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Abstract.

Reliable measurements of electron properties are key fornthe validation
of simulations of Hall thrusters and similar plasma sourees. Imnthis/paper,
a recently-developed incoherent Thomson scattering diagnostic,is successfully
applied to electron property measurement in a low-power. Hall thruster discharge.
Investigations of electron properties along radial and azimuthal directions in both
conventional and magnetically-shielded architecturesare performed. The high
diagnostic sensitivity gives access to electron propérty measurements in a plasma
environment with densities as low as 1016 m—3. [Electron tem;:rgatures reaching
several tens of eV and drift velocities on the order of 106 ms~! are measured in
the exit plane region. The impact of thé magnetic field, (intensity and direction)
and discharge voltage are investigated.
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1. Introduction

A Hall thruster is an electric propulsion device first
conceived and developed in the mid-1960s in the Soviet
Union. This thruster was operated for the first time
in space aboard the USSR Meteor satellite in 1972
[1-4] and is today widely used for station-keeping
on telecommunications satellites [5-7]. Interest in
such technologies is driven by the significant fuel
mass economies achievable in comparison to chemical
propulsion-based systems. In spite of the long flight
heritage of these devices, an understanding of their
underlying physics remains poor: questions such as
the nature of instabilities occurring over different
temporal and spatial scales [8], interactions between
the thruster plasma and external cathode plasma
[9], the origins of non-Maxwellian electron velocity
distribution functions [10, 11], the nature of plasma-
wall interaction and the consequences of secondary
electron emission [12-15], all remain to be fully
understood. Early simulation efforts have shed light on
aspects such as Hall thruster instabilities and particle
dynamics, illustrated for example in Refs. 16-19
and newer modeling efforts have been undertaken in
several research teams in recent years, including in/the
teams of Refs. 4, 20-24, in order to advance physical
understanding and ultimately, make possible fully-
predictive discharge modeling. However, all codes must
be fully validated through comparison with accurate
experimental measurements for electron properties.

Electron property measurement in Hall thrusters
has so far been extensively performed with Langmuir
probes, including in Refs. 25-28, tosmame only a
few. Optical emission spectroscopy has alsonbeen
used as an alternative method to estimate electron
temperature in thrusters in werks ihtluding Refs.
29-32. Such techniques are adequate forfar plume
measurements, however,  their' application in the
acceleration region of the Hall thruster plasma has
limitations [33]. The expected high electron densities
and temperatures and the presence of strong magnetic
fields in this region complicate sighal measurement and
interpretation. More specifically, for Langmuir probes,
the measurement/duration must be minimized with
fast translation stages in ordernto avoid sputtering,
and the helical trajectories of magnetized electrons
require mor€ complex probe theories to interpret the
signals acquired. For optical emission spectroscopy,
the use of lineintensities in collisional-radiative models
to determine electron temperatures is associated
with (inaccurac¢ies for both low and high electron
temperatures [30, 31].

Thomson scattering applied to such measurements
offers.the possibility of unambiguous and perturbation-
freemmeasurement of electron properties. The challenge
associated with this technique is achieving a high

enough diagnostic sensitivity for measarements in a
low-density plasma, such as that of the Hall thruster.
In the coherent regime, Thomson scattering» has
already proven to be an efficient technique to measure
electron density fluctuations in such\plasmas, seen
in the implementation of ‘he PRAXIS, diagnostic
[34]. In the incoherent regime, Thomson seattering
allows measurement of thermal properties of electrons.
This technique has already been successfully used
in several low-pressure plasma  sources to estimate
electron density and temperature, including in Refs.
35-41 or even the electron drift velocity in Ref. 42.

Recent studies by Was@leski [43, 44] have shown
that this technique canbe used in Hall thrusters, but
the low signal levelsiand large stray light intensities
make its applicatiomchallenging. In our previous work,
a sufficiently sensitive, diagnostic named THETIS
(THomson seattering Experiments for low- Temperature
Ton Sourées)was developed and successfully tested on a
cathode discharge [45] and a planar magnetron [46]. In
this paper, the results from the implementation of this
diagnostic on a low-power Hall thruster are presented.

In' Section 2, a description of the main features of
the diagnostic and the data analysis procedures used
are presented. Results of experimental investigations
on two thruster architectures under different discharge
conditions are discussed in Section 3. A summary of
the main results is given in Section 4.

2. Experimental schemes

2.1. Overview of the experimental set-up

2.1.1. Test facility

Experiments were performed in the NEXET (New
Ezxperiments in Electric Thrusters) vacuum chamber
at ICARE. This chamber is a stainless steel cylinder
0.7m in diameter and 1.7m in length, equipped with
a primary dry pump, turbomolecular pump, and
cryogenic pump. The pressure was measured with a
Leybold Penningvac PTR 90 gauge positioned at the
top of the chamber, approximately 1 m downstream
of the gas injection position .The pumping assembly
achieves a base pressure of 10~*Pa and operating
pressure below 2 x 1072 Pa with a xenon mass flow
rate up to 2.5mgs~!. Background pressure effects
are not negligible [47] for these operating conditions.
Tonization of the ambient gas is expected to contribute
to higher discharge currents than at lower chamber
pressures, for the same applied voltage. Slightly
higher electron densities (due to ambient ionization)
and lower electron temperatures (due to increased
electron-neutral collisions) are also expected under our
operating conditions. Such effects have been observed
for previous studies investigating facility effects, for
example, in Ref. 48.
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The discharge voltage is regulated with an SM1500
Delta Elektronika DC power supply. Discharge current
is measured through a 0.5-1.0 W Stangenes current
transformer probe and monitored with a LeCroy
HDO6104 digital oscilloscope.

2.1.2. Plasma sources

Incoherent Thomson Scattering (ITS) measure-
ments were performed on two 200 W Hall thrusters
of the ISCT200 (ICARE Small Customizable Thruster
200W) type: the ISCT200-GEO and ISCT200-MS.
Both thrusters were equipped with BNSiO5 channels
and have the same channel width and mean diameter,
a geometry referred as “2S” in previous publications
[49]. The so-called 2S5, geometry corresponds to a con-
figuration with a channel width to diameter ratio twice
as large as the usual value. In this paper, thrusters
were operated with xenon injected through a porous
ceramic gas distributor placed behind a stainless steel
ring anode, as seen in Fig. 2.

The ISCT200-GEO has been extensively studied
at the ICARE laboratory [50]. It has a standard
magnetic field topology, achieved using an assembly of
permanent magnets, with the maximum field intensity
at the center of the channel and inside the exit plane:
The magnetic field intensity is changed by varying
the number of magnets of the internal and external
magnetic circuits. Three peak magnetic fields were
used in this study: Bjey, (15mT), Byg (25mT) and
Bhrigh (31.5mT). The ISCT200-GEO is showmin
Figure 1la. The typical magnetic profile,of this thruster
is illustrated in the upper half of Figure 2:

The ISCT200-MS has been studied “im, recent
years [51, 52] and has a magnetic cireuit designed for
“magnetic shielding”, a concept originallyzdeveloped by
researchers at NASA-JPL [53] and recently extended
to miniature Hall thrusters (in the 300-500 W range)
by Conversano and colleaguesy[54]. This ¢onfiguration
is designed to reduce chanmel erosion [55] and the
maximum magnetic fieldeposition, ishslightly shifted
downstream of the exit plane. In this work,
measurements with aypeak magnetic field of 15mT
(Biow) are discussedsThe ISCT200-MS is shown in
Figure 1b and the typical magnetic field line shape of
this shielded thruster/is illustratedrin the lower half of
Figure 2.

Both thrusters were operated with a 5 A MIREA-
type hollow cathode|equipped with a LaBg emissive
element heatedywith 130 W of power and run with a
xenon/flow rate.of 0.2mgs~!.

The laser beam used to probe the plasma was kept
fixed. The,thrusters were translated along the x-axis
(Figure 3) for axial exploration of electron properties.
Displacements along the y-axis and z-axis were used to
change the scattering configuration.

(a) The ISCT200-GEO Hall
thruster (unshielded,
standard)

(b) ThelISCT200-MS Hall
thruster (shielded)

Figure 1: Hall thruster models used for ITS
investigations

gas’injector

unshielded thruster

ceramic walls (BN-Si02)
I magnetic circuit
B magnets

anode

plasma

magnetic field lines

Figure 2: Hall thruster geometry. Typical magnetic
field line shapes for unshielded (top half) and shielded
(bottom half) Hall thrusters are compared.

2.1.8. Description of the ITS diagnostic

A detailed description of the recently-developed
ITS diagnostic named THETIS and the procedure for
data analysis can be found in a published article [45].
Only a brief description is made here.

Optical elements

A schematic of the THETIS diagnostic transmis-
sion and detection branches is shown in Figure 3.

The transmission branch produces the scattering
signal. This is drawn with a dark green line in Figure 3.
It starts with a frequency-doubled, 10Hz pulsed Q-
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switch Nd:YAG laser delivering pulses of 430 mJ (pulse
width 6 ns). Mirrors and lenses conduct and focus the
laser beam into the observation volume of the detection
branch. The laser beam is finally sent to a large-
aperture beam dump to reduce back reflections.

The detection branch is used to analyze the
Thomson scattering signal and is indicated with a light
green line in Figure 3. It starts at the observation
volume position, where the light from the transmission
branch has been focused. From this volume, the
Thomson scattering radiation and other stray radiation
is emitted. This signal is focused with a collection lens
onto the entrance of an optical fiber bundle, composed
of a 5x 3 array of 300 pum-diameter fibers. In the
configuration of these experiments, the collection lens
referred as L1 is a 100 mm-diameter plano-convex lens
with a 200mm focal length positioned at the top of
the vacuum chamber 0.564 m from the observation
volume (magnification factor of 0.55). The fiber
bundle transmits the collected light to the optical table,
where light from a 1 x 15 array of the fiber stack is
collimated with a 50 mm-diameter plano-convex lens of
125 mm focal length. The stray light from reflections
and Rayleigh scattering are then attenuated with
a 25mm x 25 mm VBG-NF (Volume Bragg Grating
Notch Filter). The remaining light is focused onto
the 1mm-wide entrance slit of a spectrometer using
a 300mm focal length lens to fit the /9.7 mumerical
aperture of the spectrometer. Light is then typically
dispersed by the spectrometer with a 600 lines nim !
grating suited for measurement of the high electrom
temperatures (tens of eV) expected at the Hall thruster
exit plane. Finally, the dispersed light is"detected with
an ICCD camera with a 10 ns gate, synchronized with
the Q-switch signal from the laser.

Scattering configuration

With this detectiongbranch configuration, the
observation volume is 0.3 mmin diameter and 2.7 mm
in length. Plasma properties measured with the
diagnostic correspond 0 an average over this volume.

Electron properties along an observation wave vec-
tor k are probed withpThomson scattering diagnostics.
As represented infFigure 4, the observation wave vector
direction in this workds defined by the vector equation
k= k?Z — kz kj corresponds to the wave vector of the
incident laser beam and k: corresponds to the wave
vector of the light entering the detection branch.

In these experiments, the thruster vertical position
was chosen so that the laser beam passes at a height
T'mean X%, €08(45%) above the midplane (where 7,cqn is
the mean chanuel diameter). With this configuration, a
lateral translation of the thruster allows the alignment
of the observation wave vector along either the radial
or azimuthal direction, if the observation volume is

positioned in front of the channel mean diameter.

By convention, a positive spectral4shift. of the
Thomson spectrum corresponds to a positive electron
drift velocity. With the data analysis convention used,
a positive drift velocity measured along the azimuthal
direction corresponds to electrons driftingyin the anti-
clockwise direction (i.c. along %) Along the radial
direction, a positive drift will ¢orrespond. to an electron
moving towards the internal‘pole of the thruster.

Data analysis

For calibration of the transmission factor of the
detection branch, the same proeedure as that discussed
in Ref. 45 is followed. The vacuum chamber was filled
with nitrogen tera pressure,of 1000 Pa and the signal
from Raman scattering/accumulated over 6000 laser
pulses. Duedto the high electron temperatures expected
with the Hall »thruster, the Raman calibration, as
well as most of Thomson spectrum acquisitions, were
performed withhthe 600linesmm~! grating and a
central wavelength of 532nm. The spectrometer slit
width was set to 1mm. With this grating and slit
width/the Bdltzmann distribution of the vibrational
states, and not the individual Raman lines, is resolved.

Inyour recent work, the Thomson scattering signal
analyzed is obtained from the subtraction of two
consecutive spectra types accumulated over 6000 laser
pulses. The first record (“Thomson”), is obtained
with the plasma and laser on. During this record,
the Thomson scattering, plasma emission, electronic
noise and the remaining stray light from Rayleigh
and reflections are measured. The second record,
(“background”), is obtained with the plasma on but the
laser off. During this record, only the plasma emission
and electronic noise signals are measured. For both
plasma sources studied to date (the hollow cathode
and planar magnetron) the subtraction of these two
records were enough to isolate Thomson scattering
from plasma emission lines.

For analysis of the Thomson spectra in the present
work, the data analysis procedure has been modified
with respect to the procedure described in Ref. 45
to be more robust to potential distortion from plasma
emission lines. Due to the high electron temperatures,
the spectral range covered by the Thomson scattering
signal is large. Inside the 28.6nm spectral range
observed, several intense emission lines from the Hall
thruster plasma are present. Even during the 10ns
observation gate of the detector, some emission lines
remain at amplitudes at least one order of magnitude
above the maximum Thomson scattering signal. The
subtraction of the plasma emission record can lead to
dips in the final spectrum (for example, near 530 nm
and 542nm in the Thomson spectrum of Figure 5),
or leave stray peaks (for example near 526 nm in the
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Figure 3: Schematic view of the THETIS diagnostie setup for Hall thruster investigations (not to scale). The
transmission branch is indicated with a dark green line and,the detection branch with a light green line. L0,
L1, L2 and L3 indicate lenses; A0, A1, A2, and A3 indicate apertures; VBG indicates the notch filter. The

plasma volume is shown in blue.

azimuthal radial
investigations investigations
detection volume A
0.3 mmjy

[\

BN
=
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Figure 4: Scattering gonfigurations (not to scale) used
for investigation.of electron properties along the
azimuthal (left) and radial (right) directions. Both
views are presented facing the thruster plume (in
blue). Thejlaser beam is in green and the detection
volume in orange.

same figure)."The presence of residual plasma emission
contributions can be accounted for in two ways.
A slow drift in the plasma conditions due to

thermalization of the thruster could lead to a drift
of plasma emission intensity. This slight difference
occurring between the “Thomson” and “background”
records would appear significant in comparison to the
weak Thomson scattering signal. Another possible
reason is that during “Thomson” records, the emission
lines are measured in the presence of the intense electric
field of the laser. This electric field may induce
significant Stark splitting and shifting [56, 57]. During
the “background” records such splitting is absent, the
recorded emission lines would not be identical to those
obtained during “Thomson” records.

To limit distortion by the emission lines, the
Thomson spectra are analyzed in the following way
before fitting. Negative values of intensity (counts)
below three times the standard deviation of the
electronic noise level from the iCCD (0¢jec noise) can
only be attributed to distortion from plasma emission
lines following subtraction. Intensities of the acquired
Thomson spectra below this critical value were
truncated at this value (3 X 0giee noise= — 2.5 counts
with the experimental parameters used during the
campaign). To mitigate the positive distortion of
the Thomson spectrum (i.e., cases where the residual
emission lines add up positively to the Thomson
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Figure 5: Thomson spectrum example obtained along
the azimuthal direction with the ISCT200-GEO
thruster. The corresponding electron density and
temperature are ((2.6 £ 0.2) x 10*® m~=3 and

(20 & 2) eV respectively. Discharge parameters are a
xenon flow rate of 1.6 mgs~!, discharge voltage of
250V and a discharge current of 1.13 A. This
spectrum is obtained for an axial distance from the
exit plane of 4mm and peak magnetic field of 25 mT
at the exit plane.

signal), a Savitzky—Golay filter was applied to she
Thomson spectrum. This low-pass filter reduces the
fast rises of intensity due to plasma emission lines,
while leaving unchanged the slowly-varying Thomson
spectral shape. This filter was applied independently
on the left and right sides of the Thomson spectrum,
separated by the rejected central spectral range around
532 nm.

Data obtained from this preliminary.data process-
ing is used as input to the algorithm for Thomsenspec-
tral analysis presented in Ref. 45. A Gaussian func-
tion convoluted with the instrumént filmctiondis used
as a fitting function for the Thomson/pectrum. From
the Gaussian standard deviation, an electron temper-
ature is determined, while the shift ofithe Gaussian
mean from the laser wavelength,is used to determine
the bulk electron drift véloeitys Finally, the integrated
intensity of the Thomson spectrum gives an estimation
of the electron density averaged inside the observation
volume.

Similar to the procedure presented Ref. 45, un-
certainties were estimated for each electron parameter.
Uncertainties were systematically calculated from the
quadratic mean of thé propagation of the main sources
of uncertainty. The principal sources of this uncer-
tainty avere the uncertainty in the value of the differ-
ential cross-section for Raman scattering of No (=8 %),
the laserenergy fluctuations (<1 %) and the quality of
the fit to the data, determined from the co-variance
matrix obtained during fitting, and dependent on the
signal-to-noise ratio of the fitted data.

The spectrum example provided in Figure 6

520 525 530 535 540 545
Wavelength, (nm)

Figure 6: Thomson spectrum, example obtained along
the azimuthal dire¢tion aith the ISCT200-MS
thruster. The corresponding electron density,
temperature and drift velocity are

(1.3£0.1) x 10" m=3(3.7 £ 0.3) eV and

(93 £+ 12) kins=!, respectively. Discharge parameters
are a xenonflow rate/of 2.3 mgs—!, discharge voltage
of 112V and a discharge current of 2.67 A. This
spectrum is obtained for an axial distance from the
exit'plane of 2 mm and a peak magnetic field of

15 mT at the €xit plane.

shows a case obtained for lower electron temperatures,
for, which both the 600linesmm~! grating and a
less-dispersive 2400linesmm ™' grating were used to
constitute the spectra. Origins of the weakly non-
Gaussian spectrum shape will be discussed in a
forthcoming paper.

3. Results and discussion

3.1. Preliminary remarks

To determine whether the electron properties are
isotropic, measurements along both the radial and az-
imuthal directions were made by switching between
the two scattering configurations presented in Sec-
tion 2.1.3. In the subsequent plots, values of elec-
tron properties obtained along the azimuthal direction
are plotted with blue triangles and radial observations
plotted with yellow circles. While the observation of
non-isotropic electron temperature or drift velocity has
a physical significance, this is not the case for electron
density, which is expected to be the same in both direc-
tions. Differences in the electron density measured at
the azimuthal and radial positions may be due to az-
imuthal plasma non-uniformity (possibly influenced by
the cathode position [58]), spatial inhomogeneities of
the magnetic field or gas feeding [59]). Electron beam
fluorescence [60] might be a way to verify the azimuthal
uniformity of the neutral gas injection in the future.
A slight displacement (below 0.3 mm) of the measure-
ment position as the thruster is translated laterally to
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switch between the two scattering configurations may
also account for small differences in measured density
between the azimuthal and radial positions.

As mentioned previously, for reliable Thomson
spectrum measurement, an average over 6000 laser
pulses was necessary to increase the signal-to-noise
ratio. For the presented study, the Thomson scattering
spectrum is measured at random phases in the
discharge current oscillation and is therefore expected
to be representative of the mean electron properties.
Phase-resolved measurement of electron properties will
be performed in forthcoming studies, and has indeed
already been performed in another of our studies on
pulsed plasmas [46].

Axial exploration of electron properties was
performed within the axial range 2-40mm in the
azimuthal direction and 3-40mm in the radial
direction with respect to the exit plane. The closest
approach to the exit plane for both directions is that
for which stray light reflections can be sufficiently
attenuated for the Thomson signal to be unobscured.
The difference in the closest approach for the two
directions is due to the different levels of light reflected
off the central pole which enter the detection branch.
While with the radial scattering configuration {the
inner pole behind the observation volume is directly
illuminated, it is not the case with the azimuthal
scattering configuration. The furthest axial distance is
that for which the plasma density remains sufficient for
a signal to be detected. As shown with the Thoemson
spectrum example in Figure 5, a Gaussian curve can
be fitted to the data with confidence despite the low
electron density.

3.2. Influence of the magnetic field ~N

3.2.1. Magnetic field intensity

Axial profiles of electron "properties with the
ISCT200-GEO for various imagneticifield intensities
were determined.  For “eachhnmagnetic field, the
discharge power was kept comstant’ at 285 W, with
the discharge voltage and current of respectively
250V and 1.14 A. The discharge current was kept
constant using ansadjustment=of the xenon mass flow
rate to 1.18mgs~', K60mgs~and 1.38mgs~! for,
respectively, the Bioty, Bmig and Bj;gn magnetic field
intensities. Results fromrthese explorations are shown
in Figure 7.

As shownyin the first row of Figure 7, the electron
density has only arweak dependence on the magnetic
field intensity. The different values of electron density
remainshbetween 4.5 x 101°m~3 and 0.8 x 106 m—3
from 2 mm t6 40 mm from the exit plane. The electron
density_is lowest with the By,,, configuration (possibly
attributable to less efficient confinement) and the
highest electron density is observed with the nominal

B,niq magnetic field.

In Figure 7, the electron temperatures of
the B,.iq configuration decrease monetonically from
approximately 40eV near the exit plane to 10eV at
40mm downstream, for both azimuthal and) radial
directions. These values are” on the same_order of
magnitude as recent PIC simulations predictions [61].

In the By, configuration, the eléctron tempera-
tures are higher than for the'By;q case, and azimuthal
temperatures exceed the radial temperatures. There
are some possible reasons for sueh anistropy in tem-
perature. A weaker magnetic trap, provided a similar
electric field amplitiide is achieved for the B;,, and
Biniq configurations, would lead to higher F x B drift
velocities. We note that the £ x B drift is the driver of
azimuthal instabilities likethe electron cyclotron drift
instability [62], confirmed in thruster simulations to
contribute to electron heating in both azimuthal and
radial difections (with a stronger contribution in the
azimuthal direction) [14, 63]. Radial electron tempera-
tures‘may also be lower due to radial losses of energetic
electrons torthe walls and the injection of cooler wall-
emitted electrons into the plasma. This latter effect
might, however, be more significant inside the thruster
channel. /In order to fully understand the causes of
the anisotropy, complementary measurements of (i) the
electric field axial profiles using laser-induced fluores-
cence, and (ii) instabilities implicated in heating using
coherent Thomson scattering would be necessary. In-
vestigations of the influence of geometrical effects on
anisotropy (varying channel widths at fixed mean chan-
nel diameters) could also be instructive.

The reproducibility of the electron properties
presented in this paper has been confirmed by a few
successive measurements performed under identical
plasma conditions, which produce identical spectra
in amplitude and width. Variations from one
measurement to another are due generally to variations
in the level of the emission lines.

The time-varying discharge current and the asso-
ciated power spectrum density for the different mag-
netic fields are shown in Figure 8 and Figure 9. The
integral of the power spectrum density over frequency
between 10°Hz and 2 x 107 Hz gives 9.8 x 1072 A2,
3.6 x 1073 A% and 81 x 1072 A? for respectively the
Biow, Bmia and Bpg, configurations. For these config-
urations, the electron density decreases as the power
contained in discharge current oscillations increases.
The larger discharge current oscillations observed in
the Bioyw and Bpign configurations may be linked to
axial plasma oscillations (such as transit time oscilla-
tions [61]) which may contribute to a larger anisotropy
in the electron temperatures and may be associated
with poorer electron confinement. This study on the
correlation between the power density spectrum of the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - PSST-103282.R2

ITS measurements of electron properties in a conventional and MS Hall thruster 8

'1016 ‘ ‘ ‘ '1016 ‘ .1016 ‘
A Azi
o 4 | oRadi ”+ 1T |
3 . %
I 4o 4‘ x
AN g’ 1 e T Fige i
= 62, N beoeyo ® N 6o 9
0 o : : S : : - S
2 ++ 4
40 + ae ~ -
& ++1 A t# 4
§2of % ¢ A 4 4 ’¢( %! -
g ° A
& ° “ 2 o ¢ 4 0 N0 3o s ¢
0 T T T T T T T T T T T
0 10 20 30 400 10 20 30 400 10 20 30 40

Distance from the exit plane (mm) Distance from the_ eXit,plane (mm) Distance from the exit plane (mm)

L
Figure 7: Comparison of electron density (first row) and electron temperature (second row) obtained with the
ISCT200-GEO thruster at 250V and 1.14 A for different magnetic field intensities. From left to right, the
columns correspond to the Bjow, Bmia and Bpsgn configurations.

o 5 | | M :
Y A WWM‘ st
—0:47 N -
—100 —80 —60 —40 —20 Timi) " 20 40 60 80 100

Figure 8: AC component of theidischarge current for Biow, Bmiq and Bpign magnetic field intensities. The DC
component of the current is 1.14 A and the discharge voltage 250 V.

discharge current and/the presence of anisotropic elec-
tron temperature values should be repeated in order to
verify the statistical significance of this observation.
An order of magnitude estimate of the expected
electron_density can/be determined using the expres-
sion for the xenon mass flow rate:
1 1

m; =
nprop nprop

m'n = nimiAvi (1)
where ni,, and m; are the mass flow rate of xenon atoms
and ions, respectively, through a section A. np,p is the
propellant utilization efficiency. m; and v; correspond

to, respectively, the mass and velocity of xenon ions
while n; is the density. Under the hypothesis of quasi-
neutrality this equation can be used to estimate ne:

_ TNpropMin (2)

Ne
m; A?)i

At the position 10mm downstream of the exit
plane, we may assume that most of the ions have
been accelerated. Using previously-estimated values of
the parameters of Equation 2 with the same thruster
at similar discharge conditions (7prop ~80% [64],
v;~16kms™! [65] and a channel surface A expanded
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intensities, for the conditions of Figure 8.

by a 45° plume divergence angle) we obtain an
estimated electron density of 1017 m~2 at 10 mm from
the exit plane. The slightly lower values measured
at this position (a few 101°m=3 in Figure 7) may
be attributed to lower ionization efficiency or higher
thruster divergence than that used to estimate the
density.

3.2.2. Magnetic field configuration

The difference in electron properties between the
standard (ISCT200-GEO) and magnetically-shielded
configurations (ISCT200-MS) was investigated with
similar discharge conditions. To allow a direct com=
parison, the thrusters were operated at identical dis-
charge power levels. The ISCT200-GEO was oper-
ated at 250V, 1.18 mgs~! in the B}, configuration,
with the magnetic field directed towards the outer
pole. These conditions gave af discharge power of
285 W. The shielded ISCT200-MS swas operated at
250V, 1.05mgs™! for a discharge power of'285 W. The
corresponding magnetic field was directed towards the
inner pole.

The comparisons betweennthe two architectures
are shown in Figuresl0. As seen in the first row
of Figure 10, higher electron densities are reached
with the ISCT200-MS, up to 4 x 10'*m=3. This
difference with the ISCT200-GEO, operated at the
same discharge.conditions, can be explained by the
downstream( shift of the ionization and acceleration
position [51] of the shielded ISCT200-MS.

Electron temperature is plotted on the second row
of Figure 10. Much higher electron temperatures are
found with the ISCT200-MS Hall thruster, reaching as
high as 75eV.{ Recent simulations also report much
higher electron temperatures with a magnetically-
shielded, thruster than with a standard magnetic
configuration, a feature associated with a downstream

shift of theraxial prefile [66]. Nevertheless, absolute
values of electron temperature from Ref. 66 are lower:
only 80eV is reached with the standard configuration,
whilerand 53 eV is attained with the MS configuration.
The differenceybetween the electron temperatures from
simulations and experiments under similar conditions
is yet.to/be understood, but it is possible that the
contribution of plasma instabilities - not captured in
the simulations - may contribute to electron heating to
some degree. The effect of instabilities such as the
electron cyclotron drift instability and the modified
two-stream instability in electron heating has been
demonstrated in several Hall thruster simulations in
recent years, including in Refs. 14, 17, 24, 67, 68.

Drift velocities for the two architectures are
presented in the third row of Figure 10. In the
magnetic shielding configuration, the spectral shift
of the Thomson spectra at positions near the exit
plane is much more significant than for the standard
architecture and the measured drift velocity can be
better interpreted.

For previous measurements on a planar magnetron
[46], we reported sensitivity for electron drift velocity
estimation as low as the velocity corresponding to the
Doppler shift associated to a spectral width of one pixel
(at the corresponding wavelength). This sensitivity
would correspond to approximately 100kms~! with
the 600 linesmm ™' grating and the 8-pixel wavelength
binning used for this paper. Nevertheless, the
Thomson scattering signal obtained from the Hall
thruster plasma is more challenging to analyze because
of the lower signal-to-noise ratio and distortion of the
Thomson spectrum by plasma emission lines. For
this reason, electron drift velocities below 500kms~!
obtained in this campaign were not considered for data
discussions. This lower limit corresponds to the drift
velocity associated with the Doppler broadening of the
FWHM of the instrument profile. In the figures where
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With the ISCT200-MS the azimuthal drift velocity
is significantly negative close to the thruster exit plane.
These negative values are due to the reversed magnetic
field direction and are consistent with a clockwise E x B
drift. Such significant values of electron drift velocity
are observable only with the ISCT200-MS because the
acceleration region, where the electric field is strong, is
shifted downstream, rendering it accessible to the ITS
probing beam. As with the standard configuration,
electron drift velocities in the radial direction are
comparatively low.

3.2.3. Magnetic field direction

To gain further insight into the electron drift
velocity values, investigations were performed on the
same ISCT200-MS thruster with the magnetic field
directed towards the outer, and then inner, poles.
Similar discharge conditions used for comparison with
the ISCT200-GEO in Section 3.2.2 were used. With
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the magnetic field directed towards the outer pole,
a discharge voltage of 250V, with 1.14 A discharge
current for a xenon flow rate of 1.2mgs™!, was used.
With the magnetic field directed towards the inner
pole, the same discharge power was used, at 250V
with a xenon flow rate of 1.05mgs~!. This 15%
increase in the required propellant flow rate suggests
the influence of the magnetic field direction on the
thruster performance is not negligible.

As shown in the two first rows of Figure 11
electron temperature and density profiles are only
weakly affected by the magnetic field direction. In
contrast, the electron drift velocity is significantly
affected. Along with both the azimuthal and radial
directions, the electron drift velocity switches in sign
when the direction of the magnetic field is switched.
When the magnetic field direction is reversed, the
magnetic field gradient and curvature are expected to
remain the same, with only the E x B contribution to
the electron drift velocity expected to change.

The fact that the measured drift is of nearly
the same magnitude regardless of the magnetic field
direction suggests that the E x B drift dominates
the diamagnetic and curvature drifts near the exit
plane. This observation might differ at distances
further downstream [69]. The maximum -electron
drift velocity can be used to estimate the maximum
electric field in the acceleration region of the.thruster.
For a magnetic field of approximately 15mT. where
electron drift velocity reaches its maximum value. of
1800 km s~ !, the electric field would be27kVm~—!. LIF
measurements performed on the same thruster at lower
discharge voltage (200V) and 1mgs—A76f xénon flow
gave a slightly higher maximum value (38kVm=1) in
Ref. 70. N

3.3. Discussion on the high electron demperatures
observed

The results from these experiments show electron tem-
peratures easily reaching 60eV. for certain conditions,
a result which does not match any typical probe mea-
surements on large and small thrusters, where authors
have previously measured temperatures in the range
of few tens of eV in the néar-field region, for exam-
ple, in Refs. 25, 28and in Ref. 71, where for a similar
discharge voltage in alarger thruster, the electron tem-
perature is/only 30 eV\in the acceleration region.

We first consider examples of temperatures in the
60eV range, using'spectra obtained on the ISCT200-
MS 2mm from{the exit plane with the same discharge
condition, as Section 3.2.3. These spectra are shown in
Figure 12'and eoncern magnetic fields directed towards
andyaway from the inner pole. The corresponding
electron properties, deduced from Gaussian fits to
these spectra, are shown in the Figure legend.

The following observations may be made:

(i) As discussed in Section 3.2.3, the presence of a
strong drift shifts the center of the®pectrum away
from the laser frequency, and a switch in the
magnetic field direction (from ‘“directed outwards
to inwards) also switches the direction ofthis shift.
This is clearly visible in Figuresl2.

(ii) In addition to the spectral shift; the spectra are
asymmetric. A long “tail, is visible along the
spectral direction asSociated »with the electron
drift velocity, while the opposite side of the
spectrum shows a fast decrease of signal intensity.
These charactéristics aregonsistent with non-
Maxwellian EVDEs; and therefore, the presence
of electronstwhich are not in thermal equilibrium.
While a Gaussian fitsmay not be strictly relevant,
it can still reasonably fit one side of the spectrum,
and the electron /temperature is estimated from
such a fit. “The spectra shown, though much
noisier than the example provided in Figure 5 and
Figure 6, are still sufficiently well-resolved to show
their wide spectral range.

(iii) Lastly;wWe consider challenges associated with
the analysis of these spectra. The high-electron
temperature, low-electron density regime of the
cases shown results in low-amplitude, broad
Thomson spectra. These spectral features,
combined with the presence of several residual
emission lines, contribute to the noisiness of the
data. In spite of this, the large spectral width of
the cases shown is unambiguous.

What contributes to this relatively large width?
We may speculate that this observation is due to
oscillatory discharge behavior, averaged out during
the 10-minute acquisition time for each spectrum.
Although we have sought to limit these investigations
to regimes in which the discharge current standard
deviation is low, this does not rule out the possible
influence of high-frequency plasma instabilities [17]
which may generate electric field fluctuations. The
accelerating potential is not truly stationary. This may
create oscillations in the bulk distribution which, when
averaged, would appear as unusually broad spectra,
leading to apparently higher electron temperatures
than would be expected from the average applied
potential. To avoid this, it would be necessary to
obtain a highly time-resolved measurement (ideally,
a single shot measurement with shorter laser pulse
duration), at present beyond reach for these low plasma
densities. In addition to this effect, high-frequency
instabilities have been demonstrated to contribute to
true electron heating in thrusters. This dynamic
heating is discussed in a number of works, including
in Ref. 67, where electron temperatures reaching
the 100eV range have been mentioned. It is worth
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noting that these simulations dovmot fully account
for the energy dissipation mechanisms for electrons.
Nevertheless, a full understanding of the contribution
of plasma oscillations to the experimentally-measured
spectral widths may be achievable through numerical
modeling, to be examinediin future work.

Further insights into “electron behavior may be
obtained from the calculation of'the electron velocity
distribution function from the Thomson spectrum
profile [72].£ However, this would require a higher
signal-to-noise ratio,‘as discussed in Ref. 45, obtained
for example under discharge conditions with higher
electron densities.

3.4. Influenceof the discharge voltage

Lastly, a study of the influence of the discharge voltage
on the electron properties was performed, at a fixed
position 2mm from the exit plane. Observations were

made along the azimuthal direction. The discharge
voltage was varied from 112V to 300V at constant
discharge power of 300 W, with an adjustment of the
xenon mass flow rate from 2.3mgs™! to 0.9mgs~1.
The investigations were performed on the ISCT200-MS
with the magnetic field directed toward the external
pole. At the axial position probed, electron drift
velocity is expected to be dominated by the E x
B contribution, giving an anti-clockwise rotation of
electrons.

As seen in Figure 13, the electron density
is significantly lower at higher discharge voltages.
This trend might be expected from the decrease in
xenon mass flow rate imposed in order to maintain
the discharge power at 300 W when the voltage is
increased.

Provided that the accelerated ions have undergone
most of the voltage drop at the position probed, their
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axial velocity can be expressed as v;o& y/iqUg/m,
where U, is the discharge voltage and ¢ is. the

elementary charge (with only singly-charged ions
considered).  Substituting this expression of the
velocity into Equation 2, under the/hypethesis of a
constant ionization efficiency. (Mprep) and divergence
angle (i.e., A is constant), the produétsi./Uy, will be
proportional to the xenon mass flow rate ni,,.

A constant discharge power. is equivalent to a fixed
value of the product I3U;, and equivalent to a constant
value of ni,, Uy, since Iy oe.i,. The constant discharge
power can also be expressed as n.U 3/ 2, using the
substitution of ney/Ugfor the mass flow rate in ni,,Uy.
We can refer to the ¢onstant discharge power as ¢. The
value of ¢ i§ slightly lower at 300V than at 112V,
whereas it (would bé expected to be constant. This
observation islikely consistent with a slight axial shift
in the/accelerating electric field profile (meaning that
the measurement, conducted at a fixed axial position,
misses the peak density), or potentially, an increase in
the propellant efficiency [73] as the voltage is increased.
Measurement of the full axial profiles of the electron
properties at several different voltages would allow for

Discharge voltage (V)

Figure 13: Electron density, temperature and drift
velocity along the azimuthal direction 2 mm from the
exit plane for the ISCT200-MS thruster. Various
discharge voltages were investigated at a fixed power
of 300 W.

more detailed interpretations.

The relatively large electron densities obtained
with the ISCT200-MS at low discharge voltages
facilitate the analysis of the Thomson signal. Near
the exit plane, quantitative deviations from the typical
Gaussian form of the Thomson spectra were also
observed at low voltages and will be analyzed and
discussed in a forthcoming paper.

The variation in electron temperature shown in
Figure 13 is non-monotonic. At low discharge voltage,
electron temperature first rises linearly from 8eV (see
Figure 6) to 13eV before a fast increase to 25eV at
217V, followed by a slow decrease to around 15eV at
higher voltages.

Previous studies [74] using probes investigated the
influence of channel width and discharge voltage on the
maximum electron temperature. It was reported that
regardless of the channel width, a linear increase of
the maximum electron temperature was observed at
low discharge voltages, with saturation in temperature
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observed around 60eV at large discharge voltages.

The trend of the electron temperature can best
be interpreted by considering the effect of varying
voltage on the position of the peak electric field.
For the ISCT200-MS, there is a tendency for the
electric field get broader and shift further outwards
as the discharge voltage increases, at least for the
voltage range (200 to 300V) considered in Ref. 51.
This trend contrasts with some other observations,
including on a larger shielded thruster [75, 76], where
the electric field instead shifts upstream as voltage
increases. If the electron temperature is correlated
with drift velocity, as expected [66], then the peak in
the temperature may appear to be situated at 217V
because for this voltage, the peak electric field coincides
with the observation volume position 2mm from the
exit plane. The subsequent decrease in the electron
temperature at higher voltages would merely be due
to the peak electric field moving further downstream
of the observation volume position. This explanation
would be valid even if the electric field instead shifts
upstream as voltage increases; the key point is that
a voltage change produces shifts in the electric field
not necessarily captured by a fixed observation volume
position. A more complete experiment would involve
investigations of the electron properties at several axial
positions for each voltage.

As shown in Section 3.2.3, at a position 24nm from
the exit plane, the electron drift velocity is dominated
by the E x B contribution, and thus the electric field
is proportional to the azimuthal drift, velocity. This
accounts for why the trend in electron drift velocity
shown in Figure 13 is similar to that.of theielectron
temperature, which, as we have discussed, depends on
the electric field. As with the electron temperature, the
drift velocity profile is a reflection of the progressive
axial shift of the peak electric field into, and then out
of, the fixed observation volume.

The temporal profiles and power density spectra
of the discharge current_for a mumber of discharge
voltages are shown in Figure 14 and Figure 15.
The discharge current. main oscillations are in the
2 x 10° Hz range at_higher discharge voltage and may
be consistent with transit time oscillations. At lower
discharge voltages, oscillations in the discharge current
are more concentrated in/the 4 x 10*Hz (breathing
mode) range. At the lowest discharge voltage of
112V, current oscillations are significant with a peak-
to-peak amplitude as large as the mean current, with
rotating spokes expected to appear [77, 78]. With this
discharge mode, the power spectra of the oscillations
cover a broadband in the 10* Hz range, but with well-
defined oscillations, synchronization of the Thomson
signalracquisition with different points in the discharge
current period appears achievable, giving access to

time-resolved measurements of the electron/properties.

At an intermediate discharge voltage, near 217V,
there is a minimum in the power densityrintegrated
over the entire frequency range, yet the measured
electron temperature is maximum for this voltage. As
discussed previously, it is mot yet possible<to rule
out the contributions of high-frequency instabilities
(not visible in the discharge current measurement) to
the apparent high electron‘temperatures. Analysis
of the discharge current drequency. content can only
capture oscillations in/the iong(and to a smaller
degree, electron) current. The frequency of the
discharge current oscillations,depends on the charged
particle flow and does noet n&essarily reflect the actual
frequency of instabilities involved in electron heating.
Azimuthal instabilities im<the MHz frequency range,
for example, such as those identified in experiments
in Refs. 797and 34, could potentially appear in the
discharge  current Mréquency spectrum, provided (i)
they produce ion. or electron current fluctuations at
the same frequencies as the instabilities themselves,
and that (ii) these fluctuations in current are large
enough to beddentifiable in the frequency spectrum of
the discharge current. However, given the complex way
in which azimuthal instabilities contribute to electron
heating and transport 14, 21, the discharge current
frequency content alone is not a sufficiently sensitive
diagnostic for their presence and contribution to the
electron dynamics.

Overall, complex modifications of the discharge
properties when the discharge voltage is varied are
expected. More detailed studies (experimental,
possibly with coherent Thomson scattering, and
numerical, possibly with particle-in-cell simulations) of
the contributions of different instabilities to electron
heating are required. In addition, the previous
points regarding the shift of the electric field with
voltage and the possible influence on the measurement
can be clarified using complementary laser-induced
fluorescence measurements of the electric field profile.

The discharge conditions at 249V (300 W)
investigated during the voltage variation are similar
to those at 250V (285 W) investigated during the axial
exploration discussed in Section 3.2.2 and Section 3.2.3.
However, at 249V the azimuthal electron temperature
at 2mm (circled in Figure 13) is only about 14 eV, far
below the 40eV azimuthal temperature at the same
position at 250V (circled in Figure 11).

To explain this difference, we note first that the
249V (300 W) discharge conditions correspond to a 5 %
increase of the discharge power (from 285 W to 300 W).
Given the 200 W nominal power of the thruster, it
is not surprising that far from this power, small
excursions in the discharge conditions induce changes
to the averaged plasma properties such as electron
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temperature. This point can most easily be illustrated
by considering the discharge current oscillations for the
249V (300 W) and 250V (285 W) conditions.

Figure 16 shows the power density spectrum of
the discharge current for the two discharge conditions.
In the 10kHz to 100 kHz frequency range, pronounced
oscillations are present in the discharge current at
249V (300W) which are absent or attenuated at
250V (285W). The discharge conditions, though
similar in voltage, show differing behavior which could
partly account for the large difference in the measured
electron temperatures for these conditions.

4. Conclusion

In this paper, implementations of the recently-
developed Thomson scattering diagnostic known as
THETIS to Hall thruster investigations were presented.
These studies focused on the determination of electron
properties in two architectures of a 200 W thruster: a
standard configuration and unshielded configuration.
Electron properties - temperature, density, and drift
velocity - were measured along both the azimuthal and
radial directions.

Investigations of electron properties on {the
standard Hall thruster with different magnetic field
intensities revealed axial profiles of electron densities
in the 101 m~3 range and temperatures around 25eV.
Electron properties measured on the magnetically=
shielded equivalent thruster confirmed (i) the“axial
shift of the plasma in comparison ge the standard
architecture, seen in higher densities downstream of the
exit plane, and (ii) large and significant non-isotropic
electron drift velocities, up to 1800kms—! nearythe
thruster exit plane. Reversal of the.magnetic field was
found to produce a reversal of the dominant E x B
drift component at the exit plane. Discharge voltage
explorations performed at, asfixed ‘axial position and
discharge power revealed electron properties consistent
with a shift in the electrie.field profile with voltage,
however, complementary measurements of the axial
electric field profile at.different voltages are required
to fully understand.the influence and degree of such
shifts. Large ele¢tron temperatures are apparent in
many cases (exceeding what might be expected from
the average applied potential), an observation which
may be linked to plasma oscillations and electron
heating by plasma ‘instabilities. Combined studies
(experimental ‘and numerical) of plasma instabilities
and their possible contribution to these observations
will be key.
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