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Résumé : Le but des missions spatiales de gravimé-trie est de mesurer le champ de gravité avec unegrande précision. Les données récoltées sont utili-sées en sciences du climat, en hydrologie, en géo-physique et pour mieux comprendre le réchauffe-ment climatique. Ces missions embarquent actuel-lement des accéléromètres électrostatiques avecune grande sensibilité mais dérivant à long terme.Cette dérive peut être corrigée en recalibrant l’ac-céléromètre électrostatique avec un accéléromètreà atomes froids ayant une plus importante stabi-lité. De tels accéléromètres utilisent l’interféromé-trie atomique pour mesurer l’accélération et unedes difficultés de la mesure spatiale est la chute decontraste de l’interféromètre à cause de la rotationdu satellite autour de la Terre.Dans cette étude, nous avons mis en place expéri-mentalement une méthode pour limiter l’impact dela rotation sur l’interféromètre. Le dispositif expéri-mental est la combinaison d’un accéléromètre élec-

trostatique et d’un interféromètre à atomes froids.La masse d’épreuve de l’électrostatique est em-ployée comme miroir de rétro-réflexion pour l’in-terféromètre et est très bien contrôlée selon lessix dégrées de liberté de l’espace. La méthode uti-lisée pour limiter l’impact de la rotation consiste àtourner le miroir pour garder la direction de me-sure constante pendant l’interféromètre. Avec cetteméthode de compensation de la rotation, 99% ducontraste a été récupéré. De plus, la phase de l’in-terféromètre causée par la rotation a été mesuréet modélisée. Avec un modèle fiable, cette phasesupplémentaire peut être corrigée de la mesure. Fi-nalement, les performances attendues d’un accélé-romètre atomique compensé de la rotation à bordd’un satellite ont été étudiées. Avec les hypothèseschoisies, la rotation serait à l’origine d’une incerti-tude de 7× 10−10ms−2 sur la mesure de l’accéléra-tion pour un temps d’interrogation de 1 s.

Title : Towards a hybrid electrostatic/atomic accelerometer for future space missions : Study of rotationimpact on a cold atom interferometer and mitigation strategyKeywords :Cold Atoms, Space Gravimetry, Inertial Sensor, Atom interferometry, Accelerometer, QuantumSensor
Abstract : Space gravimetry missions aim to deter-mine the Earth gravity field with great accuracy. Thedata gathered are very useful in the sciences of cli-matology, hydrology or geophysics and to unders-tand global climate change. These missions boardstate-of-the-art space electrostatic accelerometersdisplaying a very good sensitivity but also a long-term drift. By combining an electrostatic accelero-meter with a very stable cold atom accelerometer,the correction of this drift is possible. Such accele-rometers principle relies on atomic interferometryand one of the difficulties of space measurementsis the interferometer contrast loss due the satelliterotation around the Earth.In this work, we experimentally implemented a me-thod to limit the impact of rotation of the inter-ferometer with an original setup. The hybrid labprototype is the combination of an electrostatic ac-celerometer and a cold atom interferometer. The

proof-mass of the electrostatic accelerometer, verywell controlled in angle and position, is employedas an actuated retro-reflection mirror for the in-terferometer. The method tested to limit the rota-tion impact, consists in the rotation of the retro-reflection mirror to keep the direction of measure-ment constant during the interferometer. With therotation compensation method, a contrast recoveryup to 99% was demonstrated. Moreover, the im-pact of such a method on the phase shift bias wasalso measured and confronted to models. With anaccurate model, the phase shift bias can be cor-rected from the measurement. Lastly, a study ofthe expected performances of a rotation compensa-ted atom accelerometer boarded on a satellite wasconducted. Under the considered hypothesis, therotation should lead to an acceleration uncertaintyof 7× 10−10ms−2 for a 1 s interrogation time.
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Résumé du travail de thèse

Introduction

Les missions de gravimétrie spatiales telles que les missions GRACE ou GOGE, permettent
de mesurer le champ de gravité terrestre avec une grande précision. Les données ainsi obtenues
sont utilisées dans les domaines des sciences de la Terre tels que la climatologie, l’hydrologie, la
géophysique et pour mieux comprendre le réchauffement climatique. Ces missions embarquent
actuellement des accéléromètres électrostatiques avec une grande sensibilité mais dérivant à
long terme. Cette dérive peut être corrigée en recalibrant l’accéléromètre électrostatique avec
un accéléromètre à atomes froids ayant une plus importante stabilité. De tels accéléromètres
utilisent l’interférométrie atomique pour mesurer l’accélération. Une des difficultés de la mesure
spatiale est la chute de contraste de l’interféromètre à cause de la rotation du satellite autour
de la Terre. Nous avons donc étudié expérimentalement une méthode permettant de mesurer
l’accélération dans un environnement en rotation avec un capteur atomique.

Résultats expérimentaux

Dans cette étude, nous avons mis en place expérimentalement une méthode pour limiter
l’impact de la rotation sur l’interféromètre.

Le prototype de laboratoire est la combinaison d’un accéléromètre électrostatique et d’un
accéléromètre à atomes froids. L’accéléromètre à atome froids considéré est basé sur le principe
de l’interférométrie atomique. Un nuage d’atomes est placé dans une superposition d’état à
l’aide d’un laser contra-propageant. Pour augmenter le temps d’interrogation des atomes, les
atomes sont refroidis à 1 µK à l’aide d’un piège magnéto-optique. Le dispositif expérimental est
constitué d’une enceinte ultra-vide contenant le nuage d’atomes froids, d’un laser interrogeant
les atomes et d’un miroir sur lequel se réfléchit le laser. L’originalité de notre dispositif est le
remplacement du miroir de rétro-réflexion du laser de l’interféromètre par la masse d’épreuve
d’un accéléromètre électrostatique. Cette masse est très bien contrôlée selon les six degrés de
liberté: il est possible de piloter sa vitesse de rotation. L’ensemble du dispositif peut être mis en
rotation grâce à des cales piézo-électriques placées sous le capteur. La rotation du capteur est
mesurée à l’aide d’un gyromètre.

Lorsque l’instrument est soumis à une rotation, le référentiel de mesure devient non
Galiléen et les accélérations inertielles (accélération de Coriolis, accélération centrifuge, ac-
célération angulaire) interviennent dans l’expression de l’accélération mesurée. L’impact des
accélérations inertielles sur la phase dépend des paramètres cinétiques du nuage d’atomes froids
tels que sa vitesse moyenne et sa position moyenne: une phase de biais du à la rotation apparaît.
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Résumé du travail de thèse viii

L’impact des accélérations inertielles sur le contraste dépend de la distribution en position et
en vitesse des atomes formant le nuage: la rotation entraîne une baisse de contraste. Un effet
similaire apparaît lorsque le miroir de rétro-réflexion est en rotation. En tournant à la fois
l’instrument et le miroir, certains de ces effets se compensent. La méthode utilisée pour limiter
l’impact de la rotation consiste à tourner le miroir d’un mouvement angulaire opposé à celui de
l’instrument pour garder la direction de mesure constante pendant la mesure.

Cette méthode de compensation de la rotation a été mise en place sur le dispositif expéri-
mental et 99% du contraste a pu être récupéré. De plus, la phase de l’interféromètre causée par
la rotation a elle-aussi été mesuré et modélisée pendant la compensation. Avec un modèle fiable,
cette phase supplémentaire peut être corrigée de la mesure finale. C’est pourquoi, un calcul de
la phase d’un interféromètre en rotation est présenté dans ce manuscrit. Pour se rapprocher
d’applications spatiales, les performances attendues d’un accéléromètre atomique compensé
de la rotation à bord d’un satellite ont été étudiées. Avec les hypothèses choisies, la rotation
serait à l’origine d’une incertitude de 7 × 10−10 m s−2 sur la mesure de l’accélération pour un
temps d’interrogation de 1 s. De plus, le dispositif expérimental et en particulier l’utilisation
d’un miroir piloté électrostatiquement peut avoir une autre application: la rotation du miroir
seul a permis de mesurer expérimentalement différents paramètres cinétiques du miroir tels
que sa température, sa taille, sa position ou sa vitesse moyenne. En effet, la mesure du contraste
et de la phase de l’interféromètre ainsi que le mouvement angulaire du miroir par détection
capacitive permet de remonter à ces différents paramètres.

Conclusion

La mesure de l’accélération dans un environnement en rotation est difficile quelque soit
la méthode de mesure. Cependant, l’impact de la rotation est particulièrement fort sur les
accéléromètre a atomes froids en raison de la baisse de contraste engendrée. Lors de cette étude,
nous démontré expérimentalement l’efficacité d’une méthode de compensation de la rotation
sur un prototype de laboratoire. Cette méthode permet d’obtenir un contraste suffisant pour
mesurer la phase de l’interféromètre en présence de rotation. Néanmoins, cette phase et donc
la mesure d’accélération restent impactées par la rotation en raison de termes du à la rotation
non compensés: des termes correspondant à l’accélération Centrifuge principalement. Un effort
a été fait concernant la modélisation de la phase de l’interféromètre en rotation pour dans le
future la retrancher de la mesure finalement. L’étude des performances d’un accéléromètre à
atomes froids compensé de la rotation a montré que plusieurs architectures de capteurs sont
possibles pour réduire l’impact résiduel de la rotation.



Acronyms

AOM Acousto Optical Modulator - Modulateur Acousto-Optique
ASD Amplitude Spectral Density- Densité Spectrale d’Amplitude
BEC Bose Einstein Condensate - Condensat de Bose-Einstein
CHAMP CHallenging Mini-satellite Payload
CoM Center of mass - Centre d’inertie
DDS Direct Digital Synthesis - Synthétiseur Digitale Direct
EA Electrostatic Accelerometer - Accéléromètre Électrostatique
ECDL External-Cavity Diode Laser - Diode Laser à Cavité Externe
EDFA Erbium Doped Fiber Amplifier - Amplificateur Fibré Dopé à

l’Erbium
ESA European Space Agency - Agence Spatiale Européenne
ESTEC European Space Research and Technology Centre - Centre Eu-

ropéen de Recherche et Technologies Spatiales
GOCE Gravity field and steady-state Ocean Circulation Explorer
GRACE Gravity Recovery and Climate Experiment
GRACE-C Gravity Recovery and Climate Experiment Continuity
GRACE-FO Gravity Recovery and Climate Experiment Follow On
LRI Laser Ranging Instrument - Télémètre laser
MAGIC Mass Change and Geoscience International Constellation
MOT Magneto-Optical Trap - Piège Magnéto-Optique
NGGM Next Generation Gravity Mission
PID Proportional integral derivative lock-in system - asservissement

Proportionnel Intégral Dérivé
PM Phase Modulator - Modulateur de Phase
PPLN Periodically Poled Lithium Niobate - Niobate de Lithium Péri-

odiquement Orienté
VCO Voltage Controlled Oscillator - Oscillateur contrôlé en tension
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This work has been conducted at ONERA (Office National d’Etude et de Recherche
Aérospatiales) in the SLM (Sources Laser et Métrologie) unit of the DPHY department (Départe-
ment Physique, Instrumentation, Environnement, Espace) in collaboration with the European
Space Agency (ESA) and the IEA (Instruments et Equipements Aérospatiaux) unit of the DPHY
department. The CIAF (Capteurs Inertiels à Atomes Froids) team have developed onboard
inertial sensors such as gravimeter, accelerometer or gyroscope based on atom interferometry
for more than twenty years. The first marine [1] and airborne [2] gravimetric measurements
with an atomic sensor were performed with the ONERA gravimeter GIRAFE 2 in 2015 and 2017.
The CIAF team now works among other topics, on the potential of atomic sensors in spatial
environments. The European Space Agency is a major actor of Earth observation space missions
and among them gravimetry missions such as GOCE and NGGM. Until now, electrostatic ac-
celerometers (EA) developed by the IEA unit at ONERA, were boarded on gravimetry satellites.
EA display an important sensitivity but are limited by a slow drift. A collaboration was initiated
to assert the feasibility of a merger between electrostatic and atomic sensors to limit this slow
drift. The hybrid lab prototype was built from an EA designed by the IEA unit and an atomic
gravimeter based on the GIRAFE gravimeter. This instrument has an original design as the
combination of the two technologies have never been implemented before.

Spatial gravimetry aims to measure the Earth gravity field from space allowing the study
of the geoid and the evolution of the mass distribution. Gathered data are useful in the fields of
geophysics and Earth sciences. Currently, gravimetry satellites board electrostatic accelerome-
ters which are the most sensitive accelerometers in micro-gravity environments. However, these
accelerometers are not absolute sensors and display a drift at low frequencies. To overcome
this limitation, atomic sensors could provide a drift-free absolute measurement. Nevertheless,
atomic inertial sensors have yet to be operated in a spatial environment. Besides the weight and
energy consumption limitations, an orbiting satellite has a rotation rate so important that atomic
inertial sensors have trouble operating. The design of the hybrid lab instrument is interesting to
tackle the rotation detrimental effect with the help of the EA: this is the object of this work. This
work aims to implement experimentally on the hybrid setup the method used in [3] to limit the
Earth rotation impact. The development of a rotation-proof atomic accelerometer could ease the
use of atomic sensors in space but also for land-based applications in dynamical environments.

Firstly, the interest of space gravimetry missions will be detailed and some particular
missions presented. Secondly, a short history of cold atoms inertial sensors and their interest for
space gravimetry missions will be displayed. Then, a state of the art of atomic inertial sensors
will give an overview of the field. Lastly, a presentation of this research work will be given.
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Space gravimetry

Interest of space gravimetry missions

At the beginning of the 21st century, space missions have started to be launched to measure
the Earth gravity field from space. These missions provided and still provide data of interest for
Earth sciences. Here are a few examples of studies enabled by space gravimetry missions.

Geoid

The geoid is an equipotential surface of the Earth gravity field: it can be seen as the shape
the ocean would take under the action of Earth gravity only. It is usually expressed as a height
above or below a reference ellipsoid. The geoid is not smooth and its height varies due to the
density variations inside the Earth. Despite the important altitude variations on Earth, the geoid
height stays between ±100m. The geoid is a reference for precise altitude measurements, ocean
circulation, sea-level, ... and also for the study of water movements in drainage basins. The space
missions CHAMP and GOCE goals was to improve the knowledge of the geoid by increasing the
accuracy of the measurement and the spatial resolution. CHAMP aimed to measure the geoid at
a centimetric level with a resolution of about 1000 km [4]. Previously, the geoid was known at a
metric level with a spatial resolution about 1200 km. Later, the GOCE mission improved even
further the geoid measurement with a comparable accuracy but a better spatial resolution of
about 100 km (Figure 1) [5].

Figure 1: Earth’s geoid measured by the GOCE mission from [6]. The blue values represent low
height deviations from and ideal geoid and the reds and yellows the high deviations.

Water distribution

If the geoid study is the study of the constant component of the gravity field, the mea-
surement of the temporal gravity variations enables the study of the water cycle. Gravimetry
missions provide a measurement of the global water cycle and give information about sub-
surface and sub-glacial water movements which are difficult to measure otherwise. GOCE
mission focused on slow variations of the gravity field and was able to measure ocean currents
at the planet level (Figure 5b). GRACE missions were designed to detect small variations in
the gravity field allowing the study of inland water distribution and its temporal evolution.
In a context of climate change, the study of ground water, surface water or polar ice sheets is
crucial. GRACE resolution is about 300 km and monthly data are furnished. In the context
of global warming, the study of water storage is critical as 80% of the world population faces
threats to water security as flood and drought episodes increase. For example, GRACE data
helped measure the decreasing water storage in California during an important drought (Figure
7a). The mass loss in the Greenland and Antarctic ice sheets were also measured during more
than a decade (Figure 2). From 2002 to 2017, Greenland showed a quite homogeneous mass
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loss of 281 Gt year−1 inducing a global mean sea-level rise of 1 cm. The Antarctic mass loss is
concentrated in the region of the Amundsen Sea Embayment in red on Figure 2 for a global
mass loss of 125 Gt year−1 [7–9].

Figure 2: GRACE observations of mass changes of the polar ice sheets between 2002 and 2017.
Annual mass balance of the Greenland Ice Sheet (a) and the Antarctic Ice Sheet (b). Time series
of mass change of the Greenland Ice Sheet (c) and the Antarctic Ice Sheet (d) from [7].

Solid Earth mass

Gravimetry spatial data also carry the signature of deep Earth mass distribution. For
example, the response movements inside the Earth to the last deglaciation have been measured
by GRACE. Movements in the Earth mantle were measured by GOCE leading to a map of
material rising in the mantle from more than 2000 km deep (Figure 3). GRACE data can also be
used to study inner Earth movements. For example, [10] proposes to study the mass flows at the
boundary between the outer core and lower mantle by correlating GRACE data with magnetic
data. [11] have been able to constrain the value of the Earth’s inner core differential rotation
using GRACE data again. Seismic waves observations suggested that the inner core was not
rotating with the same angle as the mantle. According to GRACE data, this angle is smaller
than 0.4°.
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Figure 3: Deep plumes of the mantle material rising from more than 2000 km down measured
by the GOCE mission from [6].

Past and future gravimetry missions

Since the beginning of the century, several gravimetry missions have been launched by
DLR, ESA and NASA. These past and current missions supplied interesting data to Earth scien-
tists. Thus, future missions are planned to keep providing data.

CHAMP (CHAllenging Mini-satellite Payload)

One of the first gravimetry mission was the German mission (DLR) CHAMP launched
in 2000. CHAMP aimed to measure both the gravity and magnetic field. The magnetic field
measurement was performed by several magnetometers while the gravity field was deduced
from the satellite orbit. The satellite orbit was known thanks to GPS tracking and the non-
gravitational forces (drag and radiation pressure) were measured thanks to an accelerometer at
the satellite centre of mass. The boarded accelerometer STAR was an electrostatic accelerometer
developed by ONERA. Its measurement principle is based on the electrostatic suspension of a
metallic proof mass between electrodes [4, 12].

(a) CHAMP spacecraft. (b) STAR electrostatic accelerometer
of the CHAMP mission .

Figure 4: The DLR CHAMP mission technical details from [12].

GOCE (Gravity field and steady-state Ocean Circulation Explorer)

The ESA mission GOCE launched in 2009 aimed to measure the Earth geoid height at a
centimetric level and the gravity anomalies at level 1 × 10−5 m s−2 with a spatial resolution of
100 km. The payload consisted in three gradiometers at the centre of mass of the satellite. Each
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gradiometers contains two electrostatic accelerometers distant of 50 cm, has a noise of about
10 mE/Hz1/2 with the eotvos unit E=1 × 10−9 s−2 and a measurement bandwidth between 5
and 100 mHz. The knowledge of the geoid and the measurement of the mean ocean surface
by satellite radar altimetry allow the deduction of the ocean global dynamics (Figure 5b). The
GOCE mission ended in 2013 when the satellite ran out of fuel [5, 6, 13].

(a) Artist’s view of the GOCE satellite. (b) Ocean currents measured by GOCE.

Figure 5: GOCE mission design and results from [6].

GRACE (Gravity Recovery and Climate Experiment) and GRACE-FO (Follow-On)

The GRACE and GRACE-FO missions are DLR/NASA operated missions aiming to mea-
sure the variations of the Earth gravity field. The focus of these missions is on the fast variations
of the gravity field. Thus, a good sensitivity is required. The measurement principle is depicted
in Figure 6. A pair of satellites orbiting around the Earth follow each other at a distance
measured by a telemeter. A mass on Earth creates a gravity field accelerating or decelerating
the satellite as it gets closer to the mass. The Earth mass distribution impacts directly the
inter-satellite distance. The knowledge of this distance thanks to the telemeter enables the
measurement of the gravity field. Nevertheless, the gravity is not the only force applied to the
satellites: the residual atmosphere creates a drag force and the Earth and solar radiations exerts
a radiative pressure. The non-gravitational forces are measured by two electrostatic accelerome-
ters at the centre of mass of each satellite and corrected from the gravity measurement. GRACE
missions focus on the study of the water distribution and its evolution over time ranging from
the water storage on land to the study of ice sheets. Moreover, the movements of the solid Earth
can also be detected (Figures 2 and 7).

The GRACE mission was launched in 2002, largely exceeded the expected mission du-
ration of 5 years and ended in 2017. The inter-satellite distance was measured with a K-band
micro-wave telemeter [14]. The GRACE-FO mission was launched in 2018 to continue the
GRACE mission and provide continuous data. The two missions are almost identical. Nev-
ertheless, GRACE-FO boards a laser ranging instrument (LRI) in addition to the micro-wave
telemeter. The LRI was tested during the mission and showed better performances than the
micro-wave telemeter [15].
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Figure 6: Measurement principle of GRACE mission. The distance between the satellites is
about 220 km and their altitude about 500 km from [8].

(a) Mass loss in California Central Valley due to
groundwater extraction (GRACE Data). Water
height anomaly in cm: 0 in green -12 in red.

(b) Gravity changes caused by the 2004 Sumatra
earthquake. Acceleration anomaly: 0 nm s−2 in
green, −10 nm s−2 in purple and 10 nm s−2 in red.

Figure 7: Results from GRACE mission extracted from [16].

GRACE-C (Gravity Recovery and Climate Experiment Continuity) and NGGM (Next Gener-
ation Gravity Mission) toward MAGIC (Mass Change and Geoscience International Constel-
lation)

As the data provided by GRACE-FO are useful to Earth sciences, the continuity of the data
acquisition has to be granted after the end of the mission. To replace GRACE-FO, the NASA
mission GRACE-C should be launched in 2028. While being close to the previous missions, the
future mission will only use a LRI to measure the inter-satellite distance as its performances



Cold atoms inertial sensors 8

and reliability were demonstrated during the GRACE-FO mission. To improve the spatial and
temporal resolutions of the gravity mission, a second pair of satellites, the NGGM mission, is
planned to be launch by ESA in 2030. The two missions will operate in a Bender constellation
(Figure 8). The GRACE-C satellites have a polar orbit in red and the NGGM satellites have tilted
orbit at 70° in pink. Space gravimetry missions with a GRACE-like configuration are currently
limited by aliasing effects linked to limitations in the modelling of high-frequency oceanic and
atmospheric mass variations. This problem would be overcome by using a satellite constellation:
several pairs of satellites would measure at the same time from different orbits [17]. Such
constellation would measure a mass source from different points of view thus limiting the effect
of quick atmospheric and oceanic mass variations [18].

Figure 8: The MAGIC configuration is a Bender constellation with GRACE-C one of the satellite
pair at a polar orbit (in red) and NGGM the other pair at a tilted orbit (in pink) from [19].

Cold atoms inertial sensors

The field of atomic based sensors ranging from atomic clocks to magnetometers by way of
inertial sensors, have known an important growth in the past decades. Such sensors start to
go out of the lab and to be tested in applicative conditions. As explained in [20], most atomic
sensors are based on the following principle: the evolution in an external field of a two-levels
atomic system. The principle of measurement is summed up on Figure 9. Firstly, the atom is
prepared in a given state: a spin, an hyperfine internal state, ... Secondly, the state evolves in the
external field to be measured: a magnetic field, gravity field, an electric field, ... The evolution
time is generally limited by the relaxation of the system. Thirdly, the atomic state is measured.
The field can be measured thought its effects on the atomic state.

Atomic sensors have several advantages among them the absolute feature of the measure-
ment. Atomic sensors do not need to be calibrated as their scale factor depends of the atom
characteristics. Such sensors also display good repeatability: the atoms properties do not change
over time contrary to mechanical moving parts which can deteriorate. The evolving time is a key
parameter of an atomic sensor: the longer the evolving time is, the more sensitive is the sensor.
The evolving time can be limited by relaxation processes or mechanical limits (the free-falling
distance in an atomic gravimeter). One of the limits of atomic sensors is the quantum projec-
tion noise. This noise comes from the quantum fluctuations of the atomic state at the end of
the evolution [21]. The quantum noise limit can be overcome by squeezing the atomic states [22].
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Figure 9: Measurement principle of atomic sensors represented in three steps on the Bloch
sphere. First, the atoms are prepared in a well-known state. Then, the state evolves in the field.
Finally, the atomic state is measured and the field properties deduced. Figure from [20].

Cold atoms inertial sensors such as accelerometers and gyroscopes are most of the time
using atomic interferometry. Atomic interferometers take advantages of the wave-like property
of matter to put an atom in a superposition of states. Atomic and optical interferometers are
based on the same principle but the roles of matter and light are reversed (Figure 10). In an
optical interferometer, a light-wave is manipulated by matter optics (glass beamsplitters and
mirror). In an atomic interferometer, a matter-wave is shaped by laser pulses used as atom
optics. Contrary to optical interferometers, atomic interferometers are sensitive to inertial forces
thanks to the finite mass of the atoms.

(a) Optical Mach-Zehnder interferometer from
[23].

(b) Atomic Mach-Zehnder interferometer from
[24].

Figure 10: Comparison between atomic and optical interferometers.
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Interest of cold atoms inertial sensors for space gravimetry

The electrostatic accelerometers currently boarded on gravimetry missions are limited
by a thermal long-term drift. The use of cold atom accelerometers could help reduce this drift
as they display good long-term stability (Figure 11a). Several studies have been conducted to
assess the feasibility and the performances of a space cold atom accelerometer or gradiometer
as the same limitation arises for electrostatic gradiometers.

Some studies conceive a GOCE-like mission using a cold atom gradiometer to overcome
the low frequency noise of the electrostatic gradiometer of GOCE and improve the gravity field
retrieval [25–28]. These studies consider several configurations (Nadir-pointing or inertial mode
satellites) and simulate the expected performances of the instrument. [27] expects a sensitivity
of 5 mE/Hz1/2 with an atomic gradiometer using a BEC source similar to the one proposed
by [25].

(a) ASD (Amplitude Spectral Density) of electro-
static accelerometers (GRACE-FO and GOCE) and
a hybrid atomic/electrostatic accelerometer (Hy-
bridSTAR) from [29–31]. The HybridSTAR ac-
celerometer displays a noise level below the GOCE
and GRACE-FO sensors for low frequencies (below
1 × 10−1 Hz). (b) Science module of CAL on the ISS from [32].

Figure 11: Toward space operated inertial atomic sensors.

Other studies focus on a GRACE-like configuration involving a pair of satellites. Thus, [33]
proposes a general configuration of a long baseline gradiometer useful to measure the gravity
gradient or to detect gravitational waves. In this configuration, two satellites boarding an atom
interferometer are linked with a laser telemeter. [34] considers a similar configuration and
expects a sensitivity of 6 × 10−10 m/s2/Hz1/2. A last group of studies envision a combination
of an electrostatic accelerometer and an atomic sensor to combine the stability of the atomic
and the high frequency performances of the EA [29, 30, 35]. [30] studied the feasibility of a
hybrid instrument in a GRACE-like configuration with the implementation of the rotation
compensation with the EA acting as a mirror. A lab prototype of the hybrid instrument was
built and a preliminary experimental study of the rotation compensation was conducted. [29]
modelized a GRACE-like mission with an EA at the centre of mass of each satellite and cold
atom accelerometer beside. Thanks to this approach, the achievable stability is expected to be at
the level of 5 × 10−10 m/s2/Hz1/2.
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The operation of cold atom interferometers in space either on board a satellite or a space
station is still an experimental challenge. Nevertheless, several experiments paved the way to
space atomic sensors. Since 2013, interferometers using a BEC source have been operated in mi-
cro gravity in the Bremen drop tower [36]. Bose-Einstein Condensates have also been prepared
on board of the sounding-rocket mission MAIUS [37]. The preparation of the BEC source is the
first step toward the implementation of an atom interferometer. The first cold atoms at a tem-
perature of 100 µK in space were prepared in the Chinese space laboratory Tiangong-2 for the
implementation of the atomic clock CACES [38]. In 2018, the Bose-Einstein condensation was
achieved in the International Space Station (ISS) with the Cold Atom Lab (CAL) [32] (Figure 11b).

A short history of atom interferometry and cold atom inertial sensors

The implementation of atomic interferometry was enabled by the introduction of the
wave-particle duality concept at the beginning of the 20th century by Albert Einstein. The
wave-like property of the light was proposed by Huygens and confirmed by Young’s interference
experiment. Nevertheless, the photo-electric effect challenges this approach. If Max Planck
proposed the energy quantification in 1900 to explain the black-body radiation [39], Einstein
used this theory to explain the photo-electric effect in 1905 with the help of light quanta later
called "photons" [40]. Niels Bohr adapted Planck’s idea into a model of the hydrogen atom to
explain its discreet spectra lines. In 1917, Albert Einstein expanded the energy quantification
to explain the absorption and emission of energy by atoms [41] laying the foundations of laser
theory and atom interferometry theory.

Matter-wave interferometry

The first matter-wave experiments were the observations of diffraction patterns of elec-
trons (Figure 12a) through a nickel crystal in 1927 by Davisson and Germer [42]. Similar
experiments were performed with heavier particles in the following years. In 1930, Estermann
and Stern realised the diffraction of hydrogen H and dihydrogen H2 by a lithium fluorure crystal
LiF [43]. The diffraction of neutrons was also observed in 1936 by Halban and Preiswerk [44]
and Mitchell and Powers [45] the same year. In the last experiment, the neutrons were diffracted
by a magnesium oxide crystal.
After the wave-like properties of particle was observed, the first two-wave interferometers
using matter-waves were built. An experiment using electrons and three crystals to build a
Mach-Zehnder-like interferometer was conducted by Marton in 1952 [46]. Later, neutron inter-
ferometers (Figure 12b) were built by Maier-Leibnitz and Springer using "neutron mirrors" [47].
It is worth mentioning the development of the Ramsey interferometry which happened at the
same period [48]. Ramsey interferometry or spectroscopy uses an oscillating magnetic field to
measure the transition frequency of a particle leading to the creation of atomic clocks.
Matter-wave interferometry is sensitive to inertial forces thanks to the mass of the involved
particles. The first experimental implementations of interferometers sensitive to inertial forces
were in the 70’s with neutrons and were able to measure the Earth rotation [49] and the Earth
gravity [50]. These experiments were proofs of principle and paved the way to inertial sensors.
If neutrons are sensitive to inertial forces, their masses are not as important as the masses
of atoms. But how to manipulate the atomic wave function ? Several methods were stud-
ied with the use of splits [51], mechanical gratings [52] and matter-light interactions. One
photon transitions were considered by Riehle [53] and two photons transitions by Kasevich
and Chu [54]. Such transitions modify the internal atomic state as well as its external state
easing the state detection [55]. Later, atomic beamsplitters were created with Bragg scattering
from standing light waves but Bragg transitions do not modify the external atomic state. The
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development of such methods led to the creation of inertial sensors based on atom interferometry

(a) Electron diffraction figure from [56]. (b) Neutron interferometer from [57].

Figure 12: Example of wave-like properties of particles.

Inertial sensors

Atom interferometry based inertial sensors were developed since the 80’s. The first atomic
gravimeter was built by Kasevich and Chu using sodium [54] and cesium [58] atomic foun-
tains. The development of atomic inertial sensors was supported by the progress of atomic
cooling techniques below µK of alkali atoms [59–64]. Cold atoms have larger wave packet
and a smaller velocity distribution limiting the expansion of the atoms. This enables longer
interrogation times and better sensitivity of the interferometer. At the beginning of the 21st

century, the sensitivity of the Stanford gravimeter [24] was 2 × 10−7 m/s2/Hz1/2 and displayed
performances similar to classical gravimeters based on free-falling corners [65]. At the same
time, atomic gradiometers using two atomic clouds aiming to measure the gravity gradient
were implemented [66]. Cold atom gyroscopes were also developed [67]. Moreover, atomic
interferometry can also be useful to determine fundamental constants such as the fine structure
constant α [68, 69] or the gravity constant G [70]. Some tests of the Weak Equivalence Princi-
ple (WEP) were also performed with atom interferometry using two different atomic species [71].
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State of the art of atomic inertial sensors

Cold atom inertial sensors have known an exponential growth in the last two decades
thanks to their interesting long term stability and absolute measurement. In this state of the art,
the focus is on atomic accelerometers/gravimeters.

Static cold atom accelerometers

In this section, a non-exhaustive list of sensors operating in static environment will be
presented. A static environment is most of the time the Earth surface and the sensor aims to
measure the Earth gravity field. Such sensors operate in regular laboratories or low-vibration
environments such as underground laboratories but also in less protected environments for
mobile sensors.

Laboratory instruments

Laboratory sensors were the first cold atom sensors developed and aim for important
stability and low uncertainty. Thus, the interrogation time have to be as large as possible.
This can be achieved by launching the atoms in a fountain configuration [24] or by increasing
the height of the interferometer up to 10 m [72, 73]. Table 1 sums up the characteristics and
performances of a few lab accelerometers. The Stanford gravimeter was one of the first cold
atom sensor to display interesting performances. The vast majority of sensors implements a
Mach-Zehnder interferometer for its sensitivity to inertial forces.

Reference Characteristics
Sensitivity
(m/s2/Hz1/2)

Stability
(m s−2)

Uncertainty
(m s−2)

Stanford University
(Stanford) [24, 74]

MZ-Raman Fountain
(T=160 ms) molasses
source

1.7 × 10−7 1 × 10−8

(2000 s)
3.4 × 10−8

Huazhong (Wuhan) [75]
MZ-Raman Fountain
(T=300 ms) molasses
source

4.2 × 10−8 3 × 10−9

(300 s)
X

SYRTE (Paris) [76]
MZ-Raman Free fall
(T=80 ms) BEC-like
evaporative source

5.6 × 10−8 1 × 10−9 1.3 × 10−8

Australian National
University (Can-
berra) [77]

MZ-Bragg Free fall
(T=60 ms) molasses
source

6 × 10−7 2.7 × 10−8

(1000 s)
X

Table 1: Performances of static laboratory cold atom accelerometers (non-exhaustive list).

Mobile instruments

Once the proof was made of the performances of cold atom accelerometers, mobile sensors
started to be developed. Such sensors aim to measure out of the lab either for comparison
campaigns in low noise environments [78] or in less protected environments on a volcano side
for example [79] for geosciences applications. Mobile sensors can be transported from one
measure site to another but cannot be operate in a dynamical environment. They are usually
more compact than lab sensors with the use of fibre laser system and free fall configurations.
Field operated sensors like [80] also have shorter interrogation times. Table 2 presents some
mobile gravimeters developed around the world.
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Reference Characteristics
Sensitivity
(m/s2/Hz1/2)

Stability
(m s−2)

Uncertainty
(m s−2)

SYRTE (Paris) [78, 81]
MZ-Raman Free fall
(T=80 ms) Molasses
source

5.7 × 10−8 2 × 10−9

(2000 s)
4.3 × 10−8

National Institute of
Metrology (Beijing) [82]

MZ-Raman Free fall
(T=70 ms) Molasses
source

4.4 × 10−7 2 × 10−9

(30 000 s)
5.2 × 10−8

University of California
(Berkeley) [83]

MZ-Raman Free fall
(T=130 ms) Molasses
source

3.7 × 10−7 2 × 10−8

(1800 s)
4 × 10−7

Humboldt University
(Berlin) [84]

MZ-Raman Fountain
(T=260 ms) Molasses
source

9.6 × 10−8 5 × 10−10

(1 × 105 s)
3.9 × 10−8

Exail (Bordeaux) [80,
85]

MZ-Raman Free fall
(T=60 ms) Molasses
source

7.5 × 10−7 1 × 10−8

(1 × 104 s)
X

Huazhong University
(Wuhan) [86]

MZ-Raman Free fall
(T=200 ms) Molasses
source

2.4 × 10−7 5 × 10−9

(2000 s)
3 × 10−8

Table 2: Performances of static transportable cold atom accelerometers (non-exhaustive list).

Static sensors currently compete with state-of-the-art absolute classical gravimeters such
as free fall cube corner gravimeters. Such gravimeters take advantage of the free fall of a cube
corner to measure the gravity with an optical Mach-Zehnder interferometer [65]. In [78], an
atomic gravimeter and a commercial cube corner gravimeter FG5 were compared. The atomic
sensor has a higher repetition rate than the FG5: its average signal reaches a lower level more
quickly. The 1 × 10−8 m s−2 level was reached in 36 s for the atomic gravimeter and 86 s for the
FG5. Moreover, using atoms as a test mass avoids any deterioration of mechanical parts and
atomic gravimeters do not need to be calibrated. The level of vibration can limit the stability of
gravimeter which is why comparison campaigns are performed in underground labs. Currently,
the uncertainty of atomic sensors are limited either by the Earth rotation induced Coriolis
acceleration or by wave-front aberrations of the Raman laser.

Onboard cold atoms accelerometers

A last type of atomic accelerometers was developed in the last decade aiming to be
boarded on moving platforms for marine or airborne measurements. A sensor able to operate
in dynamical environments have many applications such as Earth gravity maps or ground
correlation navigation. Nevertheless, onboard sensors have to sustain important rotation rates
and horizontal accelerations. Until now, gyro-stabilised platform have been used to protect the
gravimeter from the carrier movement [1,87,88]. This type of instruments were able to perform
marine measurements as displayed on Figure 13. Shorter interrogation times also have to be
performed in dynamically operated sensors as can be seen in Table 3. The case of [89] is a bit
different as the sensor was operated in micro-gravity paving the way for spatial applications. If
no atomic interferometers have been operated in space either on a satellite or space stations,
many theoretical [29] or preliminary experimental [36,37] studies have been performed. This
work belongs to this research topic.



State of the art of atomic inertial sensors 15

(a) Gravity anomaly off the coast of Bretagne in
France measured by the GIRAFE 2 gravimeter
from [1]. The red lines correspond to the atomic
measurements. Right: model obtained from ship-
borne atom gravimeter measurements. The red
lines are the profiles on which the gravity was
measured. Left: model obtained from satellite
measurements.

(b) Gravity anomaly in the Yellow Sea of China
measured by an atomic gravimeter aboard a ma-
rine geological ship from [88].

Figure 13: Marine measurements of atomic gravimeters.

Reference Characteristics
Sensitivity
(m/s2/Hz1/2)

Stability
(m s−2)

Uncertainty
(m s−2)

ONERA (Palaiseau) [1,
87]

MZ-Raman Free fall
(T=20 ms) Molasses
source marine and
airborne measurements

8 × 10−6 X 1.7 × 10−6

Zhejiang University
(Hangzhou) [88]

MZ-Raman Free fall
(T=20 ms) Molasses
source marine measure-
ments

2 × 10−6 X 7 × 10−6

LP2N (Bordeaux) [89]

MZ and 4 pulses
interferometer-Raman
Free fall (T=10 ms
for MZ) velocity se-
lected molasses source
(300 nK) 0g plane
measurements with an
horizontal accelerome-
ter

2 × 10−4 X X

Table 3: Static performances of onboard cold atom accelerometers (non-exhaustive list).
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Cold atoms sensors and the impact of rotation

The cross-talk between acceleration and rotation is well known and can be explained by
the presence of inertial forces which create a pseudo acceleration due to the rotation. Let’s
consider an inertial frame R and a rotating frame R′ both centred in O . The acceleration of a
body M in the rotating frame is:

a⃗(M)(R′) = a⃗(M)(R) − 2Ω⃗∧ v⃗(M)(R′) − Ω⃗∧ Ω⃗∧
−−−→
OM − ˙⃗

Ω∧
−−−→
OM (1)

with a⃗(M)(R) the acceleration in the inertial frame resulting from the forces applied to the body,

v⃗(M)(R′) the velocity in the rotating frame and Ω⃗ the rotation vector of R′ around R. The pseudo

accelerations are usually labelled as Coriolis acceleration −2Ω⃗∧ v⃗(M)(R′) , Centrifugal accelera-

tion −Ω⃗∧ Ω⃗∧
−−−→
OM and Angular acceleration − ˙⃗

Ω∧
−−−→
OM . Hence, any accelerometers measuring

the acceleration of a rotating body will also measure the pseudo accelerations in addition to
the acceleration resultant of the forces acting on the body. The case of atomic accelerometer is
slightly different as the action of rotation will also result in a loss of sensitivity. The contrast of
a rotating interferometer will indeed diminish due to the velocity and position dispersion of the
atomic cloud used as proof-mass.

The effect of the Earth rotation was noticed in the first atomic gravimeters and can be a
limiting parameter of the uncertainty due to the Coriolis systematic effect [24]. Then, the focus
was on the reduction of the Coriolis systematic effect and several methods were tested. In [90],
the laser retro-reflection mirror was mounted on tip-tilt piezo actuator to compensate the Earth
rotation by rotating the mirror enabling the reduction of the uncertainty on the gravimeter
measurement. The same approach was implemented on a large space-time area interferometer
in [3]. Due to the important momentum transfer allowed by the Bragg transitions and the long
interrogation time, the Earth rotation induced an important contrast loss. The mirror rotation
improved the contrast up to 350% and the removal of the Coriolis systematic effect. The mirror
was also rotated thanks to a tip-tilt mount for the Weak Equivalence Principle interferometric
test in [91] to reduce the Coriolis error term and improve the contrast in a double diffraction
scheme. This method can even be implemented in point source interferometers [92]. A slightly
different approach is considered for long baseline interferometry dedicated to gravitational
waves detection. [93] proposed to rotate the laser beam around a tunable point to prevent an
important separation between the incoming and the reflected laser beams. In [94], a different
approach was chosen to evaluate the Coriolis effect on the gravimeter measurement. As the
sensor was mobile, its orientation could be rotated of 180°. This manipulation changes the sign
of the Coriolis induced phase shift allowing its measurement. The Coriolis bias can then be
removed from the acceleration measurement.

The effect of the carrier rotation is also a problem for onboard sensors. Moreover the
rotation rates encountered are larger than the Earth rotation rate. For onboard gravimeters, the
problem was solved with the use of gyrostabilised platforms [1, 88]. Prospective studies have
been conducted to use a tip-tilt mirror to compensate the carrier rotation either for terrestrial
applications [42] or space applications [95]. The last study even proposes to rotate the incoming
laser beam to further diminish the Centrifugal acceleration. The rotation problem is quite
similar in atomic gyroscope even if the rotation rate is the parameter to be measured. [96] used
the tip-tilt compensation method to recover the contrast and extend the gyroscope measurement
range. An interesting method was implemented in [97] by generating a pseudo rotation with
the two-photon Raman detuning to compensate the sensor rotation. The contrast was recovered
while measuring the rotation rate and expanding the dynamic range of the sensor. Nevertheless,
this method can only be implemented in thermal beam sensors.
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Present work

Organisation of the research work

This PhD manuscript presents the research study performed on the hybrid lab prototype
in order to study and mitigate the impact of rotation. The work conducted was mostly experi-
mental associated with theoretical modelling of the rotating sensor in the lab. Some simulations
of a space sensor were also conducted to assess the performances onboard a satellite.

The experimental setup used in this work was originally built to study the hybridisation
of the electrostatic and atomic accelerometer [30]. For this study, the electrostatic and atomic
sensors were closely linked as the laser interrogating the atoms was reflected on the EA proof-
mass. Here, this property was used to compensate the sensor rotation. The EA was designed by
the IEA unit in Châtillon and is close to space EA design. Some differences reside in the design
to sustain the Earth gravity and to allow the laser to be reflected on the proof-mass. The atomic
sensor head was reused from the first ONERA gravimeter GIRAFE 1 [98] while the laser system
was designed and built during the PhD of Clément Diboune. The laser system is completely
fibered and can manipulate three atomic species: 87Rb, 85Rb and 133Cs [99]. In this work, only
the laser dedicated to the manipulation of 87Rb was used.

The first step of this work consisted in the improvement of the laser system. Some
temporal variations of the laser intensity and spectral power distribution had been observed
and induced a variation of the interferometer contrast. To solve this issue, closed-loop lock
systems were added to the laser system. Afterwards, the first experiments of the mirror rotation
were performed. At the beginning, only the contrast of the interferometer could be measured,
as the electrostatic levitation of the proof-mass and the use of the passive vibration isolation
platform was difficult to achieve. After several steps of alignment and calibration of the EA
capacitive detection both contrast and phase shift were measured. These measurements were
important to the understanding of the mirror rotation impact on the interferometer. They
also led to improve the knowledge of the atomic cloud kinetic parameters. Then, the whole
sensor was rotated. This step was also challenging as the different parts of the setup: the table
supporting the sensor, the isolation platform and the EA had to be parallel and perpendicular
to the gravity direction. Moreover, the sensor rotation and the isolation platform made the EA
levitation difficult. The contrast and phase shift were studied only in the presence of the sensor
rotation then the compensation was implemented. Lastly, during a two month stay at ESTEC
(European Space Research and Technology Centre), the ESA research centre in the Netherlands,
a theoretical study of space performances of the rotation compensated atomic accelerometer
was carried out.
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Layout of the present manuscript

In this manuscript, the work carried out in this PhD work is presented as follows:
Chapter 1 is a theoretical Chapter presenting the information necessary to understand the
atomic interferometer principle of operation for measure acceleration. The impact of the rota-
tion on the interferometer is also analysed.
Chapter 2 contains the description of the experimental setup: the atomic interferometer and
the electrostatic accelerometer are described as well as the improvements made to the atomic
interferometer during the PhD work. The experimental methods implemented to collect and
process the experimental data are also described.
In Chapter 3, the impact of the rotation of the EA accelerometer acting as an actuated retro-
reflection mirror is experimentally studied. In particular, this study enables us to gain a better
understanding of the effects induced by the mirror rotation. Moreover, the excellent control of
the mirror rotation provides a way to characterize the kinetic parameters of the atomic cloud.
In Chapter 4, the impact of the sensor rotation and its compensation were studied for constant
and time-dependent rotation rates. The results of the rotation compensation implementation
are presented for several case studies.
Chapter 5 aims to give a preliminary budget performance of a rotation compensated atomic
accelerometer boarded on a satellite. A nadir-pointing gravimetry satellite boarding an atomic
accelerometer is considered.
Lastly, the conclusion will give an overview of the PhD work as well as some perspectives to this
work.
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Introduction
The principle of atomic interferometry is based upon the wave-particle duality: an

atom can be described as a wave function expressing the presence probability ampli-
tude [100]. In an atomic interferometer, the atom is in a coherent state superposition
between the two arms of the interferometer: the amplitude probability of the atom
is divided between the two arms. At the end of the interferometer, the two arms are
recombined and an interference phenomenon appears: an atomic interferometer is an
interferometer of amplitude division [101]. As the state superposition is created by a
light-driven transition, the momentum of the atom varies during the interferometer.
Thereby, phase shift between the two arms of the interferometer can be sensitive to
inertial forces in some configurations. Atomic interferometry can be a tool to implement
an accelerometer [24, 54]. Nevertheless, the rotation of such a sensor can lead to a
deterioration of the acceleration measurement [3, 95].

In this Chapter, the building blocks of a Mach-Zehnder atomic interferometer
are presented such as the dynamics of two-photon transitions used as optics for atoms.
Then, the interferometer is described globally and its phase shift is computed from
the point of view of an atomic accelerometer. Finally, the detrimental impacts of the
sensor rotation on the interferometer is examined. A method to reduce those detrimental
effects is studied theoretically by rotating the mirror in the opposite way of the sensor. A
numerical method to compute the phase shift and contrast of the rotating interferometer
is also introduced.

1.1 Two photons Raman transitions

To implement the atomic interferometer, two-photon Raman transitions are used to put
the atom in a coherent superposition between two atomic states. The two photons Raman
transition changes the momentum and the internal state of the atoms thus implementing "state
labelling" presented in [55]. This technique eases the detection as detecting the internal states is
easier than detecting the external states. Indeed, to detect an external state, it is necessary to
wait for a spatial separation. The state labelling is an advantage of Raman transitions and is not
possible with Bragg transitions [102] for example as Bragg transitions do not change the atom
internal state.
Two-photon Raman transition give a large recoil momentum greater than the associated micro-
wave transition. This important recoil increases the space-time area of the interferometer and
thus its sensitivity to inertial effects such as acceleration, gravity, rotation and gravity gradient.
The alkali atoms are particularly well adapted to implement such transitions as they only have
one electron on the external energy level. Moreover, their ground states have a long live-time. In
this work, the energy levels of the D2 line of the Rubidium 87 are coupled with a laser at 780 nm.

1.1.1 Three level atom

Let’s consider a three level atom of mass m in interaction with an electro-magnetic field.
Two stable states |e⟩ and |f ⟩ and an intermediate state |c⟩ are coupled with an electro-magnetic
field. The electro-magnetic field results in two counter-propagating laser beams with two
different frequencies. Their wave vectors and pulsations are (k⃗l ,ωl) with l ∈ {1,2}. The two
corresponding electric fields can be written as a plane wave (Equation 1.1).

−̂→
El

(
−̂→r , t

)
= El exp

(
i(ωlt −

−→
kl .
−̂→r +φl(t))

)
−̂→ϵl + c.c. (1.1)
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with −̂→ϵl the polarisation, −̂→r the position operator and φl(t) the laser beam phase.

The two stable atomic states |e⟩ and |f ⟩ are coupled with an intermediate state |c⟩ of
natural width Γ through the electromagnetic field. The laser frequency difference ω1 −ω2 is
close to the frequency difference between the two stable states |e⟩ and |f ⟩. The one-photon
transition is detuned by a frequency ∆ from the intermediate level |c⟩ (Equation 1.2). This
Raman detuning is larger than the natural width ℏ∆≫ ℏΓ to limit the spontaneous emission
from the intermediate state |c⟩ [103].

∆ = ω1 − (ωc −ωf ) (1.2)

Momentum transfer

As represented on Figure 1.1a, the Raman transition transfers the atom from a state
∣∣∣f , −→p 〉

to a state
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
. The momentum ℏ

−−→
keff is transferred to the atom with

−−→
keff the effective

wave vector of the two-photon transition:

−−→
keff =

−→
k1 −

−→
k2 (1.3)

As described on Figure 1.1b, the photon of pulsation ω1 is absorbed: a momentum
−→
k1 is

transferred to the atom. The photon at ω2 generates a stimulated emission at the same frequency:

a momentum −
−→
k2 is transferred to the atom. The total transferred momentum is now

−−→
keff . A

change in the external state is now associated with a change of the internal state of the atom.

(a) Energy diagram of a three levels atom. The pho-
tons at a frequency ω1 and ω2 address a transition

between the stable states
∣∣∣f , −→p 〉

and
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
through an intermediate state |c⟩.

Absorption

Stimulated emission

(b) Momentum transfer from the photons to the
atom during a two-photon transition.

Figure 1.1: Description of the two-photon Raman transition.
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Resonance condition

According to the energy conservation for the transition
∣∣∣f , p⃗〉 → ∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and neglect-

ing the light-shifts and the Zeeman effect, Equation 1.4 has to be respected for the transition to
be efficient.

ℏω1 + ℏωf +
−→p 2

2m
= ℏω2 + ℏωe +

(−→p + ℏ

−−→
keff )2

2m
(1.4)

The detuning δ of the two-photon transition can be written has:

δ = (ω1 −ω2)−G −ωR −ωD (1.5)

with G = ωe −ωf the frequency of the transition between the two stable states, ωR = ℏk2
eff

2m the

recoil frequency associated to the Raman transition and ωD = p⃗.
−−→
keff
m the Doppler detuning. The

resonance condition is verified if δ = 0. Experimentally, the frequency difference between the
two lasers (ω1 −ω2) is tuned to compensate the Doppler and recoil frequency.

1.1.2 Dynamics of a Raman transition

The system temporal evolution during the interaction between the atom and the electro-
magnetic fields, can be studied by solving the Schrödinger equation:

iℏ
∂ |Ψ (t)⟩

∂t
=

(
ĤA + Ĥint

)
|Ψ (t)⟩ (1.6)

with |Ψ (t)⟩ the state vector of the system. The system Hamiltonian is the sum of the atomic
Hamiltonian and the interaction Hamiltonian. The atomic Hamiltonian (Equation 1.7) involves
the three atomic states and the movement of the atom centre-of-mass.

ĤA =
−̂→
P

2

2m
+ ℏωf |f ⟩⟨f |+ ℏωe |e⟩⟨e|+ ℏωc |c⟩⟨c| (1.7)

The interaction Hamiltonian characterises the interaction between the atom and the
electric fields:

Ĥint = − ˆ⃗
d.

( −̂→
E1

(
−̂→r , t

)
+
−̂→
E2

(
−̂→r , t

))
(1.8)

with
ˆ⃗
d the operator electrical dipolar moment.

To express the coupling between the stable states |e⟩ or |f ⟩ and the intermediate state |c⟩
through the laser, the Rabi pulsations can be defined:

Ωj,l = −2El

ℏ

⟨c|
−̂→
d . −̂→ϵl |j⟩ (1.9)

with j ∈ {e, f } and c the atomic states and l ∈ {1,2} the electric field.

As the Raman detuning ∆ is very large compared to the Rabi pulsations and the natural
linewidth Γ of the transition, the intermediate state |c⟩ is almost not populated and the sponta-
neous emission can be neglected. Moreover, as the stable states have a very long lifetime, the
coherence of the state superposition is not limited by the linewidth Γ . Thus, the intermediate
state |c⟩ can be eliminated adiabatically as demonstrated in [101]. The system can then be re-

duced to a two-level system:
{∣∣∣f , −→p 〉

,
∣∣∣∣e, −→p + ℏ

−−→
keff

〉}
coupled by the Raman transition. Therefore,
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an effective Rabi pulsation characterising the coupling between |f ⟩ and |e⟩, can be defined:

Ωeff =
Ωf ,1Ωe,2∗

2∆
(1.10)

The wave function |Ψ (t)⟩ can be expressed in the basis {
∣∣∣f , −→p 〉

,
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
}:

|Ψ (t)⟩ = Cf (t)
∣∣∣f , −→p 〉

+Ce(t)
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
(1.11)

with Cf and Ce complex numbers associated to the presence probability of each state. The
resolution of Equation 1.6 gives the temporal evolution of the system and can be found in [101].
The temporal evolution from an initial state |Ψ (t)⟩ can be written as an evolution matrix
M(t,τ,ϕ). (

Cf (t + τ)
Ce(t + τ)

)
= M(t,τ,ϕ)

(
Cf (t)
Ce(t)

)
(1.12)

The evolution matrix for an interaction of duration τ is the following:

M(t,τ,ϕ) =


[
cos

(
ΩRτ

2

)
− i cosθ sin

(
ΩRτ

2

)]
e−iω̄f τ −iei[(ω1−ω2)t+ϕ] sinθ sin

(
ΩRτ

2

)
e−iω̄f τ

−ie−i[(ω1−ω2)t+ϕ] sinθ sin
(
ΩRτ

2

)
e−iω̄eτ

[
cos

(
ΩRτ

2

)
+ i cosθ sin

(
ΩRτ

2

)]
e−iω̄eτ

 (1.13)

In the resolution of Equation 1.6, the one-photon light-shifts induced by the two electric
fields have to be computed:

δωf =
|Ωf ,1|2

4∆
+
|Ωf ,2|2

4(∆−G)

δωe =
|Ωe,1|2

4(∆+G)
+
|Ωe,2|2

4∆

(1.14)

The differential δLS1 and mean µLS1 one-photon light shift can also be defined.

δLS1 = δωe − δωf

µLS1 = δωe + δωf

(1.15)

The generalised Rabi frequency taking into account the one-photon light-shifts can be deter-
mined.

ΩR =

√
Ω2

eff +
(
δ − δLS1

)2
(1.16)

To simplify the expression of the evolution matrix, the following expressions were intro-
duced.

cosθ =
δ − δLS1

ΩR

sinθ =
|Ωeff|
ΩR

(1.17)

ω̄f = ωf +
−→p 2

2mℏ

+

(
µLS1 − δ

)
2

ω̄e = ωe +

(
−→p + ℏ

−−→
keff

)2

2mℏ

+

(
µLS1 + δ

)
2

(1.18)
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The laser phases are considered constant during the interaction of duration τ between
the atom and the electromagnetic field. The Raman laser phase ϕ is defined as the difference
between the phase of the two lasers: ϕ = φ1 −φ2.

For an initial system in a state
∣∣∣f , p⃗〉 interacting for a duration τ , the presence probabilities

in each state can be computed thanks to the evolution matrix:

Pf (τ) = |Cf (τ)|2 = 1−
Ω2

eff

Ω2
R

sin2
(
ΩRτ

2

)
Pe(τ) = |Ce(τ)|2 =

Ω2
eff

Ω2
R

sin2
(
ΩRτ

2

) (1.19)

Generalised resonance condition

The resonance condition presented in Section 1.1.1 can be improved by taking into
account the one and two-photon light-shifts and the Zeeman effect. These effects shift the
atomic levels due to the atom/laser interaction for the light-shifts and due to the atom/magnetic
field interaction for the Zeeman effect. The differential shift between the levels considering
these effects can be written as:

δdiff = δLS1 + δLS2 + δZ (1.20)

with δLS1 the one-photon light-shift, δLS2 the two-photon light-shift and δZ the shift due to
the Zeeman effect. Due to the light shifts and the Zeeman effect, the resonance condition of
Equation 1.5 can be corrected and the generalised resonance condition is now:

δ = δdiff = (ω1 −ω2)−G −ωR −ωD (1.21)

The shift of the atomic level due to the Zeeman effect can be limited by choosing a hy-
perfine sub-level mF = 0 which is insensitive to the first order Zeeman effect [100, 104]. The
one-photon light shift can be cancelled experimentally by carefully tuning the Raman laser
spectrum (see Section 1.1.3 and [103]). Moreover, the residual Zeeman and one-photon light
shifts can be cancelled at the end of the interferometer by alternately changing the direction of

the effective wave vector
−−→
keff : the sign of these two light-shifts depends on the sign of

−−→
keff . The

two-photon light shift cannot be cancelled and impacts the phase shift of the interferometer.
For a more exhaustive treatment see [105, 106].

One photon light-shift

The photon light shift is provoked by the atom/light interaction and thus depends on
the laser spectrum power distribution. The hyperfine levels |f ⟩ and |e⟩ are shifted from a mean
light-shift Ωf and respectively Ωe as can be seen on Figure 1.2. As both levels are shifted, the
relevant value for the resonance condition is the mean differential light-shift δLS1 = Ωe −Ωf .
As the light-shift depends on the laser power distribution, a well-chosen spectrum can cancel
the differential light shift. Figure 1.2 represents the hyperfine structure of the D2 line of the
Rubidium 87 and the laser frequencies accounted for during the Raman transition. The fre-
quencies ω1 and ω2 realise the two-photon transition. The frequency ω2 = ω0 is the carrier
frequency of the modulated laser. As the laser is phase modulated at ωm several side-bands
are present in the laser spectrum. The first order modulated frequency ω1 = ω0 +ωm is used to
perform the Raman transition. The modulation also creates many frequencies which are not
used in the Raman transition in the considered case. In this work, only the first order modulated
frequencies are considered and the other first order modulated frequency ωp = ω0−ωm is called
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the parasite frequency. For more information on the laser system see Chapter 2. The different
frequency differences are defined as algebraic numbers (∆ < 0 , ∆2 > 0, G > 0 et ∆3 > 0) and the
reference level is F’=1 (∆1 = 0). ∆ the Raman detuning, is a parameter of the experiment and
the energy splittings between the atomic levels can be found in [107].

780.2 nm 
384.2 THz

F'=3

F'=2

F'=1
F'=0

F=2

F=1

Figure 1.2: Rubidium 87 D2 line structure and frequencies of a Raman pulse. ω1 and ω2 are
the frequencies of the two-photon Raman transition. ωp is a parasite frequency due to the laser
modulation. The energy diagram is not to scale.

The one photon light-shift can be expressed as a function of the Rabi frequency and the
detuning for each laser frequency ω, each atomic sub-level k of 52P3/2 and each polarisation
σ [103, 108].

Ωf =
∑
k

∑
ω

∑
σ=±1

|Ωkf ωσ |2

4δf kω

Ωe =
∑
k

∑
ω

∑
σ=±1

|Ωkf ωσ |2

4δekω

(1.22)
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The Rabi frequency is expressed as:

Ωmkωσ = −1
ℏ

〈
52P3/2F

′ = k
∣∣∣d.ϵ̂.Eωσ

∣∣∣m〉
= Ωωσ ⟨k|m⟩

(1.23)

with m=e or f, Ωωσ = 2DEωσ
ℏ

the simplified Rabi frequency, Eωσ the amplitude of the electric field
at a frequency ω and polarisation σ and ⟨k|m⟩ the Clebsch-Gordan coefficient of the transition.
As the Raman laser has a lin⊥ lin polarisation, each linear polarisation have to be decomposed
on the σ+ and σ− circular polarisations. The values of the detunings δf kω of Equation 1.22 are
the following:

• δf k1 = ∆−∆k

• δf k2 = −G+∆−∆k

• δf kp = −2G+∆−∆k

• δek1 = G+∆−∆k

• δek2 = ∆−∆k

• δekp = −G+∆−∆k

Considering a three laser frequencies interacting with the D2 line of the Rubidium, the
one photon light-shifts can be expressed as a function of the different detunings:

Ωf =
Ω2

1
4

[
5

24(∆)
+

1
8(∆−∆2)

]
+
Ω2

2
4

[
5

24(∆−G)
+

1
8(∆−G −∆2)

]
+
Ω2

p

4

[
5

24(∆− 2G)
+

1
8(∆−∆2 − 2G)

]
Ωe =

Ω2
1

4

[
1

120(∆+G)
+

1
8(∆−∆2)

+
1

5(G+∆−∆3)

]
+
Ω2

2
4

[
1

120(∆)
+

1
8(∆−∆2)

+
1

5(∆−∆3)

]
+
Ω2

p

4

[
1

120(∆−G)
+

1
8(∆−∆2 −G)

+
1

5(∆−G −∆3)

]
(1.24)

For clarity’s sake, the one photon light-shifts can be written in a simplified form with the
coefficients αmω.

Ωf = αf 1
Ω2

1
4

+αf 2
Ω2

2
4

+αf p

Ω2
p

4

Ωe = αe1
Ω2

1
4

+αe2
Ω2

2
4

+αep

Ω2
p

4

(1.25)

To cancel the differential one photon light-shift, the light shifts of the level f and e have to
be equal: Ωf = Ωe. Moreover, the Rabi frequencies depend on the electric field of each frequency

component: Ω1 = 2DE1
ℏ

, Ω2 = 2DE2
ℏ

and Ωp =
2DEp

ℏ
. The electrical fields of the components ω1

and ωp, are expected to have the same amplitude and intensity: E1 = Ep and I1 = Ip. An intensity
ratio R cancelling the differential one-photon light shift can be found:

R =
I1
I2

=
αf 2 −αe2

αe1 +αep −αf 1 −αf p
(1.26)

This intensity ratio R depends on the Raman detuning ∆ as can be seen on Figure 1.3. The choice
of the detuning ∆ is a trade-off between an important Rabi frequency and a small spontaneous
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emission. In this work, the detuning was fixed to −1 GHz. The optimal ratio is slightly different
considering the parasite frequency or not as shown by Equation 1.26. For ∆ = −1GHz, in the
absence of the a parasite frequency ωp, the optimal ratio is R = 0.57. Considering the parasite
frequency, the optimal ratio becomes 0.6.

3.02.52.01.51.00.50.0
Detuning  (GHz)
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=
I 1 I 2

without parasite frequency
with parasite frequency
this work

Figure 1.3: Intensity ratio R cancelling the one photon light-shift as a function of the Raman
detuning ∆.

1.1.3 Atomic mirror and beamsplitter

To implement an atomic Mach-Zehnder interferometer, atomic beamsplitters and mirrors
are needed to manipulate the wave packet. By tuning the laser pulse duration, the laser/atom
interaction can put the wave packet in a state superposition or redirecting the wave packet
creating an atomic beamsplitter or an atomic mirror. Let’s consider the resonance condition
true: the evolution matrix of Equation 1.13 can be simplified as δ = δdiff and ΩR = |Ωeff|.

M(t,τ,ϕ) =

 cos
(
Ωeffτ

2

)
e−iω̄f τ −iei[(ω1−ω2)t+ϕ] sin

(
Ωeffτ

2

)
e−iω̄f τ

−ie−i[(ω1−ω2)t+ϕ] sin
(
Ωeffτ

2

)
e−iω̄eτ cos

(
Ωeffτ

2

)
e−iω̄eτ

 (1.27)

Atomic beamsplitter

To create an atomic beamsplitter, the duration τ of the atom/light interaction has to be

chosen to have an equiprobability between the states
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and

∣∣∣f , −→p 〉
. The duration of

a beamsplitter τ π
2

can be chosen as a quarter of a Rabi oscillation (Figure 1.4a): τ π
2

= π
2Ωeff

. In
these conditions, the evolution matrix becomes:

M π
2
(t,τ π

2
,ϕ) =

1
√

2

 e
−iω̄f τ π

2 −iei[(ω1−ω2)t+ϕ]−iω̄f τ π
2

−ie−i[(ω1−ω2)t+ϕ]−iω̄eτ π
2 e

−iω̄eτ π
2

 (1.28)

After a beamsplitter pulse, for an initial state
∣∣∣f , −→p 〉

, the atom ends in a coherent superposition

1√
2

(∣∣∣f , −→p 〉
+
∣∣∣∣e, −→p + ℏ

−−→
keff

〉)
(Figure 1.4b). The beamsplitter pulse is used to divide the wave

packet at the beginning of the interferometer and to recombine the wave packet at the end.
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(a) Rabi oscillations of the presence probability in

the state
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
. After an interaction of τ π

2
,

the atom is in a perfect state superposition. After a
duration, τπ, the state of the atom has completely
changed.

Beamsplitter

Mirror

(b) Atomic beamplitter and mirror using two-
photon transitions.

Figure 1.4: Building blocks of atom optics

Atomic mirror

To create a mirror, the atomic states have to be inverted between
∣∣∣f , −→p 〉

and
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
or vice-versa. The duration of a mirror pulse τπ can be chosen as half a period of a Rabi
oscillation (Figure 1.4a): τπ = π

Ωeff
. The evolution matrix is now:

Mπ(t,τπ,ϕ) = −i
(

0 ei[(ω1−ω2)t+ϕ]−iω̄f τπ

e−i[(ω1−ω2)t+ϕ]−iω̄eτπ 0

)
(1.29)

The mirror pulse allows to reflect the wave packet and is used to redirect the wave packet in the
middle of the interferometer.

Raman induced phase

During each Raman pulse, the phase of the wave function is modified under the influence
of the Raman laser. The wave function now depends on the laser phase ϕ at the interaction
time. The phase term depends on the momentum (mirror or beamsplitter) and on the state
modification. Table 1.1 sums up the phase accumulated during the laser pulse in the different
cases.

For the interferometer, the relevant phase is (ω1 −ω2)t and ϕ. According to Table 1.1,
the atom is sensitive to this phase only if its state is modified and the sign of the gained phase
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Transition Phase for a mirror Phase for a beamsplitter
|f ⟩ → |f ⟩ 0 −ω̄f τ π

2

|f ⟩ → |e⟩ −(ω1 −ω2)t −ϕ − ω̄eτπ − π
2 −(ω1 −ω2)t −ϕ − ω̄eτ π

2
− π

2
|e⟩ → |f ⟩ (ω1 −ω2)t +ϕ − iω̄f τπ − π

2 (ω1 −ω2)t +ϕ − ω̄f τ π
2
− π

2
|e⟩ → |e⟩ 0 −ω̄eτ π

2

Table 1.1: Phase shift gained during a Raman transition for different initial states and pulse
duration (beamsplitter or mirror).

depends on the initial state.

1.2 Mach-Zehnder interferometer

In the previous section, the building blocks of the interferometer were presented. Now,
the Mach-Zehnder interferometer used in this work can be implemented. The Mach-Zehnder
interferometer was chosen among other interferometers for its sensitivity to inertial effects such
as the acceleration.

1.2.1 Description of a Mach-Zehnder interferometer

The Mach-Zehnder interferometer consists in a succession of three Raman pulses as de-
scribed on Figure 1.5. The input state of the interferometer is

∣∣∣f , −→p 〉
, then a first beamsplitter

pulse creates a coherent superposition of states. After a propagation lasting a time T, a mirror
pulse redirects the two components of the wave packet allowing them to cross after a time T. A
last beamsplitter recombines the two components and makes them interfere. The total duration
of the interferometer is 2T + 4τ . The repartition of amplitude probability between the states∣∣∣f , −→p 〉

and
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
expresses the interference fringes and thus the phase shift between the

two arms of the interferometer. For example, this interferometer can be used to measure the
Earth gravity acceleration [24, 58] when the Raman laser is vertically aligned.

To compute the atomic state after the interferometer, the formalism of the evolution
matrix is useful. In the previous section, the effect of the Raman interaction was written as a
matrix. With the same formalism, the effect of the free propagation between the laser pulses
can also be written as a propagation matrix:

MP (t) =
(
e−iωf t 0

0 e−iωet

)
(1.30)

The total evolution matrix of the interferometer can be computed as a product of the
interaction matrices and the free propagation matrices.

Minterf ero = M π
2
(t0+2T+3τ,τ,ϕ(t0+2T )).MP (T ).Mπ(t0+T+τ,2τ,ϕ(t0+T )).MP (T ).M π

2
(t0, τ,ϕ(t0))

(1.31)
with τ the duration of a beamsplitter pulse and 2τ the duration of a mirror pulse. This expres-
sion is valid under the hypothesis of a constant laser phase during each pulse.



1.2. Mach-Zehnder interferometer 30

Beamsplitter BeamsplitterMirror

X

t

A
B

C
D

Figure 1.5: Space-time diagram of a Mach-Zehnder atomic accelerometer with a direction
of measurement along the X axis. The three long red rectangles represents the laser pulses
π
2 −π −

π
2 driving the atomic transitions between the ground state

∣∣∣f , −→p 〉
and the excited state∣∣∣∣e, −→p + ℏ

−−→
keff

〉
. The atoms free fall for a time t0 before the beginning of the interferometer. The

first and third laser pulses put the atoms in a superposition of states and have a duration τ . The
second pulse redirects the atomic cloud and lasts 2τ .

1.2.2 Phase shift calculation

The knowledge of the interferometer phase shift is essential as it enables the acceleration

measurements. The probability to detect the atom in the state
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
can be expressed

with the help of the interferometer matrix.

Pe = |
〈
e, −→p + ℏ

−−→
keff

∣∣∣∣Minterf ero

∣∣∣f , −→p 〉
|2

=
1− cos(∆Φ)

2

(1.32)

with ∆Φ the phase shift between the two arms of the interferometer. The phase difference
between the two arms of the interferometer is only impacted by the phase ϕ accumulated during
the Raman transitions.

∆Φ = ϕ(t0)− 2ϕ(t0 + T ) +ϕ(t0 + 2T ) (1.33)

Thanks to the symmetry of the interferometer, each arm spends the same amount of time
in each state: the phase due to the difference between the laser frequency is cancelled. The terms
due to the propagation between the pulses are also cancelled for the same reason. Therefore,
the phase shift of the interferometer only depends on the laser phase during each pulse.

Phase shift induced by a constant acceleration

All the previous calculations were conducted for a motionless atom. One can consider an
atom in free fall with a constant acceleration a⃗0. In the free falling atom frame, the momentum
of the atom is constant: the atom hamiltonian interacting with the Raman laser is given by
Equations 1.7 and 1.8. Experimentally, the Raman laser is reflected on a mirror used as the
laser phase reference. Thus, the laser phase depends on the position between the mirror and the

atom. The position operator ˆ⃗
R in the electric field expression needs to be expressed in the atom

frame: supplementary terms appear in the laser phase expression. For plane waves, the laser
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phase ϕ in the atom frame depends on the effective wave vector of the Raman transition k⃗eff, the
position of the atom with respect to the mirror r⃗ and the initial laser phase φi :

ϕ(t) = k⃗eff(t).⃗r(t) + (φ1(t)−φ2(t)) (1.34)

The laser phase variations during the pulse are neglected: (φ1(t) − φ2(t)) ≈ 0 and the
laser pulses are considered infinitely short τ ≪ T . The position of the atom with respect to the
mirror r⃗(t) = M⃗A is the mean position of the atom between the two arms of the interferometer
represented as the dotted grey line on Figure 1.5.

Under a constant acceleration a⃗0, the atom trajectory can be written as r⃗(t) = a⃗0
t2

2 + v⃗0t+ r⃗0
with v⃗0 and r⃗0 the initial position and velocity at t = 0. In these conditions, the phase shift is
proportional to projection of the acceleration along the direction of the effective wave vector.

∆Φ ≈ T 2k⃗eff.a⃗0 (1.35)

The interferometer allows to measure the acceleration along the effective wave vector
which gives the direction of the measurement. The measured acceleration is the acceleration of
the free falling atom with respect to the mirror. The sensitivity of the accelerometer created by
the interferometer is given by the scale factor S = keffT

2. A longer interrogation time will lead
to an increased sensitivity.

Another method to calculate the phase shift

The phase shift of an atomic interferometer can also be calculated using the path integral
method. This method allows to obtain a more accurate value of the phase shift and to take into
account other inertial effects such as the gravity gradient. This method can be used to compute
the phase shift of many interferometry based setups from accelerometers to gyroscopes and
atomic clocks [109].

In this method, the total phase shift of the interferometer is divided in three contributions:

∆Φtotal = ∆Φprop +∆Φlaser +∆Φsep (1.36)

Propagation: ∆Φprop is the phase shift associated with the wave packet propagation between
the laser pulses. This term is calculated using the Feynman path integral. The classical actions
of the wave packet trajectories are computed by integrating the Lagrangian over the classical
trajectories of the mean position of the wave packets.

Laser: ∆Φlaser is the phase shift due to the atom-laser interactions used to manipulate the wave
packets. This phase shift can be written as:

∆Φlaser =
−−→
keff .(

−→rA − −→rB − −→rC + −→rD ) (1.37)

with keff the effective wave vector and −→ri the mean position of the atomic wave packet. The
letter i ∈ {A,B,C,D} refers to Figure 1.5.

Separation: ∆Φsep appears if the interferometer is not closed in position: at the last pulse of
the interferometer, the positions of the wave packets do not coincide. This phase shift can be
approximated as:

∆Φsep = −→p .
∆
−→r
ℏ

(1.38)
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with −→p the momentum of the wave packet and ∆
−→r the spatial separation between the centres

of the two wave packets at the last beamsplitter.

1.2.3 Contrast calculation

The contrast of the interferometer expresses the amplitude of the interference fringes. In
Equation 1.32 the contrast is considered ideal and equal to 1 but several phenomena can induce
a lower contrast. Here is a non-exhaustive list of phenomena causing a loss of contrast.

• the velocity and position distributions of the atomic cloud [110]

• the gaussian intensity profile of the laser beam

• the rotation of the interferometer

• the spontaneous emission

• the inhomogeneity of the magnetic field ...

In this Section, only the effect of a variation of the laser intensity on the contrast will be
studied. As regards the contrast loss due to a rotation, it will be detailed in Section 1.3.

Impact of the laser intensity on the contrast

To account for the reduction of the contrast, the probability to detect the atom in the state∣∣∣∣e, p⃗+ ℏk⃗eff
〉

can be expressed as:

Pe = P0 −
C
2

cos(∆Φ) (1.39)

with P0 the mean probability and C the contrast of the interference fringes. The laser intensity
has an impact on the interferometer contrast through the quality of the atomic optics (beamsplit-
ters and mirrors). A laser pulse with a duration τ used as an atomic optic can be characterised
by their reflection and transmission coefficients:

R(τ) =
Ω2

ef f

Ω2
R

sin2
(
ΩRτ

2

)
(1.40)

T (τ) = 1−
Ω2

ef f

Ω2
R

sin2
(
ΩRτ

2

)
(1.41)

with Ωef f the effective Rabi pulsation and ΩR =
√
Ω2

ef f + δ2 the generalised Rabi pulsation.

If the resonance condition is verified: δ = 0, and then Ωef f = ΩR. Under these conditions,
for a beamsplitter of a pulse duration τ π

2
, the reflection and transmission coefficients have to

be R(τ π
2
) = T (τ π

2
) = 0.5 so τ π

2
= π

2Ωef f
. For a mirror of a pulse duration τπ, the coefficients are

R(τπ) = 1 and T (τπ) = 0, then τπ = π
Ωef f

. Therefore, the pulse durations of the atomic optics are
determined by the Rabi pulsation.

As the effective Rabi pulsation depends on the laser intensity, the pulse duration also

depends on the laser intensity. The effective Rabi pulsation can be written as Ωef f =
Ωf ,1Ω

∗
e,2

2∆ with

Ωf ,1 = 2DE1
ℏ

and Ωe,2 = 2DE2
ℏ

. The amplitude of the electric fields E1 and E2 are proportional

due to the conception of the laser system. The intensity ratio R = I1
I2

of the two laser components
are tunable experimentally. Experimentally, the intensity I2 is the intensity of the carrier of the
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modulated laser. This is the reason why I2 is chosen as a reference in the rest of the calculation.
The effective Rabi pulsation is then proportional to the laser intensity I2 ∝ |E2|2:

Ωef f =
2D2E1E2

∆ℏ2 ∝
2D2
√
RE2

2

∆ℏ2 (1.42)

A variation of the laser intensity will lead to a variation of the Rabi pulsation and a
deterioration of the atomic optics quality. If the pulses duration is set for a given laser intensity
and this intensity varies, the atom optic quality will be deteriorated. Here considered the
intensity variations are slower than the duration of the atomic interferometer. Thus, the
variation is the same for the three pulses of the interferometer. If the resonance condition is
verified, the reflection coefficient of a laser pulse becomes:

R(τ) = sin2
(
Ωeffτ

2

)
(1.43)

Let’s consider an initial intensity I0
2 , an initial Rabi pulsation Ω0

eff and an initial pulse
duration for a mirror τπ0 = π

Ω0
eff

and for a beamsplitter τ π
2 0 = π

2Ω0
eff

. Temporal variations can occur

in the experiment leading to an intensity variation. Let δI be the relative intensity variation,
the laser intensity is then expressed as I2(t) = (1 + δI)I0

2 . The reflection coefficient can now be
written as:

Rmirror = sin2

πΩeff

2Ω0
eff


Rbeamsplitter = sin2

πΩeff

4Ω0
eff

 (1.44)

The evolution of the reflection coefficients were computed as a function of the variation
of the laser intensity δI (Figure 1.6a). For a variation of 10% of the laser intensity, the mirror
reflection decreases from 1 to 0.98 and the beamsplitter reflection increases from 0.5 to 0.58.
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(a) Reflection coefficients of the atomic mirror
in red and beamsplitter in blue as a function of
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ations

Figure 1.6: Impact of the laser intensity variations on the interferometer contrast.

The contrast of the interferometer can be expressed as a function of the reflection and
transmission coefficients [111]:

C = 4RmirrorRbeamsplitterTbeamsplitter (1.45)
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The contrast as a function of the laser intensity variation is a parabola and can be seen on
Figure 1.6b. For a intensity variation of 10% , the contrast is expected to decrease from 1 to 0.95.
The laser intensity variations below 10% have a limited impact on the contrast as the contrast
loss is parabolic and will not deteriorate the interferometer performances significantly.

1.3 Rotating Mach-Zehnder interferometer

The rotation of the interferometric setup impacts the phase shift and contrast of the
interferometer negatively [3,29,95]. Due to the influence of inertial accelerations: Coriolis accel-
eration, Centrifugal acceleration and Angular acceleration, additional phase shifts appear at the
output of the interferometer [91, 112]. These additional phase shifts depend on the velocity and
position of each atom. As the detected quantity is the probability averaged over the atomic cloud,
these additional phase shifts depend on the mean velocity and the mean position of the detected
atomic cloud and will engender a bias in the acceleration measurement. Moreover, due to the
size and temperature of the cloud, the rotation induces a loss of contrast [3]. The interferometer
contrast has to be high enough to avoid any deterioration of the phase measurement. In this
section, the calculation of the phase shift and contrast of a rotating interferometer is presented.

1.3.1 Description of the rotation

In this section, the movements of the different moving parts of the setup are defined to
anticipate the contrast and the phase shift computation in the next sections.

Definition of the different frames

To ease the calculation, each moving part will be associated with a frame pictured in
Figure 1.7. The first frame is the laboratory frame RL = {O,x⃗L, y⃗L, z⃗L} considered inertial in this
work. x⃗L is the unitary vector in the direction of the Earth gravity g⃗ and O is the sensor centre
of rotation. The Earth rotation has an angular velocity of 73 µrad s−1 and is considered constant
during the experiment. Thus, its effect on the interferometer is constant and will not be studied
in this work. The table supporting the sensor (in blue on Figure 1.7) is associated with the sensor
frame RS = {O,x⃗S , y⃗S , z⃗S}. x⃗S is in the direction of the wave vector k⃗1 as the incoming laser is
fixed in the sensor frame. x⃗S is also the normal vector to the table supporting the sensor head. A
last frame is the mirror frame RM = {M,x⃗M , y⃗M , z⃗M}. M is the center of rotation of the mirror
and x⃗M the normal vector to the mirror.

The vector x⃗r is defined as the unitary vector in the direction of the reflected laser of wave
vector k⃗2. If the mirror is not rotating in the sensor frame: RM = RS then x⃗r = x⃗S . The centres of
rotation are O the centre of rotation of the sensor and M the centre of rotation of the mirror.
The centre of the atomic cloud is represented as A.

Definition of the sensor rotation

In the following sections 1.3.3 and 1.3.5, the sensor rotates around the axis z⃗S = z⃗L = z⃗M .
The rotation will be characterised by the angle θS between x⃗S and x⃗L. The interferometer is only
sensitive to the sensor angle at the Raman pulses instant: θS(t0) at the first pulse, θS(t0 + T ) at
the second and θS(t0 + 2T ) at the third. Thus, a polynomial expression of the second order is
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Figure 1.7: Diagram of the interferometric setup and definition of the different frames. The blue
rectangle is the table supporting the sensor and O its rotation centre. The yellow rectangle is
the retro-reflection mirror with M its centre of rotation. The atomic cloud A is depicted as the
purple disc. RL = {O,x⃗L, y⃗L, z⃗L} is the laboratory frame. RS = {O,x⃗S , y⃗S , z⃗S} is the sensor frame
and RM = {M,x⃗M , y⃗M , z⃗M} the mirror frame. k⃗1 is the wave vector of the incoming laser and k⃗2 is
the wave vector of the reflected laser. x⃗r is the unitary vector in the direction of the reflected
laser.

sufficient to describe the sensor angular movement θS :

θS(t) = θ0
S +ΩS .(t − t0 − T ) +

1
2
Ω̇S .(t − t0 − T )2 (1.46)

In this expression of the sensor angle, the temporal reference is chosen at the centre of the
interferometer i.e. the second pulse because the angle at the second pulse θS(t0 +T ) = θ0

S impacts
the most the interferometer. ΩS is the mean angular velocity seen by the interferometer and
can be expressed as:

ΩS =
θS(t0 + 2T )−θS(t0)

2T
(1.47)

Ω̇S is the mean angular acceleration seen by the interferometer and can be computed as:

Ω̇S =
θS(t0)− 2θS(t0 + T ) +θS(t0 + 2T )

T 2 (1.48)



1.3. Rotating Mach-Zehnder interferometer 36

Definition of the mirror rotation

The mirror rotation is also considered around the axis z⃗M axis in the Sections 1.3.4 and
1.3.5. The angle θM between x⃗M and Sx⃗S can also be expressed as a second order polynomial as
the interferometer is only sensitive to the mirror angle during the three Raman pulses.

θM(t) = θ0
M +ΩM .(t − t0 − T ) +

1
2
Ω̇M .(t − t0 − T )2 (1.49)

The temporal reference is once again chosen at the centre of the interferometer. θ0
M =

θM(t0 + T ) is the angle at the second Raman pulse. ΩM is the mean angular velocity seen by the
interferometer and can be expressed as:

ΩM =
θM(t0 + 2T )−θM(t0)

2T
(1.50)

Ω̇M is the mean angular acceleration seen by the interferometer and can be computed as:

Ω̇M =
θM(t0)− 2θM(t0 + T ) +θM(t0 + 2T )

T 2 (1.51)

1.3.2 Description of the atoms trajectory

Experimentally, an atomic cloud of roughly one million atoms is used to implement the
interferometer. Each atom is put in a superposition of states and interferes with itself at the
end of the interferometer but all the atoms are detected at the same time. The probability Pe for

the atoms to be in the state
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
is estimated by measuring the number of atoms Ne in∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and the number of atoms Nf in

∣∣∣f , −→p 〉
. The probability averaged over the atomic

cloud can be written as the proportion of atoms in
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
:

Pe =
Ne

Ne +Nf
= P0 −

C
2

cos
(
∆Φ

)
(1.52)

with ∆Φ the mean phase shift, C the mean contrast and P0 the mean offset of the cloud. As the
whole cloud contributes to the detected phase shift, the mean trajectory of the cloud will be
used to compute the phase shift of the interferometer:

r⃗(t) =

axL
t2

2 + vx0
t + xMA

vy0
t + yMA

vz0
t + zMA

 (1.53)

The time origin is chosen at the end of the cooling step so all the kinetic parameters
are defined at this moment. With this definition, the kinetic parameters can be compared
to value given in the literature. At t = 0, an initial position (xMA, yMA, zMA) and an initial
velocity (vx0

,vy0
,vz0

) along the three space directions are considered. The different coordinates
(vx0

,vy0
,vz0

,xMA,yMA and zMA) used to compute the trajectory are given in the laboratory frame.
In this work, the impact of the sensor rotation on the MOT position at the release time of the
atoms is not considered. This rotation induced displacement is below 0.1 mm for an angular
amplitude of 100 µrad.

The only acceleration considered is the acceleration resulting from the gravity: axL ex-
pressed in the laboratory frame. In the absence of rotation, the direction of measurement is
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aligned with the gravity acceleration. The average transition probability Pe defined in Equa-
tion 1.52 can also be written as a function of Dv⃗ the velocity distribution and Dr⃗ the position
distribution of the atomic cloud:

Pe =
"

Pe(v⃗, r⃗)Dv⃗(v⃗)Dr⃗(r⃗)dv⃗dr⃗ (1.54)

Thus, the normalised contrast (Equation 1.55) can be expressed as a function of the velocity and
position distributions:

C
C

=
1

cos
(
∆Φ

)" cos(∆Φ(r⃗ , v⃗))Dv⃗(v⃗)Dr⃗(r⃗)dv⃗dr⃗ (1.55)

Equation 1.55 is valid only under the hypothesis that C does not depend on the velocity and
position of the atom. A most rigorous method would consider the contrast dependency on the
velocity and position due to several phenomena such as the detection system or the transverse
Gaussian intensity of the laser beam. In first approximation, Gaussian velocity and position
distributions will be considered to describe the atomic cloud after 3D molasses. The Gaussian
velocity and position distributions along the three space axes will be written as:

Dk(k) =
1

√
2πσk

exp

−1
2

(
k −µk
σk

)2 (1.56)

with k ∈ {xMA, yMA, zMA,vx0
,vy0

,vz0
}, µk the position of the centre of the Gaussian distribution

and σ2
k the variance of the distribution. σk also expresses the half width of the distribution at

the height of 1√
e
. The phase shift of the interferometer in the presence of rotation can be written

as a function of the mean positions and velocities of the cloud.

∆Φ = A0 +AxxMA +AyyMA +AzzMA +Avxvx0
+Avyvy0

+Avzvz0
(1.57)

with xMA, yMA, zMA,vx0
,vy0

,vz0
the mean kinetic parameters of the cloud, Ax,Ay ,Az,Avx ,Avy ,Avz

some constants associated with each parameters and A0 a constant. Thanks to Equation 1.55,
the normalised contrast can be expressed as a function of the previously defined constants and
the width of the velocity and position distributions σk .

C̄
C0

= exp

−1
2

A2
xσ

2
x +A2

yσ
2
y +A2

zσ
2
z +A2

vxσ
2
vx +A2

vyσ
2
vy +A2

vzσ
2
vz

 (1.58)

Once the phase shift in the presence of rotation is known, the constants Ak can be deter-
mined. Then, the contrast loss due to the sensor rotation or the mirror rotation can be easily
computed thanks to Equation 1.58.
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1.3.3 Impact of the sensor rotation on the interferometer

In this Section, the impact of the sensor rotation around the axis z⃗S (see 1.7) on the
interferometer will be computed. The sensor refers to the whole atom interferometer including
the retro-reflection mirror and the mount of the downward laser which are both fixed on a
supporting table. The sensor angular positions are given for each of the three laser pulses by
Equation 1.46.

Phase shift

Firstly, the phase shift is calculated using Equation 1.33. To compute the laser phase at
each pulse, the effective wave vector of the laser has to be expressed as a function of the rotation
parameters. The effective wave vector is the difference between the wave vector of the incoming
laser k⃗1 = −k1x⃗S and of the reflected laser k⃗2 = k2x⃗S . The unitary vector x⃗S can be written as
x⃗S = RS(θS )x⃗L with RS the rotation matrix around z⃗S (see Equation 1.59).

RS =


cosθS −sinθS 0
sinθS cosθS 0

0 0 1

 (1.59)

As θS is small, the expression of x⃗S will be simplified by the approximation of small

angles: cosθS ≈ 1− θ2
S

2 and sinθS ≈ θS . The mean trajectory of the atomic cloud is expressed
through Equation 1.53. Using Equation 1.33, the phase shift of the rotating interferometer is:

∆ΦS = keffT
2[−axL−2ΩSvy0

−Ω̇S(vy0
(t0+T )+yOA)+Ω2

S(axL(
t2
0
2

+t0T +T 2)+vx0
(t0+T )+xOA)] (1.60)

This is the phase shift is the detected phase shift. Hence, it is the phase shift integrated
over the atomic cloud. This Equation is an approximation as terms in Ωn

S and Ω̇n
S are neglected

for n ≥ 2 for Ω̇S and for n > 2 for ΩS . The terms scaling in Ω̇SΩS are also neglected same as the
terms in θ0

S .

Equation 1.60 can be rearranged to show the dependence of the phase shift on the three
following inertial accelerations:

• Coriolis acceleration: −2ΩSvy0

• Centrifugal acceleration: Ω2
S(axL( t

2
0
2 + t0T + T 2) + vx0

(t0 + T ) + xOA)

• Angular acceleration: −Ω̇S(vy0
(t0 + T ) + yOA)

The rotation induced phase shift terms can be explained the inertial accelerations which
appear in a rotating frame. As both the mirror and the input laser are rotated, only the direction
of measurement i.e. the direction of the effective wave vector, is rotated. The magnitude
of the effective vector does not change during the interferometer ∥ k⃗eff ∥= keff. The rotating
interferometer detects the same acceleration as a perfect accelerometer in rotation.

k⃗eff = −keff

1− θ2
S

2
θS

0

 (1.61)

The rotation induces a dependence of the phase shift on the mean velocity and mean
position of the cloud. A null initial velocity would reduce the rotation induced phase shift as
would a perfect transverse alignment (yOA = 0). Nevertheless, the rotation induced phase shift
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cannot be cancelled as the Centrifugal acceleration depends on the acceleration axL and the
vertical distance xOA.

The recoil velocity vrec = ℏkkeff
m ≈ 12mms−1 due to the absorption and emission of photons

changes the atom/mirror distance. Thus, a supplementary term depending of the recoil velocity
appears in the Centrifugal acceleration: − 3T

4mℏkeffΩ
2
S . As 3T

4mℏkeff ≈ 0.4mm≪ xOA ≈ 50cm, the
recoil velocity term can be neglected.

Contrast

Secondly, the contrast is computed using the previous paragraph 1.3.2 and Equation 1.58
considering gaussian velocity and position distributions.

CS

C0
= exp

−k2
effT

4

2

(
Ω4

Sσ
2
x + Ω̇2

Sσ
2
y + (t0 + T )2Ω4

Sσ
2
vx + ((t0 + T )Ω̇S + 2ΩS )2σ2

vy

) (1.62)

As inertial accelerations depends on the velocity and position of the atom, the dispersion
of velocities and positions in the cloud will induce different phase shifts leading to a loss of
contrast. If all the inertial accelerations can lead to contrast loss, it can be noted that the Coriolis
and Angular contributions due to the velocity distributions can compensate each other. In the
following term ((t0 + T )Ω̇S + 2ΩS )2σ2

vy , a negative angular acceleration and a positive angular
velocity would reduce the contrast loss. The contrast loss due to the rotation induces a lower
sensitivity of the cold atom accelerometer and is a major difference with a perfect accelerometer.

1.3.4 Impact of the mirror rotation on the interferometer

In this work, the mirror rotation was also considered and its effect on the interferometer
computed. The rotation of the mirror is only around the axis z⃗M . The mirror angular movement
is given by Equation 1.49. The phase shift and contrast calculation is based on the same principle
as the calculation of Section 1.3.3.

Phase shift

The phase shift is computed using Equation 1.33. To calculate the laser phase at each
pulse, the effective wave vector of the laser is expressed as a function of the mirror rotation
parameters (see Section 1.3.1). As the sensor is not rotating: x⃗S = x⃗L and the incoming wave
vector is k⃗1 = −k1x⃗S . The reflected wave vector is k⃗2 = k2x⃗r due to the mirror rotation. The
unitary vector x⃗r in the direction of the reflected laser can be expressed with the unitary vectors
of the mirror and sensor frame as x⃗r is the symmetric of x⃗S with respect to the axis defined by
x⃗M .

x⃗r = −x⃗S + 2(x⃗M .x⃗S )x⃗M (1.63)

The unitary vector x⃗M can be expressed with the help of the mirror rotation matrix:
x⃗M = RM(θM )x⃗S with RM the rotation matrix for a rotation around z⃗M .

RM =


cosθM −sinθM 0
sinθM cosθM 0

0 0 1

 (1.64)

As θM is small, the expression of x⃗M will be simplified by the approximation of small
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angles: cosθM ≈ 1− θ2
M
2 and sinθM ≈ θM . Then x⃗r can be expressed and the phase shift computed:

∆ΦM = keffT
2[−axL−2ΩMvy0

−Ω̇M((t0 +T )vy0
+yMA)+2Ω2

M(axL(
t2
0
2

+t0T +T 2)+(t0 +T )vx0
+xMA)]

(1.65)
This Equation is an approximation as Ωn

M and Ω̇n
M are neglected for n ≥ 2 for Ω̇M and n > 2 for

ΩM . The terms scaling in Ω̇MΩM are also neglected same as the terms in θ0
M . The contributions

of each inertial accelerations are the following:

• Coriolis acceleration: −2ΩMvy0

• Centrifugal acceleration: 2Ω2
M(axL( t

2
0
2 + t0T + T 2) + vx0

(t0 + T ) + xMA)

• Angular acceleration: −Ω̇M(vy0
(t0 + T ) + yMA)

The Equation 4.13 is similar to Equation 1.60 except for the contribution of the Centrifugal
acceleration. Now, the relevant distance for the Centrifugal and Angular acceleration is the
atom/mirror distance and differs from the case of the sensor rotation. Moreover, the Centrifugal
contribution is multiplied by 2 when the mirror is rotated. When the mirror is rotated, the

direction of the effective wave vector
−−→
keff is modified but also its magnitude as the incoming

and reflected lasers are not aligned anymore: ∥
−−→
keff ∥≈ keff

(
1− θ2

M
2

)
. As the mirror is rotated but

not the input laser, the direction of the effective wave vector is:

−−→
keff = −keff


1−θ2

M
θM

0

 (1.66)

When the retro-reflection mirror is rotated, the rotation induced phase shift cannot be
fully explained by the inertial accelerations as a phenomenon peculiar to the atom interferome-
ter appears.

Contrast
The contrast loss due to the mirror rotation (Equation 1.67) computed using Equations 1.58
and 4.13, is similar to the contrast loss due to the sensor rotation (Equation 1.62). The only
difference is the contribution of the Centrifugal acceleration which is multiplied by 2 due to

a variation of
−−→
keff magnitude. The similarities between the sensor and the mirror rotations

impacts allows the implementation of the rotation compensation method.

CM

C0
= exp

− k2
effT

4

2
( 4Ω4

Mσ2
x + Ω̇2

Mσ2
y + 4(t0 + T )2Ω4

Mσ2
vx + ((t0 + T )Ω̇M + 2ΩM )2σ2

vy )

 (1.67)
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1.3.5 Impact of the rotation compensation on the interferometer

In order to limit the impact of the sensor rotation on the interferometer computed in sec-
tion 1.3.3, a rotation compensation method can be implemented by rotating the retro-reflection
mirror. Such a method has already been implemented to correct the Earth rotation [3,90, 91]
or the carrier rotation [42,95,96] This method consists in rotating the retro-reflection mirror
with an opposite angle leaving the mirror immobile during the interferometer. Firstly, a more
general case can be considered with a sensor angular movement given by Equation 1.46 and a
mirror angular movement given by Equation 1.49.

Phase shift

The phase shift is once again computed using Equation 1.33. The effective wave vector of
the laser is expressed as a function of the mirror rotation matrix RM and the sensor rotation
matrix RS . The incoming wave vector is k⃗1 = −k1x⃗S with x⃗S = RS(θS )x⃗L. The reflected wave
vector is k⃗2 = k2x⃗r . x⃗r can be calculated with Equation 1.79 and the unitary vector in the mirror
frame with the mirror rotation matrix: x⃗M = RM(θM)x⃗S . For a general case, the phase shift of
the interferometer is:

∆ΦM+S = keffT
2[−axL − 2(ΩM +ΩS )vy0

− (Ω̇S + Ω̇M )((t0 + T )vy0
+ yOA)− Ω̇MyMO)

+ (2Ω2
M +Ω2

S + 2ΩMΩS )(axL(
t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xOA) + 2Ω2

MxMO]
(1.68)

This Equation is an approximation as Ωn
i and Ω̇n

i are neglected for n ≥ 2 for Ω̇i and n > 2 for Ωi .
The terms scaling in Ω̇iΩi and θ0

i are also neglected with i=M or S. The cross terms between the
sensor and the mirror rotations are also neglected such as ΩMΩS or Ω̇SΩ̇M . The contributions
of each inertial accelerations are the following:

• Coriolis acceleration: −2(ΩM +ΩS )vy0

• Centrifugal acceleration: (2Ω2
M + Ω2

S + 2ΩMΩS )(axL( t
2
0
2 + t0T + T 2) + (t0 + T )vx0

+ xOA) +
2Ω2

MxMO

• Angular acceleration: −(Ω̇S + Ω̇M )((t0 + T )vy0
+ yOA)− Ω̇MyMO)

As shown by Equation 4.15, the Coriolis acceleration can by cancelled by the compensation
method when ΩM = −ΩS . Nevertheless, the contributions of the Angular and Centrifugal accel-
erations depend on both the positions of the center of rotation. This will have an impact on the
rotation compensation method as it is not possible to cancel their contributions to the phase shift.

Contrast

The contrast can also be computed for a general sensor and mirror rotations:

CM+S

C0
= exp

− k2
effT

4

2
( (2Ω2

M +Ω2
S + 2ΩMΩS )2σ2

x + (Ω̇S + Ω̇M )2σ2
y

+ ((t0 + T )(2Ω2
M +Ω2

S + 2ΩMΩS ))2σ2
vx + ((t0 + T )(Ω̇S + Ω̇M ) + 2(ΩM +ΩS ))2σ2

vy )


(1.69)

As shown by Equation 1.69, the contrast loss due to the Coriolis and Angular accelerations
can be cancelled. The corresponding terms are ((t0 + T )(Ω̇S + Ω̇M ) + 2(ΩM +ΩS ))2σ2

vy and (Ω̇S +

Ω̇M )2σ2
y . Nevertheless, the contrast loss due to the Centrifugal acceleration cannot be cancelled
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as the corresponding terms are (2Ω2
M +Ω2

S +2ΩMΩS )2σ2
x and ((t0 +T )(2Ω2

M +Ω2
S +2ΩMΩS ))2σ2

vx .

Perfect rotation compensation

In the perfect rotation compensation case, the sensor and the mirror rotate in the exact
opposite way each around their own center of rotation. Their angular positions are exactly
opposite:

θS(t) = −θM(t) (1.70)

Thus, ΩS = −ΩM and Ω̇S = −Ω̇M . In this configuration, some terms in the phase shift are
cancelled by the rotation compensation. The remaining phase shift is:

∆ΦS=M = keffT
2[−axL + Ω̇SyMO +Ω2

S(axL(
t2

2
+ t0T + T 2) + (t0 + T )vx0

+ xOA + 2xMO)] (1.71)

As the mirror is rotated as well as the input laser, the magnitude of the effective vector

does changes during the interferometer ∥ k⃗eff ∥= keff

(
1− θ2

S
2

)
explaining the Centrifugal term.

Thanks to the compensation, the direction of the wave vector does not change during the
interferometer:

k⃗eff = −keff

1− θ2
S

2
0
0

 (1.72)

The phase shift is not impacted anymore by the Coriolis acceleration as shown by Equation
1.71. Nevertheless, the Centrifugal acceleration is increased by the mirror rotation leading to
the term in Ω2

S(axL( t
2

2 + t0T + T 2) + (t0 + T )vx0
+ xOA + 2xMO). The Angular acceleration is not

perfectly compensated due to the transverse distance between the centres of rotation of the
mirror and the sensor leading to a term in Ω̇SyMO.

In the same conditions, the contrast can also be computed:

CS=M

C0
= exp

− k2
effT

4

2
( Ω4

Sσ
2
x + (t0 + T )2Ω4

Sσ
2
vx )

 (1.73)

As the contrast is not impacted by the relative position of the centres of rotation, the
contrast is not impacted anymore by the Coriolis and Angular accelerations. For a perfectly
compensated rotation, the only source of contrast loss left is the Centrifugal acceleration.

The main goal of the rotation compensation is to recover the contrast loss, this can be
achieved as the Coriolis and Angular contributions to the contrast loss are cancelled. Nev-
ertheless, the contrast cannot be completely recovered as the Centrifugal contribution is not
cancelled. If the Centrifugal induced contrast loss is not cancelled by this method, it is not
increased either. The reduction of the rotation induced phase shift is a side effect of the rotation
compensation method. To further reduce the phase shift, the position and velocity of the atomic
cloud has to be controlled to impose a null initial velocity and a perfect transverse alignment of
the centres of rotation (yMO = 0). Lastly, the term scaling in xOA + 2xMO could be cancelled by
placing the mirror in the middle of the atomic cloud and the sensor centre of rotation.
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1.3.6 Numerical model

A numerical code of the phase shift and contrast was developed to have a more accurate
model and to take into account a more realistic movement of the sensor and mirror. With this
numerical calculation, the terms in T 3 and higher are not neglected anymore. Moreover, the
sensor and the mirror rotations are not perfectly around the Z axis and a component along the Y
axis is present. The mirror also has a vertical movement. These two last effects are included in
the numerical model.

The input data of the numerical model are the angles of the sensor and mirror and the
vertical position of the mirror position at each pulse. The sensor angular positions around −→zS
and −→yS are θz

Si and θ
y
Si with i ∈ {1,2,3} the pulse number. i = 1 is the first pulse (beamsplitter)

at t = t0. i = 2 is the second pulse (mirror) at t = t0 + T . i = 3 is the third pulse (beamsplitter)
at t = t0 + 2T . The mirror angular positions around the axes −−→zM and −−→yM are ΨMi and ΘMi (see
Chapter 2 for more details about the actuated mirror). A last input is the mirror movement
supplied by the EA capacitive detection. This movement is given by the distance between the
centre of the mirror M and the centre of the mirror at rest M0. The vector

−−−−−→
M0M is expressed in

the sensor frame.

−−−−−→
M0M =


δxM
δyM
δzM

 =


xM − xM0
yM − yM0
zM − zM0

 (1.74)

Phase shift

As previously, the phase shift is calculated thanks to the following equation with ϕ(t) =
−−→
keff .
−−−→
r(t) .

∆Φ = ϕ(t0)− 2ϕ(t0 + T ) +ϕ(t0 + 2T ) (1.75)

A first step is the calculation of the effective wave vector
−−→
keff =

−→
k1 −

−→
k2 . As

−→
k1 = −k1

−→xS ,
−→xS needs to be calculated. Let’s define the rotation matrices along an axis Z and an axis Y:

RZ(θ) =


cosθ −sinθ 0
sinθ cosθ 0

0 0 1

 (1.76)

RY (θ) =


cosθ 0 sinθ

0 1 0
−sinθ 0 cosθ

 (1.77)

The vector −→xS is calculated at the instant of each pulse thanks to the rotation matrices:

−−→xSi = RY (θy
Si)RZ(θz

Si)
−→xL (1.78)

This calculation is an approximation as the sensor angles are considered small to use the
multiplication of rotation matrices. The reflected unitary vector −→xr needs to be computed to

have access to the reflected wave vector
−→
k2 = k2

−→xr :

−→x ri = −−−→xSi + 2(−−−→xMi .
−−→xSi )−−−→xMi (1.79)

−−−→xMi is calculated with the use of rotation matrices:

−−−→xMi = RY (ΘMi)RZ(ΨMi)
−→xS (1.80)
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The effective wave vector at the pulse i is:

−−→
keff i = −k1

−−→xSi − k2
−−→xri (1.81)

A second step is the calculation of the distance atom/mirror −→ri at each pulse.

−→ri =
−−−→
AO +RY (θy

Si)RZ(θz
Si)(
−−−−→
OM0 +

−−−−−−→
M0Mi ) (1.82)

with
−−−→
AO the vector atom/centre of rotation of the sensor. This distance is expressed in the

laboratory frame and does not depend on the rotation.
−−−−→
OM0 is the vector between the sensor

centre of rotation and the mirror centre of rotation at rest. This vector rotates with the sensor.
The last vector

−−−−−→
M0M is the vector mirror centre of rotation at rest and mirror centre of rotation.

This vector also rotates with the sensor. At the pulse number i, the laser phase is:

ϕi =
−−→
keff i .

−→ri (1.83)

The phase shift of the interferometer can be computed as:

∆Φnum = ϕ1 − 2ϕ2 +ϕ3 (1.84)

Contrast

From the phase shift calculation, the contrast loss due to the sensor rotation and the
mirror rotation can be computed by taking into account the atomic cloud velocity and position
distributions. The contrast calculation is based on Equation 1.55.

C
C

=
1

cos
(
∆Φ

)" cos(∆Φ(r⃗ , v⃗))Dv⃗Dr⃗dv⃗dr⃗ (1.85)

The velocity and position distributions are considered Gaussian:

Dk(k) =
1

√
2πσk

exp

−1
2

(
k −µk
σk

)2 (1.86)

with µk ∈ {xMA, yMA, zMA,vx0
,vy0

,vz0
}, µk the position of the centre of the Gaussian distribution

and σ2
k the variance of the distribution with σk ∈

{
σx,σy ,σz,σvx ,σvy ,σvz ,

}
. The distributions are

then discretized from −Nsσk +µk to Nsσk +µk as depicted on Figure 1.8 with NS the number of
standard deviations considered. For NS = 3 standard deviations considered, 99% of the cloud is
modelled.

Then, the phase shift corresponding to the mean trajectory of the cloud ∆Φ is computed
using the method described in the previous paragraph. The probability of each element of the
six dimensions distribution D((i, j,k, l,m,n)) = Dx(i)Dy(j)Dz(k)Dvx(l)Dvy (m)Dvz(n) is computed
with i,j,k,l,m,n the index associated to each discretised dimension. The phase shift for each
element of the discretised cloud is computed using the previous method ∆Φ(i, j,k, l,m,n) and
the integrals along the six dimensions are computed using the trapezoidal rule.

This numerical method is a point of comparison for the theoretical model presented in
the previous Sections of this Chapter. A more realistic movement of the moving parts of the
experimental setup is taken into account and its effect on the interferometer studied thanks to
this numerical model.
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Figure 1.8: Example of a Gaussian velocity or position distribution Dk and its discretisation
between −3σk and 3σk with µk its mean and σk its standard deviation.

Conclusion
In this Chapter, the fundamental theoretical tools needed to implement an atomic

interferometer were presented. Thanks to the two-photon Raman transitions, the wave
packets can be manipulated to form the interferometer from atomic beamsplitters and
mirror. As the Raman transitions address both the internal and external states of the
atoms, the detection of the atomic state at the output of the interferometer is simplified.
A simple calculation of the interferometer phase shift was presented using evolution
matrices.

The influence of the sensor rotation on the interferometer was studied from a
theoretical point of view and explained by the presence of inertial accelerations in a
rotating frame: Coriolis, Centrifugal and Angular accelerations. The rotation of the sensor
creates a phase shift bias due to these accelerations as expected. Nevertheless, a loss of
contrast depending on the kinetic parameters of the cloud also appears. Similarities were
observed between the effect of the retro-reflection mirror rotation and the effect of the
sensor rotation. A well-chosen mirror rotation could limit the effect of the sensor rotation
as described in [3, 42, 95]. By rotating the mirror in the opposite way of the sensor, the
phase shift bias and the loss of contrast can be reduced as depicted in previous studies.
The main goal of the rotation compensation method is to recover the contrast loss due to
Coriolis acceleration. This recovery is predicted in the theory presented in this Chapter
and was also demonstrated in [3] where the Earth rotation was compensated. The Angular
acceleration induced contrast loss can also be compensated as shown theoretically in
this Chapter. Nevertheless, the Centrifugal acceleration induced contrast loss cannot
be compensated. The mirror rotation induces variations of the effective wave vector
magnitude: a Centrifugal-like term appears and cannot be compensated. With this
method, it would be the only source of contrast loss left.

The rotation compensation also happens to reduce the rotation induced phase shift.
The Coriolis induced phase shift is cancelled as depicted in [3,95]. However, when the
mirror does not coincide with with the sensor centre of rotation, the Angular induced
phase shift cannot be fully compensated due to the distance between the centres of
rotation. Lastly, the Centrifugal induced phase shift is not compensated as shown in [95].
A term depending on the atoms/mirror distance and on the sensor and mirror centres of
rotation distance is not cancelled. If [95] proposes to rotate the incoming laser to cancel
this term, it could also be reduced by placing the mirror at an equal distance of the atomic
cloud and the sensor centre of rotation.

This rotation compensation method was already implemented or described in
diverse setups to compensate the Earth rotation [3, 91] or to compensate the rotation of a
carrier [42, 95].
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Introduction
The experimental study was performed on the hybrid lab prototype. This lab

experiment was developed to study the hybridisation of the atomic sensor with the
electrostatic accelerometer (EA) [30]. Thanks to its original design using the EA
proof-mass as an actuated mirror, the rotation compensation method can be implemented
on this setup.

The experimental setup described in this Chapter and used during the experimental
study is close to the atomic gravimeter GIRAFE [98] and the electrostatic accelerometer
MicroSTAR [113] both developed at ONERA. The atomic gravimeter uses an 87 Rubidium
atomic source to implement an atomic interferometer and measure the Earth gravity. The
laser system used to manipulate the atoms, was built by the previous student Clément
Diboune during his PhD thesis [99]. The atomic sensor head including the glass vacuum
cell containing the Rubidium atoms, was developed for the GIRAFE gravimeter in the
SLM unit. The electrostatic sensor head was developed for the hybrid atomic/electrostatic
study by the IEA unit. In this chapter, the experimental setup and the improvements
added to the laser system during this work are described. Firstly, the organisation of the
different elements of the setup is depicted. Secondly, the atomic interferometer and its
laser system are described. Thirdly, the operation of the electrostatic accelerometer is ex-
plained. Finally, the methods implemented to realise the experimental study are depicted.

2.1 Architecture of the experiment

In this Section, an overview of the experiment and the layout of the different elements
are given. The original architecture of the experiment allows the Raman laser interrogating
the atoms to be reflected on the EA proof-mass. In this prototype, the proof-mass acts as the
Raman mirror and its angular position is controlled and measured thanks to the EA setup. The
architecture of the sensor head is particularly important as the actuation of the mirror and
sensor head will impact the rest of the study.

2.1.1 Description of the experiment

The experimental setup used to perform the rotation study, is composed of a cold atom
accelerometer, an electrostatic accelerometer, a two axis gyroscope, a passive isolation platform
and piezo-electric actuators. The experiment at ONERA is visible in Figure 2.1.

The architecture of the setup is the following: the ultra-high vacuum glass cell containing
a hot Rubidium vapor stands above the electrostatic accelerometer. This configuration allows the
electrostatic proof-mass to be employed as a retro-reflection mirror for the atomic interferometer
Raman laser. The proof-mass is in electrostatic levitation between electrodes and its angular
position can be driven and detected by the EA control system. The whole experiment, includ-
ing the vacuum glass cell, its magnetic shield, the electrostatic accelerometer and a two-axis
gyroscope, is installed on a passive vibration isolation platform. This platform is necessary
to reduce the impact of ground vibrations on the interferometer. Without the platform, an
acceleration noise due to vibrations would be detected by the interferometer preventing any
measurement. The isolation platform itself stands on a table reposing on piezo-electric actuators.
This configuration allows the rotation of the sensor head around the Z axis (see Figure 2.2) by
driving the height of the piezo-electric actuator B. The rotation of the sensor is measured by a
two-axis gyroscope. The architecture of the whole sensor head is depicted on Figure 2.2.
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Optical and electronical components 
for the atomic accelerometer

Sensor head of the 
electrostatic accelerometer

Atomic accelerometer sensor head 
in a magnetic shield

Electronic control bay 
of the electrostatic accelerometer

Isolation vibration
 platform

Figure 2.1: Picture of the experimental setup at ONERA. The sensor head of the atomic ac-
celerometer including the vacuum cell, MOT coils, optical fibres inside a magnetic shield, stands
above the EA sensor head. The latter is a vacuum cell containing the proof-mass surrounded by
electrodes. Both sensor heads rest on a vibration platform.

2.1.2 Vibration isolation platform

The vibration isolation platform is necessary to limit the impact of vibrations on the
atomic interferometer. The vibrations create a rapidly varying phase shift. This phase shift noise
prevents the measurement of the interferometer phase shift. To limit this effect, the sensor head:
the ultra-high vacuum glass cell, the gyroscope and the EA sensor head, repose on a passive
isolation platform MinusK Technology 100BM4 visible in black on Figure 2.2. The passive
isolation platform MinusK has a vertical natural frequency tunable around 0.5 Hz and rejects
vibrations at a higher frequency [114] with a slope of roughly 40 dB/decade. This characteristic
will be used to excite in rotation the sensor head. This passive vibration isolation system is
based on the principle of a spring placed between the device to be isolated and the vibrating
surface. As the spring deforms, the vibrations energy is absorbed.
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Figure 2.2: Architecture of the sensor head of the hybrid prototype. The whole sensor head can
be rotated thanks to piezo-electric actuators under the sensor (PZT B and C). The atomic and
electrostatic sensor heads as well as the gyroscope, rest on a vibration isolation platform. The
atoms are cooled by a MOT setup at the top of the glass vacuum cell. The atoms are released
and the interferometer implemented thanks to the Raman laser coming from the top of the cell.
The laser goes through the cell and is reflected on the EA proof-mass. Once the interferometer
is performed, the fluorescence light of the atom is collected on a photodiode.
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2.1.3 Excitation platform

To study the impact of rotation on the atomic interferometer, it was necessary to impose a
controlled rotation on the sensor head. That’s why the vibration isolation platform supporting
the sensor head lays on a metallic table called the excitation platform. The metallic table is
held by three piezo vertical actuators (PZT A, B and C) as depicted on Figure 2.2 and 2.3. The
piezo actuators PI P-212 80 associated with a controller PI E-500 are high-resolution linear
piezo translators for static and dynamic applications. They display sub-millisecond response,
sub-nanometre resolution for a travel range of 120 µm and a linearity of 0.2% [115]. They can
apply a force up to 2000 N for an input voltage up to 1 kV.

Hybrid
accelerometer 

Z Y 

X 

Passive Isolation
Platform 

Two-axis
gyroscope 

PZT A 

PZT C PZT B 

Figure 2.3: Architecture of the excitation platform. The table in green is rotated around the
Z axis by driving the height of the piezo-electric actuator PZT B. The rotation of the table
induces the rotation of the passive isolation platform as well as the sensor head of the hybrid
accelerometer resting on the platform.

To generate an angular motion of the sensor head, a time-dependant voltage is applied to
the piezo actuator B to change its height. A rotation is created along the Z axis. The angular
velocity of the sensor head is measured with a two-axis gyroscope. The two-axis Innalabs
gyroscope has a measurement range of ±110 ° s−1 and an analogue output with a scale factor
of 1.83 V s rad−1. The scale factor is known with an error of 3%. The gyroscope bandwidth is
up to 300 Hz which is sufficient for the experiments performed in this study. The rotation rate
frequencies won’t exceed a few Hz. The output noise is below 0.01 ° s−1 or 0.2 mrad s−1 [116].
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2.2 Atomic interferometer

The atomic interferometer has a cyclic operation at a frequency of 4 Hz. The atomic
cycle begins with the cooling of the atoms and preparation of the atomic state. Then, the
interferometer sequence takes place. Finally, the states of the atoms are detected and the phase
shift of the interferometer extracted. The different steps of the atomic interferometer cycle are
depicted on Figure 2.4. The operation of the atomic sequence is fully automated and controlled
by a real-time computer. The control of the different components and data acquisition by the
real-time computer will not be detailed in this manuscript.
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Figure 2.4: Atomic interferometer cycle. The cycle begins with the cooling of the atoms with a 3D
MOT. After a stage of molasses, the atoms are prepared in the input state of the interferometer
|F = 1,mF = 0⟩ thanks to a repump laser pulse, a micro wave pulse and a blast laser pule. Only
then, the interferometer can be realised with three Raman laser pulses. Finally, the atomic
states are detected by fluorescence. The atoms in the state F=2 are detected first. A repump
laser transfers the atoms in F=1 to F=2. These atoms are then detected. After a detection of the
background, a long Raman pulse is used to measure the Raman laser characteristics such as its
intensity.

2.2.1 Cold atom source

In this paragraph, the preparation of the cold atom source of Rubidium 87 prior to the
interferometer is described. This source is obtained after a stage of cooling prior to a stage of
preparation of the atomic state. The different characteristics of the atomic source are also given
in this paragraph.

Atomic cooling

The first step of the atomic sequence is the cooling of the Rubidium 87 from a hot atomic
vapour. In the glass cell, dispensers of Rubidium are heated by a current between 2 and 3 A
releasing a hot vapor of Rubidium. Then a Magneto-Optical Trap (MOT) made of two magnetic
coils in anti-Helmholtz configuration and six contra-propagating laser beams in each space
direction, is loaded from the background vapour for 77 ms. The physics phenomena taking place
in a MOT are described in [117]. The characteristics of the MOT elements are the following. The
three contra-propagating laser beams have a polarisation σ+ − σ− and a waist 13.5 mm [111].
The total maximal optical power available for the MOT is 600 mW [99]. During this first cool-
ing stage, the two laser frequencies needed are generated by phase modulation. The cooling
laser frequency is detuned by −3Γ from the cooling transition

∣∣∣5S1/2,F = 2
〉
→

∣∣∣5P3/2,F
′ = 3

〉
(see Figure 2.5) with Γ the natural width of the transition. The repumping laser frequency is
at resonance with the transition

∣∣∣5S1/2,F = 1
〉
→

∣∣∣5P3/2,F
′ = 2

〉
. The magnetic field gradient

generated by the coils in anti-Helmholtz configuration is null at the centre of the trap and has a
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magnetic field of 20 G cm−1 [111]. After this cooling stage, an atomic cloud of a few 108 atoms
of Rubidium 87 is captured.

780.2 nm 
384.2 THz

F'=3

F'=2

F'=1

F'=0

F=2

F=1

 
MW Zeeman

6.834 GHz

 
Detection

 
Blast

 
Repump

 
Cooler

 
Raman

Figure 2.5: Rubidium 87 D2 structure and laser frequencies used during the cooling, preparation
of the atoms and the interferometer. During the MOT, the cooler and repump frequencies are
shined. For the molasses step, the repump laser is switched off and the cooler frequency and
intensity ramped. The blast and MW Zeeman frequencies are useful to prepare the atoms in∣∣∣5S1/2,F = 1,mF = 0

〉
. The detection frequency induces the fluorescence of the atoms in F=2

allowing their detection.

Then, a second cooling stage is set up called optical red-detuned molasses. The magnetic
field and the repumping laser are switched off and the laser frequency and intensity are ramped
to boost sub-Doppler cooling mechanism [60, 64]. The cooling laser frequency is ramped from
−3Γ to −22Γ in 3 ms. After 15 ms, the laser intensity is extinguished in 6 ms. A last repumper
pulse of 0.5 ms put some remaining atoms in

∣∣∣5S1/2,F = 1
〉

to
∣∣∣5P3/2,F

′ = 2
〉
. The cloud contains

≈ 108 atoms and has now a temperature of ≈1 µK, a size of ≈1 mm [98]. At this stage, the atoms
are in

∣∣∣5S1/2,F = 2
〉
.
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Atomic state preparation

The atoms have now to be prepared in the initial state of the interferometer
∣∣∣5S1/2,F = 1,mF = 0

〉
which is less sensitive to magnetic field. After the cooling stage, the atoms are distributed into
the different sub-levels of

∣∣∣5S1/2,F = 2
〉

(See Figure 2.6a). A linear magnetic field along the X
axis of 0.5 G is generated by two horizontal coils in Helmholtz configuration to remove the
degeneracy of the Zeeman sub-levels. This field creates a frequency splitting of 700 kHz between
the Zeeman levels. The different hyperfine transitions are described on Figure 2.6a and can
be addressed with a micro-wave pulse. By scanning the micro-wave frequency, the different
possible transitions and the splitting can be observed (Figure 2.6b).

(a) Selection of the hyperfine sub-level. To prepare
the atoms in the input state of the interferometer,
the atoms in

∣∣∣5S1/2,F = 2,mF = 0
〉

are transferred
in

∣∣∣5S1/2,F = 1,mF = 0
〉

with a micro-wave pulse
(in red). The remaining atoms in

∣∣∣5S1/2,F = 2
〉

are
ejected from the cloud by transferring them an im-
portant momentum.
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(b) Spectrum of the transition
∣∣∣5S1/2,F = 2

〉
→∣∣∣5S1/2,F = 1

〉
addressed with a micro-wave pulse.

To realise this spectrum, the micro-wave frequency
was scanned. During the experimental sequence,
only the transition 5 is addressed.

Figure 2.6: Selection of the input atomic state with a micro-wave transition.

To obtain atoms in the input state insensitive to magnetic field, the transition∣∣∣5S1/2,F = 2,mF = 0
〉
→

∣∣∣5S1/2,F = 1,mF = 0
〉

is addressed with a micro-wave pulse of 280 µs.
The pulse duration is chosen to have the maximum efficiency (see the Rabi oscillations on Figure
2.7). After, a blast laser pulse of 1 ms at resonance between

∣∣∣5S1/2,F = 2
〉

and
∣∣∣5P3/2,F

′ = 3
〉
,

pushes the remaining atoms in
∣∣∣5S1/2,F = 2

〉
. The number of atoms is roughly divided by five

but the atoms are now in the initial state of the interferometer.
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Figure 2.7: Rabi oscillations between
∣∣∣5S1/2,F = 2,mF = 0

〉
and

∣∣∣5S1/2,F = 1,mF = 0
〉

with a micro-
wave pulse. The duration of the micro-wave pulse was scanned in order to determine the
duration of a π pulse. For a pulse with a duration τπ−MW , a maximum of atoms are transferred
in

∣∣∣5S1/2,F = 1,mF = 0
〉
.

2.2.2 The atomic interferometer

After the cooling stage, the atoms are free falling during 10 ms to let their vertical ve-
locity increases. Then the Mach-Zehnder atomic interferometer is completed as the atoms
are free falling. The interferometer takes place in the same glass cell as the atomic cooling.
The maximal falling height is 6 cm [111] and limits the interrogation time of the interferome-
ter. A Mach-Zehnder interferometer consists of three equally spaced laser pulses addressing
two-photon Raman transitions between the hyperfine states |f ⟩ =

∣∣∣5S1/2,F = 1,mF = 0
〉

and
|e⟩ =

∣∣∣5S1/2,F = 2,mF = 0
〉
. The first and third laser pulses last a duration τ . The second laser

pulse last 2τ . The time delay between the three laser pulses is T the interrogation time. During
this work, the time delay was set to 46 ms close to its maximum.

Characteristics of the Raman beam

The Raman laser addressing the atomic transition has the following optical path (its
generation will be explained in section 2.2.4). A fibre brings the Raman laser to the sensor head
with a fibre mount with an adjustable orientation. The position and angle of the Raman beam
can be tuned to a certain extent allowing some alignment. Then, the beam is collimated with a
lens of focal distance 96 mm. The waist of the beam after the lens is 10 mm. The polarisation
after the fibre is linear. After the lens, the beam goes through a polarisation cube (see Figure 2.2).
Then, the beam is sent downward with a mirror, goes through the glass cell, the atomic cloud
and a λ/4 plate. The polarisation is now circular. The laser is reflected on the EA proof-mass
acting as a mirror. The retro-reflected beam goes through the λ/4 plate again. When the upward
laser meets the atoms, its polarisation is now linear but perpendicular to the polarisation of the
downward laser as can be seen on Figure 2.8a. This choice of polarisations allows the Raman
transition between the ground state and the excited state. Moreover, in this configuration
called lin⊥ lin, only the contra-propagating pair of photons can address the transition [108].
This can be seen on Figure 2.8b. The Raman photons have to be contra-propagating for the
interferometer to be sensitive to the acceleration. If the contra-propagating transitions are the
most probable transitions, the co-propagating transition still has a small probability due to
imperfections in the laser polarisation. During the interferometer, a uniform magnetic field of
30 mG is generated along the vertical axis of the atomic free fall to lift the degeneracy of the
Zeeman sub-levels [111]. The vertical axis is then the quantification axis.
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(a) Polarisation of the Raman laser. The in-
coming laser has a linear polarisation. The
direction of the polarisation is modified
by λ

4 and the reflection on a mirror. Two
different Raman transitions are then pos-
sible: the Doppler effect allows to choose
between the two contra-propagating tran-
sition. Thus, the direction of the effective
wave vector

−−→
keff is tunable.
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(b) Raman spectroscopy of the contra-propagating tran-
sitions for different Raman pulse delay after the end of
the cooling stage (1 ms, 46 ms or 92 ms) corresponding to
different vertical atomic velocities. As the laser frequency
was chirped during the atoms free fall to compensate for
the Doppler effect, one of the contra-propagating transi-
tion is addressed by the same initial frequency. The other
is not corrected from the Doppler effect: its position varies
on the spectrum during the fall. The pulse duration was
set to τ=8 µs.

Figure 2.8: Description of the Raman transitions.

During the interferometer, the atoms are falling under gravity. Their vertical velocity
increases and the Doppler effect becomes non-negligible. To compensate the Doppler effect,
one of the laser frequencies has to be chirped with a rate α. At rest, the frequency difference
between the two hyperfine states is 6.834 GHz. The choice of this rate allows to select the
pair of the Raman photons (in red or in blue on Figure 2.8a) addressing the transition: the
direction of the effective wave vector can be chosen. The red pair corresponds to an upward
effective wave vector and the blue pair to a downward wave vector. On Figure 2.8b, the right
contra-propagating peak corresponds to the transition at resonance at all times thanks to the
chirp. The left contra-propagating peaks are not at resonance: their position is shifted as the
pulse delay changes. For this experience, a rate of α =25.143 MHz s−1 is applied, corresponding
to a downward wave vector.
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Duration of the laser pulses

The duration of the pulse allows to choose between a mirror and a beamsplitter pulse
as explained in Chapter 1. The duration of the second pulse τπ has to be twice the duration
of the first and third pulses τ π

2
. To determine experimentally the optimal pulse duration, the

pulse duration was scanned at different time of the fall to observe Rabi oscillations. On Figure
2.9, the transition efficiency is more than 70% and the optimal pulse duration for an atomic
mirror is between 7.4 µs and 8.7 µs. To optimize the interferometer, the laser beam has to be
aligned with the atomic fall. Thus, the laser beam was aligned such as Rabi oscillations are
the most similar during the fall but imperfections remains due to misalignment and the cloud
expansions. The intensity of the laser beam also has an impact on the optimal duration of the
laser pulses. During this work, the durations of the pulses were τπ=8 µs and τ π

2
=4 µs.
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Figure 2.9: Rabi oscillations driven by a Raman pulse. The duration of the laser pulse is
scanned for different pulse delays corresponding to different moments of the fall. The addressed
transition is a contra-propagating transition.

On Figure 2.9, the Rabi oscillations are damped due to decoherence phenomena over the
atomic cloud. Several phenomena cause the spatial inhomogeneity of the Rabi pulsation over
the atomic cloud [111].

Firstly, the Rabi pulsation depends on the atoms velocity due to the Doppler effect. As the
atomic cloud has a velocity distribution which can be modelled by a Gaussian distribution, the
Rabi pulsation is not homogeneous over the cloud. At a time t after the release of the cloud, the
cloud velocity distribution along the X axis can be written as:

Dvx(vx, t) =
1

√
2πσvx

exp
(
−

(vx − gt)2

2σ2
vx

)
(2.1)

with σvx the standard deviation of the Gaussian distribution and g the Earth gravity constant.
The initial velocity along X is assumed to be null.

Secondly, the cloud also expands in position along the perpendicular plan of the beam
due to the velocity distribution in this plan. Moreover, the beam has a Gaussian intensity profile
and the Rabi pulsation depends on the beam intensity. Thus, the Rabi pulsation depends on the
radial position of the atom r:

Ωeff(r) = Ω0e
− (r−r0)2

ω2
0 (2.2)
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with r0 the position of the centre of the beam, ω0 its waist and Ω0 the Rabi pulsation for an atom
at the centre of the beam. As t increases, the position distribution of the cloud broadens due to
the non-zero temperature of the cloud. Assuming Gaussian position distribution, the standard
deviation at t is σr(t) = σr(0) + tσvr with σr(0) the initial standard deviation after the cooling and
σvr the deviation of the velocity distribution. During their fall, the atoms explore more and more
spatial areas of the beam with a lower intensity, leading to more Rabi pulsation inhomogeneities.

A cold atom source is an advantage to limit the spatial inhomogeneities as its velocity
distribution is narrow.

2.2.3 Atomic states detection by fluorescence

After the interferometer, the atomic state is detected by fluorescence. The light emitted
by the atoms is collected by two lenses of focal length 26 mm and a diameter of 30 mm. The
light collected is sent on a photodiode of surface ≈1 cm2 as can be seen on Figure 2.2. When the
falling atoms pass in front of the detection system, a first vertical beam addressing the transition∣∣∣5S1/2,F = 2

〉
→

∣∣∣5P3/2,F
′ = 3

〉
detuned from resonance by 1Γ is shined to detected the atoms in

the excited state |e⟩. The detuning allows to push the atoms away from the detection area. Then
a repump laser is shined to put the atoms from the ground state |f ⟩ to the excited state |f ⟩. A
second detection laser pulse allows the detection of the atoms previously in the ground state. A
last detection pulse is sent to measure the background light due to the background hot vapour
for example. Thanks to the signals given by the photodiode, the number of atoms is each state
can be evaluated: Ne = Se − Sb and Ng = Sg − Sb. The useful signal for the interferometer is the
probability for an atom to be in the excited state:

Pe =
Ne

Ne +Ng
(2.3)
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Figure 2.10: Detection by fluorescence scheme. A laser slightly detuned from
∣∣∣5P3/2,F

′ = 3
〉

is
shinned to make the atoms in

∣∣∣5S1/2,F = 2
〉

fluoresce. Then, a repump laser transfers the atoms
in F=1 to F=2. These atoms are then detected by fluorescence. Lastly, the background signal is
measured.
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2.2.4 Laser architecture

Several laser frequencies are needed during the cooling, interferometric and detection
stages. To generate all these frequencies, a tunable laser system with a frequency close to the D2
transition of the Rubidium 87 was built by Clément Diboune during his PhD [99]. This laser
system was developed to manipulate Rubidium 87 but also Rubidium 85 and Caesium 133. In
this work, only the laser system dedicated to Rubidium 87 was operated. Thus, only this part of
the laser system will be detailed.

Laser system

The generation of the laser frequencies is based on the principle of a frequency-doubled
Telecom laser. A primary laser diode DL1 is used as a frequency reference. Its frequency
is locked on a hyperfine transition of the Rubidium 85. A secondary laser diode is used to
generated the laser beam manipulating the atoms. Its frequency is locked through beat-note
on the frequency of the primary diode. The design of the laser system can be seen on Figure 2.11.

The primary laser diode DL1 is an ECDL laser diode of model RIO ORION diode with a
power of ≈ 15 mW. The laser width specified is 4.9 kHz at 1560.4 nm. Its frequency is tunable
with a current sensitivity of −55 MHz mA−1 within a range of 14 GHz. The output of the pri-
mary diode is amplified by a 500 mW fibered EDFA laser amplifier from Keopsys at 1560 nm.
Then, the laser frequency is doubled with a fibered non-linear PPLN crystal from NTT. The
frequency doubling is necessary to obtain a frequency close to the D2 transition of the Rubidium.
Afterwards, the laser is sent in a glass cell containing Rubidium hot vapour to perform saturated
absorption. The frequency locking of the primary diode will be explained in the next paragraph.

The secondary diode DL2 is a DFB laser diode from JDS Uniphase (CQF935) with a
specified spectral width of 100 kHz at 1560.61 nm. The diode is tunable with a current sensi-
tivity of −130 MHz mA−1. Its frequency is locked on the frequency of the primary diode. The
output of the laser diode is then modulated with a fibered phase modulator (Photline) to create
sidebands. The frequency and amplitude of the sidebands are determined by the frequency
νmw and amplitude Amw of the micro wave sent in the phase modulator. Afterwards, the laser
is amplified by a fibre EDFA amplifier at 1560 nm from Manlight of maximal power 2 W. The
laser is then sent on a first fibred accousto-optical modulator (AOM) acting as a switch to turn
ON or OFF the laser. The first order of the AOM is doubled in frequency with a PPLN crystal
and used to create the MOT beams. The zero order of the AOM 1 is sent on a secondary AOM to
allow the generation of the Raman pulses. Then the laser is doubled with another PPLN crystal
and used to create the Raman, detection and blast laser beams. With this laser architecture,
the extinctions of the two optical paths are controlled independently and without mechanical
shutters. More information can be found in the thesis of Clément Diboune [99].

Frequency referencing and locking

The frequency of the primary diode has to be stable over time to be used as a reference.
The frequency of the primary diode is locked on an atomic transition with saturated absorption
spectroscopy and lock-in technique. With this technique, the laser can be used as a stable
frequency reference. In this case, the frequency is locked on the saturated absorption peak of
the cross-over between two hyperfine transitions of the Rubidium 85 F = 3→ F′ = 3x4 (see
Figure 2.12). The saturated absorption spectrum is obtained with a counter-propagating laser
inside a hot Rubidium vapor. The frequency of the primary diode is modulated at 6 kHz to
obtain the error signal by lock-in detection. Then, a close-loop locking (PID) acts on the diode
current to keep the frequency stable.
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Figure 2.11: Fibred laser system for the manipulation of the Rubidium 87 based on frequency-
doubled Telecom diodes. In green, fibred laser system at 1560 nm. In red, fibred laser system at
780 The diode DL1 is locked on a hyperfine absorption peak of Rubidium 85 and serves as a
frequency reference. DL2 generates the light sent on the atoms. A phase modulator is used to
generate the different frequencies needed.

The frequency of the secondary diode also has to be controlled with precision to address
the different atomic transitions during the experiment. The beat-note between the frequency
of the secondary diode and the frequency of the primary diode is locked. The difference of
frequency between the two diodes is controlled and tunable. The output of the two diodes at
1560 nm are combined and sent on a fast photodiode (FPD 310 from Menlosystems) with a
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Frequency

Cross-over transition 3x4

Figure 2.12: Saturated absorption spectrum of Rubidium 87 and 85 vapour. The frequency
of the primary diode is locked on the cross-over transition F’=3x4 of the 85Rb. This figure is
extracted from [111].

bandwidth of 1 GHz. The beat note frequency is converted to a voltage to generate the error
signal. Then a PID lock-in system drives the secondary diode intensity. The frequency difference
between the two diodes can range from 423 MHz (cooling stage) to 914 MHz (interferometric
stage). With this setup, the frequency of the secondary diode can be tuned during the experi-
ment by changing the beat-note lock setpoint.

Generation of the different laser frequencies

During the experiment, several laser frequencies are necessary to prepare the atoms and
implement the interferometer. The different frequencies necessary and the addressed transitions
are visible in Figure 2.5.

• Cooling frequencies to address the transition F = 2→ F′ = 3 tunable between -22Γ and
-3Γ (red detuned)

• Blast frequency at resonance with the transition F = 2→ F′ = 3

• Detection frequency detuned by +1Γ from the transition F = 2→ F′ = 3

• Repump frequency at resonance with the transition F = 1→ F′ = 2

• The two Raman frequencies detuned by −1 GHz from the transitions F = 1→ F′ = 1 and
F = 2→ F′ = 1. One of the Raman frequency has to be tuneable to compensate the Doppler
effect during the interferometer.

To generate the different needed laser frequencies, two mechanism are used. First, the
beat note between the primary laser and the secondary laser can be tuned. Thus, changing the
secondary laser frequency can be done by changing the input voltage of the close-loop locking
system. The secondary laser is also modulated thanks to a phase modulator. The frequencies
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and amplitudes of side bands are controlled with the amplitude and frequency of the input
micro-wave. Several micro-wave frequencies are needed during the experiment to generate the
laser frequencies but also to address the atomic transition F = 1→ F = 2 directly during the
atomic state preparation (summary in Table 2.1).

Frequency MW frequency Agility
Cooler/Detection/Blast 944 MHz −22Γ → 1Γ Optical
Repump 6568 MHz Optical
Raman 6834 MHz Chirp α ≈ 25MHz/s Optical
Zeeman 6834 MHZ MW

Table 2.1: Micro-wave frequencies necessary to the experiment either to address directly an
atomic transition (Zeeman micro-wave) or to generate an optical frequency.

The micro-waves needed are generated by a stable, tunable in frequency and spectrally
pure hyper frequency micro wave system described in details in [99]. This system relies on a
frequency comb between 6.8 and 9.1 GHz mixed with radio frequency sources. A band-pass
filter selects the needed frequency.

During the cooling stage, the cooling frequency is the zero order of modulation and
the repump frequency the first order of modulation. It is possible to cancel the zero order of
modulation for a certain micro wave power thanks to the characteristics of phase modulation.

During the interferometric stage, the zero order is shifted by changing the set point of the
secondary diode frequency lock. The first Raman laser corresponds to the zero order of modula-
tion. The second Raman laser is the first order of modulation generated with a micro-wave at
6.834 GHz. The intensity of the micro wave allows to control the power distribution between
the two Raman frequencies.

Thanks to the laser system depicted in this Section, all the frequencies of Figure 2.5 can
be generated. The atoms can be cooled, prepared in the input state of the interferometer which
can then be implemented and lastly, the state of the atoms can be detected.

2.2.5 Improvement of the laser system

In this section, some improvements of the laser system, done during this work, are de-
scribed. The focus was on how to better control the Raman laser during the interferometer.
Different locking systems were implemented to improve the stability of the Raman laser power
and spectrum.

Laser power stabilisation

A stable laser intensity improves the atomic mirror and beamsplitters quality as the pulse
durations are set for a given laser intensity. The stability of the contrast over time is improved.
The experiment repeatability is also improved as the light-shifts become constants. The phase
shift is also more stable over time.

Before the laser power stabilisation, the laser used to manipulate the atoms displayed
power variations up to 7% over 64 hours. This measured was not performed when the interfer-
ometer was operated in order for the laser to operate continuously with the same parameters.
This power instability could be due to the fibre amplifier and variations of the temperature as
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Figure 2.13: Temporal variation of the DL2 laser intensity and of the room temperature. For
this measurement, the interferometer was not operated and the laser was shined continuously.

can be seen on Figure 2.13. Both laser intensity and room temperature display variations with a
2 hours period.

This instability impacted the contrast and phase shift of the interferometer. Figure 2.14a
shows a variation of 6% of the contrast for a variation of 23% of the Raman laser intensity and a
strong correlation between the intensity and contrast variations. This could be explained the
impact of the intensity variations on the atomic beamsplitters and mirror. For this measurement,
the interferometer was operated and the laser parameters were varying during the cycle. This
could explain the more important variation of the laser intensity with respect to Figure 2.13.
The phase shift also shows a variation of 65 mrad in the same conditions. This could be due to
the evolution of the light-shifts under the intensity variations.
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(a) Temporal variations of the contrast and laser
intensity over time.
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(b) Temporal variations of the phase shift and laser
intensity

Figure 2.14: Influence of the unlocked laser intensity on the atomic interferometer. The
interferometer was operated with an interrogation time of 46 ms and a constant mirror pulse
duration τπ = 8µs. The Raman laser intensity was measured at the end of every cycle.

To have a stable laser intensity, a close-loop locking was implemented as described on
Figure 2.15.
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Figure 2.15: Description of the Raman laser intensity locking system. A photodiode measures
the intensity of the Raman laser. Its signal is used to change the setpoint of the AOM 2. Thus,
Raman laser intensity is stable over time. A switch allows the correction on the AOM 2 setpoint
only during the interferometer: the other phases of the cycle are not impacted.

The intensity variations are corrected through the setpoint of AOM 2. The laser intensity
is measured by a photodiode placed after the mirror redirecting the laser inside the glass cell
(Figure 2.2). A new step was added in the experiment cycle (Figure 2.4) in order to measure
the parameters of the Raman laser including its intensity. During this step, the configuration
of the laser system is the same as the configuration for the interferometer laser pulses. During
this last step, the Raman laser is shined for 21 ms. Then, the photodiode signal is compared to a
setpoint and a PID is applied to the error. This error is added to a coarse voltage setpoint. A
voltage cut-off system is used to limit the input voltage of the AOM 2 and avoid any damage.
A system of electronical switch placed after the PID allows the retro-action only during the
interferometric phase and the Raman laser measurements.

After the implementation of the laser intensity locking, the laser displays a variation of
0.8% of its intensity over 3.7 hours.

Laser spectrum control

Variations in the laser spectrum generated by phase modulation can also induce variations
in the experiment. The light-shifts varies with the amplitude of the different laser frequencies
affecting the phase shift of the interferometer. After the modulation, the laser spectrum consists
in three main frequencies: the order 0 of modulation ω0 = ω2, the order 1 of modulation
ω1 = ω0 +ωm and the order -1 of modulation ωp = ω0 −ωm. The modulation frequency is ωm

(Figure 2.16a). Only ω1 and ω2 are used to address the Raman transitions. Higher orders of
modulations are neglected. Two parameters will be considered to control the laser spectrum.
First, the relative amplitude of the modulated peaks: M = A−1+A1

2A0
and the asymmetry between

the two modulated peaks A = A−1−A1
2A0

. Before the stabilisation, the mean amplitude M of the
modulated peaks varied by 12% during 3 hours and the asymmetry A of the peaks varied by 6
% in the same conditions (Figure 2.16b).

To measure the laser spectrum at every experimental cycle, a Fabry-Perot interferom-
eter was added to the fibered laser system after a fibered splitter 99/1% (Figure 2.11). The
Fabry-Perot interferometer is a SA2012-5B from Thorlabs with a 10 GHz free spectral range.
The acquisition of one spectrum lasts 11 ms. The laser spectrum is measured at the end of
the experiment cycle during a laser pulse with the same laser parameters as the Raman laser
during the interferometer. The laser spectrum can be seen on Figure 2.17b, the 0 order of
modulation and the first orders of modulation are visible. Due to frequency folding, there are
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(a) Raman laser spectrum after phase modulation.
ω2 is the frequency of the carrier while Ω1 and ωp
are the first orders of modulation. Higher orders of
modulation are not represented. ω1 and ω2 are the
frequencies used to perform the Raman transition.
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(b) Temporal variations of the Raman laser spec-
trum. The spectrum was measured at the end of
every interferometric cycle with a Fabry-Perot.

Figure 2.16: Raman laser spectrum before stabilisation.

two orders of modulation in a free spectral range. At each cycle, the amplitude of each order of
modulation (0,1 and -1) is extracted numerically from the spectrum and the parameters M and
A are computed.
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beamsplitter 99/1

(a) Fibred laser rack for the generation of the Ru-
bidium laser. After the AOM 2, a splitter derives
a small part of the laser power on a Fabry-Perot
interferometer to measure the laser spectrum.
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Figure 2.17: Raman laser spectrum measurement system.

Two locking systems are implemented to control the laser spectrum: one for the relative
amplitude M and one for the asymmetry A. The mean amplitude of the modulated orders is
controlled by retro-acting on the micro-wave amplitude at the input of the phase modulator.
The asymmetry can be explained by imperfect phase matching in the PPLN crystal due to the
crystal temperature control. The control of the asymmetry is performed by retro-acting on the
temperature of the PPLN crystal. The Figure 2.18 sums up the two locking systems controlling
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Figure 2.18: Description of the Raman laser spectrum locking system. The laser spectrum
is measured by the Fabry-Perot interferometer and the mean amplitude M and asymmetry
extracted numerically. The error on the mean amplitude M is used to modify the micro-wave
amplitude of the phase modulator. The error on the asymmetry A allows to change the crystal
temperature.

After the spectrum stabilisation, the mean amplitude M varies by 8% during 3.8 hours
(12% without the stabilisation). To minimize the one photon light-shift, the M parameter is set
at 57%. The variation of the asymmetry is reduced to 4% in the same conditions (6% before
the stabilisation). If the laser spectrum is more stable with the locks, the stabilisation is not as
effective as expected due to noise on the measurement of M and A.
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Results of the laser stabilisation

The interferometer was performed with the stabilised laser with an interrogation time
T = 46ms and its contrast and phase shift measured. The contrast displays a variation of 2%
and the phase shift varies of 55 mrad in 3.7 hours (Figure 2.19). The effect of the stabilisation
on the contrast is important as the contrast displayed a variation of 23% before the stabilisation
of the laser. As the contrast was strongly impacted by the laser intensity, the stability of the
contrast could be explained by the efficiency of the laser intensity lock-in system. The results on
the phase shift variations are not as important. The phase shift displayed a variation of 65 mrad
before the improvements and 55 mrad for T = 46ms.
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(a) Temporal variations of the interferometer phase
shift after the stabilisation of the Raman laser in-
tensity and spectrum.
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(b) Temporal variations of the interferometer con-
trast after the stabilisation of the Raman laser in-
tensity and spectrum.

Figure 2.19: Impact of the laser stabilisation on the interferometer. The interferometer was
operated with an interrogation time of 46 ms and a constant mirror pulse duration τπ = 8µs.
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2.2.6 Performances

The performances of the atomic interferometer can be characterized by the output inter-
ference fringes as can be seen on Figure 2.20a. For this measurement, the vibrations isolation
platform was ON in order to the fringes to be visible. The total interrogation time of the
interferometer was 2T = 92ms which is the maximum interrogation time for this experimental
setup (T = 46ms). The duration of the mirror pulse was τπ = 8µs and the duration of a beam-
splitter pulse was τ π

2
= 4µs. After the improvements of the laser system presented in Section

2.2.5, the contrast C of the interferometer was 42% and the offset of the interference fringes 57%.
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(a) Atomic interference fringes. A pseudo-
acceleration is generated by scanning the laser fre-
quency chirp α to access the fringes. The fringes
display a 42% contrast.
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(b) Allan deviation of the atomic accelerometer al-
lowing to study its long term performances. For
integration times below 300 s, the Allan deviation
display a τ−1/2 decay signature of a white noise.
The sensitivity (the slope of the decay) of the ac-
celerometer is 8.04×10−7 m/s2/Hz1/2. The maximal
stability reached for an integration time around
700 s and the smallest acceleration possible to de-
tect is 4 × 10−8 m s−2.

Figure 2.20: Performances of the atomic accelerometer for an interrogation time of 46 ms and
the isolation vibrations platform ON.

The atomic accelerometer performances were studied with the help of the Allan deviation.
The Allan deviation is a mathematical indicator useful to study the long-term stability of a
sensor [118]. The Allan deviation presented on Figure 2.20b was recorded before the laser
stabilisation with an interrogation time of 46 ms. Between 1 s and 300 s, the signal is dominated
by white noise as the Allan variance decreases as τ−

1
2 [118]. The atomic accelerometer has a

sensitivity of 8 × 10−7 m/s2/Hz−1/2. The maximum resolution is 40 nm s−2 and is reached after
an integration of 16 minutes.
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2.3 Electrostatic accelerometer

Electrostatic accelerometers (EA) were first developed at NASA in the 60’ [119]. From
the 70’, numerous designs of EA were developed at ONERA such as CACTUS [120], GRA-
DIO, STAR, CubeSTAR (still under development) [113] or more recently T-SAGE [121] for
space missions dedicated to Earth observation (space gravimetry) or fundamental physics (test
of the equivalence principle). Recently, some EA are being developed in China such as Taiji [122].

The electrostatic accelerometer used during this work was developed by the DPHY/IEA
unit at ONERA for the hybrid experiment. The design of the EA was conceived to be operated
on Earth: the electrostatic levitation is able to sustain the gravity on Earth. Thus, the design is
slightly different from the EA operated in space and its performances are degraded. Moreover, a
window was added to the EA vacuum cell to allow the Raman laser reflection on the proof-mass.

2.3.1 Principle of measurement

The operation of the EA resides in the electrostatic levitation of a centimetric proof mass.
A detailed description of the EA operation can be found in [113, 122, 123]. The EA proof-mass
is in levitation between two electrodes thanks to the electrostatic force applied between each
electrode and the proof-mass. The EA architecture is displayed on Figure 2.21.

Capacitive
position sensor

Control law Drive Voltage
Amplifier

Proof-mass

Electrode 1 

Electrode 2 

Gold wire

Figure 2.21: Principle of the electrostatic accelerometer. The proof-mass is in electrostatic
levitation between electrodes. The electric potential of the proof-mass is controlled through a
thin gold wire. The position of the proof-mass is locked at the centre of the electrodes.

Let’s consider the upper electrode and the proof-mass to be two infinite charged plates.
The force applied between the upper electrode and the proof-mass

−−−−−→
FE2/M is then:

−−−−−→
FE1/M = − ϵ0A

(d + x)2 (VE1 −VM )2U⃗x (2.4)

with VE1 the potential of the electrode, VM the potential of the proof-mass, A the area of the
electrode, ϵ0 the electric permittivity of the vacuum, d the distance between the two plates and
x the small displacement from the mean position. −→xS is the unitary vector in the perpendicular
direction of the electrodes surfaces. In this approximation, edge effects are neglected. The
electrostatic force

−−−−−→
FE2/M is the following for the lower electrode and the proof-mass:

−−−−−→
FE2/M = − ϵ0A

(d − x)2 (VE2 −VM )2−→xS (2.5)
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In the EA setup, the electrodes potentials are opposites VE1 = −VE2 = VE for the proof-
mass to be at the centre of the electrodes. In this case, the total force applied on the proof-mass
is:

−→
Fe = −2ϵ0A

d2 (VMVE − 2
x
d

(V 2
E +V 2

M ))−→xS (2.6)

This force is used to maintained the proof-mass at the centre of the electrodes. To measure
the position of the proof-mass with respect to the electrodes, a capacitive detection is used as
the deviation x of the PM from the mean position is proportional to the differential capacitance
∆C due to the small displacement x from the centre.

∆C =
2ϵ0Ax

d2 (2.7)

To perform the capacitive detection, the electrical current has to vary in time. Thus, the
voltage applied to the proof-mass VM through the gold wire has to be modulated at a high
frequency ω.

VM = Vp +Vd sin(ωt) (2.8)

The modulated voltage of amplitude Vd generates a small displacement of the proof-
mass creating a non-zero intensity in the capacitive detection sensor (as i(t) = C dV (t)

dt ). The
output voltage of the position sensor depends on the modulated amplitude and the differential
capacitance.

Vs ∝ Vd
∆C
C

(2.9)

Thanks to the capacitive detection, the proof-mass position is locked at the centre of the
electrodes so x = 0, x′ = 0 and x′′ = 0.
The measurement of the acceleration undergone by the sensor can be perform as followed. The
forces applied on the proof-mass are the electrostatic force

−→
Fe and the force applied to the whole

sensor result in an acceleration −→as . The forces compensate each other:

x′′ = as −
Fe
m

(2.10)

The position proof-mass is locked at the centre of the electrodes therefore, x′′ = 0. Then,
the acceleration of the sensor can be expressed as:

as = −Fe
m

(2.11)

When the proof-mass position is locked at the centre of the electrodes, the sensor accel-
eration is proportional to the electrostatic force applied to the proof-mass. The electrostatic
force is known as the voltages applied to the electrodes and the proof-mass are controlled. The
acceleration measurement can then be performed.

2.3.2 Design of the accelerometer

The electrostatic accelerometer used for this work was designed by the ONERA unit
DPHY/IEA for the hybrid electrostatic/atomic accelerometer described in [30].

The design of this EA is closed to previously developed EA at ONERA such as the ac-
celerometer boarded on GOCE mission [123]. The EA proof-mass of the lab prototype is a
parallelepiped of ULE (Ultra Low Expansion glass) with a side of 4 cm and a mass of 35 g.
The proof-mass is enclosed in a set of electrodes as depicted on Figure 2.22a. The six pairs of
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electrodes allow to control the EA movement along the six degrees of freedom: the position
along each axis X, Y and Z and the three angles Φ , Θ and Ψ (Figure 2.22a). The gap between the
proof-mass and the electrodes is 30 µm along the vertical axis and 300 µm along the horizontal
axis. Both electrodes and proof-mass are in a vacuum chamber. A peculiarity of this EA is the
addition of a glass window in the EA vacuum chamber allowing the interferometer laser to be
reflected on the EA proof-mass. The hole between the electrodes allows the laser to be reflected
on the proof-mass has a diameter of 7 mm (Figure 2.22b). The proof-mass is not a dedicated
optical mirror but has a flatness below λ

4 (λ ≈ 600nm) due to the important constraints of the
electrostatic control.

(a) Electrostatic accelerometer proof-mass and elec-
trodes. The six pairs of electrodes allows the control
of the X, Y and Z positions and the angles Φ , Θ and
Ψ .

(b) Electrostatic accelerometer of the hybrid experi-
ment. A glass window was added on the top of the
vacuum cell to allow the reflection of the Raman
laser on the proof-mass.

Figure 2.22: Electrostatic accelerometer design.

This EA is designed to operate on Earth and sustains gravity. The potential applied to the
X electrodes VX = 144V for the proof-mass to levitate is higher than the potential applied to
the Y and Z electrodes VY = VZ = 0V if the EA is vertically aligned. Nevertheless, in order to
sustain misalignment and vibrations, the maximal potential for each electrode is ±300V. The
polarisation of the EA proof-mass is controlled by a gold wire of 5 µm diameter attached to the
proof-mass. The proof-mass DC potential is Vp = 100V. In a regular operating mode, the EA
position is locked at the centre of the electrodes allowing the measurement of the acceleration
undergone by the EA. Another peculiarity of the EA is the addition of a non-zero setpoint in the
control law of the EA position. This non-zero setpoint allows to drive the proof-mass position
along the six degrees of freedom in the limit of the displacement allowed by the gap between
electrodes and proof-mass. The proof-mass can be rotated along the Θ and Ψ angles and its
position is measured with the capacitive detection.
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2.3.3 Calibration of the capacitive detection

Before to perform any measurements with the capacitive detection of the EA, several
output channels were calibrated. The angular detections in the horizontal plan were calibrated
using the deviation of the Raman laser. The vertical position detection was calibrated using the
atomic interferometer signal.

Angular detections calibration

To calibrate the voltage output corresponding to the measurements of the angles Ψ and
Θ on Figure 2.22a, a laser beam was reflected on the proof-mass and sent on a CCD camera.
Then, a constant voltage setpoint was applied to the angular control of the proof-mass along
Ψ or Θ. The position of the laser spot ∆r on the CCD camera was measured for different
angles of the proof-mass (Figure 2.23a). The angle θ of the proof-mass can be deduced from
∆r and the total distance L between the mirror and the CCD as θ ≈ ∆r

2L . The distance L was
evaluated at 2860 ± 30 mm. The calibration factors for the Ψ and Θ channels were measured by
fitting linearly the angle of the mirror as a function of the measurement voltage (Figure 2.23b).
For the channel Ψ , the calibration factor is CΨ = 97.5± 0.4µradV−1 and for the channel Θ at
CΘ = 108.8± 0.4µradV−1.
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(a) Position of the laser beam on the CCD camera
for different angles of the proof-mass. The angle of
the proof-mass is deduced from the spot position
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(b) Determination of the calibration factor. For each
angle of the proof-mass deduced from the beam
position, the capacitive detection voltage was mea-
sured. A calibration factor for the channels Ψ and
Θ can be deduced.

Figure 2.23: Angular calibration of the EA capacitive detection.

Vertical position calibration

A calibration was also needed for the vertical position detection. The knowledge of the
vertical position of the proof-mass is useful to evaluate its acceleration and the contribution of
the latter to the interferometer phase shift. To calibrate the vertical detection, a time-dependent
vertical movement was imposed on the proof-mass in order to generate an acceleration. This
acceleration of the proof-mass is measured with the atomic interferometer. To maximise the
acceleration of the proof-mass, a sinusoid movement with a frequency of 1

2T was chosen. Let’s
consider Ax the amplitude of the capacitive detection signal displayed on Figure 2.24a. For such
a movement, the acceleration of the proof-mass is:

aproof −mass =
4KxAx

T 2 (2.12)
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with Kx the calibration factor of the vertical capacitive detection. The phase shift of the
interferometer is then:

∆Φ = keffT
2aproof −mass = 4keffKxAx (2.13)

The phase shift of the interferometer was measured for different amplitude of the sinusoid
vertical movement Ax. The calibration factor of the vertical capacitive detection was deduced
from these measurement (Figure 2.24b). Finally, the calibration factor of the vertical detection
was found to be Kx = 1.088µmV−1.
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(a) Capacitive detection signal for a sinusoid verti-
cal movement of the proof-mass at frequency 1

2T .
The acceleration of the proof-mass can be detected
by the interferometer and the capacitive detection
calibrated.
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(b) Phase shift of the interferometer due to the EA
sinusoid vertical movement. The amplitude of the
EA movement is proportional to the phase shift al-
lowing the measurement of the capacitive detection
calibration factor.

Figure 2.24: Calibration of the EA vertical capacitive detection.

2.3.4 Performances

The electrostatic accelerometer displays an important sensitivity at high frequencies but
drifts in the long term. The performances of the lab prototype were studied but its performances
under the Earth gravity are deteriorate in comparison to the performances achieved in space by
similar instrument. The lab prototype displays a maximal resolution of 6.5 × 10−6 m s−2 while
GOCE instrument had a maximal resolution around 2 × 10−12 m s−2.

The performances of the lab prototype of the EA were studied with Allan deviation indi-
cator (Figure 2.25a). The EA maximal resolution is 6.5 × 10−6 m s−2 and is achieved after an
integration time of 2 s. The EA was characterised with the vibration isolation platform ON.
Nevertheless, vibrations could still be detected by the EA. The maximal resolution achieved here
could be limited by the vibration level and not by the EA instrument. For long interrogation
times, the performances of the EA are deteriorated due to long term drift. The EA is more
sensitive at high frequencies. The EA noise can also be studied with the power spectral density
(Figure 2.25b). The EA acceleration noise increases for low frequencies which is characteristic
of a long-term drift. [30]



2.4. Experimental methods 73

100 101 102 103 104

Integration time  (s) 

10 5

10 4

Al
la

n 
De

vi
at

io
n 

(m
.s

2 )

(a) Allan variance of the electrostatic accelerometer
lab prototype.
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(b) Acceleration noise of the electrostatic accelerom-
eter lab prototype.

Figure 2.25: Performances of the EA accelerometer prototype on Earth. The measurements were
performed on the vibration isolation platform.

2.4 Experimental methods

In this section, are presented the experimental methods used to perform, collect and
explain the experimental results of Chapters 3 and 4.

2.4.1 EA alignment

To perform the experiment, the EA proof-mass had to be at the centre of the Raman laser
beam and perpendicular to the Raman laser direction. Moreover, the direction of measurement
of the atomic interferometer had to be aligned with the Earth gravity field g⃗. To be certain that
the proof-mass was perpendicular to the Raman laser and that the direction of measurement
was along g⃗, the proof-mass was rotated along the Z axis (channel Ψ ) then the Y axis (channel
Θ) of a constant angle. The measured acceleration is the projection of g⃗ on the measurement
axis: the phase shit depends on the proof-mass angle θ. If the sensor is correctly aligned, the
phase shift is a parabola centred around zero (Equation 2.14).

∆Φ = −keffT
2gθ2 (2.14)

After several stages of alignment of the Raman laser beam direction and of the EA position,
the Figures 2.26a and 2.26b were retrieved showing the correct alignment of the sensor with the
vertical.
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(a) Phase shift induced by a constant angle of the
proof-mass around the Z axis.
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(b) Phase shift induced by a constant angle of the
proof-mass around the Y axis.

Figure 2.26: Alignment of the EA with the atomic interferometer. The parabolas are centred
around a zero angle: the proof-mass and laser beam are correctly aligned with the Earth gravity.

2.4.2 Available rotations

The experimental setup allows the rotation of the mirror (the EA proof-mass) and of the
whole sensor head. Here is a presentation of the achievable rotations on the setup and how they
can be measured.

Rotation of the sensor

To rotate the whole sensor, a time-dependent voltage is applied to the piezo-electric
actuator B on Figure 2.2. To benefit from a smooth dynamic of the sensor and thus not exciting
some vibrations mode of the instrument mechanical structure, we choose to apply on the piezo
actuator a sinusoidal input voltage at a 4 Hz frequency which is the repetition rate of the exper-
imental cycle. This way, the rotation excitation is synchronised with the interferometer. The
Minus-K platform helps isolating the setup from the ground vibrations but also from the high
frequency vibrations generated by the piezo actuator. The rotation rate of the upper part of the
isolation platform is measured with the two-axis gyroscope.

Two different cases of sensor rotation were studied. The first case corresponds to a
sinusoidal angular movement at 4 Hz with a phase that maximised the angular velocity and
minimises the angular acceleration (Equation 2.15). The angular movement of the sensor is the
most linear possible during the interferometer. As the rotation rate is measured by the gyroscope,
the amplitude and phase of the angular movement can be deduced by simple integration from
the gyroscope signal (Figure 2.27a).

θS1(t) = Asin(ω(t − t0 − T )) (2.15)

with A the amplitude of the angular movement, ω its frequency, t0 the instant of the first
pulse of the interferometer and T the interrogation time. For the second case, the phase chosen
maximises the angular acceleration and minimises the angular velocity of the sensor (Equation
2.16). The angular movement can also be deduced from the gyroscope measurement (Figure
2.27b).

θS2(t) = Asin
(
ω(t − t0 − T ) +

π
2

)
(2.16)
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(a) First case: maximal angular velocity.
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(b) Second case: maximal angular acceleration.

Figure 2.27: Rotation of the sensor. In red are represented the three laser pulses of the inter-
ferometer. In green, the gyroscope signal and in blue the sensor angular position deduced by
integration of the gyroscope signal.

Rotation of the mirror

The retro-reflection mirror can be rotated by driving the electrostatic force applied
between the electrodes and the proof-mass. The angle between the proof-mass and the electrodes
is measured by the capacitive detection of the electrostatic accelerometer: the angular position
of the mirror is directly measured. For this work, the mirror was rotated along the Z axis (the
Ψ channel) and the Y axis (the Θ channel) (Figure 2.22a). During this study, several angular
movements were experimented such as angular ramps to study the impact of a constant angular
rate (Equation 2.17) in blue on Figure 2.28a.

θM1(t) = Ω.(t − t0) (2.17)

with Ω the angular velocity and t0 the instant of the first pulse of the interferometer.
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(a) Angular movements presented in Chapter 3 to
study the impact of the mirror rotation on the inter-
ferometer.
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Figure 2.28: Different schemes of mirror rotation implemented in this study. In red are repre-
sented the three pulses of the interferometer. In blue, orange and green are represented the
capacitive detection of the EA.
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Another case minimising the impact of the angular acceleration was studied. A sinusoidal
angular movement at a frequency 1

4T ≈ 5Hz was impose on the EA proof-mass (Equation 2.18)
in orange on Figure 2.28a. This case advantage is the smooth movement imposed to the mirror
limiting uncontrolled response of the proof-mass at the end of the angular ramp.

θM2(t) = Asin
( π

2T
(t − t0 − T )

)
(2.18)

with A the amplitude of the angular movement, ω its frequency and T the interrogation
time of the interferometer. A case θM3 maximising the angular acceleration compared to the
two previous cases θM1 and θM2 was implemented to study its effect. A sinusoidal angular
movement at a frequency 1

2T ≈ 10Hz was imposed on the EA proof-mass (Equation 2.19) in
green on Figure 2.28a.

θM3(t) = Asin
(π
T

(t − t0 − T ) +
π
2

)
(2.19)

The two last cases are similar to the ones implemented for the sensor movement in order
to study the rotation compensation method: the angular movement has to be opposite to
the angular movement of the sensor. In the first case, the angular acceleration is minimised
(Equation 2.20) in blue on Figure 2.28b. In the second case, the angular acceleration is maximised
(Equation 2.21) in orange on Figure 2.28b.

θM4(t) = Asin(ω(t − t0 − T )−π) (2.20)

θM5(t) = Asin
(
ω(t − t0 − T )− π

2

)
(2.21)

2.4.3 Fringes acquisition

To study the impact of rotation on the interferometer, the contrast and phase shift have
been measured. To access these parameters, interference fringes are acquired by scanning the
frequency chirp rate α that allows to sweep artificially the acceleration seen by the atoms. This
method allows to obtain atomic interference fringes from which the phase shift and contrast
of the interferometer can be deduced with a sinusoidal fit. Interference fringes are visible on
Figure 2.29 without rotation and in the presence of a sinusoidal angular movement of the EA
proof-mass at ≈ 10Hz. To obtain this kind of atomic signal, the MinusK isolation platform has
to be operating, otherwise the atomic signal is blurred. The phase shift cannot be retrieved
as ground vibrations add noise to the interferometer signal. The contrast is deduced from the
amplitude A of the sinusoid fit and the phase shift from its phase ϕ. The fit function is:

Pfit(a) = P0 −Acos(−ωa+ϕ) (2.22)

with A, P0 and ϕ free parameters adjusted by the fit. The fringes pulsation is set to ω = keffT
2

and the abscissa is the pseudo acceleration generated by the scan of the frequency chirp rate.
The zero of acceleration is set when the chirp rate compensates exactly for the Doppler effect
due to the Earth gravity. The phase reference is the phase shift in the absence of rotation.
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Figure 2.29: Interference fringes with the mirror at rest in blue and with a 10 Hz angular
movement of the mirror in green. In the presence of a mirror rotation, the angular acceleration
is Ω̇M = −52.4mrads−2 and the angular velocity is null.

2.4.4 Limitations of the experiment

To explain the experimental results, several side effects linked to the sensor rotation have
to be considered. These side effects result in experimental limitations.

Sensor rotation

The sensor is set in motion mechanically and the rotation generated is not perfectly
controlled as the transfer function of the isolation platform cannot be anticipated. Moreover,
the position of the sensor centre of rotation is not known precisely. The sensor rotation setup
was conceived to create a rotation around the −→zS axis but a component of the rotation appears
around the −→yS axis. The rotation around the −→yS axis has an amplitude of 8% of the main rotation
around the −→zS axis and has a phase shift of 0.5 rad with the main rotation. The rotation around
the −→yS axis was measured by the two axis gyroscope as can be seen on Figure 2.30.
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Figure 2.30: Rotation rates measured by the two-axis gyroscope. The main rotation in green is
around the −→zS axis. The secondary rotation is around the −→yS axis.

The effect of the residual rotation around the −→yS axis can be computed using 2.23. This
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expression is valid only if the cross-terms between the rotation around −→yS and −→zS are neglected.

∆ΦSY = keffT
2

2ΩSyvz0
+ Ω̇Sy(vz0

(t0 + T ) + zOA) +ΩSy
2
(
axL(

t2
0
2

+ t0T + T 2) + vx0
(t0 + T ) + xOA

)
(2.23)

with ΩSy the angular velocity and Ω̇Sy the angular acceleration around the y⃗S axis seen by the
interferometer.

Mirror rotation

When the sensor is rotating and the electrostatic proof-mass levitates, a vertical accelera-
tion of the proof-mass with respects to its electrodes is observed due to limitations in the servo
loop controlling the proof-mass position. This vertical acceleration creates an additional phase
shift on the interferometer. As the position of the proof-mass is measured by the capacitive
detection, the vertical acceleration of the proof mass can be computed as well as the induced
phase shift (Equation 2.24).

∆ΦaccEA = keffT
2(δxEA(t0)− 2δxEA(t0 + T ) + δxEA(t0 + 2T )) (2.24)

with δxEA the variation of the EA proof-mass position with respect to a rest position along the
−→xS axis. This position is measured during the interferometer thanks to the capacitive detection.

The impact of those two side phenomena on the phase shift can be computed and cor-
rected from the experimental data.

2.4.5 Atomic cloud kinematic parameters

As explained in Chapter 1, the atomic cloud kinematic parameters play an important role
in how the rotation affects the interferometer. The knowledge of these parameters supports the
calculation of the rotation effects on the phase shift and contrast. Some of the cloud parameters
such as its temperature, size, mean velocity, mean position relative to centre of rotation of the
mirror were measured by rotating the retro-reflection mirror. These measurements are detailed
in Chapter 3. Some distances such as the distance between the atomic cloud A and the mirror
centre M along the X axis or the distance between the atomic cloud A and the sensor centre
of rotation O depends on the setup building. Some kinematic parameters of the cloud along
the x axis are measured by Raman spectroscopy. Nevertheless, the size of the cloud cannot be
measured by spectroscopy and was expected to be the same as measured in [2]. The acceleration
of the atoms is only due to the Earth gravity so its value is axL = 9.81ms−2. The Table 2.2 sums
up the parameters used to estimate the phase shift and contrast in the rest of this work.

2.4.6 Computation of the phase shift and contrast

To explain the experimental results presented in Chapters 3 and 4, the phase shift and
contrast of the rotating interferometer were computed using two different methods.

Theoretical model

The theoretical model is based on the theoretical calculation of the phase shift and contrast
presented in Chapter 1. For example, for a rotation of the sensor around the −→zS and of the
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Parameter Value Type of measurement
vx0

−23.1 mm s−1 Raman spectroscopy
vy0

−1.3 mm s−1 Mirror rotation
vz0

0.31 mm s−1 Mirror rotation
σvx 11.3 mm s−1 Raman spectroscopy
σvy 10.8 mm s−1 Mirror rotation
σvz 11.1 mm s−1 Mirror rotation
xMA 420 mm Mechanical
yMA 1.09 mm Mirror rotation
zMA 0.66 mm Mirror rotation
σx0

0.5 mm from [2]
σy0

0.42 mm Mirror rotation
σz0

0.66 mm Mirror rotation
xOA 550 mm Mechanical
yOA ∈ [−6mm,−5mm] Free parameter
zOA ∈ [12.4mm,20mm] Free parameter

Table 2.2: Kinematic parameters of the atomic cloud used to compute the phase shift and
contrast of the rotating interferometer.

mirror around the −−→zM , the phase shift of the interferometer is:

∆ΦM+S = keffT
2[−axL − 2(ΩM +ΩS )vy0

− (Ω̇S + Ω̇M )((t0 + T )vy0
+ yOA)− Ω̇MyMO)

+ (2Ω2
M +Ω2

S + 2ΩMΩS )(axL(
t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xOA) + 2Ω2

MxMO]
(2.25)

The contrast of the interferometer is the following according to the theoretical model:

CM+S

C0
= exp

− k2
effT

4

2
( (2Ω2

M +Ω2
S + 2ΩMΩS )2σ2

x + (Ω̇S + Ω̇M )2σ2
y

+ ((t0 + T )(2Ω2
M +Ω2

S + 2ΩMΩS ))2σ2
vx + ((t0 + T )(Ω̇S + Ω̇M ) + 2(ΩM +ΩS ))2σ2

vy )


(2.26)

In order to compute the output parameters of the interferometer, the mean angular veloc-
ity of the mirror and of the sensor seen by the interferometer ΩM and ΩS have to be known.
The mean angular accelerations Ω̇M and Ω̇S also have to be computed.

To characterise the mirror rotation, the capacitive detection measurement is used. The
output of the detection is fitted with the expected function of the mirror angle θMi(t) given by
Equations 2.17 to 2.21 depending on the considered case. Once the parameters of the mirror
angular movement are known, the mean angular velocity and acceleration are calculated:

ΩM =
θMi(t0 + 2T )−θMi(t0)

2T

Ω̇M =
θMi(t0)− 2θMi(t0 + T ) +θMi(t0 + 2T )

T 2

(2.27)

The procedure to extract the parameters of the sensor rotation is different as the sensor
rotation is measured by the gyroscope. The gyroscope signal Ωgyro(t) is fitted with the expected
function of the rotation rate Ωfit

S (t) = Ω0 + ASωcos(ω(t − t0 − T ) +φS ) for a sinusoid rotation
excitation. Once the amplitude AS and the phase φS of the rotation rate are known, the
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angular movement is known by integration θfit
S = AS sin(ω(t − t0 − T ) +φS ). The two angular

movements studied are depicted by Equations 2.15 and 2.16. The mean sensor angular velocity
and acceleration can be deduced from the angular movement as previously:

ΩS =
θfit
S (t0 + 2T )−θfit

S (t0)
2T

Ω̇S =
θfit
S (t0)− 2θfit

S (t0 + T ) +θfit
S (t0 + 2T )

T 2

(2.28)

The theoretical phase shift and contrast can now be calculated for each experimental
rotation data.

In Chapters 3 and 4, the experimental phase shift and contrast are presented as a function
of the previously defined angular velocities and accelerations ΩS , ΩM , Ω̇S and Ω̇M . The un-
certainties associated with these parameters take into account the uncertainties on the fitting
and the uncertainty on the scale factor of the detection (either the capacitive detection or the
gyroscope).

Numerical model

A numerical computation of the interferometer phase shift and contrast was devel-
oped to help understand the experimental data measured when the interferometer is rotated.
This numerical model was described in Chapter 1 and takes into account more parameters of
the rotation than the theoretical model: the sensor (respectively mirror) rotation around the −→zS
(resp. −−→zM ) axis and the −→yS (resp. −−→yM ) is considered. Moreover, less approximations are made in
the numerical model than in the theoretical model. For example, terms scaling in Ω3 or Ω̇2 are
not neglected.

The input rotation data of the numerical model are the following. The rotation data of the
mirror are the angular positions detected by the capacitive detection at each interferometric
pulse. For the rotation around the −−→zM (respectively −−→yM ) axis, the angular position of the chan-
nel Ψ (resp. Θ) at each pulse are ΨMi (resp. ΘMi) with i = 1,2,3 the interferometric pulse. For
the sensor data, the rotation rates around each axis are measured by the two-axis gyroscope. The
gyroscope signals for each axis is fitted with a sinusoid function Ωk

S(t) = Aωcos(ω(t − t0 − T ) +ϕ)
as the excitation is a 4 Hz with k=y or z. The angular sensor positions are deduced by integration
given by the function θk

S = Asin(ω(t − t0 − T ) +ϕ). The input data of the numerical model is the
sensor angular positions along each axis θy

Si and θz
Si .
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Conclusion
In this Chapter, the experimental setup used to study the impact of rotation is

described. The lab experiment was developed to study the hybridisation of a cold atom
accelerometer and electrostatic accelerometer (EA). The cold atom accelerometer uses
a molasses source of Rubidium 87 to implement a Mach-Zehnder interferometer. Two-
photon Raman transitions act as atomic mirrors and beamsplitters for the interferometer.
To perform the two-photon transition, the Raman laser has to be reflected on a mirror
which also acts as the laser phase reference. In this original setup, the proof-mass of
an electrostatic accelerometer is the retro-reflection mirror. The proof-mass position is
controlled and detected along the six degrees of freedom thanks to the EA. The electro-
static actuation of the mirror allows to rotate the mirror enabling the study of the mirror
rotation impact on the interferometer and the compensation of the whole sensor rotation.
The whole sensor head including the atomic accelerometer and the EA can be rotated
thanks to piezo-electric actuators.

The methods developed during this study to obtain the experimental results of
Chapters 3 and 4 are also presented. The alignment of the EA with the atomic interfer-
ometer was done carefully. The Raman laser has to be retro-reflected and parallel to the
Earth gravity. Thus, the EA is perpendicular to the gravity. The angular movements of the
sensor and mirror studied are presented. Sinusoidal angular movements are favoured as
they limit the excitation of resonance. The experimental procedure to retrieve the phase
shift and contrast of the interferometer are detailed as well as the different parameters
used to compute the phase shift and contrast models.
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Introduction
The originality of our experimental setup enables to study the impact of the mirror

rotation on the interferometer. A chosen rotation is imposed to the retro-reflection mirror
and the angular position of the mirror is measured in real time thanks to the capacitive
measurement. The experimental phase shift and contrast can then be compared to the
theoretical and numerical models presented in Chapters 1 and 2. As the phase shift and
contrast depend on the kinematic parameters of the cloud, several kinematic parameters
of the atomic cloud were estimated such as its temperature, size, mean transverse velocity
and mean transverse position.

The temperature of the cloud was also measured with two other methods for the
sake of comparison. The first implemented method uses the velocity selection of the
Raman transition. The second method is based on the imperfect closure of a temporal
asymmetric interferometer.

This study enlightened some limitations of the rotation of the EA proof-mass.
Some unexpected phase shifts were measured when the mirror was rotating. This phase
shift could be linked to the reflection of the laser beam on the EA proof mass as they
depend on the rotation magnitude. The unexplained phase shift could be explained
by wave front aberrations introduced by the reflection on the proof-mass or by the
effect of the mirror rotation during the detection step. As the proof-mass was rotated,
some limitations in the proof-mass position control were observed such as a vertical
acceleration and a residual rotation along the perpendicular axis.

3.1 Influence of the mirror rotation on the interferometer

Firstly, the impact of the sole mirror rotation was studied and compared to the theoretical
and numerical models. An interpretation using the inertial accelerations is also proposed. In
this work, the detection system is not taken into account even if the detection system has a
spatial response. The contribution of one atom to the output signal depends on its position
during the detection step and thus on its initial velocity and position. This effect was studied
in [124] which has shown the influence of the detection on the detected velocity distribution
and thus the detected Coriolis acceleration. The kinematic parameters used to compute the
theoretical and numerical model are summed up in Section 2.4.5.

3.1.1 Impact of angular velocities

In order to study the impact of the angular velocity on the interferometer, an angular ramp
around the axis −−→zM was imposed on the mirror. The interferometer is implemented <while the
mirror rotates with an interrogation time of T = 46ms. As the angular acceleration of a ramp is
null, only the Coriolis and Centrifugal accelerations are expected to impact the contrast and
phase shift.

Contrast

The contrast loss due to the angular velocity is presented on Figure 3.2a. As the angular
acceleration is null for an angular ramp, the contrast loss should only be due to the Coriolis and
Centrifugal acceleration leading to Equation 3.1. Nevertheless, the experimental contrast loss
can be explained by the Coriolis acceleration only which scales as 4Ω2

Mσ2
vy . In this experiment,
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the Centrifugal acceleration contribution to the contrast loss is negligible as it scales in Ω4
M .

CM

C0
= exp

− k2
effT

4

2
( 4Ω4

Mσ2
x + 4(t0 + T )2Ω4

Mσ2
vx + 4Ω2

Mσ2
vy )

 (3.1)
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(a) Contrast loss due to an angular ramp around the
axis −−→zM . The impact of the Coriolis acceleration
fully explains the observed contrast loss. The theo-
retical and numerical model explain the experimen-
tal data with an error below 3% for the numerical
model.
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(b) Phase shift induced by an angular ramp
around the axis −−→zM . The phase shift is im-
pacted linearly by the Coriolis acceleration and
quadratically by the Centrifugal acceleration.
Both numerical and theoretical models agree
with the experimental data for angular veloc-
ities below 1.3 rad s−1. For higher angular ve-
locities, a linear error up to −0.3 rad appears.

Figure 3.1: Influence of an angular velocity on the interferometer. The angular movement is
depicted in black in the insets. The three red lines represent the laser pulses of the interferometer.
For an angular ramp, only the Coriolis and Centrifugal accelerations impact the interferometer.

Phase shift

The measured phase shift is presented on Figure 3.2b and should also be explained by

the Coriolis acceleration −2ΩMvy0
and the Centrifugal acceleration 2Ω2

M(axL( t
2
0
2 + t0T + T 2) +

(t0 + T )vx0
+ xMA). The factor 2 in the Centrifugal acceleration is explained by the magnitude

variation of the effective wave vector when the mirror rotates. If the experimental data, the
numerical and theoretical models agree for angular velocities below 1.3 rad s−1, it is difficult
to discriminate the Coriolis from the Centrifugal acceleration. For higher angular velocities,
an error up to −0.3 rad appears. This error is a linear function of the angular velocity and is
further investigated in Section 3.5.1.

∆ΦM = keffT
2[−axL − 2ΩMvy0

+ 2Ω2
M(axL(

t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xMA)] (3.2)
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3.1.2 Impact of angular accelerations

The control of the EA proof-mass allows to impose important angular accelerations on
the mirror and to study their effect on the interferometer. A sinusoid angular movement at a
frequency 1

2T (insets of Figure 3.2a) was chosen to maximise the angular acceleration and to
avoid any discontinuity in the movement (which would deteriorate the EA control).

Contrast

The contrast loss induced by the angular acceleration (Figure 3.2a) is explained by the
impact of the Angular acceleration as anticipated by Equation 3.3. As no angular velocity is
imposed, the Coriolis and Centrifugal accelerations are null.

CM

C0
= exp

− k2
effT

4

2
( Ω̇2

Mσ2
y + ((t0 + T )Ω̇M )2σ2

vy )

 (3.3)
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(a) Contrast loss due to a sinusoid movement
around the axis −−→zM . The impact of the Angular
acceleration fully explains the observed contrast
loss. The theoretical and numerical model explain
the experimental data with an error below 6% for
the numerical model.
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(b) Phase shift induced by a sinusoid movement
around the axis −−→zM . The phase shift is only
impacted linearly by the Angular acceleration.

Figure 3.2: Influence of an angular acceleration on the interferometer. The angular movement is
depicted in black in the insets. The three red lines represent the laser pulses of the interferometer.
For this angular movement, only the Angular acceleration impacts the interferometer.

Phase shift

The experimental phase shift induced by the angular acceleration is explained by the
linear contribution of the Angular acceleration as anticipated by the theoretical model (Equation
3.4). This phase shift is very important(up to 6 rad) and the error between the experimental
data is also relatively important (up to −0.3 rad). This error could be due to variations in the
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kinematic parameters of the cloud.

∆ΦM = keffT
2[−axL − Ω̇M((t0 + T )vy0

+ yMA)] (3.4)

3.2 Temperature measurements

In this Section, a method to measure the atomic cloud transverse temperature by rotating
the retro-reflection mirror is presented. Here, the term "temperature" is be employed to name a
pseudo-temperature deduced from the deviation of the velocity distribution. Two other tem-
perature measurements were also implemented: a measurement by Raman spectroscopy and a
temperature measurement through the contrast loss of an asymmetric interferometer. These two
last methods were used to check the results of the rotation method. Nevertheless, the Raman
spectroscopy and the asymmetric interferometer allow only to measure the vertical temperature
and not the transverse temperature. The transverse and vertical temperature should be equal if
the cloud is in a thermodynamic equilibrium. In addition, one should note that a time-of-flight
measurement couldn’t be performed due to experimental limitations: the detection of the atoms
is achieved with a photodiode and there is no CCD camera inside the magnetic shied.

3.2.1 Mirror rotation

The atomic cloud temperature can be measured through the rotation induced contrast
loss. A similar measurement was performed in [3]: a tip-tilt mounted mirror was rotated
linearly up to 400 µrad s−1 and the size of the wave packet was deduced from the contrast loss.
The measurement presented here is based on the same principle but uses a different range
of angular velocities (up to 2 mrad s−1) and a variety of angular movements. As described in
Chapter 1, the contrast loss depends on the velocity and position distributions of the cloud.
If the contrast is only impacted by the Coriolis acceleration, the contrast only depends on the
velocity distribution. In this experimental setup, the impact of the Centrifugal acceleration
on the contrast is null. Thus, for an angular movement with a null angular acceleration, the
contrast loss would only depend on Coriolis acceleration. As presented in Chapter 1, to simplify
the calculation, the hypothesis of a Gaussian velocity distribution was made. Nevertheless, the
velocity distribution of a molasses cooled atomic cloud is predicted by theory [125] to be a
Lorentzian distribution. This was verified experimentally in [124, 126–128].

Angular ramp

The simplest movement without an angular acceleration is an angular ramp. This first
movement was imposed to the mirror during the interferometer (see insets in Figure 3.3). As
there is no angular accelerations, only the Coriolis and Centrifugal accelerations impact the
interferometer. The Centrifugal acceleration induces a negligible contrast loss for an angular
velocity below 2 mrad s−1 and an atomic velocity distribution of roughly 13 mm s−1 deviation
(1.8 µK). The temperature is extracted from a similar setup [98]. The Centrifugal acceleration is
negligible due to its quadratic effect and the short interrogation time (46 ms). Thus, the contrast
is considered only impacted by the Coriolis acceleration.

Thanks to the EA proof-mass, the mirror can be rotated along two perpendicular axes
−−→yM and −−→zM (corresponding to the EA channels Ψ and Θ of Figure 2.22a). The layout of the
different axes is displayed on Figure 1.7. The angular positions along these two axes are also
measured thanks to the capacitive detection. The angular velocities ΩΨ and ΩΘ are determined
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with the signal of the capacitive detection as explained in Section 2.4.6.

An angular ramp around the axis −−→zM allows the measurement of the atomic velocity
distribution deviation σvy along the axis −→yS . The contrast loss model is a decreasing exponential
(Equation 3.5) depending only on the angular velocity ΩΨ and the velocity distribution of the
atomic cloud. The angular velocity was scanned and the interferometer contrast measured
(Figure 3.3a). To determine the cloud temperature, the normalised contrast was fitted with
Equation 3.5 with the velocity distribution deviation σvy as a free parameter.

C̄
C0

= exp

− 2k2
effT

4Ω2
Ψ σ2

vy

 (3.5)
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(a) Contrast loss due to a rotation around axis −−→zM
(corresponding to the channel Ψ ). The velocity dis-
tribution width along the axis −→yS is measured with
a fit with a value of σvy = 10.8± 0.2mms−1.
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(b) Contrast loss due to a rotation around axis
−−→yM (corresponding to the channel Θ). The
velocity distribution width along the axis −→zS
is measured with a fit with a value of σvz =
11.1± 0.2mms−1

Figure 3.3: Impact of an angular ramp of the mirror on the normalised contrast and measurement
of the atomic cloud velocity distribution. The angular movement is depicted in black in the
insets. The three red lines represent the laser pulses of the interferometer.

Figure 3.3a shows the good agreement of the fit curve in light blue with the experimental
data in black. The optimal fit corresponds to a deviation of the velocity distribution of σvy =
10.8 ± 0.2mms−1 corresponding to a temperature of 1.22 ± 0.05 µK. Equation 3.6 gives the
corresponding formula to retrieve the temperature from the velocity distribution deviation. The
numerical model was also computed and agrees with the experimental data with an error of
less than 3% with the experimental data.

T =
mσ2

v

kB
(3.6)
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An angular ramp around the axis −−→yM was also performed to measure the atomic velocity
distribution σvz along the axis −→zS (Equation 3.7). Figure 3.3b shows a good agreement between
the fit curve, the numerical model and the experimental data. The optimal fit corresponds to
a width of the velocity distribution of σvz = 11.1±0.2mms−1 corresponding to a temperature
of 1.29 ± 0.05 µK. The fitting function of the experimental data in pink on Figure 3.3b is the
following:

C̄
C0

= exp

− 2k2
effT

4Ω2
Θσ

2
vz

 (3.7)

Sinusoidal angular movement at 1
4T ≈ 5Hz

A second angular movement allows to cancel the angular acceleration detected by the
interferometer. As the interferometer is sensitive to the mirror position only during the laser
pulses, the movement between the pulses is not relevant to the interferometer. A sinusoidal
angular movement at a frequency 1

4T ≈ 5Hz as depicted in the insets of Figure 3.4, presents a
non-zero angular velocity and a null angular acceleration for the interferometer. The phase of
the sinusoid movement is set at zero and is chosen to have a zero angular acceleration and a
maximum angular velocity. This movement correspond to Equation 2.18 in Section 2.4.2. In this
configuration, the contrast is only impacted by the Coriolis acceleration as there is no angular
acceleration for the interferometer. As the sinusoid movement does not have any slope breaks
(contrary to the ramp), the movement of the mirror is better controlled.

A sinusoidal angular movement was imposed around the axis −−→zM (channel Ψ of the EA)
to measure the velocity distribution σvy along the −→yS axis. The amplitude of the sinusoidal
movement AΨ was scanned and measured by the capacitive detection. The amplitude AΨ is
extracted by a fit from the capacitive detection signal. The measured contrast was fitted with
Equation 3.8 to access the deviation of the velocity distribution. Figure 3.4a shows a good
agreement between the fit curve, the numerical model and the experimental data. The optimal
fit corresponds to a deviation of the velocity distribution of σvy = 10.6±0.2mms−1 corresponding
to a temperature of 1.18 ± 0.05 µK.

C̄
C0

= exp

− 2k2
effT

2A2
Ψ σ2

vy

 (3.8)

The same procedure was performed for a rotation around the axis −−→yM (channel Θ of the
EA) to measure the velocity distribution σvz along the −→zS axis. The amplitude of the sinusoidal
movement AΘ was scanned and the measured contrast was fitted with Equation 3.9. Figure 3.4b
shows a good agreement between the fit curve, the numerical model and the experimental data.
The optimal fit corresponds to a width of the velocity distribution of σvz = 10.8±0.2mms−1 or a
temperature of 1.22 ± 0.05 µK.

C̄
C0

= exp

− 2k2
effT

2A2
Θσ

2
vz

 (3.9)

The rotation of the mirror enables the measurement of the transverse temperature of the
atomic cloud. Two angular movements were studied around two perpendicular rotation axes.
The two velocity distribution measurements along the Y axis are in agreement at one standard
deviation (10.8 ± 0.2 mm s−1 and 10.6 ± 0.2 mm s−1). The two velocity distribution measure-
ments along the Z axis are also in agreement but at two standard deviations (11.1 ± 0.2 mm s−1

and 10.8 ± 0.2 mm s−1). The measured velocity distribution is slightly broader along the Z
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(a) Contrast loss due to a rotation around axis −−→zM
(corresponding to the channel Ψ ). The velocity dis-
tribution width along the axis −→yS is measured with
a fit with a value of σvy = 10.6± 0.2mms−1
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(b) Contrast loss due to a rotation around axis
−−→yM (corresponding to the channel Θ). The
velocity distribution width along the axis −→zS
is measured with a fit with a value of σvz =
10.8± 0.2mms−1

Figure 3.4: Impact of a sinusoid angular movement at 1
4T ≈ 5Hz of the mirror on the normalised

contrast and measurement of the atomic cloud velocity distribution. The angular movement is
depicted in black in the insets. The three red lines represent the laser pulses of the interferome-
ter.

axis than the Y axis: this will be discussed in Section 3.2.4. These temperature measurements
performed thanks to the mirror rotation will be compared to measurements performed with
other methods.

3.2.2 Raman spectroscopy

In order to compare the temperature measurement by mirror rotation to more standard
methods, a temperature measurement by Raman spectroscopy was performed. This measure-
ment uses the Doppler effect on the Raman transition which is sensitive to the vertical velocity
(along the X axis) of the atoms. A scan of the laser frequency allows to retrieve the atomic cloud
velocity distribution. Raman spectroscopy is commonly used to study the velocity distribution
of atoms as in [124].

A Raman impulsion with an effective Rabi pulsation Ωeff and a duration τ = π
Ωeff

has a
transition probability depending on the vertical velocity of the atom vx [103]:

Pπ(vx) =
(π

2

)2
sinc2

π
√

1 +
(
vxkeff
Ωeff

)2

2

 (3.10)

A long pulse duration selects a narrow velocity class. The width of the selected velocity
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class ∆vx can be approximated as the width between the two first zeros of the cardinal sine of

the transition probability: ∆vx =
√

3π
3keffτ

. For a pulse duration of τ = 250µs, the selected velocity

class is ∆vx = 0.23mms−1. This value can be considered as the Raman spectroscopy resolution.
The scan of the frequency allows to evaluate the velocity distribution of the atomic cloud with a
resolution 50 times lower than the distribution width (≈ 10mms−1).

To obtain the experimental data displayed on Figure 3.5, the Raman laser modulation
frequency f was scanned from 6.8345 GHz to 6.8350 GHz with a pulse duration of τπ = 250µs.
The atomic velocity vx = − 2π

keff
(f − f0) + ℏkeff

2m can be deduced from the resonance condition
(Equation 1.5) and computed thanks to the frequency of the transition at rest f0 = 2πG =
6.83468261090429GHz [107].
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Figure 3.5: Vertical velocity distribution measurement by Raman spectroscopy. A Raman laser
pulse is sent during the atoms free fall. Each experimental point corresponds to a different
modulation frequency of the Raman laser.

Two different models were considered for the atomic velocity distribution: a Gaussian
distribution which is a simple way to describe the velocity distribution and was used in the
rotation models of Chapter 1 and a Lorentzian distribution of order b as used in [124] and
predicted in [125].

Gaussian velocity distribution

The Gaussian distribution of Figure 3.5 was computed by fitting the experimental data
with Equation 3.11 with a coefficient of determination of R2 = 0.987. The deviation of the
velocity distribution is σvx = 11.3±0.2mms−1 corresponding to temperature of 1.34±0.05µK. The
mean initial velocity of the cloud could also be estimated at vx0

= −23.1±0.2mm/s. Nevertheless,
this value is actually the mean velocity at the start of the modulation frequency chirp. This
chirp is applied to compensate the Doppler effect and starts around the end of the cooling step.
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The value of the vertical mean velocity is more important than expected at the end of the cooling
step. One could expect a mean velocity of the order of the mm s−1 instead of −23.1 mm/s. This
could be explained by a delay between the end of the cooling stage and the start of the frequency
chirp.

DGaussian(vx) = y0 +Aexp

− (vx − vx0
)2

2σ2
vx

 (3.11)

Lorentzian velocity distribution:

The Lorentzian distribution of Figure 3.5 was computed by fitting the experimental data
with Equation 3.13 with a coefficient of determination of R2 = 0.995. The optimal value of the
parameter b is b = 1.72± 0.11 which is different from [124] (b=2.50 ± 0.05). The parameter b is
proportional to the typical light shift [128] and can be expressed as:

b ∝ ℏ|δ|s0

Er
(3.12)

with s0 the saturation parameter of the molasses, δ the detuning and Er the recoil energy. Thus,
differences in the molasses parameters such as the laser intensity or the detuning would lead
to a different value of b. The parameter Γ = 17.0± 0.7mms−1 is the width of the distribution
at mid-height and cannot be compared directly to the Gaussian distribution. The width of
the velocity distribution at 1√

e
is σvx = 14.4 ± 0.7mms−1 corresponding to a temperature of

2.2± 0.8µK.

DLorentz(vx) = y0 +
A1 +

(vx−vx0 )2

Γ 2

b
(3.13)

On Figure 3.5, the Lorentzian distribution is closer to the experimental data than the
Gaussian distribution as expected from [125]. The Lorentzian distribution is a better fit to the
experimental data especially for the wings of the velocity distribution corresponding to the
hottest atoms of the cloud.

This temperature measurement by Raman spectroscopy allows to check the measurement
by rotation performed in 3.1.1. If the different measurements are of the same order of mag-
nitude between ≈ 1 and 2 µK and in agreement with measurement performed previously in
similar setup [98], the measurement by Raman spectroscopy gives a higher temperature than
the measurement by rotation. This could be explained by the fact that the Raman spectroscopy
is sensitive to the vertical velocity and the measurement by rotation to the transverse velocity. If
the thermalisation of the cloud is not perfect, the transverse and vertical velocity distributions
could be different due to asymmetry in the cooling setup caused for instance by the presence of
a residual magnetic field during the molasses [129].

3.2.3 Asymetric interferometer

Another temperature measurement was performed by studying the contrast of a temporal
asymmetric interferometer as described in [130]. The mirror laser pulse is shined earlier or
later than the regular laser pulse (see Figure 3.6). The closure of the interferometer is imperfect
inducing a contrast loss. This contrast now depends on the time asymmetry and on the vertical
atomic velocity distribution.

The phase shift of the asymmetric interferometer can be calculated using 3.14 as ex-
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X

t

Figure 3.6: Space-time diagram of a temporal asymmetric interferometer. The mirror pulse is
delayed from δt inducing an imperfect closure of the interferometer.

plained in Chapter 1 with t0 the delay between the end of the cooling and the beginning of
the interferometer, T the delay between two pulses of the interferometer and δt the temporal
asymmetry.

∆Φ = ϕ(t0)− 2ϕ(t0 + T − δt) +ϕ(t0 + 2T ) (3.14)

The laser phase ϕ in the absence of rotation only depends on the vertical position of the
atoms with respect to the mirror:

ϕ(t) = k⃗eff(t).⃗r(t) = keff

(
ax0

t2

2
+ vx0

t + xMA

)
The phase shift of the asymmetric interferometer can then be computed and will only

depend on the vertical velocity and acceleration of the atom (Equation 3.15).

∆Φ = keff
(
2vx0

δt + ax0
T 2 + ax0

δt(2t0 − 2T + δt)
)

(3.15)

The contrast of the asymmetric accelerometer can be deduced from the phase shift as
presented in Chapter 1 under the approximation of a Gaussian velocity distribution. The
contrast as a function of the temporal asymmetry δt depends only of the width of the vertical
velocity distribution σvx of the atomic cloud.

C
C0

= exp

− 2k2
effδt

2σ2
vx

 (3.16)

The asymmetric interferometer was performed on the experimental setup with an inter-
rogation time of T = 46ms and a temporal asymmetry δt between -50 and 50 µs. The contrast
was measured and fitted with Equation 3.16 as depicted on Figure 3.7. The optimal value
of the width of the vertical velocity distribution is σvx = 8.8 ± 0.2mms−1 corresponding to a
temperature of T = 0.80± 0.04µK.

The temperature measured thanks to the asymmetric interferometer is the lowest mea-
sured temperature (0.8 µK) of the different measurements. This low temperature could be
explained by the difference between the fit curve and the experimental data especially for low
contrast (less than 10%). A possible improvement would be the use of a Lorentzian velocity
distribution instead of Gaussian distribution in the contrast computation to better take into
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Figure 3.7: Contrast loss induced by a temporal asymmetry of the interferometer. The mirror
pulse of the interferometer is delayed from δt inducing an imperfect closure and thus a contrast
loss.

account the hotter atoms.
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3.2.4 Conclusion about temperature measurements

In this Section, three different methods were used to measure the atomic cloud velocity
width.

The first method is based on the contrast loss induced by the mirror rotation. The width
of the velocity distribution (under the hypothesis of a Gaussian distribution) was measured
along the two transverse axes thanks to the dominant Coriolis induced contrast loss. Two
different mirror movements inducing only an angular velocities were used. The results of these
measurements are the following:
along the −→yS axis σvy = 10.8± 0.2mms−1 and 10.6± 0.2mms−1

along the −→zS axis σvz = 11.1± 0.2mms−1 and 10.8± 0.2mms−1

The measurements along each axis agree but the measured temperature is slightly lower for the
−→yS axis than the temperature along the −→zS axis.

The second implemented method uses Raman spectroscopy to measure the velocity dis-
tribution along the vertical axis. Under the hypothesis of a Gaussian velocity distribution, the
width of the distribution is σvx = 11.3± 0.2mms−1. This measurement is slightly higher than
the measurement performed with the rotation method and is not fully in agreement with all the
measurement performed with the rotation method.

The last method uses the contrast loss in a temporal asymmetric interferometer. This
method measures the velocity distribution along the vertical axis at σvx = 8.8± 0.2mms−1 for
a Gaussian velocity distribution. This measurement is the lowest performed and shows some
discrepancies the previous measurements.

While all the measurements are of the same order of magnitude ≈ 10mms−1, the observed
differences could be due to several phenomena.
Firstly, the different methods are not sensitive to the same axis of the velocity distribution. If
the cloud was not in thermodynamic equilibrium at the end of the cooling step, the velocity
distribution could be different along each axis due to asymmetry in the cooling setup. Neverthe-
less, this hypothesis could not explain the difference between the results given by the Raman
spectroscopy method and the asymmetric interferometer method as they are sensitive to the
same axis.
Secondly, the velocity distribution of the atomic cloud is known to be closer to a Lorentzian
distribution than a Gaussian distribution [125]. In the Raman spectroscopy results, the Gaussian
distribution fails to fit properly the wings of the distribution. The contrast measurement of
the asymmetric interferometer also displays some discrepancies with the model resulting of a
Gaussian distribution.
Thirdly, all the atoms of the cloud might not take part in all the measurements. Some atoms
might not be a part of the interferometer and others might not be detected by the detection
system due to its spatial dependency. The spatial response of the detection system should be
studied in detail as done in [124].

In the rest of this work, the values of the velocity distribution deviation along each axis
are the following:
σvx = 11.3± 0.2mms−1 (Raman spectroscopy)
σvy = 10.8± 0.2mms−1 (Mirror rotation angular ramp)
σvz = 11.1± 0.2mms−1 (Mirror rotation angular ramp)
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3.3 Size of the cloud measurement

In this section, a method to measure the transverse size of the atomic cloud by rotating the
mirror is presented. When the mirror is rotated with an important angular acceleration and no
angular velocity, the contrast loss is only induced by the Angular acceleration depends on the
position and velocity distributions of the cloud. Without an angular velocity, the contribution of
the Coriolis and Centrifugal accelerations are null. The knowledge of the velocity distribution
from Section 3.2.1 will be used to determine the size of the cloud. The used values for the width
of the velocity distributions are σvy = 10.8± 0.2mms−1 and σvz = 11.1± 0.2mms−1 measured
by rotating the mirror linearly. Concerning the position distribution, it is considered to be a
Gaussian distribution.

The angular movement of the mirror was chosen such as its angular velocity is null and
its angular acceleration important. A sinusoidal angular movement at 1

2T ≈ 10Hz depicted
on Figure 3.8 has an important angular acceleration (up to 175 mrad s−2) and a small angular
velocity (less than 4 × 10−12 rad s−1). This angular movement was depicted in Section 2.4.2 as
Equation 2.19. The phase of the sinusoid is set at π

2 to cancel the angular velocity.
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(a) Contrast loss due to a rotation around axis −−→zM
(corresponding to the channel Ψ ). The initial posi-
tion distribution deviation along the axis −→yS is mea-
sured with a fit with a value of σy0

= 0.42±0.05mm
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(b) Contrast loss due to a rotation around axis −−→yM
(corresponding to the channel Ψ ). The initial posi-
tion distribution deviation along the axis −→zS is mea-
sured with a fit with a value of σz0

= 0.66±0.05mm

Figure 3.8: Impact of a sinusoid angular movement at 1
2T ≈ 10Hz of the mirror on the nor-

malised contrast and measurement of the atomic cloud initial position distribution. The angular
movement is depicted in black in the insets. The three red lines represent the laser pulses of the
interferometer.

To measure the size of the cloud along the axis −→yS , the amplitude AΨ of the sinusoidal
movement is scanned and the contrast of the interferometer measured. The normalised contrast
is then fitted with Equation 3.17. Figure 3.8a shows a good agreement between the fit curve,
the numerical model and the experimental data. The optimal fit corresponds to a width of the
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position distribution of σy0
= 0.42± 0.05mm. This characterises the position distribution of the

cloud immediately after the cooling stage.

C̄
C0

= exp

− 8k2
effA

2
Ψ

σ2
y0

+ (t0 + T )2σ2
vy

 (3.17)

The size of the cloud was also measured along the −→zS axis by rotating the mirror along the
channel Θ. The normalised contrast is then fitted with Equation 3.18. The Figure 3.8b shows a
good agreement between the fit curve, the numerical model and the experimental data. The
optimal fit corresponds to a width of the position distribution of σz0

= 0.66± 0.05mm.

C̄
C0

= exp

− 8k2
effA

2
Θ

σ2
z0

+ (t0 + T )2σ2
vz

 (3.18)

These measurements of the size of the cloud are in agreements with previous measure-
ments performed in similar setup [2]: the width of the cloud was estimated at 500 µm. However,
it is not possible to confirm these measurements on this experimental setup since there is no
CCD camera installed inside the magnetic shield.

3.4 Mean kinetic parameters of the cloud

In this section, a method to measure the mean transverse initial positions and velocities
of the atomic cloud is described. This method uses the impact of the mirror rotation on the
interferometer phase shift. As the phase shift induced by the mirror rotation depends on the
mean velocity and position of the cloud, the mean kinetic parameters of the cloud can be
deduced for particular angular movements.

3.4.1 Mean velocity

The mean transverse velocity of the atomic cloud was measured through the impact of
the Coriolis acceleration on the phase shift of the interferometer. The Coriolis induced phase
shift only depends on the mean velocity of the atomic cloud. Nevertheless, the rotation has
to be chosen such that the Coriolis acceleration is preponderant. The impact of the Angular
acceleration can be limited by imposing a null angular acceleration. However, the Centrifugal
acceleration cannot be cancelled. Since the Centrifugal induced phase shift only depends on the
kinematic parameters of the cloud along the vertical axis −→xS which are known through previous
measurements, its contribution can be estimated. The acceleration of the atoms ax0

≈ 9.81ms−2

is the gravity acceleration in the lab. The initial vertical speed of the atoms vx0
= 29.0±0.2mm/s

is measured by Raman spectroscopy (Section 3.2.2). The vertical distance between the cloud and
the mirror xMA = 420mm can be measured mechanically. Moreover, the angular movements
chosen are the same as the ones used in Section 3.2.1 to limit the angular acceleration of the
mirror. The measured phase shifts presented below were corrected from the vertical acceleration
of the mirror as explained in Chapter 2.
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Angular ramp

The first angular movement used to perform the velocity measurement is an angular ramp
(see Figure 3.9): the angular acceleration is null. The phase shift of the interferometer was
measured as the angular velocity was scanned.

The mirror was rotated around the axis −−→zM (corresponding to channel Ψ ) to determine
the component of the initial velocity vy0

along the axis −→yS . On Figure 3.9a, the phase shift shows
a slope break for angular velocities ΩΨ higher than 1.3 mrad s−1. This phenomenon cannot
be explained by the model of the rotating interferometer and will be investigated in Section
3.5.1. For angular velocities lower than 1.3 mrad s−1, the corrected phase shift was fitted by
Equation 3.19 to determine the velocity and a value of vy0

= −1.3±0.3mms−1 was obtained. The
experimental data is in good agreement with the fit curve and the numerical model for angular
velocities below 1.3 mrad s−1.

∆Φ = keffT
2(−2ΩΨ vy0

+ 2ΩΨ
2(ax0

(
t2
0
2

+ t0T + T 2) + vx0
(t0 + T ) + xMA)) (3.19)
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(a) Phase shift due to a rotation around axis −−→zM
(corresponding to the channel Ψ ). The initial veloc-
ity along the axis −→yS is measured with a fit with a
value of vy0

= −1.3± 0.3mms−1
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(b) Phase shift due to a rotation around axis −−→yM
(corresponding to the channel Θ). The initial veloc-
ity along the axis −→zS is measured with a fit with a
value of vz0

= 0.3± 0.3mms−1

Figure 3.9: Impact of an angular ramp of the mirror on the phase shift and measurement of the
atomic cloud initial velocity. The angular movement is depicted in black in the insets. The three
red lines represent the laser pulses of the interferometer.

The mirror was also rotated around the axis −−→yM (corresponding to channel Θ) to determine
the component of the initial velocity vz0

along the axis −→zS . On Figure 3.9b, the phase shift also
displays a slope break for angular velocities ΩΘ higher than 1.3 rad s−1. For angular velocities
lower than 1.3 rad s−1, the corrected phase shift was fitted by Equation 3.20 to determine the
velocity vz0

= 0.3± 0.3mms−1. The experimental data is in good agreement with the fit curve
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and the numerical model for angular velocities below 1.3 rad s−1.

∆Φ = keffT
2(2ΩΘvz0 + 2ΩΘ

2(ax0
(
t2
0
2

+ t0T + T 2) + vx0
(t0 + T ) + xMA)) (3.20)

Sinusoidal angular movement at 1
4T ≈ 5Hz

The second angular movement used to perform the velocity measurement is a sinusoidal
movement at 1

4T ≈ 5Hz (see insets of Figure 3.10) with a phase of zero. This movement presents
a null angular acceleration for the interferometer and a non-null angular velocity. In this con-
figuration, the phase shift is only impacted by the Coriolis and Centrifugal accelerations. The
contribution of the Angular acceleration is null. As for an angular ramp, the Centrifugal acceler-
ation can be retrieved and the mean velocity of the cloud deduced from the Coriolis acceleration.

The mirror was rotated around −−→zM (channel Ψ ) to determine the component of the
initial velocity vy0

along the axis −→yS . On Figure 3.10a, the phase shift also displays a slope
break for angular amplitude AΨ higher than 70 µrad corresponding to an angular velocity of
1.5 mrad s−1. A similar error was observed for an angular ramp. For angular amplitude lower
than 70 µrad, the corrected phase shift was fitted by Equation 3.21 to determine the velocity:
vy0

= −1.1 ± 0.2mms−1. The experimental data is in good agreement with the fit curve for
angular velocities below 70 µrad. The numerical model start to display some difference from the
experimental data as the velocity taken into account is the velocity determined by the angular
ramp measurement at −1.3 ± 0.3 mm s−1.
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(a) Phase shift due to a rotation around axis −−→zM
(corresponding to the channel Ψ ). The initial veloc-
ity along the axis −→yS is measured with a fit with a
value of vy0

= −1.1± 0.2mms−1

0.0 0.5 1.0 1.5 2.0 2.5
Mirror angular velocity (mrad. s 1)

0 20 40 60 80 100 120
Mirror angular amplitude A ( rad)

0.2

0.1

0.0

0.1

0.2

0.3

Ph
as

e 
sh

ift
 (r

ad
)

A

Numerical model
Experimental Data
Fit
Excluded points

0.4

0.2

0.0

Er
ro

r t
o 

nu
m

er
ica

l 
 m

od
el

 (r
ad

)

(b) Phase shift due to a rotation around axis −−→yM
(corresponding to the channel Θ). The initial veloc-
ity along the axis −→zS is measured with a fit with a
value of vz0

= 0.2± 0.2mms−1

Figure 3.10: Impact of a sinusoid angular movement at 1
4T ≈ 5Hz of the mirror on the phase

shift and measurement of the atomic cloud initial velocity. The angular movement is depicted
in black in the insets. The three red lines represent the laser pulses of the interferometer.
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∆Φ = keffT
2(−2

AΨ

T
vy0 + 2

A2
Ψ

T 2 (ax0
(
t2
0
2

+ t0T + T 2) + vx0
(t0 + T ) + xMA)) (3.21)

The mirror was also rotated around the axis −−→yM (channel Θ) to determine the component
of the initial velocity vz0 along the axis −→zS . On Figure 3.10b, the phase shift also displays a slope
break for angular amplitude AΘ higher than 70 µrad corresponding to 1.5 mrad s−1. For angular
amplitude lower than 70 µrad, the corrected phase shift was fitted by Equation 3.22 to determine
the velocity: vz0

= 0.2 ± 0.2mms−1. The experimental data is in good agreement with the fit
curve for angular amplitude below 70 µrad. The numerical model displays some difference
from the experimental data as the velocity taken into account is the velocity determined by the
angular ramp measurement at 0.3 ± 0.3 mm.

∆Φ = keffT
2(2

AΘ

T
vz0 + 2

A2
Θ

T 2 (ax0
(
t2
0
2

+ t0T + T 2) + vx0
(t0 + T ) + xMA)) (3.22)

The rotation of the mirror allows the measurements of the initial velocity of the atomic
cloud in two different ways. The two measurements are in agreements at one standard deviation
for the velocity along the −→yS axis (−1.3 ± 0.3 mm s−1 and −1.1 ± 0.2 mm s−1) and for the veloc-
ity along the −→zS axis (0.3 ± 0.3 mm s−1and0.2 ± 0.2 mm s−1). The non-zero initial velocity of the
cloud could originate from the cooling phase of the atoms. It can be due to imbalanced laser
beams during the molasses stage [131]. The measured velocity is in agreement with the residual
velocity in molasses cooled atoms in similar setup [98] estimated to be less than 2 mm s−1.

3.4.2 Mean position

The transverse mean position of the atomic cloud with respect to the mirror centre of
rotation was measured by rotating the mirror. This is possible as the phase shift induced by
the Angular acceleration depends on the mean position and mean velocity of the cloud. The
knowledge of the mean velocity from Section 3.4.1 will be used to determine the position of the
cloud. The values for the mean velocity are vy0

= −1.3± 0.3mms−1 and vz0
= 0.3± 0.3mms−1

derived by the angular ramp measurements. The measured phase shifts presented below were
corrected from the vertical acceleration of the mirror as explained in Chapter 2.

To determine the mean position of the cloud, the angular movement of the mirror was
chosen such that the interferometer is only impacted by the Angular acceleration and is the
same as the one used in Section 3.3. The sinusoidal angular movement at 1

2T ≈ 10Hz depicted
on Figure 3.11 has an important angular acceleration (up to 175 mrad s−2) and a small angular
velocity (less than 4 × 10−12 rad s−1). The contributions of the Coriolis and Centrifugal accelera-
tions are negligible.

To measure the position of the cloud along axis −−→yM , the amplitude AΨ of the sinusoidal
movement around −−→zM is scanned and the phase shift is then fitted with Equation 3.23.

∆Φ = keffT
2
[4AΨ

T 2

(
(t0 + T )vy0

+ yMA

)]
(3.23)

Figure 3.11a shows a good agreement between the fit curve, the numerical model and
the experimental data. The optimal fit corresponds to a position of yMA = 1.09 ± 0.03mm.
This characterise the position of the cloud with respect to the centre of rotation of the mirror
immediately after the cooling stage.

The position of the cloud along the axis −−→zM was also measured by scanning the angular
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(a) Phase shift due to a rotation around axis −−→zM
(corresponding to the channel Ψ ). The initial posi-
tion along the axis −→yS is measured with a fit with a
value of yMA = 1.09± 0.03mm
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(b) Phase shift due to a rotation around axis −−→yM
(corresponding to the channel Θ). The initial veloc-
ity along the axis −→zS is measured with a fit with a
value of zMA = 0.66± 0.03mm

Figure 3.11: Impact of a sinusoid angular movement at 1
2T ≈ 10Hz of the mirror on the phase

shift and measurement of the atomic cloud initial position. The angular movement is depicted
in black in the insets. The three red lines represent the laser pulses of the interferometer.

amplitude AΘ of the sinusoidal movement around −−→yM and measuring the phase shift of the
interferometer. This phase shift is then fitted with Equation 3.24.

∆Φ = keffT
2
[
−4AΘ

T 2

(
(t0 + T )vz0

+ zMA

)]
(3.24)

Figure 3.11b shows a good agreement between the fit curve, the numerical model and the
experimental data. The optimal fit corresponds to a position of zMA = 0.66± 0.03mm.

The initial position of the cloud measured by rotating the mirror are thus of the order of
the millimetre and are coherent with what was observed during the alignment of the EA with
the atomic setup.
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3.5 Limitations of the EA proof-mass rotation

The EA used as an actuated mirror has many advantages such as the precise control of the
proof-mass movement and the detection of its position. Nevertheless, several limitations linked
to the EA were observed during this study.

3.5.1 Limitations of the reflection on the EA proof-mass

During the rotation study, an unexplained phase shift was observed in Section 3.1.1 and
in Chapter 4. When the EA is rotated around the axes −−→yM or −−→zM with an angular velocity higher
than 1.3 mrad s−1, a linear error to the model was observed up to 0.3 rad on the atomic interfer-
ometer phase shift. This effect was only observed when the mirror was rotated dynamically and
not when its angle was constant. As this phenomenon was investigated, it appeared that this

error is present whether the effective wavevector is downward or upward
−−→
keff . Moreover the

sign of this unexplained phase shift depends of the sign of
−−→
keff .

Hypotheses

A first hypothesis is a variation of the measurement direction of the interferometer due to
the rotation. The angle variation of the mirror is lower than θmax = 100µrad (Section 2.4.2). Such
an angle would lead to a phase shift variation of ∆Φ = −keffT

2gθmax ≈ 3mrad. The variation of
the measurement direction has an impact too weak on the phase shift to explain the observed
error.

This unexpected phase shift could also be linked to the Raman laser wave front distortion
due to the reflection on the EA proof-mass. As the angular velocity increases, the area of the
wave front explored by the atoms increases and the effect on the phase shift of potential wave
front aberrations also increases. The EA proof mass optical quality is expected to be better than
λ
4 (λ ≈ 600nm) but it could be further characterised thanks to a wave front analyser in future
studies. Nevertheless, to the current knowledge of the optical quality of the EA proof-mass
and windows on the path of the Raman laser, the reflected laser wavefront is expected to have
a curvature of R ≈ 100m. Such a curvature in the presence of a rotation would lead to a term

δΦ = keffT
2
(

2vy0xMAΩ

R

)
≤ 1mrad for Ω = 2mrads−1. The curvature of the wavefront could not

explain the phase shift observed experimentally.

A last hypothesis would be the impact of the rotation during the detection step. During
the experiments performed in this study, the mirror rotates when the detection laser is shined.
Thus, reflected detection beam is rotated which could have an impact on the detected atoms.

Influence of the size of the reflected beam

To test the hypothesis of wave front distortion due to the EA proof-mass, the diameter
of the collimated laser beam reflected on the proof mass was reduced by closing a diaphragm
placed after the vacuum cell. By reducing the size of the laser beam reflected on the EA, the
area of the proof mass used as a mirror was limited: the wave front explored by the atoms is
also limited and the unexplained phase shift should decrease. The phase shift and contrast
of the interferometer were measured for different laser diameter with an angular ramp of the
mirror around the axis −−→zM (Figure 3.12). All the other measurements in Chapter 3 and 4 were
performed with a diameter of 7 mm which is the size of the hole in the EA cage.
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(a) Phase shift induced by an angular ramp around
the axis −−→zM for different diameter of the reflected
laser beam.
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(b) Contrast loss induced by an angular ramp
around the axis −−→zM for different diameter of the
reflected laser beam.

Figure 3.12: Study of the reflection of the laser beam on the EA proof mass and its impact on
the interferometer. The diameter of the laser reflected on the EA is reduced to limit the area of
the proof-mass used as a mirror.

The effect of the beam size on the phase shift is important (Figure 3.12a). The phase
shift increased as the diameter diminished. The error to the model decreased from −0.3 rad to
−0.15 rad but the mean velocity of the atoms had to be adjusted. As the diameter decreased, a
selection of the atoms participating in the interferometer is done resulting in a variation of the
mean velocity. This result tends to confirm an effect linked to the wave front distortion of the
reflected laser. For a small diaphragm, the atoms participating in the interferometer are colder
and do not explore the wave front as much.

The effect of atomic selection seems to be confirmed by the contrast measured on Figure
3.12b. As the diameter decreases, the contrast in the absence of rotation decreased from 41%
(φdia = 7mm) to 4% (φdia = 2mm) as the number of atoms participating in the interferometer
diminished. It is also interesting to note that the contrast loss due to the rotation lessens when
the beam diameter got smaller. The atomic selection reduced the width of the velocity distribu-
tion of the atoms participating in the interferometer from σvy = 10.8mms−1 to σvy = 8.7mms−1.

If this result supports the hypothesis of a wave front distortion of the reflected beam,
further investigation will be required. For example, the wave front of the reflected laser could
be measured with a wave front analyser.
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3.5.2 Imperfections of the proof-mass control

During the experiments involving the rotation of the EA proof-mass, some limitations
in the proof-mass control were noticed. First, the rotation of the proof-mass induces a vertical
movement of the proof-mass. Secondly, the driven rotation along a given axis cause a residual
rotation around its perpendicular axis. Measurements were carried out to study these residual
movements. These two effects are taken into account in the data processing. The vertical
acceleration of the proof-mass induced a phase shift which is subtracted in the experimental
data of Chapter 3 and 4. The effect of the residual rotation on the perpendicular axis is taken
into account in the numerical model.

Vertical acceleration of the EA proof mass

The vertical movement of the proof-mass with respect to the proof-mass rest position at
the centre of the electrodes was studied thanks to the capacitive detection of the EA along the
−→xS axis. In this paragraph, the vertical movement for an angular ramp along the channel Ψ and
Θ is presented and its impact on the interferometer characterised (Figure 3.13). The acceleration
of the proof-mass is the relevant value as the interferometer is sensitive to the acceleration of
the mirror. The impact of the proof-mass vertical movement can be computed as follows:

∆ΦaccEA = keffT
2axEA (3.25)

with axEA the acceleration of the proof-mass with respect to the EA cage. As can be seen on
Figure 3.13a, an angular ramp along the channel Ψ leads to an acceleration of the proof-mass
reaching −0.36 µm s−1. Respectively, for the channel Θ, the acceleration is up to 0.8 µm s−1.
This difference could be explained by the design of the EA electrodes (see Figure 2.22a): three
pairs of electrodes (X1±, X2± and X3±) contributes to the control of the vertical position. Among
them, two "small" pairs (X2± and X3±) generate the rotation along Ψ while all pairs generate
the rotation along Θ. This design could explain the difference of behaviour between the two
channels leading to different couplings between inclination and piston.
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(a) EA vertical acceleration relevant for the interfer-
ometer for an angular ramp along the channel Ψ .
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(b) EA vertical acceleration relevant for the interfer-
ometer for an angular ramp along the channel Θ.

Figure 3.13: Residual vertical acceleration of the EA proof-mass generated by an angular ramp.
The acceleration and phase shift that should be measured by the interferometer are presented.

Residual rotation along the perpendicular axis of the EA proof mass

The residual rotation was studied thanks to the capacitive detection for an angular ramp
along channel Ψ or Θ. For a driven angular ramp along Ψ , the residual rotation along Θ
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is characterised by an angular velocity up to 29 µrad s−1 and an angular acceleration up to
−19.8 µrad s−2 leading to a phase shift up to 180 µrad (Figure 3.14a). The phase shift induced
by the residual rotation was computed using Equation 3.26 and the numerical model.

∆ΦresΘ = keffT
2 [ 2ΩΘvz0

+ 2Ω2
Θ

(
axL(

t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xAM

)
+ Ω̇Θ((t0 + T )vz0

+ zAM ) ]

(3.26)

For a driven angular ramp along Θ, the residual rotation along Ψ is characterised by an
angular velocity up to −1.1 µrad s−1 and an angular acceleration up to 8.7 µrad s−2 leading to a
phase shift up to −400 µrad (Figure 3.14b). The phase shift induced by the residual rotation was
computed using Equation 3.27 and the numerical model. If the residual rotation is smaller for a
driven rotation along the Θ, the phase shift is more important due to the kinematic parameters
of the atomic cloud.

∆ΦresΨ = keffT
2 [ − 2ΩΨ vy0

+ 2Ω2
Ψ

(
axL(

t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xAM

)
− Ω̇Ψ ((t0 + T )vy0

+ yAM ) ]

(3.27)
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(a) Residual angular velocity and acceleration along
channel Θ for a principal ramp rotation along the
channel Ψ and the interferometer phase shift in-
duced by the residual rotation.

0.0 0.5 1.0 1.5 2.0
Mirror angular velocity (mrad. s 1)

1.0

0.8

0.6

0.4

0.2

0.0

Re
sid

ua
l a

ng
ul

ar
 v

el
oc

ity
 

(
ra

d.
s

1 )

2

0

2

4

6

8

Re
sid

ua
l a

ng
ul

ar
 a

cc
el

er
at

io
n 

(
ra

d.
s

2 )

0.0 0.5 1.0 1.5 2.0

400

200

0

In
du

ce
d 

ph
as

e 
sh

ift
 (

ra
d)

Numerical model
Theoretical model

(b) Residual angular velocity and acceleration along
channel Ψ for a principal ramp rotation along the
channel Θ and the interferometer phase shift in-
duced by the residual rotation.

Figure 3.14: Characterisation of the residual rotation around the axis of the EA proof mass
perpendicular to the principal linear rotation and its impact on the interferometer phase shift.

The behaviour is different between channel Θ and channel Ψ due to the electrodes dispo-
sition (see Chapter 2). If the mirror acceleration is bigger for a rotation along the channel Θ, the
residual rotation is more important for driven rotations along Ψ . Those limitations could be
reduced by modifying the electrodes design to improve the control of the proof mass. The pair
of electrodes X1± could be for example divided in two pairs of electrodes.
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The effects presented in this Section were considered in the data processing. The phase
shift induced by the vertical acceleration of the mirror was corrected in all the experimental
data presented. The residual rotation was taken into account in the numerical model but not in
the theoretical model.

Conclusion
In this Chapter, the impact of the mirror angular velocity and angular acceleration

were studied separately. The contrast loss and phase shift induced by the mirror rotation
were compared to the theoretical and numerical models. The experimental data agree
with the models except for the phase shift induced by important angular velocities.

The atomic cloud was also characterised through the rotation of the retro-
reflection mirror. The mirror rotation method allows the measurement of the
transverse kinematic parameters of the cloud such as the deviation of its velocity
distribution (σvy = 10.8 ± 0.2mms−1 and σvz = 11.1 ± 0.2mms−1), its mean velocity
(vy0

= −1.3 ± 0.3mms−1 and vz0
= 0.3 ± 0.3mms−1), its size (σy0

= 0.42 ± 0.05mm and
σz0

= 0.66±0.05mm ) and mean position (yMA = 1.09±0.03mm and zMA = 0.66±0.03mm).
The Raman spectroscopy provides an estimation of the vertical cloud parameters such
as the width of the velocity distribution (σvx = 11.3± 0.2mms−1) and its mean velocity
(vx0

= 29.0± 0.2mm/s). In this characterisation, the velocity and position distributions
were considered as Gaussian distributions.

For important rotation, an unexplained phase shift appears probably linked with
the laser reflection on the EA. It could be due to a deterioration of the laser wave front
as it is reflected on the proof-mass. A characterisation of the reflected laser wave front
could help understand this effect.
The imperfect motion control of the EA proof-mass was also studied and its impact on
the interferometer phase shift estimated. If the residual motions effects on the phase
shift can be computed, an increased number of electrodes could be considered in the
future to reduce the residual motions.
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Introduction
In this Chapter are presented the experimental results of the rotation compensation.

Moreover, the impact of the sole sensor rotation was also studied. The rotation
compensation method was implemented on the experimental setup for sinusoidal
angular movements due to experimental restrictions. Two different cases were studied by
tuning the phase of the sinusoidal angular movement. In the first case, the interferometer
is performed during the side of the sinusoidal angular oscillation: the angular velocity
is maximised and an attempt is made to compensate its effects. In the second case, the
interferometer is performed during the top of the sinusoidal angular oscillation: the
angular acceleration is maximised and an attempt is made to compensate its effects.

To understand the different mechanisms at stake, several steps were carried out.
Firstly, the consequences of the sensor rotation and the mirror rotation were studied
independently. For this step, the sensor rotation and the mirror rotation were not
performed at the same time and were opposite to anticipate the rotation compensation
method. Secondly, the rotation compensation method was implemented by rotating the
sensor and the mirror oppositely. The rotation of the mirror was adjusted manually to
compensate as best as possible the sensor rotation. This step allows to test the principle
of the rotation compensation method. Thirdly, an automated rotation compensation
setup was implemented. The mirror rotation is driven directly by the sensor rotation
through an action chain. All the experimental data were gathered for an interferometer
with an interrogation time of 46 ms.

4.1 Preamble to the experimental results

Prior to the experimental results presentation, here is some information concerning the
data processing of the experimental data below. Information on the data processing can also be
found in 2.4.

4.1.1 Gyroscope signal

The sensor was rotated by driving the height of a piezo-electric actuator. To avoid exciting
vibrations mode, the rotation excitation was sinusoidal with a 4 Hz frequency. The frequency of
the rotation excitation is imposed by the 250 ms repetition rate of the experimental sequence.
As the rotation and the experimental cycle have the same frequency, it is easier to synchronise
the rotation with the interferometer. The gyroscope signal Ωgyro was acquired during the
interferometer as can be seen on Figure 4.1. This signal is fitted by a sinusoidal function ΩS(t)
at a 4 Hz frequency (Equation 4.1 and dark green curve on Figure 4.1).

Ωfit
S (t) = Ω0 +ASωcos(ω(t − t0 − T ) +φS ) (4.1)

with Ω0 an offset, AS the angular amplitude, ω the frequency of the sinusoid, φS its phase,
T is the interrogation time of the interferometer and t0 the time of the first laser pulse. The
knowledge of the amplitude AS and phase φS enables the calculation of the angular position
through integration given by Equation 4.2 in dotted blue on Figure 4.1.

θfit
S (t) = AS sin(ω(t − t0 − T ) +φS ) (4.2)

The angular position of the sensor is only relevant for the interferometer during the
laser pulses (black crosses). The angular movement can be approximate by a second-degree
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polynomial expression (Equation 4.3 in dark blue).

θ
poly
S (t) = θ0

S +ΩS .(t − t0 − T ) + Ω̇S .
(t − t0 − T )2

2
(4.3)

with θ0
S the angular position at the second laser pulse, ΩS the angular velocity and Ω̇S the

angular acceleration seen by the interferometer. This polynomial expression allows to compare
the actual rotation movement with the theoretical angular movement given by Equation 1.46 in
Chapter 1. The coefficients of the polynomial expression ΩS and Ω̇S will be used to compute the
theoretical model presented in Chapter 1 and to compared it to the experimental data. These
coefficients can also be computed as:

ΩS =
θfit
S (t0 + 2T )−θfit

S (t0)
2T

Ω̇S =
θfit
S (t0)− 2θfit

S (t0 + T ) +θfit
S (t0 + 2T )

T 2

(4.4)

This treatment of the gyroscope signal considers the actual phase of the sinusoidal gyro-
scopic signal. In the case where the angular velocity is maximised, the phase φS of the angular
movement target value is 0 at the second laser pulse. However, due to experimental limitations,
this phase ranges from −0.06 rad to 0.11 rad. In the case of a maximised angular acceleration,
the phase target value is π

2 but ranges experimentally from 1.63 rad to 1.73 rad. This phase is
important as it increases the angular acceleration (respectively velocity) of the sensor when the
angular velocity (respectively acceleration) is maximised.
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(a) Maximised angular velocity: the interferometer
is performed during the side of the sinusoidal angu-
lar oscillation. This case corresponds to Equation
2.15.
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(b) Maximised angular acceleration: the interferom-
eter is performed during the top of the sinusoidal
angular oscillation. This case corresponds to Equa-
tion 2.16.

Figure 4.1: Processing of the gyroscope signal (in light green). The signal is fitted by a sinusoid
(in dark green), the angular position of the sensor is deduced by integration (dotted light blue
line). As the sensor position impacts the interferometer only during the laser pulses (in red),
its position at the three laser pulses (black cross) can be approximated by a second-degree
polynomial (in dark blue). The angular velocity and acceleration are the coefficients of this
polynomial.
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4.1.2 EA signal

The mirror of the interferometer was rotated thanks to EA control setup by tuning the
electrostatic forces applied to the proof-mass. The EA capacitive detection signal along the
channel Ψ (corresponding to the angular position around the −−→zM ) was also acquired during
the interferometer as can be seen on Figure 4.2. The data processing is very similar to the one
applied to the gyroscope signal (Section 4.1.2). As the capacitive detection supplies directly the
angular position of the mirror, its signal is fitted by a sinus at 4 Hz (Equation 4.5 in light blue
on Figure 4.2).
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(b) Maximised angular acceleration: the interferom-
eter is performed during the top of the sinusoidal
angular oscillation. This case corresponds to Equa-
tion 2.21.

Figure 4.2: Processing of the EA capacitive detection signal (in light blue). The signal is fitted
by a sinusoid (in dark blue). As the sensor position impacts the interferometer only during the
laser pulses (in red), its position at the three laser pulses (black cross) can be approximated by a
second-degree polynomial (in purple). The angular velocity and acceleration are the coefficients
of this polynomial.

θfit
M (t) = θoffset +AM sin(ω(t − t0 − T ) +φM ) (4.5)

with θoffset an offset, AM the angular amplitude and φM the phase of the sinusoid. The angular
position of the mirror is only relevant for the interferometer during the laser pulses (black
crosses). The angular movement can then be approximated by a second-degree polynomial
expression (Equation 4.6 in purple).

θ
poly
M (t) = θ0

M +ΩM .(t − t0 − T ) + Ω̇M .
(t − t0 − T )2

2
(4.6)

with θ0
M the angular position at the second laser pulse, ΩM the angular velocity and Ω̇M the

angular acceleration seen by the interferometer. This polynomial expression allows to compare
the actual rotation movement with the theoretical angular movement described by 1.49 in
Chapter 1. The coefficients of the polynomial expression ΩM and Ω̇M will be used to compute
the theoretical model and to compared it to the experimental data. These coefficients can also
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be computed as:

ΩM =
θfit
M (t0 + 2T )−θfit

M (t0)
2T

Ω̇M =
θfit
M (t0)− 2θfit

M (t0 + T ) +θfit
M (t0 + 2T )

T 2

(4.7)

This treatment of the capacitive detection signal considers the actual phase of the sinu-
soidal capacitive signal. In the case of a maximised angular velocity, the phase of the angular
movement target value is 0 at the second laser pulse. Experimentally this phase ranges from
−6 mrad to 0.3 mrad. In the case of a maximised angular acceleration, the phase target value is π

2
and ranges experimentally from 1.56 rad to 1.57 rad. As the mirror is better controlled than the
sensor, this uncontrolled phase is smaller leading to a smaller angular acceleration (respectively
velocity) of the mirror when the angular velocity (respectively acceleration) is maximised.

4.1.3 Phase shift

The experimental phase shift was extracted from the interference fringes as described
in Chapter 2. The phase shift of interest in this study is the rotation induced phase shift. It
is calculated by subtracting the phase shift in the absence of rotation from the experimental
phase shift. In the rest of this Chapter, only the phase shift induced by the angular movement is
presented.

The angular motion of the sensor induces several side effects due to experimental imper-
fections impacting the phase shift. The two main side effects are the vertical movement of the
EA proof-mass and the parasite rotation around the −→yS axis of the sensor. Those effects are
considered in the numerical model. Thus, the experimental data can be directly compared to
the numerical model as can be seen in Figure 4.3. The phase shift is mostly induced by the side
effects in this case where the sensor is rotated in order to maximised the angular velocity. During
this experiment, the proof-mass acceleration with respect to its cage was up to −37.2 µm s−2

inducing a phase up to −1.27 rad. The phase shift induced by the EA vertical acceleration was
computed using the capacitive detection signal for the vertical position.

The phase shift induced by the rotation around the −→yS axis in orange in Figure 4.3 was
computed using the gyroscope signal. In the case presented on Figure 4.3, the rotation around
−→yS is up to 0.13 mrad s−1 and −2.44 mrad s−2 leading to a phase shift of −1.03 rad.

To compare the experimental data to the theoretical model presented in Chapter 1, the
two side effects have to be corrected from the experimental data. The detail of the calculation of
the side effects are presented in Section 2.4.4. In the rest of this Chapter, all the experimental
data exposed are corrected from the side effects. The phase shift induced by the two side effects
are also subtracted from the numerical model in order to compare the numerical model to the
theoretical model and corrected experimental data.

To compute the theoretical and numerical models, the kinematic parameters of the atomic
cloud have to be estimated. The transverse mean velocities vy0

and vz0
as well as the deviation

of the transverse velocity distributions σvy and σvz were measured through the impact of the
mirror rotation on the phase shift and contrast. The same method was used to estimate the
mean transverse position of the cloud with respect to the mirror centre of rotation yMA and zMA

and the deviation of the transverse position distribution σy0
and σz0

. The vertical mean velocity
vx0

and velocity distribution deviation σvx were measured by Raman spectroscopy. The details
of these measurements are given in Chapter 3. The vertical distances between the cloud and the
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Figure 4.3: Uncorrected experimental phase shift induced by the sensor rotation around −→zS .
The angular movement was chosen such as the angular velocity is maximised. In the inset, the
angular position is represented in black and the laser pulses of the interferometer in red. the
phase shift is mainly induced by the side effects: the proof-mass vertical acceleration and the
sensor residual rotation around −→yS .

mirror and sensor centres of rotation xMA and xOA can be estimated thanks to the architecture
of the experimental setup. On the contrary, the transverse distances between the cloud and the
sensor centre of rotation are not known precisely and are then free parameters in the models
presented in this Chapter. The values of the kinematic parameters are summed up in Table 2.2.

4.1.4 Contrast

The fringes amplitude A was extracted from the interference fringes as described in
Chapter 2. The experimental contrast is calculated thanks to Equation 4.8 with Cnoise the
residual noise of the atomic proportion when the contrast is cancelled by an important rotation.
Experimentally, the residual contrast noise was determined at Cnoise = 0.008. The experimental
contrast in the absence of rotation C0 reaches 40% as can be seen on Figure 4.4.

Cexp = 2A−Cann (4.8)

To enable the comparison with the theoretical and numerical model, the experimental
contrast was normalised with respect to the contrast in the absence of rotation.

Cnorm =
Cexp

C0
(4.9)

4.2 Impact of angular velocity

In this section, the impact of the angular velocity on the interferometer is studied. The
angular velocity is maximised and the angular acceleration minimised by implementing the
interferometer during the linear part of the sinusoidal angular movement. However due to
experimental limitations, the angular acceleration cannot be totally cancelled and still strongly
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Figure 4.4: Experimental contrast loss induced by the sensor rotation around the axis −→zS . The
angular movement was chosen such as the angular velocity is maximised. In the inset, the
angular position is represented in black and the laser pulses of the interferometer in red.

impacts the interferometer. All the experimental data presented here have be gathered for an
interrogation time of 46 ms.

4.2.1 Study of the sensor rotation

An experimental study of the impact of the sensor rotation on the interferometer was
conducted by rotating the whole setup: the atomic sensor head, the EA sensor head and the
vibration isolation platform. A study of the rotation impact on an interferometer was carry
out in [42,96] but for more important rotation velocities in the context of terrestrial onboard
applications.

Contrast

The contrast loss was measured as a function of the angular velocity as can be seen on
Figure 4.5b. For an angular velocity of 1 mrad s−1, the measured contrast is 80% of the contrast
in the absence of rotation: the sensor rotation generates a loss of contrast. Equation 4.10 is
used to compute the theoretical model which agrees with the experimental data as well as the
numerical model.

CS

C0
= exp

− k2
effT

4

2
( Ω4

Sσ
2
x + Ω̇2

Sσ
2
y + (t0 + T )2Ω4

Sσ
2
vx + ((t0 + T )Ω̇S + 2ΩS )2σ2

vy )

 (4.10)

The contrast loss is mainly due to the Coriolis acceleration linked with the cloud tem-
perature as observed in [3] corresponding to the term 4Ω2

Sσ
2
vy in Equation 4.10. The con-

tribution of the Coriolis acceleration to the contrast loss is represented in red on Figure
4.5b. If the Centrifugal acceleration doesn’t contribute to the loss of contrast, the Angular
acceleration plays a part in this phenomenon. The main term in the contrast loss formula

can be approximated to CS
C0
≈ exp

 − k2
effT

4

2 ((t0 + T )Ω̇S + 2ΩS )2σ2
vy

 when the Centrifugal ac-
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celeration contribution is neglected. Let’s give some numbers: if ΩS = 1.43mrads−1 and
Ω̇S = −3.4mrads−2 (one experimental point on Figure 4.5b), the expected contrast loss is

CS
C0
≈ exp

− k2
effT

4

2 ((t0 + T )Ω̇S + 2ΩS )2σ2
vy

 = 60%. In the absence of angular acceleration Ω̇S = 0,

the expected contrast loss is CS
C0
≈ exp

 − k2
effT

4

2 (2ΩS )2σ2
vy

 = 56%. In this case, as the angular

acceleration has an opposite sign to the angular velocity, the contrast is higher in the presence
of an angular acceleration.
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(a) Phase shift due to a sinusoidal angular move-
ment around the axis −→zS .
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(b) Contrast loss due to a sinusoidal angular move-
ment around the axis −→zS .

Figure 4.5: Influence of the sensor angular velocity on the interferometer. The angular movement
of the sensor is depicted in dotted black in the insets. The three red lines represent the laser
pulses of the interferometer. The contributions of the inertial accelerations are represented as
follows: Coriolis acceleration in red, Centrifugal acceleration in blue and Angular acceleration
in purple. The interrogation time of the interferometer is 46 ms.
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Phase shift

The phase shift induced by the rotation was also observed. As can be seen in Figure 4.5a,
the phase shift is impacted by all the inertial accelerations. The theoretical model corresponds
to Equation 4.11.

∆ΦS = keffT
2[−axL − 2ΩSvy0

− Ω̇S(vy0
(t0 + T ) + yOA) +ΩS

2(axL(
t2
0
2

+ t0T + T 2) + vx0
(t0 + T ) + xOA)]

(4.11)
The different contributions of the inertial forces are represented in Figure 4.5a. The

Coriolis contribution scaling as ∝ 2ΩSvy0
is linear and due to residual transverse velocity

at the end of the cooling stage. This residual transverse velocity could be due to unbal-
anced laser beam during the molasses stage [131]. The Centrifugal acceleration scaling as

∝ ΩS
2(axL( t

2
0
2 + t0T + T 2) + vx0

(t0 + T ) + xOA) has a quadratic impact on the phase shift due to
the vertical distance between the atomic cloud and the sensor centre of rotation. The Angular
acceleration scaling as ∝ Ω̇S(vy0

(t0 + T ) + yOA) has an impact on the interferometer phase shift
due to the transverse distance between the atomic cloud and the centre of rotation. This distance
in the horizontal plane is a free parameter chosen at yOA = −6mm and zOA = 12.4mm to fit
the phase shift experimental data. The transverse velocity also contributes to the Angular
acceleration.

The three inertial accelerations have contributions of similar magnitudes despite our
efforts to minimise the angular acceleration. The apparition of the angular acceleration contri-
bution can be explained by imperfections in the timing between the sensor angular movement
and the interferometer laser pulses. Due to the vibration isolation platform, the sensor angular
movement is difficult to control. The numerical model taking into account the imperfections in
the sensor angular movement shows a better agreement with the experimental data than the
theoretical model.

4.2.2 Study of the mirror rotation

After the study of the rotation of the whole sensor, the impact of the mirror angular
velocity was studied on its own. This experiment allows to verify the theoretical predictions of
Chapter 1 by rotating the EA proof-mass around the −−→zM axis. The rotation was chosen opposite
to the sensor rotation studied in Subsection 4.2.1 to anticipate the rotation compensation study.
Similar experiments rotating the retro-reflection mirror were conducted by [3, 95]. A difference
was the use of a piezo-electrical mounted mirror instead of an EA proof-mass. In [3], the Coriolis
acceleration impact on the contrast was studied. In [95], the impact of both Centrifugal and
Coriolis accelerations on the phase shift was demonstrated on a gradiometer.

Contrast

The contrast was studied as a function of the mirror angular velocity as can be seen in
Figure 4.6b. For an angular velocity of 1 mrad s−1, the contrast loss is measured at 75% for
an interrogation time of 46 ms. This contrast loss can be fully explained by the impact of the
Coriolis acceleration (term in 4Ω2

Mσ2
vy in Equation 4.12).

CM

C0
= exp

− k2
effT

4

2
( 4Ω4

Mσ2
x + Ω̇2

Mσ2
y + 4(t0 + T )2Ω4

Mσ2
vx + ((t0 + T )Ω̇M + 2ΩM )2σ2

vy )

 (4.12)

The contrast is not impacted by the Angular acceleration as the angular acceleration
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of the mirror is small. The mirror angular acceleration is 10 times smaller than the angular
acceleration of the sensor as the mirror rotation is easier to control. The timing of the sinusoidal
movement is better controlled leading to a very small angular acceleration. So the contrast loss
is only due to Coriolis acceleration: it is not compensated by the Angular acceleration leading
to a more important contrast loss than in the sensor case (Section 4.2.1). The theoretical model
based on Equation 4.12 is in good agreement with the numerical model.
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(a) Phase shift due to a sinusoidal angular move-
ment around the axis −−→zM .
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(b) Contrast loss due to a sinusoidal angular move-
ment around the axis −−→zM .

Figure 4.6: Influence of the mirror angular velocity on the interferometer. The angular move-
ment of the mirror is depicted in black in the insets. The three red lines represent the laser
pulses of the interferometer. The contributions of the inertial accelerations are represented as
follows: Coriolis acceleration in red, Centrifugal acceleration in blue and Angular acceleration
in purple. The interrogation time of the interferometer is 46 ms.

Phase shift

The phase shift on Figure 4.6a is only affected by the Coriolis and Centrifugal accelerations
and not by the Angular acceleration. This can be explained by the small angular acceleration
of the mirror and by the shorter horizontal distance between the atomic cloud and the mirror
centre of rotation: yMA = 1.09mm and zMA = 0.66mm. These values were measured by rotating
the mirror as presented in Chapter 3. However, the theoretical model (Equation 4.13) is not in
agreement with the experimental data for angular velocity above 1 mrad s−1.

∆ΦM = keffT
2[−axL−2ΩMvy0

−Ω̇M((t0+T )vy0
+yMA)+2ΩM

2(axL(
t2
0
2

+t0T +T 2)+(t0+T )vx0
+xMA)]

(4.13)
As the numerical model is close to the theoretical model, those discrepancies cannot

be explained by imperfections in the mirror movement as they are taken into account by the
numerical model. Such discrepancies were already observed in Section 4.1.1 and in Chapter 3.
These unexpected phase shifts were investigated in Section 3.5.1.
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4.2.3 Study of the rotation compensation method

A study of the rotation compensation method was implemented on the experimental setup.
The sensor rotation was set to an angular velocity of ΩS = 1.59mrads−1 and a sensor angular
acceleration at Ω̇S = −3.5mrads−2. Then the mirror was rotated in the opposite way and the
amplitude of the mirror rotation was scanned. According to Chapter 1, in this configuration,
the Coriolis acceleration should be compensated for ΩM = −ΩS . The position of the sensor
center of rotation moved slightly in comparison to Section 4.2.1 maybe due to variations of
the center of mass position. In this paragraph, the horizontal distance is yOA = −5mm and
zOA = 12.4mm. Closely related experiments were implemented in [3, 91] to compensate the
Earth rotation, in [96] to extend the increase the measurement range of a gyroscope and in [42]
to operate an onboard accelerometer in dynamical environments.

Contrast

The contrast was studied as a function of the mirror angular velocity: the results are
presented in Figure 4.6b. For angular velocities below ΩS , the sensor rotation is under com-
pensated and for angular velocities over ΩS , the sensor rotation is over compensated. When
ΩM = −ΩS , the angular velocity is compensated and the contrast should reach a maximum. The
contrast recovery achieved during this experiment is up to 99%. This can be explained by the
compensation of the Coriolis acceleration scaling as 2(ΩM +ΩS ))2σ2

vy in the contrast Equation
4.14.

CM+S

C0
= exp

− k2
effT

4

2
( (2Ω2

M +Ω2
S + 2ΩMΩS )2σ2

x + (Ω̇S + Ω̇M )2σ2
y

+ ((t0 + T )(2Ω2
M +Ω2

S + 2ΩMΩS ))2σ2
vx + ((t0 + T )(Ω̇S + Ω̇M ) + 2(ΩM +ΩS ))2σ2

vy )


(4.14)

Nevertheless, the maximum of contrast is not achieved exactly for ΩM = −ΩS . The theo-
retical model is shifted from the contrast loss due to Coriolis acceleration in red:
C
C0

= exp
(
− k

2
effT

4

2 ( 4(ΩM +ΩS )2σ2
vy )

)
. This can be explained by a phenomenon similar to the

one explained in 4.2.1. In this experiment, the sensor angular acceleration is not compensated:
Ω̇S , −Ω̇M ≈ 0. Thus, the sensor angular acceleration creates an Angular acceleration compen-
sating the Coriolis acceleration in the following term ((t0 +T )Ω̇S + 2(ΩM +ΩS ))2σ2

vy leading to a
shifted contrast recovery. In this experimental setup, the Centrifugal acceleration does not lead
to a loss of contrast as its impact is too small.
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(a) Phase shift due to the compensation of a sinu-
soidal angular movement around the axis −→zS .
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(b) Contrast due to the compensation of a sinusoidal
angular movement around the axis −→zS .

Figure 4.7: Influence on the interferometer of the compensation of the sensor angular velocity
(ΩS = 1.6mrads−1 and Ω̇S = −3.5mrads−2). The angular movement of the sensor is depicted
in dotted black in the insets and the movement of the mirror in continuous black. The three
red lines represent the laser pulses of the interferometer. The contributions of the inertial
accelerations are represented as follows: Coriolis acceleration in red, Centrifugal acceleration in
blue and Angular acceleration in purple. The interrogation time of the interferometer is 46 ms.
The grey area corresponds to the uncertainty on ΩS .

Phase shift

The phase shift of the interferometer was also measured during this experiment. As shown
in Figure 4.7a and as expected in Equation 4.15, the phase shift is never compensated.

∆ΦM+S = keffT
2[−axL − 2(ΩM +ΩS )vy0

− (Ω̇S + Ω̇M )((t0 + T )vy0
+ yOA)− Ω̇MyMO)]

+ (2Ω2
M +Ω2

S + 2ΩMΩS )(axL(
t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xOA) + 2Ω2

MxMO]
(4.15)

If the Coriolis acceleration is perfectly compensated, the Centrifugal acceleration is only
reduced when the angular velocity is compensated ΩM = −ΩS . Although, the principal con-
tribution to the phase shift is due to the Angular acceleration induced by the sensor rotation.
The phase shift created by the sensor angular acceleration is not compensated by the mirror
angular acceleration as its is much smaller. The experimental data is not in agreement with
the theoretical model and the numerical model with an error up to 0.4 rad. The cause of those
discrepancies could be the same as the ones observed in 4.2.2.

This study of the compensation of the sensor angular velocity showed promising results
on the contrast recovery. Nevertheless, due to experimental limitation, it was not possible to
study the sole effect of the sensor angular velocity. To reach the limit of the compensation
of the angular velocity, the sensor rotation should be better controlled to avoid any angular
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acceleration. Moreover, the unexpected phase shift which appears when the mirror rotates,
should be further investigated.

4.2.4 First step toward an automatic rotation compensation scheme

In order to study a setup closer to a field-operated sensor, an automatic rotation method
was implemented in which the mirror rotation is driven by the measurement of the sensor
rotation. The action chain on the mirror angular position is depicted on Figure 4.8. The sensor
rotation along the −→zS axis is measured by the gyroscope, integrated with a passive low-pass
filter to obtain a voltage proportional to the angular position of the sensor. The passive low-pass
filter is made of a resistor of 1 MΩ and a capacitance of 1 µF so the filter cut-off frequency is
fc = 150mHz. The voltage is then amplified by a first amplifier with a gain G0 = 200 and by a
second amplifier with a variable gain GV between 0 and 8. Finally, the voltage is used as the
mirror angular position setpoint for the angle Ψ of the EA proof-mass.

Gyroscope

Integrator
Passive 
low-pass

filter

Gain Variable 
gain

Electrostatic
Accelerometer

Figure 4.8: Automatic rotation compensation action chain. The gyroscope signal is integrated
and amplified by a passive low-pass filter to obtain an angular setpoint for the electrostatic
accelerometer.

The automatic setup was tested by applying a given rotation on the sensor and scanning
the gain GV of the action chain. This corresponds to a scan of the mirror rotation ampli-
tude. The sensor angular velocity is set to ΩS = 1.3mrads−1 and the angular acceleration to
Ω̇S = 2.4mrads−2. The position of the sensor centre of rotation moved slightly during this
experiment in comparison to Section 4.2.1 and 4.2.3 maybe due to variations in the sensor centre
of mass position. In this paragraph, the horizontal distance between the cloud and the sensor
centre of rotation is estimated to be equal to yOA = −5mm and zOA = 2mm.

Contrast

The contrast recovery obtained with the automated setup is up to 90% as can be seen on
Figure 4.9b and is impacted by both Coriolis and Angular accelerations. During this experiment,
the mirror angular acceleration was quite important (up to 65 mrad s−2) which is one order of
magnitude more important than the sensor angular acceleration. This can be explained by the
delay in the mirror response due to the integration of the gyroscope signal. Thus, the angular
movement of the mirror is not exactly opposite to the angular movement of the sensor and have
an important angular acceleration. When ΩM = −ΩS , the Coriolis acceleration is compensated
but the important Angular acceleration deteriorates the contrast recovery as Ω̇M , −Ω̇S . This
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phenomenon also explains why the theoretical model (Equation 4.14) does not reach a maximum
for ΩM = −ΩS .

0 10 20 30 40 50 60
Mirror angular acceleration M (mrad. s 2)

43210
Mirror angular velocity M (mrad. s 1)

2.5

2.0

1.5

1.0

0.5

0.0

0.5

In
te

rfe
ro

m
et

er
 P

ha
se

 sh
ift

 (r
ad

)

Coriolis

Centrifugal

Angular

M = S

Numerical model
Experimental Data
Theoretical model

0.0

0.2

Er
ro

r t
o 

nu
m

er
ica

l 
 m

od
el

 (r
ad

)

(a) Phase shift due to the automatic compensation
of a sinusoidal angular movement around the axis
−→zS .
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(b) Contrast due to the automatic compensation of
a sinusoidal angular movement around the axis −→zS .

Figure 4.9: Influence on the interferometer of the automatic compensation of the sensor angular
velocity (ΩS = 1.3mrads−1 and Ω̇S = 2.4mrads−2). The angular movement of the sensor is
depicted in dotted black in the insets and the movement of the mirror in continuous black. The
three red lines represent the laser pulses of the interferometer. The contributions of the inertial
accelerations are represented as follows: Coriolis acceleration in red, Centrifugal acceleration in
blue and Angular acceleration in purple. The interrogation time of the interferometer is 46 ms.
The grey area corresponds to the uncertainty on ΩS .

Phase shift

During this experiment, the phase shift is dominated by the Angular acceleration due to
the sensor angular acceleration and the mirror angular acceleration (Figure 4.9a). If the Coriolis
acceleration is compensated for ΩM = −ΩS , the Angular acceleration and the Centrifugal accel-
eration are not. The theoretical model on Figure 4.9a is based upon Equation 4.15.

The automatic compensation setup demonstrated an important contrast recovery but
could be improved with a more rapid action chain. This would limit the delay in the retro-
action on the mirror leading to a more important contrast recovery and a smaller residual
phase shift. Moreover, in this study, the angular movement only had only one frequency. A
more complete study could characterise the frequency response of the automatic compensation:
the frequency response of the integrator and of the EA control of the proof-mass could be
studied. Lastly, in this study, the gain of the action chain was scanned in order to find the maxi-
mum of contrast. In an operating sensor, the gain would have to be fixed and chosen beforehand.
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4.3 Impact of angular acceleration

As demonstrated in the previous Section 4.2, an uncompensated angular acceleration can
have a detrimental effect on the interferometer. In this section, the effect of a controlled angular
acceleration is studied and an attempt to compensate it is made. The angular acceleration is
maximised and the angular velocity minimised by implementing the interferometer during
the top of the sinusoidal angular movement. In other terms, the sinusoidal angular movement
phase is π

2 with respect to the second interferometric pulse. Due to experimental limitations,
the angular velocity is non-zero and can still impact the interferometer.

4.3.1 Study of the sensor rotation

The whole sensor head was rotated in order to impose an angular acceleration up to
55 mrad s−2 during the atomic accelerometer. This distance in the horizontal plane between the
sensor centre of rotation and the centre of the atomic cloud is a free parameter with a value of
yOA = −5.1mm and zOA = 12.4mm to fit the phase shift experimental data.

Contrast

As shown by Figure 4.10b, the contrast loss is mainly induced by the Angular acceleration.
For an angular acceleration of Ω̇S = 50mrads−2, the contrast is only 30% of the contrast in the
absence of rotation. This preponderant term is the contribution of the Angular acceleration
and scales as ((t0 + T )Ω̇S )2σ2

vy + Ω̇2
Sσ

2
y in Equation 4.10: the temperature and the size of the

cloud both play a role in the contrast loss. The Coriolis and Centrifugal accelerations do not
contribute significantly to the contrast loss in this case. If the theoretical and numerical models
agree, they do not perfectly explain the experimental data and an error of roughly 10% remains
between the experimental data and the numerical model. This difference could be explained
by a variation of the cloud temperature or a variation of the cloud size. A velocity dispersion
of σvy = 14mms−1 instead of σvy = 11mms−1 would explain the experimental data. A position
dispersion of σy = 680µm instead of σy = 400µm would also explain the contrast loss.

Phase shift

The phase shift is also mainly impacted by the Angular acceleration in this configu-
ration as can be seen on Figure 4.10a. The phase shift generated by the rotation is up to
11 rad and is reproduced by the numerical and theoretical models. This phase shift scales as
−Ω̇S(vy0

(t0 + T ) + yOA) and depends from the initial cloud velocity but also from the transverse
misalignment between the cloud and the sensor centre of rotation yOA. The theoretical model is
based upon Equation 4.11.
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(a) Phase shift due to a sinusoidal angular move-
ment around the axis −→zS .
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(b) Contrast due to a sinusoidal angular movement
around the axis −→zS .

Figure 4.10: Influence of the sensor angular acceleration on the interferometer. The angular
movement of the sensor is depicted in dotted black in the insets. The three red lines represent the
laser pulses of the interferometer. The contributions of the inertial accelerations are represented
as follows: Coriolis acceleration in red, Centrifugal acceleration in blue and Angular acceleration
in purple. The interrogation time of the interferometer is 46 ms.

4.3.2 Study of the mirror rotation

The impact of the mirror angular acceleration was also studied in a configuration maximis-
ing its impact. The angular movement of the mirror was chosen to anticipate the compensation
of the sensor rotation. As the mirror rotation is better controlled than the sensor rotation, the
residual angular velocity is reduced to a few mrad s−1 and the angular acceleration applied is
up to 125 mrad s−2.

Contrast

The loss of contrast on Figure 4.11b is mainly due to the Angular acceleration linked
to the velocity and position distribution of the cloud. The Angular acceleration contribu-
tion in Equation 4.12 scales also as ((t0 + T )Ω̇M)2σ2

vy + Ω̇2
Mσ2

y . For an angular acceleration of

Ω̇M = 50mrads−2, the normalised contrast has a value of 45% which is less than the measured
value in the sensor case.

Phase shift

The phase shift is also affected by the Angular acceleration which scales as −Ω̇M((t0 +
T )vy0

+ yMA) in Equation 4.13. This Angular acceleration induced phase shift depends on the
initial velocity of the cloud which is similar to the sensor rotation case. However, this phase
shift depends on the transverse distance between the atomic cloud and the mirror centre of
rotation yMA and not of the transverse distance between the atomic cloud and the sensor centre
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ment around the axis −−→zM .
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(b) Contrast due to a sinusoidal angular movement
around the axis −−→zM .

Figure 4.11: Influence of the mirror angular acceleration on the interferometer. The angular
movement of the sensor is depicted in black in the insets. The three red lines represent the laser
pulses of the interferometer. The contributions of the inertial accelerations are represented as
follows: Coriolis acceleration in red, Centrifugal acceleration in blue and Angular acceleration
in purple. The interrogation time of the interferometer is 46 ms.

of rotation yOA. In the case of the mirror, the phase shift is up to −4.7 rad which is smaller than
the phase shift in the sensor case. This can be explained by the smaller distance in the mirror
case (yMA = 1.09mm) than in the sensor case (yOA = −5.1mm). The theoretical model is based
upon Equation 4.13 and gives different results compared to the numerical model. This could
be explained by the higher order terms not taken into account in the theoretical model such as

keffT
2[ Ω̇

2
M

2 (axL
t2
0
2 T

2 + t0T vx0
+ T 2xMA)] due to the important magnitude of Ω̇M .

4.3.3 Study of the rotation compensation method

A study of the rotation compensation method was implemented on the experimental
setup in an attempt to compensate the angular acceleration of the sensor. The sensor rota-
tion was set at a sensor angular acceleration of Ω̇S = −43mrads−2 and an angular velocity of
ΩS = −204µrads−1. Then the mirror was rotated in the opposite way and the amplitude of
the mirror rotation was scanned. According to Chapter 1, in this configuration, the Angular
acceleration should be partly compensated when Ω̇M = −Ω̇S . The position of the sensor centre
of rotation moved slightly in comparison to Section 4.2 maybe due to variations in the centre of
mass position. In this paragraph, the transverse distance between the sensor centre of rotation
and the cloud is yOA = −5mm and zOA = 12.4mm.

Contrast

The contrast was recovered up to 92% (Figure 4.12b) as the term (Ω̇S + Ω̇M)2σ2
y + ((t0 +
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T )(Ω̇S +Ω̇)2σ2
vy is cancelled. Nevertheless, the contrast recovery is not perfect and the theoretical

and numerical model do not explain this imperfect contrast recovery. Moreover, the maximum
of contrast is not achieved for Ω̇M = −Ω̇S . The theoretical model optimal contrast is shifted
from the point Ω̇M = −Ω̇S due to Coriolis acceleration. This can be explained by a phenomenon
similar to the one explained in 4.2.1: the sensor angular velocity creates a Coriolis acceleration
compensating the Angular acceleration as ((t0 + T )(Ω̇S + Ω̇M) + 2ΩS )2σ2

vy . The mirror angular
velocity is very small and can be neglected ΩM ≈ 0.
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(a) Phase shift due to the compensation of a sinu-
soidal angular movement around the axis −→zS .
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(b) Contrast due to the compensation of a sinusoidal
angular movement around the axis −→zS .

Figure 4.12: Influence on the interferometer of the compensation of the sensor angular accel-
eration (ΩS = −204µrads−1 and Ω̇S = −43mrads−2) The angular movement of the sensor is
depicted in dotted black in the insets and the movement of the mirror in continuous black. The
three red lines represent the laser pulses of the interferometer. The contributions of the inertial
accelerations are represented as follows: Coriolis acceleration in red, Centrifugal acceleration in
blue and Angular acceleration in purple. The interrogation time of the interferometer is 46 ms.
The grey area corresponds to the uncertainty on Ω̇S .

Phase shift

The phase shift due to the Angular acceleration is not compensated by the mirror ro-
tation but is increased as can be seen on Figure 4.12a. This can be explained by the term
−(Ω̇S + Ω̇M)((t0 + T )vy0

+ yOA) − Ω̇MyMO) in Equation 4.15. If the term in vy0
cancels when

Ω̇M = −Ω̇S , the term depending of the distance between the sensor centre of rotation and the
mirror centre of rotation does not: the centres of rotation of the mirror and the sensor do not
coincide.

This study demonstrated that the compensation of the Angular acceleration allows to re-
cover the contrast of the interferometer. However, the compensation cannot cancel the Angular
acceleration contribution to the phase shift if centres of rotation of the sensor and mirror do
not coincide. If the centres coincide O ≡M, then the Angular induced phase shift becomes
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−(Ω̇S + Ω̇M)((t0 + T )vy0
+ yOA) − Ω̇MyMO) = −(Ω̇S + Ω̇M)((t0 + T )vy0

+ yOA). This term can be
cancelled if Ω̇M = −Ω̇S .

4.3.4 First step toward an automatic rotation compensation scheme

The automated setup was also used to compensate the angular acceleration of the sensor.
The action chain is the same as the one described in Section 4.2.4. The sensor angular accelera-
tion was set to Ω̇S = −43mrads−2 and the angular velocity to ΩS = −247µrads−1. The gain GV

was scanned to vary the mirror rotation amplitude. In this paragraph, the horizontal distance
between the sensor centre of rotation and the cloud is yOA = −5mm and zOA = 15mm.

Contrast

The contrast recovery was up to 94% as can be seen on Figure 4.13b. If the Angular
acceleration is compensated for Ω̇M = −Ω̇S , a Coriolis acceleration appears with the mirror
compensation leading to a position shift of the optimal contrast recovery: the maximum of
contrast is not for Ω̇M = −Ω̇S . This effect is due to the delay in the mirror rotation with respect
to the sensor rotation. The mirror rotation induces an angular velocity in addition the expected
angular acceleration. This phenomenon could be reduced with a more rapid integration of the
gyroscope signal.

Phase shift

The automatic compensation generates an increased phase shift as can be seen on Figure
4.13a: the mirror rotation does not cancel the phase shift. The main contribution to the phase
shift is the Angular acceleration. The phase shift visible on Figure 4.13a can mainly be explained
by the term −(Ω̇S + Ω̇M )((t0 + T )vy0

+ yOA)− Ω̇MyMO) in Equation 4.15.

The automatic compensation of the sensor angular acceleration enabled an important
contrast recovery but failed to cancel the Angular acceleration contribution to the phase shift.
The phase shift cannot be compensated for the same reasons as in Section 4.3.3: the centres of
rotation of the sensor and mirror have to coincide for the phase shift to be compensated.
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(a) Phase shift due to the automatic compensation
of a sinusoidal angular movement around the axis
−→zS .
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(b) Contrast due to the automatic compensation of
a sinusoidal angular movement around the axis −→zS .

Figure 4.13: Influence on the interferometer of the automatic compensation of the sensor angular
acceleration (ΩS = −247µrads−1 and Ω̇S = −43mrads−2). The angular movement of the sensor
is depicted in dotted black in the insets and the movement of the mirror in continuous black. The
three red lines represent the laser pulses of the interferometer. The contributions of the inertial
accelerations are represented as follows: Coriolis acceleration in red, Centrifugal acceleration in
blue and Angular acceleration in purple. The interrogation time of the interferometer is 46 ms.
The grey area corresponds to the uncertainty on Ω̇S .

4.4 Advantages and limitations of the rotation compensation method

During this work, a rotation compensation method using the proof-mass of an EA as an
actuated mirror was tested experimentally. The experimental results collected were presented
in the previous Sections.

Contrast

Some promising results were obtained concerning the contrast recovery with the rotation
compensation. Experimentally, the compensation of the Coriolis acceleration led to a contrast
recovery up to 99%. The compensation of the Angular acceleration was also demonstrated with
a contrast recovery up to 92%. An automated compensation demonstrated a contrast recovery of
more than 90%, enough to perform measurements in dynamical environments. The theoretical
model and numerical model allow to explain the experimental results with an error below 10%
for the numerical model. With the exception of Section 4.3.1 in which the models are further
from the experimental data with an error up to 14%. If the contrast loss due to the Angular and
Coriolis accelerations can be suppressed, the contrast loss due to the Centrifugal acceleration
cannot be compensated. Nevertheless, the Centrifugal acceleration is not a source of contrast
loss in this experiment. The compensation is easier for the contrast as the recovery does not have
to be perfect to perform a measurement and the position of the centres of rotation is not relevant.
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Phase shift

If the results concerning the contrast are interesting and well explained, the phase shift
results are less satisfactory. As expected, the phase shift cannot be compensated as well as the
contrast: only the Coriolis induced phase shift can be suppressed. Moreover, very important
phase shifts up to 10 rad were observed for a compensated rotation in Section 4.3.3. The impor-
tant residual phase shift is mainly due to the Angular acceleration and can be explained by the
positions of the rotation centres of the sensor and the mirror. If the rotation centres coincided,
this phase shift could be suppressed. Nevertheless, the Centrifugal induced phase shift would
never be suppressed. The phase shift is also more difficult to explain as it is very sensitive and
affected by several effects. Still, the developed theoretical and numerical models fail to explain
the experimental phase shift. The numerical model taking into account side effects still displays
discrepancy from −0.8 rad to 0.9 rad to the experimental data. To be able to correct the rotation
induced phase shift, this discrepancy has to be explained and reduced as it would limit the
performances of the sensor. This discrepancy could be partially explained by defects in the EA
cage such as wave front distortion. Thus, an improved design could help reduce this discrepancy.

Conclusion
In this Chapter, the experimental results of the rotation compensation method were

presented. Firstly, the impact of the sensor rotation was measured. Secondly, the impact
of the mirror rotation was studied. Thirdly, the rotation compensation method was
tested by rotating the mirror and the sensor. Lastly, an automated rotation compensation
action chain was implemented. All the experiments were conducted in two cases: one
maximising the angular velocity and the other maximising the angular acceleration.

To explain the experimental data collected, two models were employed: the theoret-
ical model based on the calculations of Chapter 1 and the numerical model considering a
more realistic movement of the sensor and mirror. If the contrast is in good agreement
with the models, the phase shift is more difficult to explain.

The rotation compensation method displays a contrast recovery exceeding 90% but
fails to cancel the rotation induced phase shift. If the Coriolis induced phase shift is easily
compensated, the Angular induced phase shift is only cancelled if the mirror and sensor
centres of rotation coincide while the Centrifugal induced phase can never be cancelled.

An automatic rotation compensation setup was implemented: the rotation rate is
measured with a gyroscope integrated and amplified to provide an angular setpoint to
the mirror. The results of this automatic compensation enlighten the importance of the
frequency response of the action chain of the mirror. The bandwidth of the system acting
on the mirror (integration, amplification and actuation) should be consider and would
strongly depend on the interferometer interrogation time.
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Introduction
The rotation compensation method was implemented experimentally on a lab

prototype as described in the previous chapters but one could wonder what performances
this instrument would have in space. In this Chapter, a literal model of a space atomic
accelerometer is used to compute the impact of the rotation on the accelerometer
uncertainty. The calculation presented in this Chapter is restricted to the effect of the
satellite rotation and the rotation compensation method: no other effects are taken into
account.

This study takes place in the context of gravimetry missions such as GRACE,
GRACE-FO and the future missions GRACE-C and NGGM which use the knowledge
of the distance between two satellites in orbit to measure the Earth gravity field.
For that reason, the satellite considered is based upon the requirements for one of
the two satellites of the NGGM mission. The boarded accelerometer retrieves the
non-gravitational forces undergone by the satellite such as the drag due to residual
atmosphere or the radiative pressure. The considered atomic instrument presents
some similarities with the lab prototype presented in the previous chapters: a 87
Rubidium Mach-Zehnder interferometer. However, as this interferometer operates in
a micro-gravity environment, several atomic transitions are allowed and the double
diffraction phenomenon has to be dealt with. Lastly, different potential atomic sources
with different temperature will be examined.

5.1 Description of the hybrid instrument

Here is a description of the considered atomic/electrostatic accelerometer boarded on a
satellite. This potential instrument is close to the one described in [30] and to the lab prototype
presented in the previous Chapters. The peculiarity of this design is the reflection of the inter-
ferometer laser on the EA proof-mass. This configuration allows in principle the compensation
of the satellite rotation with the EA proof-mass. EA are already boarded on gravimetry satellites
and offer a real-time control and measurement of the EA proof-mass position.

5.1.1 The atomic accelerometer

Let’s consider a Mach-Zehnder atomic interferometer close to the one described in Chap-
ters 1 and 2. This interferometer uses two-photons Raman transitions to put a 87 Rubidium
atom in a superposition of state between its two arms. The Raman laser is once again reflected
on the EA proof-mass acting as an actuated mirror. The distance between the mirror and the
atomic cloud is smaller for this space instrument (≈ 10cm) as the satellite is a micro-gravity
environment. Another remarkable difference between the lab prototype described previously
and the potential space interferometer is the double diffraction scheme implemented on the
space interferometer [132–134]. An orbiting satellite is a micro-gravity environment: the atom
acceleration relative to the satellite is close to zero. This impacts the interferometer as the
important acceleration of the atoms falling in the Earth gravity field allows to select one of the

possible Raman transitions. In the lab, the effective wave vector
−−→
keff can be chosen upward or

downward by tuning the laser frequency. This choice is not possible in micro-gravity: the two
transitions are allowed for the same laser frequency (Figure 5.1): the atom momentum can gain

a momentum +ℏ
−−→
keff or loses −ℏ

−−→
keff .
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Figure 5.1: Double diffraction transitions and involved atomic levels.
∣∣∣f , −→p 〉

is the input

state of the interferometer and
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and

∣∣∣∣e, −→p − ℏ−−→keff

〉
the diffracted states during the

interferometer. In micro-gravity, both transitions are possible for the same laser frequency.

In a double diffraction interferometer, the two possible Raman transitions happen at
each laser pulse. Hence, in the interferometer, the atom is in a state superposition between∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and

∣∣∣∣e, −→p − ℏ−−→keff

〉
(Figure 5.2). In a simple diffraction interferometer, the atom is in

the states
∣∣∣f , −→p 〉

and
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
. The space time area of the double diffraction interferometer

is multiplied by two in comparison to the simple diffraction interferometer. Thus, the phase
shift of the double diffraction interferometer is also multiplied by two, increasing the sensitivity.

X

t

Beamsplitter BeamsplitterMirror

A

B

C

D

Figure 5.2: Space-time diagram of a double diffraction Mach-Zehnder interferometer with a
direction of measurement along the X axis. The three long red rectangles represent the laser
pulses π

2 −π −
π
2 driving the atomic transitions between the ground state

∣∣∣f , −→p 〉
, the excited

states
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and

∣∣∣∣e, −→p − ℏ−−→keff

〉
. The atoms free fall for a time t0 before the beginning of

the interferometer. The first and third laser pulses put the atoms in a superposition of states
while the second pulse redirects the atomic cloud.

In this Chapter, the performances of the interferometer will be explored for three different
atomic sources. Each source has different velocity and position characteristics which impact
the contrast and phase shift of the rotating interferometer. The easiest source to build is a
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molasses source obtained from a typical MOT-based experimental setup. With a more complex
instrument allowing an evaporative cooling step, a Bose-Einstein Condensate (BEC) can be
obtained: the velocity and position distributions are narrowed. The stability of the initial
velocity and position of the source is also improved. An even colder source can be achieved
by adding a Delta-Kick Cooling (DKC) step: the velocity distribution gets narrower but the
position distribution broadens. The velocity and position stabilities are unchanged by the DKC
step.

Molasses atomic source

The first atomic source considered is a molasses source close to the one of the lab prototype.
This source supplies an important number of atoms in a short time and is the less demanding
in time and electrical power. However, molasses have a relatively broad velocity and position
distributions and poor velocity and position stabilities. The velocity (respectively position)
stability is the variation of the initial velocity (resp. position) of the atomic cloud shot-to-shot.
The typical kinetic parameters of the molasses source are summed up in Table 5.1.

Velocity stability δv 2 mm s−1

Position stability δr 200 µm
Velocity dispersion σv 10 mm s−1 (1 µK)
Position dispersion σr 500 µm
Number of atoms Ntot 106

Table 5.1: Atomic cloud parameters for a molasses source [2, 98, 135].

BEC-like source

The second source is a BEC-like source which comprises less atoms than the molasses
source. If the addition of an evaporative cooling step requires more time and power, the BEC-
like source is smaller and have a narrower velocity distribution. Its initial velocity and position
are also more stable. The typical kinetic parameters of the BEC-like source considered are
summed up in Table 5.2.

Velocity stability δv 100 µm s−1

Position stability δr 10 µm
Velocity dispersion σv 2 mm s−1 (40 nK)
Position dispersion σr 5 µm
Number of atoms Ntot 105

Table 5.2: Atomic cloud parameters for a BEC-like source [76, 136, 137].

Delta-Kick Cooled (DKC) source

A last source is an even colder one: a BEC-like source is cooled after its preparation with
a Delta-Kick Cooling method. This source has very narrow velocity distribution but its position
distribution is enlarged. The DKC source velocity and position stabilities are similar to the
BEC-like source.
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Velocity stability δv 100 µm s−1

Position stability δr 10 µm
Velocity dispersion σv 100 µm s−1 (100 pK)
Position dispersion σr 50 µm
Number of atoms Ntot 105

Table 5.3: Atomic cloud parameters for a Delta-Kick Cooled source [76, 136–138].

5.1.2 The electrostatic accelerometer

The atomic interferometer is hybridised with an electrostatic accelerometer to keep the
advantages of both instruments [30]. In this work, the EA operates as an actuated mirror.
Let’s consider an EA with a cubic proof mass similar to the MicroStar accelerometer described
in [113]. This design of EA is considered for future gravimetry missions such as NGGM and for
the design of a hybrid instrument.

Let’s assume that the EA was designed with an adequate angular freedom and the ap-
propriate control law to compensate the satellite rotation: θmax

EA ≥ 2TΩmax with θmax
EA the total

angular range accessible to the EA proof-mass, Ωmax the maximal angular velocity of the satellite
and T the interrogation time of the interferometer. When implementing the rotation compensa-
tion method, the EA capacitive detection will be important to measure the angular velocity and
angular acceleration of the mirror. These values can be used to correct the interferometer mea-
surement from the rotation induced bias. In terms of uncertainty, the uncertainty of the mirror
angular velocity and acceleration will impact the uncertainty of the acceleration measured by
the interferometer.

The EA capacitive detection noise limits the angular position detection of the proof-mass.
This noise will be assumed to be a white noise of standard deviation 10 nradHz−1/2 [139]. Thus
the uncertainty at 1σ of the angular capacitive detection will be considered as δθ ≈ 10nrad
for an integration of the EA signal of the order of the second. Nevertheless, this value of the
uncertainty of the EA angular position is a first approximation and has to be confirmed. The
angular position of the mirror only impacts the interferometer during the three laser pulses:
θM(t0), θM(t0 + T ) and θM(t0 + 2T ). The mean angular velocity Ωi

M and the mean angular
acceleration Ω̇i

M seen by the interferometer along each axis i = x,y,z, can be deduced from these
angular positions and the associated uncertainty is the following:

Ωi
M =

θM(t0 + 2T )−θM(t0)
2T

⇒ δΩi
M =

δθ
T

(5.1)

Ω̇i
M =

θM(t0 + 2T )− 2θM(t0 + T )−θM(t0)
2T 2 ⇒ δΩ̇i

M =
2δθ
T 2 (5.2)

Let’s consider that the control law of the EA is limited by the capacitive detection. Thus,
the only uncertainty is due to the capacitive detection and the mean angular velocities and
accelerations are equal to the set point given to the control law. The rotation of the satellite
is expected to be mainly around the Z axis due to the satellite rotation around the Earth (see
Figure 5.3). That is why, the angular velocity and acceleration of the mirror with respect to the
satellite around the axis Z (ΩM

z and Ω̇M
z ) are null in the absence of rotation compensation and

opposite to the satellite angular velocity and acceleration (−Ωz
S and −Ω̇z

S ) when the rotation
compensation is implemented. As shown in Table 5.4, the mean value of the angular velocities
and accelerations around the axis X and Y (Ωx

M ,Ωy
M ,Ω̇x

M and Ω̇
y
M ) are expected to be null. The

rotation is not compensated for these axes in the case considered here.
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Measurement Mean value Uncertainty
Ωx

M 0 δθ
T (1σ )

Ω
y
M 0 δθ

T (1σ )
Ωz

M 0 or −Ωz
S

δθ
T (1σ )

Ω̇x
M 0 2δθ

T 2 (1σ )
Ω̇

y
M 0 2δθ

T 2 (1σ )
Ω̇z

M 0 or −Ω̇z
S

2δθ
T 2 (1σ )

Table 5.4: EA capacitive detection measurements and the associated uncertainties.

5.2 Satellite environment

The satellite environment has an important impact on the accelerometer performances
either in terms of accelerations, rotations or satellite design (positions of the different elements).
Let’s study the case of a Nadir pointing satellite similar to one of the satellites of the NGGM
mission. As shown by Figure 5.3, the potential atomic accelerometer would measure along the
X axis which is tangential to the orbit of the satellite.

Earth

Satel
lite

X

Y

Z

Figure 5.3: Diagram of a Nadir pointing satellite orbiting around the Earth. The EA proof-mass
is at the centre of mass of the satellite. {X,Y ,Z} is the satellite frame.

The acceleration measured by the accelerometer is mostly a drag acceleration due to the
residual atmosphere: axS u⃗x = a⃗drag . No uncertainty associated to this acceleration is considered.
The accelerations along Y and Z are not considered in this work. The Earth gravity gradient is
also neglected as it would lead to an acceleration of ≈ 3×10−8 ms−2 [139] during the interferom-
eter which is much smaller than the drag acceleration ≈ 1× 10−6 ms−2 [18]. The EA proof-mass
M is at the centre of mass O of the satellite with an uncertainty on the position of 200µm (3σ ).
The distance between the proof-mass M and the atomic cloud A along the X axis is 10 cm with
an uncertainty of 200µm (3σ ). The uncertainty on distances between elements has a value of
200µm (3σ ) which corresponds to a position uncertainty of 100µm (3σ ) on each elements.
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The gyroscope of the potential satellite is an ASTRIX200 gyroscope (Airbus) [140] already
boarded on several space missions. This gyroscope presents a white noise with a standard
deviation lower than σgyro = 3× 10−8 rad/sHz−1/2 (1σ ). This white noise will be considered the
limiting factor on the gyroscope measurement. The atomic interferometer is sensitive to rotation
with a frequency up to 1

T . Thus, the gyroscope noise will be integrated in the interferometer
bandwidth to obtain the uncertainty on the gyroscope measurement.

δΩ2 =
∫ 1/T

0
σ2
gyrodν =

σ2
gyro

T
(5.3)

The error on the angular velocity around each axis (i=x,y or z) integrated during the
interferometer is then:

δΩi
S =

σgyro√
T

(5.4)

The angular acceleration is also measured by the ASTRIX200 gyroscope and the associated
uncertainty is:

δΩ̇i
S =

Ω
i(2)
S −Ωi(1)

S

T
=

2σgyro

T
√
T

(5.5)

with Ω
i(1)
S the mean angular velocity between the first and second pulse and Ω

i(2)
S the mean

angular velocity between the second and third pulse.

The architecture of the considered mission places the interferometer mirror at the centre
of mass of the satellite O ≡M. This architecture is close to current gravimetry mission archi-
tecture. The EA (acting as a mirror) is at the CoM to provide an accurate measurement of the
non-gravitational forces applied on the satellite. The atomic instrument considered here is
only used to correct the EA drift: its measurement is less crucial to the mission. Table 5.5 is a
summary of the satellite environmental data and their associated uncertainties. The acceleration
and rotation data are detailed above. The satellite centre of mass O, the EA proof-mass M and
the atomic cloud A are perfectly aligned along the axis X with an uncertainty of 200µm(3σ ). The
considered distance between the atomic cloud and the mirror is 10 cm. As the sensor operates
in a microgravity environment, the free fall distance does not have to be as important as on Earth.
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Measurement Maximal value Uncertainty
axS −1 × 10−6 m s−2 0
xMO 0 200µm (3σ )
yMO 0 200µm (3σ )
zMO 0 200µm (3σ )
xAM 10 cm 200µm (3σ )
yAM 0 200µm (3σ )
zAM 0 200µm (3σ )
Ωx

S 10−4 rad s−1 σgyro√
T

(1σ )

Ω
y
S 10−4 rad s−1 σgyro√

T
(1σ )

Ωz
S 1.2 mrad s−1 σgyro√

T
(1σ )

Ω̇x
S 10−6 rad s−2 2σgyro

T
√
T

(1σ )

Ω̇
y
S 10−6 rad s−2 2σgyro

T
√
T

(1σ )

Ω̇z
S 10−6 rad s−2 2σgyro

T
√
T

(1σ )

Table 5.5: Satellite environmental context: positions of the satellite elements, satellite accelera-
tion and rotation parameters and the associated uncertainties.

5.3 Expected performances in space with rotation compensation

In this Section, is presented a calculation of the expected performances in space of a hybrid
accelerometer implementing the rotation compensation method. The considered instrument is
the one described in the Sections 5.1.1 and 5.1.2. The chosen approach consists in a theoretical
approach close to the model of Chapter 1. From the literal equations of contrast and phase shift,
an uncertainty associated to the acceleration measurement is computed.

5.3.1 Theoretical model of the instrument

The first step to evaluate the phase shift uncertainty associated to the rotation compen-
sation method, is the calculation of the phase shift and contrast of the space instrument. The
calculation is the same as the one presented in Chapter 1 but for a double diffraction interfer-
ometer. The satellite only rotation considered is around the Z axis i.e. the axis perpendicular to
the measurement direction. The mirror rotation is also around the Z axis.

Phase shift

The phase shift of the double diffraction Mach-Zehnder interferometer can be expressed
as the sum of the laser phase ϕ at the pulse instants along each path. The letters refer to Figure
5.2.

∆Φ = 2ϕA − 2ϕB − 2ϕC + 2ϕD (5.6)

As the recoil velocity is neglected, ϕB = ϕC and the phase shift expression becomes:

∆Φ = 2ϕ(t0)− 4ϕ(t0 + T ) + 2ϕ(t0 + 2T ) (5.7)

The phase accumulated along the two arms of the interferometer is multiplied by two
in comparison to the "simple" Mach-Zehnder interferometer: each arm experiences a state
modification at the first and second pulses. For example, at t = t0, the state of both arms
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changes. The upper arm state goes from the state
∣∣∣f , −→p 〉

to
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
while the lower arm

changes from
∣∣∣f , −→p 〉

to
∣∣∣∣e, −→p − ℏ−−→keff

〉
. The phase ±ϕ(t0) is gained for each arm. The double

diffraction interferometer phase shift is then computed as a function of the rotation and cloud
parameters. As the only rotation considered is around the Z axis, the notations will be simplified
as ΩM = Ωz

M , Ω̇M = Ω̇z
M , ΩS = Ωz

S and Ω̇S = Ω̇z
S .

∆ΦM+S = 2kef f T
2

− axS + (2Ω2
M +Ω2

S + 2ΩMΩS )(axS(
t2
0
2

+ t0T + T 2) + (t0 + T )vx0 + xOA) + 2Ω2
MxMO

− 2(ΩM +ΩS )vy0 − (Ω̇S + Ω̇M )((t0 + T )vy0 + yOA)− Ω̇MyMO)

 (5.8)

with ΩM and ΩS the mean angular velocities of the mirror and of the satellite around the Z
axis, Ω̇M and Ω̇S the mean angular accelerations of the mirror and of the satellite around the
same axis, vx0 and vy0 the cloud velocity right after the cooling step, xOA and yOA the distance
between the satellite centre of mass O and the centre of the atomic cloud A and xMO and yMO

the distance between the mirror and the satellite centre of mass. Equation 5.8 is exactly the same
only multiplied by two as the result obtained for a simple rotating Mach-Zehnder interferometer
in Chapter 1.

When the rotation is compensated, ΩM = −ΩS and Ω̇M = −Ω̇S , Equation 5.8 is simplified
and becomes:

∆ΦM=S = 2kef f T
2

− axS + Ω̇SyMO +Ω2
S(axS(

t2
0
2

+ t0T + T 2) + (t0 + T )vx0
+ xOA + 2xMO)

 (5.9)

Contrast

The contrast loss due to the rotation is computed using Equation 5.8 and the method
presented in Chapter 1:

CM+S

C0
= exp

− 2k2
effT

4 ( (2Ω2
M +Ω2

S + 2ΩMΩS )2σ2
x + (Ω̇S + Ω̇M )2σ2

y

+ ((t0 + T )(2Ω2
M +Ω2

S + 2ΩMΩS ))2σ2
vx + ((t0 + T )(Ω̇S + Ω̇M ) + 2(ΩM +ΩS ))2σ2

vy )


(5.10)

with C0 the contrast in the absence of rotation, σx and σy the standard deviation of the
Gaussian position distribution of the atomic cloud and σvx and σvy the standard deviation of the
Gaussian velocity distribution. When the rotation is compensated, the contrast loss expression
is simplified:

CM=S

C0
= exp

− 2k2
effT

4 ( Ω4
Sσ

2
x + (t0 + T )2Ω4

Sσ
2
vx )

 (5.11)

Uncertainty

The implementation of the rotation compensation method and the correction of the
rotation generated phase shift bias induce an uncertainty on the acceleration measurement. This
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uncertainty can be computed using Equation 5.8. The method of the total exact differential was
chosen to extract the uncertainty from Equation 5.8. This method gives an upper bound to the
uncertainty and takes into account the null parameter values. Most of the values in Equation
5.8 are null and an uncertainty around zero is given by this method. This total exact differential
method considers the uncertainty in this case. As an example, let’s consider a function f of two
variables a and b defined as:

f (a,b) = a.b (5.12)

The function f can be differentiated as:

f + δf = f (a+ δa,b+ δb)

= (a+ δa)(b+ δb)

= a.b+ δa.b+ δb.a+ δa.δb

(5.13)

Thus, the uncertainty of f can be expressed as a function of a, b and their uncertainty δa
and δb:

δf = δa.b+ δb.a+ δa.δb (5.14)

This method is applied on Equation 5.8 to compute the rotation related uncertainty. To
simplify the expression, the following notations are introduced:

A = 2Ω2
M +Ω2

S + 2ΩMΩS

δA = 4δΩMΩM + 2δΩSΩS + 2ΩMδΩS + 2δΩMΩS + 2δΩMδΩS
(5.15)

The uncertainty of the rotation induced phase shift is summed up in Table 5.6.

Acceleration Bias (m s−2) Uncertainty (m s−2)

Coriolis −2(ΩM +ΩS )vy0
2(δΩM + δΩS )|vy0| + 2|(ΩM + ΩS )|δvy0 +
2(δΩM + δΩS )δvy0

Centrifugal (2Ω2
M+Ω2

S+2ΩMΩS )(axS( t
2
0
2 +t0T+

T 2)+(t0 +T )vx0 +xOA)+2Ω2
MxMO

2Ω2
MδxMO + 4δΩM |ΩMxMO| +

4δΩM |ΩM |δxMO + δA|(t0 + T )vx0 +
xOA)|+ |A|((t0 + T )δvx0 + δxOA)) + δA((t0 +

T )δvx0 + δxOA)) + δAaxS( t
2
0
2 + t0T + T 2)

Angular
−(Ω̇S + Ω̇M)((t0 + T )vy0 + yOA) −
Ω̇MyMO

δΩ̇M |yMO| + |Ω̇M |δyMO + δΩ̇MδyMO +
(δΩ̇S + δΩ̇M)|((t0 + T )vy0 + yOA)| + |(Ω̇S +
Ω̇M)|((t0 + T )δvy0 + δyOA) + (δΩ̇S +
δΩ̇M )((t0 + T )δvy0 + δyOA)

Table 5.6: Rotation induced bias and uncertainty on the acceleration measurement.

Quantum projection noise

The quantum projection noise is the fundamental limit of the acceleration measurement.
This noise comes from the quantum fluctuations of the atomic population measurement at the
end of the interferometer [21]. It is interesting to compare the quantum projection noise to
the uncertainty associated with the rotation compensation to determine which one limits the
measurement. Moreover, the quantum noise depends on the interferometer contrast so the
quantum noise conveys the contrast recovery to a certain extent. The quantum projection noise
can be characterised by the standard deviation σP of the probability fluctuations assuming a
normal law [103].

σP =

√
P (1− P )
Ntot

(5.16)
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with P the probability of one state of the two levels system and Ntot the total number of atoms.
The uncertainty on the phase shift measurement is then:

σ∆Φ =
∣∣∣∣∣d∆ΦdP

∣∣∣∣∣σP
=

2
C|sin(∆Φ)|

σP

(5.17)

Thus, the quantum projection noise on the acceleration measurement is the following as
P = P0 − C

2 cos(∆Φ).

σa =
1

kef f T 2
2

C|sin(∆Φ)|
σP (5.18)

The interferometer was considered operating at mid-fringe (the maximum of sensitivity)
so P = 0.5 and sin(∆Φ) = 0.5. The noise on the acceleration measurement can be simplified as:

σa =
2

kef f T 2C
√
Ntot

(5.19)

In the following Sections, the only source of contrast loss considered will be the rotation.
In Equation 5.10, the contrast in the absence of rotation will be considered equal to one: C0 = 1.
This is not a realistic hypothesis as many phenomena can reduce the interferometer contrast.
Nevertheless, the displayed quantum noise is the minimal quantum noise achievable when
implementing the rotation compensation method.

5.3.2 Expected contrast recovery

The main goal of the rotation compensation method is to increase the contrast of a rotating
interferometer. In the absence of rotation compensation, the satellite rotation lowers drastically
the contrast and prevents the use of long interrogation times. In this Section, the foreseen
contrast recovery was computed for different atomic sources.

In the absence of rotation compensation, the estimated contrast loss of the hybrid instru-
ment considering a molasses source (Table 5.1) is displayed on Figure 5.4a. The contrast loss
was computed using Equation 5.10. The contrast decreases rapidly as the interrogation time
increases: interrogations times longer than a hundred of µs are unattainable. If the contrast
loss is due to all inertial accelerations (Coriolis, Angular and Centrifugal accelerations), the
main source of contrast loss is the Coriolis acceleration as the Coriolis acceleration varies across
the velocity distribution of the atomic cloud. To a lesser extent, the Centrifugal and Angular
accelerations contribute to the contrast loss. Their two contributions depend on both the po-
sition and velocity distribution and have a similar amplitude in this case. To conclude, for a
molasses source, in the absence of rotation compensation, the contrast is limited by the width of
the atomic velocity distribution. For the BEC source and DKC source, the velocity distributions
are narrower. Nevertheless, the contrast is still limited by the width of the velocity distribution.
To obtain a higher contrast either the width of the velocity distribution has to be reduced or the
Coriolis acceleration has to be compensated.

With the rotation compensation technique, the contrast is fully recovered for interrogation
times inferior to 500 ms for a molasses source as shown by Figure 5.4b. When ΩM = −ΩS and
Ω̇S = −Ω̇M , the contributions of the Coriolis and Angular accelerations to the contrast loss
cancel. The contrast is now limited by the Centrifugal acceleration and both the position and
velocity distributions of the cloud. It is noticeable that the Centrifugal contribution to the
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(a) Contrast loss in the absence of rotation compen-
sation: ΩM = 0 and Ω̇M = 0
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(b) Contrast recovery with the rotation compensa-
tion: ΩM = −ΩS and Ω̇M = −Ω̇S

Figure 5.4: Impact of the inertial accelerations on the contrast loss for a molasses source.
Rotation and atomic cloud parameters can be found in Tables 5.5 and 5.1.

contrast loss is unchanged by the rotation compensation (Equation 5.11). In Equation 5.10,
the term (2Ω2

M +Ω2
S + 2ΩMΩS ) characterises the contribution of the Centrifugal acceleration.

In the absence of compensation ΩM = 0, this term equals (2Ω2
M +Ω2

S + 2ΩMΩS ) = Ω2
S . When

compensating, ΩM = −ΩS this term also becomes (2Ω2
M +Ω2

S + 2ΩMΩS ) = Ω2
S . The Centrifugal

contribution stays the same with or without the rotation compensation.

As the velocity and position distributions of the cloud limits the contrast recovery, it
makes sense to find ways to reduce their width. This can be achieved by cooling further the
atomic cloud. For example, a BEC-like source (Table 5.2) can be obtained after a stage of
evaporative cooling. Such a source has smaller velocity and position dispersions. Furthermore,
a DKC source (Table 5.3) can be considered with the addition of another step to the cooling
procedure. If this last source has a very narrow velocity distribution, its position distribution is
wider than the one of the BEC source.

Let’s study the contrast recovery for these three potential sources. Without rotation com-
pensation, the maximum interrogation time achievable never exceeds 1 s even for the colder
DKC source (Figure 5.5a). With the rotation compensation, the maximum interrogation time
achievable increases significantly. With an acceptable contrast loss of 80%, the molasses source
grants an interrogation time up to 1 s while the BEC source grants a 2 s interrogation time
(Figure 5.5b). The best result is achieved with the DKC with an interrogation time up to 5 s.

The rotation compensation seems to be efficient to recover the contrast onboard a satellite
enabling the acceleration measurement for long interrogation times. The contrast recovery is
limited by the Centrifugal acceleration term (Equation 5.11). More precisely, the term depend-
ing on the velocity distribution width has the greater contribution: (t0 + T )2Ω4

Sσ
2
vx . Besides, the

rotation compensation method impacts not only the contrast but also the phase shift of the in-
terferometer. This rotation induced bias has to be corrected from the acceleration measurement
leading to a rotation induced uncertainty.

5.3.3 Phase shift bias and uncertainty due to rotation

The satellite rotation has an effect on both the contrast and phase shift of the interferom-
eter. The rotation creates a bias on the phase shift which has to be removed to measure the
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(a) Contrast in the absence of rotation compensa-
tion.
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(b) Contrast with rotation compensation.

Figure 5.5: Rotation compensation method influence on the contrast considering different
atomic sources (molasses, BEC and DKC atomic sources).

acceleration even when using the rotation compensation. In this Section, the rotation induced
bias and the associated uncertainty are studied through Equation 5.8 and Table 5.6. Ultimately,
the acceleration measurement precision is limited by the quantum projection noise. Besides,
the quantum noise on the acceleration measurement depends of the interferometer contrast
as expressed in Equation 5.19. Thus, the rotation induced contrast loss will influence the
quantum noise. A comparison between the quantum noise and the rotation related uncertainty
is presented in this Section to examine the trade-off between the contrast recovery thanks to the
rotation compensation and the uncertainty generated by the rotation. This calculation is done
for the three potential atomic sources. Be careful to note that the only source of contrast loss
taken into account is the rotation.

Molasses source

For a molasses source, the contrast decreases very quickly without the compensation
preventing any measurement. This is reflected by the quantum noise without compensation (in
cyan on Figure 5.6b) which increases very quickly. The rotation induced uncertainty (in dark
blue) is due to the satellite rotation and comes mostly from the Coriolis acceleration. With the
compensation, interrogation times of the order of 1 s seem achievable as the contrast recovery
exceeds 80%. The rotation induced uncertainty decreases by two orders of magnitude as some
terms in Table 5.6 are cancelled by the compensation. For example the term |(ΩM +ΩS )|δvy0
cancels. The quantum noise is also reduced thanks to the contrast recovery (Figure 5.6a). To con-
clude, the performance remains limited by the contrast loss for interrogation times lower than
2 s. In this interval, the uncertainty is limited by the rotation, more precisely by the Centrifugal
acceleration and its term depending on the cloud velocity (2Ω2

M +Ω2
S + 2ΩMΩS )(t0 + T )vx0. For

an interrogation time of 1 s the uncertainty induced by rotation has a value of 4.0 × 10−9 m s−2.
The acceleration bias has an almost constant value of −1.44 × 10−7 m s−2 in the interrogation
time interval. The main contribution to the bias is the following term of the Centrifugal acceler-
ation: Ω2

SxOA = −1.44× 10−7 ms−2.

BEC-like source

The BEC-like source has narrower velocity and position distributions as well as more
stable velocity and position at the end of the cooling stage. Even if the velocity distribution
is narrower, the contrast drops drastically for interrogation times longer than a hundred of µs
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(a) Rotation induced contrast loss.
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(b) Uncertainty associated with the acceleration.

Figure 5.6: Expected performances for a rotating interferometer with a molasses source.

in the absence of rotation compensation (Figure 5.7a). With the rotation compensation, the
contrast recovery is more important than for a molasses source allowing interrogation times
up to 2 s with a 80% contrast recovery. The quantum noise stays below the rotation induced
uncertainty for interrogation times between 0.8 and 3 s (Figure 5.7b). Thanks to the better posi-
tion and velocity stabilities of the BEC-like source, the rotation uncertainties with and without
rotation compensation are one order of magnitude smaller than the molasses uncertainties. For
a BEC-like source, an interrogation time of 1 s would lead to a rotation induced uncertainty of
6.6 × 10−10 m s−2. For short interrogation times, the rotation uncertainty is limited by the mea-
surement of the satellite and mirror rotation. Where for long interrogation times, the rotation
uncertainty starts to increase due to the cloud trajectory. Some uncertainty terms depend on T
such as the Centrifugal and Angular accelerations. These terms lead to an interrogation time
dependant uncertainty due to terms like Ω̇M((t0 + T )δvy0 + δyOA). The bias is exactly the same
as for a molasses source: the bias only depends on the distance between the atomic cloud and
the satellite centre of mass.
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(a) Rotation induced contrast loss.
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(b) Uncertainty associated with the acceleration.

Figure 5.7: Expected performances for a rotating interferometer with a BEC-like source.

Delta kick cooled source

Despite, the very narrow velocity distribution of the DKC source, the contrast decays
rapidly in the absence of rotation compensation (Figure 5.8a). With the compensation, the
contrast recovery is the more important of the three considered atomic sources with a 80%
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recovery for up to 5 s. The rotation uncertainty with and without rotation is the same as the
ones of the BEC-like source as the two sources have the same velocity and position stabilities
(Figure 5.8b). However, the span where the quantum noise is below the rotation uncertainty is
larger (between 0.5 and 9 s). The rotation induced uncertainty for an interrogation time of 1 s is
exactly the same as the BEC-like source (6.6 × 10−10 m s−2) as the rotation induced uncertainty
depends of the source stability. The phase bias is still equal to −1.44 × 10−7 m s−2 as for the
two other sources.
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(a) Rotation induced contrast loss.
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(b) Uncertainty associated with the acceleration.

Figure 5.8: Expected performances for a rotating interferometer with a delta-kicked cooled
source.

Table 5.7 sums up the results for an interrogation time of 1 s for the three sources highlight-
ing the similar performances of the BEC-like and DKC sources. If upgrading from a molasses
source to a BEC source improves the uncertainty by one order a magnitude, further cooling does
not improve the performances. The DKC source allows longer interrogation times but without a
decrease in the rotation uncertainty.

Source
Acceleration bias
(m s−2)

Uncertainty induced by
rotation (m s−2)

Quantum noise (m s−2)

Molasses −1.4 × 10−7 4.0 × 10−9 1.4 × 10−10

BEC-like −1.4 × 10−7 6.6 × 10−10 3.9 × 10−10

DKC −1.4 × 10−7 6.6 × 10−10 3.9 × 10−10

Table 5.7: Expected performances for an interrogation time of T = 1s with the implementation
of rotation compensation for the three atomic sources.

Limiting parameter

The previous study showed that the rotation limits the performances of the instrument.
One can wonder what is the greatest contribution to the rotation induced uncertainty. Let’s
consider a rotation compensated interferometer with a BEC-like source. The rotation induced
uncertainty main contribution is the Centrifugal acceleration. On Figure 5.9, the contributions
of the different inertial acceleration were drawn. For an interrogation time of 1 s, the Coriolis
and Angular contributions are below 1 × 10−10 m s−2 while the Centrifugal contribution ex-
plains most of the uncertainty on the acceleration. More precisely, the uncertainty is partly due
to the velocity stability of the cloud. This term is A(t0 + T )δvx0

and is represented in green on
Figure 5.9. The term depending on the position of the cloud, mirror and CoM of the satellite
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also contributes greatly. This term is 2Ω2
MδxMO +A(δxAM + δxMO) and is represented in orange.

The other terms of the Centrifugal acceleration uncertainty presented in Table 5.6 are below
1 × 10−11 m s−2.
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Figure 5.9: Contributions to the rotation induced uncertainty for a BEC-like source with rotation
compensation.

To conclude, a BEC source with an interrogation time around 1 s would give an optimal
result under our hypotheses. A colder source would allow to reach longer interrogation times
but this would not improve the sensor performances. There is no need for longer interrogation
times as the rotation uncertainty increases with the interrogation time due to rotation terms
depending of the interrogation time. Under the hypotheses of this study, the rotation induced
uncertainty is limited by the knowledge of the position of the different elements (cloud, mirror
and CoM) and by the stability of the cloud velocity. To improve the uncertainty, either the un-
certainty associated with these parameters have to be decreased or the Centrifugal acceleration
has to be compensated. Nevertheless, the scope of this study is limited as no other sources of
contrast loss and uncertainty were considered.

Conclusion
In this Chapter, a potential space atomic accelerometer was studied to assess the

efficiency of the rotation compensation method onboard a satellite. More precisely, the
satellite considered is similar to a gravimetry satellite such as a satellite of the NGGM
mission. Three different atomic sources with different velocity and position distributions
were studied.

In this context, the rotation compensation method could allow to recover the con-
trast for interrogation times of several seconds. Thanks to the compensation, the rotation
induced uncertainty and the quantum noise of the acceleration measurement were signif-
icantly reduced. A performance of the order of 7 × 10−10 m s−2 seems achievable for a
BEC-like source with an interrogation time of 1 s. The limiting parameter is the rotation
related uncertainty and more precisely the Centrifugal acceleration. A BEC-like source
is cold enough to reach this limit. In this model, further cooling does not improve the
performances of the atomic accelerometer. Moreover longer interrogation times would
not reduce the rotation uncertainty as it increases with the interrogation time.



Conclusion and future prospects

The work presented in this PhD manuscript contributes to the research effort dedicated
to assess the possibility to use cold atom sensors in space. This work is the continuation of the
development of the hybrid instrument presented in [30]. In this previous work, the potential of
the hybrid instrument was demonstrated and the atomic accelerometer was able to correct the
long-term drift of the electrostatic accelerometer.

Here, the presented work has been devoted to the problem of the negative impact of the
rotation on the hybrid instrument. The hybrid instrument is an original setup with unique
features to study the rotation impacts but also to limit those impacts. The rotation issue is
indeed a limitation for future space atomic sensors and more globally for terrestrial onboard
sensors.

Conclusion

The cross-talk between acceleration and rotation is an issue for any accelerometer. Never-
theless, this cross-talk is reduced for accelerometers with an immobile proof-mass (for example
electrostatic accelerometers) as the Coriolis acceleration is null. For accelerometers with a free
proof-mass, all the inertial accelerations contributes to the cross-talk. Atom interferometry
based sensors belong to the second category. Moreover, for these sensors, rotation leads not only
to the apparition of inertial accelerations but also to deterioration of the sensitivity due to a
loss of contrast of the interferometer. This work aimed at studying and mitigating the effect
of rotation on the hybrid setup in the range of rotation encountered on a satellite dedicated to
gravimetry missions.

Before this work, a method to limit the impact of rotation on atomic interferometers
have already been implemented. This method consists in rotating the retro-reflection mirror
of the laser interrogating the atoms. When the mirror rotation is opposite to the whole sensor
rotation, the direction of measurement is constant during the interferometer. This method was
successfully implemented to limit the impact of the Earth rotation on cold atom interferom-
eters [3, 90, 91] allowing to improve the contrast and to limit the rotation induced bias. As
the Earth rotation has a low angular velocity of 70 µrad s−1, the principal inertial acceleration
impacting atomic interferometer is the Coriolis acceleration which also happens to be corrected
in theory by the compensation method. This method was also tested to correct higher angular
velocities encountered in onboard applications [42, 96]. If the contrast recovery seems promis-
ing, the rotation induced bias needs to be modelled carefully as both Centrifugal and Coriolis
accelerations have to be considered. Moreover, if the carrier has an angular acceleration, the
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Angular acceleration impact on the sensor could be significant and has to be considered. The
rotation compensation method is also considered for future space instruments onboard satel-
lites [27–30, 95] . In space applications, the considered angular velocity is around 1 mrad s−1

which is more important than the Earth angular velocity but lower than angular velocities
encountered in marine or airborne applications. Usually, the implementation of the rotation
compensation requires a tip-tilt mount to rotate the mirror.

In this work, an original implementation of the rotation compensation is presented using
an electrostatic accelerometer as an actuated mirror instead of a tip-tilt mount. An beneficial
feature of this experimental setup is the real time measurement of the mirror angular position
thanks to the EA capacitive detection.

This feature advantageously enabled a thorough study of the impact of the mirror rotation
on the interferometer. Contrasts and phase shifts were measured for angular velocities of a
few mrad s−1. As the EA can be rotated with a non-linear movement, the impact of angular
accelerations of the order of 100 mrad s−2 on the interferometer was also analysed. The loss
of contrast due to the Angular acceleration was thus highlighted. These measurements were
confronted to theoretical predictions and brought information on the kinematic parameters
of the atomic cloud such as its position, velocity, size and velocity distribution. Moreover, the
theoretical model predicted a variation of the effective wave vector magnitude in addition to
a change in the measurement direction. The magnitude variation is similar to a variation of
the laser frequency creating a position dependant phase shift. This effect leads to a pseudo
Centrifugal acceleration in addition to the Centrifugal acceleration due to the variation of
measurement direction.

The impact of the rotation of the whole sensor was also studied thanks to piezo actuators.
The rotation of the sensor was more difficult to control and monitor than the mirror rotation and
the effects of the angular velocity and the angular acceleration could not be studied separately.
The experimental contrast loss and phase shift in the presence of rotation were confronted to
the theoretical model. When the sensor rotates, the direction of measurement varies but not the
magnitude of the effective wave vector: the impact of the inertial accelerations on the cold atom
sensor measurement is the same as on any accelerometer using a free proof-mass. Nevertheless,
the atomic sensor also exhibits a loss of contrast due to the rotation. The contrast loss due to
the Coriolis acceleration but also due to the Angular acceleration were observed and for some
configurations these two contributions counterbalanced each other leading to a smaller contrast
loss.

The rotation compensation method was finally implemented by rotating the sensor and
the mirror at the same time. The compensation of the Coriolis acceleration was demonstrated
as the contrast was recovered up to 99% when the Coriolis acceleration was the main source
of contrast loss. The experiment was performed for an angular velocity of the order of the
mrad s−1. The compensation of the Angular acceleration was also demonstrated with a con-
trast recovery up to 92% for an angular velocity around 40 mrad s−2. When the rotation is
compensated, the only contribution to the contrast loss should be the pseudo Centrifugal term
induced by the variation of the effective wave vector magnitude. Nevertheless, this contribution
is negligible for the lab prototype and should only be observed for longer interrogation times.
The rotation induced phase shift was also measured and confronted to the theoretical prediction
with an error below 0.5 rad. The prediction of the rotation induced phase shift is challenging
due to its strong dependence on the kinematic parameters of the atomic cloud. An important
contribution of an uncompensated Angular acceleration was identified: this term is the greatest
contribution to the experimental data and limits their analysis. On a theoretical point of view,
the Coriolis acceleration is cancelled by the rotation compensation. The Angular acceleration
can be suppressed only if the sensor and mirror centres of rotation are aligned transversally
to the measurement direction. The Centrifugal acceleration cannot be fully compensated and
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a term resulting in the distance between the sensor O and mirror M centres of rotation arises:
Ω2

SxMO. This term results in the mirror (i.e. the measurement reference) rotation in the satellite
or laboratory frame. Moreover, the mirror rotation induces a variation of the effective wave
vector magnitude leading to a term in Ω2

S(axL( t
2

2 + t0T + T 2) + (t0 + T )vx0
+ xMA).

A prevision of a space cold atom accelerometer performances was also provided. The
case of a Nadir pointing satellite belonging to a gravimetry mission similar to NGGM is exam-
ined with the mirror placed at the satellite centre of rotation. In the simple considered case,
the uncertainty due to rotation effects is expected to be of the order of 7 × 10−10 m s−2 for an
interrogation time around 1 s. When the rotation is compensated, the term contributing the
most to the uncertainty is the Centrifugal acceleration. More precisely, the uncertainty on the
positions of the cloud and the mirror and sensor centres of rotation as well as the uncertainty
on the cloud velocity limit the total uncertainty on the acceleration measurement. Thus, to
improve the sensor exactitude, either the Centrifugal acceleration has to be corrected or the
knowledge of the cloud velocity and the positions of the different elements improved. This
result is a preliminary result as it does not consider any effects other than the satellite rotation
and its compensation. Other phenomena could limit the achievable uncertainty such as wave
front aberrations or detection limits.

This work paves the way to satellite-boarded cold atom accelerometer with an experi-
mental test of an original implementation of the rotation compensation method. Nevertheless,
several points could be addressed to further improve the performances and design of the ac-
celerometer.

Prospects

The rotation compensation method with an electrostatic actuated mirror showed inter-
esting results, the work presented here could be pursued by addressing several limitations
enlightened in this work and adding possible improvements to the current experiment.

Toward a rotation-proof cold atom accelerometer

This work on the hybrid experiment using an EA as an actuated mirror displayed promis-
ing results. The hybrid prototype is a first step toward a space rotation-proof cold atom
accelerometer. To further improve the prototype, several points could be considered.

The EA as an actuated mirror

The use of the EA has the advantage to provide a continuous measurement of the mirror
position along the six degrees of freedom easing the calculation of the rotation induced bias.
Nevertheless, it is still a challenge to predict reliably the rotation induced bias in order to
correct the acceleration measurement from this bias. Firstly, the wave front aberrations induced
by the EA proof mass could affect the bias and their measurement could help improve the
accelerometer uncertainty. Secondly, some cross-talk was noticed between the different degrees
of freedom of the EA proof-mass. The precision of the mirror rotation also has to be considered
in the bias calculation. To improve the EA proof-mass control, a different design could be
consider involving a cubic proof-mass with an increased number of electrodes. Such a design
could reduce the cross-talk between the degrees of freedom.
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Rotation compensation

The analysis of the experimental results of the rotation compensation was limited by an
uncontrolled angular acceleration of the sensor. A new prototype could be tested in better
controlled conditions to reach the theoretical limit of the rotation compensation method in the
lab. If the ground performances cannot be extrapolated in space, they contribute to the model
validation. Then, the space performances can be anticipated thanks to the validated model.
Ultimately, for a perfectly compensated rotation, only the Centrifugal acceleration should lead to
a loss of contrast. The measurement bias would also be affected by the Centrifugal acceleration
but a contribution due to the Angular acceleration can be present if the mirror and sensor
centres of rotation do not coincide. The residual contribution of the Centrifugal acceleration can
be explained by the distance between the sensor centre of rotation O and the mirror centre of
rotation M leading to a term in Ω2

SxMO. This term could be suppressed by placing the mirror at
the centre of rotation of the sensor. Another residual term is also present due to the magnitude

variation of the effective wave vector: Ω2
S(axL( t

2
0
2 +t0T +T 2)+(t0 +T )vx0

+xMA). A driven variation
of the one-photon Raman detuning ∆ during the interferometer would increase the magnitude
of the effective wave vector thus suppressing this term. The magnitude variation of the effective

wave vector due to the mirror is
−−−−−→
∆kroteff = keff

θ2
S

2
−−→xM . Thus, to compensate this variation the

detuning ∆ should be scanned quadratically as ∆ = ∆0(1−βt2) during the interferometer. Such a
variation of ∆ would lead to a quadratic variation of the wave vector compensating the rotation
effect.
Lastly, in an operating instrument, the rotation compensation should be automated. First,
the sensor rotation would be measured by a gyroscope. Then, the gyroscope signal has to be
integrated to give an angular setpoint to the EA proof-mass control. The integration step has
to be fast enough to limit the time delay between the sensor rotation and the mirror rotation.
The requirement on the speed of the integration process depends on the interrogation time:
a long interrogation reduces the need to a fast integration. In this work, only the impact of a
sinusoidal rotation at 4 Hz was studied. A more complete study should consider a broader range
of rotation frequency. The frequency response of the gyroscope signal integration setup and of
the EA actuation system could also be studied.

Atomic source

The choice of the atomic source is crucial for a cold atom sensor and becomes even more
important when attempting to measure in the presence of rotation. The velocity and position
distributions have to be narrow to limit the contrast loss due to rotation. Moreover, the measure-
ment bias induced by the rotation depends on the initial velocity and position of the cloud. Thus,
these parameters have to be stable to limit the sensor uncertainty. A Bose-Einstein Condensate
source presents interesting characteristics: narrow velocity and position distributions as well as
stable initial kinematic parameters. For these reasons, a BEC is a source considered for space
cold atom sensors [27, 28, 34]. Nevertheless, the implementation of a BEC source makes the
sensor architecture more complex. The mass and electrical consumption of the instrument are
increased.

Design of a space cold atom accelerometer

Once the cold atom accelerometer is ready to operate in space, its design have to take into
account the space mission environment. Considering the case of gravimetry missions, previous
satellites boarded electrostatic accelerometers. These accelerometers still display unrivalled
short-term sensitivity in microgravity and would probably not be replaced totally by cold atom
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sensors in a close future. Future studies would have to determine the best articulation of the EA
and atomic accelerometer.

As demonstrated in [30], the combination of the electrostatic and atomic sensors is a
promising approach to correct the drift of the EA with the atomic accelerometer. Nevertheless,
one could ask if the hybridisation and the rotation compensation could be performed at the
same time. The use of the EA as an actuated mirror could deteriorate its performances as an
accelerometer. This problem could be solved by boarding two EA instead of one. The first EA
dedicated to acceleration measurement and calibrated by the atomic accelerometer. The other
only used as an actuated mirror to correct the satellite rotation. Moreover, the second EA can
also be a backup instrument for the first EA. This solution would require to find an architecture
allowing the first EA used as an accelerometer to be close to the atomic sensor. To avoid adding
errors when correcting the EA drift, both accelerometers have to measure the same quantity.
Thus, their points of measurement have to be close to each other.
As demonstrated in this work, the distance between the sensor centre of rotation and the mirror
centre of rotation is an important parameter for the rotation compensated atomic accelerometer.
In the case of a satellite boarded sensor, the relevant distance is the distance between the satellite
centre-of-mass (CoM) and the mirror centre of rotation. This fact raises the importance of the
cold atom accelerometer location inside the satellite.

To conclude, the path is still long before considering a future gravimetry mission boarding
atomic accelerometers. Different concepts and instrument architectures have to be validated and
the implemented technologies need to mature. Nevertheless, the pathfinder mission CARIOQA
should demonstrate the potential of technologies of major interest for future gravimetry mission
boarding atomic accelerometers.
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Abstract: Long-term observation of Earth’s temporal gravity field with enhanced temporal and
spatial resolution is a major objective for future satellite gravity missions. Improving the performance
of the accelerometers present in such missions is one of the main paths to explore. In this context,
we propose to study an original concept of a hybrid accelerometer associating a state-of-the-art
electrostatic accelerometer (EA) and a promising quantum sensor based on cold atom interferometry.
To assess the performance potential of such an instrument, numerical simulations were performed
to determine its impact in terms of gravity field retrieval. Taking advantage of the long-term
stability of the cold atom interferometer (CAI), it is shown that the reduced drift of the hybrid
sensor could lead to improved gravity field retrieval. Nevertheless, this gain vanishes once temporal
variations of the gravity field and related aliasing effects are taken into account. Improved de-aliasing
models or some specific satellite constellations are then required to maximize the impact of the
accelerometer performance gain. To evaluate the achievable acceleration performance in-orbit, a
numerical simulator of the hybrid accelerometer was developed and preliminary results are given.
The instrument simulator was in part validated by reproducing the performance achieved with a
hybrid lab prototype operating on the ground. The problem of satellite rotation impact on the CAI was
also investigated both with instrument performance simulations and experimental demonstrations.
It is shown that the proposed configuration, where the EA’s proof-mass acts as the reference mirror
for the CAI, seems a promising approach to allow the mitigation of satellite rotation. To evaluate the
feasibility of such an instrument for space applications, a preliminary design is elaborated along with
a preliminary error, mass, volume, and electrical power consumption budget.

Keywords: cold atom interferometer; electrostatic accelerometer; hybrid accelerometer; gravity
mission; quantum space gravity; satellite geodesy

1. Introduction
1.1. General Context of Space Gravity Missions and Emergence of Cold Atom Interferometry

Sustained observations from dedicated satellite gravity missions (e.g., GOCE, GRACE,
and GRACE-FO) are key to monitoring the Earth system’s dynamic processes related to
mass transport and in understanding their coupling mechanisms. Satellite gravimetry is a
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∣∣∣f , −→p 〉

is the input state

of the interferometer and
∣∣∣∣e, −→p + ℏ

−−→
keff

〉
and

∣∣∣∣e, −→p − ℏ−−→keff

〉
the diffracted states
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−−→
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〉
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〉
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