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Applications of accurate inertial sensors 
Geophysics

- Determination of the geoid

- Study of the underground

- Time variation 
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Two arm atom interferometer: accuracy and reproducibility 

• Interference of de Brooglie waves 

• Example of a 3 pulses interferometer 

• Atom wave-packets diffracted by laser pulses 

• Most of the inertial sensors used two photon Raman transitions

Φ1 Φ′￼2

Φ2

Φ3

Δφ: difference of accumulated phase 
shift along the two arms 
interferences



Wave-packet manipulation in alkaline atom
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Interferometer Phase shift

Laser : at center of the wave packet φi = k.ri+φl

Phase shift contributions along the perturbed trajectories:

Action : Propagation of the atomic wave
Overlapping at exit of the interferometer

Relative displacements of the referential frame of the center of mass of the atoms / laser

(for acc, gradient and rotation...) 

Ch.J. Bordé, Metrologia 39, 435-463 (2002) 



6

Two arm atom interferometer: accuracy and reproducibility 

Φ1 Φ′￼2

Φ2

Φ3

Δφ: difference of accumulated phase 
shift along the two arms 
interferences

Relative displacements of the referential frame of the center of mass of 
the atoms / laser

acceleration

Rotation

ΔΦ = Φ1 − (Φ′￼2 + Φ2) + Φ3

Key advantages  
o Depends on frequency (keff) and on time (T) and ⇒ SI traceable, accurate, bias free 
o Benefit from cold atoms :  

o scales as T2 
o control of the velocity of the atoms



Atom interferometer sequence

Mirror

Cold/ultra-cold atomsExtinction of the trap

Detection
Laser 2

Laser 1

Position of the equiphases 
defined by the mirror position

α (z1-2 z2+ z3)

atomic measurement 
= 

measure of the relative 
displacement atoms/mirror

Bring two lasers in a co-propagating 
way and retroreflect them on a mirror 

Vertical interferometer  
⇒ Free fall along the equiphase 

planes



Meassurement of g
 Free fall → Doppler shift of the resonance condition of the Raman transition 

 Ramping of the frequency difference to stay on resonance:

Laser 2

Laser 1

 Scan of the slope of the frequency ramp:

ΔΦ = keff.g.T2 - αT2 
π/2 π π /2

Center fringe : 
independent of T,  
of pulse durations...

Measure of g =>  
frequency measurement accuracy
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The LTE gravimeter

Laser system

Control 
electronics, 
Power supplies

Drop chamber Performances

Short term stability
57 nm/s2 @ 1s

Long term stability
<  1 nm/s2

Better than the reference 
“classical” instrument = 
corner-cube gravimeter 

Accuracy
20 nm/s2

New Journal of Physics 13, 065025 (2011)
New J. Phys. 20, 113041 (2018) 
Optics Express 33, 18843-18854 (2025)  
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Metrology with the gravimeter
Comparison between atomic gravimeters and others, 
calibration of a superconductor gravimeter 

1 an de mesure

Laboratory and on filed gravimeter 
Underground laboratory in Luxembourg

Metrologia 51 (2014) L15–L17  
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Example of application: vulcanology

• Production of compact gravimeters for in lab and on-field operation 
(Exail company)

Atom gravimeter on the Mount Etna

• Targeted field of applications: geosciences  
• Geodesy, hydrology, vulcanology …

Geophysical Research Letters (2022), 10.1029/2022GL097814 

Geophysical Research Letters

ANTONI-MICOLLIER ET AL.

10.1029/2022GL097814

3 of 9

3. Rejection of Volcano-Related Ground Vibrations
The characteristics of seismicity at Mt. Etna, especially in the summit craters zone, are different from those at 
the quiet sites where gravity measurements are typically performed. In particular, much of the seismic energy is 
concentrated over the frequency band between 0.1 and 10 Hz (Saccorotti et al., 2004). This frequency range over-
laps with the maximum sensitivity of the acceleration transfer function of the AQG-B, which is a low-pass filter 
with cut-off at 1/2T ≈ 8 Hz (Geiger et al., 2011). We estimate that most of the noise on the signal from the AQG-B 
is due to the vertical component of the ground motion, while the horizontal component has a negligible effect 
(Text S3 in Supporting Information S1). In order to mitigate the effect of vertical ground vibrations, we implement 
an active compensation system (Lautier et al., 2014). This was initially based on the use of a high-performance 
classical accelerometer (Nanometrics Titan) integrated in the sensor head (Ménoret et al., 2018). This sensor is 
particularly well adapted for high frequencies, but the high-pass filters required to remove the DC component of 
the sensor introduce a significant dephasing at low frequencies, where the amplitude of the signal is high at Mt. 
Etna.

Simulations based on (a) vibration spectra previously recorded at PDN under different levels of volcanic tremor 
and (b) the response functions of both the classical accelerometer and the atom interferometer, showed that, using 
the standard vibration compensation system, it is not possible to obtain a gravity signal-to-noise ratio compatible 
with the required performances.

The vibration rejection system was therefore optimized by replacing the accelerometer with a broadband seis-
mometer (Nanometrics Trillium Compact 120s). New simulations showed that, with the improved vibration 
rejection system, the AQG-B can reach sensitivities between 1,200 and 2,500 nm/s 2 at 1s, depending on the level 
of volcanic tremor.

Due to the lower cutoff frequency (around 100 Hz), vibration data acquired through the seismometer are more 
delayed (#2.5 ms) than data from the accelerometer (cutoff frequency = 430 Hz; delay of around 500 µs), imply-
ing that more data are missing when the phase correction is applied to the Raman laser. Combined with a higher 
sensitivity near the first and last pulses when using the velocity transfer function, this can significantly deteriorate 
the quality of the real-time compensation. We mitigate this effect by applying a post-correction to the atomic 
ratio, corresponding to the residual vibration phaseshift due to the uncompensated delay.

To quantify the efficiency of vibration rejection, we compare the distribution of interferometric phases computed 
from the seismometer signal to the distribution of phases at the output of the atom interferometer after real-time 

Figure 1. Deployment of the AQG-B in the summit craters area of Mt. Etna volcano. (a) Sketch map of Mt. Etna showing the 
position of PDN, SLN, and MNT stations. The shaded yellow area encloses all the possible horizontal positions of the mass 
source (Figure 4 and text). Inset: aerial photo of the PDN observatory (Google Maps). (b) Picture of the AQG-B. The height 
of the sensor head is 100 cm. (c) Panorama looking NW, from the slope to the S of the observatory, showing the proximity of 
PDN to the summit craters. (d) Section (not in scale) crossing the observatory and showing the installation configuration of 
the AQG-B.
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Measurements of gravity field at different length scales with classical sensors

Relative apparatus: 

but no direct accuracy
Accurate
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Interest of quantum sensor for geophysics: accuracy
• Geodesy context: global and dynamic models and reference frames (United Nations Resolution A/RE/69/266 ) 

• Climate change: sea level, ice melt, hydrology, sediment mass redistribution… 
• Natural disaster management: vulcanology, seismology... 

• Gravity field at all spatial scales: => 4D modeling of the global Earth system 

• Ground gradiometry: field derivative => very small scales, mobile measurements 
• Ground gravimetry : gravity field 
• Ground optical clocks (chronometric geodesy): gravitational potential => intermediate scales 
• On-board accelerometry and gradiometry: wide ground coverage => intermediate scales 
• Spatial atomic accelerometry/gradiometry: very large scales 
• Ground gyrometry: additional information, seismology 

September 2024 IEEE Instrumentation & Measurement Magazine 5

The AQG operates in a cyclic fashion, where one cycle com-
prises four main steps, during which the atoms are trapped, 
prepared in a specific quantum state, interrogated via a mat-
terwave interferometer, and detected (Fig. 1). All steps are 
realized through one unique laser beam [1]. A cloud of ~106 Rb 
atoms is prepared in a magneto-optical trap (MOT) formed by 
the laser beam and its reflections in a hollow pyramid reflec-
tor. After 270 ms of trapping, the light is switched off so that 
the atoms begin to fall. A short preparation stage selects the 
atoms with the required internal quantum state, before, dur-
ing the atom free fall, three laser pulses drive a matterwave 
interferometer that is sensitive to the vertical acceleration. De-
tection of the number of atoms in each interferometer output 
port, labelled by their internal quantum state, allows to calcu-
late the experienced acceleration. From the detection signal, 
a raw gravity value is calculated at each cycle, with a repeti-
tion rate of nearly 2 Hz. The raw value is then corrected from 
environmental effects, such as Earth tides, polar motion and 
atmospheric pressure, together with instrumental parameters 
such as tilt, laser wavelength and reference-quartz frequency.

The main noise contribution in the AQG signal is the effect 
of ground vibrations whose vertical component can funda-
mentally not be distinguished from the static gravitational 
acceleration. We mitigated this noise by an active compen-
sation system [7] where ground vibrations are measured by 
a classical accelerometer and fed-back to the laser system, so 
that the atoms experience an undisturbed optical phase, even 
when the instrument is subject to vibrations. We can adapt 
this compensation system to the characteristic vibration spec-
trum of the measurement site both by selecting the optimal 
classical sensor and adapting the compensation parame-
ters [2]. We have furthermore checked that the compensation 
system does not affect the mean absolute value of g. When 

installed outside, wind can create vibrations, too, that appear 
as additional noise if not entirely rejected by the compensa-
tion system. Installation of a leisure tent has been an effective 
wind protection.

The AQG is fabricated in two versions: the AQG-A ver-
sion is for laboratory use in stable temperature conditions. The 
AQG-B with integrated temperature stabilization is designed 
for outdoor use. It is composed of three main modules (Fig. 1): 
a power supply module delivering dc voltages and the ther-
mal regulation; the laser system and control electronics; and 
the sensor head where the gravity measurement takes place. 
Thanks to the thermal control, the device operates in tem-
peratures ranging from 0 to 40 °C. Specific versions for cold 
climate (-10 °C) have been realized on customer request. To 
ease transportation, installation and packing, each module has 
a compact size of ≤ 300 L and < 40 kg weight. A 15 m long cable 
bundle connects the electronics to the sensor head, so that the 
head can be moved within a certain perimeter without displac-
ing the electronics. The number of connections to the sensor 
head has been reduced to four, including one single optical fi-
ber. The electric power consumption is 500 W for the entire 
system. This may be lowered in future AQG versions by reduc-
ing the demand of temperature stabilization.

Repeatedly Reliable Performance
Since 2018, Exail has produced, tested, and delivered to  users 
worldwide four AQG-A and 12 field units (AQG-B). The 
continuous operation of the first AQG-B [10] since 2019 has 
validated the field-compatible robustness of the technical 
subsystems and components, control software and gravity 
correction algorithm. This and all following units were func-
tionally tested at our factory in suburban Bordeaux, France. 
Their metrological performances were also validated prior to 
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Fig. 1. (a) Sketch of the sensor head and quantum gravimeter measurement principle; (b) Photograph of the field version of the Absolute Quantum Gravimeter.  
It comprises 3 modules: the sensor head (cylinder on the left), the power supply (top module on the right) and the laser and electronics rack (bottom module),  
each weighing less than 40 kg in a volume of 300 L or less each.

Authorized licensed use limited to: Observatoire de Paris. Downloaded on September 04,2024 at 06:27:10 UTC from IEEE Xplore.  Restrictions apply. 
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On board gravity measurements: boats and planes

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

• Gain of a factor 2-3 on the uncertainty (mGal level)•
+ Campaign in plane: 
Iceland and Greenland

• Better performance for gravity mapping with the absolute atom gravimeter 
• Suppression of calibration errors and drift corrections

Y. Bidel et al., Absolute marine gravimetry with matter-wave  interferometry, Nat. Comm. (2018) 9:627 
T. E. Jensen et al.: Airborne gravimetry with quantum technology, Earth Syst. Sci. Data, 17, 1667–1684, 2025
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Development for strapdown measurements 

• Demonstration of the first quantum accelerometer triad (QuAT) 
• Measures accelerations along three mutually orthogonal directions

S. Templier et al, Science Advances Vol 8, Issue 45 (2022)

• Long-term stability of 60 ng  
• absolute magnitude accuracy below 10 μg

d’Armagnac de Castanet et al., Nat Commun 15, 6406 (2024). 

Real-time compensation for 
rotation:  up to 30° et 14 °/s

Application for large scale mapping on boat, plane … : more compact, improved on the field operability
Labcom iXAtom (LP2N-iXblue/Exail)



Dual Gravity-Gradiometry sensor
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Accurate both for gravity acceleration (at the mirror position) and the gradient, 
independent from the baseline

R. Caldani et al., Phys. Rev. A 99 033601 (2019)

Δkeff L = keff γLT2

Frequency rampe between Raman lasers => g

Frequency jump of both Raman lasers => γ

C. Janvier et al., Phys. Rev. A 105, 022801 (2022)

5E @ 100s63nm/s2 @ 100s

Frequency jump
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• Main features 
Very large area: 11 cm2 
with Tint = 800 ms 

• Zero dead time interrogation with interleaved 
measurements 

Atom gyroscope: rotational seismology

D. Savoie et al, Science Advances 2018;4:eaau7948  
R. Gautier, et al, .Science Advances, Vol. 8, no. 23, eabn8009 (2022) 

• Additional local information on earthquakes wave propagation 
• Acceleration/rotation correlations 
• Subsurface investigation, civil engineering, risk assessment

Applications in seismology

Record stability: 0.3 nrad/s 
and accuracy: scaling factor at 20 ppm

Sagnac effet with matter waves
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Sagnac effect measurement

R. Gautier, et al, .Science Advances, Vol. 8, no. 23, eabn8009 
(2022) 

Rotation over 360° : measurement on both X and Y axes

Standard deviation

2

221.527(9) rad     221.561(8) rad 

Expected Sagnac 
phaseshift

Measured Sagnac

Sinusoidal fit for both axes: 16 times

Amplitude: Sagnac effect

Scaling factor at 20 ppm



Pushing the limits

Single interferometer at the standard quantum limited 

   (atomic shot noise) 

⇒    

To boost the sensitivity : 
- Increase N and/or keff and/or T 
- Below the SQL 

𝜎Φ =
1

𝐶 𝑁

𝜎𝑎 =
𝜎Φ

𝑘𝑒𝑓𝑓𝑇 2
=

1

𝐶 𝑁𝑘𝑒𝑓𝑓𝑇 2
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CARIOQA: a pathfinder for geodesy mission

• Horizon Europe project 
16 partners from academia and industry

• https://carioqa-quantumpathfinder.eu/

• Two follow-on projects in HE (WP 2023-2024) 

• CARIOQA-PHA: completed in 2024 

• CARIOQA-PHB: Kickoff October 2025 (2Y)

 T. Lévèque, et al., Gravity Field Mapping Using Laser-Coupled Quantum Accelerometers in Space 
Journal of Geodesy 95, 15 (2021)

Demonstrator within the next decade of a space quantum accelerometer for geodesy applications
• -> demonstrate 10-10 m.s-2 in 1s in space (for 2T = 2s )
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Advantages: 
- Longer interaction times T >> 1 s possible 
- Compact sensors 
- Local probing at µm scale possible 

Analogy with fiber optics:  
 - Guided architecture 
 - Trapped atom interferometry 

Difficulty/novelty: control of the trapping 
potential

• Beyond free falling atoms

• Short term stability
• 3.4 10-28 N @ 1s

• Long term stability
• 4 10-30N (4 qN)

• Y. Balland, et al., Quectonewton local force sensor, Phys. 
Rev. Lett. 133, 113403 (2024)

• Magnetic Traps • Optical Traps



Gravimeter – Gradiometer: next generation
Development of a dual sensor for gravity acceleration and gradient, based on Large Momentum tranfer and ultra-cold atoms

R. Caldani, et al., gradient, 
Phys. Rev. A 99, 033601 

(2019) 

Bragg transition order N=3 :  ∆ 𝑝 = 6ℏ𝑘
Quantum control: improve contrast x2

Aim of using 2 ultra-cold atomic sources 
with very large splitting

• Béguin et al. Phys. Rev. Lett. 131, 143401 (2023). 
• Rodzinka et al. Nat Commun 15, 10281 (2024).

Record momentum splitting: 600 ℏ𝑘 record with alkaline 
LCAR Toulouse

• New methods for Large Momentum Transfer 
• Optimal control + Floquet formalism

22
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Beating the quantum limit

Implementation in a free-fall interferometer: Use of matter-wave lensing

SQL: Quantum Projection Noise Δ𝜙 = 1/ 𝑁

R. Corgier et al., Delta-Kick squeezing, PRL 127, 183401 (2021) 

R. Corgier et al., Optimized squeezing for accurate differential sensing under large phase noise, 
2025 Quantum Sci. Technol. 10 045016

• Developing methods 
• Tacking care of the imperfections 
• Demonstrate the usefulness: keeping the accuracy…
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Conclusions
o Main advantage: accuracy and reproducibility (use of laser for manipulation) 

o Scaling factor 

o Laser/atom interaction 

o Cold/ultra-cold atoms : control velocity 

o Maturity of atom interferometry techniques for the development of inertial sensors 

o Performances comparable to, or overpass, classical technologies 

o Current efforts towards compactness and improved on the field operability 

o Room for improvements and new systems (LMT, optimum quantum control, squeezing, 
trap atom interferometers …) 

o New fields of applications in geosciences: reservoir monitoring, exploration, civil 
engineering… and full 4D evolution monitoring.  
	 	 and as well fundamental physics, navigation.
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