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An overview is given on the experimental investigations of an applied field magnetoplasmadynamic (AF–MPD) thruster at the Institute of Space Systems (IRS) of the Universität
Stuttgart. A laboratory thruster for the power range of 10–20 kW has been built up. The
goal of the experimental investigations is the characterization of the operation and performance parameters of the thruster. Thrust measurements will be performed by mounting
the thruster on a thrust balance. For the characterization of plasma parameters different diagnostic methods will be applied to get validation data for the numerical simulation
program of AF–MPD thrusters currently under development at IRS.

I.

Introduction

tationary applied field magnetoplasmadynamic (AF–MPD) thrusters in the power range 5–100 kW are
S
promising devices for orbit control systems of large satellites, because of their high specific impulse, thrust
density and efficiency. Furthermore, AF–MPD thrusters at higher power levels appear to be excellently
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suited for interplanetary space missions like crewed and uncrewed Mars missions.
Supported by the German Research Foundation DFG (Deutsche Forschungsgemeinschaft) a research
project at the Institute of Space Systems (IRS) aims at achieving a better understanding of the functional
principles of AF–MPD thrusters to allow the thruster optimization with respect to thrust and efficiency. On
the one hand, the purpose of the project is the development of a numerical simulation tool (SAMSA, Self
and Applied field MPD thruster Simulation Algorithm).2 On the other hand, an AF-MPD laboratory model
is to be developed and experimentally investigated. The intention of the experimental investigations at IRS
is to determine the operation and performance parameters of the laboratory thruster and characterization
of its plume. The experimental investigations allow a judgement of the quality of the numerical simulation
program SAMSA. Based on numerical and experimental results, optimizations of electrode geometries and
magnetic field configurations should be possible.
In the following sections of this paper the AF–MPD laboratory thruster and the thrust balance will
be introduced. An overview on the experimental program to determine the operation and performance
parameters of the thruster and the plasma parameters will be given.
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II.

Laboratory Model of AF–MPD Thruster

Although AF–MPD thrusters are promising candidates for high power electric propulsion missions, the
step to flight–qualified AF–MPD thrusters has not been taken yet. The optimization of the devices is
difficult because AF–MPD thrust depends on plasma parameters, which are depending from each other, and
also on their spatial distribution. The complex acceleration processes are not thoroughly understood yet.
In 1996, the Institute of Space Systems proposed an experimental platform for an AF–MPD thruster on
the International Space Station (ISS), which could help to explore the acceleration mechanisms and clarify
environmental influences.3 One of the first steps for testing an AF–MPD device in space is the development
of an optimized thruster design for a power level of 10–20 kW.
In the seventies of the last century, the applied field laboratory thruster DFVLR–X16 was developed
at DLR Stuttgart (formerly DFVLR). The device reached a thrust of 251 mN at an effective exit velocity
of 36 km/s. Efficiency of 38.8 % was achieved with an applied magnetic field of 0.6 T.4 As a guideline for
the construction of the laboratory thruster model, the basic geometric design of the DFVLR–X16 thruster
has been choosen, because to date this thruster is one of the best devices with noble gases as propellant.
The design of the newly developed laboratory thruster is shown in an isometric view and a sectional drawing
in Fig. 1 on page 6. Figure 2 on page 7 shows the cathode with gas connector and current connector, the
insulator parts of the thruster and the neutral liner. A front side view of the assembled laboratory thruster
shows Fig. 3 on page 7. The laboratory thruster has a cylindrical configuration with a central cathode made
of tungsten doped with thoriumoxide (2%) and a coaxial anode made of tungsten doped with lanthanumoxide
(1%). The tip of the cathode made of tungsten is connected to an extension made of copper which allows
the axial variation of the distance between cathode tip and the front side of the anode. Therefore, the
influence of this distance on the ignition behaviour and the stability of the arc discharge and the interaction
of arc discharge geometry and applied magnetic field can be investigated. The total length of the thruster is
around 350 mm, depending on the adjusted cathode position. The anode has an outer diameter of 40 mm.
The cathode is centered in and isolated against the anode by ceramic components. The ceramic components in combination with the elongated geometry of the thruster reduce the thermal load to the rear
end of the thruster. The thruster is radiation–cooled, which not only simplifies the design but also allows
further development of the thruster with regard to a later flight model. The current supply of the thruster
is designed for a current up to 300 A. The data of the DFVLR–X16 thruster allow a pre–estimation of the
laboratory thruster power up to 20 kW.
The propellant used is argon. Argon allows for a stable arc discharge and is the preferred propellant
for AF–MPD thrusters with noble gas as propellant.1 The propellant is fed to the laboratory thruster by a
hollow cathode and by a ring inlet between the neutral liner and the anode. The reason for feeding part of
the propellant near the anode is to guarantee a certain charge carrier density in the vicinity of the anode.
This reduces anode losses and a possible deviation from discharge axisymmetry.1 The mass flow controllers
to be used allow for a variation of mass flow rate between 0–10 mg/s for the cathode and anode fraction of
the overall mass flow.
The applied magnetic field is created by a magnetic coil mounted coaxially around the thruster. By
using a magnetic coil for the creation of the applied magnetic field, the field geometry can be adjusted
more easily than by using permanent magnets. In Fig. 3 on page 7 the magnetic coil is shown with the
coil attachment. The magnetic coil consists of copper tube windings, which have been sealed in epoxy resin
to insulate the windings against each other. The inner diameter of the coil, consisting of 140 windings,
is 60 mm, the outer diameter is 285 mm. The current supply of the magnetic coil is capable of currents
up to 600 A, which results in a magnetic field up to 0.5 T. Because of the high currents in the magnetic
coil water–cooling is necessary. The cooling water is conducted through the copper tubes with a pressure
up to 20 bar. The overall pressure drop through the coil is reduced by splitting the magnetic coil in four
coaxial–arranged parts. The coil attachment allows the axial variation of the position of the magnetic coil
relative to the thruster. This permits the investigation of the influence of the magnetic field configuration
on the performance parameters of the thrusters, especially the thrust. The first flight–models of AF–MPD
thrusters are likely to use permanent magnets for creating the applied field. The usage of permanent magnets
is also possible with the present coil attachment.
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III.

Experimental Investigations

The experimental investigations of AF–MPD thrusters in ground test facilities require low ambient pressure in the vacuum facilities. Measurements have shown that specific thrust (F/I) increases as tank pressure
is reduced.5 Also, current stream lines are extended far outside the thruster with increasing strength of the
applied magnetic field and decreasing ambient pressure. To avoid interaction with the wall, the vacuum
facilities must be adequately dimensioned and made of non–magnetic steel. In the end, only an investigation
of an AF–MPD thruster in space, as mentioned in Sec. II on the preceding page, can reveal the ultimate
capabilities of these devices.3
For the experimental investigations and the optimization of the thruster design at IRS the AF–MPD
laboratory thruster and the magnetic coil are mounted on a thrust balance in a vacuum tank in the laboratory
facilities. The vacuum tank used is a stainless steel tank with a length of 5 m and a diameter of 2 m. The
tank has double–wall cooling. The central vacuum facility at IRS has a capacity of 250, 000 m3 /h at a
pressure of 10 Pa, which enables a minimal ambient pressure in the vacuum tank of 0.5 Pa. The power
supply for the thruster and magnetic coil circuits are provided by the central power facility at IRS. The two
circuits can be adjusted separately. The power facility provides current up to 1000 A at a voltage of 500 V
for each of the two circuits in the used operation state.
III.A.

Characterization of Operation and Performance Parameters

The characterization of the AF–MPD laboratory thruster is carried out by measuring the integral performance parameters of the thruster during a variation of the operation parameters. As described in Sec. II on
the previous page, there are variations of anode–cathode distance and of the axial position of the magnetic
coil possible to find the optimum configuration for the laboratory thruster. The mass flow through the hollow cathode and the annular gap near the anode can be varied to find out how thrust is influenced and the
operation stability can be optimized. The used mass flow controllers allow a variation between 0–10 mg/s
each. Voltage and current of arc discharge and the magnetic coil are measured using buffer amplifiers to
screen the operation state and allow the determination of the supplied electric power.
The distribution and local strength of the applied magnetic field is mapped by using a Hall probe mounted
on a two–axis coordinate table, which is assembled inside the vacuum tank. The mapping of the magnetic
field will be done without the thruster in operation, because of thermal range limitations of the Hall probe.
The determination of distribution and strength of the applied field depending on the magnetic coil current
allows the verification of the data delivered by the numerical simulation program SAMSA.2
The experimental investigations aim at an optimization of the thrust. For measurement of thrust the
thruster and magnetic coil are mounted on a parallelogram thrust balance. Figure 4 on page 8 shows the
thrust balance assembly with the thruster and coil mounted. Thruster and coil are fastened on a frame which
is supported by two steel edges on the front side and one on the back side. For minimizing disturbances
in the thrust measurement, the currents for thruster and coil are conducted through mercury reservoirs to
avoid fixed connections. The cooling water for the magnetic coil is fed and led away perpendicular to the
thruster axis.
The thrust is measured by usage of a S–shaped force sensor, which is backed against an attachment
plate at the rear end of the swinging frame. This test–setup has also been used at IRS before for thrust
measurement of self–field MPD thrusters.6 Compared to former test–setups, in which the sensor was attached
to a fixed position and connected to the swinging frame by a wire, the positioning of the force sensor directly
to an attachment plate on the swinging plate reduced the impact of temperature expansion of components
of the thrust balance on thrust measurement. Also, deformations of the thrust balance structure during
evacuation have no impact on thrust measurement, because the sensor is without contact to the attachment
plate until nominal operation conditions are reached.
The force sensor together with the sensor tip and the attachment plate is shown in Fig. 5 on page 8. The
sensor has a measuring range up to 5 N. It has a sensitivity of 0.7 mN/digit and shows a linear characteristic.
The expected thrust of the laboratory model is on the same level than the thrust of the DFVLR–X16 thruster,
which has reached 251 mN. By driving the force sensor against the attachment plate using a linear unit, a
preforce evoked by the reacting force of the net weight of the swinging frame is applied on the sensor. The
sensor mounted on the linear unit is shown in Fig. 6 on page 9. The target preforce is 4 N, which provides
a steady contact with the attachment plate. During the operation of the thruster the thrust leads then to
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an increase of the measured force. The contact point of the sensor tip lies in the extension of the thruster
symmetry axis. Therefore, no additional momentum evoked by the thrust acts on the sensor.
The calibration of the sensor is done by applying defined calibration weights on the swinging frame.
There are used three weights with a mass of 28 g each, which leads to a maximum calibration force of
around 0.82 N. The calibration is done before and after each test to determine the effective thrust balance
characteristics for the current operational state, i.e. water–cooling circuit enabled.
At present, the assembly of the thrust balance is completed. The investigation of factors of influence on
the thrust measurement and the calibration of the force sensor are proceeded. Therefore, the calibration
procedure is investigated in detail with different subsystems of the thrust balance working individually, e.g.
low–pressure cooling water circuit and high–pressure cooling water circuit, to assure repeatable results.
Recently, the AF–MPD laboratory thruster has been put into operation. Figure 7 on page 9 shows the
thruster at work. During the test the ambient pressure remained below 0.6 Pa for a maximum total mass
flow rate of 20 mg/s. The thruster reacts very sensible on the anode mass flow rate during the ignition
phase. Too high anode mass flow rates even prevented ignition. The maximum anode mass flow rate used
during operation was 2 mg/s. The cathode mass flow rate was 10 mg/s. The arc discharge current was
kept below 150 A. Also, the applied magnetic field seems to be a prerequisite for the thruster working. The
thruster turned off as the applied magnetic field was cut off. For the test a maximum coil current of 200 A
was used. Next, the operation parameters for the ignition phase have to be optimized. Also, the mapping
of the applied magnetic field with the Hall probe will be conducted.
III.B.

Characterization of Plasma Parameters

The characterization of the plume of the AF–MPD laboratory thrusters will be conducted to provide data
necessary to validate the numerical simulation program SAMSA. Different intrusive and non–intrusive diagnostic methods will be applied, all of which have been successfully adopted at IRS before.7 The validation
requires the characterization of the plasma jet at no less than two cross sections.
The intrusive measurement techniques are based on a probe which is mounted in the plasma stream.
For the characterization of the plume of the AF–MPD thruster a two–axis coordinate table assembled in
the vacuum tank will be used. Pitot probes allow the measurement of the dynamic or total stagnation
pressure. Cylindrical electrostatic probes are used for the investigation of electron temperature, electron
temperature and plasma velocity. One of the non–intrusive methods to be used is emission spectroscopy for
the identification of heavy particle species and their temperature. Fabry Perot interferometry will be applied
for the measurement of plasma velocity and heavy particle translational temperature.

IV.

Conclusion

At IRS an AF–MPD laboratory thruster for the power range of 10–20 kW has been built up. The applied
magnetic field is conducted by a coaxial coil which is capable of generating a magnetic field up to 0.5 T on
the symmetry axis. For experimental investigations of the thruster a vacuum tank at IRS has been assembled
with a suitable thrust balance. The thrust is measured using a force sensor which can be backed against a
attachment plate on the swinging frame of the thrust balance. The laboratory thruster has been put into
operation successfully. Next, the integral performance parameters of the thruster will be characterized. Also,
the plasma characteristics will be determined for code validation of the numerical simulation program for
AF–MPD thrusters SAMSA.
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Figure 1. Isometric view and sectional drawing of the AF–MPD laboratory thruster.
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Figure 2. Cathode with gas connector and cathode mounting, insulators and neutral liner of the AF–MPD laboratory
thruster.

Figure 3. Front side view of AF–MPD laboratory thruster surrounded by the coaxial magnetic coil (with mounting).

7
The 30th International Electric Propulsion Conference, Florence, Italy
September 17-20, 2007

Figure 4. Thrust balance with AF–MPD laboratory thruster and heat shield mounted in vacuum tank at IRS.

Figure 5. Sensor tip mounted on the force sensor and attachment plate used for thrust measurement.
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Figure 6. Thrust measurement and thrust calibration section of the thrust balance.

Figure 7. First ignition of AF–MPD laboratory thruster.
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