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In this paper, we summarize the research development of low-frequency oscillations in the last few decades. The
findings of physical mechanism, characteristics and stabilizing methods of low-frequency oscillations are discussed. It
shows that it is unreasonable and incomplete to model an ionization region separately to analyze the physical mechanism
of low-frequency oscillations. Electro-dynamics as well as the formation conditions of ionization distribution play an
important role in characteristics and stabilizing of low-frequency oscillations. Understanding the physical mechanism and
characteristics of low- frequency oscillations thoroughly and developing a feasible method stabilizing this instability are

still important research subjects.
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1. Introduction

A Hall thruster is an annular device in which a propel-
lant, usually xenon, is ionized and then accelerated by electro-
static force to create a propulsive thrust.['! Magnetic-confined
plasma discharge is the main principle of Hall thrusters. How-
ever, the magnetic-confined plasmas could not be in the ideal
thermodynamic equilibrium state. This means that these plas-
mas have comparatively high free energy. Thus, microscopic
or macroscopic motion of plasmas coming from a higher-
energy state to a lower-energy state exists inherently. Research
in the past few years shows that whichever magnetic topol-
ogy is used, rich and complex wave and noise characteristics
over a wide frequency spectrum are inherent in the magnetic-
confined plasma discharge. Therefore, It has been a central is-
sue of plasma physics to study all kinds of plasma instability,
to clarify the physical mechanism, to understand their charac-
teristics, and to seek the stabilization method.[2-8!

Hall thrusters, as typical magnetized plasma discharge
devices, exhibit varied oscillations with different lengths and
time scales including many kinds of physical phenomena. The
spectrum of plasma instabilities ranges from kHz to GHz and
these instabilities play a major role in the process of ioniza-
tion, diffusion and acceleration of particles. Low frequency
discharge current oscillations, also named as breathing mode
oscillations in some references, are one of the major research
topics of Hall thrusters. Lots of previous research has evi-
denced the existence of low-frequency oscillations with large
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amplitudes in the range of 10-100 kHz in Hall thrusters.[*!%]
These oscillations might affect the power processing unit,
lower the efficiency and specific impulse and shorten the op-
erating life of Hall thrusters, and therefore, its suppression
is an essential challenge in the practical applications of Hall
thrusters, not only to determine the effects of such an oscilla-
tion on the thruster operation, reliability and lifetime but also
to control electromagnetic compatibility with other equipment

11,12

installed on satellites.!!!"'?] Researchers had paid attention to

the low-frequency oscillation phenomena with Hall thrusters’

13-151 Even now, the study on

presence since the early 1970’s.!
this subject is still underway. In this paper, we focus on the
subject of low-frequency oscillations and attempt to summa-
rize/discuss the progress of study on low-frequency oscilla-

tions in recent years.

The organization of the rest of this paper is as follows.
In Section 2, the research groups concerning low-frequency
oscillations are outlined. Section 3 addresses the research de-
velopment of the physical mechanism of low-frequency oscil-
lations. In Section 4 we discuss the influencing factors and
characteristics of low-frequency oscillations. The research de-
velopment of low-frequency oscillation stabilizing is explored
in Section 5, and then the conclusion and open questions are

given in Section 6.
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2. Research group

Internationally, there are many electric propulsion re-
search laboratories, such as the Princeton Plasma Physics Lab-
oratory (PPPL) in USA, the Laboratory on Plasma and Con-
version of Energy (LAPLACE) in France, the Komurasaki—
Koizumi Laboratory in Japan, the Moscow Institute of Radio-
engineering in Russia and some other laboratories in Asia and
Europe. Different groups focus on different research objec-
tives. For low-frequency oscillations, some work has been
done in Russia in the early and mid-1970’s, while the main
research groups continuing to study this subject are located in
USA, France, Poland, Japan, and China. They researched this
subject from different angles and helped us to fully understand
the low-frequency oscillations in Hall thrusters.

In USA, the researches on low-frequency oscillations are
mainly in some universities. The Princeton Plasma Physics
Laboratory (PPPL), where N. J. Fisch is the project head and
Y. Raitses is the lead physicist, established the Hall Thruster
Experiment (HTX) in 1999. Their research objectives include
reduced beam divergence, scaling of Hall thrusters, physics
involved in Hall thrusters as well as plasma instabilities and

1.116-191 They studied low-frequency oscillations

their contro
mainly through experiments and established some excellent
plasma diagnostics devices, such as high-speed positioning
system for plasma measurements inside Hall Thrusters, a new
segmented probe and a movable radial probe.[?-23! Another
research group in Princeton is the Electric Propulsion and
Plasma Dynamics Lab (EPPDyL), which is presently directed
by E. Y. Choueiri. EPPDyL has continuously researched in
the physics and applications of plasma thrusters for spacecraft
propulsion for more than thirty years and is currently involved
in active space experiments. A review on plasma oscillations
in Hall thrusters published in “Physics of Plasmas” is their typ-
ical oscillation research work.?*! A. D. Gallimore, graduated
as a Ph.D. from EPPDyL and founded and directs the Plasma
dynamics and Electric Propulsion Laboratory (PEPL) at the
University of Michigan. A. Gallimore is one of the world’s
leading electric propulsion researchers. PEPL has operated
all thruster types including electrothermal propulsion, electro-
static thrusters, and electromagnetic thrusters. Early research
efforts in the 1990s considered arcjets and MPDs. A major-
ity of the research presently performed in the lab is focused
on Hall thrusters and ion thrusters.[2! In addition, the Stan-
ford Plasma Physics Lab headed by M. A. Cappelli and the
Space Propulsion Laboratory (SPL) at the Massachusetts In-
stitute of Technology headed by Manuel Martinez-Sanchez are
also advancing theoretical and experimental research to under-
stand plasmas in space propulsion including the study of low-
frequency oscillations.

In Europe, research groups concerning low-frequency os-
cillations in Hall thrusters are mainly in France and Poland.

In France, Hall thrusters have been studied in the frame of a
Research Group on Plasma Propulsion consisting of about 10
academic labs, which are specialized in all the fields of Hall
thrusters’ physics (plasma physics, optical diagnostics, mag-
netism, ceramics, numerical simulation, etc.). Laboratory on
Plasma and Conversion of Energy (LAPLACE) in the Uni-
versity of Toulouse headed by J. P. Boeuf and the Research
Group on Energy of Ionized (GREMI) in the Orléans Univer-
sity headed by A. Bouchoule are two of the most important
research groups. These two groups performed a lot of theoret-
ical and experimental studies on discharge instabilities in Hall
thrusters ranging from low to medium-high frequencies.!*! S.
Barral in the Dynamics of Ionized Media group in the Insti-
tute of Plasma Physics and Laser Microfusion in Poland has
been one of the greatest activity researchers in Hall thrusters
discharge instability for the past few years.[!%?"-301 He mainly
focused on computer modeling, theoretical study of discharge
In the

modeling and controlling of low-frequency oscillations, S.

instabilities, and thruster/power supply interactions.

Barral has done a lot of research and gave some new perspec-
tives in low-frequency oscillations. Moreover, Plasma propul-
sion equipment especially (EP2) in Spain headed by E. Ahedo,
who has also done some theoretical studies on the subject of
discharge oscillations in Hall thrusters. EP2 have built re-
search relationships with SPL, PPPL, and Dynamics of Ion-
ized Media group to concern the fundamental physics in Hall
thrusters, [28-30-33]

Another research center of low-frequency oscillations in
Hall thrusters is in Asia. The works of the Komurasaki—
Koizumi Laboratory in the University of Tokyo headed
by K. Komurasaki includes model developing and im-
proving, characteristics and suppression of low-frequency

9.34.351 The work of Gas Discharge Physics Lab in

oscillations. !
Korea Advanced Institute of Science and Technology headed
by Wonho Choe mainly focus on the cylindrical Hall thrusters
and the plasma diagnostics.[?*-33] Harbin Institute of Technol-
ogy Plasma Propulsion Laboratory (HPPL) in China headed
by Yu Daren is a new research group, which began to
build their experiments facilities and study Hall thrusters in
2004. They have done some exploratory researches on low-
frequency oscillations, including the influencing factors, phys-
ical mechanism, and stabilizing.[>:!239441

In addition to all of the above, some researches in Japan
(Nagoya University, Gifu University, etc.),*! in Israel (such
as in Technion Israel Institute of Technology and Holon Insti-

tute of Technology), #6471

[48]

or in USA (such as Air Force Insti-
tute of Technology),'**! etc. also perform some research work

on the subject of low-frequency oscillations in Hall thrusters.
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3. Physical mechanism of low-frequency oscilla-
tions

The previous analysis assumed that Hall thrusters essen-
tially operate in a steady-state mode, that is why Hall thrusters
are also named stationary plasma thrusters. However, the plas-
mas in Hall thrusters are not in the steady-state, especially,
the low-frequency oscillations in the 10-100 kHz band with
a bigger amplitude play a direct role in setting the perfor-
mance and stability. This oscillation mode was identified as
a “loop” or “circuit” oscillation as it is sensitive to the cir-
cuit of the system in the 1970’s in Refs. [24] and [25]. Re-
searchers proposed numerous models to study the mechanism
of low-frequency oscillations. The most representative mod-
els are Fife’s predator-prey model and Boeuf’s breathing type
Fife et al.
model in which the electron temperature is predicted through

model. proposed a two-dimensional numerical
a detailed electron—insulator interaction model and concluded
that the low-frequency oscillations seem to be related to an
ionization fluctuation which can be modeled in a predator-prey
fashion. The model emphasizes the interaction between neu-
tral replenishment and ionization avalanche, and shows the
relationship between neutrals and ions in the course of low-
frequency oscillations lively.’! The frequency characteristics
of low-frequency oscillations analyzed by Fife’s predator-prey
model were also verified through experiments by Cappelli et
al.®!1" A numerical model built by Boeuf and Garrigues ex-
plained the oscillation as a movement of the ionization zone. 4!
This is caused by the large magnetic field near the exit of a
thruster, which causes a large degree of ionization depleting
the neutrals in the ionization zone. The ionization zone moves
upstream where the smaller magnetic field has a reduced rate
of ionization. This reduction then starves the ionization zone
of electrons, allowing the ionization zone to move downstream
near the exit. Then the cycle repeats itself. The simulations
also predict the existence of discharge regimes with large am-
plitude of low-frequency current oscillations. These oscilla-
tions are associated with a “breathing” of the production zone
location and the front of neutral atoms.

Due to lack of uniformity in the initial theoretical study,
researchers struggle for seeking more meticulous methods
based on dynamics of charged particles. Noguchi et al.
proposed a one-dimensional linear perturbation model and
found that the low-frequency oscillations have several char-
acteristics of an ionization cycle.**! Yamamoto ez al. stud-
ied the low-frequency oscillations in the linear type and an-
ode layer type thruster. To study the oscillation mechanism,
the plasma behavior was measured with a high-speed cam-
era in the acceleration channel. The emission intensity and
the number density of excited xenon ions oscillates with the
same period as the discharge current oscillation, which indi-
cates that low-frequency oscillations are caused by the ioniza-

tion instability.’?] Further experimental results showed that
the amplitude/frequency of low-frequency oscillations is af-
fected by the magnetic field variations greatly but not by
the change of electric field. Since there are electric fields
at the end of the ionization zone,>>> Yamamoto pointed
out that the models of Fife!®"! and Baranov!>® have short-
ness and concluded that electron dynamics traveling in the
magnetic field pays an important role in low-frequency os-
cillations. Based on the experiments and theoretical analysis,
an expanding model reflecting the interaction between neutral
atoms and electrons was built and the unstable operation zone
was deduced.!”3433371 Chable et al. measured axial profiles
of the plasma parameters through laser induced fluorescence
methods, which show different characteristics of ionization
zone and acceleration zone.[®® After that, they linearized a
stationary quasineutral hybrid model and commented that the
main reason for low-frequency oscillations is the strong cou-
pling between electric field and ion current. These instabilities
also appear in electrons-drift quasineutral plasma and are so-

39601 Yy et al. also considered

called Buneman’s instabilities.!
the interaction between the ionization zone and acceleration
zone and recognized the limitation of the assumptions that ac-
celeration zone is quasi-neutrality. The classical predator-prey
type model was improved and reasonable boundary conditions
were given in Ref. [44].

In recent years, Barral et al. have been doing a great
deal of research to improve the low-frequency oscillation
model, analyze its physical mechanism and stabilize theory.
They began their study with a one-dimensional (1D) model
through the linear-stability analysis of the stationary solu-
tions. The dispersion relation was used to analyze the pro-
files of different perturbation magnitudes. A time scale sep-
aration procedure was applied to a quasi-stationary model,
time-dependent terms of neutrals transport were treated in-
dividually with electron/ion process. After building the rela-
tionship of whole equations with the discharge current growth
rate and atom density, the oscillation frequency expression was
given through the simplification of short-wave and long-wave
solutions.[©192] Barral ef al. then used a non-linear model to
deduce a simplified model, where only the dynamic of elec-
trons and neutrals were described. The growth rate of elec-
trons was given to clarify the great dependent relationship be-
tween ionization and the derivative of electric field. The rela-
tionship between electron multiplication ratio and discharge
current indicates that the breathing mode oscillations result
from the interplay between current instability and the axial
motion of ionization front.!%3! Through further analysis, the
effects of discharge voltage on the amplitude/frequency of
low-frequency oscillations were given in Ref. [28]. Along
with these, the frequency expressions of a predator-prey cy-
cle and a convective cycle were analyzed. It showed that the
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predator-prey cycle gives a better description of the instability
mechanism.®*! For further analysis of predator-prey dynam-
ics, the ionization zone was separated into ionization region
and avalanche region, then a simple predator-prey model was
derived. Theoretical analysis indicated that the low-frequency
oscillations result from a delayed feedback between ioniza-
tion and avalanche electron multiplication, which were causes
by the transit of neutrals ionizing upstream of the avalanche
region.[27:63]

Given closer analysis, we can see that it is unreasonable
and incomplete to model ionization zone separately to analyze
the low-frequency oscillation physical mechanism. Actually,
the ionization zone and the acceleration zone are coupled to
each other. The ions move from ionization zone to accelera-
tion zone and bring the status of ionization zone to the accel-
eration zone. The electrons come from the acceleration zone
into the ionization zone and reflect the influence of the acceler-
ation zone on the ionization zone. It is known that the electric
field equation is the electron momentum equation. The elec-
tric field reflects the influence of the acceleration zone on the
ionization zone. The ion momentum causes the redistribution
of electric fields, which influences the movement of ions and
electrons, and therefore the ionization process itself. It is con-
sidered that the electric field feedback, together with the pro-
cesses of neutral replenishment and ionization avalanche, lead
to low-frequency oscillations of Hall thrusters. In addition, it
should be pointed out that the quasi-neutral hypothesis has its
limitations in the acceleration zone modeling since the veloc-
ity of ions is much higher than that of electrons in the accel-
eration zone. Therefore, the effects and the non-quasi-neutral
characteristics of acceleration zone should be taken into ac-
count in the study of low-frequency oscillation mechanism.

4. Influencing factors and characteristics of low-
frequency oscillations

Experimental and numerical observations/measurements
showed that the amplitude and frequency of low-frequency os-
cillations are strongly dependent on operating conditions, such
as mass flow rate, propellant type, discharge voltage, magnetic
field, geometry, wall materials, filter unit, as well as the dy-
namics of discharge voltage or the magnetic field. Using dif-
ferent types of Hall thrusters, much work has been done on
the influencing factors and characteristics of low-frequency
oscillations. In general, these researches can be divided into
two parts: the effects of operating parameters (mainly includes
mass flow rate, discharge voltage, magnetic field) and the ef-
fects of components (mainly includes cathode, wall materials,
filter, etc.). In addition, these researches might get involved
in the relationship between low-frequency oscillations and the
plasma characteristics or plume, performance, wall erosion,
and so on.

As to the effects of operating parameters on the low-
frequency oscillations, much work has been done with var-
ious types of Hall thrusters, different operating parameters,

166-691 For example, Fisch

and different diagnostic methods.
et al. studied the effects of discharge voltage and mass flow
rate on the low-frequency oscillations in a cylindrical Hall
thruster. Experimental results showed that the discharge cur-
rent oscillations become larger in amplitude and complexity
as the voltage increases and are reduced sharply with mass
flow rate increasing. The frequency of low-frequency oscilla-
tions does not increase with discharge voltage as that in some
traditional Hall thrusters, but exhibits complex nonlinear os-
cillation modes.?!70-7?] Komurasaki e al. commented that
the low-frequency oscillations are sensitive to the amplitude
of magnetic field in an anode layer type Hall thruster and
the structure of anode would dramatically affect the discharge
stability.!”3] Gallimore et al. measured near-field and far-field
plume-plasmas through adjusting discharge voltage using an
electrostatic high-speed dual Langmuir probe (HDLP) sys-
tem, and concluded that the frequency of low-frequency os-
cillations increases with the increase in discharge voltage and
the variation of plume-plasma parameter is roughly propor-
tional to the amplitude of low-frequency oscillations.?! In-
ternal measurements indicated that as the anode mass flow
rate increases, the peak ion density, electron temperature, and
electric field move downstream, which is attributed to the in-
crease of electron—neutral collision frequency.!”#! Their exper-
imental results firstly provided high-spatial and high-temporal
resolution measurements to low-frequency oscillations. Low-
frequency oscillations were observed in all thrusters (also in
clustered Hall thruster) at all spatial locations and in all mea-
sured plasma properties (discharge current, electron density,
electron temperature, and plasma potential), and the phase be-
tween discharge current and plasma parameter were also ob-
served in low-frequency oscillation timescale.[”>! The same
conclusion was also provided in Ref. [76]. Yu et al. mea-
sured the low-frequency oscillations of plasma density, elec-
tron temperature, and different energy ions in plume and
showed that these oscillations exhibit the same frequency as
the low-frequency oscillations and are in the same phase in the
circumferential direction at the timescale of low-frequency os-
cillations. The time delay in the axial direction is caused by
the propagation of plasma density.!”®! Another great contribu-
tion of Gallimore et al. is that they firstly achieved the estima-
tion of the thrust fluctuation induced by low-frequency oscilla-
tions, and therefore provided an approach to study the relation-
ship between oscillations and performance of Hall thrusters.
Boeuf et al. adopted different electron conductivities to a 1D
quasineutral hybrid model and provided time-averaged plasma
properties. The amplitude/frequency of low-frequency oscil-
lations under different magnetic field intensity/spatial distri-
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butions have been simulated and compared with experimental

77.78] Then, they pointed out that a configuration with

results. [
a zero magnetic field and a smaller region with a large mag-
netic field tend to decrease wall erosion and low-frequency
oscillations.””#% Gascon and Bouchoule et al. divided the
low-frequency oscillations into different fluctuation modes
with the variation of discharge voltage. 88?1 An electrical effi-
ciency corresponding to the ratio between the numbers of ions
ejected and the electrons circulated was defined and discussed
in the range of low-frequency oscillation timescale.[®3 The
group headed by Cappelli performed a lot of research work on
the plasma instability in a wide frequency range.!3*%"1 They
paid much attention to various waves in discharge plasma in-
stead of the discharge current oscillation. For example, they
concluded that the low-frequency azimuthal drift waves would
be overtaken by lower frequency disturbances with discharge
voltage increasing. The lower frequency disturbances are con-
firmed to be ionization instabilities, and their frequency results
agree with the results of the “predator-prey” model.[>!)

The effects of components on low-frequency oscillations,
such as cathode, wall material, anode orifice or size, filter
unit (which also called matching network in some references),
have all been studied in the past few years. Fisch et al. com-
mented that the enhancement of cathode electron emission
above its self-sustained level will suppress low-frequency os-
cillation amplitude and Hall thrusters with various configura-
tions have the same trends.*>3%! Gallimore et al. studied the
effects of cathode operating modes on the low-frequency os-
cillations and concluded that the increase of neutral density
near the cathode exit can mitigate the cathode induced plasma
potential oscillations and then stabilize the ionization insta-
bilities under the low discharge voltage condition.!®*! Gas-
con together with Cappelli and Barral er al. studied the ef-
fects of different wall materials on low-frequency oscillations.
The wall materials investigated included alumina, boron ni-
tride, boron nitride—silica mixture, silicon carbide, graphite,
and plate diamond. Experimental results indicated that the
wall materials have effects on the location of the ionization
zone, as well as the characteristics of low-frequency oscil-
lations. Their experiments using plate diamond and boron
nitride as wall materials in a linear-geometry Hall thruster
also showed that there is a new “pulsed” oscillation mode in
the case of diamond walls. The different characteristics in
low-frequency oscillations are responsible for the differences
of the secondary electron emission characteristics,®?! and
backscattering of electrons by the walls was also believed to
play an equally fundamental role.[”3! Using a 1-kW class an-
ode layer type Hall thruster, the amplitude of low-frequency
oscillations was measured under various hollow anode widths
and axial positions. The experimental results showed that
there are stable and unstable operation modes and a plasma

density threshold for stable discharge. Meanwhile, the con-
clusion was verified through fully kinetic particle-in-cell (PIC)
and direct simulation Monte Carlo (DSMC) methods. 7394
Aside from the effects of wall materials, the effects of the
anode orifice configuration were investigated for various ori-
fice diameters by using a simplified hybrid-PIC code. The
effects of neutral distribution on the ionization process were
confirmed. The higher neutral density for a smaller orifice
results in concentrated ionization and therefore along with
the increase of the low-frequency oscillation amplitude.®!
The influences of low-frequency oscillations on plume di-
vergence and erosion rate were also investigated. Because
different low-frequency oscillation amplitude was achieved
through adjusting the magnetic field, necessary relations be-
tween oscillations and plume divergence/erosion rates were
not confirmed.[®! In the past ten years, some excellent sig-
nal processing methods and measuring methods, such as EMD
(empirical mode decomposition)®’°! and laser-induced fluo-

[100-104] have been introduced to study the

rescence diagnostics
low-frequency oscillations by Bouchoule and Mazouffre et al.
The fluctuation of plasma parameters in the low-frequency os-
cillation timescale was measured and their phase relationship
was given based on the EMD method. It was verified that there
are time delays between anode current and electron density or
discharge voltage, and there are relations in high-frequency in-
stabilities and low-frequency dynamics in Hall thrusters. [°%%%]
Experiments with laser-induced fluorescence diagnostics indi-
cated that the ionization zone and the acceleration zone over-
lap with each other. The ion energy distribution widens and the
acceleration zone moves toward the exit under the high mag-
netic field condition. With the increase of discharge voltage
or the decrease of mass flow rate, the electric field shifts to-
ward the anode. The existence of very slow and very fast ions
is confirmed and attributable to the electric field oscillation in

e.[190.101] The temporal and steady-state char-

space and tim
acteristics of the Xe™ ion axial velocity distribution function
monitored through the laser induced fluorescence diagnostic
tool also provided useful information for further research of
low-frequency oscillations.[19%103] Recently, the experimental
results showed that the increase in dielectric wall temperature
can result in an increase in low-frequency oscillation ampli-
tude and a slight decrease in its frequency.!!%! Research on
the relationship between filter unit and low-frequency oscilla-
tions was also performed by experiments and numerical sim-
ulations. A filter unit was known to have a sizable impact on
the onset and magnitude of these oscillations.**! Because the
effects of the filter unit is strongly related to the control of
low-frequency oscillations, it will be discussed in Section 5.
According to the arguments above, the low-frequency os-
cillations are strongly dependent on operating conditions. The
influencing regularities of discharge voltage and mass flow
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rate on low-frequency oscillations have been confirmed by
much research work. Experimental results showed that the
amplitude of low-frequency oscillations becomes larger as the
voltage is increased, and is reduced with the mass flow rate
increasing. The frequency of low-frequency oscillations in-
creases with the discharge voltage in predominantly traditional
Hall thrusters. However, the effects of magnetic field on the
low-frequency oscillations lack uniformity. The lack of con-
sensus reflects the complexity of magnetic-confined plasma on
the one hand and also reflects the necessity of this study on
the other hand. Tamida ef al. proposed an expression to com-
bine discharge parameters with the oscillation strength and os-

106] Wang et al. studied the relationship be-

cillation mode.!
tween magnetic field strength and low-frequency oscillations
under different mass flow rates and discussed the different

39421 Along with the vari-

low-frequency oscillation modes.!
ation of operating conditions, the low-frequency oscillations
exhibit different oscillation modes. [3*-81:82:106] Thjs is the rea-
son for inconsistencies in different experiments. Meanwhile,
the existence of different oscillation modes also tell us that a
simple relationship between low-frequency oscillation ampli-
tude (reflected by a root-mean-square or a peak-to-peak value)
and operating parameters are not sufficiently scientific. Yu et
al. tried to explain the characteristics of low-frequency oscil-
lations with different ionization distributions**/and then the
effects of operating parameters on the ionization distribution
were given experimentally. It was pointed out that the varia-
tion of operating parameters change the distribution of “mat-
ter” or “energy”, in the discharge channel, and then the ion-
ization distribution is affected and the characteristics of low-

1071 These results provided

frequency oscillations are changed.|
some useful information in the study of low-frequency oscil-
lations. Besides, much research work indicated that the elec-
tron dynamics plays an important role in low-frequency oscil-
lations. Because many influencing factors such as magnetic
field, cathode or wall materials are related to electron dynam-
ics, a thorough understanding of electro-dynamics would help

us to understand low-frequency oscillations deeply.

5. Stabilizing of low-frequency oscillations

Because the low-frequency oscillations might affect the
power processing unit or even affect performances of Hall
thrusters, researchers tried many methods to eliminate it. The-
oretically, Yamamoto ef al. built up a set of state equation of
atoms and electrons in the ionization zone, and gave a model
similar to the predator-prey model. Along with dispersion
analysis, they found that the model has conditional stabil-
ity. Then the stability conditions of low-frequency oscillations
based on discharge voltage and magnetic field strength were
given. Thereafter, Yamamoto ef al. improved the proposed

model. The fluctuation characteristics of the escaped ions from

d.[108.1091 The numerical

[57]

the ionization zone were considere
simulation results were verified through their experiments.
They also tried to modify the width or position of the anode
and concluded that the low-frequency oscillation characteris-
tics changing with the discharge voltage is essentially the same
in numerical simulations and experiments.!>-!1% Actually, the
explicit expression of stability conditions was not given out in
their early study, but the stable boundary through substituting
the experimental parameter values was shown. Since it is dif-
ficult to obtain the characteristic of the whole system from the
complex expression of low-frequency oscillations, it is accept-
able to simplify the discriminate to achieve stability conditions
according to experimental data.!''"-!12] Then, Yamamoto et al.
gave the physical interpretation of stability conditions as fol-
lows: when the transfer rate of electrons in the ionization zone
is bigger than the ionization rate, the low-frequency oscilla-
tions will not be motivated. Conversely, the low-frequency
oscillations will be active. Recently, the control action of a fil-
ter unit in the discharge circuit was discussed. A filter unit was
a main component applied to reduce the low-frequency oscil-
lations, the design of which originates from the 1970’s. While
the low pass filtering characteristics of a filter unit is known to
protect the power supply against AC currents, their role in the
active control of oscillations is usually overlooked. 3!
Previous studies indicated that the low-frequency oscilla-
tions are sensitive to parameters of the filter and can be miti-
gated to an acceptable level with proper values.!'!3! Barral et
al. built a model to consider two types of controllers: the ex-
ternal RLC network (a filter unit) and a PID controller acting
uniformly on the magnetic field generated by a coil current as a
function of the discharge current (this magnetic field produc-
tion by means of electromagnetic coils connected in a series
with a discharge circuit was also named the self-excited mode
in some references!*>1141). Their simulations showed that both
methods have a very significant impact on the low-frequency
oscillation amplitude. It was pointed out that the inductance
plays the leading role in the filter. Comparatively, the self-
excited mode has been shown to be an effective way to mit-
igate low-frequency oscillations. A simple equivalent circuit
modeling the ac behavior of a thruster was also derived to help
to design a robust filter.!''>] Yu et al. also studied the effects
of filter parameters on low-frequency oscillations based on the
one-dimensional quasineutral hydrodynamic model. The re-
sults indicated that the amplitude of low-frequency oscilla-
tions decreases with increasing the inductance and the resis-
tance in the filter; an eigenvalue study of the linear stability
has been performed and the stability conditions were given. [4°]
Though it has been proved in theory that proper filter param-
eters can mitigate low-frequency oscillations, a “clean” fil-
ter setup does not exist actually. The effects of the inductor
frequency characteristic were studied and advantageous fre-
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quency characteristics of filter inductors were suggested.!!?!

The phase compensation function of a resistor in the filter was
also discussed."!

Apart from the study of the stability conditions in the-
ory and using the stability method through a filter unit, re-
searchers also tried all kinds of possible ways to mitigate low-
frequency oscillations. Dorf et al. observed that the anode
fall can be changed from negative to positive through creat-
ing a magnetic field configuration with a zero magnetic field
region and concluded that the amplitude of the low-frequency
oscillations decreases, when the magnetic field configuration

exhibits a zero field inside the channel.[!1©

| This phenomenon
was also observed in the ATON type Hall thruster, where
the magnetic field topology includes a point of zero mag-
netic field.[®%!17-118] The pre-ionization in the buffer cham-
ber by “quick electrons”*!:11%1 or “microwave injection” 120l
of Hall thrusters was shown to have reductive effects on the
amplitude of low-frequency oscillations. Komurasaki et al.
proposed a novel approach which is azimuthally non-uniform
propellant flows to reduce oscillation in an anode layer Hall
thruster. Although the thrust efficiency decreased, the trade-
off curve between oscillation amplitude and thrust efficiency
was improved.!'?!! Due to the strong influence of the mag-
netic field on plasmas, many researchers also tried to mitigate
the low-frequency oscillations through an automatic control
method. Petrenko er al. might be the earliest researchers to
mitigate low-frequency oscillations with the automatic control
system method. The electromagnet current was used as a reg-
ulated variable to achieve optimal discharging conditions.[!%?]
Gallimore et al. also used a high speed DAQ control sys-
tem and chose the inner magnet current as the control sig-
nal to control the discharge current oscillations of clustered
Hall thrusters.[!>3] Recently theoretical and experimental stud-
ies showed that the closed-loop feedback control of the mag-
netic field can restrict motion of the ionization front into a
small range, and then the low-frequency oscillations are no-
tably suppressed. (43

To the best of our knowledge, it is acceptable that the low-
frequency oscillations can be stabilized in theory. However,
this conclusion is mainly based on the model analysis method
or dispersion analysis. The simplified theoretical mode can-
not reflect uncertainties of the complex nonlinear systems: the
process of low-frequency oscillations. In fact, plasma flow in-
stabilities induced by the ionization avalanche are inevitable
because of weakly damped characteristics of plasmas. The os-
cillations can be mitigated to an acceptable level but can never
be eliminated. The essence of all control methods is to reg-
ulate some steady parameters or dynamic parameters so as to
achieve the stability of Hall thrusters. It should be emphasized
that this kind of stability is relative. The control parameters
can be steady parameters or dynamic parameters, including

the distribution of propellants, the magnetic field configura-
tion, or the geometry of Hall thrusters or the dynamic elec-
tric field realized through filter unit, dynamic magnetic field
realized through self-excited mode or building a closed-loop
feedback control devices.

The low frequency discharge current oscillations are
kinds of macro-instability due to the ionization and supple-
ment of propellants. In the discharge process, the rise of elec-
tron density accelerates the ionization, the ionization process
would increase exponentially if there is no restraint. Actually,
with the ionization of atoms, the decrease of atom density re-
strains the increase of the process of ionization. With the ion-
ization and supplement dominating alternately, the atom-front
moves forward and backward periodically, while the discharge
current increases and decreases periodically. The movement
of atom-front determines the scope of ionization zone fluctu-
ations which shows as the ionization distribution characteris-
tic. Thus, the ionization distribution characteristic has strong
inter-relation with the characteristics of low-frequency oscil-
lations. A wide ionization distribution implies that the atom-
front swings in a large range. The discharge current exhibits
an oscillation with dominative low frequency components.
Meanwhile, this kind of long time interaction provides an op-
portunity for further development of the instabilities. Thus,
the amplitude of low-frequency oscillations is high under this
condition. In addition, the narrow ionization distribution has
a sharp slant along the axial directions of the channel. This
causes the ionization and supplement of propellant in a small
region. This rapid alteration suppresses the ionization insta-
bilities in Hall thrusters. Therefore, the low-frequency oscilla-
tions with the narrow ionization distribution always exhibit the
characteristics of scattering frequency and low amplitude. Es-
sentially, different stabilizing methods for low-frequency os-
cillations are aimed to condense the ionization distribution.
However, the characteristics of ionization distribution reflect
the position and strength of the ionization chain reaction. The
occurrence of the ionization chain reaction requires two ba-
sic conditions: “matter principle” and “energy principle”. The
“matter principle” is that there should be enough high-density
electrons and atoms in the ionization region. The “energy prin-
ciple” is that electrons should have enough energy. The change
of mass flow rate or the distribution of propellants affects the
ionization process mainly by means of a “matter principle”;
the change of discharge voltage activates through an “energy
principle.” The variations of the magnetic field strength or
topology affect the electron density and also affect the energy
of the electron obtained from the electric field.

Using a filter unit to suppress the low-frequency oscil-
lations is very popular in practice. The basic principle of a
filter unit can be described as follows: from the view of con-
trol theory, the discharge circuit of a Hall thruster can be seen
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as a feedback control system which consists of a thruster, a
discharge power supply, and a filter. In this system, the Hall
thruster is the controlled object, the filter is the controller, and
the discharge power supply voltage is the reference signal. The
filter regulates the voltage across itself according to the varia-
tion of discharge current so as to decrease its fluctuation in the
discharge circuit. Proper filter parameters can provide a re-
quired fluctuant voltage with an appropriate phase-angle and
amplitude, which would increase or decrease the ion mobil-
ity to balance the ion production in the discharge channel and
then decrease the fluctuation of the plasma density and lower
the low-frequency oscillations. However, in our opinions, the
control ability of a filter unit is limited. The main function
of proper filter parameters is to expand its stability boundary.
Therefore, the filter parameters are always given through the
trial-and-error method in practice. Up to now, there has not
been a complete design theory for the filter design in Hall
thrusters. The proposition of a filter design theory aimed at
the low-frequency oscillation control may need more detailed
experimental data and theoretical models of plasma flow char-
acteristics in the ionization process.

Because the control ability of a filter unit on low-
frequency oscillations is restricted, a kind of dynamically
magnetic-field control method is proposed. The electromag-
nets are driven in series by the discharge current, which means
that the magnetic-field intensity increases with plasma density
increasing. When the electron density increases, the increas-
ing magnetic-field intensity restrains the motion of electrons
and then limits the ionization development. If the electron den-
sity decreases, the magnetic field intensity decreases, its capa-
bility for bounding electrons becomes weak. Consequently,
the electrons can move longer and obtain more energy from
the electric field, which is favorable for ionization. Thus, we
see that the amplitude of low-frequency oscillations is less in
self-excited mode Hall thrusters. Because of the strong control
action of magnetic on the plasmas, the electromagnets driven
in series by the discharge current has good suppressive effects
on low-frequency oscillations for thrusters of different types
or discharge parameters. Low-frequency oscillations in Hall
thrusters are a multi-parameter coupling and complicate sys-
tem. Much remains to be done in suppressing this instability.

6. Conclusions and open questions

The study on low-frequency oscillations is an important
subject in the Hall thruster research area. Researchers have
done a lot of work on the mechanism, characteristics, and
methods of instability control. In this paper, we try our best
to give out the main thread and relevancy, and discuss the per-
formed work and the fundamental conclusion. Accordingly,
we clarify gaps, conflict, and development directions of low-
frequency oscillations, and also build the relationship among

numerous research findings. These may help us to understand

this subject deeply. Though the low-frequency oscillations

have been studied for many years, some questions are still
open, such as the physical mechanism of burst mode in low-
frequency oscillations, the modulation of low-frequency oscil-
lations on high-frequency plasma instabilities, the consensus
problem in ground-experiments and flight-type condition, and
the effects of time-evolving geometry. Moreover, the control
of low-frequency oscillations is stuck on the layer of recogni-
tion and the lack of a scientific and complete theoretical frame-
work. Much remains to be done.
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