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Abstract The accurate test of the Universality of Free Fall may demonstrate a violation of
Einstein Equivalence Principle (EP) as most attempts of Grand Unification theories seem to
conduct. The MICROSCOPE space mission aims at an accuracy of 10−15 with a small drag
free satellite and a payload based on electrostatic inertial sensors. The two test-masses made
of Platinum and Titanium alloys are forced to follow accurately the same orbit. The sets of
surrounding electrodes carried by gold coated silica parts allows the generation of electrical
fields and electrostatic pressures on the masses. Common forces and torques are exploited
to control the satellite drag compensation system and its fine inertial or rotating pointing.
Difference in the force along the Earth gravity monopole is accurately measured and in-
terpreted for the test. After a short presentation of the mission and the instrument, most of
the relevant parameters to the experiment performance are detailed as well as the associated
technologies to reach the expected levels of accuracy. Present error budgets confirm the test
expected accuracy of better than 10−15.

Keywords Equivalence principle · Universality of free fall · MICROSCOPE space
mission · Electrostatic inertial sensors · Space accelerometers

1 Introduction

The accurate test of the universality of free fall, as depicted by Galileo and considered by
Newton, is today much than the verification of this well known property. The violation of
the universality of free fall leads to the violation of the Equivalence Principle (EP), funda-
mental basis of the Einstein General Relativity. Einstein, himself considered this symmetry
as enacted by the experimental results: “The ratio of the masses of two bodies is defined in
two ways which differ from each other fundamentally. . . The equality of these two masses, so
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differently defined, is a fact which is confirmed by experiments. . . The possibility of explain-
ing the numerical equality of inertia and gravitation by the unity of their nature, gives to the
general theory of relativity, according to my conviction, such a superiority over the concep-
tion of classical mechanics. . . ” (Einstein 1922). Furthermore, the Equivalence Principle lies
at the foundation of other metric theories of gravity like Brans and Dicke one (Brans and
Dickes 1961; Will 1985). Today, most attempts of Grand Unification like String theory and
M-theory allow the violation of this principle (Damour 1996, Damour et al. 2002), introduc-
ing in particular scalar fields, while the experimental investigation of quantum gravity does
appear directly very weakly accessible, see for instance the Plank length of 1.6 × 10−35 m.
The test of the Equivalence Principle is thus more then the test of general relativity but also
the look for new experimental results as the necessary support of new theory. In addition, su-
persymmetry might be confirmed by the results which should be obtained in the near future
with CERN LHC and new particles to be taken into consideration (Feldman et al. 2008).

The test of the universality of free fall with ultimate accuracy is then an important chal-
lenge regarding also the dark matter query. In this context, many efforts have been payed
to perform important progress in the performance of ground tests (Schäfer 2003). Previ-
ous results have been obtained in the last decade with torsion balance and small laboratory
bodies up to an accuracy of composition-dependant relative acceleration of +/−4 × 10−13

(Baessler et al. 1999). Moon laser ranging and the comparison of the Earth and Moon rela-
tive motions in the Sun field lead to the same order of performance (Williams et al. 1996).
Concerning the laser ranging of passive satellite, no better performance can be expected in
the near future (Iorio 2007).

Recent results have been obtained with continuously rotating balance in order to better
reject the disturbances from the laboratory activities and the gravity gradient fluctuations:
Eötvös parameter between Beryllium and Titanium has been evaluated to (0.3+/−1.8) ×
10−13 (Schlamminger et al. 2008).

Other developments have been undertaken to increase the performance of such apparatus
by magnetic superconducting levitation of the balance rotor in order to suppress the distur-
bances introduced by the 20 µm tungsten wire (Hammond et al. 2007). Reduction of the
thermal environment has also been considered by implementing the apparatus in a helium
Dewar (Newman 2001). New laser ranging telescope is also under implementation (Currie
et al. 2008). In the same time, the MICROSCOPE space mission has been conceived and
designed in order to reach a test accuracy level of 10−15. The definition of the mission takes
advantage of existing space accelerometers with dedicated configurations and technologies
for ultimate performances (Touboul et al. 2001). This space experiment exploits the specific
soft environment that can be reached on board a drag free satellite with very weak resid-
ual accelerations and thermal fluctuations, and considers the possibility of a long duration
experiment in a free fall laboratory when in orbit around the Earth.

2 The MICROSCOPE Space Experiment

The MICROSCOPE space mission has been selected since several years in the Cnes sci-
entific program and the production of the satellite payload is now undertaken. The satel-
lite is a rather small satellite of 200 kg that has been fully defined and dedicated to the
MICROSCOPE fundamental physics experiment. The constraints of the available mass
(35 kg), volume and power (40 W) for the dedicated scientific payload have been con-
sidered from the initial definition leading to a non cryogenic experiment, with a lim-
ited couple of tested materials, and a test performance that should be even better in
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Table 1 Proof mass properties
Material N/μ Z/μ (N + Z)/μ (N − Z)/μ

PtRh10 0.59613 0.40357 0.999704 0.192555

TA6V 0.54197 0.46061 1.002588 0.081358

the future but with more complex mission, satellite and instrument (Sumner et al. 2007;
Lafargue et al. 2002).

The concept of this space experiment is a basic free-fall test around the Earth, with the
availability of long measurement duration, reduced test-mass disturbing accelerations, very
precise instruments optimised for micro-gravity operation and the Earth gravity source sig-
nal modulated by the orientation of the rotating instrument leading to reach a precision of
10−15. In fact, two masses of different composition will be precisely positioned on the same
orbit. In absence of Equivalence Principle violation, the two masses, submitted to the same
Earth gravity field, will continue on the same common trajectory. The satellite which carries
the instruments including the masses will be controlled to follow this common trajectory by
acting the thrusters of its propulsion system, protecting the masses from Earth and Sun ra-
diation pressures and from residual atmospheric drag. More precisely, the motion of the two
masses will be accurately measured with respect to the same on board instrument reference
frame and servo-controlled thanks to electrostatic actuators: the test-masses are so main-
tained relatively motionless with a better accuracy than 10−11 m. In that way, the stability of
the test-mass/instrument configuration limits the fluctuations of the parasitic forces applied
on the mass due for instance to the gravity field gradients or the electro-magnetic field. It
benefits also to the operation linearity of the instrument capacitive sensing and electrostatic
actuations, mainly depending on the configuration geometry. The common applied electro-
static acceleration will be nullified by acting the satellite thrusters in such a way that the
common instrument reference frame is following the two masses in their in orbit motion.
The difference of the applied electrostatic acceleration will be accurately observed in the
direction of the Earth gravity monopole to be analysed as an eventual Equivalence Principle
violation signal.

So, the two test-masses are the two proof-masses of two concentric ultra-sensitive in-
ertial sensors composing a differential accelerometer, called SAGE (Space Accelerometer
for Gravitational Experimentation). MICROSCOPE satellite can operate two SAGE instru-
ments that will be identical except the mass materials. The two materials used for the test will
be a Platinum Rhodium alloy, PtRh10 (90% Pt, 10% Rh), and a Titanium alloy, TA6V (90%
Ti, 6% Al, 4% Va). The selection of these materials takes into account both instrument per-
formance concerns (homogeneity, accuracy of machining, stability, electrical and magnetic
properties. . .) and theoretical test aspects (see Table 1). A significant difference in subatomic
particles may increase the likelihood of a detectable EP violation: Damour and Blaser men-
tion parameters to be considered like baryon number over the atomic mass (N + Z)/μ,
the neutron excess (N − Z)/μ, and nuclear electrostatic energy in Z(Z − 1)/(N + Z)1/3

(Damour and Blaser 1994).
The second SAGE instrument includes two masses made of the same Pt-Rh alloy. This

instrument is only devoted to the in orbit verification of the systematic experiment errors.
Pt-Rh alloy has been preferred for its high density, leading to a better rejection of the spu-
rious surface effects. This second instrument exhibits so a better precision than the first one
with test-masses of different composition: confidence in the obtained result is mandatory
in such experiment, that is why we have not selected another pair of masses with different
composition.
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The MICROSCOPE satellite is scheduled to be launched in 2012. The selected quasi-
circular heliosynchronous orbit has an altitude of 810 km. This altitude, h, is a compromise
between the 1/(R +h)2 gravity signal, the residual atmospheric density that may disturb the
satellite motion and the satellite thrusters and launcher possibilities. The heliosynchronism
leads to a fixed satellite Sun side and so to an optimised rigid solar panel configuration:
a maximum power is delivered for a minimum size and, more important, the fixed thermal
external conditions of the satellite are very favourable for its thermo-elastic behaviour and
its internal fluctuations of temperature.

The one year mission consists in different instrument calibration and measurement se-
quences. In orbit, the symmetry of the electrostatic actuations on the masses will be verified
to a relative level of about 10−4 in order to reject common motion disturbances. The off-
centring of the masses, limited to less than 20 µm by construction, will be also surveyed to
limit the gravity gradient effects. Sequences with inertial and rotating pointing of the satel-
lite are considered. In the first case, the Earth gravity field is modulated along the test-mass
axes, at the orbital frequency, i.e. fEPi = 1.7 × 10−4 Hz. In the second case, it is modulated
at the sum of the orbital frequency and the satellite spin rate, i.e. fEPs. Two spin rates and
two 90° phases of the satellite pointing versus the Earth, defined at the ascendant node of
the orbit, will be considered. So, the heterodyne detection of an eventual EP violating signal
will be performed at these frequencies (EP frequencies). A minimum of 20 orbits integrating
period is considered for the rejection of the stochastic disturbing signals.

Other space missions aiming at the test of the Equivalence Principle are under study
and proposed to be selected in the future. Among them, the STEP mission, leaded by Stan-
ford University is proposed to NASA and ESA in the frame of an international cooperation
(Mester et al. 2001). This mission, much more ambitious than MICROSCOPE, envisages
the implementation of four superconductive differential accelerometers, and so four pairs of
test-masses, inside a 2 K Helium Dewar: superconducting loops insure the very steady pas-
sive magnetic levitation of the masses and SQUIDs devices are exploited in specific differ-
ential circuits to perform the measurement of the actual common and relative motions of the
test masses which are not servo-controlled. The thermodynamic instrument noise is reduced
by the operating temperature allowing an expected EP test accuracy of 10−18. This accuracy
is very demanding with respect to the instrument and satellite production and operation,
which is, as it is shown hereafter for the MICROSCOPE mission, already at the limit of
the state of the art of many spacecraft technologies. Another mission, called Galileo Gallilei
(Nobili et al. 2000), takes advantage, like in MICROSCOPE, of room temperature capacitive
position sensing but considers the rotation of the test masses at rather high frequency, a few
Hz, in order to better decouple their relative motion to the satellite disturbances in presence
of mechanical spring between them, contrarily to MICROSCOPE. A laboratory model of the
instrument is also developed to assess on ground the instrument concept and configuration.

Beside the scientific objectives of the MICROSCOPE mission, it remains, by its exper-
iment relative simplicity and by its already demonstrated technologies with presently nine
accelerometers in orbit (on board CHAMP, GRACE and GOCE satellites), a fine preparatory
program for more ambitious space tests with a limited risk.

The major scientific instrument outputs are derived from the applied electrostatic forces
on each test-mass which are accurately measured:

−→
� App,k , for the test-mass k (centre Ok)

can be expressed according to the acceleration of the mass, the Earth gravity field accel-
eration and the resultant of the parasitic forces induced by the environment (depicted in
Sect. 5):

−→
� App,k =

−→
F elk
mIk

= −→γ (Ok) − mGk

mIk

−→
g (Ok) −

−→
F pak

mIk

(1)
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Table 2 Main specifications of the satellite attitude control in the two operating modes, inertial and rotating
pointing; in addition the drag compensation system limits the linear acceleration measured by the inertial
sensors in common mode; both controls are performed by actuating the satellite micro-thrusters according to
the outputs delivered by the 6-axes inertial sensors and the star trackers

Stochastic signal At DC At EP frequency

(inertial s/c (inertial s/c

– rotating s/c) – rotating s/c)

Pointing 0.6 − 0.2 mrad/Hz1/2 2.5 − 2.5 mrad a priori 10 − 10 µrad a priori

1.0 − 1.0 mrad a posteriori 6 − 1.0 µrad a posteriori

Angular velocity � 1 × 10−4 1 × 10−6 7 × 10−7

−1 × 10−6 rads−1 Hz−1/2 − ∼ 4 × 10−3 rads−1 −1 × 10−9 rads−1

Angular 5 × 10−9 3 × 10−8 rads−2 1 × 10−11

acceleration d�/dt −5 × 10−9 rads−2 Hz−1/2 over 20 orbits −5 × 10−12 rads−2

Linear acceleration 3 × 10−10 3 × 10−8 ms−2 10−12 ms−2

−3 × 10−10 ms−2 Hz−1/2 over 20 orbits

with mI and mG the inertial and gravitational mass: mGk

mIk
= 1 + δk . Let us recall that the

Eötwös parameter for two test-masses k and l is defined by: 2 |δk−δl |
δk+δl

.
So, the optimisation of the instrument consists in limiting all disturbances on the test-

mass motion, especially about the EP test frequency and phase (or identical on both masses),
predicting the exact (or the same) gravity field integrated on both masses, measuring the ex-
act electrostatic force applied on it (amplitude, frequency and direction). The acceleration of
each test-mass can be then expressed by considering the satellite linear and attitude motion,
(Osat , Msat):

−−−→
�App,k = −→γ (Osat) + HIn,COR(

−−−−→
OsatOk) − (1 + δk)

−→
g (Ok) −

−→
F pak

mIk

(2)

with the operator H representing the sum of three dynamics effects to be controlled dur-
ing the experiment: the inertia effect due to the satellite angular acceleration and velocity,
both controlled by the satellite system (see Table 2), the Corriolis effect and the relative ac-
celeration of the test-mass versus the instrument/satellite frame. The two letters are limited
because of the stability of the silica instrument frame and the accuracy of the mass electro-
static servo-control to this frame with a stability of better than 10−16 ms−2 at EP frequencies.

HIn,COR(
−−−−→
OsatOk) = [ •−→

� ∧−−−−→
OsatOk +−→

� ∧ (
−→
� ∧ −−−−→

OsatOk)
] + 2[�]

•−−−−→
OsatOk +

••−−−−→
OsatOk

= [In]−−−−→
OsatOk + 2[�]

•−−−−→
OsatOk +

••−−−−→
OsatOk (3)

The satellite undergoes the Earth gravity, as well as external surface forces
−→
F ext like the at-

mospheric drag and the radiation pressures and also the thrust of its propulsion system
−→
F th.

(
MI +

∑

k

mIk

)

︸ ︷︷ ︸
MIsat

−→γ (Osat) = −→
F ext + −→

F th +
(

MG +
∑

k

mGk

)

︸ ︷︷ ︸
MGsat

−→
g (Osat) (4)
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Then, the expression of each inertial sensor output is:

−−−→
�App,k = MGsat

MIsat

−→
g (Osat) − (1 + δk)

−→
g (Ok) + RIn,COR(

−−−−→
OsatOk) −

−→
F pak

mIk

+
−→
F ext

MIsat
+

−→
F th

MIsat

= −→
� App,k/sat −

−→
F pak

mIk

+
−→
F ext/sat

MIsat
+

−→
F th/sat

MIsat
(5)

The detail of the instrument operation leads to introduce matrices of sensitivities dKij , align-
ments (θij = −θji) and couplings (ηij = ηji) between the axes, plus biases, b0k , due to the
read-out circuits, electrostatic disturbing forces corresponding to any differences between
the measured and the actual ones and quadratic non linear terms:

−→
� mes,k = −→

b 0k︸︷︷︸
bias

+([1 + dK1k︸ ︷︷ ︸
scale

] + [ηk]︸︷︷︸
coupl.

) · [θk]︸︷︷︸
align.

·
(−→

� App,k/sat +
−→
F ext/sat

MIsat
+

−→
F th/sat

MIsat

)

+ ([1 + dK1k︸ ︷︷ ︸
scale

] + [ηk]︸︷︷︸
coupl.

) ·
(

−
−→
F pak/inst,k

mIk

−
−→
F el,park/inst,k

mIk

)
+ K2k︸︷︷︸

quad

��2
App,k/sat

(6)

The stability of the introduced parameters of the instrument is of high importance for the
accuracy of the experiment. In addition, common contributions and differences in the mea-
sured signals for both test-masses have to be separated. The first is used by the satellite
computer for the compensation of the satellite drag. The second provides the EP test mea-
sure.

{
�mes,c = 1

2

(
�mes,1 + �mes,2

)

�mes,d = 1
2

(
�mes,1 − �mes,2

) (7)

with:

−→
� mes,d = −→

b 0d︸︷︷︸
bias

+([1 + dK1c︸ ︷︷ ︸
scale

] + [ηc]︸︷︷︸
coupl.

) · −→b 1d

+ ([1 + dK1c︸ ︷︷ ︸
scale

] + [ηc]︸︷︷︸
coupl.

+[dθc]︸︷︷︸
align.

) · −→� app,d/sat +
([dK1d︸ ︷︷ ︸

scale

] + [ηd ]︸︷︷︸
coupl.

) · −→b 1c

+ ([dK1d︸ ︷︷ ︸
scale

] + [ηd ]︸︷︷︸
coupl.

+ [θd ]︸︷︷︸
align.

) ·
(−→

� app,c/sat +
−→
F ext/sat

MIsat
+

−→
F th/sat

MIsat

)

+ 1

2
K2i︸︷︷︸
quad

�2
App,i/sat −

1

2
K2j︸︷︷︸
quad

�2
App,j/sat

+ O(dK,dη, dθ)2 (8)

with index c and d specifying common and difference of the considered parameter defined
as for the measured acceleration, and with:

−→
b 1k =

(
−

−→
F pak/inst,k

mIk

−
−→
F el,park/inst,k

mIk

)
(9)
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considered in the instrument frame like
−→
b 0k

�app,d/sat = 1

2
(δ2 − δ1)︸ ︷︷ ︸

δ

g + 1

2

(
T/sat − In/sat

)
.	/sat (10)

where T is the gravity gradient tensor (Earth and satellite source), In is defined in (3) and 	

the distance between the two masses, all terms to be minimised; the signal proportional to δ

is the one to be detected;

�App,c/sat =
(

MGsat

MIsat
− 1

2
(2 + δ1 + δ2)

)
−→
g (Osat)/sat

− 1

2
[T ]/sat

(
δ1

−−−−→
OsatO1 + δ2

−−−−→
OsatO2

)
− [T ]/sat

−−−−→
OsatOM

+ 1

2
RIn,COR/sat

(−−−−→
OsatOM

)
(11)

with M the middle of O1O2.

The term in
−→
� App,c/sat +

−→
F ext/sat
MIsat

+
−→
F th/sat
MIsat

is fully rejected, only when the sensitivities,
alignments and couplings of both sensors are matched. That is why the satellite drag-free
system must minimise this term in presence of residual instrument asymmetries. Fth/sat
is then managed by the drag-free servo-loop control to maintain, in the satellite control
bandwidth and especially in the measurement one:

ρ
−→
� mes,i + (1 − ρ)

−→
� mes,j = −→

� resDF + −→
C (12)

with 0 ≤ ρ ≤ 1 and
−→
� resDF,

−→
C respectively the residue of the servo-control and the accel-

eration to be followed, according to the linear combination of the two inertial sensor outputs
(see specification in Table 2).

3 Satellite Configuration

The MICROSCOPE satellite is derived from Cnes MYRIADE cubic platform with five rec-
tangular aluminium honeycomb panels and one launcher interface. All equipments are fixed
on these lateral and upper panels and the payload case is integrated at the centre on the lower
structure. Two symmetric solar panels with half a meter square of AsGA cells each are lo-
cated on the topside of the satellite maintained in the orbital plane: limited sizes, fixed panels
and fixed solar orientations should guarantee a soft microvibration environment (see Fig. 1).
In addition no moving masses like tank carburant sloshing or operating reaction wheels have
been accepted during the EP experiment phase. A finite element model of the self gravity of
the satellite has also been computed, with 31800 elements, leading to a DC gravity field on
each test-mass less than 6.5 ×10−10 ms−2 and fluctuations at the EP frequency in the test
direction of less than 1.1 × 10−16 ms−2.

The two opposite sides of the satellite, Xs (in the orbital plane), carries the propulsion
system: twelve Cesium electrical microthrusters are presently considered as well as cold gas
proportional thrusters. The first solution avoids 20 kg of tank mass but requires 50 W more
electrical power, i.e. 50% more solar panel area. The resolution shall be better than 0.1 µN.
The second solution requires on each side two symmetric sets of three pressurised Nitrogen
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Fig. 1 The two satellite configurations with Field Effect Electrical Propulsion thrusters (left) or cold gas
proportional thrusters (right), 150 µN maximum range each; the two opposite Xs panels carries the propul-
sion system; Xs , Ys , axes are in the orbital plane, Zs is the spin axis. The Cnes innovative control system
compensates for the contact forces on the satellite, including atmospheric drag and radiation pressure, so that
the satellite actually follows the two masses on their natural free-fall trajectory. The control system uses as
input the linear and angular acceleration measurements from the two masses of the instrument under test, as
well as the star trackers measurements

tanks compatible with the 5 mm positioning accuracy of the satellite centre of mass and the
1% inertia accuracy: many disturbing sources have been analysed to ensure this solution,
like self gravity gradients, temperature and thermal gradients, centrifugal acceleration, gas
convection and consumption, piezo-servo valves motions. . .All effects are maximised by
10−16 ms−2 (André et al. 2007).

The payload is composed of three units, the sensor unit (SU), the functional electronics
unit (FEU) and the interface and control unit (ICU). The later manages the power supply
of the instrument and the experiment processes, it interprets the telecommands and delivers
the instrument data to the satellite bus. The two others require high thermal stability in order
to meet high geometrical and electrical stability of the instrument arrangement, reduced
radiometer and radiation pressure disturbances and electronics stability. They are mounted
in a finally insulated two stage structure made in titanium with multi layer envelopes. The
power consumption stability of the instrument is better than 5 mW for the electronics and
one hundred times better for the sensor itself. So, a passive thermal control is compatible
with the required stabilities, respectively:

• 1 mK for the tone fluctuations of the temperature, at the EP frequencies, fEPi or fEPs, for
the second stage on which are mounted the inertial sensor heads at the satellite centre;
and stochastic fluctuations of 0.3 KHz−1/2 from 0.1 mHz to 0.1 Hz;

• 5 mK/m at fEPi (2 mK/m at fEPs) for the tone fluctuations of the thermal gradient of the
same second stage; and 3 K/mHz−1/2 from 0.1 mHz to 0.1 Hz in the axial direction;

• 10 mK at fEPi (3 mK at fEPs) for the tone fluctuations of the first stage on which are
mounted the functional electronics and 1 KHz−1/2 from 0.1 mHz to 0.1 Hz for the sto-
chastic fluctuations.

Expected tone fluctuations of temperature are even lower when the satellite is rotating and
with an EP frequency at least four times larger.
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The first stage is only conductively linked to its own external radiator, pointing anti-sun
and protected from the Earth flux instabilities by a 54 cm diameter baffle. Because the star
trackers and the inertial sensors measurements are jointly exploited on board, in the satellite
attitude estimator, and also on ground, in the a posteriori data correction, the star trackers
are fastened on the same anti-sun panel in order to obtain a fine alignment stability of its
view cone axis with respect to the instrument spin axis.

4 Instrument Concept and Design

The MICROSCOPE instrument of the EP test experiment is mainly composed of four space
inertial sensors operating at finely stabilised room temperature and associated by pairs con-
stituting two differential accelerometers (Touboul et al. 2002). The sensor unit (SU) of each
accelerometer comprises two quasi cylindrical and co-axial masses inside two concentric
silica cores which are integrated in the same vacuum tight housing (see Fig. 2). At the top
of the housing, a getter pumping device maintains during the entire mission the residual
pressure level, Pg , of less than 10−5 Pa. All parts inside are backed out before integration to
reduce their outgazing. At the bottom, a pair of three moving fingers clamps the two masses
during the launch in order to sustain the vibrations. In orbit, the pyrotechnic valve of the
blocking mechanism opens its pressurised reservoir and release the spring that move out the
fingers.

Each test-mass is so surrounded by two gold coated silica cylinders with cuts away of the
gold for defining six pairs of electrodes which are used for both, the capacitive sensing of the
position and attitude of the mass, and the servo-loop control of its six degrees of freedom
(see Fig. 3). The distance between the mass and the cylinders is 600 µm corresponding
to a difficult compromise between on one hand, the capacitive sensing resolution and the
capacity of control of the electrostatic actuators and, on the other end, the reduction of the
electrical test-mass disturbances induced for instance by contact potential differences.

The four quadrant electrodes of the inner cylinder allows the control of the radial axes:
two translations, Yi and Zi , and two rotations about these axes. The cylindrical electrodes of
the outer cylinder are symmetrically positioned around each end of the mass for the control

Fig. 2 Two twin sensor units are integrated at the centre of the MICROSCOPE satellite; the two tight housing
(left) includes at the top the vacuum getter system and at the bottom the blocking mechanism of the masses;
each one includes two concentric quasi-cylindrical test-masses surrounded by their gold coated silica core
constituting two inertial sensors (right)
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Fig. 3 Left—Electrode configuration of one sensor unit: the mass (in yellow) includes an inner silica cylinder
with four pairs of quadrant electrodes (in blue and red) devoted to the radial test-mass control; the outer
gold coated cylinder supports two cylindrical electrodes (in pink) at the ends of the mass and four pairs of
electrodes at the centre (in green) in regard to the flat areas for the axial control. Right—As an example, the
two servo-loops associated to the two pairs of electrodes for the control of Yi and the rotation about Zi

of the Xi axis. The EP test is performed along this axis that is optimised to exhibit the
best accuracy with a reduced electrostatic stiffness due to difference of electrical potentials
between the mass and the electrode cylinders. The rotation of the mass about its axis of
revolution, Xi , is measured by the last pair of electrodes: in fact, this pair is distributed
all around the mass with eight quadrants in regard to four flat areas in order to break the
symmetry of revolution of the mass. The width of these flat areas is a compromise between
the accuracy of the capacitive sensing and the importance of the gravitational multi-poles of
the mass.

The two silica electrode cylinders of the inner mass are finely grinded and represent the
reference frame of the first inertial sensor. Cylindricity of the parts, better than 3 µm, and
concentricity, better than 5 µm, are demanded. Great care is also paid to position and align
them with respect to the two others for the outer mass.

When the inertial sensor is on, its test-mass is electrostatically levitated at the centre of
its cage without any mechanical contact. Each capacitive sensor is maintained at null, i.e.
the capacitances between the mass and the two electrodes are identical: a 100 kHz sine wave
pumping signal, Vd , is applied to the mass and the collected signals on each electrode are
compared. Six channels including digital controllers generate from the six capacitive sensing
outputs the opposite electrical voltages Vi which are applied on the opposite electrodes. Cold
damping of all degrees of motion is provided in addition to a very accurate mass positioning
(Grassia et al. 1999).

The electrical charge of the test-mass has to be controlled, in particular because of the
high energy protons fluxes bombarding in orbit the satellite. That is why a thin gold wire
of 5 µm diameter is used to fix the mass electrical potential to the electronics reference
voltage: the stiffness and the damping factor of the wire have been carefully analysed and
measured (Willemenot and Touboul 1999a, 1999b). Then, this wire is also used to apply on
the mass the 100 kHz detection signal and a 5 V biasing voltage Vp : in presence of a perfect
symmetric geometrical configuration and an anti-symmetric electrical one around the mass,
the applied electrostatic force is proportional to Vp and to Vi . By measuring Vi , one can
deduce forces and torques applied to the mass, which is maintained motionless to the cage.
So, the difference of acceleration and gravity applied to the test-mass is obtained and also
the angular acceleration of the instrument.

The already mentioned FEU box includes the capacitive sensing of both of the masses,
the reference voltage sources and the analogue electronics to generate the electrical voltages
applied on the electrodes. The ICU comprises the digital electronics associated to the control
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Table 3 Local gravity gradient
in the neighbourhood of the
centres of the test-masses: this
tensor can only be considered for
very weak displacement about
this centre

Gravity gradient (s−2)

Tij Xi Yi Zi

X −9.15×10−7 −2.19×10−8 1.72×10−9

Y −2.19×10−8 6.09×10−7 −1.30×10−9

Z 1.72×10−9 −1.30×10−9 3.06×10−7

laws of the servo-loops and the interfaces to the data bus of the satellite. It includes also the
power converters.

The test-mass characteristics are major parameters for the success of the experiment. The
geometry is machined with an accuracy of 1.5 µm by means and procedures developed in
Physikalisch-Technische Bundesanstalt, Braunschweig, Germany. The material shall not in-
clude any non homogeneity larger than 5×10−5 and the shape is selected to present a spher-
ical matrix of inertia with a relative accuracy of 5.3 × 10−6 for the inner mass and 2 × 10−6

for the outer mass, out of diagonal component being less than 2.6 × 10−6. In addition, the
gravity multipoles are compatible with a weak sensitivity to the change of the nearest masses
distribution due to thermoelastic behaviour of the surrounded parts. These effects have been
computed with finite elements representation of the overall two accelerometers package with
128 286 elements for the instrument and 3840 mass points for the test-mass. The computed
DC gravity field along Xi , Yi , Zi is respectively (−9.92 × 10−9 ms−2, 1.95 × 10−08 ms−2,
−1.39 × 10−10 ms−2). More important are the gravity gradients (see Table 3) and their fluc-
tuations with temperature.

Sensitivities of the difference of the instrument gravity field, applied on each test-mass,
have been evaluated, first to the relative mass position and rotation: sensitivities are less than
2.9 × 10−7 ms−2/m and 3.1 × 10−10 ms−2/rad leading respectively to differential perturba-
tions at the EP frequencies of 1.8 × 10−18 ms−2 and 8.7 × 10−20 ms−2 when considering the
expected temperature fluctuations. Displacement of one sensor with respect to the other has
also been considered leading to a maximum of 5.7 × 10−19 ms−2. Dilatations of the parts
introducing larger asymmetries have also been considered and leads in the worst case con-
figuration to a maximum perturbation of 2.5 × 10−16 ms−2. Improvement in the selection of
the material (from invar to titanium) should even lower this value.

The magnetic susceptibility of the selected material, χm, is limited, 2.8 × 10−4 for Plat-
inum alloy and 1.4 × 10−4 for titanium one, but requires nevertheless a sufficient shielding
with respect to the Earth and satellite magnetic field fluctuations at EP frequencies. We have
so evaluated, from the data of the Oersted space mission, the fluctuations of the Earth field
that may be encountered along the orbit. We have in addition considered the worst case
of the residual magnetic momentum of the MICROSCOPE satellite, i.e. 1 A m2 with tone
fluctuations at fEP of 10−3 A m2 and stochastic variations of 4 × 10−2 A m2 Hz1/2 at 0.3 m
distance from the masses. We have computed the efficiency of the µmetal specific shield
enclosing a large volume with both accelerometers in order not only to reduce the magnetic
field but also its gradients. In complement, the sensor tight housing made in invar constitutes
also a magnetic shield.

(
−→
� min − −→
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−−→
Bs/c + −−−→

BEarth)
2
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2
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] · −→X i (13)
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In these conditions, the differential applied acceleration along the EP axis, Xi , is evaluated
depending on the cross product of DC and EP frequency harmonics of both residual fields of
the Earth and the satellite. In the worst case configuration, when the DC residual magnetic
moment of the satellite is along Yi , a maximum difference of acceleration of 2.08 × 10−16

ms−2 is obtained in inertial pointing of the satellite; and 1.19×10−17 ms−2 in case of rotating
satellite when the DC residual magnetic moment is along Xi .

5 Instrument Performances

The performances of the electrostatic inertial sensors depend on: (i) the parasitic forces and
damping applied on the test-masses; in absence of electrostatic control, the mass is not fully
in free fall; (ii) the electronics noise and bias drifts to be considered through the transfer
functions of the servo-loops; the mass is then not perfectly controlled motionless to the in-
strument frame and so to the other one; (iii) the performance of the pick-up electronics to
extract, digitalise and store the measurement signal; the measured signal is not fully repre-
sentative to the applied control acceleration with the right sensitivity.

Radiometer effects, involving residual low pressure gas and temperature gradients, as
depicted first by Einstein (1924), and radiation pressures have been over-estimated according
to the specified temperature gradients of the instrument gold coated silica cage surrounding
the masses along the considered axis (see in Sect. 3, the thermal environment of the sensor;
temperature to be considered here are inside the core, filtered out by the own instrument
thermal inertia and insulation) by:

�n = S

m
· 	TSi ·

(
1

2
· Pg

T
⊕ 4σ

3c
· 4T 3

)
(14)

Tone radiation acceleration are evaluated in worst case to 1.2 × 10−16 ms−2 and radiometer
to 7.9 × 10−17 ms−2 without considering any pressure re-equilibrium (Pollack et al. 2007).
Outgassing of the parts has been also evaluated and leads to lower disturbances because of
the selected materials and the backing of the parts.

Contact potential differences (CPD) between the mass and the silica coatings are also
sources of DC force and fluctuations as well as asymmetries of the geometrical or electri-
cal configuration around the mass. But fortunately, the mass is controlled motionless with
respect to the silica cylinders, thus one only has to take into account the thermal and time
variations at the EP test frequency and not in particular the DC values. This makes a large
difference for the CPD which fluctuations are much smaller then their eventual DC patch.
Variations of 15 µV/K and (1 + 10−2/f ) µV/Hz1/2 have been considered from in orbit re-
sults of the GRACE accelerometers (Touboul et al. 2004; Flury et al. 2008): larger levels
should not be compatible with the exhibited 10−10 ms−2 Hz−1/2 and bias stabilities.

Stiffness and damping of the thin gold wire glued on the mass and the silica support are
also considered and remains a major limitation of the inertial sensor performance.

Capacitive position sensing fortunately exhibits very high performance, of a few
10−11 mHz−1/2 depending on the electrical gain of the sensor and the geometrical con-
figuration (Josselin et al. 1999). Details of the sensor characteristics are presented in Table 4
according to the mass and the considered axis. The back action of the sensor is also very
important to be estimated. With 5 V detection signal on the mass, the induced electrostatic
stiffness and force depend on the defects of symmetry of the electrostatic geometry and
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Table 4 Position capacitive sensing characteristics: gains, resolutions and thermal sensitivities (a); Power
Spectral Density (PSD) of the sensor outputs in case of 40 V/pF gain (b)

Electronics Physical Global Output Output Thermal

detection detection detection noise noise Sensitivity

gain (V/pF) gain (pF/µm gain (V/m (V/Hz1/2) (pm/Hz1/2 (ppm/°C)

or pF/mrad) or V/rad) or nrad/Hz1/2)

Outer mass

X 40 6.49 × 10−3 2.60 × 105 1×10−5 38.5 500

y/z 5 6.06 × 10−2 3.03 × 105 5×10−6 16.5 500

Tetha/psi 5 9.54 × 10−1 4.77 × 103 5×10−6 1.05 500

Phi 80 1.24 × 10−1 9.92 × 103 1.20×10−5 1.21 500

Inner mass

X 80 3.71 × 10−3 2.97 × 105 1.20×10−5 40.4 500

y/z 16 1.37 × 10−2 2.19 × 105 6.50×10−6 29.7 500

Tetha/psi 16 1.06 × 10−1 1.70 × 103 6.50×10−6 3.83 500

Phi 80 1.76 × 10−2 1.41 × 103 1.20×10−5 8.52 500

(a)

(b)

correspond, for the more sensitive outer mass and along the axial direction Xi , to a maxi-
mum noise of 8 × 10−15 ms−2 Hz1/2 and a thermal drift of 7 × 10−14 ms−2/K with respect
to the electronics temperature and 1 × 10−14 ms−2/K with respect to the sensor tempera-
ture.

For what concerns the electrostatic actuators, along the EP test axis, Xi , gains are re-
spectively 3.25 × 10−8 ms−2/V and 1.83 × 10−8 ms−2/V for the outer and inner mass,
the electrical noise of the electronics corresponding to 78.1 × 10−15 N/Hz1/2 and 43.9 ×
10−15 N/Hz1/2.

The inertial sensor noise is so computed by quadratic sum of all stochastic contribu-
tions to the three above mentioned terms of the error budget. Figure 4 presents the obtained
PSD of both sensors. At upper frequencies, the major contributor corresponds to the double
derivation of the capacitive position sensing noise leading to 16 · π4 · f 4 · PSD(x) law.

In the range from 10−3 to 10−2 Hz, read-out electronics noise of only 0.8 µV/Hz1/2

have been obtained corresponding to 1 × 10−13 ms−2/Hz1/2 and CPD fluctuations are major
contributors.
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Fig. 4 (PSD)1/2 expressed in ms−2 Hz−1/2 of all inertial sensors: Platinum external mass (in purple),
Platinum internal mass (in red), Titanium external mass (in green), objectives to be reached (in blue)

In the lower frequencies domain, Niquist fluctuation/dissipation due to gold wires is pre-
ponderant corresponding to 1/f PSD law (Willemenot and Touboul 1999b).

�n = 1

m

√

4kBT · S

2πf · Q (15)

with S, gold wire stiffness, evaluated to 3.8×10−8 N/m and quality factor Q to one hundred
at the EP test frequencies. At frequencies much lower then the orbital frequency, thermal
fluctuations become more important and correspond to 1/f 2 PSD.

6 Experiment Systematic Errors and in Orbit Calibration

In addition to the stochastic errors that can be reduced by the integration of the measured sig-
nal or the number of the experiment sessions, systematic errors have been considered: they
are eventual sine wave signals at same frequency and phase as the Earth point gravity pro-
jection on the test-mass axial direction. They are mainly due to thermal sensitivities of the
electronics or of the instrument core associated with sine wave fluctuations of the tempera-
ture at the EP test frequency, fEP. Magnetic field fluctuations have been already considered
above and self gravity of the satellite and the instrument too. Earth gravity gradients are also
major sources of systematic errors.

The instrument core benefits of a temperature environment stability of 1 mK at fEP. In
addition, inside the tight housing, parts are insulated: the response time of the levitated mass
temperature is larger than 60 hours and of the silica core larger than 1 hour and half. In these
conditions, the two major contributors are the fluctuations of the gold wire stiffness due to
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the relative Yong Modulus sensitivity (1/E · dE/dT = 4 × 10−4/K) and the variations of
contact potential differences leading respectively to 1.6 × 10−16 ms−2 and 5 × 10−17 ms−2

disturbances. Tone fluctuations of the thermal gradient in the tight housing generate also
systematic errors, respectively evaluated to 8 × 10−17 ms−2 for the radiometer effect and
1.2 × 10−16 ms−2 for the radiation pressure.

The 3 mK tone thermal variations of the electronics leads in particular to variations of
the reference voltages applied on the mass, Vp at DC and Vd at 100 kHz. This corresponds,
in presence of geometrical defects of symmetry of the mass or of the electrode parts, to
1.5 × 10−16 ms−2 tone error.

A direct sum of all these terms and others (not mentioned here but smaller) cor-
responds to an artefact signal of 6.2 × 10−16 ms−2 for the Titanium mass sensor and
2.9 × 10−16 ms−2 for the Platinum one with a full scale range of respectively 2.6 ×
10−7 ms−2 and 2.3 ×10−7 ms−2.

Thanks to the drag-free loop of the satellite, the instrument output is maintained at a mean
null value to better than 10−8 ms−2. So, the evaluated thermal variations of the instrument
sensitivity, limited to less than 10−8, do not introduce a major disturbance in addition.

Effects of the Earth gravity gradient, tensor [T ], requires beside the already mentioned
characteristics of the masses, the centring of the two masses (see (10)). In fact, when con-
sidering only the Earth monopole, [T ] can be expressed in the instrument reference frame,
and in the case of an inertial pointing satellite, by:

T11 ≈ 1
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(16)
With R the orbit means radius and e, the orbit eccentricity. The major terms of [T ] are
at DC and 2forb. Nevertheless, the eccentricity creates a term at 3forb and overall at forb,
i.e. the EP experiment frequency. Eccentricity is constrained by the launcher to less than
5 ×10−3 but not better. That is why the relative off centring of the two masses, 	, less
than 20 µm after careful integration, is not sufficiently weak to make this term negligible
in the differential measurement (see (8)). The MICROSCOPE approach is so to evaluate in
orbit the off centring along Xι and Zι in order to correct the measurement with a model
of the Earth gravity field. To do so, the a posteriori knowledge of the satellite position and
attitude must be sufficiently accurate as well as the timestamp of the measurements. Due
to uncertainties in the changes of reference frame between the instrument measurement
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axes and the gravity gradient model corrections, the centring of the masses in the Yi is also
evaluated. Off-centrings can be measured in orbit, by the observation of the signal, either
induced by [T ] at 2 forb, or induced by [In] (see (3)) when the satellite is voluntarily excited
in attitude at a calibration frequency (Guiu et al. 2007).

By biasing the attitude control and the drag compensation servo-loops of the satellite,
linear or angular sine wave accelerations can be applied to the satellite via its propulsion
system. This will be done during the in orbit calibration phase of the instrument that helps
to match the sensitivity matrices of the sensors reducing in (8) the terms in d�c and in dKd

and �d .
Performances better than the following specifications have been demonstrated by sim-

ulations: d�c(Yi or Zi) < 10−3 rad;dKd < 1.5 × 10−4; �d · (Yi or Zi) < 5 × 10−5 rad;
	y < 4 µm; (1 + dKc) · 	 < 0.1 µm (Xi or Zi ).

The stability of these sensor characteristics is sufficient between two in orbit calibrations.
The frequency of these calibration phases has been selected according to the long term
temperature stability of the payload case depending on the orbital conditions. Corrections of
the measurement files are performed on ground by taking into account the calibrated factors.
Then the rejection of the common mode accelerations of the test-masses is improved and the
differential accelerations reduced.

7 Mission Performance and Discussion

From (10) and (11), common mode and differential accelerations can be evaluated taking
into account the satellite orbital and attitude motions and the instrument characteristics.
First, the overall error budget of all six measurements of each sensor have been performed
in such a way to verify the expected performance of the attitude and drag compensation
system of the satellite, and also to take into account alignment and coupling between axes
in the differential measurement. Then, the differential measured acceleration is evaluated
at the EP frequency after the ground calibration: this measure includes or not the violating
signal.

In the performed uncertainty analysis, worst case computations have been performed and
stochastic errors are all summed quadratically while systematic errors are directly summed
without considering statistic distributions of the amplitude and phase of the computed tone
errors. More then two hundred terms have been evaluated.

For the stochastic errors, the first four error sources are summarised in Table 5 in the case
of a rotating pointing satellite corresponding to fEP frequency of about 8 ×10−4 Hz. The
major term is due to Niquist noise introduced by the damping of the 5 µm diameter, 2.5 cm
length gold wires between the masses and the instrument cages. This term is quite identical
to the quadratic sum of all terms that is 1.48 ×10−12 ms−2 Hz1/2. Increasing the frequency

Table 5 Four major stochastic errors of the MICROSCOPE EP test experiment

Terms in the equation of measure PSD1/2 at fEP Effects, sources

Differential accelerometer noise 1.40 × 10−12 ms−2 Hz1/2 Mass damping

Bias sensitivity to SU thermal gradient 0.38 × 10−12 ms−2 Hz1/2 Radiation & radiometer force

Satellite AOCS & mass off centring 0.24 × 10−12 ms−2 Hz1/2 Centrifugal accelerations Diff.

Scale factor sensitivity to FEU temp. 0.13 × 10−12 ms−2 Hz1/2 Voltage ref. source instability
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Table 6 Six major systematic errors of the MICROSCOPE Equivalence Principle test experiment

Terms in the equation of measure Tone error Effects, sources

amplitude at fEP

Projection of diff. accel. 5.2 × 10−16 ms−2 Instability of star tracker axis versus
instrument axis

Scale matching & AOCS 5.0 × 10−16 ms−2 Drag free residual acceleration

Bias fluctuations, b1 4.0 × 10−16 ms−2 Magnetic parasitic force fluctuations

Bias sensitivity to SU temp. 3.6 × 10−16 ms−2 Gold wire stiffness thermal variations

Scale factor sensitivity to FEU temp. 3.1 × 10−16 ms−2 Thermal fluctuations of the electrostatic
actuator gains

Bias sensitivity to FEU temp. 2.8 × 10−16 ms−2 Electrostatic configuration dissymmetry:
thermal variations of the resultant pressure

of the EP test should reduce this term but the spin of the satellite is limited by the strength
of the thrusters and the satellite centring.

The second term corresponds to thermal gradient noise inside the accelerometer cores
which generate fluctuations of the radiation and radiometer forces. The third one is the
effect of the residual angular acceleration noise of the satellite that is not identical on the
two masses because of the off centring. The last one corresponds to the reference voltage
thermal fluctuations: this is the reference of the whole electrostatic configuration around the
mass and it contributes to the scale factor of the performed acceleration measurement.

Table 6 presents the major systematic errors, at the EP frequency and computed in a worst
case approach. In fact the direct sum of all these errors leads to 4.81 ×10−15 ms−2. This is
a majoring value of the actual disturbance that could be interpreted as a 5σ occurrence
(1σ value is then 0.96 ×10−15 ms−2). All sine wave disturbing signals (more than fifty)
should not be in the experiment at worst cases, so at maximum amplitudes, neither exactly
at the same phase than the expected EP signal. For instance, the temperature of the sensor
parts and the electronics components are submitted to fluctuations, with a contribution at
EP frequency, but depending of the thermal flux propagations, not at the same phase. In
addition, different EP test phases and frequencies are performed during the one year mission.
By performing a quadratic sum of these systematic errors, a more reduced contribution is
obtained, 1.17 ×10−15 ms−2, this value seems to be coherent with the previous estimation
of the 1σ error from the direct sum.

The first term corresponds to the instabilities of orientation of the sensor star trackers
mounted on the satellite anti-sun face with respect to the instrument axes. The satellite
structure is specifically rigid here but thermal gradients effects may introduce fluctuations
of the orientations that will limit the rejection of the differential accelerations applied on
both masses. The second term is introduced in the differential acceleration, �d , by the re-
maining defects (after in orbit calibration and ground correction) in the sensor axes scale
factor matching and alignment, leading to a contribution of the residual common mode ac-
celeration which is not fully nullified by the satellite drag compensation system. The third is
induced by the fluctuations of the residual magnetic field distribution, around the two masses
exhibiting different volumes and susceptibilities. The forth is due to the thermal sensitivity
of the gold wire stiffness, the mass being controlled at null of the electrostatic configuration
and not at null of the wire spring. The two last mentioned terms correspond to the thermal
fluctuations of the reference voltage Vp and Vd : in presence of a configuration asymmetry,
these voltage fluctuations result in variations of electrostatic pressures on the test-masses
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Fig. 5 Payload case (left) and bottom satellite plate (right); the two differential accelerometer including
each two inertial sensor (in gold) are included inside the magnetic shield; the purple structure separates the
accelerometers to the electronics unit; the bottom plate support the radiator for the electronics (not drawn
here) at the centre of a conic baffle to protect it from the Earth radiation; the two sensor star trackers are
mounted on the same plate

and variations of the gain of the electrostatic actuators. It appears clearly that the thermal
behaviour of the payload case with its satellite bottom face, supporting the radiator with its
baffle and the two star sensor trackers, is a key element of the experiment success. That is
why, dedicated tests will be performed in the near future to assess the first obtained experi-
mental results and calibrate the numerical thermal simulations.

By considering the duration (20 orbits) of one experiment session, the stochastic error
corresponds to 4.3 ×10−15 ms−2 rms value (1σ), to be considered in addition to the system-
atic resultant error evaluation. This results in a total of 4.4 ×10−15 ms−2 or 6.4 ×10−15 ms−2

depending on the selected evaluation for the systematic error (quadratic or direct sum). This
level must be compared to the in orbit Earth gravity at 810 km of about 8 ms−2: EP test
accuracy should be then from 0.55 ×10−15 to 0.80 ×10−15.

By considering longer experiment sessions of 120 orbits, as it is presently the objective
of the satellite operation, the total evaluated error is 2.1 ×10−15 ms−2 or 5.1 ×10−15 ms−2

corresponding to EP test accuracy of 0.26 ×10−15 and 0.64 ×10−15. During the one year
mission and in addition to the commissioning phase of the satellite and the instrument, at
least fifty measurement sessions are presently foreseen in the in orbit experiment scenario.
This is to the benefit of the rejection of the stochastic errors and to the characterisation of
the instrument sensitivities and the systematic errors, in particular through the differential
accelerometer including two test-masses made of the same Platinum alloy.

This uncertainty analysis shows that the present definition of the mission and the instru-
ment are in agreement with the objectives of the test of the Equivalence Principle with 10−15

accuracy or better. Numerical simulations of the satellite operation agree with the specifica-
tion of the attitude control and of the drag compensation. Electronics of the instrument have
been tested and exhibits noise, bandwidth, gains and linearities in accordance. Prototype
models of the instrument have been integrated with silica masses (small density) in order
to be accurately tested in laboratory under one g. Operation and dynamics behaviour of the
electrostatic servo-loops have been already verified, effort is now paid in a more detailed
experimental analysis of the performance. In addition, free fall tests of the instrument are
prepared with the ZARM drop tower facility in Bremen. This facility gives the opportunity to
observe on board a capsule and during its 9 s vertical parabolic motion, the actual operation
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of the four inertial sensors, in their flight configuration and in microgravity. Flight models
of the accelerometers should be ready for the integration in the MICROSCOPE satellite in
2010 for a mission in the following years.
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