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Suppression of Discharge Current Oscillations in a Hall Thruster™
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Results of controlling a discharge current oscillation in Hall thrusters at a frequency range of 10-100kHz are pre-
sented. To understand the discharge current oscillation mechanism, the plasma behavior in the acceleration channel was
observed with a high-speed camera using a 1-kW class, anode layer type Hall thruster. The emission intensity oscillates
equably in the acceleration channel at the same period of the discharge current oscillation; the number density of excited
xenon ions oscillates at the same oscillation period and is proportional to the discharge current. These results indicate that
the discharge current oscillation is caused by the ionization instability and the number density of plasma oscillates equa-
bly in the acceleration channel. Furthermore, the oscillation amplitude was sensitive to the applied magnetic flux density,
indicating that this oscillation is affected by electron mobility. The proposed oscillation model based on the experimental
results demonstrated that the momentum transfer corresponding to a plasma fluctuation is crucial to achieving stability.
Thus, the oscillation amplitude for various acceleration channel configurations—parallel and convergent—was mea-
sured, because channel configuration could affect the momentum transfer. The oscillation was successfully suppressed
by adopting the convergent configuration, as shown by this model.
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magnetic flux density
diffusion coefficient
electric field strength
electronic charge
discharge current
wave number
ionization zone length
length

particle mass

mass flow rate
number density
cross-section
temperature

volume

electron velocity
neutral atom velocity
discharge voltage
axial direction
diameter

: neutral-electron mean free path

: mobility

;: atom ionization collision cross section
: atom total collision cross section

measurement time
oscillation frequency
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Subscripts

e: electron

ion

neutral atom
anode side
exit side

—
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1. Introduction

A Hall thruster is a promising thruster for satellite station
keeping and orbit transfer applications!? because it has a
high thrust efficiency exceeding 50% with a specific impulse
range of 1,000-3,000s, delivering higher thrust-to-power
ratio as compared to ion thrusters. There are several types
of Hall thrusters and they can be categorized into two gen-
eral groups: magnetic layer type and anode layer type.>* An
example of the former type is the Stationary Plasma Thrust-
er (SPT) developed in Russia.” The distinguishing feature
of this type is continuous and extended acceleration zones
for sufficient ionization and stability. It has a ceramic wall
and the length of the acceleration channel is greater than
its channel width.® On the other hand, the Thruster with
Anode Layer (TAL) also developed in Russia’”® is an ex-
ample of the anode layer type. This thruster has a narrow ac-
celeration zone for reducing loss caused by ion and electron
collisions with the walls. It has a conducting wall whose po-
tential is maintained at the same value as the cathode poten-
tial and its acceleration channel length is shorter than its
channel width.!'®!'") The short acceleration length and the
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high-resistive material give the anode layer type a potential
longer lifespan than observed SPT’s.'? However, it can op-
erate in a very limited range of operational conditions com-
pared to SPT’s, so it has been backward compared with the
other in practical applications.

One problem of Hall thrusters relates to the discharge cur-
rent oscillation, particularly at a frequency range of 10—
100 kHz. It is preferable to maintain a low level of discharge
current oscillations due to a reduction in the impact of the
power processing unit (PPU) and an increase in the margin
of the satellite power supply. The oscillation may also in-
crease erosion of the acceleration channel or ion beam diver-
gence. Understanding the oscillation is essential for future
improvement of Hall thrusters-particularly the anode layer
type. Several studies conducted on the oscillation phenom-
enon have revealed that this oscillation is caused by ioniza-
tion instability.>"'” However, these studies did not ade-
quately describe this oscillation—especially the stability
criteria for a given range of the magnetic flux density. This
study aims to investigate plasma behavior in the accelera-
tion channel using a high-speed camera and propose a phys-
ical model of the oscillation based on experimental results in
order to suppress the discharge current oscillation.

2. Experimental Equipment

2.1. Thruster

Figure 1 shows the cross section of a 1-kW class, anode
layer type Hall thruster.?”) The inner and outer diameter of
the acceleration channel are 48 mm and 72 mm, respective-
ly. A solenoidal coil at the center of the thruster applies a ra-
dial magnetic field in the acceleration channel. The magnet-
ic flux density is varied by changing the coil current. There
is no outer coil because a uniform magnetic field distribution
is maintained along the azimuthal direction. The magnetic
field distribution along the channel median is almost uni-
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Fig. 2. Discharge current trace of hollow cathode.

form in the short acceleration channel. The magnetic flux
density is maximized at the inner wall and reduces with in-
creasing radius because the magnetic flux is constant. Thus,
this study assumes the magnetic flux density in the channel
median to be representative. The thruster has a hollow annu-
lar anode comprising two cylindrical rings through which
xenon propellant gas is fed. The gap between the tip of
the anode and the exit of the acceleration channel is fixed
at 3mm. A filament cathode (¢ = 0.27 mm, [ = 400 mm x
3, 2% thoriated tungsten) was used as the electron source,
because a hollow cathode can be a noise source in itself
(Fig. 2).
2.2. Vacuum chamber

A vacuum chamber—2 m in diameter and 3 m in length—
was used in the experiments. The pumping system com-
prised a diffusion pump, a mechanical booster pump and
two rotary pumps. The background pressure was maintained
below 5.3 x 1073 Pa for most of the operating conditions.
2.3. High-speed camera

An image intensified high-speed camera (DRS Technolo-
gies Inc, ULTRA 8) was used to observe the plasma. The
maximum frame rate of this camera is one hundred million
frames per second.

3. Results and Discussion
3.1. Oscillation characteristics

To evaluate the oscillation depth in the experimental re-
sults, the amplitude of oscillation A is defined as:

Figure 3 shows the relationship between A and B. A was
found to be sensitive to B. Stable operation is observed in a
very narrow range near B &~ 16 mT or B > 27 mT, although
the thrust efficiency is low for B > 27 mT. This sensitivity
to B indicates that the oscillation is affected by electron mo-
bility rather than by ion mobility.

To observe the events in the acceleration channel, the
plasma behavior was observed using the high-speed camera.
Figure 4(a) shows the plasma behavior and discharge cur-
rent under an unstable condition at a frame rate of
350,000 fps and an exposure time of 1 us. Intense emission
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Fig. 3. Oscillation characteristics.

is observed in the annular acceleration channel and it oscil-
lates equably in the channel with the same period as that of
the discharge current oscillation. The intensity is approxi-
mately proportional to /g and there is a period when the
emission intensity was almost zero. On the other hand, the
emission intensity during stable operation was nearly con-
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stant (Fig. 4(b)). The emission intensity provides significant
information on ionization because it is proportional to the
number density of the excited species, which is related to
the number density of the plasma. To detect the particular
spectrum (Xe 11, 460.3 nm, 5p*6p*Ds,,— 5p*6s*Ps)2), the
emission was observed through a band-pass filter (center
wavelength = 456 nm, full width at half-maximum = 3
nm). Figure 5 shows the behavior of the xenon ions in the
excited state. The frame rate was 500,000 fps and the expo-
sure time was 1 us. The number density of S5p*6p*Ds» oscil-
lates and is proportional to I (Fig. 4(a)).

These results show that the oscillation is derived from the
plasma density fluctuation in the acceleration channel, i.e.,
this oscillation is caused by ionization instability. In addi-
tion, the plasma in the annular acceleration channel oscil-
lates monolithically in the entire ionization zone.

3.2. Oscillation model

Several studies have shown that the discharge current os-
cillation is caused by ionization instability, i.e., a distur-
bance in the number density of neutral atoms causes a dis-
turbance in the plasma density, and it feeds back to the dis-
turbance in the neutral density. There is a time lag between
performing the neutral atom feed and plasma feed, so the
number density in each particle continues to oscillate with-
out convergence.

The equations describing this oscillation consist of the
equation of continuity for the neutral atom and the equation
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Fig. 4. Oscillation behavior of plasma.
(a) unstable condition, B, = 25 mT. (b) stable condition, B, = 16 mT.
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of continuity for the electron. The continuity for the ion was
not used'® because the diffusion rate of the plasma is con-
trolled by the slower species, which is the electron in the
Hall thruster where it is trapped by the magnetic field.

The equation of continuity for the neutral atom is ex-
pressed as follows:

N,
ot

+ V(N Vi) = _<(7dive>TeNnNe (2
The equation of continuity for the electron is expressed as
follows:

oN,
ot

+ V(N Ve) = (Gdive>TeNnNe 3)

Equations (2) and (3) are integrated over the entire ioniza-
tion zone because the plasma oscillates monolithically in
this zone (Fig. 4).

oN,
/ dv + / N, VydS = / — (04ive) 7. NaNedV
y or s v

“4)

ON.
/ dV+/NeVedS= /(adive)TanNedV
v or S 1%

Linearization was used to solve these equations analyti-
cally. The phase velocity of the perturbation of neutral
atoms was propagated as its axial velocity.

Nn == Nn + Ny eXP[_i(U)l - an)] (5)
Where, k, = C, + il /Ay, and C,, = Re[w]/27V,
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A unique feature of the present model is that a disturbance in
the plasma oscillates monolithically in the entire ionization
zone, although Baranov assumed that a perturbation of plas-
ma propagates with the same phase velocity as that of a per-
turbation of neutral atoms.'®

N. = N + ne exp[—iwt] (6)

For simplicity, (o4ive)r,, Nn and N, are considered as
(04iVe)1,» Ni and Ne, respectively.

1 L
(Ogive)T, = */ (04ive) 7, dz,
LJ

0
_ 1 L _ 1 L
N, = Z./o Npdz, N. = Z/O N.dz 7

If an electron moves to the anode with classical diffusion,?!
the electron velocity is assumed to oscillate, because elec-
tron velocity is proportional to the neutral atom density.
The electron velocity is expressed as follows:

Me (0T Ve ) en kT. VN,
Vezve‘i‘ve:_%(E“r‘TeNe>(Nn+nn)
= f(@D)(WVa + nn). )

Substituting Egs. (5) and (6) into Eq. (4), the dispersion re-
lation is written as:

o + {i(mﬁvem(ﬁe B ANIAC Bt L GVn}w
+ iG(WTﬁnVH - w v,
+ mnl\_’nﬁNel)
— ToaverNe w =0 ©)
k, x explik,L] . &

where G = rs

an =
explik,L] — 1 S

After solving the above dispersion relation, the frequency of
this oscillation, Re[w], is written as follows:

1
fa= gRe[w]

_ 11 R \/ ib)? — 4 id 10
=5 §<_a+ e|+/(a+ib)” — (c—i-l)) (10)

The stability condition of this oscillation, Im[w] < 0 is writ-
ten as follows:

bh>0 (11)
b*c —abd +d* <0 (12)

where

a = —Re[G] x V,

Vei — 15V, -
b= lfr” — (000 1. Ny + (Oaive)r.Ne — Im[G] x V,
— - Ver —rsVeo
¢ = —Im[G] x [ {0give) 7, Na Vo — — Va

+ <Gdive>Tean1Nel>
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3.3. Discharge current oscillation suppression method
The stable operational condition predicted by this model
can be written simply as follows:

S1Ver — SoVeo — (Gdlve> N SL >0 (13)

The left side of Eq. (13) represents the momentum transfer
corresponding to the plasma fluctuations. Thus, the oscilla-
tions decay if the left side of Eq. (13) is positive. In other
words, this model shows that the convergent acceleration
channel configuration could allow the oscillation to be sup-
pressed because it improves propellant utilization, resulting
in a change in V¢ for classical diffusion. Hence, A was mea-
sured for various guard rings (Fig. 6). The inner and outer
diameters of the guard rings of the convergent type are
48 mm and 70 mm, respectively. Figure 7(a) shows the ex-
perimental results of A with the parallel acceleration chan-
nel and Fig. 7(b) shows A with the convergent acceleration
channel. The stable operational condition range of the con-
vergent type is greater than that of the parallel type. Conse-
quently, the discharge current oscillations in the Hall thrust-
er were suppressed successfully. Moreover, propellant uti-
lization using the convergent configuration is larger than
that of the parallel type. As a result, the thrust efficiency
of the convergent configuration is higher than that of the
parallel one.?”

4. Summary

Discharge current oscillation characteristics at a frequen-
cy range of 10-100kHz were investigated using a 1-kW
class, anode layer type Hall thruster. The plasma behavior
in the acceleration channel was investigated by a high-speed
camera to clarify this oscillation mechanism. The emission
intensity oscillated monolithically in the acceleration chan-
nel with the same period as that of the discharge current os-
cillation, and its intensity was proportional to the discharge
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Fig. 7. Oscillation amplitude for various guard rings.

(a) parallel, (b) convergent. m = 2.72mg/s.

current. These results indicate that this oscillation is derived
from the fluctuation of the plasma density in the acceleration
channel, i.e., this oscillation is caused by ionization instabil-
ity and the number density of ions is oscillated monolithical-
ly in the entire acceleration channel. Additionally, the oscil-
lation amplitude sensitively changed with magnetic flux
density. These results show that the oscillation is dominated
by electron mobility rather than by ion mobility. Therefore,
an oscillation model considering the electron dynamics was
proposed. This model shows that the acceleration channel
configuration affects the oscillation. In other words, the con-
vergent acceleration channel configuration leads to an ex-
tension in the stable operational range, because it leads to
an increase in propellant utilization, resulting in an increase
in the momentum transfer corresponding to plasma fluctua-
tion; this increases the stable operational range. Conse-
quently, the stable operational range was investigated for
two acceleration channel configurations—parallel and con-
vergent. As shown by this model, the stable operational
range was successfully extended by use of the convergent
configuration.
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