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Discharge Current Oscillation in Hall Thrusters

Naoji Yamamoto*
Kyushu University, Fukuoka 816-8580, Japan

and

Kimiya Komurasaki® and Yoshihiro Arakawa*
University of Tokyo, Tokyo 113-8656, Japan

The discharge current oscillation at a frequency range of 10-100 kHz in Hall thrusters was investigated with the
objective of extending their stable operational range. The amplitude of oscillation was measured using two types
of Hall thrusters—the anode layer type and the magnetic layer type. The oscillation amplitude was found to be
sensitive to the applied magnetic flux density, and this result indicated that the oscillation was affected by electron
mobility. An oscillation model was proposed based on the experimental results, and the predicted frequency and
stable operational range were found to agree qualitatively agreed with the experimental results. This model shows
that the momentum transfer corresponding to plasma fluctuation, that is, the viscosity effect, is crucial to achieving
stability. Thus, the oscillation amplitude for various acceleration channel configurations—divergent, parallel, and
convergent—was measured because the momentum transfer could be affected by the channel configuration. The
stable operational range was successfully extended by the adoption of the convergent configuration in each type of

Hall thruster, as shown by this model.
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or = atom total collision cross section
T = measurement time

¢ = diameter

o = oscillation frequency
Subscripts

a = anomalous diffusion
c = classical diffusion

d = discharge

e = electron

eff = effective

i = ion

n = neutral atom

out = outer

r = radial direction

0 = anode side

1 = exit side

Introduction

ALL thrusters show considerable promise for satellite station-

keeping and orbit-transfer applications'? because they offer
an attractive combination of high thrust efficiency, exceeding 50%,
with a specific impulse range of 1000—3000 s and a higher ion beam
density than ion thrusters because of the existence of electrons in
the ion acceleration zone. This is because a moderate magnetic field
is applied in the acceleration zone, causing the magnetization of the
electrons and not the ions.?

Several types of Hall thrusters are available, but they can be cat-
egorized into two general groups: the magnetic layer type and the
anode layer type.*> One example of the former type is the Russian
stationary plasma thruster.>® The distinguishing features of this type
are continuous and extended acceleration zones for sufficient ioniza-
tion and stability. It has a ceramic wall, and its acceleration channel
length is longer than its channel width.> On the other hand, the
thruster with anode layer, which was also developed in Russia,”® is
an example of the anode layer type. This thruster has a narrow accel-
eration zone for reducing the loss of ion and electron collisions with
the walls.”'* It has a conducting wall, which potential is kept in a
cathode potential and its acceleration channel length is shorter than
its channel width. The electron temperature of this type of thruster
is higher than that of the former because of the low electron energy
losses to the wall.’

One of the challenges presented by Hall thrusters is the discharge
current oscillation, particularly at a frequency range of 10-100 kHz
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(Refs. 11 and 12). Because of the reduction in the impact of the power
processing unit and the enlargement of the margin for the power
supply of the satellite system, it is preferable to maintain a low level
of discharge current oscillations. The oscillation may also affect
the erosion of the acceleration channel or the ion beam divergence.
Understanding the oscillation is essential for the future improvement
of Hall thrusters, particularly of the anode layer type. Several studies
have been conducted on this oscillation phenomenon, and they have
revealed that the oscillation is caused by ionization instability.!3~!7
However, these studies did not adequately describe the oscillation,
and in particular, did not determine the stability criteria for a given
range of magnetic flux density. The aim of the present study is 1) to
propose a physical model related to the oscillation, 2) to validate the
model by comparing the analytical and experimental results, and 3)
to extend the stable operational condition range.

Experimental Equipment

Thruster

Figure 1a shows the cross section of a 1-kW class, anode-layer-
type Hall thruster. The inner and outer diameters of the acceleration
channel are 48 and 72 mm, respectively. The outer diameter can
be changed to 62 mm. A solenoidal coil is set at the center of the
thruster to apply a radial magnetic field in the acceleration channel.
The magnetic 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 dis-
tribution along the channel median is almost uniform in the short
acceleration channel, as shown in Fig. 2. Magnetic flux density is
maximized in the inner wall and decreases with an increase in ra-
dius because the magnetic flux is constant. Thus, in this study the
magnetic flux density at the channel median is assumed to be rep-
resentative. The guard rings are made of stainless steel (SUS304).
The separation between the guard ring and the anode is 1 mm. It
has a hollow annular anode, which comprises two cylindrical rings,
and a propellant gas is fed through them. The position and the width
of the hollow anode are varied by changing the anode components.
In this study, the width of the hollow anode is 3 mm, and the gap
between the tip of the anode and the exit of the acceleration channel
is fixed at 8 mm (P, = 72 mm).

Figure 1b shows that a magnetic-layer-type Hall thruster can be
achieved using an acceleration channel wall made of BN. The inner
and outer diameters of the acceleration channel are 48 and 62 mm,
respectively. The anode is located at 21 mm, upstream end of the
acceleration channel.

Xenon gas was used as the propellant. A fresh filament cath-
ode (¢ =0.27 x 400 mm x 3, 2% thoriated tungsten) was used as
the electron source, because an old hollow cathode can be a noise
source.!® The thrust was measured using a pendulum-type thrust
stand.’® The error of the thrust measurement was below 2 mN.
An ion-beam current was measured using the ion-beam collector
(500 x 500 mm nude plane collector) that was located at 250 mm
downstream of the thruster. Compensation for the decay of the ion
beam current by charge-exchange was performed according to the
method described in Ref. 20. The charge-exchange cross section
was obtained from Ref. 21. The friction of the double xenon ion
was assumed to be 0.2 (Refs. 22 and 23). The total error of this
compensation did not exceed 5%, and the largest source of error is
the ionization gauge.

Magnetic pole

a)

| Guard ring 0

Vacuum Chamber

A vacuum chamber of 2 m diameter by 3 m length was used in
the experiments. The pumping system comprised a diffusion pump,
amechanical booster pump, and two rotary pumps. The background
pressure was maintained below 5.3 x 103 Pa for most of the oper-
ating conditions.

Results and Discussion

Oscillation Characteristics

The amplitude of the discharge current oscillation should be a
good indicator of stability because increasing oscillation could cause
failure of the thruster. To evaluate the oscillation depth in the exper-
imental results, the amplitude of oscillation A is defined as

T ’ ¢ T
(D

Figure 3 shows the relation between thrust performance and mag-
netic flux density. The oscillation amplitude sensitively changed
with B. Stable operation was observed in a very narrow range near
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Fig. 2 Magnetic field configuration of the Hall thruster developed at
the University of Tokyo: a) radial magnetic flux density profile and b) cal-

culated magnetic field lines (¢out =72 mm) (calculated using Students’
QuickField 3.4, Tera Analysis Company).
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Fig. 1 Cross section of the Hall thruster developed at the University of Tokyo: a) anode layer type and b) magnetic layer type.
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Table 1 Typical measurement values for estimation
of diffusion coefficient

Classical diffusion

Anomalous diffusion
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Fig. 3 Oscillation characteristics: anode layer type, ¢out =72 mm,
rii=2.72 mg/s, and V; =250 V.
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Fig. 4 Estimated electron diffusion coefficient: anode layer type,
Gout =72 mm, 1 =2.72 mg/s, and V; =300 V.

B =16 mT or B > 27 mT in this configuration, although the thrust
efficiency was low for B > 27 mT. This is because the discharge
current suddenly increases at B =27 mT. Thus, the operational con-
dition range was narrow, and hence an extension of the stable oper-
ational condition range is required. This sensitivity to B indicates
that the oscillation would be dominated by electron mobility rather
than by ion mobility.

The transition in operational regime at B =27 mT is caused by
the transition in electron diffusion from classical to anomalous dif-
fusion. That is, an electron moves toward the anode via classical
diffusion when B <27 mT, and it moves via anomalous diffusion
when B > 27 mT, as shown in Fig. 4. The diffusion coefficient at
the acceleration channel exit was estimated as follows:

l"e Ic - 11'
D= = DN — e (2)
S Nel(e/kTe)E +Vn,/N.]

- eSiNii(e/kT,1)E,

I; was measured by the ion collector and the number density of ions
was estimated as follows:

Niy = I;/e$1Viy = I; [ eS1y/2nzeVa/m; 3)

The values of beam energy efficiency?* E, and 7, were assumed to
be typical measurement values, as shown in Table 1, where 1y was
measured by means of a retarding potential analyzer,® and T, was
measured by means of a double Langmuir probe.”® E was estimated
to be 1.2 (300 V/250 V) times that of the results measured by means

of an emissive probe.?’ I; was measured by means of the ion collec-
tor. The oscillation regime also changes at this point. This was an-
other indication that the oscillation is sensitive to electron mobility.

Oscillation Model

Several studies have indicated that the discharge current os-
cillation is caused by the so-called “breathing mode” ionization
instability,'3~!7 that is, the disturbance in the number density of
neutral atoms causes the disturbance in plasma density, and it feeds
back to the disturbance of neutral atom density. There is a time
lag between the neutral atom feed and the plasma feed, so that the
number density in each particle continues oscillating without con-
vergence. Baranov’s model'>'* does not adequately describe this
oscillation, however, particularly with respect to the stability cri-
teria for a certain range of magnetic flux density. Thus, a revised
ionization instability model was proposed.

The set of equations describing this oscillation is as follows: the
equation of continuity for the neutral atom and the equation of con-
tinuity for the electron. The continuity for the ion was not adopted'?
because the diffusion rate of plasma is controlled by the slower
species, which is the electron in the Hall thrusters, where the elec-
tron is trapped by the magnetic field.

The equation of continuity for the neutral atom is written as
follows:

N,
/ dV—|—/NnVndS=/—(adivg)ﬂ,N,lNedV )
|4 at S |4

The equation of continuity for the electron is written as follows:

N,
av + Neve ds = (Gdive>TgNnNe dv (5)
Vv ot N Vv

Linearization was performed to solve these equations analytically.
The phase velocity of perturbation of neutral atoms was propagated
as its axial velocity. The tide of the neutral atom density was com-
pensated by the movement of the neutral particle; thus, we assume
that the perturbation was propagated with the axial velocity of the
neutral particle atom. In the Hall-thruster acceleration channel, the
neutral atom axial velocity is assumed to be

1 [2k,T,
V, == = 100 m/s (6)
2V mm,

because the temperature of the neutral particles is estimated to
be 1000 K (Ref. 28). On the other hand, the wave number of
plasma was assumed to be zero because plasma in the ionization
zone will fluctuate monolithically.?® This is a unique feature of
this model and is acceptable because the relaxation time of plasma
[~(L/m)?/2D, ~ (3 x 1073 /m)? /(2 x 3) &~ 0.2 us] is less than the
oscillation period (*30 us), although Baranov assumed that pertur-
bation of plasma would be propagated with the same phase velocity
as the disturbance of the neutral atoms.'* The imaginary part of k,,
which is the decay term, was assumed to be equal to 1/A,. because
the number density of the neutral atom in the acceleration channel
would decay by ionization.

N, = N, + n, exp[—i(wt — k;2)] 7
N, = N, + n,exp[—iwt] ®)

where k, =C, + i1/, and C,, ®Re[w]/27 V,,.
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Fig. 5 Schematic representation of the ionization zone in the present
model.

_ For simplicity, (o4v.)7,, Na, N, is considered as {(04iVe)7,, Np»
N, and the boundary condition are defined as shown in Fig. 5:

1 L
Z/o (Gdive>Tde

B 1 L B 1 L
N,,:Z/O N, dz, Ne:Z/O N,dz 9

If the electron moves to the anode with classical diffusion, the
electron velocity is assumed to oscillate. This is because the electron
velocity is proportional to the neutral atom density. The electron
velocity is written as follows:

(Gdive>Te =

. 3 kgT, VN,
VooVt = _M(“ B——><Nn+n,l>
e

eB? N,
= f@WN, +ny) (10)
Substituting Eqgs. (7) and (8) into Eqgs. (4) and (5), the dispersion
relation is written as

& +{i{oav) 7, (N = No) +il(Ver = r5Veo) /L] = GV, Jo
+iG((0dive)TPNn Vi = [(Ver — rsVeo)/L1V,

+ (OaiVe 7, Nu fiNer) = (0aive) 7, Nel (Ver — rsVeo) /L1 = 0
(11

where
_ k, x explik,L]
" explik,L]—1
and rg = S()/S].
After solving the preceding dispersion relation, the frequency of
this oscillation Re[w] is written as follows:

fe=(1/2m)Re[w]

= (1/2m){ (~ac +Re)[/ (ac +ibo)* — 4. +ido) [} (12)

The stability condition of this oscillation Im[w] < 0 is written as
follows:

b. >0 (13)
b2, —ach.d, +d* <0 (14)

where
a. = —Re[G] x V,

be = (Ver — rsVeo) /L — (0aive) 7, Ny 4 (0give) 7, Ne —Im[G] x V,
. = —Im[G] x ({0aive) 7, Ny Vi = [(Ver = rsVeo) / L1V,

+ (Ve 7, Nu fiNer) = (0aive) g, Nel (Ver — rsVeo) /L]
de =Re[G] x ((04ive)7, Nu Vi — [(Ver — rsVeo) / L1V,

+ (0uive) 7, Nu fiNer)

If the electron moves to the anode according to anomalous dif-
fusion, under which the diffusion coefficient does not depend on
the neutral atom number density, the electron velocity is written as
follows:

Ve=—pE — D(Vn,/n.) = —pexlE + (kT./€)(Vn./n.)] (15)
Thus, the dispersion relation is written as follows:
@ + {=i(0ave) s, N + i[(Ver = rsVeo) /L]
+i(oave)r, Ne — GV, }o +iGV, ((0ave)7, Ny
— (Ve = 75Ver)/L) = (0aive) s, Nel(Ver = 75Veo) /L1 = 0
(16)
The frequency of this oscillation Re[w] is written as follows:

fa = (1/2m)Re[w]

= (1/27) (3{~au + Re[y/(a, + ib,)* — 4(c, +id,)]}) (A7)

The stability condition of this oscillation Im[w] <0 is written as
follows:

by >0 (18)
b2cy — agbad, +d> <0 (19)

where

a, = —Re[G] x V,

ba = (Vel - rSVeO)/L - (adive>T(Nn + <(7dive)Tz,Ne - Im[G] X Vn
Ca = _Im[G] X ((Udive>T(,]\_]t1Vn - [(Vcl - rSVeO)/L]Vn)
- (Udive)TyNe[(Vel —rsVe)/L]

dy =Re[G] x ((0aive)7, Na Vo — [(Ver — r5Ve)/L1V,)

Figure 6 shows the measured and predicted oscillation frequen-
cies. In the anode-layer-type thruster, the predicted frequency was
obtained from Eq. (12) because the electron moves to the anode
with classical diffusion. For both the experiment and the calcula-
tion, ¢oyu =72 mm, m =2.04 mg/s, and B, =16 mT. On the other
hand, in the magnetic-layer-type thruster, the predicted frequency
was obtained from Eq. (17) because of the presence of anoma-
lous conductivity.* For both the experiment and the calculation,
m=1.36 mg/s and B, =14 mT. The effective electron mobility
was assumed to be the Bohm mobility,*® 1/16B. This might be an
oversimplification, but it should be adequate to observe the qual-
itative characteristics of the oscillation. It is more appropriate to

100 T T T T T T
——Experiment (Anode layer)
—{Experiment (Magnetic layer)

80t O -Model (Anode layer) i
= -+ - Model (Magnetic layer)
B
Q
g 60L 0 .
&
L
&
8 40f ]
=
E
o 20} ]
o
0 1 L 1 L Il L
100 150 200 250 300 350 400 450
Discharge voltage, V

Fig. 6 Relation between the oscillation frequency and discharge volt-
age: anode layer type, ¢out =72 mm, iz = 2.04 mg/s, and B, =16 mT; and
magnetic layer type, 72 =1.36 mg/s, and B, =14 mT.
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consider the anomalous diffusion because of circumferential plasma
fluctuation®! or the so-called near-wall conductivity.?? That is, the
term that is proportional to the square of the perturbation of number
density should be added to the mobility in classical diffusion.’3!
Alternatively, the effective collision cross section or the assumed
effective mobility coefficient 1/a B (Ref. 33), where « is a fitting
parameter that does not depend on the electron energy, could be
used. However, the unresolved subject of electron transport in Hall
thrusters is debatable.?*~** This oscillation model might become ex-
tremely complex and questionable if the anomalous diffusion caused
by the previously-mentioned physical phenomena is considered. In
addition, there is no warrant that the value of the effective diffusion
coefficient, o, was assumed as particular value.

The oscillation frequency calculated using this model agreed
qualitatively with the measured frequency. That is, both increased
with an increase in discharge voltage. This tendency can be ex-
plained as follows. To simplify Eqs. (12) or (17), the oscillation
frequency can be rewritten as follows:

[ \/ (Ouive) 7, Nel(Ver = 75 Veo)/ L] (20)

This equation indicates that the oscillation frequency increases with
an increase in electron temperature. Thus, oscillation frequency
would increase with an increase in the discharge voltage because
electron temperature would increase with an increase in the dis-
charge voltage. This also indicates why the frequency of the anode-
layer-type thruster was higher than that of the magnetic layer type;
the electron temperature of the anode-layer-type thruster will be
higher than that of the magnetic layer type,’ as indicated by the
experimental results.

Figures 7 and 8 show the measured oscillation amplitude and
the predicted range of stable operational conditions. The hatched
area indicates predicted stable operational conditions deduced from
the present model, and the doted area indicates the same as deduced
from Baranov’s model.'* The blank area indicates the unavailability
of data for those conditions. Experimental results have shown that

Mass flow rate, mg/s

(i 10 20 30 40

Magnetic flux density, mT
Fig. 7 Map of stable/unstable operation conditions: anode layer type,
Va=250 V.

Amplitude

Discharge voltage, V

01020 30 40 30 60

1005
Magnetic flux density, mT

Fig. 8 Map of stable/unstable operation conditions: magnetic layer
type, i = 1.36 mg/s.

the stable operational range of B was increased with an increase in
m. In addition, there were stable operations with low magnetic flux
density, although n, was low.!®* With an increase in B, operational
conditions changed from stable to unstable and back to stable, and
then to unstable again.

The stable condition according to the Baranov’s model is written
as follows:

aDe ? (Nn - Ne)2
S Vn > 7
ax N,

Equation (21), however, can be rewritten as 7t < const—B > and
m< B3 and V; < B*(l <a < 1.5) and V; < B™3 (see Ref. 14).
That is, the stable operational range of B decreases with an increase
in m. In addition, Baranov’s model cannot predict the stable oper-
ation at the low magnetic flux density. Thus, it will not adequately
describe the present oscillation.

On the other hand, the predicted stable operational condition
range deduced from the present model qualitatively agreed with the
experimental results. That is, the predicted stable operational range
of B would increase with an increase in m. It also predicts that with
an increase in B, the operational condition would be changed from
stable to unstable and back to stable and unstable again. Hence, the
present model would provide a good explanation of the oscillation
mechanism, and the validity of the model would be proven. The
model can be simplified, and the conditions of stable operations
rewritten as follows:

D {0give) 1, 21

S1Ver — SoVeo — (Udive)n >0 (22)

The left-hand side of Eq. (22) represents the momentum transfer
corresponding to fluctuations of plasma, that is, viscosity effects.
Thus, the oscillations decay if the viscosity coefficient, that is, the
left-hand side of Eq. (22), is positive.

In addition, this model shows why the stable operation of the
anode layer is narrower than that of the magnetic layer:

1) Electrons move to the anode with classical diffusion in the
anode-layer-type configuration. Thus, as shown in Eq. (22), stable
operation is more sensitive to B in the anode layer type than in the
magnetic layer type.

2) The electron temperature of the anode-layer-type configuration
will be higher than that of the magnetic layer type. Thus, the left-
hand side of Eq. (22) can more easily become negative in the anode
layer type than in the magnetic layer type.

Reduction of the Oscillation Amplitude

Equation (22) shows that an increase in Sy V,9/ S} V.1 will make the
operation stable. Thus, the oscillation amplitude was measured for
various guard rings, as shown in Fig. 9, because the channel config-
uration would affect the propellant utilization, resulting in a change
in V,; under classical diffusion. The inner and outer diameters of
the guard rings of the divergent type are 46 and 64 mm, respec-
tively. The outer diameter of the convergent type is 60 mm. The
present model predicts that the stable operational condition range
of the convergent type is the widest, and that of the divergent type is
the narrowest among the three configurations that were considered.
Figure 10 shows the measured oscillation amplitude for the various
guard rings. The stable operational range was successfully extended
with the adoption of the convergent configuration, as shown by this

i
§

===
Propellant Anode
= ==
722222

48 mm| ¢62 mm

Guard ring

i

a) b) c)

Fig. 9 Various guard rings, anode-layer-type configuration: a) diver-
gent, b) parallel, and c) convergent.
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Fig. 10 Oscillation amplitude for various guard rings: anode layer
type, ¢out =62 mm, riz = 1.36 mg/s, and V; =300 V.
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Fig. 11 Propellant utilization for various guard rings: anode layer
type, ¢out =62 mm, riz = 1.36 mg/s, and V; =300 V.
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Fig. 12 Various acceleration channels, magnetic-layer-type configura-
tion: a) divergent, b) parallel, and c) convergent.

model. In addition, the propellant utilization of the convergent type
was the largest among the three, as shown in Fig. 11, and the thrust
efficiency of the convergent type was obviously the best. Because
the magnetic flux density at the transition from classical diffusion
to anomalous diffusion in the anode layer/divergent configuration is
lower than that in the others, the oscillation amplitude in the diver-
gent configuration is small when the magnetic flux density is greater
than 22 mT. Under the anomalous diffusion condition, the relation
of oscillation characteristics to the magnetic flux density was almost
the same as that under the classical diffusion, as shown in Figs. 3
and 4.

This model also shows that in a magnetic-layer-type configuration
the adoption of a convergent acceleration channel would extend the
range of stable operation conditions because Sy/ S| can be increased
while maintaining the value of V,o/ V.. Hence, the oscillation ampli-
tude was measured for various acceleration channel configurations,
as shown in Fig. 12. The inner and outer diameters of the divergent
type of acceleration channel are 48 and 52 mm, respectively. The
outer diameter of the convergent type is 72 mm. The divergent type
cannot maintain the discharge for m =1.36-2.72 mg/s, V; = 150—
400V, and B, = 0-0.06 T. Figure 13 shows the operational condition
map with the convergent acceleration channels. The stable opera-
tional condition range of convergent type is larger than that of the
parallel type as shown in Fig. 8. Thus, the stable operational condi-
tion range for both the anode layer type and the magnetic layer type
thrusters was successfully extended.

Amplitude
450 1
: 0.8
400 y I 0.6
sof ;.
300 0

Discharge voltage, V
[y
wn
S
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[ 5]
[=1
=]
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—_
W
<
T

1005~ s

I SR B | T il | I |
0 10 20 30 40 50 60
Magnetic flux density, mT

Fig. 13 Map of stable/unstable operation conditions with convergent
acceleration channel: magnetic layer type, riz = 1.36 mg/s.

Conclusions

A discharge current oscillation at a frequency range of 10—
100 kHz was investigated using a 1-kW-class Hall thruster. The
oscillation amplitude was sensitive to the magnetic flux density,
and the oscillation characteristics were changed when the transition
from classical to anomalous electron diffusion occurred. These ex-
perimental results indicated that electron mobility affects this oscil-
lation. Therefore, an oscillation model that took the electron dynam-
ics into consideration was proposed. The predicted frequency and
the stable operational condition range agreed qualitatively with the
experimental results, and thus the validity of the model was proven.
This model also showed that the difference in oscillation charac-
teristics between the magnetic-layer-type and the anode-layer-type
thrusters is caused by the difference in the electron diffusion form
and the difference in the electron temperature. The present model
also shows that acceleration channel configuration affects the oscil-
lation. The convergent acceleration channel configuration leads to
an increase in the viscosity of plasma; this allows the stable oper-
ational range to expand. On the other hand, the divergent channel
configuration reduces the stable operational range. Thus, the stable
operational range for various acceleration channel configurations
was investigated, and the experimental results for each type of Hall
thruster successfully validated this procedure.
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