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Abstract: Electric Propulsion development in Germany goes back to the early sixties,
when Prof. Dr. Horst Loeb at 1st Physical Institute of Justus-Liebig-University Giessen designed the first Radiofrequency Ion Thruster – RIT. Ten years later, a fruitful cooperation
was initiated with the aerospace company MBB based in Ottobrunn. In the early seventies
Prof. Dr. Gerhard Kruelle from DLR Stuttgart developed Applied Field Magnetoplasmadynamic Thrusters (X-series) with very high power demand, which – even today – could not be
made available in space. Today, there is a broad spectrum of EP developments, modeling as
well as diagnostic tools, and test facilities at university institutes (IPI, IRS), companies
(EADS ST, TEDG), some private researchers (AI), and supporting institutes for plasma applications (IOM, INP). EP depends to a great extent on the development of modern, high
efficient Power Supply and Control Electronics by companies with wide experience in space
qualification and flight heritage (ASP, EADS Astrium, vH&S).

I.

Introduction

In the framework of the German Space Technology Program, the Electric Propulsion development plays – considering the relatively small amount of funding – a remarkable role. Beyond the institutional funding and the R&D
activities of the companies, the German Space Agency under the umbrella of the German Aerospace Center has to
concentrate their additional funding on excellent technologies, excellent research work and innovative ideas, focusing in equal measure on the scientific education and on the aim of supporting our industry to establish a strong position on the European and the world market. In the following sections, a brief summary of the relevant institutions
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and selected ongoing or envisaged activities will be presented, without going to deep into the technical details which
will be subject of the different German contributions to this conference.

II.

Overview

The main Electric Propulsion activities in Germany are
 Research and Development of Electric Thrusters
o Gridded Ion Thrusters (GIT), a “family” of the type Radiofrequency Ion Thrusters (RIT) at IPI ‡ (terrestrial application: Fusion MW range and rf-sources for material processing)
o Arcjets, Self-Field Magnetoplasmadynamic Thrusters (MPD) and Pulsed Plasma Thrusters (PPT) for
small university satellites at IRS §
o High Efficiency Multistage Plasma (HEMP) Thruster at TEDG ** for commercial telecom satellites and
scientific missions.
 Fundamental studies
o CONSEP – Contributions to Solar Electric Propulsion; Alternatives and Amendment to the former Study
"Advanced Interplanetary Missions Using Nuclear Electric Propulsion" in 1995 at TransMIT †† and
DLR ‡‡ .
 Commercialization Efforts
o Industrial development and qualification of Hydrazine Arcjet and RITs including the complete
EP-Assembly RITA at EADS ST §§
o HEMP consolidation phase at TEDG
o Prototype of a thermally heated Aquajet system at AI ***
 Diagnostics
o IPI: 3D beam diagnostic system, thrust balance, residual gas analyzer, thermography camera, emission
spectroscopy
o IRS: Intrusive and non intrusive diagnostics, e.g. Pitot pressure probes, aerodynamic wedge probes, electrostatic probes, mass spectrometer probes, emission spectroscopy, laser-induced fluorescence, FabryPerot interferometry, spatially resolved pyrometry
o IOM ††† : Faraday-cups, energy-selective mass spectrometry, thermal probes, Langmuir probes, emission
spectroscopy
o INP ‡‡‡ : “unconventional” diagnostic methods, e.g. nano-powders
o TEDG: angular selective thermal diagnostic, in assembly are: thrust balance 1 mN to 1 N, energy and angular selective mass spectroscopy.
 Numerical Simulation / Modeling
o IOM: 2D and 3D simulation codes for ion optics and grid lifetime, PIC plasma simulation code for RIT
and HEMP
o IRS: PIC/Hybrid Code planned for PPTs, ion thrusters and tethered propulsion
o TEDG: OOPIC Code, KOBRA 3D-Code and MAXWELL Code for thruster design and optimization
o IPI: Throttling of RIT-22 and high specific impulse version
 Software Design for Propulsion Systems
o Algorithms and Optimization for Actuations of µ-Propulsion Systems at ZARM §§§ of Bremen University
 Test facilities (TF)
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o Giessen: JUMBO – a 30 m³ “Space Simulator” cryopumped, base pressure 10-7 mbar with cooled beam
target, diagnostic ports for external diagnostic packages, cold space simulation down to -100 °C; TF for
emission spectroscopy, BIG MAC – a 2m3 TF, cryopumped, for µRIT and neutralizer testing
o Stuttgart: 4 TF for high power MPD/arcjet propulsion, TF for ion propulsion diagnostic, 5 TF for low
power MPD/arcjet propulsion
o Leipzig: TF for ion beam and plasma characterization, TF for sputter investigations
o Ulm: ULAN – one large 20 m³ tank with 100000 l/s for space simulation and complete thruster diagnostic
, one small TF for fast thermal diagnostics, one mini TF for separate Neutralizer test and characterization.
 Material selection and characterization
o Selection of improved grid materials and determination of sputter behavior at EADS ST and IOM
o Material analysis and diagnostic Lab with SEM; EDAX, AAS, cross sectioning etc, at TEDG
 Subsystem “Neutralizer”
o R&D of “insert-free” neutralizers based on 3 different design concepts at Giessen and Leipzig
o TEDG: Resumption of neutralizer production: Pre-development of a neutralizer based on a W/Os Mixed
Metal Hollow Cathode (MMHC) technology for space TWTs and
o Space qualified low power, gas-free, gridded Electron Gun for neutralization of micro-thrusters (e.g.
FEEP, MicroGIT, MicroHEMP).
 Subsystem “EP High Power Processing Units”
ASP **** founded as a SME in January 2004, is a spin-off company of a major European satellite maker. ASP
personnel composed by specialists with an average experience of more than 20 years in design, development,
manufacturing & qualification of high voltage power supplies for electric propulsion
x Pulsed & continuous operation, technology for voltages up to 30 kV, power from appr. 10 W up to several kW
x Specific technology know-how in the area of high voltage potting / insulation
x Improvement of efficiency by resonant power supply technology.
EADS Astrium†††† has been a main supplier on the world market for High Voltage Power Electronics
for space for more than 25 years and has a long heritage and technical experience for Digital Control Units
(Microprocessor & Software) optimized for HV Power processing. EADS Astrium supports the developments for High Voltage Power Electronics in the field of EP, TWTAs, ISS experiments and Laser Power
Supplies as a key technology by company-internal R&D funding. Projects with High Voltage Power Supplies
(HVPS) in the range of 2 kV  20 kV,.20 kV  150 kV / up to 5 kW  3.4 MW have been successfully
performed and operated. Products and processes are ESA & space qualified. Ion Thruster Power Supplies
developed for GOCE (QinetiQ T5) and ALPHABUS (QinetiQ T6), Thales HEMP, GOCE and Lisa
Pathfinder FEEP (ARCS Indium FEEP).
The company offers on-site manufacture and test facilities and has unique engineering knowledge in
x System and subsystem engineering
x Interface engineering
x ESA qualified high voltage encapsulation process for High Voltage Insulation / Potting
x Specialised High Voltage Test Facilities for mass production.
vH&S ‡‡‡‡ has provided intelligent multiple HVC systems for supply and operation of FEEP and various
ion sources. HVC systems by vH&S have long lasting space heritage, used within several ESA and NASA
missions.
vH&S HVCs combine outstanding capabilities: bipolar, switchable polarity, stackable, low-power, high-stability, synchronous design, low EMI, digital operation/control/ feedback, rad-tolerant or rad-hard versions:
x Expertise on active HV loads for FEEP ignition
x Experience with critical FEEP operation for space.
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III.

Contributions of the EP Working Group

The short descriptions of the diverse activities are attached  for reasons of practicality  as appendices.

IV.

Conclusion

Germany has a long tradition in Electric Propulsion development. At present, excellent training facilities,
sophisticated technological advances, and a large number of creative ideas can be found in this area. Diagnostic and
modeling methods from terrestrial applications are increasingly considered. Despite the few in-flight experiences,
flight heritage represents one of the major problems, with flight opportunities clearly lacking. The German On-orbit
Verification program for technological developments (OOV) could be one solution to the problem; likewise, the
small satellite programs designed by German universities provide opportunities for low-cost developments of small
electric propulsion systems. On the part of the industry, a tremendous effort is being made to gain ground in the
commercial satellite market.
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Appendices
Activities at IPI and TransMIT of Justus-Liebig-University Giessen
(Horst W. Loeb §§§§ and Karl-Heinz Schartner ***** )
The University of Giessen can rely on EP activities ongoing since forty years. The physical institute in close
cooperation with industry, nowadays EADS Space Transportation, is the leading centre for the development and
technical realization of the gridded rf-ion thrusters.
EP Test Facility JUMBO (Davar Feili)
The institute features a 30 m3 test
facility (Fig. 1), which was refurbished
during the last years in order to permit the
tests and the diagnostics of RIT thrusters
with ion beam power up to 10 kW [1]. The
eight cryopumps provide a pumping speed
of 100,000 l/s for Xenon. The TF is
equipped with a thermoshroud, with a x, y,
z beam profile scanner, a microbalance for
thrust measurement, a carbon covered
beam dump. A retarding field analyzer can
be mounted and sufficient windows allow
optical diagnostic applying the installed
spectrometer for the spectral range from
250 nm to 800 nm. Momentarily, the
activities concentrate on the model RIT 22,
whereas HEMP thrusters propagated and
built by Thales (TEDG) were tested, too.
The Giessen EP team supports the industry
test programs.

E lectric p ropu lsion at th e Ju stu s-Lieb ig U n iversity G iessen
T est facility JU M B O
E le ctric pro pu lsion te st fa cility JU M B O – 3 0 m 3 sp ac e sim u lato r

Figure 1. EP propulsion test facility JUMBO

µN-RIT (Davar Feili)
The EP propulsion group of the institute reacted to the demand for low thrust
levels in the range of a few µN by development and optimization of RIT 4 and
RIT 2 engines [2]. They provide thrust
values down to 8 µN. The present program, supported by DLR, aims at the derivation of parameter fields and at the realization of very stable and fine adjustment
modes. For the testing of the micro-thrusters a 2 m3 vacuum chamber was equipped
with cryopumps yielding a pumping speed
of 24,000 l/s (Fig. 2).

Figure 2. µN-RIT-4 in thrust mode, mounted in the 2 m3 test
facility

§§§§
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Neutralizer (Stefan Weis)
The same chamber serves as test facility for the investigation of an "insert-free"
electron source intended for ion beam neutralization. As is well known, the hollow
cathode electron sources of all thruster
types contain an insert with heater, which
is a rather crucial element due to its sensitivity against oxygen and water. Intended
as an alternative, DLR supports a study at
Giessen University to investigate the
potential of a capacitively coupled rf-discharge using Xe for operation (Fig. 3).

Figure 3. Capacitive rf-neutralizer in operation
CONSEP (Horst Loeb, Karl-Heinz Schartner, and Wolfgang Seboldt)
Finally, DLR decided to conclude a mission study based on Solar Electric Propulsion (SEP) with Giessen in
continuation of the earlier Nuclear Electric Propulsion (NEP) report of a Joint study group carried out in 1995. The
DLR Institute of Space Simulation is responsible for the trajectory calculation of two reference missions, again a
“19,Fortuna “ asteroid lander and a SEP based mission to the Jovian icy moon “Europa”. Mission profiles depending
on payload, available solar energy and flight time are to be calculated and optimized. SEP and NEP performance are
to be compared.
On all mentioned activities except the last one will be reported during this conference.
References
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Activities at IRS of Stuttgart University
(Monika Auweter-Kurtz ††††† )
The IRS has gained expertise for more then 25 years in the field of electric propulsion. Thermal Arcjets as well
as magnetoplasmadynamic thrusters have been developed and tested here. In recent years, research on instationary
magnetoplasmadynamic (MPD) thrusters (also commonly referred to as Pulsed Plasma Thrusters  PPTs) has
begun. Instationary MPD thrusters combine several advantages, specifically regarding the application on small satellites.
Instationary Pulsed MPD (I-MPD) Thrusters (Anuscheh Nawaz)
The instationary MPD (I-MPD, also referred to as pulsed plasma thruster, PPT) thruster SIMP-LEX Stuttgart
Instationary Magnetoplasmadynamic Thruster for Lunar Exploration) is being developed at IRS supported by DLR.
The development wan initiated when the Small Satellite Program was announced in 2002. This program includes the
lunar mission BW1 [1], scheduled for launch before the end of this decade. Being an all electrical satellite, it will
carry SIMP-LEX as one of the two types of electric thrusters developed at IRS.
An I-MPD is a pulsed thuster, mainly consisting of a
capacitor, two electrodes and an igniter to trigger the firing. It
Capacitor
primarily utilizes electromagnetic forces to produce its
impulse. Its solid propellant is mostly PTFE (Polytetrafluor
ethylen). For SIMP-LEX, a parallel-plate geometry was chosen. As seen in Fig. 1, the design of the thruster at this point is
Pearson™
modular, in order to allow for easy changes of geometry and
Current Monitor
components. A bread board for the electronics was provided
by ASP GmbH. This allows variation of pulse rate as well as
bank energy.
Igniter
Electrodes
In order to investigate the behavior of this thruster thoroughly, a test facility has been setup and a measurement system is being developed. One of the three vacuum chambers
Figure 1. Current Modular Setup of SIMP-LEX used to study the I-MPD is shown in Fig. 2. Currently, this includes measurement of the mass ablated per pulse, the current
through the plasma, which also yields the acceleration time of
the plasma, and the thrust. The current is measured by using a Rogowski Coil. Feeding the results from current, a
mass measurement into the slug model [2] yields values for the impulse bit as well as ce. To measure the thrust, a
pendulum was developed. It was possible to detect deflections with
Vacuum Chamber
a resolution of 50 nm by using an optical sensor at the bottom of the
pendulum arm [3].
Future research include investigation of the thrusters thermal
behavior, a propellant feed system to hold the amount of propellant
Power
necessary for its mission to the moon as well as further investigaSupply
tion of the plasma sheet by means of a CCD camera.
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Development of a Thermal Arcjet System for the Lunar Mission BW1 (Dagmar Bock)

The Institute of Space Systems (IRS) of the University of Stuttgart has launched a small satellite program in 2002. One of the satellites – BW1 – funded by the federal state Baden-Württemberg and in
cooperation with German space industry will orbit the moon.
This satellite will have an all electrical propulsion system consisting of instationary pulsed magnetoplasmadynamic thrusters [1] and a thermal arcjet thruster with approx. 1 kW of power [2]., which are
developed and qualified at IRS.
For the thermal arcjet system this includes the design, construction and qualification of an appropriate
propellant feed system as well as
an optimization of the thermal
arcjet, which has been developed
within a former project for the
satellite mission AMSAT-P3D. A
drawing of this thermal arcjet is
shown in Fig.1. The propellant of
the thermal arcjet will be ammonia.
The optimization of the thermal arcjet thruster will include
ground tests and numerical simulations of the plasma flow inside
the thermal arcjet as well as thermal modeling by means of a
commercial finite element proFigure 1. Thermal Arcjet Thruster ARTUR2
gram.
The tests of the thermal arcjet
will be conducted inside a test facility (Figure 1), which has been especially designed for thermal arcjets in
the class between 0.5 kW and 2 kW. The test facility
consists of a cylindrical vacuum chamber made of
stainless steel with 1.2 m in diameter and 2 m in
length. Its own 3-stage roots pumping system with a
pumping speed of approx. 13,000 m3/h provides a
background pressure of less than 0.2 mbar at thermal
arcjet operation with mass flows up to 15 mg/s
Hydrogen. [2]

References

Figure 2. Thermal Arcjet Test Facility at IRS

[1] Nawaz, A., Auweter-Kurtz, M.; Herdrich, G.; and Kurtz,
H. L., Investigation and Optimization of an Instationary MPD
Thruster at IRS, IEPC 05-208, 2005
[2] Bock, D.; Auweter-Kurtz, M.; and Kurtz, H. L., 1 kW
Ammonia Arcjet System Development for a Science Mission to
the Moon, IEPC 05-075, 2005

8
The 29th International Electric Propulsion Conference, Princeton University,
October 31 – November 4, 2005

PIC/DSMC Simulation (Markus Fertig)
Within the small satellite program of the IRS, a lunar satellite is under development, equipped with an Arcjet and
a set of several IMPD thrusters [1]. The duration of a single pulse within those IMPD thrusters is of the order of 10
µs. The current of about 30 kA allows acceleration of the propellant mass bit leading to exit velocities of about 12
km/s, i.e. a specific impulse of approximately 1200 s [2] Due to the instationary operation and the degree of rarefaction, no continuous partition function of the propelling plasma is to be expected. In order to model the physics, the
PIC scheme developed by IHM [3, 4] will be extended by models for intermolecular collisions used in the DSMC
code LasVegas [5]. Another application is the modelling of a combined electrodynamic tether/ electric propulsion
(CETEP) system proposed by ESA [6].
A cooperation between IRS (Institute of Space Systems, University of Stuttgart, IAG (Institute of Aero- and Gas
Dynamics, University of Stuttgart), HLRS (High Performance Computing Center Stuttgart) and IHM (Institute of
High Power and Microwave Techniques, Research Center Karlsruhe) has been formed to develop such a hybrid
PIC/DSMC scheme. While PIC (Particle in Cell) methods allow the modelling of charged particle movement within
electromagnetic fields, they usually do not take into account short-range interactions between particles, like collisions and chemical reactions. In order to model the operational behaviour or the performance of e.g. a non-stationary
magnetoplasmadynamic (IMPD) thruster, it is necessary to add a method like the DSMC (Direct Simulation Monte
Carlo) technique to model these particle interactions.
The necessity of a three dimensional description requires optimization and parallelization of the code in order to
effectively use high performance computers.
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Numerical Simulations for the Design of a Magnetoplasmadynamic Thruster with Coaxial Applied Magnetic
Field (Daniel Haag)
Applied field magnetoplasmadynamic (AF-MPD) thrusters are promising devices for orbit control systems of
large satellites, because of high specific impulse, thrust density and efficiency [1]. At higher power levels they also
appear to be excellently suited for manned and unmanned interplanetary missions. AF-MPD thrusters aren’t qualified for space missions yet. One reason for this status is the high vacuum needed for ground testing (< 0.1 Pa). Also
finding an optimized configuration for thruster geometry and applied magnetic field is difficult, because of complex
correlations between different acceleration mechanisms.
Supported by the German Research Foundation DFG (Deutsche Forschungsgemeinschaft) a numerical simulation tool for AF-MPD thrusters is currently under development at IRS [2]. The simulation tool SAMSA (Self and
Applied field MPD thruster Simulation Algorithm) is based on a two-dimensional, axis-symmetric finite volume
code, that has been developed and qualified at IRS for self-field MPD thrusters already [3]. The finite volume
scheme works on unstructured, adaptive grids, which can be easily adjusted to varying geometries. SAMSA will be
used to find an optimized thruster design with regard to applied magnetic field configuration and electrode geometry.
The DFG research project also includes the development and experimental investigation of an AF-MPD laboratory thruster to gain experience by comparing numerical and experimental results. At IRS, a thruster test facility,
which is provided with a diffusion pump system to achieve a high vacuum, is especially suited for testing of this
thruster. The thruster has a modular design, which allows changes in electrode geometry and magnetic field configuration as a consequence of numerical and experimental results (see Fig. 1). The thruster is radiation-cooled, which
not only simplifies the design but also allows further development of the thruster with regard to a flight model.

Fig. 1: Current design of AF-MPD laboratory thruster at IRS
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Thermal-Inductive Hybrid Thruster. of the University of Stuttgart  TIHTUS (Hannah. Boerk)
TIHTUS (Thermal-Inductive Hybrid Thruster of the University of Stuttgart) is the direct descendant of ATTILA
with the use of different hardware. The thruster concept consists of a thermal arcjet thruster and an ICP (inductively
coupled plasma-generator) stage. While the arcjet thruster generates a plasma with hot core and steep radial gradients in the plasma's variables, the ICP stage is used to heat the relatively cold gas layer at the plume's edge.
The arcjet of use is HIPARC-W (High-Power Arc Jet - Water-Cooled) which was used as a laboratory model in the
design process of the radiation-cooled thruster HIPARC-R. HIPARC-W, a 100 kW thruster, has a segmented anode,
so that nozzle length can be varied. In recent thrust measurements, a thrust of solid 3 N was observed at 50 kW and
300 mg/s mass flow rate [1].
The ICP stage in TIHTUS is represented through the IRS' IPG3 (Inductively Heated Plasma-Generator). It is a
continuous inductively coupled plasma-generator with a working range of 0.5 - 1.5 MHz at up to 180 kW. Since
TITHUS is meant to be operated with hydrogen, preliminary characterization of only the ICP-stage with hydrogen
was performed [1]. Mass flow rates range from 120 mg/s to 600 mg/s.
Each stage's plasma flow is currently calculated numerically. Note that this is performed in two decoupled numerical
codes. This is to investigate how and where the coupling of the ICP power into the arcjet's plasma plume takes place
when the inflow temperature is not distributed homogeneously across the cross section.

Principle of TIHTUS
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MPD-Thrusters (Michael Winter)
For several decades, extensive investigations have been carried out at IRS on self-field magnetoplasmadynamic
(MPD) thrusters in the high power range from 100 kW up to 1 MW. These electric thrusters are considered good
candidates for manned and unmanned interplanetary missions (to Mars) because they can achieve a high exhaust
velocity combined with a likewise high thrust density.
Within the broad spectrum of MPD plasma accelerators examined at the IRS, all have been operated in steady
state mode [1]. The experimental work has been accompanied by the development of numerical codes, allowing the
theoretical calculation of the MPD thrusters and a comparison with experimental data [2  6]. In order to investigate
the effect of a glowing anode on thrust efficiency, thruster characteristics and especially on the onset phenomenon
observed in nozzle type MPD-thrusters, a device with a radiation-cooled anode (Hot Anode Thruster – HAT) has
been developed. Its design is based on the water cooled nozzle type thrusters of the DT-series with the exception of
the nozzle geometry which could not be reproduced for technical reasons. Hence for precise comparison with the
HAT and to separate the effects of material properties and wall temperature, a water-cooled version (CAT – Cold
Anode Thruster) had to be designed.

Figure 1. Nozzle type and cylindrical thruster geometry and thrusters in operation with argon
The experimental data is compared to data gained through numerical simulation which provides information
about integral quantities like thrust and voltage, local data like pressure and species temperatures and reveals possible reasons for the beginning of plasma oscillations. The newly designed solver for the calculation of the self-magnetic flow with chemical and thermal non-equilibrium incorporates a new Riemann solver for proper up-winding,
randomized time stepping for convergence acceleration and a mathematically founded adaptation criterion for
refinement of unstructured meshes. The system of partial differential equations includes 13 hyperbolic-parabolic
conservation equations for the species densities, momentum, energies, turbulence and the magnetic field.
All thrusters are operated in steady state mode. Since in general testing time is not limited by the thrusters, run
times of several hours can easily be achieved. All thrusters are built with different neutral segments which are isolated against each other and against the electrodes. The potential of each segment instantaneously adjusts to the local
plasma potential. Comparisons of measured and numerically computed potentials show good agreement [7]. The
heat losses to the water-cooled segments are determined by measuring the temperature increase of the cooling water
in combination with the water flow rates through the different segments. Parallel to the acquisition of performance
data, emission spectroscopic measurements in various cross sections of the plasma jet were performed. Radial profiles of excitation temperatures of the different ionized species were determined and compared with numerically calculated electron temperatures. From this comparison, information about the equilibrium state of the plasma can be
obtained [6 – 8].
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Numerical Simulation of Magnetoplasmadynamic Thrusters (Markus Fertig)
A loosely iterative coupled solver was developed for the calculation of the Navier-Stokes equations for highly
viscous compressible flow in thermal and chemical non-equilibrium [1  4]. The program system SINA (Sequential
Iterative Non-equilibrium Algorithm) is able to simulate axisymmetric and three dimensional flows. In order to cope
with the conditions in the plasma wind tunnels at IRS, the transport properties are calculated for partially ionised
gases in chemical and thermal non-equilibrium. With respect to the turbulent behavior of the flow, suitable turbulence models are implemented. In order to allow for the simulation of the complex geometries of electric space propulsion systems, structured multi-block grids can be used. The time reduction for the numerical simulation is possible using the parallelized program version.

Fig. 2: Temperature and velocity distribution in the plasma source RD5
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Optical Plasmadiagnostic at Ion Thrusters (Michael Winter)
At the Institute of Space Systems of the University of Stuttgart, non intrusive diagnostic methods are under
investigation for plasma thrusters as well as for reentry plasmas since more than a decade [1]. Recently, a test stand
has been prepared for ion thruster testing [2] to be used with a RIT-thruster of EADS-ST [3] for plasma diagnostic
investigation of the plume and the plasma properties close to the grids, supported by DLR. Ion thrusters attract the
attention of the manufacturers of satellites for a long time because of their high specific impulse and efficiency. For
technological reasons, one of the most perspective propellants for them is xenon. The investigation of local characteristics of the xenon plasma by means of non intrusive methods is a very important task for understanding the processes in these thrusters. For this purpose, spectroscopic techniques for the ion thrusters plume investigation are currently in development at the Institute of Space System of the University of Stuttgart [2]. Two-photon laser-inducedfluorescence for density measurements on neutral xenon have already been performed in a cold gas cell [4].
Emission spectroscopy, electrostatic probes and Fabry-Perot interferometry are used for preliminary measurements in a xenon plasma produced by a microwave generator [5, 6]. The emission spectroscopic measurements
showed a strong non-equilibrium situation in the plasma. Although only weak ion emission could be detected, the
electrostatic probe measurements showed electron densities in the order of 1018 m-3 and distributions of the electron
temperature between 20,000 K and 60,000 K. The electron densities were verified by independent microwave
transmission measurements. Fabry-Perot interferometry measurements were carried out to determine the Doppler
temperature of the plasma yielding values between 2,000 K and 3,000 K. For this purpose, the hyperfine structure of
the emission lines under investigation had to be resolved and simulated. As can be seen in Fig. 1, the results of the
hyperfine structure splitting are in good agreement with experiments on a SPT thruster in France [7]. The emission
spectra were successfully interpreted by a Corona model and the comparison between simulated and measured
spectra showed a very good agreement [8].

measurement 0.09 mbar
Corona model 300 W

wavelength [nm]

Figure 1. Comparison of a measured xenon spectrum with a simulation
using the Corona Model
Although the micro wave plasma is substantially different
from the ion thruster plume, particularly in terms of pressure,
the properties of the charged particles determined in this
investigation are in the same regime as those reported for the
plasma state in the discharge chamber of ion thrusters [8, 9].
Therefore, the results from the micro wave generated plasma
indicate a successful application to the ion thruster plasma.
First tests with the RIT-10 ion thruster (Fig. 2) were already
carried out [8].
In a next step, two-photon laser-induced-fluorescence for
density measurements as already carried out in the cold gas

Figure 2.

RIT-10 in operation at the IRS.
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cell will be performed at the micro wave generated plasma and finally be applied to the ion thruster plume. Furthermore, a possible extension of the laser based measurements to ionized xenon will be investigated.

References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]

Auweter-Kurtz, M., Feigl, M., and Winter, M., Diagnostic Tools for Plasma Wind Tunnels and Reentry Vehicles at the IRS,
RTO-EN-8. AC/323(AVT)TP/23, RTO Educational Notes 8, April 2000; von Karman Institute for Fluid Dynamics, RTO
AVT/VKI Special Course on Measurement Techniques for High Enthalpy Plasma Flows, Belgium, Oktober 1999.
Auweter-Kurtz, M., Semenova, N., Winter, M., and Löhle, S., Plasmadiagnostik an Ionentriebwerken, Technischer
Statusbericht für die Zeit vom 1.2.2002 bis zum 1.7.2003, Stuttgart, 2003.
Basner, H., Killinger, R., Leiter, H., and Müller, J., Advantages and Applications of the RF-Ion Thruster RIT, AIAA 20013494, 2001.
Semenova, N., Auweter-Kurtz, M., and Winter, M., Development of Laser-Spectroscopic Techniques on Xenon for RIT-Ion
Thruster Plume Investigations, AIAA-2004-3962, 40th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit,
11-14 July 2004, Fort Lauderdale, FL, USA.
Pfrommer, Th., Auweter-Kurtz, M., Holzhauer, E., Semenova, N., and Winter, M., Emission Spectroscopy and Double
Langmuir Probe Measurements on Xenon for future Application with Radio-Frequency Ion Thrusters (RIT), ,IAC-04S.P.02, 55th International Astronautical Congress, Vancouver, BC, CAnada, October, 4 – 8 ,2004.
Pfrommer, Th., Auweter-Kurtz, M., and Winter, M. W., Fabry-Perot Interferometry on Xenon for Future Application with
Radio-frequency Ion Thrusters (RIT), Space Technology Education Conference STEC 2005, Aalborg, Denmark, April
2005.
Mazouffre, S., Pagnon, D., Lasgorceix, P., and Touzeau, M., Temperature of Xenon atoms in a stationary plasma thruster,
2003, presented at the IEPC 2003.
Homepage of the University of Giessen, Germany:
http://nathanderweise.physik.uni-giessen.de/~dhasselk/Diverses/Physik_alles.html
Herman, D. A. and Gallimore, A. D., Discharge Chamber Plasma Structure of a 30-cm NSTAR-type Ion Engine, AIAA2004-3794.

16
The 29th International Electric Propulsion Conference, Princeton University,
October 31 – November 4, 2005

Activities at EADS ST, Moeckmuehl
(Rainer Killinger * )
Gridded Ion Thrusters are the technology that allows substantial performance improvements for commercial and
scientific satellites. Thanks to their high specific impulse capabilities, the systems offer mass savings by reduced
propellant consumption on station keeping applications for telecommunication satellites or deep space science missions. EADS SPACE Transportation GmbH is developing ion propulsion since many years and with the RIT-10 on
ARTEMIS flight heritage in a regime even exceeding qualification limits could be obtained.
Flight Projects
On January 31, 2003 a little less than 600 days after the launch ESA's advanced telecommunication satellite
ARTEMIS after orbit raising with ion propulsion was delivered into its dedicated geosynchronous position. As an
orbit raising maneuver was not planned, this period included all the efforts of a joint ESA, Alenia Spazio, EADS Astrium GmbH, and EADS SPACE Transportation GmbH team to save the satellite that due to an Ariane 5 launcher
failure was inserted into a too low transfer orbit. During the orbit raising the Ion Propulsion System (IPP) was used
for about 9,200 hours which is equivalent to more than 8 years, compared with the nominally planned use for inclination control on ARTEMIS. To support this operation, which was outside the originally qualified regime, special
tests in orbit as well as on ground were performed to prepare for the orbit raising. Besides the long duration thrusting
phases during which the thrusters were switched on for months, during some phases of the orbit raising two ion
thrusters were operated simultaneously. The flexibility of the ARTEMIS AOCS system of the IPP consisting of 4
gridded ion thrusters assemblies, provided in its totality by EADS including the 2 alignment mechanisms for precision thrust direction control, had proven invaluable. During this condensed operation phase effects on solar array
degradation during passage though the van Allen belts, during orbit raising and for comparison during times when
the thrusters were off were evaluated. In addition interactions with on-board telemetry e.g. during simultaneous firing of two thrusters or during information on beam on the S/C power bus or electronics were analyzed.

1
Figure 1. RIT10 Functional Components
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The main ǻv was delivered by the RIT thrusters. Namely RITA2 concluded the orbit raising. After about 10
months of continuous ion thruster operation ARTEMIS on January 30, 2003 reached its final position. The table below summarizes the actual performance of the IPP during the ARTEMIS mission:

*
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Total On-Time
Total Mass
Table 1.

RITA1

RITA2

1,140.6 h

6,427.2 h

2.14 kg

12.06 kg

RITA Thruster Life Log

The data collected during the initial inclination reduction phase and the orbit raising to date are in good compliance with the ground test results and no degradations caused by the use of ion propulsion were observed. RITA2
within the about one year needed for orbit raising, although operated well outside its original specifications, demonstrated an operation time comparable to a 6.5 year nominal mission (Table 1).
The on board investigations even prove that the thruster's life time can be monitored during the flight. The RIT
operation principle shows a linear correlation between acceleration grid erosion on one hand and the consumption of
rf-power, acceleration drain current and Xenon flow rate on the other hand. These three values are measured permanently during the test and prove a homogeneous growth of the acceleration grid holes. The Fig. 2 shows the evolution of the rf-power as a function of life time.
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Figure 2. RF-power as a function of life time
This comparison shows that the RITA life test results are a valid basis to control the in-flight erosion of a RIT
and that the monitoring of the rf-power provides an accurate tool to determine the life status of an RITA system during operation in space. The 3 early measurements at 100 W and 110 W were taken when the thruster was operated at
a higher flow rate, i.e. lower mass efficiency and less ionization power is required.
The very successful adaptation of the AOCS software, designed for a GEO telecommunication– earth pointed –
satellite application, with respect to orbit raising purposes proves that an orbit raising with ion propulsion, although
in this case, due to the low thrust level, it took several months, can be performed cost effective by applying a nearly
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autonomous strategy. Finally the RITA system proved to be a well performing and reliable candidate offering a
maximum performance for future low mass and moderate power satellites.
Recent Developments
Based on the ARTEMIS achievements EADS-ST, supported by DLR, has started the development of a high
thrust Radio-frequency Ion Thruster Assembly (RITA) in cooperation with European partner companies. The development comprises the RF-Ion Thruster (RIT) including the Radio Frequency Generator (RFG), The Power Supply &
Control Unit (PSCU), and the Xenon Flow Controller (XFC). Providing for a nominal thrust range between 100 mN
and 200 mN at specific impulse of more than 4,200 s and 4 to 6 kW power consumption (5 kW PSCU baseline), the
unit requirements are optimized as well for the use on next generation telecommunication satellites, as the needs of
future science missions such as ESA's BepiColombo mission to planet Mercury. The core component, the thruster
RIT-22 is under development by EADS SPACE Transportation GmbH (Fig. 3). In contrast to other ion engines developed worldwide, the RIT-22 has a unique feature: The propellant is ionized cathodeless by electromagnetic
waves. This, so called "Radio Frequency Ionisation", guaranties for highest reliability (no life limited cathode inside,
intrinsic isolation from the discharge plasma on high voltage potential to the surroundings) and flexibility in design.
During the last three years, engineering and breadboard Models of the RIT-22 have been build and successfully
characterized.

Figure 3. RIT-22 EM installed in thrust measurement device
The characterization includes the basic performance mapping, extended beam diagnostics and direct thrust
measurement. Also tasks, as dual operation of two thrusters in the vacuum test facility to study possible interactions
between the engines have been performed. The program is ongoing and advanced tasks (operation at highest ambient temperatures e.g.) will be performed in near future. Of course, the design goal, a specific impulse of more than
4,000 s for the basic, but most important commercial application, the north-south-station keeping of geo synchronous could be successfully demonstrated early. For north-south station keeping, the nominal thrust is set to 150 mN.
The thrust range reaches from 25 mN up to more than 250 mN. The dynamic of more than 1:10 is correlated with an
increasing specific impulse with raising thrust. In fact, a maximum specific impulse of more than 6,000 s could be
successfully demonstrated in 2003. Considering interplanetary missions, ESA's corner stone mission BepiColombo,
a journey to Venus including an orbiter and lander to the suns nearest planet is one of the most ambiguous challenges for electric propulsion and space engineering in the near future. Especially the extremely high thermal environment forces spacecraft design "on the limit". Principally, the rf-technology shows the inherent advantages also
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under this extreme environment. The avoidance of any cathode inside the thruster which has to be adapted to the
high temperatures in its surroundings is a clear advantage. Nevertheless the thermal load for the grid system is extremely high. To prepare for this mission EADS performed a set of verification tests: In a first step the thruster was
tested with respect to thermal operational cycles. Within 1,000 hours of operation 1,000 thermal operation cycles
were performed which well covers the BepiColombo Mission requirements. A second test was dedicated to the simultaneous operation of multiple thrusters.
This test was very valuable to check whether such an operation scheme using multiple thrusters can be used e.g.
for deep space missions or orbit raising of geosynchronous satellites. For this test both thrusters (Fig. 4) were operated at thrust levels between 100 mN and 200 mN at identical or different thrust levels. In addition the operation of
two thrusters using one neutralizer only was tested. This was not new, as onboard of ARTEMIS two RIT-10 thrusters have been operated simultaneously and some years ago a cluster of 4 thrusters operating simultaneously was
tested for more than 3000 hours. But those were several meters apart and no beam diagnostics was available. Therefore in this test special emphasis was put on distance effects from closest distance, both thrusters nearly touching
each other to the maximum distance of 0.7 m that could be achieved in the test chamber. A typical clustering distance of thruster will be somewhere between these two distances.

Figure 4. RIT-22 during simultaneous operation of two thrusters
In a third step, the RIT technology was subjected to a very detailed investigation programme concerning a potential grid shortage failure. Resulting form an incident on Deep Space 1, customers are concerned because of this.
EADS performed an in depth analysis to determine potential particle sources, transport mechanisms and particle
types. In a successive analysis the impact of such a particle was assessed and worst case particle sizes were determined. Based on this analysis, a clearing strategy using the high voltage power supply for the 7 most probable particle types was developed by using real grid segments. In these tests we were able to clear out all particles without
damaging the grids. This test as well allowed us to identify the materials most difficult to remove. Eleven particles
of hose materials: Molybdenum and graphite were inserted into a grid system of a RIT-22 and cleared out successively. After this test the grid as integrated back to its thruster and operated as before.
In a fourth step one of the RIT-22 thrusters has completed a 3,000 hour life test at a thrust level of 175 mN and a
specific impulse greater 4,800 s. As can be seen in Figure 5, the test was completed in 144 days, which taking into
account interruptions caused by planned inspections and replacement of empty Xenon bottles results in a daily on
time of 22.3 hours, which is nearly the maximum the can be achieved. This proves the maturity of the thruster, the
RITA system as well of the test facility.
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RIT-22 Endurance Test Progress
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Figure 5. RIT-22 Life Test Progress
The performance is shown in Fig. 6. The diagram is based on all test data which amount to about 1.8 Mio data
sets. For this overview the one data set every 8 hours was selected. As can be seen the thrust level is constantly
about 175 mN with few variations. The total power is 5,600 W at a specific impulse of 4,800 s. This results in a
power to thrust ratio of 32 W/mN only, including all losses but that of the PSCU. Reflecting an efficiency of 95 %
as was demonstrated by the ETCA PSCU bread board the RITA total input power would be about 6,850 W. During
this test the superiority of the RITA technology was demonstrate by a beam out number of < 0.2 beam outs per hour
which is significantly lower than the 1  2 recycles per hour reported form the NSTAR life test.
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Figure 6. Performance of RIT-22 during 3,000 hour life test
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The design verification process of the RIT-22 was completed by performing a full qualification vibration on an
engineering model (Fig. 7).

Figure 7. RIT-22 EM during vibration Testing
The Future
In future application high and ultra high specific impulse (Isp) electric propulsion becomes of growing attraction
as the electrical power onboard spacecraft is continuously increasing. Specific impulses of 7,000 s  15,000 s allow
for new and interesting mission scenarios. Deep space interplanetary missions as well as manned missions to mars
are under consideration and topic of several mission studies. For these type of mission the demonstration of an Isp of
more than 6,000 s using the RIT-22 "as is" with merely a slight modification of the grid system is an important
prove for the technology readiness of the radio-frequency technology for high Isp applications.
Very High Specific Impulse Propulsion
High and ultra high specific impulse electric propulsion becomes from growing attraction as the electrical power
onboard spacecraft is continuously increasing. Specific impulses of 7,000 s to 15,000 s allow for new and interesting
mission scenarios. Deep space interplanetary missions as well as manned missions to mars are under consideration
and topic of several mission studies. For these type of mission the demonstration of an Isp of more than 6,000 s using the RIT-22 DM "as is" with merely a slight modification of the grid system is an important prove for the technology readiness of the radio-frequency technology for high specific impulse applications.
RIT-22 DM is designed in a modular way. The grid system is a separate device allowing for mounting of any
two- or three -grid configuration. Consequently the integration of a grid system for highest specific impulse could be
realized without any changes on the design as used for nominal 4,000 s ISP operation. Also the test power supply
was used "as is". Indeed the only change compared with standard grid-system and test power supply is the high voltage to the screen grid.
During the demonstration test the potential free ionization of the propellant in a RIT demonstrated their advantages: As expected the new grid system has no influence on the ionization. The closed loop beam current control
system worked without any modifications or problems as well. The software of the test power supply was also capable of handling any events as e.g. beam out's caused by arcs in the grid system. Although the software worked fine
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the beam out handling procedure was activated only seldom. The high Isp grid system showed no higher beam-out
rates than the standard grid system.
The results of the test campaign are summarized in the Table 2 below. The standard RIT-22 is operated with a
total input power of 4.5 kW and a thrust of 150mN, typically. Of course in the high Isp mode the thrust at this power
level is reduced. In the same way the specific impulse increases also the power to thrust ratio grows. But the increasing power consumption is "useful power" fully stored as kinetic energy in the beam. Thus the overall efficiency increases with the higher specific impulse/beam voltage. That means also that the thermal load for the thruster even if
8 kW are processed is comparable or lower than in nominal NSSK operation. Indeed the tests were not restricted by
the thruster's constrains but due to the limited high voltage power supply.
Ubeam

[V]

2,500

2,700
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2,700
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3,000

3,000

Thrust
J beam

[mN]
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200.0
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2,408
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[W]
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4,858

5,195
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7,356
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IspThruster

[s]

5,479

5,756

6,059

6,022

6,032

6,246

6,419

0.907
0.804

0.910
0.815

0.906
0.855

0.906
0.849

0.923
0.822

0.920
0.848

0.917
0.869

Efficiency
electric
total

Table 2. Results of the RIT-22 test campaign
As shown in the table above, the efficiency of a gridded on thruster gets the better the higher the specific impulse. This is due to the fact that the basic energy needed to ionise the Xenon is kept constant at increasing beam
current or is reducing when the beam current is kept constant.
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As can be seen in Figure 8, the higher the specific impulse operation, the higher the applied positive high voltage
to the first grid of the thruster's grid system. The plasma inside the ionizer chamber is a very good electric conductor. So every part coming into contact with the plasma is electrically connected to the screen grid and high voltage.
In case of radio-frequency thrusters this aspect is from minor importance. The power for ionization is coupled
inductively to the plasma. Besides the screen grid no electrical connection from the plasma on high voltage potential
to the surroundings exists. Isolation is an inherent feature of the rf-principle.
The other major concern related with high specific impulse ion propulsion is the engine's lifetime. With respect
to the ionization no disadvantages for high Isp operation are identified. Fewer ions have to be produced: Assuming
same size of the engine the thermal load to the ionization chamber is reduced. For Kaufman-type engines all restrictions caused by erosion in the vicinity of the discharge chamber due to a high plasma potential remain valid. On the
opposite, rf-discharges show the same advantages for normal and for high specific impulse operation.
An ion optics design was optimized for operation with 6,000  7,000 s Isp. With this approach an accelerator
grid voltage in the range of 200 V is sufficient to prevent EBS. At a first glance this seems astonishing low, but one
has to take into account the large spacing between screen- and accelerator grid. This compensates the high extraction
voltage between the grids. The electric field strength, which is important for the EBS threshold is comparable with
conventional ion engines.
The perspectives in specific impulse evolution are shown in Figure 9.1
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To complete the bandwidth, EADS and University of Giessen have started the development of a propulsion system based on a small RIT engines capable to operate in the low mN to μN range.
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HEMP Thruster and W/Os Hollow Cathode Neutralizer Development at TEDG, Ulm

(Guenter Kornfeld † )
The HEMP thruster was invented only few years ago in 1998 by G. Kornfeld and his co-workers [1]. Between
the years 2000 and 2004 the electric propulsion group at Thales Electron Devices in Ulm Germany developed with
the support of the German DLR and partially the French CNES a device called High Efficiency Multistage Plasma
thruster (HEMP thruster). It showed within short time a surprisingly wide thrust throttle range from some hundred
μN to about 150 mN [2  4]. The name HEMP thruster is related to its high conversion efficiency of 80 % to 90 %
of electric power into kinetic ion beam power and to its multi cusp magnetic design. Though azimuthal, cusp type
magnetic field arrangements were known before in the plasma source community to reduce the plasma to wall contact, the idea for using axially periodic magnetic cusp field arrangements to confine and accelerate ion beams is new
and originates from the Travelling Wave Tube (TWT) technology background of the development team at Thales
Electron Devices.
In a HEMP thruster, PPM magnet configurations are used to confine a plasma discharge on the thruster axis. Fig
1 provides a schematic of the operating principle of the HEMP thruster.

Figure 1.

Functional cross section of a HEMP thruster and sketch of selfconsistently adjusting plasma potential along the thruster axis

The HEMP thruster consists of the following main elements:
- An essentially cylindrical ceramic tube, surrounded by a
- PPM stack of magnet rings.
At the upstream side of the ceramic
- a HV feedthrough to the anode electrode, with a propellant gas supply
- An anode power supply provides the potential difference with respect to the grounded neutralizer required
for ion beam acceleration.
- a grounded hollow cathode neutralizer located off axis at the exit side of the ceramic tube.
The HEMP thruster operation principle is explained as follows:
Low energy neutralizer electrons are captured by the magnetic exit cusp and maintain there a low, close to
ground plasma potential. Most of the emitted neutralizer electrons are then used to neutralize the exiting ion beam.
But few of the emitted electrons (< 1 %) find with the help of collisions their way across the exit cusp into the discharge channel. Again they are trapped along their magnetic flux lines and thus kept close to the thruster axis
(shaded area). Since the electrons have high mobility along the flux lines, the plasma potential is almost constant
where the magnetic field is parallel to the axis. At the next upstream cusps, the electrons are again effectively hindered to move further towards the anode across the radial magnetic flux lines. Furthermore, the strong magnetic
field gradient in radial direction reflects the electrons as a magnetic mirror. Thus, bouncing forth and back within the
magnetic cells between the cusps, the electrons can travel long ways without wall collision and have an increased
probability to ionise neutral Xe atoms at constant cell potential. Again collisions in the cusp plane allow electrons to
†

Business Development at TEDG, guenter.kornfeld@de.thales-electrondevices.com
25
The 29th International Electric Propulsion Conference, Princeton University,
October 31 – November 4, 2005

cross a cusp and to enter the next magnet cell on higher electrostatic voltage. With the gained kinetic energy the neutral gas ionisation takes place at an increased rate also due to the higher electron and neutral gas density. Globally
speaking, the electron and plasma density is increasing towards the anode like in an avalanche process. The created
ions drift downstream towards the magnetic cusps where they are accelerated by the high axial electric fields across
the cusps towards the thruster exit. Since electrons can not easily leave their flux lines close to the thruster axis they
create an attractive electrostatic potential for the ions on the thruster axis which focuses also the ion beam on the
axis and prevents sputter erosion of the channel
walls.
The new thruster concept may have the potential
to solve some unsettled problems of the standard
thruster types with respect to life, reliability,
flexibility, simplicity and cost. As an example, its
erosion free operation as basis for long life and high
reliability could be verified at Giessen University in
a 250 hours life endurance test. Operating at 57 mN
thrust and 2,620 s specific impulse, a minimum life
time of 18,000 hours could be extrapolated, corresponding to 3.75...106 Ns total impulse.
A picture of this thruster is shown in Fig. 2. The
thruster was operated during the endurance test
together with the new developed Thales W/Os
mixed metal hollow cathode neutralizer.
Figure 2.

The latest status of the Thales HEMP
thruster family and the Thales W/Os mixed
metal hollow cathode neutralizer will be
reported in separate papers presented on this
conference.

Thrust vs. Anode Voltage
JLU-Gießen Tests on HEMP 3050 DM7 (May 04)

Thrust / mN

The potential of the HEMP thruster for
flexible use in an EP system is characterised by
the wide and independent adjustment range of
Anode voltage and Xe flow which leads to an
extreme wide thrust and power range. As an
example we show thrust measurements taken at
Giessen University in 2004 on DM 7.

HEMP 3050 DM8 thruster and Thales HKN
5000 Neutraliser in operation during 250 h
life endurance test at Giessen University
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AQUAJET at AI, Berlin
(Harry Adirim ‡ )
In the timeframe 2004-2005, an experimental platform has been developed at AI: Aerospace Institute in cooperation with Berlin University of Technology. The development of the platform benefits from the long-standing experience of the AQUARIUS working group at Berlin University of Technology in the field of hot water propulsion.
The design and operation of the modular platform serves for a deeper understanding of electrothermal resistojet
propulsion based on superheated nitrogen oxide or water as propellants for future application in small satellites.

Figure 1. Resistojet Platform in CAD
A significant number of platform subsystems were commercial-off-the-shelf (COTS). As shown in Figure 1, the
platform mainly consists of two propellant tanks for nitrogen oxide and water and a vaporizer. Electronic health
monitoring and control system is currently under development. For water propulsion operation, an additional propellant feed-system with gaseous air at a pressure of 300 bar was included. The vaporizer comprises an electrical
cartridge heater, a bed of granulate material which serves as heat transfer medium and as well as a nozzle. Estimated
thrust levels of 0.1 to 0.5 N can be obtained.

Figure 2. Resistojet platform developed by
AI ready for testing
According to NASA’s definition, a technology readiness level of TRL4 could be successfully demonstrated. In
the next step, all components will be scaled down under consideration of MEMS technologies.
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Activities at IOM, Leipzig
(Michael Tartz § )
Diagnostics
IOM utilises a broad range of ion beam and plasma diagnostics for ion thruster development. The ion beam profile is characterised by single Faraday cups and Faraday-cup arrays. Thermal probes allow determining the energy
flux of the beam. By energy selective mass spectroscopy the mass composition of the beam and the energy distribution of each beam particle species is characterised which gives valuable information on the plasma and extraction
processes [1]. Due to its small acceptance angle, space resolved measurements are possible up to characterising single beamlets.
The plasma is characterised by Langmuir probes, Optical Emission Spectroscopy and some “unconventional”
methods as interaction of nanopowders with the plasma (in cooperation with Leibniz-Institute for Low-Temperature
Plasma Physics Greifswald).
Simulation
IOM has developed and comprehensively validated a 2D ion optics and grid erosion simulation code [2]. Figure
XX shows on the left as example the variation of a beamlet with the plasma density illustrating the change in the
beamlet form and divergence. In all simulations, particular attention is necessary for the plasma profile at the sheath
[3], which affects the beam and lifetime properties. The right plot in figure XX shows the good agreement between
hole diameters measured during the 20.000h RIT-10 ARTEMIS life test on various positions on the accelerator grid
and the respective simulated values [4]. Also the changes in the accelerator grid current and electron back-streaming
limit with operation time are modelled in good agreement with the measured values. The simulation is performed
dynamically, i.e. it takes the effects of the changing grid geometry into account for the beamlet and neutral flow
properties. In doing this, the hole diameter changes during the 3000h accelerated life test performed at IOM were
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Figure 1. left: Simulated beamlets at increasing plasma density; right: Evolution of the accelerator
grid hole diameters with time in comparison with RIT-10 ARTEMIS life-test results.
reproduced very reasonable. The grid erosion code proved its usefulness in predicting grid performance and lifetimes reasonably.
In special cases where the 2D simulation is not applicable (e.g. grid hole displacement, grid dishing) a 3D simulation code is employed. The beamlet deflecting effect of a slight grid misalignment was identified as the origin of
the beam vector migration observed in the RIT-10 test for GOCE [5].
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In order to understand phenomena in the plasma and to optimise the whole thruster it turns out that a simulation,
which comprises all the processes from the plasma to the neutralisation of the beam, is highly necessary. Currently,
a PIC plasma code is under development, which will allow treating various plasma excitation principles as dc, rf or
microwave (ECR) and the various processes occurring in the ion beam.
Test Facilities
IOM operates a number of test facilities for ion thruster characterisation and subscale tests in order to support the
development and optimisation of various kinds of electric thrusters in co-operation with the thruster manufacturers.
A smaller facility is exclusively used for investigations of sputter behaviour in dependence on ion incidence energy and angle. The UHV chamber is equipped with a residual gas analyser, rf ion source producing low-divergence
ion beam of various species and a sample load-lock to maintain the extraordinary vacuum. The facility runs computer controlled in 24h operation.
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Figure 2. Sputter yields of carbon materials under xenon ion incidence [6].
Material investigation
The sputter behaviour of the ion extraction grid material is an important parameter for the lifetime of the grids.
Validated sputter yield models are required for lifetime simulations. IOM performs a comprehensive investigation of
the sputter behaviour of various carbon materials [6], molybdenum, titanium and nitrided samples [7] under xenon
ion impact. For the carbon materials, no significant difference was found between graphite, Carbon-Carbon and pyrolytic graphite (cf. figure YY). Nitriding proved to reduce the sputter yield of molybdenum and titanium but seems
no to be applicable for prolongation of grid lifetime because too thin nitrided layers were achievable. The surface
topography of the samples plays an important role for the sputter yield and might be responsible for the large scattering of sputter data in the literature.
Neutralisation of the sputtering ion beam allows investigating the sputter behaviour of ceramic materials which
are also incorporated in ion and other electric thrusters.
RF Neutralizer
A radio frequency ion beam neutralizer basing on an inductive coupling plasma generation with a fixed tuning
system was designed. The plasma vessel was minimized whereas the maximal electron emission current has been estimate by means of energy balance calculations described by Lieberman et al. [8]. A neutralizer prototype was build
and characterized. The electron current has been measured as function of gas flow, input power and plasma vessel
volume. The extracted electron current dependencies have been compared to calculation results yielding a good correlation. More information can be found in the separate paper [9].
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Plasma and Ion Beam Characterization by Nonconventional Methodsat INP, Greifswald
(Holger Kersten) **
The employment of ion beam sources as thrusters in space technology and as powerful tools in surface processing (sputtering, etching, smoothing, modification) is widely used. An important issue in this field is the development
of broad beam ion sources. An essential requirement for new applications of ion beam technology is a desired tailoring of the beam profile. For optimization and adjustment, knowledge of physical beam parameters and plasma
processes in the ion source is necessary ( diagnostics). Of special interest is the determination of the energy flux
from the ion source towards a “substrate surface” during operation. The energy flux resulting from the energetic particle bombardment reflects the beam profile. The interaction of the ion beam with a cloud of particles (microprobes)
can be used for visualizing the thrust. Photometry of the plasma sheath region of the ion source provides information
on the production and extraction of the ions.
An essential requirement for ion thruster modeling is the knowledge of plasma and beam physical parameters
and their interaction with macroscopic control functions of the PPU. Optimization of thrust and life time is only
possible by a validated modeling on the basis of suitable diagnostics. Common methods for plasma and ion beam
characterization do not allow measurements of all related physical parameters, for example, it is very complicated to
measure the contribution of fast neutrals in the ion beam, the plasma sheath on the screen grid or the ion thrust itself.
In order to overcome these problems, we use non-conventional methods for plasma and beam characterization:
Firstly, the radial distribution of the energy influx of an Ar ion beam generated by an ECR-ion beam source
towards a substrate surface has been determined at different distances from the grid system. For the measurement of
the energy influx a special thermal probe has been used [1]. The axial and radial distribution of the deposited power
has been studied in dependence on typical process parameters of the ion source as supplied microwave-power, beam
voltage, accelerator voltage, and gas flow, respectively. A comparison with Langmuir-probe measurements allowed
the selection of fast neutrals from the ion beam.
Secondly, the ion beam profile has been
interaction with micro particles
visualized by the interaction of the ions with
a microdisperse particle cloud which has
visualization of the grid by micromicro-disperse particles
been charged and confined in an additional
• starting from the experiments on interaction of the ion beam with powder (test)
particles there was the idea to use such particles for visualizing the field
rf-plasma [2]. By this method, the thrust
distribution and geometry effects of the ion beam grid
effect of the ions (momentum transfer, ion
• the Mo grid was placed onto a Cu ring (d=82mm) located on the rf-electrode
drag) can be really observed and estimated.
• into the Ar plasma particles (18µm) have been injected which are negatively
charged and trapped above the holes of the grid
The visualization of small test particles
allows for a faithful image of the extraction
grid system of the ion source, too. Hence,
we studied the possibility of plasma sheath
imaging by this interesting method in order
to predict start conditions for the beamlet
generation.
Thirdly, analytical photometry by means
of a CCD-camera and different wave length
filters as well as optical emission
spectroscopy has been demonstrated near
the screen grid. The influence of the gas
flow and the grid voltages on the thickness of the small sheath was demonstrated.
Finally, we realized Langmuir-probe measurements in the plasma region near the sheath of the screen grid in
order to complete the other applied methods for obtaining the related plasma quantities.
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Special Know-how at ASP, Salem-Neufrach
(Ulrich Schwab †† )

Special know-how

Experience of ASP team in critical technologies
dealing with high voltage:
a) High Voltage Design and Technology
b) High Voltage Module Encapsulation
Technology

High Voltage
Power Module

a) High Voltage Design & Technology
* Qualified up to 30 kV rated voltage
“key element of high voltage design
used by ASP “
Potting under vacuum

Curing under pressure

b) High Voltage Module Encapsulation Technology
* Encapsulation by moulding with epoxy resin
* Potting under vacuum and curing under
pressure to guarantee void free encapsulation
* High-rel epoxy resin process qualified and used
in several ESA and commercial projects.
* ESA qualification performed in the eighties,
process and materials not changed until now.
* Several years of life testing including extensive
orbit heritage
Leibniz-Institut für Oberflächenmodifizierung Leipzig
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Generic High Voltage Power Supply Next Generation at Astrium, Friedrichshafen
(Michael Boss ‡‡ )
EADS Astrium is starting developing a Next Generation High Voltage Power Supply (HVPS NG) increasing efficiency (up to 95 %) and miniaturisation for broad applications in EP systems (Fig. 1).
A modular concept enables the adaptation to all thrusters types and all power ranges. (Fig. 2).
For detailed information see IEPC-2005-278.
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FEEP Activities at vH&S, Schwetzingen
(Harmut Henkel §§ )

•
•

•
•

Markets: Providing European FEEP supply turnkey systems for ESA
and NASA missions.
Technology: Miniaturisation of space-proven HVC systems into
intelligent multiple FEEP supply with common digital control and
SpaceWire interface.
R&D: Multi-HVC ASIC development based on control algorithms
existent at vH&S.
Æ To make FEEP control a standard space component.
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