sion. Hybrid codes and two-dimensional particle-in-
cell simulations [3] have since given ample support for
the notion that turbulence accounts for the anoma-
lous heating and transport. In particular, oscillations
perpendicular to the magnetic field, of frequencies on
the order of a few MHz, and of characteristic length
scales close to 1mm, were predicted to have an in-
fluence on transport. Reliable experimental measure-
ments of the electron density fluctuations inside the
thruster plasma have been, however, hard to come by.

Previous experimental work on the thruster has
focused on the use of antennae or probes on the edge
of the plasma to identify large-scale oscillations in the
thruster [4].
first time, a non-invasive collective light scattering di-
agnostic (PRAXIS) to study electron density fluctua-
tions in the thruster plume at small scales. This study
presents several new experimental results on electron

Our thruster investigations use, for the

density fluctuations.

2. Experimental details
The thruster is operated (typically at a Xenon
flow rate of 20mg/s) in a cylindrical vacuum vessel
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Fig. 1 Setup of the collective scattering diagnostic, with
the PRAXIS optical bench beside the vacuum ves-
sel. The dotted lines show the path followed by the
laser beams, which intersect in front of the thruster
exit plane and are returned to a detector on the
bench. The x-axis corresponds to the thruster axis.

(radius 1.1m) and is situated on the vessel axis near
the front of the vessel, with an axial displacement of
the thruster possible. A beam from a continous power,
10.6um wavelength, 42W laser on the PRAXIS op-
tical bench is split into two beams, consisting of a
low-power, frequency-shifted local oscillator and an
intense primary beam, which cross in the thruster
plume. This defines both the scattering volume and
the scattering wave vector k. The thruster plume is
accessible via a ZnSe window on one side of the vessel.
The primary and local oscillator beams and the scat-
tered radiation are collected through a diametrically
opposite window on the vessel. The local oscillator
beam and the scattered radiation are sent to a detec-
tor on the bench (Fig. 1).

The waist of the beams in the scattering region is
2.5mm. Scattering angles of 6 to 20mrad were inves-
tigated, and in the current study, the wave vector was
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Fig. 2 View of the front of the thruster. The axes shown
correspond to those of Fig. 1, with the x axis aligned
with the thruster axis. The radial B-field and axial
E-field are indicated, as is the direction of the ExB
electron drift. The dark grey lozenge corresponds
to the observation volume, while the light gray an-
nulus corresponds to a plasma region (which forms
the thruster plume at the exterior of the thruster).
The observation vector k forms an angle o with the
X-axis.

oriented parallel to the ExB drift direction or parallel
to the thruster axis. Fig. 2 provides details of the coor-
dinate system, the orientations of the thruster electric
and magnetic fields, and the wave vector orientation.

In Fig. 2, a is the angle between k and the hor-
izontal ion beam, and the results in this study cor-
respond to two angles, 0° (k oriented parallel to the
ion beam) and 90° (k oriented parallel to the ExB
drift). The scattering volume is at least 20cm in
length, traversing the thruster diameter.

2.1 Signal processing

Heterodyne detection is used to generate a com-
plex signal which is proportional to the spatial Fourier
transform of the electron density, at a particular scat-
tering wave vector k.

The signal from the detector is amplified and de-
modulated into its real and imaginary parts by the
second, analogous stage of the heterodyne detection.
A record of typical length 6.5x10° samples, at a rate of
50MHz, is made simultaneously on the two channels
and stored on a computer. Four types of records are
made: (i) the laser signal without the plasma, (ii) the
signal with the detector closed, (iii) the signal with
the plasma and laser beams present, and (iv) the sig-
nal with only the primary beam absent. These records
are used to determine the true scattered signal and the
true photonic noise and subsequently, the intensity of
the scattered signal.
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2.2 Form factor normalization

The large depth of memory allows for an improve-
ment of the signal to noise ratio via an averaging pro-
cedure. A Fourier analysis is performed on a short
slice of samples (eg. 200). All the resulting N spec-
tra (N = total length of records/slice length) are then
averaged. This yields a mean Fourier frequency spec-
trum with a variance reduced by v/N (eg. about 180).

The scattered signal spectral density, I(k,w), is
normalized by the photonic noise spectral density,
Ipn(k,w), to yield the dynamic form factor S(k,w),
in units of seconds (Eq. 1):

hvmw? I(k,w)
S(k,w) = 4 1
(k,w) NPy A21,2n, L Iy, (K, w) (1)
In Eq. 1, % is the ratio of the photon energy to

the efficient laser power, n, is a mean plasma density
(assumed to be 10®¥m=3), and L is the length of the
observation lozenge.

This normalization eliminates variations in ampli-
fier gain in the electronics circuit and removes other
signal artefacts. The static form factor (later used in
Fig. 6) is the dynamic form factor integrated over an
appropriate frequency range and provides an absolute
measure of the fluctuation intensity at a given wave
vector.

3. General observations

The diagnostic and data treatment permitted the
observation of clear signals at low (below 1MHz) and
high (1-25MHz) frequencies. Only the general obser-
vations at high frequencies are presented here.

3.1 Characteristic frequency spectra

Fig. 3 and Fig. 4 show two normalized frequency
spectra obtained for a wave vector oriented parallel to
the ExB drift and parallel to the ion beam, respec-
tively.

In Fig. 3, k is parallel to ExB. The wave number
is 5900 rad/m and the observation lozenge is situated
13.5mm from the thruster exit plane. This spectrum
is characterized by an intense frequency peak near
2.5MHz (and a smaller symmetric negative peak).

In Fig. 4, k is parallel to the ion beam. The wave
number is 6500 rad/m and the observation lozenge is
situated 12.5mm from the thruster exit plane. The
spectrum peak is much less intense and is situated
near 20MHz.

The very sharp peak at 0 MHz in Fig. 3 is due to
stray diffraction and does not constitute the principal
signal of the diffusion. Features of the very low fre-
quency peaks, such as are evident in Fig. 4, will not
be discussed here.
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Fig. 3 A characteristic normalized frequency spectrum ob-
tained with k oriented parallel to the ExB drift.
The principal signal is around 2.5MHz.
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Fig. 4 A characteristic normalized frequency spectrum ob-
tained with k oriented parallel to the ion beam di-
rection. The principal signal is around 20MHz.

3.2 Dispersion relations

The variation of frequency with wave number was
examined for k parallel to the ExB drift and to the
ion beam. In both orientations, a linear variation of
the frequency with wave vector was observed, how-
ever, characteristic velocities in the two directions
were quite different. An example of two characteristic
dispersion relations is shown in Fig. 5.

In Fig. 5, electron density fluctuations along ExB
are characterized by a group velocity of 4300 m/s.
Variation of the Xe input flow rate has no effect on
the linear shape and slope of the dispersion relation.

Fluctuations along the ion beam are characterized
by a group velocity of around 16000 m/s. This value
is very close to the ion beam velocity in the exhaust
plume.
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Fig. 5 Characteristic dispersion relations for different k
orientations. k parallel to the ExB drift (circles),
and k parallel to the ion beam direction (squares).
The observation volume is 7.5mm from the motor
exit plane.
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Fig. 6 The static form factor magnitude S(k) as a function
of distance from the thruster exit plane for k paral-
lel to the ExB drift (circles) and k parallel to the
ion beam direction (triangles). The wavenumber in
both cases is 6200 rad/m.

3.3 Spatial distribution of density fluc-
tuations
The fluctuation intensity was studied as a func-

tion of axial distance from the thruster. Results of this
study for the two different k orientations are shown in
Fig. 6.

For both orientations of k, the largest density fluc-
tuations occur not right at the thruster exit plane, but
about 13.5mm from it. For k parallel to ExB, the
form factor shows an exponential drop after the max-
imum value and the fluctuations disappear 100mm
from the thruster exit plane. In contrast, density fluc-
tuations along the ion beam direction persist over the
entire distance which was accessible during this exper-
iment.
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3.4 Our results in the context of theo-
retical models

Adam et al. [3] showed that the electron drift
velocity was a source of an instability which could
heat the electrons and cause transport across mag-
netic field lines. Our diagnostic is capable of examin-
ing this instability (with k oriented along ExB) and
strong density fluctuations are seen in this direction.
Significantly, the diagnostic validated the presence of
this instability at the frequency range and wavelengths
predicted in numerical codes. In comparison, previous
experimental studies indicated the presence of insta-
bilites at scales two orders of magnitude larger than in
the current study. Our work is the first experimental
study of electron density fluctuations at the millimeter
scale.

The numerical results predicted the existence of
unstable modes only for certain discrete values of
wavenumber. Let us define pcp as the Larmor ra-
dius of an electron moving at the ExB drift velocity.
According to theory, unstable modes occur for integer
values of kpcp larger than 1. For our experiment,
1.5 < kpep < 3.3; the unstable modes predicted
should be evident at kpcp = 2,3. However, even
when the resolution of the diagnostic is taken into ac-
count, the theoretical results do not concur with the
continuous dispersion relation in this regime, which is
what is observed experimentally.

This study provides several new measurements of
electron density fluctuations in a Hall thruster. Im-
portant similarities and differences with the results of
numerical codes are already apparent; work is ongoing
to develop coherent theoretical models for the observa-
tions and to understand the implications of this work
on existing models for anomalous transport.
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