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Measurements of the turbulent magnetic field in a Hall thruster have been carried out between 1 kHz
and 30 MHz with the aim of understanding electron transport through the magnetic field. Small
detecting coils at the exit of the accelerating channel and outside of the ionic plume were used to
characterize various instabilities. The characteristic frequencies of the observed power spectral
densities correspond to known classes of instabilities: low frequency (20-40 kHz), transit time
(100-500 kHz), and high frequency (5—10 MHz). A model of the localized electron currents
through a magnetic barrier is proposed for the high-frequency instability, and is found to be in good
quantitative agreement with the observations. Based on the measured high-frequency turbulent
magnetic field, the turbulent electric field is estimated to be about 1 V/cm outside of the plume and
ranges from 10 to 10? V/cm at the channel midradius at the exit of the thruster. The “anomalous”
electron collision frequency, related to the high-frequency instability, is estimated to be <10° s,
which largely exceeds the classical frequency in the core of the exit plasma but is lower than the

frequency that is generally used in hybrid codes. © 2007 American Institute of Physics.

[DOI: 10.1063/1.2535813]

I. INTRODUCTION

The Hall thruster is a space propulsion technology that
was initially developed in the 1970s in the frame of the So-
viet space plrograml’2 and which is frequently used today by
geostationary satellites for North-South and East-West
station-keeping (see, for example, Ref. 3). Recently, this type
of thruster was implemented as the main propulsion on the
interplanetary mission “SMART-1."*

The Hall thruster is a plasma device that is based on the
so-called ion accelerator with closed electron drift. A mostly
radial magnetic field B is created across an annular ceramic
channel, with a maximum intensity near the channel exit.
The value of magnetic field is chosen in such a way that the
electron Larmor radius is much smaller than the channel di-
mensions, whereas the ion Larmor radius is much larger. The
electrons are therefore magnetized but the magnetic field
does not affect ion motions. The dc discharge voltage U, is
applied between an anode, located at the bottom of the chan-
nel, and an external hollow cathode. A propellant (xenon) is
injected through the anode structure. The reduction of longi-
tudinal mobility of electrons across the radial magnetic field
leads to a localized axial voltage drop of the order of the
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anode-cathode discharge voltage. In such an “E cross B”
configuration, electrons drift in the azimuthal direction with
an average azimuthal velocity E_/B,. Typical values of
E. (10* V/m) and B, (20 mT) lead to average electron ener-
gies higher than 10 eV and this magnetically confined elec-
tron cloud is very efficient for ionizing the propellant gas.
The ions are accelerated toward the exit by the electric field,
leaving the channel with kinetic energies of the order of the
discharge potential. The thrust corresponds to the momentum
delivered to this escaping ion flow. A detailed description of
Hall thrusters can be found in Refs. 1, 2, and 5.

One of the key questions of Hall thruster physics is the
understanding of electron transport through the magnetic
field. Classical diffusion approaches fail to give a satisfac-
tory agreement with the experiment. A correct description of
the electron transport, however, is very important for making
numerical codes progress toward fully predictive codes.
Hybrid-type codes, for example, where electrons are de-
scribed as a fluid and ions as particles, use artificial viscosity
and the diffusion coefficients are chosen to properly describe
macroscopic plasma motions."" The determination of these
coefficients is a crucial problem for these simulations. Two
hypotheses are generally proposed to explain this “anoma-
lous” electron transport: the so-called “near-wall” conductiv-
ity, where the electron collisions with walls increase the ef-
fective collision frequency, and an oscillation-assisted (or

© 2007 American Institute of Physics
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1212 While inside the accelerat-

turbulent) electron transport.
ing channel these two mechanisms can compete with each
other, outside only the latter can exist.

One of the approaches for determining the electron
transport coefficients experimentally is to measure the local
time-averaged plasma properties and to deduce the electron
mobility from the electron current equation.13’14 Another way
consists in studying the properties of the plasma oscillations
and deducing the “effective” electron collision frequency
from the analysis of the oscillation intensities.''>'® While
the first approach does not differentiate between the two
anomalous electron transport mechanisms, the second one
informs only on the turbulent transport. Meanwhile, the sec-
ond approach provides insight into the way turbulent trans-
port works.

The gas discharge in Hall thrusters generates a number
of plasma instabilities whose intensities depend strongly on
the thruster operating parameters, notably the discharge volt-
age and the magnetic field."*'? Numerous techniques have
been implemented to study experimentally the physics of
Hall thrusters, and in particular plasma instabilities. Ex sifu
diagnostics include the observation of instability signatures
in the electric power circuit, or the space-averaged detection
of light emission from the channel and plume. In situ diag-
nostics, in the thruster channel and in the thruster plume,
include electric probes, arrays of optical fibers, the imple-
mentation of time-of-flight techniques and special discharge
interrupters, or inductive coils. A comprehensive review of
physical insight obtained with these different techniques is
given in Ref. 17.

The detection of magnetic fields generated by charged
particle currents in the Hall thruster plasma provides impor-
tant insight into thruster physics, and especially into nonsta-
tionary processes. A wire loop around the channel circumfer-
ence was used in a number of previous investigations to
record the variation of magnetic field from the electron azi-
muthal drift current and to investigate its spatial and tempo-
ral evolution.' % Magnetic probes are widely used in differ-
ent laboratory plasma devices, in particular in magnetized
plasma accelerators (see, for example, Ref. 21).

In this paper, we present an implementation of the mag-
netic field detection technique for studying plasma instabili-
ties in Hall thrusters. This diagnostic is based on the local-
ized (in azimuth, axial, and radial directions) detection of the
time-varying magnetic field generated in the plasma volume.
The driving interest is to shed light on the generation mecha-
nism of instabilities in the 5-10MHz frequency
range,z’lz’zzf27 and to evaluate from this the diffusion coeffi-
cient that would be needed for hybrid codes. Meanwhile, we
found out that this technique is also suitable for studying
different types of instabilities in the wide frequency range.

This paper is organized as follows. In Sec. II, a descrip-
tion of the experimental setup is given. In Sec. III, the ex-
perimental results are presented, which are followed by a
more detailed interpretation in Sec. IV. The conclusions are
formulated in Sec. V.
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FIG. 1. (Color online) Configuration of the measurement system.

Il. EXPERIMENTAL SETUP
A. Principle of diagnostics

A nonstationary magnetic field generates a voltage drop
in a coil positioned in such a way that the force lines cross
the coil surface. The underlying effect is described by Fara-
day’s law,

o

, ®=NSB, 1
7l (1)

&=
where ¢ is the electromotive force (voltage generated in the
coil), @ is the magnetic flux crossing the coil surface, N is
the number of turns in the coil, S is the coil surface, and B is
the magnetic induction. With a properly oriented coil axis, it
is possible to detect selectively the variations of any compo-
nent of a nonstationary magnetic field. Such a coil has a
linear frequency response. Indeed, for a magnetic field that is
generated by the current flowing in an infinitely long straight
wire,

1
B=ppos—, (2)
2arr
where u is the relative magnetic permeability, uo=4m
X 1077 H/m, I is the intensity of the current in the wire, and
r is the distance from the wire. With the ansatz I=1I,e™*,
then

ad NS ) NS
e=———=jupos ol =jupef—I, 3)
dt 2ar r
and ¢ is therefore a linear function of the frequency f. Such
coils are routinely used for investigating ionospheric
plasmas.28’29

B. Configuration of the measurement system

The detecting coil diameter was chosen a priori to be
equal to 9 mm, resulting from the tradeoff between a com-
pact size and easiness in fabrication and handling. To define
the shape of the measurement system, let us assume that the
typical discharge current of 4.2 A is concentrated on the
thruster axis and oscillates at the 20 kHz frequency of the
bulk instability."*'? Then, according to Eq. (3), the magnetic
field from this current induces the voltage drop of ~100 uV
in the 9 mm coil of one turn, located at »=50 mm from the
thruster axis. Each coil should therefore have several turns to
increase the signal level and should be closely followed by
an amplifier to avoid signal degradation (Fig. 1). Such a
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FIG. 2. (Color online) Amplifier characteristics.

design is inherited from the instrumentation for ionospheric
investigations.29

The coils are built from ordinary 0.8 mm enameled
transformer wire. Each coil has 18 turns 9 mm in diameter
with overall longitudinal dimension of 7 mm. The length of
the coil’s free ends is 80 mm. The measured self-inductance
of the coils is on the order of 2.3 uH at 10 kHz.

The amplifiers are mounted on a printed circuit board
(PCB), with two amplifiers on each PCB (one amplifier for
each coil). The 50 ) output impedance of the amplifiers is
adapted to the transmission lines, using a SMA connector to
connect the cables to the PCBs. The signals are transferred
through 8 m coaxial lines and are observed and recorded on
the digital four-channel Tektronix 5104B oscilloscope.

C. Calibration of coils and amplifiers

The amplifiers were first calibrated separately from the
coils by applying on the input a sinusoidal voltage of vari-
able frequency in the 10°~107 Hz range. The amplifier gain
is quite flat (90-100) up to 10° Hz, whereas for high frequen-
cies of 107 Hz it drops to ~60 (Fig. 2). The amplifiers also
shift the phase at high frequencies (see Fig. 2).

The coils and the amplifiers were then calibrated to-
gether according to the following scheme (Fig. 3): a long
metallic bar was inserted into a circuit carrying a sinusoidal
current of variable frequency. The coils were placed at
50 mm from the bar with the surface of the coil perpendicu-
lar to the magnetic field. The amplifier output voltage U,
was compared to the input voltage Uy, to get the transfer
function of the system. The resulting Bode plot is presented
in Fig. 4. Notice a resonance at 30 MHz.

The gain of the system ‘“coil+amplifier” can be repre-
sented as

Gain = Gain(w) = Uiy = &Cq— (4)

Ugen I genRSOQ
where w is the pulsation. Taking into account Eq. (2) for the
magnetic field of a long wire, one can write the magnetic
field as

B(w) = Uacqflr(w)a (5)

where f,(w) is the “effective” transfer function,
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D. Installation on the thruster

The measurements were carried out on the Hall thruster
SPT-100ML at the French national facility PIVOINE.*® The
thruster operated at its nominal operation mode, with a mass-
flow rate of 4.5 mg/s, a discharge voltage of U,=300 V, and
a discharge current of 1,=4.2 A.

Three coils were installed at the thruster exit in front of
the external magnetic pole around the channel (Fig. 5) on a
radius 70 mm. The axes of two coils (B7 and B3 on Fig. 5)
were oriented azimuthally, and the last coil B6 was oriented

10° . . . 180
10° Phase 1 »
10 190 g
0 [@)]
.% 10_1 | 1 0 8
S 10 Gain 1 @
10_2 ] s
-90 <
107° ] o
-4
10 : : : 180
10* 10> 10®° 10" 10°
f, Hz

FIG. 4. Frequency characteristics of the “coil+amplifier” system. This sys-
tem has a resonance at 30 MHz.
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FIG. 5. (Color online) Location of the magnetic field coils and the Langmuir
probe on the SPT-100ML thruster. (a) Schematics; the B6 coil is oriented
axially, while the B7 and B3 are oriented azimuthally. A8 stands for the
coaxial Langmuir probe. (b) Picture of the SPT-100ML thruster, with the
coils and the probe. Some additional diagnostics are seen that are not perti-
nent for this study.

with its axis parallel to the thruster axis. Therefore, B7 and
B3 detect the azimuthal component of the fluctuating mag-
netic field, whereas coil B6 detects the axial component. A
shielded Langmuir probe27 was also installed at the same exit
cross section of the thruster, and it will be referred to as A8
(see Fig. 5). The probe operated at practically ground poten-
tial; the signal from the probe was directly observed on the
oscilloscope at 50() ac operation mode.

Phys. Plasmas 14, 033504 (2007)
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FIG. 6. Time evolution of the discharge current (a), a typical coil B7 signal
(b), and an excerpt of the same coil signal (c). Notice that the coil signal has
the same LF variations as the discharge current.

The amplifiers were installed in the lateral zones of the
thruster in order to be close enough to the coils (80 mm)
while being protected from the excessive heat flux.

Oscillations in discharge current were also recorded us-
ing Tektronix P6022 current probes installed on the power
circuit.

lll. RESULTS

A. Coil signals

A typical coil recording is presented in Fig. 6 along with
the wave form of the discharge current. One can directly
observe the modulation of the coil signal at the frequency of
discharge current oscillations at 25 kHz. There are also some
intervals where the signal level strongly drops, which we
attribute to the instantaneous saturation of the amplifier. Such
regimes are excluded from our analysis.

We calculated the power spectral density of the raw sig-
nals separately for two frequency bands:
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FIG. 7. (Color) Power spectral densities of the coil signals and of the probe
signal. Left panels for <1 MHz and right panels for f>1 MHz. Logarith-
mic scales are used for the axes. (a) shows low-frequency spectra from coil
B3 (black) and B6 (red dashed). Notice a relative depletion of the spectrum
of B6 in the 100-500 kHz range. (b) shows the low-frequency spectrum of
the A8 probe. (c) shows high-frequency spectra of coils B3 (black) and B6
(red dashed), with similar spectra. (d) shows the high-frequency spectrum of
the A8 probe.

(1) For f<1 MHz, using Welch’s periodogram method
with a single Hamming window.

(i)  For f>1 MHz using the same method, with a sliding
Hamming window of 2'3 samples and 50%
overlapping.

Typical spectra are represented in Fig. 7 for the coils B3,
B6 and for the Langmuir probe A8. The spectrum of the B7
coil is close to that of the B3 one and is not shown. Three
characteristic frequency bands can be distinguished in the
spectra: 20—40 kHz, 100-500 kHz, and 8—24 MHz.

The 20-40 kHz frequency range corresponds to the low-
frequency (LF) oscillations in Hall thrusters, often referred to
as “contour” or bulk oscillations."*'**" These oscillations
are conventionally considered as being the most important
ones and are associated with the displacement of the ioniza-
tion front;> they are synchronous in the whole plasma vol-
ume. The modulation of the discharge parameters at these
frequencies can reach up to 100%; usually, the values are
significantly lower by adjustment of the magnetic field, and
therefore do not affect the operation of the thruster.? In our
experiment, the orientations of the coils suggest that different
physical sources contribute to the coil signals of B3 and B7
on the one hand and to B6 on the other hand. Coils B3 and
B7 detect the azimuthal magnetic field that is generated by
currents of charged particles having axial and radial compo-
nents. These currents are carried by ions leaving the thruster,
which have significant axial and radial components and neg-
ligible azimuthal component, and corresponding components
of electron current. These currents are modulated at a LF
scale. Coil B6 detects the axial magnetic field that is gener-
ated by azimuthal and radial currents. Such currents are
made out of the radial components of ion and electron cur-
rents and the azimuthal component of electron current, which
is referred to as Hall current. Numerous studies show'’ >
that the Hall current is several times greater than the dis-

Phys. Plasmas 14, 033504 (2007)
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FIG. 8. (Color) Cross-correlation function for the B3 and B7 coils. The
offset of the maxima in the cross-correlation (red color) relative to the time
lag on the vertical axis indicates a time shift between the signals.

charge current and is also modulated at the LF scale.
Therefore, it is reasonable to suggest that the Hall current is
a main physical source of signal for axially oriented coils
such as B6.

The 100-500 kHz frequency range corresponds to the
“transit-time” (TT) oscillations in Hall thrusters, which are
usually related to the ion passage through the channel;"*'%%
some reports extend the upper limit of these oscillations to
several MHz.? According to some studies,” the TT instability
could be quite intense, but to our knowledge there have been
no reports on the significance of oscillations in this fre-
quency range, in Hall thrusters that are currently under de-
velopment. The B6 spectrum in this 100—500 kHz frequency
range is flat, in contrast to the spectra of B3 and A8 (see Fig.
7). This observation corroborates the hypothesis of ion mo-
tion being responsible for TT oscillations. The ion current
has a mostly axial direction, thus generating an almost azi-
muthal magnetic field that is detected by coils B3 and B7.

f [MHzZ]

FIG. 9. (Color) Dispersion relation estimated from coils B3 and B7. The
vertical scale corresponds to the logarithm of the power spectral density. The
periodicity in k is a consequence of the Nyquist limit. The wave number & is
normalized with respect to the value corresponding to a dipolar structure.
The alignment of the maxima along a line going through (w=0, k=0) attests
to a dispersionless motion.
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Fluctuations in this frequency range are also present in Lang-
muir probe spectra, thereby suggesting that various plasma
parameters change on this time scale. Taking into account the
linear frequency response of coils [see Eq. (3)], we conclude
that the TT oscillations are weaker than the LF ones in this
thruster operation mode.

Our high-frequency band is limited here at 30 MHz be-
cause of the coil resonance and the unstable operation of the
electronic components. Frequencies between 5 and 30 MHz
correspond to the high-frequency (HF) oscillations that have
attracted much attention in the pastzz’23 and again
recently.mf27 Such HF instabilities generate azimuthal waves
that propagate with velocities close to the electron drift ve-
locity (~10° m/s) in the crossed electric and magnetic
fields.”>*" The impact of instabilities in the HF frequency
range on particle diffusion was recently unambiguously dem-
onstrated in fully kinetic numerical simulations.™* Figure 7
shows a strong correlation between the HF spectra of the
Langmuir probe and the three coils. The cross-correlation
function of B7 and B3 signals, obtained with a rectangular
moving window of 2! samples with 50% overlapping, gives
a signal time shift on the order of 50 ns (Fig. 8). This indi-
cates that the source propagates in the azimuthal direction
with a velocity of about 2 X 10% m/s. The same velocity can
be obtained from the autocorrelation functions of each coil
and the Langmuir probe. These observations are in perfect
agreement with recent studies with the help of antennas and
probes.24_27 The close properties of coil and probe signals in
the time and frequency domains already suggests a common
underlying physical process, to be discussed below.

We also analyzed the HF component of the coil signals
by making use of wavelets, which are better suited for the
study of such a quasistationary wave-field. From this we can
estimate the power spectral density versus pulsation w and
wave number k.>> A linear dispersion relation is found, see
Fig. 9. In the same figure, domains where the coherence
between the signals is below 0.75 are left in white. From the
linear dispersion relation, we conclude that the plasma per-
turbations rotate azimuthally as a rigid body.

B. Magnetic field

We deduced the value of induced magnetic field outside
of the channel (at the location of the coils) by applying the
transfer function obtained from the calibration [see Eq. (6)].
The magnetic field is modulated at the LF scale with an
amplitude of about 107> T (Fig. 10). This value is several
orders of magnitude lower than the stationary magnetic field
of the thruster magnetic system: about 0.015 T in the chan-
nel and 0.02 T at the detecting coils positions. Nevertheless,
in the core of the plasma region that stretches from a few mm
inside to a few mm outside the channel, the induced mag-
netic field could be significantly higher. A simple 1/r spatial
variation, suggested by Eq. (2), leads to rather high induced
fields there, at the axial location of coils, assuming a radial
location of the field generating current somewhere within the
core. This is coherent with other studies reporting a one or-
der of magnitude only lower induced magnetic field near the
exit of the channel

Phys. Plasmas 14, 033504 (2007)
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FIG. 10. Magnetic field detected by coils B6 (a) and B7 (b).

The HF component of magnetic field was extracted by
applying a digital Butterworth high-pass filter with a cutoff
frequency of 2 MHz. Some examples of the filtered data are
shown in Fig. 11. The HF component of the magnetic field is
one order of magnitude weaker than the LF component.

The phase difference between the axial and azimuthal
components of the magnetic field is presented in Fig. 12.
Notice periodic variations of the phase difference between
1.5-3.5 rad, which are caused by the LF modulation (see
Fig. 6). Unfortunately, it is impossible to reconstitute the
exact direction of the induced magnetic field without the
third » component.

IV. INTERPRETATION

The amplitude of the induced magnetic field that is mea-
sured outside of the channel is three to four orders of mag-
nitude lower than the continuous magnetic field (~1072 T).
As we shall see, however, this induced magnetic field is very
important for electron diffusion, and allows the electron dif-
fusion coefficients to be evaluated. The locally measured in-
duced magnetic field in addition provides valuable informa-
tion on the current distributions and thereby on charged
particle motions in the Hall thruster. We just saw that the
spectral characteristics of the wave-field correspond well to
known classes of oscillations in Hall thrusters. The origins of
LF (20-40 kHz) and TT (100-500 kHz) phenomena are
more or less understood through numerous experimental,
theoretical, and numerical studies.">123133 A less studied
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FIG. 11. (Color online) (a) HF component of a magnetic field; (b) excerpt of
the coil signal; (c) excerpt of the probe signal.

part of magnetic field spectra concerns HF oscillations above
5 MHz, which are limited in our case to 30 MHz by the
diagnostics.

We will consider two models in an attempt to understand
the generation mechanism of the HF magnetic field. The first
of them is related to the hypothesis of local electron density
perturbations moving in the azimuthal direction with a ve-
locity close to the electron drift velocity.24’26’27 The second is
inspired from speculations that the HF instability may induce
a sufficient number of anomalous electron collisions for gen-
erating a notable perpendicular electron transport (discussed
later in this section). Since the HF instability is suggested to
be localized in azimuthal and axial directions,”® this perpen-
dicular electron transport could be represented by a system
of localized electron currents. This instability arises in the
plasma volume and it has been found to be the strongest at
the exit part and outside of the channel. Therefore, our mod-
eling will deal with the electron transport outside of the
channel and that part of the anomalous transport inside the
channel that is due to plasma turbulence.

Magnetic fields in plasmas are generated by charged par-
ticle currents as described by the Maxwell equation,
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FIG. 12. (Color online) Phase shift between the axial and azimuthal com-
ponents of the magnetic field (coils B6 and B7). Periods with rapidly chang-
ing values coincide with the absence of correlation between signals in the
HF domain (sometimes because of a saturation of the amplifiers) and should
therefore be discarded.

vxA=i+ 2, (7
ot

where H is the magnetic field, J is the charged particle cur-
rent density, and D is the electric field. In the case of Hall
thrusters, the charged particles—electrons and ions—move
with velocities well below the speed of light c. These veloci-
ties could be directly estimated from the characteristic dis-
charge voltage 300 V. In reality, electron characteristic ve-
locities are even smaller because electrons are effectively
trapped by magnetic field. Electron drift velocities in crossed
electric and magnetic fields are of the order of 10 m/s for a
magnetic field of 20 mT and an electric field of 10* V/m.
Therefore, particle movement is nonrelativistic and the rela-
tivistic effects can be neglected here. We will also neglect
displacement currents.

A. Magnetic field from the localized charge

Let us consider a point charge located on the middle
radius of the accelerating channel (in the case of a SPT-
100ML thruster, the radius is 42.5 mm) and turning with the
pulsation w=2mf corresponding to the first HF spectral peak
/=8 MHz (see Fig. 7). The axial propagation velocity of the
charge is zero. We simulated the motion of such a charge
using Liénard-Wiechert potentials,3 7

1 e - ev
A=t

=_—, ——)? 8
¢ 4re,) R 4ar R ®
R—— R——
c c

where ¢ is the electric potential, A is the vector potential, v
is the charge velocity, and R is the distance from the charge
to the observation point. The magnetic field H is calculated
according to

>

H=rotA. 9)
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FIG. 13. Scheme of magnetic field calculation from a point charge.

The calculation scheme is presented in Fig. 13. The mag-
netic field was calculated at the actual location of the detect-
ing coil, i.e., at R,=70 mm, assuming its axial position is the
origin of axial coordinate (z=0 mm) and coincides with the
thruster exit. The value of electric charge was adjusted to
obtain the experimental values of magnetic field (see Figs.
10 and 11). With such charges, the calculated azimuthal mag-
netic field B, is much smaller than the axial one B, (Fig. 14).
This could be changed with charges moving far away from
the detecting coil. The phase relation between the azimuthal
and axial magnetic fields, however, does not agree with the
observations (see Fig. 12). Furthermore, the axial position of
the rotating charge is limited to a few cm outside of the
channel because of the rapidly decreasing electric field (see,
for example, Refs. 1, 2, and 5), which leads to the cancella-
tion of azimuthal electron drift. Therefore, the hypothesis of
a localized charge moving azimuthally cannot reproduce
well the observed picture.

x107°
3 T T T T
|_
g 2 Bz
o
2 1
(1)
=3 A BO
= B \J J ]
_1 1 1 1 1

t, ys

FIG. 14. (Color online) Magnetic field simulated for an azimuthally moving
charge.
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B. Magnetic field from the localized currents

Let us now consider in the plasma volume a system of
localized currents of the charged particles, modeled by infi-
nitely thin wires of finite length. The currents can be oriented
in an arbitrary manner, but the whole current system is sup-
posed to turn around the center of the channel as a rigid body
with the frequency w=2mf corresponding to the first HF
spectral peak f=8 MHz. The contributions to the magnetic
field were calculated separately for each current and then
added to obtain the resulting field. The calculation was done

with the help of the vector potential A,
- !
A=t f —dL, (10)

where 7 is the current of charged particles, and dL is the
infinitely small linear element of the current. The magnetic
field is again calculated according to (9) at the location R,
=70 mm, z=0 mm, coinciding with the thruster exit plane.

For simplicity, three types of elementary currents are
considered: an axially oriented current /,, an azimuthal cur-
rent I, and a radial current /,. The absolute value of all the
currents was chosen to be equal to the estimated electron
current through the magnetic barrier, i.e., corresponding to a
discharge current of 1,=4.2 A, the values of elementary cur-
rents were taken to be 0.2 X1, Azimuthal B, and axial B,
components of the magnetic field from each elementary cur-
rent are presented in Figs. 15(a)-15(c). It can be seen that the
sole axial current I, [Fig. 15(a)] cannot reproduce the experi-
mentally observed HF magnetic field (see Fig. 11). A closer
matching could be obtained by adding azimuthal [Fig. 15(b)]
and radial [Fig. 15(c)] currents. Actually, these elementary
currents, when placed in the limits of the assumed electron
turbulent transport zone (r=3.5-8 c¢cm, z=0-3 cm), defined
by the channel dimensions and the relative cathode-channel
position, give a correct order of magnitude for the magnetic
field. To obtain a correct phase relation, however, these el-
ementary currents should be shifted azimuthally relatively to
each other. For example, the resulting magnetic field shown
in Fig. 15(d) corresponds to the configuration given in Fig.
16. This configuration gives a phase shift between resulting z
and 6 components of about 77/2, which agrees with the ex-
perimentally observations (see Fig. 12). Such a configuration
can model a spiral-like current that starts outside the channel
close to the cathode radial and axial position and flowing
into the channel, at the same time rotating with a velocity
close to the electron drift one. In this example, the elemen-
tary currents are not connected; their possible connections
are shown by dashed lines. Accounting for these connections
will of course change the resulting magnetic field. Notice,
however, that the localized current approximation is a rather
strong one, since the real currents in the plasma volume have
a certain distribution and their directions can deviate from
being strictly axial, azimuthal, or radial.

A more consistent reconstruction of plasma volume cur-
rents could be obtained with a thorough experimental map-
ping of the turbulent magnetic field, in particular with the
help of intrusive probing. This, however, would bring addi-
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FIG. 15. (Color online) Magnetic field simulated for localized plasma cur-
rents: (a) from an axial current, (b) from an azimuthal current, (c) from a
radial current, (d) sum of all contributions.

tional perturbations to the discharge. At this point, we pro-
pose to consider our model as a phenomenological one, not
intending to get the exact current reconstruction. Although
this model lacks solid theoretical proof, it agrees quantita-
tively with the experimental picture. This model is also co-
herent with the subsequent derivation of the electron “effec-
tive” collision frequency.
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FIG. 16. Configuration of elementary currents, corresponding to Fig. 15;
bold, length of the currents for simulation in Fig. 15; dashed, possible con-
nections between the currents; direction of rotation is shown (vector V).

C. Relation to the electron transport

Theoretical studies®***%3 predict the existence of un-

stable modes in all the above discussed frequency ranges, but
according to fully kinetic simulations,* it is an instability in
the MHz range that leads to the generation of the azimuthal
turbulent electric field and to the “anomalous” electron trans-
port. Our experiments and the earlier works®* %" have confi-
dently identified the azimuthal wave with a fundamental fre-
quency f=~5-10 MHz, though with generally low wave
numbers k~ 20 to 200 m~!. We will now proceed with the
analysis of this instability in order to estimate an “effective”
electron collision frequency.
The plasma conditions in the thruster are

2anTe,i

0, < W), 7

Be,izl*l“() < 1’ (11)

where (),, w, are the electron gyro and plasma frequencies,
T,~5 eV, T;<T, are, respectively, the electron and ion tem-
peratures, and n~ 10'” m~ is the electron density at the exit
of the thruster. The high-frequency waves of interest are in
the frequency range between electron and ion gyrofrequen-
cies ;< w<(), and are supposed to propagate almost per-
pendicularly to the ambient magnetic field k| > k;. Such azi-
muthal waves belong to so called quasi-electrostatic waves
in low hybrid frequency range. Their frequency dependence

is described by the following relation:***!

) Q2c? 5 K*c?
w'=——F"——F5 5| Mpt+cosT 0———5 |, (12)
2 kc 5 k*c
w,| I +— w, | 1+—
P o p w?
P P

where w,,=m,/M; is the electron to ion mass ratio and 6 is
the angle between the direction of magnetic field and the
direction of wave propagation. In these oscillations, the elec-
trons are magnetized while the ions are not, k, p,<<1 and
k,p;>1, where p, and p; are, respectively, the electron and
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ion Larmor radia. These waves were shown to be generated
in Hall thrusters due to the resistive instability studied by
Litvak and Fisch.*®

These quasi-electrostatic waves are known to play an
important role in space plasmas in particle transport and ac-
celeration; they are observed in the polar ionosphere and in
the vicinity of quasiperpendicular collisionless shocks,**?
where they are supposed to play an important role in particle
acceleration. The particularity of wave particle interaction
for these waves consists in the fact that electrons in these
motions are magnetized while ions are not. As a conse-
quence, electron motion is mostly affected by the electric
field component parallel to the background magnetic field,
while ions interact with the major component of the electric
field. Because of this, these waves can transfer momentum
from parallel electron motion to perpendicular ion motion
and vice versa. In the presence of an external electric field,
which is the case here, energy can also be transferred. A
theoretical study of these waves is beyond the scope of this
paper, so we will use known formulas from the literature to
evaluate the “effective” collision frequency. This character-
istic “effective” or “anomalous” collision frequency can be
deduced from direct in situ measurements of magnetic field
fluctuations.

The rate of the electron momentum loss due to the gen-
eration of waves can be estimated as follows:

Veffmenvdz _Ffr’ (13)

where v is the “effective” collision frequency, V, is the
characteristic drift velocity of electrons, n is their density,
and Fy, is the characteristic friction force that appears due to
the instability with respect to the generation of waves. This
friction force can be evaluated as follows:'>'®

F —LJ W£d3k (14)
fr= (277)3 Yk kwk s
where 1y, is the increment of the instability due to the elec-
tron drift motion that is responsible for the instability gen-
eration. Thus this “effective” frequency can be estimated as
follows:

2

Vo= — 5
eff (277)3menV31

f ykaicﬁk. (15)

Wy

When the electrons are magnetized and ions are not, the
macroscopic motions of electrons can be determined by the
“effective” diffusion, and ion motion is governed by the
macroscopic electric fields. The perpendicular diffusion co-
efficient for electron motions in this case can be derived from
the “effective” collision frequency as D | = Veffpg and it can
be evaluated if the level of wave activity W= W,d’k and the
characteristic increment are known. The level of wave activ-
ity can be estimated from the wave electric field W,
=goE?/2. To estimate the characteristic amplitude of the
electric field, we make use of Ampere’s law (7), neglecting
the displacement current, and taking the estimate of
the perpendicular (“anomalous”) current density, assuming
that it is carried mostly by electrons, J,=-enV,

=—en(|5}§><§0|/B%) ~—en(SE/B,), where SE is the fluctuat-
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ing (turbulent) electric field that is assumed to be perpen-
dicular to the stationary magnetic field B,. From (7) we have
IV X 8H|=|(1/ 16) V X 8B| =~ (1/ 1)k 5B, where 8B is the tur-
bulent magnetic field and k is the wave number. This leads to
the following relation between the fluctuating magnetic and
electric fields:

Q, k
OE =~ —
w, oMo

5B, (16)

where k is the wave number of the experimentally detected
azimuthal HF wave. In the simplest case, its wavelength is
equal to the channel circumference 27R, but as was demon-
strated in Refs. 26 and 27, these HF waves can have much
smaller wavelengths (down to at least 1 cm), which leads to
k~(02-63)X10°m™'. From this we get oE
~0.14-44 V/em, and  thus W/ mnVi=W,/kynT,
~goOE?/2kgnT,~ 107>~1073. It is rather difficult to evaluate
the increment of the instability, but for rather strong devia-
tions from equilibrium one can take it to be of the order of
Y%=0.1X 0w y=0.1XQ,(m,/M)"?>~=5x10° s!.  In this
case, the characteristic “anomalous” collision frequency will
be of the order of 5X 10 s~!. This value is significantly
smaller than “classical” collision frequency. However, this
evaluation utilized the oscillation intensities measured out-
side the region of denser plasma in front of the channel (cf.
coil positions in Fig. 5). Taking the calculated dependencies
of the magnetic field, one finds that the field amplitude,
while approaching the core of this region, can increase by as
much as 10 to 30. The effective collision frequency can
therefore reach values of the order of (5X10%)—(1
X 106 s~!. From this, the turbulent electric field can reach
approximately 107 V/cm, which is comparable to the axial
electric field. The possibility of generating such strong tur-
bulent electric fields was demonstrated numeri(:ally.34 This
can result in a quite strong effect as the characteristic “colli-
sional” frequency in the same region of the thruster is evalu-
ated to be of the order of =10’ s~!. We conclude that in the
vicinity of the channel, the diffusive behavior of the elec-
trons is governed by turbulence, whereas in the periphery of
the flow, classical collisions with neutrals prevail.

V. CONCLUSIONS

The turbulent magnetic field measurements in a Hall
thruster reveal the nature of the physical processes that gov-
ern electron transport. Although the turbulent magnetic field
that is measured outside of the channel is too weak to affect
charged particles directly, it provides relevant information on
their dynamics. The characteristics of the magnetic field os-
cillations we observe in the low-frequency and transit-time
frequency ranges are in a good agreement with properties
derived from other types of diagnostics. Magnetic field mea-
surements give complementary information about ion accel-
eration processes and Hall current evolution.

The basic hypothesis underlying the interpretation of the
nonstationary magnetic field measurements is the generation
of this field by moving charged particles in the plasma
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volume. We have shown that the source of HF instabilities
can be represented by localized currents with different orien-
tations. This model is in good agreement with the experimen-
tal results. More detailed studies with all three components
of the magnetic field in principle allow the current distribu-
tion to be reconstructed.

The key result of this study is the first direct experimen-
tal evaluation of the “effective” or “anomalous” collision fre-
quency due to the plasma turbulence in Hall thrusters. It has
been shown that in the central region just outside the thruster,
the electron dynamics is determined by “effective” or
“anomalous” collisions associated with the plasma turbu-
lence. In the periphery, however, classical collisions are more
important. The effective collision frequency is found to be
sufficiently smaller than the one used in computer simula-
tions (see, for example, Refs. 8 and 9). This “low effective-
ness” of anomalous transport processes may be one of the
reasons for the strongly nonstationary dynamics of the
thruster.

We have thereby demonstrated that the localized (in
axial, radial, and azimuthal directions) detection of the non-
stationary magnetic fields represents a valuable and very im-
portant type of diagnostic for probing nonstationary pro-
cesses in Hall thrusters. Such a diagnostic can be both
nonintrusive and intrusive.
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