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 Abstract 
 
A stationary plasma thruster, KM-20M, has been 
developed for operation at a power of 100-150 W.  
To obtain a compact size, low mass, and good 
efficiency at such a low power level, a new magnetic 
circuit design has been necessary.  The permissible 
size reduction of a conventional stationary plasma 
thruster is limited by magnetic saturation of the inner 
magnetic path.  This new design permits a greater 
size reduction before encountering saturation by 
having the inner magnetic path occupy most of the 
volume within the inside wall of the discharge 
channel and by concentrating the magnetic field near 
the exit plane with a single magnetic winding near 
the outer pole piece.  The KM-20M has a discharge 
channel with an outside diameter of 20 mm and a 
thruster diameter of 47 mm.  This source generates a 
well-collimated xenon ion beam with a power-to-
thrust ratio of 210-250 W/g in the power range of 
100-150 W.  The thruster efficiency is ≥0.35 with 
xenon and ~0.20 with argon 
 
1. Introduction 
 
Stationary plasma (or magnetic layer) thrusters have 
been used in space since the early 1970s with 
powers of 300-1500 W.1  These thrusters were first 
used in the Russian space program and more 
recently by Western countries.  There is a present 
need for both larger and smaller power levels, with 
the latter being in the range of 100-150 W.  A low 
power thruster should also be compact, have a small 
mass and a reasonable thruster efficiency.  These 
latter characteristics cannot be satisfied by operating 
a larger thruster at a low power level, but require 
instead a new design approach. 
 
2. Scaling Considerations 
 
A cross section of a typical stationary plasma 
thruster is shown in Fig. 1.  This thruster has a 

magnetic circuit that extends from the outer pole 
piece, through the outer magnetic path enclosed by 
the outer magnetic winding (typically with four 
discrete outer paths in parallel and four outer 
windings enclosing those four paths), a permeable 
backplate, the inner magnetic path enclosed by the 
inner winding, to the inner pole piece. 
The distribution of magnetic field, B, in the 
discharge region is also indicated in Fig. 1.  The 
axial distribution of the radial magnetic field is 
shown more clearly in Fig. 2.  A desirable shape of 
this field includes a near-radial direction at the mean 
discharge channel diameter, dmn, and a substantial 
decrease from a maximum near the exit plane to a 
location near the anode.2,3 
(A review of the physics of closed drift thrusters2 is 
used herein.  But the original publications - Ref. 3 in 
the above paragraph - will also be given when 
appropriate.) 
Two overall dimensions are of particular interest for 
characterizing a stationary plasma thruster: the 
overall thruster diameter, dthr, and the mean 
discharge channel diameter, dmn.  From scaling 
considerations,2 efficient operation at a low gas flow 
requires a small mean channel diameter, dmn.  For the 
low mass and compact size also required for 
propulsion applications, the thruster should also 
have a small overall diameter, dthr. 
The most obvious approach to obtaining small 
values of dmn and dthr is simply to scale down all 
dimensions of a thruster by using the same scaling 
factor.  Using this approach, similarity at the same 
discharge voltage for different thruster sizes would 
require that the electron cyclotron radius is also 
scaled by the same factor.  This means that the 
magnetic field in the discharge region should obey 
 
B  ∝  1/dmn. (1) 
 
Not only would the magnetic field in the discharge 
region vary as 1/dmn, but, except for second-order 
effects due to finite permeabilities of the permeable 



materials, the field strength at every location in the 
magnetic circuit would also vary as 1/dmn. 
In other words, with sufficient size reduction the 
field in every permeable part in the magnetic circuit 
will approach magnetic saturation.  The most critical 
part of this circuit is the inner magnetic path.  
Additional permeable material can be added to other 
parts of the magnetic circuit without significantly 
changing the field shape in the discharge region.  
But changes to the inner path are more important 
both because of the presence of the inner winding 
and the substantial difference between the inner path 
diameter, din, and the diameter of the inner pole 
piece. 
To reduce both dmn and dthr while keeping constant 
the diameter of the inner magnetic path, din, it is 
tempting to reduce the other diameters, as shown in 
Fig. 3.  For such a configuration, the decrease in 
magnetic field from the maximum near the exit 
plane to the anode is shown in Fig. 4.  This decrease 
is much less than that shown in Fig. 2.  Because of 
the difference in field distribution, the efficiency and 
range of operation of the configuration shown in 
Fig. 3 would be substantially degraded from that 
shown in Fig. 1. 
   To use a compact configuration generally similar 
to that of Fig. 3, but to also decrease the magnetic 
field strength near the anode, the magnetic shields 
shown in Fig. 5 were introduced.4  That portion of 
the magnetic field that would otherwise contribute to 
the field strength near the anode, Bin and Bout in Fig. 
5, is shunted through the permeable magnetic 
shields.  The presence of these shields results in the 
low field strength near the anode shown in Fig. 6.  
This configuration has been used for several 
compact stationary plasma thrusters. 
Although the configuration of Fig. 5 does permit the 
overall thruster diameter, dthr, to be reduced relative 
to the mean channel diameter, dmn, it does not 
resolve the problem of saturation in the inner portion 
of the magnetic path.  In fact, the close proximity of 
the inner shield to the inner magnetic path results in 
more magnetic field to the inner magnetic path than 
if there no inner magnetic shield. 
To complete the discussion of possibly related 
magnetic circuit technology, one configuration used 
an inner magnetic path that was not enclosed by an 
inner magnetic winding and was the same diameter 
at the inner pole piece.5  To achieve the desirable 
large decrease in magnetic field strength from the 
maximum near the exit plane to the anode, the outer 
magnetic paths were at a very large diameter 
compared to the mean channel diameter, resulting in 

an overall thruster diameter, dthr ≈ 10dmn.  Such a 
configuration is not consistent with compact, low-
mass flight hardware. 
 
3.  Magnetic Field of KM-20M 
 
The KM-20M thruster shown in Fig. 7 is the result 
of several years of theoretical and experimental 
investigations and is a novel approach to the 
magnetic circuit of a stationary plasma thruster.6  
The overall thruster diameter, dthr, is 47 mm, the 
outside diameter of the discharge channel is 20 mm, 
and the mean diameter of the discharge channel, dmn, 
is 16 mm.  The length of the thruster is about 31 mm 
and its weight is 140 g.  The discharge channel is 
made of borosil.  There is a single magnetic shield 
surrounding the single magnetic winding. 
The magnetic circuit used in the KM-20M is well 
suited to compact stationary plasma thrusters.  
Another example of the general design approach is 
the KM-20MM, which has dimensions similar to 
those given above, except that the outside diameter 
is reduced to 42 mm. 
The magnetically permeable portions of this thruster 
and the magnetic winding are shown in Fig. 8, 
together with the shape of the magnetic field.  To the 
first approximation, the outer pole piece in Fig. 8 is 
at one magnetostatic potential and the rest of the 
permeable material surrounding the discharge 
channel is at another magnetostatic potential.  The 
resulting magnetic field shown in Figs. 8 and 9 has 
the desirable concentration of field near the exit 
plane and in the gap between the inner and outer 
pole pieces.  Further, the field near the exit plane is 
approximately oriented in the radial direction, as 
also previously found desirable. 
It can be seen in Fig. 9 that the field strength does 
not just approach zero near the anode in Fig. 9, but 
actually reverses in direction.  The outer permeable 
paths in Fig. 7 are eight rods of small diameter.  
Their diameter was varied to optimize the 
performance of the KM-20M.  The optimized 
diameter (3 mm) actually resulted in the 
magnetostatic potential difference between the outer 
and inner pole pieces being slightly less than the 
difference between the outer pole piece and the 
edge, S, of the shield closest to the discharge 
channel. This distribution of magnetostatic potential 
resulted in the slight reversal in magnetic field near 
the anode that is shown in Fig. 9. 
Two other significant points in Figs. 7 and 8 
distinguish this design from designs in general use.  
One is that the inner magnetic path occupies most of 



the volume inside the inner wall of the discharge 
channel.  The inner magnetic path thus has a large 
cross section compared to the rest of the thruster, so 
that the overall thruster can be quite small (47 mm in 
the KM-20M and 42 mm in the KM-20MM) without 
encountering saturation in the inner magnetic path.  
The absence of near-saturation effects was shown by 
the magnetic field measurements.  The radial 
magnetic field distribution shown in Fig. 9 was 
obtained at a magnetic winding current of 6 A.  
Other magnetic field distributions obtained at 4 A 
and 8 A showed a departure from a linear variation 
with current of not more than 5 percent. 
The other significant point is the orientation of the 
field near the anode in Fig. 8.  The field at this 
location is closer to axial than it is to the usual radial 
direction.  The generally recognized need for a radial 
field has obvious justification in the strong field 
region near the pole pieces, i.e., to produce a 
generally axial ion beam.  The justification is less 
obvious near the anode.  In a study of a stationary 
plasma thruster the axial electric field in the plasma 
was very small upstream of the location where the 
magnetic field strength was less than 60% of the 
maximum value of the magnetic field.2,7  In view of 
the good experimental performance of the KM-20M, 
described in the following section, it now appears 
that, if the magnetic field strength of a stationary 
plasma thruster is low enough near the anode to 
show good operating efficiency and stability, the 
direction of that magnetic field near the anode does 
not appear to be important. 
 
4.  Performance of KM-20M 
 
Volt-ampere characteristics of the KM-20M were 
obtained in a vacuum chamber with a background 
pressure of 1×10-4 Torr.  The hollow cathode was 
placed at an axial distance of 40 mm from the source 
exit plane and at a radial distance of 15 mm from the 
source axis.  The xenon mass flow to the hollow 
cathode was 0.06 mg/s.  The magnetic field strength 
was adjusted for minimum discharge current at each 
operating condition and corresponded to a maximum 
magnetic field at the mean channel diameter of 180-
350 Gauss. 
The volt-ampere characteristics for thruster mass 
flows of 0.3, 0.4, and 0.5 mg/s of xenon are shown 
in Fig. 10.  Those familiar with stationary plasma 
thrusters will recognize that the vertical volt-ampere 
characteristics shown in Fig. 10 are consistent with 
stable operation and high propellant utilization.  It 
should also be recognized that such characteristics 

are difficult to obtain with very small thrusters. 
Typical ion beam profiles are shown in Fig. 11 at 
three distances from the exit plane for a thruster 
mass flow of 0.4 mg/s and a discharge voltage of 
300 V.  The profiles are of ion current densities 
normal to the survey plane and show a well-
collimated ion beam.  Comparisons of current 
densities normal and parallel to the survey plane 
established a divergence half-angle of ~27°. 
The thrust characteristics of the KM-20M were 
studied on the M-1 stand at the Laboratory of 
Physical Plasmaoptics at the Moscow Institute of 
Radioelectronics.  The vacuum chamber used in this 
stand has a length of 2.5 m and a diameter of 80 cm. 
 The pressure with the thruster operating was again 
1×10-4 Torr.  The thrust measurement used a torsion 
balance with an error of not more than 3 percent. 
Thrust-power curves for the KM-20M are shown in 
Fig. 12 for the thruster mass flows of 0.3, 0.4, and 
0.5 mg/s.  The discharge voltages for these mass 
flows were 200-400 V for the 0.3 and 0.4 mg/s mass 
flows and 150-350 V for the 0.5 mg/s mass flow. 
Including only the thruster mass flow, the thruster 
efficiency (F2/2mP) at 140-150 W was 0.31-0.34 
while the specific impulse was 1750-1450 sec, with 
the highest efficiency and lowest specific impulse 
both obtained with the 0.5 mg/s thruster mass flow.  
For the same power range and the hollow cathode 
mass flow of 0.06 mg/s included, the efficiency was 
0.26-0.30 and the specific impulse 1460-1290 sec.  
At 210 W and a thruster mass flow of 0.5 mg/s 
(discharge voltage 350 V), the efficiency and 
specific impulse were 0.39 and 1850 without the 
hollow cathode flow and 0.35 and 1650 sec with it.  
Because the mass flow to the hollow cathode is a 
larger fraction of the total flow in a small thruster, 
future improvements in the performance of the 
KM-20M may depend on reducing the mass flow of 
the hollow cathode. 
The KM-20M was initially tested with argon as the 
working gas.  With argon it is necessary to use the 
lower magnetic fieod of ~150 Gauss.  With an 
applied power of 150 W and the cathode excluded 
from the calculations, the thruster efficiency with 
argon is ~0.20, the specific impulse 1760 s, and the 
ion beam half-angle 31-32°. 
 
5.  Concluding Remarks 
 
The performance of the KM-20M thruster on xenon 
is excellent for a stationary plasma thruster of such 
small size - i.e., with an overall diameter of only 47 
mm.  Particularly outstanding are a propellant 



utilization near unity, a beam half-angle of ~27°, and 
no near-saturation effects in the magnetic circuit at 
the highest magnetic-coil currents investigated. 
The performance for the KM-20M presented herein 
was obtained in a several-month effort using xenon 
following an extended several-year program that 
was primarily devoted to operation with argon.  As a 
result, it would be expected that further 
improvement should be possible with a more 
extended effort using xenon.  A hollow cathode with 
a low mass flow is necessary to fully utilize the 
performance of this thruster. 
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