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Abstract: The results of development of low-power Hall thruster with nominal power 
200 W are presented. The approach to the choice of the discharge chamber and magnetic 
system geometry is described. The map of performance parameters and results of plasma 
plume diagnostics are presented. The thruster was tested with a set of different ceramic 
materials being as part of discharge chamber and the results of the comparative 
performance measurements are also presented. The magnetic field topography was 
optimized to provide the less ceramic erosion rate using the method of the emissive 
spectroscopy. The results of 500-hours life test accompanied with life time prediction using 
semiempirical model has shown, that estimated value of the life time is approximately 3000 
hours. 

Nomenclature 

B  = magnetic field 
Dc = diameter of the centerline of the channel 
e = elementary charge 
F = spatial gradient of the magnetic field 
G = criterion of optimality of the magnetic field topology   
H = nondimensional criterion of optimality of the magnetic field topology 
hc = channel height  
Id = discharge current 
Isp, spa = total and anode specific impulse 
ji = ion current density 
k = factor of the mass flow rate reduction 
Li = effective ionization length 

am  = anode mass flow rate 
m  = total mass flow rate 
M = mass of ion 
ne,i = electron and ion density 
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N = total power 
Nd = discharge power 
Q = heat flow on the anode unit 
R = thrust 
S = channel sectional area 
SI = ionization region 
Ud = discharge voltage 

IU∆  = effective potential drop in the ionization region 
Va = average velocity of the neutral gas flow 
βi = volumetric ionization rate 
ηp = propellant utilization efficiency 
ηa = anode thrust efficiency 
η = total thrust efficiency 
ξ = parameter determining propellant utilization efficiency 
Ω = solid angle, external with respect to the loss cone 
 

I. Introduction 
lectric propulsion systems find more and more applications onboard modern spacecrafts nowadays. Interest 

to the low power propulsion systems (< 1 kW) has recently considerably grown. It is the consequence of one of 
the leading tendencies of the present stage of contemporary space activity in the world - expansion of works on the 
creation and the application of the small spacecrafts (SSC) of new generation. The most quantity of SSC of the new 
generation is created to solve the tasks of telecommunications and earth remote sensing. 

The problems of the development of the low power Hall Effect Thrusters (HET) are well known1-5. These are: 
decreasing of the specific impulse and thrust efficiency due to the reduction of the propellant utilization; difficulties 
of creating of the magnetic field with high absolute value and optimal topology in the discharge channel with low 
height; ensuring of the long lifetime.   

Up to date there were a few task-oriented investigations of the lifetime capabilities of low-power Hall thrusters, 
and the published values have just the estimated character. This paper presents the results of the development of Hall 
thruster KM-32 with the power in the range 100-300 W, that has a lifetime up to 3000 hours. This thruster can work 
as the base element at the creation of the propulsion systems for SSC with mass 100-300 kg intended for the 
telecommunication purposes, located both at the low orbits (500-1500 km) and at the geostationary orbits as well.    

 

II. Approach to the Hall Thrusters Scaling Down  

A. Propellant Utilization  
Qualitative and quantitative dependencies of the HET efficiency on the discharge channel sizes, discharge 

voltage and propellant mass flow rate could be obtained on the basis of the simplified analysis of the processes of 
the ionization and acceleration in the one-dimensional approximation. The neutral gas flow regime is close to the 
free molecule one. If the neutral atom moves with the velocity Va  through the region occupied by plasma with 
electron density ne, the average ionization path length is defined by the expression λi = Va /βi ne, where βi is the 
product of the ionization cross-section by the electron velocity averaged over the velocity distribution function of 
the electrons. The propellant utilization without taking into account the losses of ions on the channel walls can be 
expressed as the probability of the ionization of the neutral atom when it passes through the ionization region as:      

 ( )1 expp I i e aL n Vη β= − − , (1) 

where Li is the characteristic ionization length. To find the characteristic value of the electron density one may use 
the condition of quasineutrality: ne = ni, and estimate the ion density by means of dividing the ion current density ji  
by the characteristic value of the ions velocity Vi: 

E 
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where ∆UI is the effective potential drop in the ionization region and M is ion mass. Taking into account, that 
ji = ηpema/MS, where ma is the propellant mass flow rate and S is the channel sectional area, from Eqs. (1)-(2) one 
can obtain the equation for propellant efficiency: 

 ( )1 expp pη ξη= − − , where   
2
i I a

a I

L m
V S eM U

βξ =
∆

. (3) 

In case ξ>1  this equation has nonzero solution, which can be approximated by the following expression: 

 ( )1 exp 1.5 1pη ξ− − −   . (4) 

The plots of exact solution of the Eq. (3) and approximation by the Eq. (4) are shown in Fig. 1.  
From these plots it is seen, that the propellant 

utilization reduces at decreasing of the parameter ξ, 
and the rate of this reduction depends on the starting 
value of ξ. If this value is big enough, the gas 
efficiency reduction would be insignificant. In the 
opposite case, to keep the high level of the propellant 
efficiency it is necessary to keep the high value of ξ. 

Provided that the characteristic value of the neutral 
gas velocity Va, the bulk ionization rate βi and 
characteristic potential drop in the ionization region 
∆UI are independent of the mass flow rate, then the 
reduction of the utilization efficiency at reduction of 
the mass flow rate should be compensated by 
increasing of the ratio LI/S. It can be achieved either 
by increasing of the effective ionization length LI, or 
by reduction of the channel sectional area: S = πhcDc, 
where hc is the channel height and Dc is the diameter 
of the centerline of the channel. Consider the case, 
when the propellant mass flow rate is reduced by 

factor k <1 (ma → k ma). To keep the unchanged value of the ηp it is possible to try a set of different means: 1) to 
increase the effective ionization length with unchanged channel sizes:  LI → k-1LI; hc → hc, Dc  → Dc; 2) to reduce the 
channel height with unchanged  ionization length and centerline diameter LI → LI, hc → khc, Dc  → Dc; 3) to reduce 
the diameter of the centerline of the channel and keep unchanged ionization length and channel height: LI → LI, 
hc → hc, Dc  → kDc; 4)  to reduce simultaneously all sizes of the channel and keep unchanged the acceleration length: 
LI → LI , hc → k1/2hc, Dc  → k1/2Dc.  

However, the peculiarities of the HET operation do not enable to change all sizes independently. In particular, 
the effective acceleration length is determined by a set of complicated plasma processes and can not be changed 
arbitrarily. Moreover the changes of the channel sizes always result in changes of the optimal magnetic field 
topology, at which the most effective thruster operation can be achieved. Therefore the possibility of the realization 
of one or another channel modification should be considered in close interconnection with the possibilities of the 
optimal magnetic field topology creation.  

B. Magnetic Field Topology 
Modern HETs have magnetic field with the maximum of the radial component located near the exit of the 

channel. In the direction of the anode, the magnetic field rapidly decreases. It means the presence of the so called 
“magnetic lens” (Fig. 2) with convexity of the magnetic flux lines towards the anode.  
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Figure 1. Propellant utilization efficiency versus 
parameter ξ. 
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The requirement of the convexity is qualitative and does not 
allow estimating the optimality of the magnetic system with 
reference to the dimensions of the channel. The quantitative 
criterion of the optimality of the magnetic field was introduced in 
Refs. 6, 7. In particular it allows clearing up, which of the channel 
modifications is right for practical realization.  

It is known, that non-mirror reflection on the channel walls may 
result in additional electron drift across magnetic field. Magnetic 
field with convex flux lines acts as a magnetic mirror and prevents 
some group of electrons from collisions with the walls. The 
effective confinement of electrons in the ionization region results in 
the reduction of the discharge current and improvement of the 
propellant utilization efficiency.          

The condition of the electrons confinement can be described 
using the concept of the loss cone. If the magnitude of the magnetic 
field in some point r  inside the channel equals to B, and the 
magnitude of the magnetic field in the point of intersection of the 

corresponding magnetic flux line with the wall is BW, then one can introduce the angle of loss cone θ, which satisfies 
the equation:   

 2sin WB Bθ = .  (5) 

If the angle of inclination of the electron velocity vector at the point r  is less, than θ, the electron can reach the 
wall. In opposite case it will be reflected by magnetic field. To characterize the efficiency of electrons confinement 
moving through the point  r  it is convenient to introduce the function   

 ( ) ( )4 1 ( )Wr B r B rπΩ = − ,  (6) 

which is the solid angle of the sector external with respect to the loss cone. To characterize integrally the magnetic 
field topology in the ionization region, the following criterion was introduced:  

  ( )
IS

G r dr= Ω∫ , (7) 

where integration covers the supposed ionization region SI. As the concept of the ionization region is rather 
conditional, there is certain arbitrariness when choosing the limits on integral, especially on the axial direction. 
According to the available experimental and theoretical data8, the region with the most intensive ionization is 
concentrated in a zone with the maximal gradient of the magnetic field. The function characterizing the gradient of 
the magnetic field in three-dimensional space was introduced in Ref. 6:   

 ( ) ( ) ( ) ( )F r B r B r B r= ×∇ . (8) 

 In Ref. 7 this function was used to improve the criterion G, and a new dimensionless criterion was introduced 
according to the following expression:  

 
( ) ( )

( )4
I

I

S

S

F r r dr
H

F r drπ

Ω

=
∫

∫
. (9) 
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Figure 2. The topology of the magnetic 
field and trajectories of electrons  
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The implication of integration with weighting function F is to increase the relative contribution of the subregion, 
where the ionization rate is high. As in the modern HET the function F has sharp maximum located close to the 
ionization region, the magnitude of the criterion H weakly depends on the limits on integral on condition that these 
limits are wide enough.  

The calculations implemented for a set of thrusters with different sizes and powers9 showed good correlation 
between criterion H and thruster performance. The same correlation was obtained at alteration of the magnetic field 
topology in a single thruster. Using this criterion it is possible to estimate the consequences of different approaches 
to scaling down Hall thrusters. 

C. Applicability of Different Approaches to HET Scaling Down  
The typical magnetic circuit configuration and magnetic field topology of the mid-power Hall thruster is shown 

in Fig. 3a). The calculated value of the criterion H for this case is 0.69. Let us consider different scaling approaches 
to this design, when the propellant flow rate decreases with the scale factor k < 1.    

One can try to increase the ionization length LI by expanding the gap between the magnetic screens and magnetic 
pole pieces (Fig. 3b). The gradient of the magnetic field in this case is decreased and magnitude of the criterion H 
drops down to the value of 0.52 due to the reduced average difference between magnetic field B inside channel and 
its value on the wall BW. Thus, increasing of the effective ionization length is accompanied by worsening of the 
electrons capture efficiency. This may result in the growth of the discharge current and decrease of the volume 
ionization rate due to lower plasma density. 

In case of scaling down of the channel height with unchanged diameter and the same magnetic circuit (Fig. 3c), 
the criterion H becomes considerably smaller (calculated value is 0.32) due to the growth of the ratio B/BW averaged 
over the ionization region. If we scale simultaneously the height of the radial gap between magnetic pole pieces 
(Fig. 3d), the criterion H could be significantly increased (0.51), but the length of the region with high magnetic 
field gradient is shortened and most likely will cause the shortening of the length of the ionization region.   

The possibilities of decreasing the diameter of the channel centerline with unchanged channel height (Fig. 3e) 
are too limited because of the absence of enough space for internal magnetic coil. Besides, when the diameter of the 
centerline is decreased, the significant difference of the magnetic field on the internal and external channel walls 
arises.  As a result the large area in which the magnetic field is stronger, than the magnetic field on the external wall 
appears. Electrons freely leave this area and strike the external wall, which means that the electrons couldn’t be 
captured, and the value of H goes down to 0.39.  

Thus, seemingly the only way of channel cross-section decreasing with keeping the high degree of electrons 
capture and unchanged magnitude of the criterion H is the so called “photographic” scaling (Fig. 3f).  This is the 
case, when all channel dimensions are scaled with the same factor and the magnetic field topology remains  similar 
to the basic one.   

When the “photographic” scaling is applied, to keep the value of the parameter ξ unchanged if propellant flow 
rate is decreased with scaling factor k it is necessary to decrease all sizes of the channel and magnetic pole pieces 
with the same scale factor. This implies that the effective ionization length also will change with the same scaling 
factor LI  → kLI. However the practical realization of such scaling runs across the limitations, connected with thermal 
state of the thruster and its lifetime. Generalization of the experimental data9 accumulated in Keldysh Center in the 
course of works under a set of Hall thrusters with power from 300 W to 2.5 kW showed that the heat flux to the 
HET structural components can be roughly estimated by the expression:   

 ( )0.35 1 a dQ Nη≈ − , (10) 

where ηa is the anode thrust efficiency, Nd is the discharge power. In the case of  “photographic” scaling with the 
factor k the heat flux density to the HET structural components will change approximately inversely proportional to 
the factor k. This may result in overheating of the thruster.  

The more severe problems arise with the ensuring of the lifetime. Assuming that the linear velocity of the 
ceramic wall displacement due to sputtering is proportional to the discharge power, divided by the sputtered surface 
area, then this velocity will be also in inverse proportion to the factor k. Taking into account the reduction of the 
wall thickness proportionally to k, we can expect that the thruster lifetime will be shortened proportionally to k2.  If 
the problem is posed to keep the heat flux density unchanged, then the scaling have to be performed according to the 
ratios LI → k1/2LI , hc → k1/2hc, Dc  → k1/2Dc, however in this case the value of parameter ξ  will be decreased 
proportionally to k1/2, and the thruster lifetime will be shortened in the same proportion.  
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The conducted consideration shows, that, if the discharge chamber and magnetic system have traditional design, 

the reduction of the propellant mass flow rate is inevitably accompanied by reduction of propellant utilization 
efficiency and a lifetime. This conclusion is related of course to the Hall thrusters intended for long reliable 
operation and not for laboratory models. Therefore for the development of the low power HET, having traditional 
channel and magnetic circuit design, it is necessary to concentrate the main efforts on the optimization of the 
magnetic field topology for the purpose of increasing the “initial” value of the parameter ξ, and on the search of the 
new ceramic materials with increased ion sputtering resistance. 

D. Basic Thruster Design 
For the development of the Hall thruster with nominal power 200 W the “photographic” scaling approach with 

scaling factor k1/2 was chosen. The starting sizes were taken from one of the most proved Hall thruster SPT-10010, 
with nominal power 1350 W, having the diameter of the channel centerline Dc= 84 mm and channel height 
hc = 16 mm. The scale factor for given power ratio is 0.148 and scaling gives the final values Dc = 32 mm, hc = 6 
mm. These sizes were chosen for a basic design of the thruster, denoted KM-32. The cross-sectional view of the 

       
a)           c)            e) 

 

       
b)           d)           f) 

   
Figure 3. Different approaches to lower power scaling with k = 0.5:   
a)  basic configuration;  
b) LI → k-1LI ,  hc → hc ,   Dc  → Dc  (possibly increased ionization length);  
c) LI → LI  ,   hc → khc ,   Dc  → Dc   (with unchanged magnetic system);  
d) LI → LI ,   hc → khc ,   Dc  → Dc   (with optimized magnetic system);  
e)  LI → LI ,   hc → hc ,   Dc  → kDc    (with permissible minimum k = 0.8);   
f)  LI → k-1LI ,   hc → khc ,  Dc  → kDc   (“photographic” scaling). 
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thruster is shown in Fig.4. It is necessary to note, that at the beginning of the thruster development, the criterions of 
the magnetic field optimality G and H were not thought up, therefore the magnetic circuit in basic design was not 
optimized. We supposed to optimize the design in the course of the further experimental development.   

Despite of the small sizes of the thruster it was decided to keep the magnetic screens, the main destination of 
which is producing of high magnetic field gradient and magnetic screening of the anode. In the presence of the 
screens there is not enough space for conventional discharge chamber with thick side walls. Therefore, the so called 
“hybrid” design of the discharge channel was used11. The main part of the channel was metallic and in the output 
part two ceramic rings were placed. As a metal part of the channel the magnetic screens were used. With the 
compactness of a design, such decision provides also wide opportunities of modification of the geometry of the 
discharge channel. The basic design of the thruster had the magnetic pole pieces with big thickness, as there was a 
hope to increase in such a way the effective ionization length.  

 

III. Thruster Improvement and Experimental Investigations 

A. Modernizing of the Magnetic System  
The manufactured thruster is shown in Fig. 5. In the basic design the ceramic rings of the discharge channel were 

made of BGP-10, which is the hot pressing composite of BN-SiO2 with the boron nitride content ~70%. 
The experimental tests with the thruster were held in a facility “Sprut” that have a vacuum chamber with the 

diameter 0.96 м and length 3.2 м. The total volume of the chamber including evacuation pipes is 2.5 m3. The 
vacuum system consists of a forepumping stage with mechanical pump and high-vacuum stage with oil-diffusion 
pumps. The characteristic pressure in the chamber with operating thruster did not exceed 2.5·10-5 torr.   

In the course of the initial experiments the relatively low performance characteristics both on the thrust 
efficiency and specific impulse were obtained. The typical values of the anode thrust efficiency in the discharge 
voltage range of (200…250) V are shown in Fig. 6.  

During realization of the tests new criteria G and H were thought up. Their usage has allowed carrying out 
modernization of the thruster design by computational way. A series of calculations of the magnetic system was 
carried out. In this series thickness, diameter and a relative positioning of separate elements of magnetic system 
were consistently changed. For each topology of a magnetic field the calculation of criterion H  was carried out. 
For the further steps a variants which provided increase of the H  in comparison with the previous variant were 
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Figure 4. The KM-32 design diagram: 1, 2 – 
internal and   external magnetic coils; 3 – anode; 4, 
5 – internal and external ceramic rings; 6 – main 
magnetic circuit; 7 – internal magnetic screen; 8 – 
propellant delivery.   
 

 
 

 
Figure 5. Appearance of the HET KM-32  
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selected. As a result a new thruster design was 
obtained, in which criterion H  had a local 
maximum, i.e. consecutive change of the sizes of 
separate elements did not result in further increase 
of its value.  

The charts of the exit part of discharge channel 
in the initial and final variants are shown in Fig. 7. 
As a result of modernization the thickness of 
internal and external magnetic pole pieces was 
reduced and the distance between pole pieces and 
magnetic screens was increased. Besides, the length 
of external and internal ceramic rings was reduced 
so that their border was near the magnetic flux line 
which passes through the point in the centerline of 
the channel in which the radial component of the 
magnetic field has maximum. After making 
appropriate changes in the thruster design a 
preliminary measurements of its performance 
characteristics were carried out. Experiments have 

confirmed the effectiveness of the modernization. Obtained values of the anode thrust efficiency (Fig. 6) in the 
discharge voltage range of (200…250) V exceeded previous values approximately by a factor of one and a half. 

Comparing the shape of magnetic lines in initial and final variants (Fig. 7), it is possible to notice, that in the 
initial design the magnetic lens has a more "correct" form. In the final design the magnetic flux lines have an 
appreciable inclination in a direction of an axis of symmetry. It is possible to make the assumption, that the increase 
of performance characteristics is the result of the improvement of ion flux focusing. However measurements of ion 

current density profiles and ion energy distributions using the retarding potential analyzer for both configurations 
did not confirm this assumption. Results of the carried out experiments are shown in Fig. 8.  

As it is seen the angular divergence of the ion flow after design modernization practically has not changed. At 
the same time, the ion energy distribution became narrower. The most possible reason of such change is the increase 
of the ionization efficiency in the area with the maximal gradient of a magnetic field where presumably the potential 
of plasma is close to the anode potential. Thus, results of the analysis of ion energy distribution prove the chosen 
approach, at which the estimation of the magnetic field quality is carried out by a quantitative estimation of 
efficiency of electrons confinement in the ionization region. 
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Figure 6. The anode efficiency of the KM-32: the 
result of magnetic system improvement  

             
a)                  b)     
Figure 7. The magnetic system and magnetic field lines of two modifications of the KM-32 thruster:  
a) initial design; b) final design. 
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B. Performance Characteristics of the HET KM-32 
The results of comprehensive performance characteristics measurements for the “final” thruster design at various 

xenon mass flow rates and discharge voltages are submitted in Table 1 and shown in Figs. 9-12.  

   

      
   a)               b)     

 
Figure 8. The angular distribution of the ion current density (a) and energy spectrum of ions in the plasma 
plume  (b)  of the starting (blue lines) and final (red lines) designs of the KM-32 thruster at the discharge 
voltage 200 V and discharge power 200 W. 

Table 1. Performance Characteristics of the HET KM-32 

am , mg/s dU , V dI , А dN , W N ,  W R , mN spI , s spaI , s η , % aη , % 
250 0.38 95 99 5.0 841 1009 20.6 25.8 0.50 

 350 0.41 144 148 6.8 1148 1378 25.8 31.8 
200 0.46 92 96 5.4 786 917 21.6 26.4 
250 0.47 118 123 6.5 949 1108 24.7 30.1 
300 0.48 144 150 7.5 1095 1278 26.9 32.7 
350 0.49 172 176 8.5 1231 1436 28.9 34.7 

 
 

0.60 
 
 400 0.61 244 248 9.7 1413 1648 27.1 32.1 

0.70 300 0.58 173 179 9.3 1181 1350 30.0 35.6 
200 0.65 130 136 7.5 854 961 23.2 27.3 
250 0.66 165 173 9.5 1076 1210 29.1 34.2 
300 0.69 207 215 11.0 1246 1402 31.2 36.5 
350 0.69 242 247 11.9 1348 1516 31.8 36.6 

 
 

0.80 
 
 400 0.88 352 356 13.6 1540 1733 28.8 32.8 

0.90 300 0.79 237 244 12.3 1254 1393 31.0 35.5 
200 0.83 166 173 10.1 940 1034 27.1 31.0 
250 0.86 215 228 12.2 1131 1244 29.7 34.6 
300 0.89 267 278 14.5 1340 1474 34.2 39.2 
350 0.89 312 319 15.7 1455 1600 35.1 39.6 

 
 

1.00 
 
 400 0.97 388 395 17.1 1582 1740 33.5 37.5 

1.10 300 0.97 291 309 16.1 1368 1492 34.9 40.5 
200 1.03 206 214 12.3 964 1045 27.2 30.6 
250 1.05 263 274 15.1 1184 1283 32.0 36.2 
300 1.07 320 334 17.7 1388 1504 36.1 40.9 

 
1.20 

 
 350 1.07 375 392 19.5 1529 1656 37.3 42.3 

200 1.23 246 257 15.0 1019 1092 29.1 32.7 1.40 
 250 1.26 315 331 18.5 1257 1347 34.5 38.8 
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Figure 9. The anode efficiency of the KM-32 versus discharge power at different values of the 
discharge voltage with logarithmic trend lines. 
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Figure 10. The anode specific impulse of the KM-32 versus discharge power at different values of the 
discharge voltage with logarithmic trend lines 
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Figure 11. The thrust of the KM-32 versus discharge power at different values of the discharge voltage with 
logarithmic trend lines 
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Figure 12. The anode efficiency of the KM-32 versus discharge power at different values of xenon mass flow 
rate with polynom trend lines 
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At discharge power near 100 W the thruster had trust of (5…6) mN and the total specific impulse near 900 s. In 
the power range of (300…350) W the thrust is (18…20) mN at the total specific impulse of (1500…1550) s. The 
thruster efficiency grows with the increase of discharge voltage and after reaching the maximum the tendency to 
decrease can be noted. This tendency is connected with the growing volt-ampere characteristic of the thruster at the 
discharge voltage of 350 V and higher.   

C. Research of applicability of various ceramic materials 
After investigation of performance characteristics of the thruster KM-32 with the ceramic rings made from 

BGP-10, the following four grades of ceramics in structure of the discharge chamber were tested: the composite of 
boron nitride with small impurity of boron oxide, prepared using the hot pressing technology (HP) and referred 
below as “BN(HP)”; boron nitride, prepared using the technology of self spreading high temperature synthesis 
(SSHTS) referred below as “BN(SSHTS)”; the composite of boron nitride and silicon oxide which was also made 
using SSHTS technology “BN-SiO2(SSHTS)”; the composite of boron nitride and zirconium oxide 
“BN-ZrO2(SSHTS)”. The goal of the experiments was validating of materials applicability in the design of 
discharge chamber from the point of view of both providing the high thruster performance, and testing the resistance 
of ceramic to thermal impact of discharge plasma.  The performance characteristics were compared with the values, 
obtained with the ceramic BGP-10. 

In the course of experimental investigations the dependencies of thruster efficiency and specific impulse on 
discharge power at different values of xenon mass flow rate through the anode. The representative results with the 
anode mass flow rates 1.0 mg/s are presented in Fig. 13, where the BGP-10 ceramic is referred to as 
“BN-SiO2(HP)”.  

Measured performance characteristics with BGP-10 at nominal power of 200 W were rather better, than on 
application of other materials; however this difference was in the limits of measurements accuracy.  

After the end of the tests the ceramic rings prepared using the SSHTS technology had a numerous splits and 
groves (Fig. 14). The most probable cause of these damages is low resistance of materials to the thermal impact of 
discharge plasma. Therefore only two kinds of ceramic BGP-10 and BN, manufactured by hot pressing technology, 
were selected for further investigations. 
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 a)                  b) 
Figure 13. The performance characteristics of the KM-32 with different ceramic materials: a) anode 
efficiency; b) anode specific impulse 

 

       
   a)           b)                c) 
 
Figure 14. The internal ceramic rings after performance tests: a) BN; b) BN-SiO2; c) BN-ZrO2. 
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Both the BGP-10 and BN ceramics were put to the shortened life test. In both cases the discharge voltage was 
250 V and discharge power 200 W. The durations of the life tests with BGP-10 and BN were 138 and 84 hours 
correspondingly. The change history of the anode specific impulse and thrust in the course of testing of both 
materials is shown in Fig 15. The specific impulse and thrust after 80 hours of operation were approximately the 
same for both materials.  

Before the beginning and in the course of life tests, the surface profile measurements were implemented. On the 
basis of the obtained data the predictions of further profiles shape till 500 and 3000 hours were made using 
semiempirical method of life time prediction11. The results of profile shape measurements are demonstrated together 
with predicted profiles in Fig. 16. The sputtering rate of the BN turned out lower, than of BGP-10. This conclusion 
was approved by both the measured profiles and the prediction results for the time moment of 500 hours. The 
predicted profiles calculated for the moment of 3000 hours has the estimation character because of low reliability of 
prediction for such long time period. Both the obtained prediction results and the data of thruster performance 
variation during shortened life tests show, that among the investigated materials, the most prospective is the boron 
nitride. 

IV. Results of 500-hours life test 

A. Choice of an Optimum Mode 
Before the beginning of the life test a special investigation was carried out with the purpose of choosing the 

currents in the internal and external magnetic coils, providing the maximal life time of the thruster. It is known, that 
the performance characteristics of the HET reach maximum at some definite absolute value of magnetic field. The 
thruster performance also changes when adjusting magnetic field topology by regulating the internal to external coil 
currents ratio. Mostly in well-proven HET, the performance maximum is relatively wide and it is possible to 
regulate the currents in magnetic coils in definite regions without noticeable worsening of the efficiency. Therefore 
the attempt was undertaken to find the values of coil currents in the mentioned allowable region, at which the 
slowest sputtering rate of ceramic rings takes place.  

Along with the xenon atoms and ions the plasma plume contains the atoms, molecules and ions of sputtered 
material of discharge channel. The relative share of these particles could serve as a criterion, characterizing the wall 
sputtering rate and thruster lifetime. To estimate the ceramic sputtering rate the method of emissive spectroscopy 
was used. The detailed description of the experimental equipment and approach to erosion rate measurement can be 
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   a)               b)  

 
Figure 15. The variation of the (a) anode specific impulse and (b) thrust of the thruster КМ-32 in the course 
of short life tests with the ceramic BGP and BN. 
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found in Ref. 12. In the course of experiments the currents in the internal and external magnetic coils were changed 
step by step. The discharge voltage was kept constant at 250 V. The anode xenon mass flow rate was adjusted to 
keep the constant discharge current of 0.8 A. At each operating point the thruster performance characteristics and 
also the relative value of sputtering rate were measured. The results of experiments are demonstrated in Fig. 17. As 
it is seen, the best operating mode with highest thruster efficiency and specific impulse and lowest sputtering rate 
could be reached when the internal coil current is 0.7 A and the external coil current is 1.5 A. It is worth to note, that 
in the range of magnetic field changes, where the efficiency changes weakly, ceramic sputtering rate is also a slow 
variable.    

B. Life Test Procedure 
The basic part of life test was carried out on the test facility “Sprut” described briefly above. In time periods 

between 29 and 37, 84 and 90, and 494 and 500 hours the performance characteristics were measured on the test 
facility “KVU-90”13, that has oil-free vacuum pumping. The main vacuum chamber has diameter 3.8 m and length 
of 8 m. It is equipped with cryogenic vacuum pumps with current total pump speed 58 m3/s, and enables to test Hall 
thrusters with power up to 5 kW. 

Before the beginning of life test the wear-in of the ceramic rings was implemented by firing in the nominal mode 
during 12 hours. It was necessary to increase the accuracy of the life time prediction, because at the initial hours of 
thruster operation the sputtering rate differs from its normal magnitude. This difference could be explained by the 

External ceramic ring

20

21

22

23

24

25

26

0 1 2 3 4 5 6 7 8 9 10

z, mm

r, 
m

m

      0 h
    60 h
  138 h
  500 h*
3000 h*

External ceramic ring

20

21

22

23

24

25

26

0 1 2 3 4 5 6 7 8 9 10

z, mm

r, 
m

m

      0 h
    29 h
    84 h
  500 h*
3000 h*

 

Internal ceramic ring

8

9

10

11

12

13

14

0 1 2 3 4 5 6 7 8 9 10
z, mm

r, 
m

m

Internal ceramic ring

8

9

10

11

12

13

14

0 1 2 3 4 5 6 7 8 9 10

z, mm

r, 
m

m

 
  a)                   b)  
 
Figure 16.  The insulators profiles, obtained in the course of shortened life tests, and the results of 
predictions for time periods 500 and 3000 hours for ceramics: a) BGP-10; b) BN. 
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presence of a thin layer, damaged during the 
mechanical treatment on turning machine. In 
the course of the life test the following 
parameters were kept unchanged: xenon mass 
flow rate to the cathode 0.1 mg/s; discharge 
voltage 250 V; discharge current 0.8 A; 
external magnetic coil current 1.5 A; internal 
magnetic coil current 0.7 A.  

In the first half of the life test period a 
starting thruster operation was possible only 
by means of short-term switching off the 
magnetic field, or at reduced currents in the 
magnetic coils. Gradually (approximately 
after 200…300 hours of operation) the 
starting thruster procedure became easier, and 
did not require switching off the magnetic 
field. During the test the thruster operated 
stable. The discharge current oscillations did 
not exceed 5…10%. The inspection of the 
thermal state of the thruster was performed 
with the help of thermocouple, placed on the 
thruster case near the rear wall. After 3…4 
hours of operation the thruster reached 
stationary thermal state.  In the stationary 
state the case temperature did not exceed 
220ºС.     

C. Performance Time History  
The photo of the discharge channel after 

500-hours life test is shown in Fig. 18.  
Time histories of the basic performance 

characteristics of the HET KM-32 during 
500-hours life test are shown in Fig.  19. 
A small growth of thrust and anode xenon 
mass flow rate was observed during the first 
50 hours of thruster operating. The specific 
impulse remained practically constant. From 
this time and up to the operating time of 
approximately 200 hours the thrust was stable 
and remained within the range of (11…12) 
mN. The anode xenon mass flow rate also 
remained stable. Measured values of the 
anode specific impulse were within the limits 
of 1200…1400 s with the anode efficiency in 
the range of 30…40 %.  

After the operating time of 200 hours the 
gradual increase of the anode xenon mass 
flow rate began and was accompanied by 
small reduction of thrust. It caused decrease 
of specific impulse and thrust efficiency. To 
the moment of termination of the 500-hour 
life test the average value of thrust was in the 
range of (11.0…11.5) mN, the anode 
efficiency in the range of (30…35) %, and 
the anode specific impulse between 1150 and 
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b) 
Figure 17. The values of the (a) anode efficiency and (b) 
ceramic sputtering rate, as function of the external coil 
current at different values of the internal coil current. 

 

 
Figure 18. The measured and predicted (dashed lines) 
ceramic rings profiles  
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1200 s. The measurements of the performance characteristics which were carried out on the vacuum facility “KVU-
90” during the operating time periods of (29…37) and (84…90) hours, differed from the results obtained on the 
facility "Sprut" mainly in the values of the anode mass flow rate. One of the possible reasons of this could be the 
difference between working pressure in vacuum chambers: on the "Sprut" installation this pressure did not exceed 
2.3·10-5 Torr, while on the “KVU-90” facility it was 1.2·10-5 Torr. However, such difference of working pressure can 
result in difference of the effective mass flow rate approximately on 0.003 mg/s, whereas the difference of the anode 
mass flow rate in the period from 29 till 37 hours reached 0.1 mg/s. Besides, to the moment of the test termination 
the difference of the anode propellant mass flow rate values was within the limits of the accuracy of measurements. 
The reason of such difference now remains obscure. 

D. Ceramic Erosion and Life Time Prediction 
During the life test the measurements of weight of the ceramic rings and shape of their surface were periodically 

carried out. The weight of the ceramic rings was measured with the help of the laboratory weights with accuracy not 
worse than 1 milligram. Starting with 209 hours of operation, measurements of weight of the internal magnetic pole 
piece were carried out. The reason was an appreciable change of its thickness because of the ion sputtering. The 
surface appearance of the internal pole piece after the end of the life test is seen in the Fig. 18. The sputtering depth 
is not uniform in both the azimuthal and radial directions. The strongest sputtering took place from the direction of 
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  c)                 d)  
 
Figure 19 The variation of the (a) anode efficiency, (b) anode specific impulse, (c) thrust, and (d) anode 
xenon mass flow rate in the course of 500-hours life test  
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the cathode marked on the ceramic rings by dashes (see photo in the Fig. 18). Results of weight measurements are 
given in Table 2.  

 
Table 2. Time History of the Ceramic Rings and Magnetic Pole Weights  

T , hours 0 29 37 84 209 350 494 500 
Internal ring mass, g 5.204 5.146 5.129 5.048 4.866 4.709 4.554 4.548 
External ring mass, g 8.312 8.275 8.253 8.202 8.047 7.899 7.738 7.731 
Pole piece mass, g N/A N/A N/A N/A 3.633 3.514 3.382 3.374 

 
By the end of the test the erosion rate 

of the ceramic rings almost stabilized and 
was about 1.0 mg/hour for the internal 
ring and 1.1 mg/hour for the external 
one. The fast erosion rate of the magnetic 
pole piece was caused by the absence of 
the special deposited film with high 
resistance to ion sputtering which is 
usually used on the engineering and 
flight HET models.  

Before the beginning of the life test, 
and also after an operating time of 84, 
209, 350 and 500 hours the 
measurements of the ceramic surface 
shapes of the internal and external rings 
were carried out. The data of the 
measurements and also the results of the 
shape history prediction for periods of 
1000, 2000 and 3000 hours are shown in 
Fig. 20.  

It is necessary to note, that the degree 
of wear of the ceramic rings had a 
noticeable azimuthal heterogeneity. It is 
seen in Fig. 18, that both the internal and 
external ceramic rings are sputtered from 
the direction of the cathode location to a 
lesser extent than at the opposite side.  
The most probable reason of the 
nonuniformity is the influence of the 
cathode position on the plasma jet 
parameters. Profiles averaged over the 
azimuth angle were used in the 
prediction procedure. 

According to prediction results the 
external magnetic pole piece will not be 
exposed to ion bombardment during the 
first 3000 hours of thruster operation. 
The impact of the ion flow to the internal 

magnetic pole piece can begin in the period between 2000 and 3000 hours of operation. Nevertheless, as the possible 
damage of the magnetic pole piece should be small, the deformation of the magnetic field topology will also be 
insignificant.  

8

9

10

11

12

13

2 3 4 5 6 7 8 9

Axial distance, mm

R
ad

iu
s,

 m
m

 .

    84  h
  209  h
  350  h
  500  h
1000* h
2000* h
3000* h

20

21

22

23

24

25

 
Figure 20. The measured and predicted (dashed lines) ceramic 
rings profiles  
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Conclusion 
According to the analysis of the scaling approaches and requirements to the magnetic field topology, there could 

be made a conclusion that the most acceptable way of the HET geometry change at decreased mass flow rate, is so-
called "photographic" scaling at which all linear sizes of the discharge channel and magnetic poles are scaled 
proportionally.  

Reasoning from the requirements of the thruster thermal mode maintenance, the factor of the discharge channel 
sizes should be approximately equal to square root of the scale factor of the mass flow rate. Thus there is an 
inevitable reduction of the propellant utilization efficiency, and also the life time of the thruster. Therefore the basic 
efforts in the development of low power HET with traditional discharge channel and magnetic system should be 
directed on optimization of the magnetic field topology, and also search of ceramic materials with the increased 
resistance to ion sputtering. 

The criterion H, which quantitatively characterizes a degree of magnetic confinement of the electrons in the 
ionization region, is an effective tool for thruster design optimization. Usage of this criterion has allowed 
modernizing the design of the magnetic system by computational way and considerably reducing the volume of the 
experimental improvement of the low power thruster. 

As a result of the usage of the selected scaling approach and the quality criterion H, the low power HET has been 
developed with nominal power of 200 W, the anode specific impulse of (1200…1300) s, thrust of (11…12) mN, 
anode thrust efficiency of 35% at discharge voltage of 250 V.  

Investigations of different ceramic materials showed, that hot pressed composites with high contents of boron 
nitride currently remain the most suitable for use in the discharge channel. The carried out 500-hour life time test 
shows, that the predicted life time of the developed thruster can reach 3000 hours. 
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