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Atom interferometry as Inertial sensors  

 long term stability and accuracy

• Inertial navigation plane, boat, submarine…

• Fundamental physics 
✓  measurement of α, G... 
✓  watt balance (gravimeter) 
✓  test of general relativity 

Einstein Equivalence Principle (STE-QUEST), anomalous gravity…(accelerometer) 
gravitational waves detection

• Geophysics ground or space 

Gravity field mapping, tidal effects, Earth’s rotation rate,…

g



Chronometric geodesy: remote comparisons of optical clocks

✓ Tokyo area 

▪ RIKEN, UT 
▪ Fiber: 30 km 
▪ Spirit levelling, gravimetry: dh=5.9 mm 
▪ u=5.9x10-18 

✓ Fréjus tunnel (LSM) – Torino 

▪ PTB (Sr transp clk), INRIM, NPL 
▪ Fiber: 150 km 
▪ 1000 m height difference 
▪ Underground, 1700 m rock coverage 
▪ Geodesy + linkage: 1.8x10-17 

▪ u=1.9x10-15 

✓ Paris - Braunschweig  

▪ PTB transportable clock at SYRTE

Nature Physics 14, 437–441 (2018)

Nat. Photonics 10 (2016) 662–666 

talk of P. Delva

Phys. Rev. Lett. (118) 221102 (2017)



Chronometric geodesy: remote comparisons of optical clocks

✓ French fiber network: 
➡ Refimeve+ (LPL, Renater, SYRTE…) 
➡ T-Refimeve 
➡ International connections 

✓ Ground - air- ground link 
➡ Optical links (TOFU) 
➡ Collaboration (CNES/SYRTE/UWA) 

✓ Transportable clock 
➡ Neutral Yb clock (SYRTE): ROYMAGE 
➡ 10-18 in relative accuracy (1 cm level)



Atom interferometry as Inertial sensors 
Gravimetry 

➢ State of the art sensors competing with classical sensors 
➢ Cold Atom Gravimeter has demonstrated : 

▪ Continuous long measurement  
▪ Accuracy: < 2.10-8 m.s-2 

▪ Better sensitivity : 5.7 10-8 m.s-2.Hz-1/2 to 6.10-10 m.s-2 

Geophysics    
Crustal deformations, 
mass changes, geoid, … 

   
R. Karcher, et al., New J. Phys. 20, 113041 (2018)

Correlation with classical sensor: J. Le Gouët et al., Appl. Phys. B 92, 133–144, (2008) 
Stap-down configuration: S. Merlet, et al., Metrologia 46, 87–94, (2009) 
Hybridization: J. Lautier,et al. Appl. Phys. Lett. 105, 144102 (2014)



Gravimeter
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2D-MOT

atom 
interferometer

Raman 2

Detection 

3D-MOT 
108 Rb-atoms in 50 ms 

Tatoms~2 µK

Raman 1

Mirror

Interrogation time: 160 ms 
Cycling frequency: 3 Hz

First participations to BIPM international comparisons for gravimetry: 2009,11, 13… 

Phase zéro GRICE : Interférométrie atomique & Géodésie Spatiale6

Applications spatiales : au-delà de la physique fondamentale

Une technologie de rupture: 
Atomes froids de Rubidium.
Interféromètre atomique.

Avantages & performances:
Stabilité/Sensibilité
Exactitude
Dynamique

Géodésie spatiale:
But : Cartographie du champ de gravité (GRACE/GOCE).
Applications :

Hydrologie
Glaciologie
Océanographie
Géophysique Interne

!1 !" 2

!2

!3 Most of the inertial sensors 
used two photon Raman 
transitions 

 Atom wave-packets 
diffracted by laser pulses 



Commercial instruments
✓ Compact gravimeter for in lab and on-field operation

Atom gravimeter on the Mount Etna

Target field of applications:  
geosciences (geodesy, hydrology,  

vulcanology …)



State of the art instruments
✓ Many teams involved today in the development of atom gravimeters (at least 20)

LNE SYRTE WUHAN HUB

2T (ms) 160 600 600
Sensitivity (/Hz1/2) 5.7 10-9g 4.2 10-9g 10 10-9g
Long term stability <10-10g 5 10-10g 6 10-11g

Accuracy 2 10-9g TBD 3 10-9g

Vibration noise is (always) the limit ⇒ Differences in 2T do not correlate with performances

Motivation for the development of compact gravimeters (2T ≈ 100 ms, h ≈ 5 cm)



Accuracy
Evaporative cooling  

in a dipole trap 
Temperature range: [50 nK -7 µK] 



Improvement of the gravimeter

✓ Coriolis : tip-tilt mirror 
✓ Wavefront distortion and cloud expansion

➡ Limit the expansion: 5 mm => < 1 mm 
Ultra-Cold Atoms: 2 µK => < 100 nK 

➡ Reduction of the wave front of the mirror 

tip-tilt mirror

➡ Expected accuracy 0.5 µGal

Reduction of systematic effets



Onboard measurement in an airplane: test of the UFF in 0-g

➡ Ice experiment in 0-g plane between 87Rb/39K: uses of correlation with standard accelerometer 
(σvib ≃ 0.05 g rms) 

➡ T limited by rotation induces lost of contrats (5°/s) 
≃

ICE experiment (collaboration LP2N, SYRTE and CNES)

B. Barrett et al., Nature Communications 7, 13786 (2016)



On-board measurements

Gain of a factor 2-3 on the uncertainty (mGal level)

+ Plane campaign: 1.7 to 3.9 mGal error 

➡ Better performance for 
gravity mapping with the 
absolute atom gravimeter 

➡ Suppression of calibration 
errors and drift corrections

Y. Bidel et al Nat Commun. 9, 627 (2018)

+ Campagne aéroportée Y. Bidel et al J. Geod. 94, 20 (2020)

Y. Bidel et al J. Geod. 94, 20 (2020)

20 Page 4 of 9 Y. Bidel et al

difference between atom and forced balanced accelerometer
lead to !0 = 1.57 ! 103 s"1 and " = 2.42 ! 103 s"1.

2.3 Test on amotion simulator

The atom gravimeter has been tested on a motion simulator
reproducing as well as possible the motion of an aircraft (see
Fig. 2a). For that, we took 100 s of IMU data coming from a
DTU flight campaign in Antarctica with a Twin Otter (non-
turbulent part). Thenweprogrammed themotion simulator to
reproduce the three translations and three rotations measured
by the IMU. The translations were high pass filtered at a
frequency of 0.2 Hz for having translations in the range of
the motion simulator (± 0.18m).

To check the fidelity of the simulation, we measured the
vertical acceleration on the base plate of the gravimeter and
we compared it with the acceleration coming from the IMU
of the plane. We notice that the motion simulator reproduced
well the acceleration spectrum between 0.2 and 20Hz (see
Fig. 2d).

The gravimeter was subjected to a simulated airborne
environment during two periods of 1000 s with a break of
1000 s between them (see Fig. 2e). The gravimeter measure-
ment was low pass filtered by a fourth-order Bessel filter of
75 s time constant (see Sect. 4.3). We notice that the mean
value of measured gravity has not significantly changed dur-
ing the period of motion simulation. The rms noise on the
filtered gravity measurements is equal to 0.3 mGal during
motion and 0.1 mGal during static period.

3 Airborne gravity campaign in Iceland

The campaign took place across Iceland, using a Twin Otter
DHC-6 from Norlandair (Akureyri) and consisted of repeat
flights in northern Iceland and a small demonstration survey
pattern over the Vatnajökull (see Fig. 3).

Before airborne tests, we performed static measurement
in the plane hangar. We obtained a gravity measurement of
g = 982337.37 ± 0.17 mGal at 99 cm above the ground
which agrees with a previous measurement made with a A10
absolute gravimeter to within 0.1 mGal.

The atom gravimeter was tested during four flights: the
first one was a straight line back and forth between Akureyri
and Snæfellsjökull. The goal of this flight is to evaluate the
reproducibility of the gravity measurement. The last three
measurement flights were above Vatnajökull. The goal was
here tomake a gravitymodel of the area. The duration of each
flight was 3–4h. The vertical acceleration measured during
the flights is given in Fig. 3. The acceleration level during
the flights is not homogeneous. During turbulent part, one
can have acceleration variations up to 10m s"2 and during
quiet part below 0.3m s"2. Most of the time the level of

Fig. 3 Top: Flight plan of Iceland gravity campaign. Bottom: Raw ver-
tical acceleration undergone by the atom gravimeter during the motion
simulator test and during flights in Iceland. The acceleration has been
measured in the sensor head at a rate of 10Hz

acceleration is larger than the onewe simulated on themotion
simulator.

4 Data processing and gravity estimation

4.1 Kinematic acceleration and Eötvös effect

The gravimeter is not onlymeasuring the gravity acceleration
but also the kinematic acceleration of the plane and the accel-
eration due to the coupling to Earth rotation (Eötvös effect).
The acceleration measured by the gravimeter is equal to:

ameas = g + ḧ + aEöt (2)

where g is the gravity acceleration (g is positive when down-
ward), ḧ is the time second derivative of h the ellipsoidal
height (h is positive when upward) and represents the ver-

123

✓ On-board strap-down atomic gravimeter: 
➡ Development of 3 axes accelerometer by iXatom (Labcom LP2N Bordeaux) 
➡ No specific need of orientation (no gyro-stabilised platform) 
➡ Expand the range of mobile carriers and applications 

✓ Development of a compact gravimeter for marine gravimetry by ONERA 
Measurement campaigns  on the Beautemps-Beaupré (French Navy)



Increase the interaction time
Increasing T => increases 
• the intrinsic sensitivity (the scale factor as T2) 
but also 
• the size of the experiment 

Need for Improved vibration isolation systems 
and/or perform differential measurements

2T H, release  H, fountain

20 ms 0.5 cm 0.1 cm

160 ms 12.5 cm 3 cm

600 ms 1.8 m 45 cm

2 s 20 m 5 m

2.8 s 40 m 10 m

Drop Vs Lauch (« fountain »)

Several projects of 10 m tall fountains

Stanford Wuhan Hannover



Test of the WEP
Comparing gravity acceleration experienced by 85Rb and 87Rb

Total interferometer duration 2T = 1910 ms => large differential sensitivity 

Eotvos parameter ! = # "
#

= (1.6 ± 1.8(stat) ± 3.4(syst)) $ 10%12

Asenbaum et al, PL 125, 191101 (2020) 



Gravity gradiometers

✓ Two simultaneous interferometers driven by 
the same lasers 

✓ Differential measurement allows to derive the 
gravity gradient (3 10-7g/m) 

✓ Suppression of common mode noise, and in 
particular of vibrations 

✓ Allows to reach the QSL and to benefit from 
the increase in the interferometer duration 

✓ Suitable for on-board measurements

0

Quantum absolute gravity gradiometer 

9me 

z 

→ intrinsically correlated measurement rejects: vibra9ons laser noise

6/12

● 2 separated cold-atom sources, common laser “ruler”

2
m



Gravity gradiometers:

G measurements  

Differential acceleration stability: 10-11 g 

Statistical uncertainty: 2 10-4 on G

Best sensitivity: 60 -100 E/√Hz 
Stability down to 0.4 E 
(1 E = 10-9 s-2) 

Stanford (M. Kasevich)

Phys. Rev. A 91, 033629 (2015) 

Florence (G. Tino)

Nat. 510, 518 (2014) 

Phys. Rev. Lett. 124, 083604 
(2020)  

➡ Possibility of many ℏk 

➡ Suitable for very long 
distance

Experiment in standard room with alcalin atoms

lattice. Subsequently, the atoms are collimated by an optical
dipole lens (1 mm waist, red-detuned laser beam) in the
transverse dimensions. This lens is applied !100 ms after
the end of the launch. Ultimately, the launched atom cloud
contains !106 atoms with an effective temperature of
!50 nK in the transverse dimensions.
A dual interferometer configuration [13,20,25] is used to

suppress spurious phase shifts arising from vibrations in the
laser delivery optics (see Fig. 1). The LMT atom optics
consist of sequences of absolute ac Stark-shift compen-
sated, two-photon Bragg transitions [22]. Figure 1(a)
illustrates the spacetime diagram associated with a sin-
gle-source dual interferometer sequence [20]. An initial
LMT beam splitter sequence splits the atom cloud into two
wave packets with momenta differing by N1 photon
momentum recoil kicks (N1!k, where k is the wave number
of the laser used to drive the Bragg transitions) in the
vertical direction. The wave packets are allowed to freely
drift apart for a time !. Next, the initially accelerated arm is
decelerated by an LMT sequence so that the momentum
splitting between the wave packets is reduced to 2!k. The

two wave packets are vertically separated by a baseline
L ! "N1!k=m#! and are the respective sources for the dual
interferometers [26]. Before the initial beam splitter
sequence, the vertical velocity distribution is filtered by
two long-duration " pulses (Gaussian temporal profile,
FWHM 200 #s).
The interferometers are initiated by a beam splitter

sequence like the one used to split the initial atom cloud
(the two vertically displaced wave packets use opposite
input ports of the first interferometer beam splitter, since
their momenta differ by 2!k). We use a Mach-Zehnder
interferometer sequence with pulse spacing T. The momen-
tum difference between the interferometer arms is denoted
by n!k. The laser system and optics configuration used to
drive the Bragg transitions is described in Ref. [22].
We measure the differential phase shift between the two

interferometers (gradiometer phase) by imaging one output
port from each interferometer onto a CCD camera using
resonant scattering. Because of the large vertical displace-
ment between the two interferometers, we deliver an
additional momentum kick "N2!k to the lower port of
each interferometer, so that the lower port of the upper
interferometer and the upper port of the lower interferom-
eter fit into the CCD camera’s field of view at the time of
detection [see Fig. 1(a)]. We use phase shear readout
[27,28] to extract a value for the gradiometer phase from
each individual run of the experiment. Specifically, the
angle of the Bragg laser beams is slightly tilted for the final
beam splitter sequence using a piezo tip-tilt stage on the
retroreflection mirror, imprinting a horizontal phase gra-
dient across the cloud. This leads to horizontal spatial
fringes in the interferometer output ports [see Figs. 1(b) and
1(c)], allowing for the single-shot determination of phase
and contrast [27] in a single port. The relative phase
between the two interferometers is then determined [29].
We implement measurements using interferometers with
path separations !z of up to !z ! 16 cm with L ! 20 cm,
n ! 38, and T ! 700 ms.
We placed several lead bricks near the apex of the

interferometer trajectory and observed their effect on the
gradiometer phase. The bricks produce a phase shift of
1.0 rad [Figs. 2(a) and 2(b)], in agreement with the
theoretical prediction obtained by numerically calculating
the propagation, laser, and separation phases along the
perturbed interferometer trajectories [16,30,31]. We find
the systematic error of the gradiometer phase due to
changes in the horizontal position of the atoms to be small
[29]. Figure 2(c) compares the difference in the gradiometer
phase (with and without bricks present) to its predicted
value as a function of the launch height.
The macroscopic spatial and temporal scales of the

interferometers allow the interferometers to resolve the
tidal phase shift. The momentum recoil kicks that the atoms
receive during the beam splitter and mirror interactions lead
to wave packet trajectory deflections with a characteristic

FIG. 1. (a) Spacetime diagram of the centers of thewave packets
for a dual interferometer sequence, neglecting gravitational
acceleration. An initial atom source is split into two clouds that
drift apart with momentum difference N1!k for time !, ultimately
separating by the baseline L. Each cloud is used as the source for a
Mach-Zehnder interferometer with momentum splitting n!k and
pulse spacing T. The path separation between the two interfer-
ometer arms reaches a distance of !z ! "n!k=m#T. The numeri-
cal values in parentheses indicate typical experimental parameters.
In this work, k is negative for the initial splitting and interferometer
pulses; i.e., the interferometer trajectories are below the unper-
turbed launch height. Data plots: Fluorescence images of spatial
interference fringes for an interferometer with (b) !z ! 4 cm
(n ! 10) and (c) !z ! 12 cm (n ! 30).

PRL 118, 183602 (2017) P HY S I CA L R EV I EW LE T T ER S week ending
5 MAY 2017

183602-2

Stanford (M. Kasevich)  

10 m tower and multi-ℏk

Sensitivity: 13 E/√Hz

Phys. Rev. Lett. 118, 183602 (2017) 

Experiment in tower With alcalin-like atoms

unresolved, neighboring velocity classes in each interfer-
ometer port as a result of the finite pulse efficiency.
The LMT gradiometer features the same contrast decay

observed in the individual Mach-Zehnder interferometers
[see Fig. 2(b)]. However, the total duration of the gradi-
ometer can be extended far beyond the excited state lifetime
by storing the atoms in the ground state during the
interrogation time. This requires selectively inducing tran-
sitions in only one arm of each interferometer at a time,
which we accomplish with velocity-selective pulses using a
lower Rabi frequency (see Fig. 3). The duration of these
pulses is carefully chosen to act as a ! pulse for one arm and
a 2! pulse for the other [44]. To address both interferom-
eters simultaneously and maintain common-mode laser
noise suppression, the velocity-selective pulses are gen-
erated with two separate rf signals applied to the same
AOM, with the frequencies separated by the relative
Doppler shift of the interferometers. We use a relative
velocity corresponding to NBS ! 81 and an interferometer
momentum separation of 31 !k, with a Rabi frequency of
500 kHz for the velocity-selective pulses. With these
parameters, we extend the total interferometer duration
to 1.12 ms (T ! 0.55 ms) without any additional loss of
contrast in the gradiometer [see Fig. 4(b)]. In our setup, the
interrogation time is limited by the atoms falling out of the
horizontal interferometry beams, which can be avoided
with a vertical beam geometry.
While we demonstrate how to circumvent interrogation

time limitations posed by the excited state lifetime, further
extending the LMT order requires reducing the contrast
decay. Imperfect pulse efficiency due to inhomogeneous
broadening can be suppressed with improved spatial filter-
ing and by increasing the laser beam diameter. Losses due
to the finite excited state lifetime can be minimized by
using shorter pulse durations. Both of these technical
limitations can be mitigated by using more laser power.
We estimate that increasing the power per beam from
100 mW to 3 W would enable a 1000 !k interferometer at
approximately 10% contrast. Moreover, this work serves as
a proof of principle for future LMT-enhanced clock atom
interferometry on narrower spectral lines such as the
1S0-3P0 clock transition in 87Sr, where lifetime losses can
be negligible and the resulting pulse efficiency can support
many thousands of consecutive pulses. The long lifetime is
required to mitigate spontaneous emission loss due to the
light propagation delay over long baselines. Therefore,
such a transition can address the ambitious LMT require-
ments for gravitational wave detection and dark matter
searches with atomic sensors [23]. Finally, an alternative
implementation could employ both spectral lines in a two-
color clock atom interferometer, where the 1S0-3P1 tran-
sition is used for fast and efficient momentum transfer, and
the 1S0-3P0 transition for velocity-selective pulses and
extended interrogation times.

FIG. 3. Example LMT gradiometer space-time diagram (top)
and pulse sequence (bottom). An LMT beamsplitter and an LMT
Mach-Zehnder interferometer are separated by a time Tdrift many
times the excited state (red) lifetime, such that both the upper and
the lower interferometer start off with all atoms in the ground
state (blue). Despite the large relative velocity of the interfer-
ometers, every pulse interacts with all interferometer arms due to
the high Rabi frequency. Individual arms can be addressed using
longer, lower intensity pulses (dashed, !") with reduced Doppler
bandwidth. The excited state population can then be stored in the
ground state during the interrogation time T to avoid spontaneous
emission loss. An example fluorescence image of the upper and
lower interferometer ports is shown as an inset.

(a)

(b)

FIG. 4. (a) Normalized excited state populations for LMT-
enhanced gradiometers from 1 !k to 81 !k, at an applied
differential phase of approximately 90° (left) and 45° (right).
The gradiometer contrast is reduced at larger momentum
separation, consistent with the LMT interferometer results [see
Fig. 2(b)]. (b) Gradiometer contrast versus interferometer dura-
tion, using velocity-selective pulses to store the excited state
population in the ground state during the interrogation time. The
solid line represents the expected lifetime decay without velocity-
selective pulses. We extend the interferometer duration to over 50
times the 21.6 "s excited state lifetime without any additional
loss of contrast.

PHYSICAL REVIEW LETTERS 124, 083604 (2020)

083604-4



The DQG: Differential Quantum Gravimeter
✓ Simultaneous measurement of g and δg/δz: development of a compact commercial gravi-gradiometer

5E @ 100s63nm/s2 @ 100s

Submitted for publications: see talk of V. Menoret



Gravity - gradiometer at SYRTE
✓ Ideal test bed for the development of new methods 

➡ Expected sensitivity: 10-10 s-2 = 0.1 E at 1s 
More than one order of magnitude better than state of the art sensors based on 
differential accelerometry 

➡ Method to reduce the size at constant sensitivity 
➡ Demonstration for space gradiometry

Ultracold atoms 
(atom chips)

High order Bragg diffraction 
Gain x 100 separation Spin squeezing

2 m



MIGA : Gravitation et Géophysique avec des capteurs atomiques

Very long baseline gradiometer with 3 interferometers 150 m appart 

Equipex lead by LP2N, consortium of15 laboratories

✓ Underground mass distributions  
 Hydrology, … 

✓ Demonstrator for gravitational wave detection

Scientific Reports 8, 14064 (2018).   

Inauguration projet LSBB 2020, 16/11/2021



Space gradiometry

Benefit from atomic sensors:  
Stability of the scale factor + 
Good control of systematics 

⇒ Better long term stability 
⇒ Better determination of the gravity field 

CNES phase 0 study GRICE 
ESA CAI study (A. Trimeche et al., "Concept study and preliminary design of a cold atom interferometer  
for space gravity gradiometry", Classical and Quantum Gravity 36, 215004 (2019))

• Ultracold atoms on a chip at Tat=100 pK 
• Transport and splitting 
• Two interferometers separated by 50 cm 

Duration 2T = 10 s

Expected sensitivity : 3.5 mE/Hz1/2 

Comparison between electrostatic sensors (GOCE)/quantum sensors

(talk of Q. Beaufils)EU call for a demonstrator



Double axis cold atom gyroscope
✓ 4 pulse gyroscope  X axes Raman lasers => &YX and Y axis Raman lasers

&Y✓ « Pure Gyroscope »  
=> not sensitive to DC acceleration 
Extremely large area up to 11 cm2 (interf. duration  
2T = 800 ms)

Sagnac Effect: Area x Particle Energy

I. Dutta, et al., Phys. Rev. Lett. 116, 183003 (2016) 
D. SAVOIE et al., Science Advances 2018; 4:eaau7948 

✓ Record sensitivity:  
➡ short term: 3.10-8 rad.s-1.τ-1/2  (100 µ°.hr-1/2) 
➡ long term < 3.10-10 rad.s-1 (60 µ°/h) 



Test of the Sagnac effect
!& = T3

2 ( !keff $ !g ) . !&E

= T3

2 (keff g cos($h)) &E cos(%Lat + &) cos(%N)

Sagnac scaling factor 
∝ physical area Local horizontal 

components of ΩE:  
latitude (geoid)+ 
S-N deviation

Platform orientation

✓ Test of the Sagnac effect with matter-waves (submitted for publication): 
➡ No deviation to the expected values (  < 1. 10-5) in agreement to ± 2.5 10-5 in relative value 
➡ 20 times higher accuracy than previous experiments



Dynamical measurements of rotation rate
Test with sinusoidal modulation at 5 and 10 s of the rotation rate. 

D. SAVOIE et al., Science Advances, Vol. 4, no. 12, eaau7948 (2018)

Agreement in the amplitude to better than 5 %

Continuous measurements (no dead time): repetition rate > 3 Hz



Tailoring Multiloop Atom Interferometers

Variable momentum transfert and symmetric timing change: Tailoring of the sensitivity

No sensitivity to DC acceleration

2

x

t

Figure 1. (a) Schematics of the gyroscope sensor. The angular tilt �✓ of the top collimator allows for tuning the e↵ective
momentum transfer at the top beam (⇡-pulses). Space-time diagram of the four-pulse gyroscope sequence in symmetric equal-k
(b), asymmetric equal-k (c) and symmetric non-equal-k (NEK) (d) arrangement. In (b)-(d): vertical dashed lines indicate the
four timings of the applied light pulses; red (blue) color labels F = 3 (F = 4) internal state of the atoms; gray-shaded areas
highlight the loops of the main interferometer, with di↵erent color intensity in case of unequal areas; gray-encircled regions
show the separation between the branches of the parasitic interferometers at the last pulse. For clarity, we show only the output
ports corresponding to the F = 4 state.

At each light pulse the relative phase of the Raman lasers
is imprinted on the di↵racted part of the atomic wave
function as 'i / ~ke↵~rB,T(ti), where ~rB,T(ti) is the posi-
tion of the mirror retro-reflecting the Raman lasers with
respect to the center-of-mass of the free falling atoms
(subscript B(T ) stands for bottom (top) mirror). The
di↵erence of phases accumulated along the two distinct
paths of the interferometric loop thus contains inertial
information, e.g. depends on the acceleration ~a or the
rotation rate ~⌦ acting during the sequence. This phase
shift is read out from the interference pattern produced
at the ”output port” as a variation of atomic population
in one of the internal states.

The time symmetry of the T/2�T �T/2 gyroscope se-
quence leads to a vanishing sensitivity to constant linear
acceleration [10], giving the total phase shift expression
for the main loop (solid trajectory lines in Fig. 1(b)) as

��rot = '1 � 2'2 + 2'3 � '4 =
1

2
~ke↵(~g ⇥ ~⌦)T 3 (1)

However, the two echo loops (dashed lines in Fig. 1(b))
arising from imperfect mirror elements and having dif-
ferent inertial sensitivity, recombine simultaneously with
the main loop and scramble the signal of interest.

One possibility to circumvent this problem is to im-
plement a small asymmetric time shift �Ta of the mirror
pulses (Fig. 1(c)). The slight asymmetry does not change
the rotation-rate sensitivity of the main loop while fully
suppressing the echo loops as the spatial separation be-
tween the wave packets exceeds the coherence length of
the atoms. Braking the time symmetry, however, creates
an imbalance in the areas of two loops of the ”butter-
fly” giving rise to the residual sensitivity to linear dc-
acceleration, with systematic phase shift:

��acc = 2T�Ta
~ke↵~g (2)

This contribution is in practice suppressed by the ramp

of the two-photon frequency with the rate given by
↵ = ~ke↵~g which compensates for the Doppler shift at the
moment of light pulses’ impact (a technique widely em-
ployed in atomic gravimetry) and by the measurements
with alternating sign of �Ta. The gyroscope remains,
however, sensitive to the spurious linear dc-acceleration
caused by auxiliary sources and low-frequency vibration.
In Figure 1(d) we show the scheme of the NEK inter-

ferometric sequence explored in the present work. The
variation of the tilt angle of the collimator �✓ changes
the directions of the top input and retro-reflected laser
beams, while the two mirrors still remain parallel to each
other. This leads to a small reduction of the absolute
value of the e↵ective Raman wavevector ke↵ of the top
beam without changing its direction:

k
T
e↵ = (1 � ✏)kBe↵ = (1 � ✏)ke↵

✏ ⌘ 1 � cos(�✓) ⇡ �✓
2

2

(3)

This new ”degree of freedom” allows us to keep the time
symmetry of the sequence with respect to the point t = T

(apogee of the atomic trajectory) and modify the echo in-
terferometers such that they don’t recombine anymore.
In the following, we will first study in detail the proper-
ties of these echo interferometers and then demonstrate
the performance of the main interferometric loop.
In order to recombine the echo interferometers in a

controlled way, we start from the well-known asym-
metric configuration shown in Figure 1(c) with �Ta =
40 µs. We deliberately increase the amplitudes in the
echo branches by changing the duration of the second
and third pulses from ⇡ to ⇡/2, thus making the ”mir-
rors” half-transparent. The resulting ⇡/2 � ⇡/2 � ⇡/2 �
⇡/2 sequence for the echo inerferometers represents the
Ramsey-Borde arrangement. We now introduce a vari-
able time delay of the third laser pulse only (�T3) which
allows for selective recombination of either main or echo

2
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Collimators

Bottom
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Mirrors

(b)

Cooling & 
Launching

x
y

z Detection

Figure 1. (a) Schematics of the gyroscope sensor. The angular tilt �✓ of the top collimator allows for tuning the e↵ective
momentum transfer at the top beam (⇡-pulses). Space-time diagram of the four-pulse gyroscope sequence in symmetric equal-k
(b), asymmetric equal-k (c) and symmetric non-equal-k (NEK) (d) arrangement. In (b)-(d): vertical dashed lines indicate the
four timings of the applied light pulses; red (blue) color labels F = 3 (F = 4) internal state of the atoms; gray-shaded areas
highlight the loops of the main interferometer, with di↵erent color intensity in case of unequal areas; gray-encircled regions
show the separation between the branches of the parasitic interferometers at the last pulse. For clarity, we show only the output
ports corresponding to the F = 4 state.

At each light pulse the relative phase of the Raman lasers
is imprinted on the di↵racted part of the atomic wave
function as 'i / ~ke↵~rB,T(ti), where ~rB,T(ti) is the posi-
tion of the mirror retro-reflecting the Raman lasers with
respect to the center-of-mass of the free falling atoms
(subscript B(T ) stands for bottom (top) mirror). The
di↵erence of phases accumulated along the two distinct
paths of the interferometric loop thus contains inertial
information, e.g. depends on the acceleration ~a or the
rotation rate ~⌦ acting during the sequence. This phase
shift is read out from the interference pattern produced
at the ”output port” as a variation of atomic population
in one of the internal states.

The time symmetry of the T/2�T �T/2 gyroscope se-
quence leads to a vanishing sensitivity to constant linear
acceleration [10], giving the total phase shift expression
for the main loop (solid trajectory lines in Fig. 1(b)) as

��rot = '1 � 2'2 + 2'3 � '4 =
1

2
~ke↵(~g ⇥ ~⌦)T 3 (1)

However, the two echo loops (dashed lines in Fig. 1(b))
arising from imperfect mirror elements and having dif-
ferent inertial sensitivity, recombine simultaneously with
the main loop and scramble the signal of interest.

One possibility to circumvent this problem is to im-
plement a small asymmetric time shift �Ta of the mirror
pulses (Fig. 1(c)). The slight asymmetry does not change
the rotation-rate sensitivity of the main loop while fully
suppressing the echo loops as the spatial separation be-
tween the wave packets exceeds the coherence length of
the atoms. Braking the time symmetry, however, creates
an imbalance in the areas of two loops of the ”butter-
fly” giving rise to the residual sensitivity to linear dc-
acceleration, with systematic phase shift:

��acc = 2T�Ta
~ke↵~g (2)

This contribution is in practice suppressed by the ramp

of the two-photon frequency with the rate given by
↵ = ~ke↵~g which compensates for the Doppler shift at the
moment of light pulses’ impact (a technique widely em-
ployed in atomic gravimetry) and by the measurements
with alternating sign of �Ta. The gyroscope remains,
however, sensitive to the spurious linear dc-acceleration
caused by auxiliary sources and low-frequency vibration.
In Figure 1(d) we show the scheme of the NEK inter-

ferometric sequence explored in the present work. The
variation of the tilt angle of the collimator �✓ changes
the directions of the top input and retro-reflected laser
beams, while the two mirrors still remain parallel to each
other. This leads to a small reduction of the absolute
value of the e↵ective Raman wavevector ke↵ of the top
beam without changing its direction:
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This new ”degree of freedom” allows us to keep the time
symmetry of the sequence with respect to the point t = T

(apogee of the atomic trajectory) and modify the echo in-
terferometers such that they don’t recombine anymore.
In the following, we will first study in detail the proper-
ties of these echo interferometers and then demonstrate
the performance of the main interferometric loop.
In order to recombine the echo interferometers in a

controlled way, we start from the well-known asym-
metric configuration shown in Figure 1(c) with �Ta =
40 µs. We deliberately increase the amplitudes in the
echo branches by changing the duration of the second
and third pulses from ⇡ to ⇡/2, thus making the ”mir-
rors” half-transparent. The resulting ⇡/2 � ⇡/2 � ⇡/2 �
⇡/2 sequence for the echo inerferometers represents the
Ramsey-Borde arrangement. We now introduce a vari-
able time delay of the third laser pulse only (�T3) which
allows for selective recombination of either main or echo
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With DC acceleration

��acc = 2a.keffT.�Ta
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Same laser 
(frequencies, Phase…)

x

y

z ?

✓ Networks of clocks, gravimeters and/or gradiometer, gyroscopes:  
➡ at short distance (noise reduction between )  
➡ at long distance: interest of fiber networks?, entanglement measurements



Summary 
✓ Chronometric geodesy  

➡ Technologic developments… 
✓ Gravimetry 

➡ State of the art: sensitivity and accuracy, but 
room for improvement 

➡ Mobile gravimetry 
✓ Gradiometry 

➡ In progress (atomic physic studies) 
➡ Space application (EU call for a demonstrator)  
➡ MIGA

PEPR Quantique: « Capteurs Quantiques à Atomes Froids : mesure du Champ de 
pesanteur A toutes les échelles » (SYRTE/LP2N/LKB/LCAR début en 2022)

✓ Quantum sensors offer many possibilities 
and configurations 

➡ Gyroscope 
➡ Multi-axes: 3D, rotation + acceleration 
➡ Development of quantum technologies 

( multi-ℏk, entanglement…) 

✓ Need for scientific case in g2  
➡ Gradio on ground (slow movement) 
➡ Interest of horizontal gradient?              

(δax/δz, δaz/δx, ou δaxz/δx …) 
➡ Networks 
➡ Combinaison of sensors and deployments
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