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The MICROSCOPE space mission is to test in 2016 the Weak
Equivalence Principle (WEP) with an accuracy of 10~". This
fundamental physics mission should provide answers to the
basic question of the universality of free-falling bodies in a
uniform gravity field. During 18 months, the mission should
improve the current ground experiments by at least two or-
ders of magnitude. The payload is composed of two electro-
static differential space accelerometers that exhibit a res-
olution of 2x10™2 m s~2 Hz "2, By measuring the differ-
ence of acceleration between two concentric test masses at
the orbital frequency, a possible WEP violation signal is ex-
tracted from the measurement where the gravity gradient
effect dominates by a factor of one hundred.

This paper addresses the scientific objective of the
space mission and describes how the performance drives
the specification. A particular focus is made on the work
jointly performed by ONERA and PTB to fulfil the fabricating
requirements.

1 The weak equivalence principle test
motivation

The WEP states that gravity acts on all bodies placed in
a uniform gravitational field in the same way and that
the acceleration is independent of the mass or compo-
sition of the body. In other words, acceleration cannot be
distinguished from gravity for “free-falling objects”. On
this principle, Einstein founded the gravitation theory,
i.e. General Relativity.

Nevertheless, some theoretical developments [1]
point to a possible range of EP violation [10714-102!] as
a consequence of the coupling between matter and the
string dilaton, one of the promising candidates for an al-
ternative theory of gravitation. A test of 107!°, as foreseen
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for MICROSCOPE, is of major interest to differentiate be-
tween the alternative candidates.

To achieve this challenge, the geometry of the core
parts of the accelerometers, i.e. the electrodes and the
test masses, must be machined with an accuracy of a
few micrometers in order to guarantee the fine electro-
static operation of the instrument and a maximum in-
orbit test-mass centering displacement of 20 pm. With
the help of the in-orbit calibration process, the test-mass
centering is afterwards computed with 0.1 um accu-
racy in order to subtract the effect of the Earth’s grav-
ity, which is a well-known gradient from the accelera-
tion data. Thus, the performance of the mission relies
dramatically on the machining and precise metrology of
the parts of the sensor core and particularly on the test
masses.

In the best ground test [2] a torsion pendulum was
operated by the E6tWash group. Test masses made of
copper, aluminum, silica, titanium or beryllium were
used. To cope with perturbation signals in the laboratory,
the authors placed the test masses on turntables in order
to modulate the signal to a higher frequency, helping also
to reject part of the long-term drift or of the stochastic
errors. The best achieved accuracy of this experiment is
(0.3 £ 1.8) x 107!% with Be and Ti test masses. Besides
statistical errors, the main source of disturbance orig-
inates in time variations of gravity gradients and ther-
mal noise. For the former, it depends mainly on the
environment: seismic and human activities, building sta-
bility, gravity gradients from nearby hills, etc. Optimistic
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Figure1 An artist’s view of the MICROSCOPE satellite (courtesy of CNES).

projections for improving the sensitivity suggest one or-
der of magnitude within 5 years.

2 The MICROSCOPE mission and performance
drivers

The MICROSCOPE (Micro-Satellite a trainée Compensée
pour I'Observation du Principe d’Equivalence) mission
is a European space fundamental physics experiment
led by the French Space Agency, CNES, with a satellite
launch in 2016, see illustration in Fig. 1. Proposed by
the Observatoire de la Cote d’Azur and ONERA [3] in
the frame of the CNES Myriad microsatellite programme,
MICROSCOPE takes advantage of the best technologies
currently available to perform the WEP test in space with
an accuracy of at least 107!° [4]. Performing the WEP
testin space allows limiting all gravitational disturbances
due to seismic noise or human activity. The residual grav-
ity disturbance remaining due to the satellite thermal ex-
pansion has been estimated to be less than 2-107'6 m
s~2 and is thus compatible with the mission objectives.
Moreover, one can take advantage of long measurement
periods with the 18-month mission leading to about 1200
useful orbits for the benefit of the rejection of stochastic
disturbances.

At the core of the MICROSCOPE satellite, the payload
is composed of two differential electrostatic space ac-
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celerometers, see Fig. 2. Each of the accelerometers con-
tains one pair of test masses. The first instrument serves
to test the WEP (outer test mass TiAl6V4, inner test mass
PtRh10), while results from the second one (both PtRh10)
are to help to eliminate systematic errors as no violation
signal is obviously expected for the same material.

3 Measurement equation and performance
objective

For an ideal test of the EP one would use two spherical
test masses with identical radii and a perfectly homo-
geneous density distribution located at the same point.
As such, a configuration cannot be realized in an actual
experimental setup, test masses in the form of hollow
cylinders have been selected. For technical reasons, ad-
ditional features are required as described below. How-
ever, the shape has been optimized to obtain the same
value of the inertia matrix along the three axes, as is the
case for the sphere. Indeed, a difference of inertia values
induces a defect in the angular measurement output of
the accelerometer that does not purely depend on angu-
lar acceleration.

In the MICROSCOPE project, in each accelerom-
eter, two hollow cylinders, aligned as concentrically
as possible, are orbiting in the Earth’s gravity field.
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Figure 2 Left: Test masses surrounded by the electrodes. Right: Cut-off of the sensor unit with its sensor core, the blocking mechanism
for in-orbit test-mass release, the vacuum system.

Figure 3 Orbital motion of MICROSCOPE: measurement frame in
black, gravitational field in red.

Electrostatic fields maintain both test masses motion-
lessly with respect to the surrounding sensing electrodes.
By finely measuring the difference of the electrostatic
forces needed to maintain the two bodies in a motionless
state, one can deduce whether both test masses are being
accelerated equivalently or not. To take advantage of the
accelerometer performance, the satellite is maintained
in an inertial pointing mode or slowly rotated about the
axis normal to the orbital plane, see Fig. 3. The Earth’s
gravity field is then projected either along the measure-
ment axis at the orbital frequency or at the satellite rota-
tion frequency in addition to the orbital frequency. More
details of the satellite and the instrument description are
provided in ref.4.

The requirements concerning the accuracy of the
test-mass geometry can be deduced as follows. In a per-
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fect free fall, the test-mass acceleration is expressed by
Newton’s law:

_ R
ML app.k = Mck& (Ok) ,

whew)k is the inertial mass of the body placed in O
and app x is its acceleration.

In a uniform gravity field, the force exerted on the
mass is mgxg (Oy), g expressing the gravity field and mgy
the gravitationalﬂ';lss of the body. The WEP implies:
myx = mgiand Capp k = § (Op).

In the MICROSCOPE experiment, the test masses are
submitted to electrostatic forces F el which maintain the
bodies motionlessly with respect to the satellite that in
turn is submitted to nongravitational forces (drag, radi-

ation pressure) Fext and to thruster actuations Fth. Osat
describes the center of gravity of the satellite.

The applied acceleration to the mass k in the test-
mass reference frame is expressed by:

—» Fel . R
Tappk = —— = MGsa‘g(Osaa — (1480800
myy Msat

F Fext FEth
P oy 28
myg Misat Migat

+ Rin.cor (WZ) -

The term % expresses the contribution of the inter-
nal parasitic forces applied to each mass k.

The term ’n"z—f: = 1 + & expresses the ratio of the gravi-
tational mass to the inertial mass, which is different from
unity if the EP is violated and depending on the test-mass
material [1]. The gravitational mass Mg, and the inertial
mass Mg, of the satellite are also considered.

The term R cor (Osat Ok> stands for the inertia and

the Coriolis accelerations in the satellite frame due to
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the satellite attitude motion. If the test-mass electro-
static control is sufficiently stiff, the residual relative mo-
tion can be neglected and the inertia effect is simply

expressed by: 5 A Ogat Ok +?2> A (?2) A Osat Op), where ?2)
represents the angular velocities of the satellite with re-
spect to the inertial reference frame.

Finally, the expression of the differential acceleration
applied on the two test bodies (i) and (}) is given by:

Tapp.i — Dapp.j = (85— 8:) § (0j) + (1 + 8) [T] O; O;

o Fpa  Fpa
— R cor (Oi Oj) |
my; myj

T T F pa;
= Lapp.i — lapp.j —

Foa:
L Epa
my; myj

0;0; is the distance between the two bodies.
[T] is a linear approximation of the gravity field varia-
tions:

g(0)) — (0) =T 0;0; + O(T2).

The second-order gravity development terms 72 are
very small indeed, leading to an acceleration residual
smaller than 2x 10717 ms—2,

(8j — 8i) 8 (Oj) represents the violation signal of the
EP if it exists.

At the 700 km-altitude of the microsatellite, the
Earth’s gravity has a value of 7.96 m s~2. In order to
detect a potential EP violation at 107!5, it is neces-
sary to measure a difference of acceleration as small as
(8j—8:)8(0j) = 7.96 x 107! m s~2 at the EP test fre-
quency. This is the objective of accuracy of the differen-
tial accelerometer: all sources of error are evaluated and
their contributions to the global accuracy are summa-
rized hereafter [4].

4 Centering requirements
(146)[T] 0;0; ~ [T] O; O;

represents the effect of the Earth’s gravity gradient, be-
cause the test-mass alignment cannot be perfectly con-
centric. The components of [7] have amplitudes of less
than 5x 1079 m s~2/m at the measurement frequency (i.e.
the orbital frequency with an inertial pointing satellite).
Hence, the test-mass centering accuracy must be spec-
ified to 0.1 um along the two directions of the orbital
plane that are affected by the Earth’s monopole term.
This specification cannot be achieved with any technol-
ogy available.
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Fortunately, the Earth’s gravity is very well known, an
achievement of the space missions GRACE and GOCE [5].
By evaluating the effect of the Earth’s gravity gradient
at twice the orbital frequency, the off-centering is cali-
brated in the orbital plane and its effect at orbital fre-
quency can thus be subtracted.

The application of this in-orbit procedure [4] allows
the relaxation of the requirement of the test-mass center-
ing during integration to 20 um. This specification must
include the following error contributors:

- the electrostatic biasing;
- the machining limitations; and
- the accuracy of the mounting process (integration).

The former is due to electronics offsets of the position
sensor that are wrongly interpreted by the servoloop ac-
celerometer as a test-mass displacement. This contribu-
tion is easily measured on the ground through the elec-
tronics characterisation and has been optimized in terms
of value and stability, its overall contribution being less
than 0.2 um.

The second contributor to the off-centering is caused
by deviations from the optimal geometry of the sensor
core that modifies the electrostatic field between the sen-
sor electrodes made of gold-coated silica and the test
masses. The silica parts are obtained by a specific ultra-
sonic machining process that allows an accuracy of a few
micrometers when assisted by laser interferometry as in
situ control.

As shown in Fig. 4, the operation of the electrostatic
loop will move the mass according to the defects of sym-
metry of the geometry. When the test mass moves to-
wards the right, the capacitance on the right, C2, in-
creases while the capacitance on the left, Cl1, decreases.
If the geometry were ideal, C1 would equal C2 when
the test mass was centered. The electrostatic servo loop
acts to equalise the two capacitances and thus the test
mass remains motionless and centered in the electrode
frame (along X in this simple example). If the test mass
is shaped as a cone of angle «, the servo loop will again
displace the test mass in order to equalise both capac-
itances. But due to the small slope, C1 and C2 are not
symmetric and the test mass is displaced by §/ evaluated
in this case to:

o (LPM — Lel) Lel
2gap

Cl=C2 when x=46l=-—

For the qualification test-mass model, the angle is
about 7 um over the 60-mm length leading to a gen-
erated miscentering of 30 um. To cope with this value,
which is too large, the defects on the electrode cylin-
ders, when smartly orientated, can compensate the
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Figure 4 Schema of a TM conicity for the capacitance sensing position of the test-mass TM along X.

test-mass defects: fortunately this was the case. For the
flight models, the machining procedures have been opti-
mized and this defect has been reduced by one order of
magnitude.

For the third contributor, the relative centering of the
two concentric test masses relies also on the mounting
procedure of the overall core that accurate machining
and permanent metrology enable to guarantee an accu-
racy of a few micrometers.

5 Acceleration disturbances in the
measurement

—%“’ + %’jf represents the difference of the parasitic
acceleration applied on the two test masses: stochastic
accelerations and systematic tone errors at the EP mea-
surement frequency must be considered.

As the orbital motion can be maintained very sta-
bly because of the drag-free satellite, one can take ad-
vantage of very long steady periods of integration in or-
der to reduce the stochastic noises to a level of a few
1015 m s72, The instrument’s major source of noise, the
mechanical residual damping of the test mass, is of the
order of 2 x107'?2 m s~2 Hz~ /2. Integrating over 120 or-
bits (~7x10° s) reduces this contribution to 2.4 x10~1°
m s~2 at the EP measurement frequency.

Rin.cor <Osat Ok> represents the effect of the satellite
angular velocity or angular acceleration. This term can
only be controlled by the satellite attitude system [4]. The
accelerations along the 6 degrees of freedom are fortu-
nately provided by the instrument itself, and the satellite-
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pointing system nullifies the angular acceleration
measured by the 6-axis accelerometers. Nevertheless,
the angular and linear axes of the measurement de-
pend on the test-mass shape and inertia. Thus, the
requirements of the test-mass geometry are deduced.

6 Developing the test masses: test mass
description

Each hollow cylinder test mass for the MICROSCOPE dif-
ferential accelerometer has four flat areas at the outer
shell and six precision countersinks at each face. The flat
areas are used to control the test-mass rotation, while the
countersinks serve as seats for the blocking mechanism
that clamps the test masses during launch.

The large PtRh10 and TiAl6V4 test masses are
69.395 mm in outer diameter, 60.800 mm in inner diame-
ter, and have alength of 79.830 mm - tolerance: 3 um and
below. The small PtRh10 test masses are 34.400 mm in
outer diameter, 30.800 mm in inner diameter, and have a
length of 43.332 mm - tolerance: 3 um and below.

TiAl6V4 is used in aeronautics and motorsports due
to its machinability and form stability in the range of
less than 10 xm. However, to achieve and maintain form
and dimension tolerances of less than 5 um, a multi-
stage heat treatment and special low-force turning pa-
rameters have to be applied. PtRh10 is a soft and ductile
material and therefore not ideal for turning. Only a small
window of cutting parameter space (turning speed, feed,
amount of lubricant sprayed at the tool) and the use of
polycrystalline diamonds lead to an acceptable surface
quality.
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However, because of the overall geometrical complex-
ity of the test masses with stringent requirements on
shape, sizes and center of gravity, and due to the fact
that each surface is referenced to all connecting surfaces,
turning is the technology of choice for the manufacturing
of all test masses [6].

7 Developing the test masses: the need for
high-precision in situ measurement

Any form of mechanical machining is subject to tool
wear. In standard applications a mean time before tool
wear-out or failure is determined, by which time the
tool has to be replaced. In the case of the fabrication
of the MICROSCOPE test masses, this approach is not
applicable, because even small defects or extraordinary
wear of the cutting tool due to surface anomalies like
hard rhodium clusters embedded in softer platinum sur-
roundings may lead to a significant form deviation or
even damage to the test-mass surface beyond any repair.
This is, of course, especially valid at the end of the fabri-
cation, when all dimension, form and surface roughness
parameters have to be achieved with one last and final
cut.

In order to gain the information necessary for the
correction and, of course, the determination of the fi-
nal form and dimensions, high-precision in situ measur-
ing equipment has to be installed inside the BENZINGER
TNI precision fabrication station. As the fabrication tools
use the same frame as the measuring equipment, two
distinct adjustment steps are necessary.

First, certified ring and plug gauges (the outer and
inner diameters of which, respectively, are identical to
those of the final test masses and whose cylindricity
is within the specifications of the test masses, as well)
are placed at the exact position the test mass will be
mounted at during fabrication. The diameter is deter-
mined by contact measurement (using a Renishaw OMP
400 high accuracy touch probe and SiN balls to minimise
adhesion) of several tens of points along the respective
diameter and calculating the best fitting circle and its
respective diameter. The in situ measurement verifica-
tion of the inner and outer diameter has to pass a rig-
orous regime of measurement and repetition measure-
ment. Only if the comparison of all measurements shows
a deviation of less than one micrometer, is the adjust-
ment regarded as successful.

Secondly, during test-mass fabrication, along several
z-axis positions (the z-axis being the central axis of the
adjustment standard/test mass), the inner and outer di-
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ameters are measured. Additionally, the distance from
the test-mass center, the flatness and the angle of all four
flats of the body are measured, too. Hereafter, the adjust-
ment standard is transferred to a coordinate measuring
machine (CMM) and measured against calibrated gauges
at exactly the same positions. The results are in turn used
to adjust the precision fabrication machine. The overall
uncertainty budget has been verified to be less than two
micrometers. Results above this limit are rejected and the
procedures are repeated in total.

Through this approach, the results are traceable to
the SI unit of length.

Only the combination of both adjustment procedures
guarantees reproducible results. The second step is vital
to the success, because both the tool holder and the mea-
suring setup are mounted at the same frame. Thus, de-
fects of the frame itself cannot be detected using the first
method only.

Though it may seem that other methods of mechani-
cal engineering like polishing or even electrical discharge
machining (EDM) might be advantageous over turning,
this is only true for single aspects of the overall fabrica-
tion work flow. Polishing, for example, would result in
an improved surface roughness, especially of the PtRh10
alloy. Still, other parameters like concentricity or preci-
sion of angles with its very low tolerances could not be
achieved. Not least the position and depth of the coun-
tersinks, especially on the second face, call for an exact
knowledge of both the test mass and the tool positions.
At a precision fabrication station, the whole manufactur-
ing of the test mass can be achieved in just two clamping
positions.

Upon beginning the fabrication, a thread is cut at one
end of the hollow cylinder and the raw-mass is screwed
against the dead stop of a custom-made brass adapter. In
this way the mounting forces are directed almost com-
pletely in the z-direction and any unloading of stress af-
ter unmounting the finished test mass is reduced to the
technical minimum, see Fig. 5.

Whilst clamping the first face, the inner and outer di-
ameter, the four flats at the outer shell, the 45° angle
chamfers connecting the faces and the inner and outer
shell along with the six countersinks are fabricated. The
form and aperture of the countersinks are determined
by carefully selecting optimal styli, test drilling counter-
sinks using identical materials and drilling parameters,
measuring the test countersinks on a specialized CMM
(ZEISS F25), and, additionally, allowing for tool wear.

Hereafter, the test mass is unmounted and the thread
is removed by means of wire EDM. Then, the test mass
is mounted at the precision fabrication station again,
this time using an adapted clamping system (Hainbuch

© 2013 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 PtRh10 TM mounted at a brass adapter and testing probe
inside the precision fabrication station.

company), which allows secure clamping, while at the
same time not damaging the inner shell’s surface.

Once again, the motion control system of the preci-
sion fabrication station is adjusted against a calibrated
gauge block and then the length, the second face, and the
final six countersinks are fabricated.

8 Developing the test masses: measuring the
test masses

After fabrication, the test masses undergo extensive mea-
surements. Besides form and dimension measurements
[7], density, thermal expansion, and the mass are deter-
mined also.

The form and dimension measurements consist of
tactile measurements performed using a calibrated Leitz
reference 600 CMM, see Fig. 6. Basically, for reasons of
comparability, measurements are performed at exactly
the same positions as they were conducted during fab-
rication with respect to circumference and the z-axis. To
gain a higher resolution, additional measurements were
taken between these points and at additional z-positions
especially close to the faces. From these results, all nec-
essary features (diameters, length, concentricity, paral-
lelism, planarity of both the flats and the faces, position
of countersinks) are determined. Figure 7 shows a photo
composition of the inner and the outer test mass.

Tactile measurement has been chosen, since the ac-
curacy of optical methods was found to be inadequate as
aresult of the roughness of the test-mass surfaces. While
for the Ti alloy a surface roughness of about Ra ~ 100 nm
was achieved, which would allow the use of optical meth-
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Figure 6 One large Ti TM fixed at the measuring stand at the Leitz
reference 600 CMM.

Figure 7 Photo composition of both inner and outer TM.

ods, the surface roughness of the PtRh10 was found to
be about a factor of three higher, leading to a signifi-
cantly larger error budget, when optical measurements
were conducted during the development of the fabrica-
tion and measuring procedure.

As arule, before and after the measurement of the test
masses, custom-made calibrated gauges with diameters
identical to those of the test masses are measured. Then
each test mass is measured in four positions: horizon-
tally mounted, inverse horizontally mounted, vertically
mounted, and inverse vertically mounted. All measure-
ment results have to comply with the two-micrometer
criterion of the overall uncertainty budget.

The countersinks are measured using the ultrapreci-
sion CMM ZEISS F25. Here, position, depth, aperture,
and the angle of the countersink’s central axis with re-
spect to the faces are determined.

www.ann-phys.org 7

o
=k
=
>
=
o
[}
©
g)
=



S
]
a
©
o
“©
c
b0
=
®)

=z nhysik

All additional measurements (density, thermal ex-
pansion, and mass) are performed by PTB’s dedicated
laboratories.

The density of the test masses is determined by di-
rect measurement of all test masses, apart from the large
PtRh10 mass, because it is too heavy for the setup avail-
able. An uncertainty of up to 5x10~° can be reached.

A direct measurement of the density distribution to
determine the test-masses’ multipole moments was con-
sidered, but finally rejected due to insufficient resolu-
tion. Instead, in addition to the density measurement of
the test mass itself, the density of rings, separated from
both ends of the test masses, were measured and the
respective results were compared. It was found that, in
all cases, the measured density was in a band of 1x10~*
and, hence, the density distribution was regarded as ad-
equate.

The thermal expansion coefficient is measured in the
range from 18 °C to 24 °C with an uncertainty of 1078, As
the space experiment is conducted at about 300 K, this is
the range of choice.

Finally, the mass is determined with a precision of
below 1077,

9 Conclusion and outlook

The MICROSCOPE space test of the Weak Equivalence
Principle will be launched in 2016 on board a drag-free
satellite. The experiment will operate on a polar orbit for
about two years. The two differential accelerometers at
the core of the experiment each hold two test masses
comprising PtRh10 and TiAl6V4 alloys.

The 10~!° accuracy of the test, the electrostatic op-
eration of the instrument, the capacitive position sens-
ing of the test masses, as well as the corrections of the
mass off-centering, require a demanding geometry. Ex-
tensive effort has been carried out to develop the means
for both fabrication and measurement of the necessary
core components, foremost the silica casing and the test
masses. A fabrication precision has been achieved, for-
merly unreached for these kinds of materials, guarantee-
ing the necessary in-orbit centering accuracy of 20 pm.
The flight models of the test masses were produced ac-
cording to the precisions established and meet the mis-
sion requirements.

8 www.ann-phys.org
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Though the experiment is not completed at the time
of writing, the community is already discussing a follow-
up mission. Several concepts are on the table, not least
the development of an orbit-based, superconducting ac-
celerometer, which could improve the experiment’s un-
certainty down to the 107! range, but with even more
stringent requirements on the test masses.
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