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Physicists are increasingly concerned with the
laws of gravity which seem incomplete. Even if present tests
do not contradict general relativity, some indications lead
physicists to believe this theory may not be the ultimate one.
Its principles are not compatible with those of quantum mechanics. When both theories are involved, significant conceptual problems arise. Solving this incompatibility requires a unified theory and it should thus be possible to observe minute
effects which violate general relativity at our scale. General
relativity is also challenged by observations at larger galactic
and cosmic scales which are presently explained by introducing unknown components: dark matter and dark energy. They
may as well be interpreted as modifications of gravity laws.
Through the GRAM (Gravitation, Références, Astronomie et
Métrologie) research structure recently approved by CNRS,
with the support of CNES, physicists are building the instrumentation needed to measure time, distance and movement
in a very accurate and stable manner. A new generation of
clocks, interferometers, laser links and accelerometers for
space applications is now appearing and will enable direct
measuring for fundamental physics, with potential applications in other fields such as geodesy and navigation.

PHARAO/ACES: a space clock with state-of-the-art
performances
As one of the tests leading to this new physics, physicists are
interested in detecting a shift over time of fundamental con24

stants. It will be one of the aims of the ESA ACES mission built
around the laser cooled caesium atom PHARAO clock, foreseen
in 2013 on one of the external racks of the ISS. By comparing different ground atomic clocks, it will allow to monitor the
potential shifts of the various fundamental constants involved.
The relative variation of the fine structure constant α will be
monitored with an accuracy of 10-17 per year.
The PHARAO clock was proposed by the Kastler-Brossel and
SYRTE laboratories and developed by CNES. The implementation of the flight model was contracted by CNES in 2009 and
ESA approved the continuation of the ACES project. Performance tests of the engineering model, partly achieved in the
premises of CNES Toulouse, have been quite satisfactory.

T2L2: Time Transfer by Laser Link
T2L2 is a joint OCA/CNES technological experiment to
compare clock signals using laser pulses instead of RF signals.
It was launched on board Jason-2 in June 2008. Very promising
results have been obtained. Ground-to-space time transfers
have demonstrated noise levels of some tens of picoseconds.

LISA Pathfinder and LISA: towards the detection
of gravitational waves
LISA Pathfinder will pave the way for the future ESA/NASA LISA
mission whose goal will be to detect gravitational waves. The
French contribution to the LISA Technology Package is the Laser
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Modulator (LM). The flight models for the LM Unit and the LM
Electronic were delivered in August 2009. The project is led by
the APC laboratory which is also involved in the data analysis.
Concerning LISA, the LISA-France group gathering about ten
laboratories interested in the simulation of the sources is
moving forward as well as R&T activities, especially on the
improvement of the laser stability.
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Microscope: putting the equivalence principle
to the test
Microscope is a CNES microsatellite project, managed with
ONERA and OCA in cooperation with ESA, DLR and ZARM. It
aims at testing the equivalence principle between inertial and
gravitational mass with a resolution of 10-15. The measurements will be performed using two ultra-sensitive differential
electrostatic accelerometers built at ONERA, consisting of
a pair of concentric test masses. The orbital motion of the
masses will be observed at an altitude of some 800 km above
the Earth’s surface with subatomic precision. Thermal qualification of the Payload Assembly was successfully achieved
at CNES. The accelerometer qualification model is ready. The
micropropulsion system will be supplied by ESA; beside the
FEEPS technology, CNES and ESA are now studying a cold gas
alternative.

Fig. 1: Impression of Microscope. It is the fourth Myriad-type microsatellite of
CNES.
Fig. 2: Payload of the Microscope microsatellite. It is the first space experiment
dedicated to the study of the effects of gravitational acceleration on various bodies
consisting of two differential electrostatic accelerometers.
Fig. 3: Pharao at the Space Center in Toulouse.
Fig. 4: Microscope payload structure and the Microscope team.
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Abstract
We present the development and test of an airborne zero gravity atom interferometer in the prospect
of testing the weak equivalence principle using a measurement of the local differential acceleration
between two atomic species. Our compact apparatus operates in a regime that is not accessible on
ground. In addition, we show that appropriate correlations between the measurements made by two
different accelerometers allows for high precision operation even in a noisy vibrational environment.
Nous présentons l’état d’avancement d’un interféromètre atomique embarqué en microgravité
dans la perspective de tester le principe d’équivalence en utilisant une mesure de l’accélération
différentielle locale entre deux espèces atomiques. Notre appareil compact fonctionne dans un
régime qui n’est pas accessible au sol. En outre, nous montrons que la corrélation appropriée entre
les mesures effectuées par deux accéléromètres de nature différente permet un fonctionnement
de haute précision.

Atom interferometry [1] represents a quantum leap in the technology for ultra-precise monitoring of
accelerations and rotations. The accuracy and sensitivity of
local-acceleration measurements using these sensors nowadays rival state-of-the-art conventional accelerometers. With
such sensors, the quantity measured directly relates to the
acceleration of weakly-interacting particles via experimentally
well-controlled quantities, such as laser wavelengths. Ongoing
efforts to push forward atom interferometers’ performances
by increasing the interrogation time open the door to high-accuracy accelerometers which will be very sensitive to smaller
26

accelerations, thus pushing the limits of potential tests of gravitation theories. These long interrogation times, i.e. large freefall heights, can be achieved when using compact apparatuses
in reduced-gravity environments, such as drop towers, orbital
platforms, or atmospheric parabolic flight.
In order to develop the future space atom sensors, the
ICE (Interférometrie Cohérente pour l’Espace) collaboration
regrouping laboratories at the Observatoire de Paris, the
Institut d’optique, ONERA, is conducting cold-atom interferometry experiments in the A-300 Zero-G Airbus of Novespace,
which carries out ballistic flights [2]. Microgravity is obtained
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via 20 s-long parabolas. The residual acceleration is about
10 mg. The atom interferometer is made of a vacuum chamber
with optics, frequency doubled telecom laser sources for
cooling and coherent manipulation of atoms and a stable
oscillator which serves as a reference for the interrogation
lasers. All components, including all silicate-bonding-glass
cells and optical frequency reference (a frequency comb especially developed for the experiment by Menlo System) have
been tested and qualified for airborne and 0 g operation. The
whole experiment, which is represented in Fig. 1, weighs less
than 500 kg including test and monitoring instruments, external framing for crash protection and power surge. It can be
transported and operated anywhere from the laboratory to
the plane.
The acceleration-measurement process on the atoms can
be pictured as marking successive positions of freely-falling
atoms with a laser pulsed in time. The resulting atominterferometer phase shift is the phase of the laser at the
atom’s successive classical positions. When the laser is used
in a retroreflected configuration, this phase simply relates
to the distance between the atomic cloud and the reference mirror. Hence, although atoms, isolated in a vacuum
chamber, are truly in free fall in the Earth’s local gravity
field, their acceleration is recorded relative to an ill-defined
experimental frame. This can compromise the increase
in sensitivity. Following measurement strategies demonstrated on ground [3], our atom interferometer can reach
high sensitivities in the plane without vibration isolation,
despite the high level of vibrations. Our method relies on
an independent measurement of the mirror vibrations by
a low noise AC accelerometer and its correlations with the
interferometer signal, as shown in Fig. 2. The techniques we
use are analogous to that of airborne gravimeters, where
the sensor position is recorded thanks to high precision GPS
for applications in geophysics and gravity measurements.
Our compact atom gravimeter associated with a good AC

accelerometer can reach fairly high sensitivities, without
much hardware isolation against ground vibrations.
Our apparatus is designed to operate with two different
atoms, thanks to its ability to create the two laser-cooling
optical wavelengths from telecom fiber lasers. Using an
atom interferometer with two different atomic species in
free fall will allow to compare the acceleration of these
two species. This constitutes a meaningful test of the UFF,
as they combine a large mass ratio, very different nuclear
compositions and almost equal laser wavelength and thus
interferometer scale factors. We have shown that an accurate test of the UFF can be achieved, even for different
scaling factors for the interferometers. We developed a
protocol [4] that allows to accurately extract the acceleration difference and is almost insensitive to strong vibrational
noise which usually limits the atom interferometer accuracy.
By extending the Bayesian statistical methods, we can take
advantage of phase-correlated measurements between
both interferometers. For example, we predict a precision
of η ≈ 5 x 10−11 when using only 30 experimental data points
with a free-fall time of 4 seconds in the Zero-G Airbus. In
the future, free fall and integration times may be increased
by deploying atom-interferometric inertial sensors on dedicated orbital platforms for next-generation tests of the UFF,
at the price of an increased sensitivity to vibrational noise.
The use of fast-convergence estimators will help rejecting
this acceleration noise and thus relax the requirement on
drag-free vibration isolation performance.
Fig. 1: The ICE apparatus in the Zero-G airbus during a parabola. The atom
interferometer is in the front box (about 125 litres, orange stripes). The main
rack holds the cooling lasers in a 8-U rack, control electronics and monitoring
instruments. On the picture, 2 ICE members: R. Geiger (CNES/IOGS) and
R. Charrière (ONERA).
Fig. 2: Reconstructed atom interferometer signal from the correlations
with an AC accelerometer connected to the reference mirror. The phase shift
(horizontal axis) corresponds to the acceleration of the mirror relative to
the atoms (1 radian corresponds to 3 mg).
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Abstract
The optical Time-Transfer by Laser Link instrument T2L2 was launched from California in 2008 on
the Jason-2 satellite. The T2L2 system enables the synchronization at the picosecond level of remote
ultra-stable clocks and the determination of their performances over intercontinental distances.
Since the launch, 140 million data points have been recorded through several thousand passes acquired by the laser ranging community. The time stability measured is higher than 10 ps over 30 s.
L’instrument de Transfert de Temps par Lien optique Laser T2L2 a été lancé depuis la Californie en
2008 à bord du satellite Jason-2. Le système T2L2 permet la synchronisation d’horloges distantes et
l’évaluation de leurs performances au niveau de la picoseconde. Depuis le lancement, 140 millions
de données ont été enregistrées au travers des milliers de passages acquis par la communauté des
stations laser. La stabilité temporelle mesurée est supérieure à 10 ps sur 30 secondes d’acquisition.

T2L2 [1] [2] [3] is a very-high resolution twoway time-transfer technique based on the timing of optical
pulses emitted by a laser station and detected by a dedicated
space instrument. After several proposals on the Mir space
station, ISS, GIOVE, and Myriad, T2L2 was finally accepted as
a passenger instrument on the altimetry mission Jason-2 [4].
Basically, T2L2 realizes a space-to-ground time transfer
between the ground clock linked to the laser station and
space clock of the satellite. The ground-to-ground time transfer between several remote clocks on the ground is obtained
through these individual space-to-ground time transfers. It
can be obtained in a common view mode, when the distance
28

between the laser stations is smaller than roughly 5 000 km,
or in a non-common view mode when the distance is larger.
The space instrument is based on a photo detector and an
event timer linked to the space clock. A Laser Ranging Array
(LRA) provided by the JPL is used to reflect the laser pulse
toward the laser station. The space clock is an Ultra-Stable
Oscillator (USO) coming from the DORIS equipment. The mass
of the T2L2 space equipment is 10 kg. The satellite was placed
in a 1 336 km orbit with 66° inclination by a Delta launcher.
The T2L2 exploitation is driven by a T2L2 working group and
implemented by several scientific teams from OCA, SYRTE,
CNES and ILRS laser stations. The objectives of the T2L2
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experiment on Jason-2 include [5]:
• Validation of optical time transfer, including the validation
of the experiment, its time stability and accuracy. It should
further allow demonstrating one-way laser ranging.
• Scientific applications concerning time, frequency metrology and fundamental physics.
• Characterization of the on-board DORIS oscillator [6].
The Mission Center was developed during the years 2008 and
2009. Now, we consider that its objectives in terms of data
flow (ground and board) and data processing (triplets extraction and instrumental corrections) have been reached.
T2L2 relies on the laser ranging network which includes 40
international laser stations [7], [8]. Among them, eight stations use the right data format (CRD) which enables to extract
the start epoch of the laser pulses at the ps level, and the
others with a data format that only permits to get the epochs
with a resolution of 100 ns. Up to now, five to fifteen passes
coming from these sixteen laser stations have been extracted
every day. SLR data are merged with T2L2 instrument data,
collected through the Instrument Mission Center of CNES,
and processed to compute the ground-to-space time transfer
by the Scientific Mission Center of OCA.

stability which is 5 ps @ 30 s and 10 ps @ 100 s.
Up to now height laser stations in the world have the right
configuration for T2L2. Several other laser stations could participate but some data format upgrades are still needed.
It has been possible to measure the phase between a Hydrogen
Maser on ground and the T2L2 DORIS oscillator with a precision of only 7 ps. This result represents the best time stability
ever obtained between a space clock and a ground clock.
A lot of work is still required to understand the physics and
to improve the instrumental model of the hardware but the
global performances seem to be in accordance with the specifications of the project.
Specific campaigns with transportable laser stations and cold
atom clocks are also expected. After a first short campaign
with the FLTRS in Paris in October 2009, a second one is
already scheduled in 2010.
The authors would like to thank all the laser ranging stations
that have participated in the project. Many of them have
adapted their hardware, upgraded their data format and
spent a lot of time to understand the T2L2 requirements.

The ground-to-space time
transfer represents the time
offset between the space and
ground clocks. It is deduced
from the difference between
start time on ground and arrival
time on the satellite, which
is compared with the time of
flight corrected by the Sagnac
delay and instrumental model.
[Fig. 1]

Fig. 1 is an illustration of such a
ground-to-space time transfer.
A short term interpolation is
fitted on the residuals in order
to be able to compare groundto-space time transfer coming
from different laser stations on
ground. Up to now, the better
precision observed in the high
energy level is 30 ps rms.

[Fig. 2]

The time stability computed by the time variance of the
residuals of Fig. 1 is shown in Fig. 2. This represents the time
stability measured by T2L2 of the Wettzell’s Hydrogen Maser
compared to the T2L2 DORIS quartz oscillator. One obtains
40 ps @ 1 s and 7 ps @ 30 ps. For time integration greater
than 30 s this measurement is limited by the DORIS time

Fig. 1: Ground-to-space time transfer between the T2L2 DORIS oscillator
and Wettzell’s H-Maser. For both plots, a one order polynomial has been removed
to take into account the frequency offset between DORIS and the ground clocks.
The black dots are the full rate data. The red curve is a short term interpolation
(30 s) made from a 3 order polynomial.
Fig. 2: Time stability measured by T2L2 of the Wetzell’s H-Maser compared
to the T2L2 DORIS oscillator.
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