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Abstract 
Characteristics of discharge oscillations at a frequency range of 10-100kHz in a Hall thruster were 

investigated using a 1kW class anode layer type Hall thruster. An oscillation model was proposed where the 
oscillation is due to ionization interaction between electrons and neutral particles and where the phase velocity 
of electrons is different from that of neutral particles. The predicted unstable operational condition agreed with 
the experimental results in tendency. This model shows that decrease in cross section of discharge chamber 
should make stable operation range extended, and experimental results supported this assumption. 

 
 

Nomenclature 
 
A  : oscillation amplitude  
B  : magnetic flux density 
D  : diffusion coefficient 
E  : electric field strength 
e  : electronic charge 
Id  : discharge current 
Isp  : specific impulse 
k  : wave number  
kB   : Boltzmann’s constant  
L  : ionization zone length  
M  : particle mass 
m   : mass flow rate 
N   : number density 
P  : pressure 
Q  : particle flow rate 
rL  : Larmor radius 
S  : cross-section  
T   : temperature  
V  : volume 
Ve  : electron velocity 
Vn  : neutral atom velocity 
Vd  : discharge voltage 
z  : axial direction 
α    : ion loss coefficient 
β    : excitation coefficient 
γ   : ionization coefficient 
ε   :  ionization energy 

uη  :  propellant utilization 

neλ  :  neutral-electron mean free path 
µ   : mobility 

τ   : measurement time 
φ   :  space potential  
ω   : oscillation frequency 
 
 
Subscripts 
e :  electron 
i  : ion 
n :  neutral atom 
w : wall 
anode :  anode side  
exit :  exit side 
 
 

Introduction 
A Hall thruster is one of the promising thrusters 

for satellite station keeping and orbit transfer, since it 
has an attractive combination of high thrust 
efficiency with specific impulse of 1000-3000sec, 
high thrust efficiency of more than 50% and high 
thrust-to-power ratio as compared to an ion thruster. 
Therefore, there will be many missions using a Hall 
thruster.1) There, however, are still some challenges 
for practical application. One of these challenges is 
the suppression of plasma oscillations. Plasma 
oscillations cause the operation to cease as well as 
they bear down on PPU. Especially oscillations at a 
frequency range of 10-100kHz are the largest 
oscillations of all and often cause the discharge to 
cease. There have been many studies about these 
oscillation phenomena, and they revealed that these 
oscillations would be caused by ionization 
instability.2-4) They, however, were not enough to 
adequately describe this oscillation, especially 
stability criteria for a certain range of magnetic flux 
density or mass flow rate. The aim of this study is 1) 
to investigate the characteristics of the oscillation, 2) 
to propose a physical model and 3) to propose the 
way to depress the oscillation. 
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The Experimental Equipment 
Thruster 

Figure 1 shows the cross-section of a 1kW class 
anode layer type Hall thruster. It has two guard rings 
made of stainless steel. They are kept at cathode 
potential. The inner and outer diameter of the 
discharge chamber is 48mm and 72mm, respectively. 
The outer diameter can be changed to 62mm. It has a 
hollow annular anode. The anode is located at 3mm 
upstream end of the discharge chamber. A solenoidal 
coil is set at the center of the thruster to apply radial 
magnetic field in the discharge chamber. The 
magnetic flux density is variable by changing the coil 
current. Figure 2 shows the magnetic field 
distribution along the chamber median at the coil 
current of 4A. Magnetic flux density is maximum at 
the chamber exit and minimum at the anode.  
Xenon was used as a propellant gas. As an electron 
source, a filament cathode (φ 0.27mm×500mm×3, 
2% thoriated tungsten) was used, since the hollow 
cathode in itself can be a noise source as shown in 
Fig. 3.  
 
Vacuum Chamber 

A 2m-diameter by 3m long vacuum chamber 
was used through the experiments. The pumping 
system consists of a diffusion pump, a mechanical 
booster pump and two rotary pumps. These pumps 
give the facility an air-pumping speed of 30,000l/s 
and the ultimate base pressure is 4.5×10-4 Pa. The 
background pressure was maintained at less than 
5.3×10-3 Pa when the Hall thruster was operating 
with 3.4mg/s of xenon. 

 

 
Fig. 1 Cross section of the anode layer type Hall 
Thruster developed at University of Tokyo.              
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Fig. 2 Magnetic flux density profile. 
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Fig. 3 Discharge current trace of a hollow cathode. 

 
 

Results and Discussion 
Oscillation Characteristics 

To examine experimental results, the amplitude 
of oscillation is defined as, 
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Figure 4 shows the effect of magnetic flux 
density on oscillation characteristics. The oscillation 
characteristics were changed sensitively with B. They 
can be categorized into four regimes. The feature of 
each regime was shown in Ref. 5. 

These results would show that the electron 
mobility might affect this oscillations rather than the 
ion mobility. Since oscillation characteristics depend 
on magnetic flux density as well as on discharge 
voltage and they were changed sensitively with the 
magnetic flux density.  
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Fig. 4 Oscillation characteristics. 
m  =2.72mg/s, Vd=250V 

 
Oscillation Model 

Several studies indicated that the oscillation was 
caused by ionization instability.2)~4) In addition, the 
electron mobility is the key role on this oscillation. 
Considering above things, the set of equations 
describing the oscillation are below. 
The equation of continuity for neutral atom     
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The equation of continuity for electron 
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Integrating Eqs. (2) and (3) over the whole ionization 
zone, they can be rewritten as. 
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These equations were solved analytically. Each 
parameter is assumed to consist of a steady state part 
and a small disturbance part that is proportional to 

)](exp[ zkti −− ω . The wave number k of neutral 
atoms is assumed different from that of electrons, 
though Baranov et al. assumed that they are the 
same.2) Phase velocity in each particles is assumed as 
their respective axial velocity. L is no more than 
0.005m and electron velocity would be more than 
3000m/s, wave number of electrons was considered 
to vanish. Therefore, the wave number k is assumed 
as 
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where, [ ] nn VC /Re ω≈    
 

An electron velocity is also assumed to oscillate, 
since electrons are thought to move to anode with 
classical diffusion.5) The electron velocity is written 
as   
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Thus, each parameter is rewritten as below 
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For simplicity, an ionization zone is considered as 
a homogeneous box region where ionization rates, 
neutral atom density, and plasma density are 
homogeneous as shown in Fig.5. In addition, 
electrons don’t collide with the Chamber wall and 
ions. 

 
            anode side  exit side 
 

Fig.5 Schematic of ionization zone. 
 

Substituting Eq. (5) into Eq. (4), the dispersion 
relation is written as, 
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The stability condition of this oscillation Im 
[ω ]<0 is written as, 
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 022 <+− dabdcb        (10) 

where 

n

ne
anodeeSexite

n

VG

NN
L

VrV
b

VGa

×−

−+
−

=

×−=

]Im[

)(

]Re[

__ γ  

















+

−
−

×=

−
−

















+

−
−

×−=

exiteexitn

n
anodeeSexite

nn

anodeeSexite
e

exiteexitn

n
anodeeSexite

nn

NfN

V
L

VrV
VN

Gd

L
VrV

N

NfN

V
L

VrV
VN

Gc

_

__

__

_

__

]Re[

]Im[

γ

γ

γ

γ

γ

 

 
Equations (9) and (10) need to be rewritten 

about operation parameter to compare this model 
with the experimental results.  

Neutral particles temperature is estimated as 
700K, therefore the neutral atom velocity is constant 
as  
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We estimate electron temperature from the 
electron energy balance equation as shown below.  
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The heat loss into the wall is neglected. Since 
the discharge chamber wall is kept at cathode 
potential, only ions collide with the wall chamber. 
Ionization potential is 12.13eV for Xenon, and the 
excitation coefficient is chosen as 2.0 according to 
Ref. 6.  

According to Ref. 7, the length of ionization 
zone of an anode layer type is estimated as several 
times electron Larmor radius. Thus, it was assumed 
as two times electron Larmor radius unless it is 
beyond discharge chamber length 0.004m as shown 
in Fig.6. rs is estimated as 1.1. 
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The electron density is estimated as below   
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Fig.6 Schematic of discharge chamber 

 
Figure 7 shows the measured oscillation 

amplitude and stable/unstable operation condition 
deduced from theory. The doted area indicates 
operational condition with no oscillation deduced 
from this theory. The stable operation zone deduced 
from this theory agreed with the experimental results 
in tendency. Figure 8 shows the measured oscillation 
frequency and the theoretical frequency. The order of 
deduced one agreed with that of the measured one. 
The difference might be due to the approximation 
that distribution of plasma parameters is homogenous 
over ionization zone. However, this model would be 
a good expression of this oscillation mechanism. 
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(d) 
Fig. 7 Stable/unstable operational condition. 
(a) Eq. (9), (b) Eq. (10), (c) Eqs. (9) and (10) 

(d) Experiment m =2.72mg/s, Vd=250V 
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Fig. 8 Relation between frequency and discharge 

voltage.  m =2.04mg/s, B=0.02T 
 

Examining this model, the criteria of Eq. (10) are 
almost covered that of Eq. (9). Therefore the criteria 
from equations (9) was examined.   

Due to this model, decrease in cross section of 
discharge chamber makes operation stable. Since the 
left hand of equation (9) can be rewritten as 
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C1: positive constant 
 

To confirm this, discharge chamber was changed 
to a small one (outer diameter: 62mm). Figure 9 
shows the results using the small chamber. The 
operation range of B with no oscillation was 
extended as shown in the theory: that is, the range of 
tolerant B was almost 0.01T at small chamber, 
though that at large chamber was about 0.001T. 

This theory also shows that increase in mass flow 
rate extends the operation range with no oscillation. 
Figure 10 shows operating condition map using the 
small discharge chamber. Triangle shows the 
operational condition that A is more than 0.1. The 
operation range with no oscillation was extended 
with increase in mass flow rate. Discharge, however, 
became out of control when m  was 4.08mg/s in this 
chamber configuration, that is, too much discharge 
current occurred and the thrust efficiency was 
decreased. Thus, there are optimum discharge 
chamber configuration if m  and Vd was given. 

 
Fig. 9 Oscillation amplitude 
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Fig. 10 Operational condition map. 

Vd=250V 
 
 

Summary 
An ionization oscillation model considering 

electron dynamics was suggested. The deduced 
unstable operational condition agreed qualitatively 
with the experimental results. This model proposed 
that increasing mass flow rate should make the 
operation stable, and experimental results supported 
this assumption.  
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