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Experimental Studies on a Low-Power
Duoplasmatron-Type MPD Thruster

Itsuro Kimura* and Ryuhei Kumazawat
University of Tokyo, Tokyo, Japan

A low-power magnetoplasmadynamic (MPD) thruster, composed of a Duoplasmatron-type plasma source
and a magnetic nozzle, has been under study, and experimental results with H, propellant already have heen
reported. This paper describes further systematic experimental investigation made to demonstrate the feasibility
of a thruster of this type. It is shown that with more suitable propellants (e.g., Ar, NH3) the thruster can he
operated in relatively high thrust efficiency in the range of moderate specific impulses. 11 also is shown, using the
data obtained by diagnostics of the exhaust plume, that the ionization efficiency of propellent is fairly high, and
that the following two electromagnetic acceleration mechanisms exist in this thruster: 1) plasma expansion in the
magnetic nozzle; and 2) transformation of rotational energy of ions into kinetic energy of axial direction.

Introduction \

ANY studies have been made of low-thrust thrusters for
such missions as satellite station-keeping or attitude
control. Recently some promising experimental results were
reported for low-thrust plasma thrusters (steady or pulsed),
which are physically and electrically simpler than electrostatic

thrusters and potentially very reliable in operation. '3
Since 1970, a low-power magnetoplasmadynamic (MPD)
thruster of the Duoplasmatron type has been under study. The
results of experiments with H, propellant showed moderate
thrust efficiencies in the range of relatively high specific
impulse.4 This paper describes further improvement on the
thruster performance achieved by systematic experimental
investigation, and also the interior physical process (i.e., the

acceleration mechanisms) elucidated by diagnostics of the

exhaust plume.

Apparatus and Experimental Procedure
Thruster ’

Figure 1 shows the Duoplasmatron-type MPD thruster used
in this study. It is composed of a Duoplasmatron (an arc-type
plasma source due to von Ardenne’) and a magnetic nozzle.
This plasma source, with its baffle (Zwischenelektrod) and
main magnetic coil, can be operated at high ionization ef-
ficiency (low neutral emission), with a variety of propellants,
by using mechanical or thermal constriction and magnetic
constraint. , '

The operating characteristics of this thruster depend

strongly upon the geometry of the electrodes and the magnetic -

nozzle applied. The details of the electrode geometry used in
the experiments for Ar, N,, and NH,; propellants (elec-

trode-geometry A) are shown in Fig. 2. In electrode-geometry:

A, D,=7.0 mm, D,=4.0 mm, and L,,=4.0 mm. In elec-
trode-geometry B, used for He and H, propellants, D, =3.5
mm, D, =2.0 mm, and L, =5.0 mm.

It must be noticed that, to obtain high performance, D,
must be made larger than D,. (In this dev1ce, the dlscharge
voltage increased generally with increasing arc current, and,
for a constant arc current, the discharge voltage mcreased
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when D, is increased or L, is decreased.) In the present
device, the magnetic nozzle is produced by the magnetic coil
of the Duoplasmatron itself (main magnetic coil) and that
attached to the outside of the anode holder (secondary
magnetic coil). The magnetic field in the neighborhood of the
anode nozzle is formed mainly by the former, and the latter
contributes to shaping the downstream.part of the magnetic
nozzle. In Fig. 2, the magnetic field map for electrode-
geometry A, main magnetic coil current (/) =6 A and
secondary magnetic coil current (IJ) = 0 A, also is shown
(obtained by using iron filings). The average density of
magnetic flux at the throat of the magnetic nozzle is about
0.36 T in this case. ‘

Thrust Measurement

The experiments were conducted in a 25-cm-diam x 40 cm-
long bell jar, and the background pressure was maintained at
the level of 10 ~* Torr throughout the experiments. The thrust
was evaluated using a pendulum-type thrust target,®
measuring its deflection by a differential transformer. A cone
shape, facing its base to the thruster, was chosen for the
target, which would reduce any error caused by sputtered and
rebounding particles. The target (base diameter 6 cm, axial
length 9 cm) was constructed of molybdenum plate. To check
the values of thrust evaluated using the cone-shaped target,
the thrust also was evaluated, using a target made of circular
screen with capture ratio of -0.28 (rapture ratio=the area
screened by wire mesh/total frontal area).” The measured
thrust T'is used to calculate /,,, and 5.
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Fig. 1 Schematic of Duoplasmatron:type MPD thruster used.
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I,=T/mg nr=T2?/2mP,
The thrust efficiency n, does not include the power of the
magnetic coils and cathode heating.

For thrust measurements, the target method is inferior to
the thrust-stand method of other researchers from the
standpoint of accuracy, because of some ambiguity in the
estimation of momentum accommodation of colliding
particles. However, for the case of particles with relatively
large mass, such as argon ions, it may be estimated that the
momentum accommodation of the particles coming out from
the target is tolerable, from the following considerations. The
speed of an argon ion is reduced to about 40% of its incident
speed by one head-on collision with a molybdenum atom. (It
has been pointed out before that, at high collision energies,
the collision process of a particle with a surface can be
described in terms of an elastic binary collision between the
particle and a single ‘“free’’ surface atom.®) If it is assumed
that the ion collides twice in the cone-shaped target until it
comes out from it, the speed of the ion is reduced to about
16% of its initial value. (In this experiment, in which the
exhaust-plume diameter is shorter than the base diameter of
the target, the proportion of the particles that come out from
the target after only one collision will be very small). It is
expected, furthermore, that the mean axial velocity com-
ponent of the particles coming out from the target is smaller
than their speed because of the effect of dispersion. On the
other hand, the particles with small mass, such as hydrogen
ions, hardly lose their speed-by the collision with a molyb-
denum atom. However, in this case, it is expected that the gas
adsorbed at the metal surface contributes to the increase of
the momentum accommodation coefficient. (It is well known
that adsorbed gas increases the thermal accommodation
coefficient.®) The background pressure in the present ex-
periments is not sufficiently low to obtain accurate data for

thrust. Referring to the experimental results showing the,

effect of background gas on thrust measurements, '*!! it may
be expected that the error in thrust measurement of the
present experiment does not exceed 10%. We suppose that the
present experimental results are useful in providing answers to
" the feasibility question of a plasma thruster of this type,
although the background pressure is not sufficiently low, and
no correction was made in thrust measurement for the in-
sufficient momentum accommodation of colliding particles.

Plasma Diagnostic Techniques

Electron Temperature and Plasma Potential

A cylindrical electrostatic probe, made of tungsten wire 0.2
mm in diameter and 5 mm in length, was used for the

characteristic (current-voltage diagram) to plateau before
reaching the true saturation electron current.!? But, in the
present case, the magnetic field is not so strong, and the
electron gyro radius is larger than the thickness of electrical
sheath formed at the probe surface. So the plasma potential
was evaluated by the conventional method, extrapolating
electron saturation and transition portions of the diagram.
The method of electron temperature evaluation based on
transition portion'is not affected by the presence of the
magnetic field. 12

Flow Direction and Number Density of lons

The flow direction of ions was determined by turning the
cylindrical electrostatic probe in the flow and observing the
direction where ion current is minimum, corresponding to
total ion collection by the 0.2-mm diam probe tip. The
response of cylindrical probes at various angles of incidence
changes with experimental conditions, and it .even has been
reported that an ion current peak was observed near the zero
angle of incidence.’> However, under the present ex-
perimental conditions, where the thickness of electrical sheath
(or Debye length A, ) is small compared with probe diameter
d, and the flow velocity U is very high (d,/Ap>1, U/
\/kTe/mi>l), a monotonic increase of the ion current is
expected with increasing incidence angle.'* Once the ion flow
direction is determined, the ion number density can be ob-
tained by the standard method,'* measuring the ion current
when the cylindrical probe is parallel to the plasma flow
direction.

Flow Velocity of lons

Flow velocities of ions were determined by comparing the
saturation ion current collected by a flat-faced probe (0.5 mm
diam) aligned perpendicular to the flow with that collected by
a similar probe aligned parallel to it.'® The uncertainty of the
velocity measurement based on this method is relatively large.
(In the case of Ref. 16, the estimated uncertainty is reported
to be 25%.) ' .

Experimental Results

Performance of Thruster

The best sets of operating data, at a discharge power of
nearly 500 W, are shown in Table 1 for five propellants.
Figure 3 shows the sets of n; vs I, data for the five
propellants, obtained by keeping propellant flow rate and
magnetic coil current at the values shown in Table 1. An
example of the improvement in performance by use of the
secondary magnetic coil also is shown for the case of AR
propellant (no secondary magnetic coil current: solid line;
with secondary magnetic coil current: dotted line). In these
experiments, for Ar, N,, and NH, propellants, electrode-
geometry A is used, and for He and H, propellants, electrode-
geometry B is used. These experimental results suggest that Ar
or NH, is substantially superior to other propellants used in
this thruster, and that, when Ar or NH, is used, thrust ef-
ficiencies from 20 to 30% can be obtained in the specific
impulse range of 800-3500 sec.

Figure 4 shows a typical example of the effect of variations
in the main magnetic coil current on the performance. At zero
coil current, the thrust efficiency is very low, but, when the
current to the coil is increased up to 3 A, the performance is
improved markedly. Over 3 A, performance does not improve
appreciably. This experimental result coincides qualitatively
with that obtained in a downstream-cathode MPD thruster.
(a low-power MPD thruster with applied magnetic field). !!

The optimum value of magnetic coil current increases with
increasing propellant flow rate. Figure 5 shows a typical
example of the effect of propellant flow rate on the per-
formance. In this case, the magnetic coil current is adjusted to
the optimum value for each propellant flow rate. This ex-
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Table 1 - Typical operating parameters of Duoplasmatron-type MPD thruster

Propellant Ar Ar N, NH, He H,
Propellant flow rate
(), mg/sec 0.948 0.948 0.339 0.265 0.059 0.021
Main magnetic coil ‘
current (1), A 6.0 8.0 3.0 3.0 3.0 3.0
Secondary magnetic coil v
current (1;) LA 0 5.0 0 0 0 0
Discharge current .
), A 6.0 6.0 4.0 3.0 3.0 3.0
Discharge voltage,
\Y 87 80 146 150 175 175
Discharge power :
(Pp), W ) 522 480 584 450 525 525
Thrust
(T), mN . 16.8 16.7 8.51 7.61 2.04 1.69
T/Pp,
mN/kW 32.1 34.8 14.5 16.9 3.9 3.2
Thrust efficiency
(n7), % 28.4 30.6 18.3 24.3 6.7 13.0
Specific impulse . 7 .
(I5,), sec 1810 1800 2560 2930 3530 8210
Power invested in
magnetic coils, W 130 236 32 32 32 32
Power invested in
cathode heating, W -~ 100 ~100 ~100 ~100 ~100 ~100
Ty (%) Ny (%)
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perimental result shows that there exists an optimum flow rate
for a given electrode geometry. In Figs. 3-5, it is seen that
thrust efficiencies increase with increasing /,,. (This tendency
also is shown in Ref. 11). But the values of J?/m at critical
conditions, in the present experiment, are far smaller than
that in the case of a high-power MPD thruster, in which the
acceleration mechanism by self-induced field is prevailing. !’

Diagnostics of Exhaust Plume
The exhaust plume (argon) formed under the operating
condition shown in the first column of Table .1 was selected
for diagnostic study. The inside region of the anode throat
" could not be probed because of extreme heating of the probe.
The contours of electron temperature and plasma potential in
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Fig.4 Effect of magnetic field on performance.

the plume are shown in Figs. 6 and 7, and their variations
along the thruster centerline and the magnetic line of force B,
(see Fig. 2) are shown in Fig. 8. It is seen in these figures that
the potential and. the electron temperature decrease in the
direction of the flow. A detailed examination of the data of
Fig. 8 shows, in addition, that the electron temperature does
not decrease as rapidly as one would expect in an adiabatic
expansion, '®!° a tendency that coincides with that obtained in
a similar experiment using a small arc plasma thruster. 2

The result of flow-direction measurements showed an
azimuthal ‘ion velocity component, of which direction of
rotation coincides with that of E/B drift caused at the anode
region, Figure 9 shows the radial profiles of ion number
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Fig. 6 Profile of electron temperature in-argon exhaust plume.

density (n;) and axial component of ion velocity (u;.) ob- -

tained at the section z=30 mm. '

Discussion
Acceleration Mechanisms

The preceding experimental results suggest that the
following two electromagnetic acceleration mechanisms exist
in this thruster: 1) plasma expansion in a magnetic nozzle, and
2) transformation of rotational energy of ions into kinetic
energy of axial direction. For the present experimental
conditions, it can be shown that, at the anode area, the orders
of electron and ion gyro radii are 1x10-2 and 1 mm,
respectively (anode throat diameter of 7 mm). Unfortunately,
we cannot estimate reliable values of electron and ion Hall
parameter at the anode throat area, because of the lack of
diagnostic data, and so we have no information on the
magnitude of the induced Hall current (azimuthal) at this
location. But the Hall current (even if it exists at this throat
location) does not produce a force component that yields
directed thrust; it produces that which yields containment,
since the magnetic field lines are nearly axial at the anode
throat area.

Based on the aforementioned two acceleration mechanisms,
the values of axial component of ion velocity (u;,) at the
section z=30 mm were evaluated on the centerline and on the
line of force B, (r=13 mm), using the results of Fig. 8. In this
case, it is assumed that, at the throat of the anode nozzle, the
axial component of ion velocity is equal to the speed of sound
VkT,/m; and the azimuthal component of velocity E/B. On
the centerline, an ion is accelerated corresponding to the
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Fig. 8 Variations of electron temperature and plasma potential along
thruster centerline and magnetic line of force B, (in argon exhaust
plume).

potential drop, and its velocity (axial) can be calculated using
the energy equation:

2 2
ram; (uiw —uin) =€ (Vo ~ Vi)

where m; is ion mass, e electronic charge, u; ion speed, V,,
plasma potential, and subscript 0 indicates the position of the
anode throat, and subscript o indicates a position in the
downstream region (in this case z=30 mm). For the
evaluation of the axial component of ion velocity on the line
of force B,, the contribution of rotational motion induced at
the anode throat area is taken into consideration further,
using the relation of conservation of angular momentum. (In
this case, it is assumed that an ion moves downwards, con-
fined to the surface formed by rotating the line of force B,.)
The obtained value of u,, on the centerline was 9.4x103
m/sec, and that on the line of force B, was 2.4 x 104 m/sec.
These values are in reasonable agreement with the ex-
perimental values in Fig. 9, which suggests that the
aforementioned two acceleration mechanisms can be the
prevailing ones in the thruster of this type.

Calculation of Ionization Efficiency and Thrust

The calculation of total ion flux at the section of z=30 mm,
using the results shown in Fig. 9, yields a value of 1.37x101°
sec ~', which corresponds to a propellant ionization ef-
ficiency of 97%. Although the accuracy of the data of n; and
u;, shown in the figure is not sufficient for detailed quan-
titative discussions, this matter indicates that, in this thruster,
the ionization efficiency is fairly high under the proper
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Fig. 9 Radial profiles of ion number density and axial component of
ion velocity at the section of z =30 mm (in argon exhaust plume).

operating conditions. The calculation of total momentum flux
(ion) at the same section yields a value of 13.8 mN, which is
18% less than the value of thrust measured by the target
method (16.8 mN). The discrepancy may be attributed to
some error in the measurement of ion flow velocity or thrust,
or to the possibility that, at z=30 mm, the acceleration of
plasma in the axial direction is not brought to completion yet.

Concluding Remarks

Substantial improvement in the thrust performance of a
Duoplasmatron-type low-power MPD thruster has been
achieved. When Ar or NH, propellant is used, thrust ef-
ficiencies from 20 to 30% can be obtained in the specific
impulse range of 800-3500 sec. For the practical use of a
thruster of this type, however, the problems of cathode life
and baffle-tip cooling by suitable methods still must be
solved. Detailed examinations of the data, obtained by
diagnostic measurements, show that the ionization efficiency
of propellant is fairly high and that, in this thruster, the
following two prevailing mechanisms exist for the plasma
acceleration: 1) plasma expansion in a magnetic nozzle, and 2)
transformation of rotational energy of ions into kinetic
energy of axial direction.
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