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Abstract: A two-dimensional applied-field Magneto-Plasma-Dynamic thruster (2D AF-
MPDT) has been developed. A strong applied magnetic field more than 1 T can be
applied to the 2D AF-MPDT. Successful operation with applied magnetic field strength
from 0 T to 1 T was achieved. A thrust measurement using thrust-stand to measure the
correct thrust was not possible because of the strong magnetic interaction between the coil
and the vacuum vessel. The degree and strength of this interaction is different for every
operation. To avoid the magnetic interaction, a target thrust measurement was adapted.
In this paper, the thrust measured by this method is reported and the thrust efficiency
was evaluated.

Nomenclature

t = discharge time
B = applied magnetic field
Vd = discharge voltage (per channnel)
Vcoil = voltage drop of coil
Jd = discharge current (3ch average)
Jcoil = coil current
T = thrust
Edischarge = consumed energy of discharge
P = total input power
Pcoil = input energy of coil
Pdischarge = input energy of discharge
η = thrust efficiency
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W = width
H = height
D = depth
subscript
d = discharge chamber
h = thruster head
t = target

I. Introduction

In the near future, both higher thrust and higher specific impulse are necessary for large scale, interplanetary
or orbital transfer missions. High-power electric propulsion devices can achieve these missions. A Magneto-

Plasma-Dynamic thruster (MPDT), which is a well known electric propulsion device1 is a very promising
candidate for high-power electric propulsion.2,3 The advantage of MPDTs is their very high thrust-to-
weight ratio compared with other electric propulsion devices. In addition, the thrust efficiency of MPDTs is
improved with increasing input power.

MPDTs are able to be identified by the shape of the electrode and the existence of the external magnetic
field. Typical self-field MPDTs that have been studied by some researchers4,5 need several hundreds of kW
for acceptable efficiency. However, in the near future, it is difficult to obtain hundreds of kW on a space
craft. On the other hand, applied-field MPDTs (AF-MPDTs) are able to achieve acceptable efficiency with
tens of kW. Hence, it is a better candidate for practical use in the near future.

Coaxial AF-MPDTs have been studied by some researchers.6–10 However, it is difficult to optimize the
distribution of the magnetic field because the thrust production mechanism of coaxial AF-MPDTs is very
complex due to the j×B Lorentz force which is not parallel to the thrust force. In the case of two-dimensional
AF-MPDTs (2D AF-MPDTs), which is a so-called Crossed-Field Accelerator11–15 , it is easy to analyze the
optimal magnetic field because the direction of j ×B is parallel to the thrust axis.

In 1960s, a Crossed-Field Accelerator was studied by some researchers11–15 . There is a study that applied
magnetic field over 1 T. These experiments were operated by large mass flow rate.

An experiment setup was constructed to evaluate the thrust performance of the 2D AF-MPDT. This
setup is able to apply a strong magnetic field and operate with small mass flow rate.

In a previous study, the thrust was measured by the parallel-pendulum method5,16 . However, it is
not possible to measure the correct thrust because of the magnetic interaction between the coils and the
chamber walls. In AF-MPDT, avoiding the magnetic interaction a target method was adopted. In this paper,
measuring the thrust by this target method and evaluating the thrust performance of the 2D AF-MPDT is
the main sabjective.
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Figure 1. Schematic of the experimental setup.

II. Experimental Setups

The schematic of the experimental setup is shown in Fig.1.

A. Thruster Head

A schematic of the 2D AF-MPDT setup is shown in Fig.2. The 2D AF-MPDT has 3 pairs of electrodes to
keep uniformity of the cross direction and ease of processing, the anode is made of copper and the cathode
is made of tungsten. The insulator is made of boron nitride or resin. The size of the thruster head is 94 mm
(Wh) × 120 mm (Hh) × 120 mm (Dh). The size of the discharge chamber that means the space between
the anode and cathode, is 40 mm (Wd) × 10 mm (Hd) × 50 mm (Dd).

HdHh
DdDh

Figure 2. Appearance of the 2D AF-MPDT. Left figure is a photograph of the 2D AF-MPDT, right figure is
a schematic picture.
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Figure 3. Electric circuit diagram of the experimental setup. ”A” is anode, ”K” is cathode. Blue lines indicate
a short-circuited, red lines indicate connection to the coil.

B. Applied Magnetic Field

The 2D AF-MPDT has a quasi-Helmholtz coil to apply an external magnetic field. The coils consist of 9
turns of 4-mm-diameter copper wires. The inner diameter of the coils is 80 mm. The distance between these
two coils is 48 mm establishing a quasi-Helmholtz coil setup. These coils are able to form a relatively-uniform
magnetic field in the discharge chamber of 1 T with a coil current of 6.3 kA. The applied magnetic field is
linear to the coil current. The inductance of this quasi-Helmholtz coil is 21 mH.

C. Power Supply System

The discharge current and the coil current are supplied by a 5-ladder 0.2 mF L-C pulse forming network
(PFN). The energy storage capability of the PFN is 20 kJ and can produce rectangular current pulses 0.5
ms and current levels up to 22 kA. The current supplied from the PFN is divided into the discharge current
and the coil current through the parallel resistance divider. The diagram of the divider current is shown
in Fig.3. There are 6 resistor, 3 resistors are connected to the electrode, respectively. Other 3 resistors are
able to connect to the coil. If one resistor is connected to the coil, other 2 resistors are short-circuited, see
in Fig.3. In this way, it was achieved that the coil current is not linear to the discharge current and the
impedance of the 2D AF-MPDT is kept almost constant.

D. Vacuum System

The 2D AF-MPDT is operated in a steel vacuum vessel 0.8 m in diameter and 2.0 m in length. The inner
surface of the vacuum vessel is completely covered with Mylar sheets in order to avoid electric interaction
between plasma flow and vacuum vessel.

A vacuum pressure of 10−3 Pa is maintained by an oil diffusion pump with a pumping capability of 3,700
l/s, which is boosted by a mechanical booster pump and an oil rotary pump with a pumping capability
of 25,000 l/s, and 7,500 l/s, respectively. The pressure of the vacuum vessel is measured by an ionization
vacuum gauge at pressures below 10−1 Pa. Above this pressure, a Pirani gauge is used.

E. Propellant Feed

Propellant is injected through a fast acting valve (FAV). The FAV provides propellant gas to the 2D AF-
MPDT from the reservoir tank with a short duration of 5 ms. The mass flow rate was obtained by the
measured decrease of the reservoir pressure. In this paper, all experiments were performed under a fixed
mass flow rate of 0.2 g/s with argon gas as a propellant.
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Figure 4. The sample waveform of the discharge.

F. Voltage and Current Measurement

In MPDT’s operation, the measurement system of the discharge characteristics has no effect on the discharge
of the 2D AF-MPDT. A photocoupler is used for the measurement of the discharge voltage and a Rogowski
coil and an air-cored toroidal coil are used for the measurement of the current. The consumed energy is
calculated from the following expression Eq.1 by the discharge voltage and current.

Edischarge =
∫

Jd(t) × Vd(t)dt (1)

A sample waveform is shown in Fig.4. In this figure, red lines are using left axis and blue lines are using
right axis. The red solid line indicates the discharge voltage, the red dashed lines indicate the discharge
current of center channel. The blue solid line indicates the total current supplied from PFN, the blue dashed
line indicates the coil current. The applied magnetic field of 0.16 T corresponds to a coil current of 1.0 kA.
The interval of integration is from 0.1 ms to 0.6 ms, the blue area shown in Fig.4.

G. Thrust Measument

The parellel-pendulum method, that consists of the pendulum thrust stand and the laser displacement
sensor, was used for thrust measurement of the coaxial MPDT in ISAS for a long time. The thruster head
is placed on the thrust stand, and the amplitude of the oscillating stand is detected by a laser displacement
sensor. However, it was no reliable to measure the thrust of the 2D AF-MPDT correctly when there is
external magnetic field, because of the magnetic interaction between the coils and the vacuum vessel. The
degree and the strength of the magnetic interaction were different for every operation. For this reason, a
target measurement system, target-method was adopted. The target is made of paper and Mylar sheet. The
schematic of the target is shown in Fig.5. The form of the target is tapered, called conical target,17 to avoid
over estimation. The size of the target is 80 mm (Wt) × 10 mm (Ht) × 80 mm (Dt). This size is bigger
than the cross-sectional area of the discharge chamber of the 2D AF-MPDT. And the target is suspended
from the vacuum vessel ceiling by two fluorocarbon wires. The configuration of the target measurement
system is shown in Fig.6. The appearance of the thruster head and target is shown in Fig.7. The distance
between the thruster head and target is 1.5 cm. The amplitude of the oscillating target is detected by an
LED displacement sensor. The minimum resolution of the LED displacement sensor is less than 5 µ m.
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Figure 5. Schematic of the 2D conical target.

LED displacement Sensor

Target

Figure 6. Schematic of the target measurement system.

1.5 cm
Figure 7. Appearance of the thruster head and the target.
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Figure 8. Schematic of the target calibration.

H. Calibration

The conical target is calibrated by two different weight steel balls. The schematic of the calibration is shown
in Fig.8. At the initial state, the steel ball was fixed to a certain height by the magnetic force of the coil.
Then, the coil current was turned off, letting the ball collide with the target. The surface of the target was
sprayed grease collision, the steel ball sticks to the target. The condition of calibration is summarized in
Table 1. The results of the calibration are shown in Fig.9. From this figure, the relationship between the
impulse and the oscillation is linear. The coefficient is 1.1 × 10−3 Ns/V. In the following, the result of the
thrust is calculate with this coefficient.

Table 1. Condition of the target calibration.

Weight of iron ball, g Height of initial iron ball, cm impulse, Ns

6.1 3.5 5.0×10−3

6.1 3.0 4.7×10−3

6.1 1.1 2.8×10−3

6.1 0.6 2.1×10−3

0.5 3.3 4.1×10−4

0.5 1.0 2.3×10−4

7
The 31st International Electric Propulsion Conference, University of Michigan, USA

September 20–24, 2009



00.0010.0020.0030.0040.0050.0060.007

0 0.5 1 1.5 2
Impulse
, 
s

Amplitude, V
Figure 9. Result of the target calibration.

III. Experimental Results and Discussion

The results of the experiment is summarized in Table 2. The appearance of the discharge of a certain
condition is shown in Fig.10.

Table 2. Result of this series experiment.

the number of the resistor B, T Vd ,V Jd, A T , N P , kW T/P , mN/kW η, %

0.33 55 103 2.53 108 23.5 14.9
0.53 68 149 2.83 257 19.4 7.8

3 0.71 93 207 3.14 474 15.0 5.2
0.91 123 252 3.81 763 11.0 4.8
1.09 135 301 4.34 1096 9.4 4.3
0.23 48 107 2.30 58 8.0 23.0
0.35 69 136 2.68 131 6.6 13.8

2 0.47 87 178 2.97 229 6.1 9.7
0.61 118 225 3.44 382 5.6 7.7
0.74 139 280 3.69 560 5.0 6.1
0.13 36 99 1.72 23 4.7 31.5

1 0.19 48 143 2.20 51 4.3 23.5
0.26 73 190 2.50 98 15.5 16.0
0.33 86 236 2.94 148 27.8 14.7

0 0 18 219 0.41 7.0 57.9 5.9
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Figure 10. Discharge appearance of the 2D AF-MPDT . Left figure is front view, right one is side view.

A. Thrust

The relationship between the applied magnetic field and the thrust is shown in Fig.11. In this figure, the
mass flow rate was fixed to 0.2 g/s. Thrust increases with applied magnetic field. Under these conditions,
the thrust is not saturated. There is a possibility that the thrust increases with stronger applied magnetic
field than 1 T.
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Figure 11. Relationship between applied magnetic field and thrust. Mass flow rate was fixed to 0.2 g/s with
argon gas as a propellant.

B. Thrust Efficiency

The thrust efficiency is calculated by following expression.

η =
T 2

2ṁP
(2)

Input power is calculated by following expression.

P = Pdischarge + Pcoil (3)
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Figure 12. Relationship between applied magnetic field and thrust efficiency. Operation condition; propellant
gas is argon, mass flow rate is 0.2 g/s.

Consumed energy of the discharge and the coil is calculated by following expressions.

Pdischarge =
Edischarge

t
(4)

Pcoil = Vcoil × Jcoil (5)

In Eq.5, the voltage drop of the coil was estimated by the impedance of the coil and the frequency of the
current. The result of the relationship between applied magnetic field and thrust efficiency is shown in
Fig.12. In this figure, the thrust efficiency decreases monotonically with an increasing magnetic field.

C. Discussion

The experiment in this paper, was operated by one PFN. The discharge voltage, the discharge current and
the coil current are uniquely fixed by charge voltage of the PFN. It is not suitable to estimate the thrust
performance of the 2D AF- MPDT because it is impossible to increase applied magnetic field for a constant
discharge current.

In fig.11, there is a possibility that the thrust was overestimated with small magnetic field. Hence, the
thrust efficiency is estimated more than 30 %. There is a possibility that the thrust was overestimated
because of the pressure between the target and thruster increased. For this reason, the estimated thrust
is up to twice as large as correct thrust. It was not achieved to measure the correct thrust however it
was achieved to avoid the magnetic interaction by target measurement system. It is necessary to measure
the correct thrust by avoiding the magnetic interaction or by avoiding the pressure increasing in the target
method.

IV. Conclusion

A two-dimensional applied-field Magneto-Plasma-Dynamic thruster (2D AF-MPDT) has been developed.
The thrust measurement system using a plume target and an LED displacement sensor was constructed.
In this paper, it was reported under different conditions. Using argon gas as propellant, the mass flow
rate was fixed to 0.2 g/s, the applied magnetic field ranges from 0 T to 1 T. As a result of this series of
experiments, the thrust was increased with increasing applied magnetic field and the thrust efficiency was
decreased monotonically with increasing applied magnetic field. Anode erosion was not observed. However,
there was no evidence that the correct thrust was measured because of the thrust was exceptionally large.
In future work, we have to measure the correct thrust in one way or another.
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