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Abstract
The Microscope mission by CNES is a test of the Equivalence Principle with a microspacecraft in low Earth
orbit. The propulsion system for this satellite has unique requirements: very low thrust, accurate thrust throttling,
stringent mass and power constraints. The system will be used to compensate for non-gravitational forces on the
spacecraft, enabling it to fly along an inertial trajectory, in the so called “drag-free” mode. This paper presents
the architecture of the micronewton FEEP system for MicroScope, illustrating the configuration constraints and
the resulting design choices.
Introduction
The ESA Fundamental Physics Advisory Group (FPAG), at its 13th meeting in February 2000, reviewed 16
proposals in Fundamental Physics for the F2/F3 mission opportunity, and, inter alia, recommended that a
contribution towards the already approved Microscope mission be made by ESA by providing the FEEP
thrusters. Drag compensation of Microscope involves and will demonstrate the use of FEEP thrusters in
conjunction with high accuracy accelerometers. The satellite will be in fact the first technological demonstrator
of a drag compensation system exploiting electric propulsion. The Microscope mission shall demonstrate this
new technology and prepare the future Fundamental Physics missions requiring such a satellite subsystem.
The interest of the Scientific Directorate in ESA in supporting the FEEP subsystem for Microscope is related to
the information that this application will give on the performance of this propulsion system and on all the
possible impacts on the spacecraft deriving from the use of FEEP thrusters. This information is essential in view
of the foreseen application of FEEP to a number of new ESA scientific spacecrafts, in particular for the LISA
mission for the detection of gravitational waves. This interest is fully shared by the D/TOS Propulsion Division
that will be in charge of the monitoring of this procurement in agreement with the CNES. From this perspective,
Microscope represents for ESA an important FEEP technology flight demonstration opportunity. In such a
context, the FEEP Electric Propulsion Subsystem (FEPS) for Microscope was proposed to be funded by ESA
and its development to be monitored by a joint ESA/CNES team. In October 2000, the ESA Science Policy
Committee (SPC) and Industrial Policy Committee (IPC) gave their formal approval for an ESA D/SCI funding
of the Microscope FEPS.
Within the Microscope programme, ONERA is responsible for the scientific payload; CERGA/Observatoire
Cote d’Azur is responsible for the definition of the mission and the data processing in relation with ONERA;
CNES has the responsibility of the overall project. The Microscope Phase-A study was performed by CNES and
ONERA in 1998 and 1999 and the payload entered Phase-B in January 2001. Alta1 is the Prime Contractor in
charge of the development and supply of the propulsion system in the frame of a ESA contract, with Carlo
Gavazzi Space and CAEN Aerospace responsible for the power and control electronics. Launch is expected in
2006 with a mission duration of one year.
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The Microscope Mission
Microscope (MICROSatellite à traînée Compensée pour l’Observation du Principe d’Equivalence) is a CNES
microsatellite mission2. Proposed by ONERA and CERGA institutes in the area of fundamental physics
missions, it was approved end 1999 by the CNES Scientific Programme Committee. Microscope is the fourth in
the frame of the scientific missions exploiting the CNES micro-satellite product line, with a mass in the order of
150 kg. The scientific objective of the mission is to test the Equivalence Principle (EP) with an accuracy of 10-15
i.e. about three orders of magnitude better than the accuracy of the present on ground experiments. Such an
improvement in confirming the equivalence between inertial mass and gravitational mass represents an
important verification of general relativity and other metric theories of gravitation, which postulate this principle.
Advances in the current understanding of gravity will result by the confirmation of the identity of inertial and
gravitational mass to that degree of accuracy, which would be a strong constraint for the unification theories. A
true revolution in general relativity and cosmology would occur if the Equivalence Principle were to be
disproven, open the way to the demonstration of a new interaction in view of the unification of general relativity
and quantum field theory.
Two cylindrical, coaxial test masses composed of two different materials will follow a purely gravitational
motion: control of their relative position and measurement of the control forces will lead to the verification of the
Equivalence Principle with the desired accuracy. For the satellite to shield the test masses from all nongravitational forces and perturbations (i.e., atmospheric drag, solar radiation pressure etc.), an active drag
compensation system is required whose actuators are capable of providing forces and torques in the same range
as the perturbing actions. The possibility of a very long time of observation of the free fall mass motion in steady
conditions leads to expected signal integration over days to the benefit of the rejection of stochastic disturbances.
The rotation of the observational frame with respect to the gravity field orientation also helps in the
discrimination of the violation signal, which will have an unmistakable frequency signature (Fig. 1).

Fig. 1 - The Equivalence Principle verification measurement on Microscope.

The satellite payload is composed of two quite identical accelerometers. Each differential accelerometer includes
two cylindrical and concentric test masses. The masses are made of the same material for the first one which is
dedicated to assess the accuracy of the EP experimentation. The mass materials are different for the second one.
Then, the experimentation procedure is based on a double comparison in order to suppress the systematic errors.
Platinum is presently selected for three of the masses and titanium for the last one. The weight of the masses
ranges from 0.4 up to 1.7 kg. Couples of more masses and materials are obviously of great interest but not
compatible with the micro-satellite power and mass availability; the success of the mission will certainly open
the door to further missions. The test-mass motions, with respect to highly stable silica instrument frame, are
servo-controlled by using very accurate capacitive position sensing and electrostatic actuators. The relative
position of the two masses is thus maintained motionless with a 2.10-11 mHz-1/2 stability and the fine comparison
of the electrostatic control force with a better resolution than 5.10-13 NHz-1/2 leads to the expected 10-15 accuracy
with an integrating period of about one day.
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The attitude as well as the atmospheric and thermal drag of the satellite are actively controlled in such a way that
the satellite follows the two test masses in their gravitational motion, thanks to the specific drag compensation
and attitude control system. Fig. 2 shows a schematic of the drag-free system, consisting basically of two nested
closed-loop control systems, one controlling the proof mass position within the accelerometer cage, the other
taking care of the spacecraft acceleration control.
The mission duration is one year, most of this time being dedicated to the instrument calibration and to the
determination of the instrument sensitivity to the external environment disturbances like gravity gradients for
instance. In addition to the measurement mode when the satellite shields the instrument from Earth’s and Solar
radiation pressure and from atmospheric drag, the onboard propulsion system allows a fine calibration of the
instrument by generating well-known cinematic accelerations in all six degrees of freedom.

Fig. 2 - Drag-free control system schematics.

Orbit and Attitude
The satellite is designed for a targeted dawn-dusk sunsynchronuous low orbit which offers good thermal stability
and maximum electric power during the non-eclipse period (Fig. 3). For the science mission, the sensitive axis of
the accelerometers (X-axis) are maintained in the orbital plane; two modes are used, one is inertial while the
other provides a low spin around the Y-axis enabling to modulate the Equivalence Principle signal to higher
frequency (fEP = 8.10-4 Hz) than the orbital frequency (fORB = 2.10-4 Hz). This allows the signal to be more easily
distinguished from other spurious effects which may appear at orbital frequency.
Due to the requirement of a drag-free environment for the payload, special requirements are posed on the attitude
control system. The major specifications for the drag-free and attitude control system are given in Table 1.

Fig. 3 - Orbit and attitude configuration during science operations
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Table 1 - Drag-free and attitude control system specifications

Spacecraft configuration
The layout of the satellite (Fig. 4, left) was driven by:





the positioning of the accelerometer sensors around the center of mass of the spacecraft;
the stability of temperature at the interface of the accelerometers (1 mK at fEP) and front-end electronics (10
mK at fEP for the electronics);
the re-use of the concept of the CNES microsatellite platform structure and the re-use of generic equipments
(onboard computer, power conditioning and distributing unit, TM/TC, star tracker, etc.)
the number and required directions of the thrust vectors of the FEEP thrusters used by the attitude and dragfree control subsystem.

The satellite has a central body that hosts the scientific payload and the other subsystems and two solar panels
which, in the deployed configuration, will provide up to 150 W on the power bus during the non-eclipse period.
The satellite mass budget is estimated at around 170 kg. The payload mass and power are 35 kg, 40 W. Fig. 4
(right) shows a schematic view of the internal layout of the spacecraft, highlighting the position of the
accelerometers, which are kept close to the center of mass of the whole vehicle. The external dimensions of the
spacecraft are such as to allow a low cost launch on the Ariane 5 ASAP platform.
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Fig. 4 - Artist’s view of the Microscope Spacecraft; left;
internal view of the satellite showing the scientific payload (in red), right.

Propulsion Systems Requirements
The satellite is continuously controlled by means of the FEEP thrusters to minimize the residual linear
accelerations that are measured by the accelerometers; this enables to compensate for non-gravitational forces
(like atmospheric drag) and torques allowing the accelerometers to be maintained in a almost disturbance-free
gravitational field. No other orbit control is implemented. The residual acceleration in translation are specified to
a maximum of 3.10-10 ms-2Hz-1/2 at fEP.
Two configurations have been considered, both based on 4 identical clusters of thrusters located on 4 opposite
corners of the satellite. Each cluster includes 2 or 3 thrusters with propellant, the neutralizer, the power and
control electronics:



4 x 2 thrusters: minimum configuration required to control the 3 rotations and the 3 translations of the
spacecraft;
4 x 3 thrusters: introduces redundance at spacecraft level enough to carry on the scientific mission in a
degraded case where one thruster or even one complete cluster is lost.

The requirements on the propulsion subsystem result from an iterative process between the equipment supplier
and the satellite builder. The microsatellite platform offers a limited capacity in terms of mass and power which
constraints what can be allocated to each cluster: mass is limited to 5.5 kg, all included (thrusters, neutralizer,
electronics, and propellant), power available is 12.3 W at a thrust level of 3 x 30 µN.
An important driver on the propulsion system design comes from the spacecraft thrust requirements. Mission
simulations show that, in some operational cases, a maximum of 100 µN could be needed by a single thruster.
Adding some contingency margin, this leads to specify a maximum thrust per thruster of 150 µN. Interesting
enough, the low end of the thrust range is of considerable importance for this mission, to the extent that a
minimum thrust of 1 µN is specified. This requirement plays an important role in the choice of the FEEP thruster
size. Other requirements come from drag-free and attitude control issues, according to which thrust noise shall
not exceed 0.1 µNHz-1/2 above 0.1 Hz, the minimum bandwidth of the thrusters shall be 5 Hz, and the stability
and knowledge of the direction of the thrust shall be better than 3 deg cone half-angle (3s value). Typical
performance data of micronewton FEEP thrusters in reported in Ref. 3. Thrust stability is specified in terms of
thrust noise power spectrum density. The cut-off frequency is 0.1 Hz, corresponding to a power density of 0.01
µN2/Hz, and the spectrum follows a 1/f law at lower frequencies (Fig. 5).
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Fig. 5 - Power spectral density of thrust noise.

The total impulse to be delivered over the whole mission, including margins for full redundancy in the 3-thruster
case, is 1500 N.s for the 2-thrusters configuration and 3100 N.s for the 3-thrusters configuration.
Propulsion System Architecture
The Microscope EPS is composed of four identical Propulsion Subsystem Assembly (EPSA) units. Fig. 6 shows
the product tree for the whole Microscope EPS. As of writing, the choice between the two-thruster cluster and
the three-thruster cluster is still open, so that it was decided to follow as much a modular design approach as
possible. The FEEP system includes the slit-emitter ion sources, a set of heaters which guarantee that the
propellant is always kept above the melting point (29 °C), a neutralizer which provides the necessary electron
current to maintain global electrical neutrality of the thruster assembly, and the dedicated Power Control and
Processing Unit. Therefore, each EPSA includes the following items integrated as a whole:








a set of FEEP thrusters (2 or 3) with their neutralizer(s),
the tanks including the propellant for the mission,
the propellant flow control units and associated piping,
the thrusters pod (including structure, items 1, 2 and 3),
the power processing end control unit(s) (PPCU),
the electrical harness,
the housekeeping hardware.
EPS
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Thruster
Assembly #1

Thruster
Assembly #2

Thruster
Assembly #3*

...

PPCU

Power
Processing and
I/F Assembly

Thruster Supply
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Neutralizer

Structure

Data Processing
and I/F
Assembly

Fig. 6 - EPS Product Tree.

The design of the single Thruster Assembly (TA) is based on an autonomous Emitter Module, a self-standing
unit which encloses the emitter and accelerator electrodes and the emitter heater within a sealed container. This
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part is equipped with the electrical interfaces to the PPCU and with the mechanical interfaces with support
structure and propellant reservoir.

Fig. 7 - The Thruster Assembly (dimensions in mm).

Fig. 8 - Thruster assembly schematics, left; a protoype during testing, right.

The EPSA consists of a single “box” containing both the PPCU boards and the TAs, so that interface toward the
spacecraft bus is extremely simple. For the EPSA design a modular approach at thruster level was adopted. The
main characteristics of this design are:





Two or three identical thruster modules;
Propellant reservoir scalable for changing total impulse requirements;
Thruster modules designed for minimum mass and volume;
Neutralizer integrated into the EPSA.

An integrated approach at EPSA level was preferred: this allows the elimination of a number of internal
subsystem interfaces, resulting in a lighter design at the expense of some flexibility in future modifications. The
implementation is a single EPSA structure (all electronics boards “inside”) with thruster modules directly
mounted on the EPSA structure through mounting brackets, the geometry of which is depending on thruster
position and orientation. The structural mass and the envelope of the EPSA are strongly affected by the thruster
orientation. The total mass of the thrusters support structure is somewhat proportional to the “complexity” of the
thruster arrangement on the EPSA. Adequate electrical/electrostatic insulators were integrated in the
structure/TA to avoid interactions between the thrusters. Therefore, the thruster orientation is a strong driver for
the mass of the complete system.
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The design is strongly oriented towards minimum mass, given the stringent limitations of the microspacecraft
bus. As a result, the structural mass of each EPSA is about 35% of the dry mass, and the propellant mass is a
minimal fraction of the EPSA dry mass (only the 2.2% of the EPSA dry mass in the actual 2-thruster
configuration). A sketch of the EPSA 2-thruster configuration is shown in Figure 9. The mass of a single thruster
module is about 500 g (for a 120-grams reservoir TA). Slightly lower or higher masses are to be expected
depending on the propellant mass requirement, which will cause the reservoir size and mass to be scaled
accordingly. With provision of 100 grams of harness (1-m long cables), and assuming around 1 kg for the
support structure, the mass of a single cluster can be estimated in the range of 2 to 3.5 kg for a number of TAs
ranging between 2 and 4.
Due to the drag-free control requirements, the power and control electronics have very demanding requirements.
The magnitude of the commanded thrust has to be coded with 12 bits over the specified range (1 to 150 µN) and,
in order to get the required 5 Hz bandwidth, the thrust value has to be updated at least at the Nyquist frequency
(10 Hz), thus the high voltage stages are specially designed to allow for very fast changes of the output voltage,
low overshoot and low ripple.

Fig. 9 - 2-thruster EPSA (dimensions in mm).

Additional design drivers are those related to accommodation of the propulsion system on the spacecraft. The
main issues to be considered are:





the available room onboard is very limited;
the thruster cluster shall not protrude from the outer envelope of the spacecraft body more than allowed by
the (tight) clearance margins with the launcher;
the thrusters shall be positioned and oriented so as to maximize the capability to produce torque, as well as
to provide pure thrust/pure torque along all the axes;
position and orientation shall be such as to avoid impingement of the thruster plume on any spacecraft
surface.

These conflicting requirements have strongly influenced the mechanical arrangement of the propulsion
subsystem. The chosen arrangement on the bus is shown in Fig. 10.
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Fig. 10 - Thruster clusters locations on the spacecraft.

Fig. 11 shows the ion beam envelopes of the thrusters. The plumes of different thrusters partially overlap during
combined operation. This has been shown1 not to affect the performance of the thrusters. Compatibility of the
thrusters, using cesium as a propellant, with the LEO ambient, in particular with respect to atomic oxygen, has
been confirmed by experiments4.

Fig. 11 - Thruster plume envelopes.

Programme Status
FEEP thrusters are being developed by Alta under several ESA contract and internal projects. The main
activities with significant common features to Microscope are linked to ESA’s SMART-2 technology
demonstration mission. A thruster module with the same thrust level as required for Microscope has been
designed for that project, whose next steps foresee the manufacturing, assembly, integration and testing of a full
Engineering Model cluster. The testing phase is of particular interest, in that it will eventually achive the first
complete qualification and life testing of a FEEP thruster system in this thrust range. The verification approach
for Microscope foresees the development and testing of a single EPSA Qualification model. In order to reduce
the project schedule, the qualification phase will be carried out in parallel to the final stages of the EPS detailed
design. Manufacturing and acceptance testing of the Flight and Spare models will follow successful completion
of such phases.
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The Microscope schedule foresees a PDR in spring 2003, followed by an anticipated delivery of CDR
documentation that will allow starting of the QM manufacturing process. This will lead to the parallel execution
of the qualification tests and of the final stages of the EPS detailed design, leading to a CDR in mid-2004. Phase
3 of the project will start immediately after and will be mainly dedicated to the maufacturing and testing of the
fligth and spare models, whose delivery is planned for mid-2005.
In parallel with thruster development, a major effort was dedicated by Alta to the enhancement of the FEEP
laboratory with vacuum facilities and diagnostic equipment of suitable capability for the multifold testing
activities to be carried out for Microscope and other missions. Special focus has been given to the performance
and functional tests. Six of Alta’s test facilities are dedicated to FEEP development and testing (Fig. 12). IV1 is a
0.6 m diameter, 1.6 m long stainless steel vessel used for general development tests and plume characterization.
IV5 is a 0.3 m diameter, 0.5 m long ultra-high vacuum chamber for test of components and small parts. IV6, IV7
and IV8 are three identical facilities, 0.5 m diameter and 1 m long. IV9 is 1.2 m diameter, 2.5 m long, and will
be used for life testing and for acceptance tests. All of the facilities have cryogenic and/or advanced
turbomolecular pumping systems, capable of ultimate vacuum in the 10-8 to 10-9 mbar range.

Fig. 12 - Alta’s FEEP test facilities: IV1, left; IV6,7,8 (middle); IV9 (right).

Conclusions
The FEEP system for the Microscope mission poses a number of design challenges due to the very demanding
requirements of this ambitious scientific mission. The selected design, based on a highly modular configuration,
is the first example of its kind. With its FEEP system Europe has a unique expertise in the field of low thrust
electric propulsion for application at micro-newton to milli-newton levels with high control capabilities. The
development of compact, high performance electronics and of highly integrated thruster assemblies, carried out
under the Microscope mission programme, will benefit the class of future fundamental physics missions.
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