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PHYSICS

Accurate measurement of the Sagnac effect

for matter waves

Romain Gautier, Mohamed Guessoum, Leonid A. Sidorenkov, Quentin Bouton,

Arnaud Landragin, Remi Geiger*

A rotating interferometer with paths that enclose a physical area exhibits a phase shift proportional to this area
and to the rotation rate of the frame. Understanding the origin of this so-called Sagnac effect has played a key role
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in the establishment of the theory of relativity and has pushed for the development of precision optical inter-
ferometers. The fundamental importance of the Sagnac effect motivated the realization of experiments to test its
validity for waves beyond optical, but precision measurements remained a challenge. Here, we report the accurate
test of the Sagnac effect for matter waves, by using a Cesium atom interferometer featuring a geometrical area of
11 cm? and two sensitive axes of measurements. We measure the phase shift induced by Earth’s rotation and find
agreement with the theoretical prediction at an accuracy level of 25 parts per million. Beyond the importance for
fundamental physics, our work opens practical applications in seismology and geodesy.

INTRODUCTION

The study of the effect of rotations on interferometers dates back
to the late 19th century and is intimately tied to the development of
the theory of relativity. In 1913, Georges Sagnac was the first to
report an experimental observation of the shift of the fringes in
an interferometer subject to a constant rotation rate and its inter-
pretation in the framework of an eather theory (1-3). Observing
the small phase shift induced by Earth’s rotation motivated Michelson,
Gale, and Pearson (4) to build an interferometer of 0.2-km? area;
in 1925, they reported a measurement of the predicted effect
with 3% accuracy. The advent of the laser boosted the develop-
ment of gyroscopes based on the Sagnac effect with the realiza-
tion of ring laser gyroscopes (5) and later of fiber optical
gyroscopes (6, 7), which are a key component of modern naviga-
tion systems.

The importance of understanding the fundamental nature of the
Sagnac effect for the development of modern physics has motivated
the realization of rotating interferometers of increasing precision
involving other-than-optical waves. Observations were subsequently
made with various systems, starting with superconducting electrons
(8) as one of the first demonstration of a macroscopic matter wave
coherence in superconductors. It was followed by measurements
with neutral particles: first with neutrons (9) and then with thermal
atoms (10), where the Sagnac effect was found to be in good agree-
ment with theory. A measurement with electron jet (11) has extended
its validity toward matter waves of free charged particles. Study of
the Sagnac effect in superfluid quantum liquids [helium 4 (12) and
helium 3 (13)] and gases [Bose-Enstein Condensate (BEC) (14)] has
illustrated its universality. These proof-of-principle experiments
served to underline the relativistic nature of the Sagnac effect. The
first precision measurement was done in 1997, with a reported
accuracy of 1% for a thermal matter wave interferometer (15). De-
velopment of cold atom experiments allowed for measurements of
increasing precision (16, 17) up to 0.05% preceding this work.
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According to the Sagnac effect, the phase shift in an interferometer
of oriented area 4 and subject to a constant rotation rate £ can be
expressed as
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where E is the total energy of the interfering particle, and / is the
Planck’s constant (E = hv for photons, E ~ mc* for slow massive
particles). Precisely testing the validity of this equation requires an
accurate knowledge of the interferometer geometry (i.e., of the area
vector A) and of the rotation rate (Q). Exploiting Earth’s rotation,
which is known with high accuracy, meets the latter requirement.
However, precisely controlling the geometry of a matter wave inter-
ferometer of large area (i.e., of high sensitivity) remains a challenge;
for example, the accuracy of superfluid helium interferometers has
been barely assessed (18), while neutron interferometers could test
Eq. 1 at best with 0.4% accuracy (9).

Cold-atom interferometers feature a high degree of accuracy
owing to the good knowledge of the light-matter interaction pro-
cess exploited to realize the interferometer building blocks, which
offers the possibility to quantify the interferometer scale factor
using frequency measurements (19, 20). Here, we use a two-axis
cold-cesium atom interferometer with a macroscopic area A ~ 11 cm®
(in each direction) rotated by Earth. Our measurements confirm
the prediction of Eq. 1 with an accuracy of 25 parts per million
(ppm), which represents an improvement of more than 20 compared
with previous experiments (16, 17) and allows us to place a con-
straint on Godel’s model of a rotating universe (21). Moreover, the
ability to accurately determine the scale factor of our gyroscope
combined with its relative compactness and control of its area
orientation [compared with giant ring laser gyroscopes (22)] opens
practical applications in seismology and geodesy. The configuration
of our instrument has advantages over other geometries of cold
atom gyroscopes. Its single source folded interferometer rejects
accelerations while preventing systematic errors because of trajec-
tory mismatch in twin atom source sensors (16, 23-25). Our sensor
offers substantial sensitivity gain compared with that of compact
atomic gyroscopes (26-28), allowing us to test the Sagnac effect due
to Earth’s rotation with the accuracy level reported in this work.
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RESULTS
The core of our experiment and its principle are illustrated in Fig. 1
and have been described in previous works (29, 30) and summarized
in Materials and Methods. The interferometric sequence comprises
four Raman pulses of Rabi area n/2, w, m, n/2 occurring at times ¢ ~
(0, T/2, 3T/2, 27T), with T ~ 400 ms. .
The two-photon Raman transition transfers a momentum hk
to the deflected atom, which, together with the action of gravity
acceleration g along the path, results in an interferometer area (for
perfectly parallel Raman beams)

2)
With the total energy of the interfering atom given by E ~ mc”
(valid for atoms moving much slower than light), the Sagnac phase
shift becomes

T3 = L. =
Qg = (ke xg)-Q (3)

The Raman beams are set to an angle 6, with respect to the
horizontal plane (perpendicular to ) to lift the degeneracy associ-
ated with the two possible directions of momentum transfer and
thereby choose the direction of atom diffraction [+k . The vector

. - = .
product is then expressed as kif X § = kefrgcos (90_)) , ghere rnisa
unit vector in the direction of interferometric area (A/| A|) lying in
the horizontal plane.

Interferometry region

platform & launch Detection

Rotation Trapping

The experiment is placed on a rotation stage, which allows us tg
change the angle between 7 and the angular velocity of the Earth Q
pointing from south to north. The rotation angle ® can be varied
within 2n with prad accuracy, thus permitting a precision measure-
ment that is not limited by uncertainty in positioning of the north.

The Sagnac phase shift can therefore be explicitly written in
terms of the control parameters as

3
Dn(0)= TTkeffgCOS (Bg)x cos (W)Qgxcos (@ -0On) (4)

where Qg is the modulus of the Earth rotation vector, y is the astro-
nomic latitude at the position where the experiment is performed
on the site of Paris Observatory, and Oy is the angle of the rotation
stage corresponding to geographical north.

We realize two independent measurements with Raman beams
oriented in the X and Y directions, i.e., with interferometer areas
perpendicular to each other (Fig. 1). The two interferometers
operate on the same physical principle (Eq. 3) but with different
scale factor and bias term, thus increasing our confidence in the
final result.

The phase shift measured at the output of the atom interferometer,
@, is dominated by the rotation-induced Sagnac term of interest
(of the order of 200 rad) and contains other bias terms on the order
of a few tens of mrad detailed in Materials and Methods.

Figure 2 shows a typical measurement of the phase shift of the
atom interferometer for both directions, acquired during 1 week in
April 2021. Despite the interferometer measuring a phase shift
modulo 2m in a given orientation, the complete 360° variation of the

=
@
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Fig. 1. Principle of the experiment. (A) Schematic of the sensor head. In the lower part of the vacuum chamber, the cesium atoms are laser cooled and trapped in a
magneto-optical trap (MOT), and then launched vertically in the hyperfine state F = 4. Subsequently, the atoms enter the interferometer where a sequence of four Raman
transitions is driven by retro-reflected laser beams at the top and the bottom of the upper part of the vacuum chamber. The interferometer can be operated either in the
X (blue beams) or Y (orange beams) direction. At the output of the interferometer, the probability for an atom to occupy one of the two internal states F=3 and F=4 s
measured by fluorescence detection. The experiment is placed on a rotation stage that allows us to vary the projection of the oriented interferometer area on the Earth
rotation vector. (B) Schematic of the wave packet propagation in the interferometer (here in the X direction, not to scale). The red and blue lines show the two distinct
paths of the splitted matter waves enclosing a physical area, underlined by the cyan color. Dashed and plain lines encode the two internal states of the atom.
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Fig. 2. Measurement of the Sagnac phase shift with the two-axis atom interferometer. (A) Phase shift acquired for the X (blue dots) and Y (orange squares) directions
as a function of the rotation angle ©. Each point is a mean of typically 1500 realizations, with statistical error smaller than the symbol size. Lines are the least-squares fits
with Eq. (5). (B) Difference between the data and the fits for X (blue dots) and Y (orange squares). Statistical error of each point is on the order of 30 mrad, and the histogram

of the residuals (projected on the right side) has an SD of 40 mrad.

rotation angle allows us to unambiguously “unfold” the full
~200 rad dephasing (see the Supplementary Materials). The data
are fitted with

DF(0)= 0y’ cos (© - OF) +B* (5)
where @p”, ©F, and B are free parameters (three for each direc-
tion). We extract ®; = 221.572(9) rad and @} = 221.545(9) rad
with fit residuals characterized by histograms with Gaussian width
of about 40 mrad, comparable with the error bar of the individual
points. Additional deviation in fit residuals can be explained by
slow drifts of the bias during the measurement (see the Supplemen-
tary Materials). The extracted relative angular mismatch of the X
and Y directions from being perfectly orthogonal is found to be
0.7(1) mrad, compatible with mechanical tolerance on the orthogo-
nality of the sides of the vacuum chamber.

We now estimate the gyroscope scale factor for both directions
(X and Y), i.e,, evaluate the parameters entering Eq. 4. As we will
show, all the parameters can be determined solely by frequency
(or time) measurements, i.e., with high accuracy.

We measured the angle 85” with the four-pulse interferometer by
exploiting its residual sensitivity to continuous accelerations (see the
Supplementary Materials) and obtained 68j = 4.0750(5)° and 6} =
4.1251(3)°. The interrogation time is derived from the clock of the
experimental control system that is referenced to a highly stable and
reproducible frequency standard. To check for small possible
systematic deviations, we measure the time interval between the
Raman pulses with a high-speed oscilloscope and find a value
T = 400.0020(1) ms, with error bar limited by available temporal
resolution. The local gravity acceleration value g has been previously
measured in the laboratory using a transportable cold atom gravi-
meter. Since the value of g was affected by tides during the present
measurement campaign, we take the maximal annual tide-induced

Gautier et al., Sci. Adv. 8, eabn8009 (2022) 10 June 2022

202 ‘€2 Afenuer uo B10°80US 105 MMM//:SANY WO.) PapeojuMod

Table 1. Error budget for the determination of theoretical Sagnac
phase shift. The table lists the parameters entering the scale factor of the
cold atom gyroscope. The right column is the uncertainty on the scale
factor resulting from error propagation on each parameters.

Relative
uncertainty
(ppm)

Parameter X Y

Theoretical
Sagnac phase

221.5702(3)rad  221.5574(2) rad

variation of 3 x 107° m s™* as an upper bound for the uncertainty on
the value of g.

At the level of accuracy of typically 50 ppm (as demonstrated by
the presented single dataset), we must account for the fact that the
modulus of the wave vectors for the bottom [keff ] and top [kezf)]
Raman beams might differ by Akt = keff eff ) which introduces
a correction to Eq. 4 at first order in € = Akeg/ker (31).

We measure the values of €’ via an interferometric measurement
as explained in the Supplementary Materials, leading to €* = 0.7(9)
x 107%and & = 6.0(9) x 107°.

We evaluate the astronomical latitude y—the angle between the
local vertical (i.e., the vector perpendicular to the geoid) and the
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equatorial plane. It differs from the geographic latitude by the vertical
north deflection, which can reach several arc seconds in regions
where the geoid deviates noticeably from the ellipsoid of reference
(e.g., close to mountains). Our experiment is positioned in a room
of the Paris Observatory, at the geographic latitude of 48.83561(2)°.
The vertical deflection was estimated to +0.95(4)", yielding y =
48.83587(3)°.

Second order («<Q?), recoil [o< hzkgff/ (2m)], and other residual
terms appear in the expression of the Sagnac phase shift when
the full calculation is developed (see the Supplementary Materials).
These contributions would correspond to a relative correction of a
few 1077 to the estimation of the scale factor, which is two orders of
magnitude below the accuracy of our measurement and have thus
been neglected in this study.

Table 1 summarizes the measurements of the parameters for both
directions. On the basis of these measurements, we estimate the theo-
retical values for the Sagnac phase shift as @}, = 221.5702(3) rad
and @) = 221.5574(2) rad.

To reinforce the overall confidence in our measurements, we
acquired six full-turn data from April to June 2021 and with different
experimental parameters (e.g., variation of interrogation time T).
We applied identical data treatment and fitting procedures (as
described above) to all datasets and extracted corresponding fit
parameters @p” (see the Supplementary Materials for the raw data
and full fit results). In Fig. 3, we present the differences between
the measured values and the corresponding theoretical expecta-
tions, § @™ = &y — O

The results have an overall good agreement, with a mean value
close to zero (horizontal dashed line) and a standard error on the
mean covering a substantial part of the data (gray-shaded region).
The dispersion between the measurements is not fully captured by
the uncertainties in fitted values of ®@}” of the corresponding data-
sets. We show in the Supplementary Materials with additional
simulations that the deviations are consistent with a residual shift of
the bias during the week-long measurements necessary to rotate the
experiment. In conclusion, the data are consistent with the Sagnac
phase shift prediction within an uncertainty of 25 ppm, dominated
by the statistical uncertainty.

DISCUSSION
The fundamental interest in our cold atom interferometer relies
on its ability to measure several components of the local angular

velocity and to explore rotational signals along different directions,
in contrast to large ring laser gyroscope infrastructures where the
gyroscope axes are fixed. This allows search for smaller signals
beyond Earth’s rotation: In addition to local angular velocities
induced by geological origins, one can constrain astrophysical rota-
tions (orbit in the solar system, rotation in the Galaxy) or even rota-
tions related to the fundamental structure of the universe. As shown
in (21), Godel’s model of the universe predicts a global rotation rate
inducing a Sagnac phase shift. The mass density of the universe
inferred from the 2018 Planck mission data (32) corresponds to a
rotation rate of the order 107*° rad s, far beyond the accuracy of
current gyroscopes. However, the accuracy of our experiment gives
an upper limit on the Gddel’s rotation obtained for matter waves
(instead of photons in the case of the Planck mission) in a local
measurement. From another point of view, the ability to detect
signals at different frequencies in the experiment is a powerful tool
to explore violation of Lorentz invariance. Following (33), our
experiment might put constraints on parameters of alternative
theories such as the standard model extension.

In addition, the precise knowledge of the scale factor of our
gyroscope together with that of Earth’s rotation rate allows us to
perform measurements of the vertical deflection at the level of few
arc seconds. This provides a measure of the local gravity direction
that depends on local mass anomalies. Accurate knowledge of the
vertical deflection (which can amount to angles of a few arc seconds
in flat areas and up to 50" in mountainous terrain) is widely used in
geodesy and for geophysical purposes. A high-accuracy gyroscope
such as ours allows to measure at least the north-south component
of the vertical deflection in the zones where astronomical determi-
nation is impossible, e.g., for geodesy and geographical positioning
in underground facilities.

Our work paves the way toward applications in rotational
seismology, a field that studies rotational motions induced by
earthquakes, explosions, and ambient vibrations (34), of interest for
the understanding of the underground structure (35) or seismic
hazard assessment in civil engineering (36). Theoretical studies
have shown the benefit of using precision rotational sensing to
improve the characterization of earthquake sources (37) and their
localization (38)—the information of prime importance for seismic
alert systems.

Accurate assessment of ground rotational signals is also of prime
importance in the development of ground-based gravitational
wave detectors, which is expected to be limited at low frequencies
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Fig. 3. Comparison between experiment and theory. The data points represent the difference between the measured gyroscope phase shift and the theoretical
Sagnac phase shift. Blue points (orange squares) are the data for the X () axis. The dashed line represents the mean value of all the data (X and Y), and the shaded region
is the standard error on the mean. Point-dashed lines indicates the SD on the set of measurement. The week of dataset acquisition (during year 2021) is indicated at the
bottom along with the dataset number.
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(below 1 Hz) by Newtonian noise (39, 40) and rotational ground
motion (41). Measuring and compensating these effects requires
highly sensitive and accurate rotational sensors on the level of
performances of our instrument (42).

These measurements at geophysical sites of interest require
transportable gyroscopes with scale factors that are stable over
weeks and are known with high accuracy (better than 100 ppm).
While fiber optic gyroscopes (43) have been particularly developed
and deployed for rotational seismology applications, reaching such
stability and accuracy levels is challenging. Our cold atom sensor
could lead to a transportable laboratory instrument (44) or even to
an industrial product with increased robustness against environ-
mental instabilities (temperature, vibrations, etc.), as achieved for
cold atom gravimeters (45). A specific effort should address the
control of the bias drift of our gyroscope because of the fluctuations
of atomic trajectory coupled to relative mirror misalignment (46),
which appeared as a limiting factor in the present work (see the
Supplementary Materials). Provided with such proper engineering,
the level of accuracy reported by our work opens a field of applica-
tions, with major scientific and societal impacts.

MATERIALS AND METHODS

Preparation and detection of the atoms

Cesium atoms laser cooled to a temperature of 1.8 uK are launched
vertically in a fountain configuration at a velocity of 5 ms™'. After
a quantum state selection in the least sensitive magnetic sublevel
| mp = 0), the atoms enter the light-pulse interferometer, where a
sequence of stimulated two-photon Raman transitions split, deflect,
and recombine the atomic de Broglie waves.

At the output of the interferometer, the phase difference between
the two paths is inferred by measuring the internal state (entangled
with the external state) populations of the atoms via fluorescence
detection. We operate the interferometer in joint mode (29) such
that the time of a full cycle equals the total interrogation time
2T =~ 800 ms.

Alignment of the interferometer

We use a dedicated alignment protocol (46) that allows setting the
atomic launch velocity parallel to vertical (local g) with an accuracy
of typically 200 urad. Once set, this alignment is preserved upon
variation of the rotation angle during the full-turn acquisition by
actively stabilizing the sensor’s tilt at the nrad level during the
acquisition (see the Supplementary Materials).

Phase shift of the interferometer

We write the total phase shift at the output of the interferometer
as @ = O + @) 1 D, where @, and ®,, respectively, encode k e5-
independent and k .-dependent bias phase shifts. The contribution
of @, is mostly due to the one-photon lightshift and is maintained
below 10 mrad by alternating measurements every cycle between +kegt
and —ker and computing the half-difference between the data (see
the Supplementary Materials).

The most important terms contributing to @, are (i) a continu-
ous accelerations-induced phase shift (17, 31) and (ii) a phase shift
associated with the imperfect alignment of the bottom and top
mirrors retro-reflecting the Raman beams (see Fig. 1) coupled to
imperfect launching of the atoms along gravity (46). We recall in
the Supplementary Materials the origin of these phase shifts and
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explain the methods used to mitigate their contribution all along
the measurements, for both the X and Y directions.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn8009

REFERENCES AND NOTES

1. G.Sagnac, L'éther lumineux démontré par I'effet du vent relatif d'éther dans un
interférometre en rotation uniforme. C. R. Acad. Sci. (Paris) 157, 708-710 (1913).

2. E.J.Post, Sagnac effect. Rev. Mod. Phys. 39, 475-493 (1967).

3. R.Anderson, H.R. Bilger, G. E. Stedman, “Sagnac” effect: A century of Earth-rotated
interferometers. Am. J. Phys. 62, 975-985 (1994).

4. A.A.Michelson, H. G. Gale, The effect of the Earth’s rotation on the velocity of light, II. ApJ
61, 140 (1925).

5. W.M. Macek, D. T. M. Davis Jr., Rotation rate sensing with traveling-wave ring lasers.
Appl. Phys. Lett. 2, 67-68 (1963).

6. V.Vali, R. W. Shorthill, Fiber ring interferometer. Appl. Optics 15, 1099-1100 (1976).

7. H.C. Lefévre, The fiber-optic gyroscope, a century after Sagnac’s experiment:
The ultimate rotation-sensing technology? C. R. Phys. 15, 851-858 (2014).

8. J.E.Zimmerman, J. E. Mercereau, Compton wavelength of superconducting electrons.
Phys. Rev. Lett. 14, 887-888 (1965).

9. S.A.Werner, J.-L. Staudenmann, R. Colella, Effect of Earth’s rotation on the quantum
mechanical phase of the neutron. Phys. Rev. Lett. 42, 1103-1106 (1979).

10. F.Riehle, T.Kisters, A. Witte, J. Helmcke, C. J. Bordé, Optical ramsey spectroscopy
in a rotating frame: Sagnac effect in a matter-wave interferometer. Phys. Rev. Lett. 67,
177-180 (1991).

11. F.Hasselbach, M. Nicklaus, Sagnac experiment with electrons: Observation
of the rotational phase shift of electron waves in vacuum. Phys. Rev. A 48, 143-151 (1993).

12. K.Schwab, N. Bruckner, R. E. Packard, Detection of the Earth’s rotation using superfluid
phase coherence. Nature 386, 585-587 (1997).

13. R.W.Simmonds, A. Marchenkov, E. Hoskinson, J. C. Davis, R. E. Packard, Quantum
interference of superfluid 3he. Nature 412, 55-58 (2001).

14. K.C.Wright, R. B. Blakestad, C. J. Lobb, W. D. Phillips, G. K. Campbell, Driving phase slips
in a superfluid atom circuit with a rotating weak link. Phys. Rev. Lett. 110, 025302 (2013).

15. A.Lenef, T.Hammond, E. Smith, M. Chapman, R. Rubenstein, D. E. Pritchard, Rotation
sensing with an atom interferometer. Phys. Rev. Lett. 78, 760-763 (1997).

16. A.Gauguet, B. Canuel, T. Lévéque, W. Chaibi, A. Landragin, Characterization and limits
of a cold-atom Sagnac interferometer. Phys. Rev. A 80, 063604 (2009).

17. J.K. Stockton, K. Takase, M. A. Kasevich, Absolute geodetic rotation measurement using
atom interferometry. Phys. Rev. Lett. 107, 133001 (2011).

18. Y. Sato, Sagnac-based rotation sensing with superfluid helium quantum interference
devices. C. R. Phys. 15, 898-906 (2014).

19. B.Barrett, R. Geiger, |. Dutta, M. Meunier, B. Canuel, A. Gauguet, P. Bouyer, A. Landragin,
The Sagnac effect: 20 years of development in matter-wave interferometry. C. R. Phys. 15,
875-883 (2014).

20. R.Geiger, A. Landragin, S. Merlet, F. Pereira dos Santos, High-accuracy inertial
measurements with cold-atom sensors. AVS Quantum Sci. 2, 024702 (2020).

21. A.Delgado, W. P. Schleich, G. Stissmann, Quantum gyroscopes and Godel’s universe:
Entanglement opens a new testing ground for cosmology. New J. Phys. 4, 37-37 (2002).

22. A.Gebauer, M. Tercjak, K. U. Schreiber, H. Igel, J. Kodet, U. Hugentobler, J. Wassermann,
F.Bernauer, C.-J. Lin, S. Donner, S. Egdorf, A. Simonelli, J.-P. R. Wells, Reconstruction
of the instantaneous earth rotation vector with sub-arcsecond resolution using a large
scale ring laser array. Phys. Rev. Lett. 125, 033605 (2020).

23. P.Berg, S. Abend, G. Tackmann, C. Schubert, E. Giese, W. P. Schleich, F. A. Narducci,

W. Ertmer, E. M. Rasel, Composite-light-pulse technique for high-precision atom
interferometry. Phys. Rev. Lett. 114, 063002 (2015).

24. A.V.Rakholia, H. J. McGuinness, G. W. Biedermann, Dual-axis high-data-rate atom
interferometer via cold ensemble exchange. Phys. Rev. Appl. 2,054012 (2014).

25. Z.-W.Yao, H.-H. Chen, S.-B. Lu, R.-B. Li, Z-X. Lu, X.-L. Chen, G.-H. Yu, M. Jiang, C. Sun,
W.-T. Ni, J. Wang, M.-S. Zhan, Self-alignment of a large-area dual-atom-interferometer
gyroscope using parameter-decoupled phase-seeking calibrations. Phys. Rev. A 103,
023319 (2021).

26. Y.-J.Chen, A.Hansen, G. W. Hoth, E. Ivanov, B. Pelle, J. Kitching, E. A. Donley, Single-source
multiaxis cold-atom interferometer in a centimeter-scale cell. Phys. Rev. Appl. 12,014019
(2019).

27. C.L.G. Alzar, Compact chip-scale guided cold atom gyrometers for inertial navigation:
Enabling technologies and design study. AVS Quantum Sci. 1,014702 (2019).

28. X.Wu, F.Zi, ). Dudley, R. J. Bilotta, P. Canoza, H. Miiller, Multiaxis atom interferometry
with a single-diode laser and a pyramidal magneto-optical trap. Optica 4, 1545 (2017).

50f6

202 ‘€2 Afenuer uo B10°80US 105 MMM//:SANY WO.) PapeojuMod


https://science.org/doi/10.1126/sciadv.abn8009
https://science.org/doi/10.1126/sciadv.abn8009

SCIENCE ADVANCES | RESEARCH ARTICLE

29. |.Dutta, D. Savoie, B. Fang, B. Venon, C. L. Garrido Alzar, R. Geiger, A. Landragin,
Continuous cold-atom inertial sensor with 1 nrad/sec rotation stability. Phys. Rev. Lett.
116, 183003 (2016).

30. D.Savoie, M. Altorio, B. Fang, L. A. Sidorenkov, R. Geiger, A. Landragin, Interleaved atom
interferometry for high-sensitivity inertial measurements. Sci. Adv. 4, eaau7948 (2018).

31. L.A.Sidorenkov, R. Gautier, M. Altorio, R. Geiger, A. Landragin, Tailoring multiloop atom
interferometers with adjustable momentum transfer. Phys. Rev. Lett. 125, 213201 (2020).

32. P.Collaboration, Planck 2018 results. A&A 641, A4 (2020).

33. S.Moseley, N. Scaramuzza, J. D. Tasson, M. L. Trostel, Lorentz violation and Sagnac
gyroscopes. Phys. Rev. D 100, 064031 (2019).

34. W.H.K. Lee, Rotational seismology, in Encyclopedia of Natural Hazards, P. T. Bobrowsky,
Ed. (Springer Netherlands, 2013), pp. 877-879.

35. M. Bernauer, A. Fichtner, H. Igel, Inferring Earth structure from combined measurements
of rotational and translational ground motions. Geophysics 74, WCD41-WCD47 (2009).

36. D.Basu, A.S. Whittaker, M. C. Constantinou, Characterizing rotational components
of earthquake ground motion using a surface distribution method and response
of sample structures. Eng. Struct. 99, 685-707 (2015).

37. S.Donner, M. Bernauer, H. Igel, Inversion for seismic moment tensors combining
translational and rotational ground motions. Geophys. J. Int. 207, 562-570 (2016).

38. Z.Li, M.vander Baan, Elastic passive source localization using rotational motion.
Geophys. J. Int. 211, 1206-1222 (2017).

39. J.Harms, E. L. Bonilla, M. W. Coughlin, J. Driggers, S. E. Dwyer, D. J. McManus, M. P. Ross,
B.J. J. Slagmolen, K. Venkateswara, Observation of a potential future sensitivity limitation
from ground motion at LIGO Hanford. Phys. Rev. D 101, 102002 (2020).

40. B.Canuel, S. Abend, P. Amaro-Seoane, F. Badaracco, Q. Beaufils, A. Bertoldi, K. Bongs,

P. Bouyer, C. Braxmaier, W. Chaibi, N. Christensen, F. Fitzek, G. Flouris, N. Gaaloul,

S. Gaffet, C. L. G. Alzar, R. Geiger, S. Guellati-Khelifa, K. Hammerer, J. Harms, J. Hinderer,
M. Holynski, J. Junca, S. Katsanevas, C. Klempt, C. Kozanitis, M. Krutzik, A. Landragin,

I. L. Roche, B. Leykauf, Y.-H. Lien, S. Loriani, S. Merlet, M. Merzougui, M. Nofrarias,

P. Papadakos, F. P. dos Santos, A. Peters, D. Plexousakis, M. Prevedelli, E. M. Rasel, Y. Rogister,
S.Rosat, A. Roura, D. O. Sabulsky, V. Schkolnik, D. Schlippert, C. Schubert, L. Sidorenkov,
J.-N. SiemB, C. F. Sopuerta, F. Sorrentino, C. Struckmann, G. M. Tino, G. Tsagkatakis,
A.Viceré, W.von Klitzing, L. Woerner, X. Zou, ELGAR—A European laboratory for gravitation
and atom-interferometric research. Class. Quantum Gravity 37, 225017 (2020).

41. M.P.Ross, K. Venkateswara, C. Mow-Lowry, S. Cooper, J. Warner, B. Lantz, J. Kissel,

H. Radkins, T. Shaffer, R. Mittleman, A. Pele, J. Gundlach, Towards windproofing LIGO:
Reducing the effect of wind-driven floor tilt by using rotation sensors in active seismic
isolation. arXiv, 2003.06447 (2020).

42. B.Lantz, R. Schofield, B. O'Reilly, D. E. Clark, D. DeBra, Review: Requirements for a ground

rotation sensor to improve advanced LIGO. Bull. Seismol. Soc. Am. 99, 980-989 (2009).

Gautier et al., Sci. Adv. 8, eabn8009 (2022) 10 June 2022

43. F.Bernauer, J. Wassermann, F. Guattari, A. Frenois, A. Bigueur, A. Gaillot, E. de Toldi,

D. Ponceau, U. Schreiber, H. Igel, Blueseis3a: Full characterization of a 3¢ broadband
rotational seismometer. Seismol. Res. Lett. 89, 620-629 (2018).

44. T.Farah, C.Guerlin, A. Landragin, P. Bouyer, S. Gaffet, F. P. dos Santos, S. Merlet,
Underground operation at best sensitivity of the mobile LNE-SYRTE cold atom
gravimeter. Gyroscopy Navig. 5, 266-274 (2014).

45. V.Ménoret, P. Vermeulen, N. Le Moigne, S. Bonvalot, P. Bouyer, A. Landragin, B. Desruelle,
Gravity measurements below 107 g with a transportable absolute quantum gravimeter.
Sci. Rep. 8,12300 (2018).

46. M. Altorio, L. A. Sidorenkov, R. Gautier, D. Savoie, A. Landragin, R. Geiger, Accurate
trajectory alignment in cold-atom interferometers with separated laser beams. Phys.
Rev. A 101, 033606 (2020).

47. P.Cheinet, B. Canuel, F. P. dos Santos, A. Gauguet, F. Yver-Leduc, A. Landragin,
Measurement of the sensitivity function in a time-domain atomic interferometer. IEEE
Trans. Instrum. Meas. 57, 1141-1148 (2008).

48. K.U.Schreiber, T. Klugel, J.-P. R. Wells, R. B. Hurst, A. Gebauer, How to detect the Chandler
and the annual wobble of the Earth with a large ring laser gyroscope. Phys. Rev. Lett. 107,
173904 (2011).

Acknowledgments: We thank M. Altorio for contribution at the early stage of this work,

M.-C. Angonin and C. Le Poncin-Lafitte for stimulating discussions, and F. Pereira Dos Santos
for the careful reading of the manuscript. We thank as well J. Gazeaux of the Service de
Géodésie et de Métrologie department of the IGN for giving us the precise value of the North
deviation at the location of the Paris Observatory. Funding: We acknowledge the financial
support from Agence Nationale pour la Recherche (project PIMAI, ANR-18-CE47-0002-01) and
Centre National d’Etudes Spatiales (CNES). L.A.S. was funded by Conseil Scientifique de
I'Observatoire de Paris (PSL fellowship in astrophysics at Paris Observatory), R.Ga. by the EDPIF
doctoral school, and M.G. by SIRTEQ. Author contributions: R.Ga., M.G., and L.A.S.
performed the experiments. R.Ga., M.G., L.A.S., and Q.B analyzed the data and did the
calculations. R.Ge. and A.L. conceived the experiment and supervised the research. R.Ga. and
R.Ge. wrote the manuscript, with inputs from all the authors. All authors discussed the
manuscript. Competing interests: The authors declare that they have no competing
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. Data and code are
available at https://doi.org/10.5281/zenodo.6372385.

Submitted 20 December 2021
Accepted 27 April 2022
Published 10 June 2022
10.1126/sciadv.abn8009

60f 6

202 ‘€2 Afenuer uo B10°80US 105 MMM//:SANY WO.) PapeojuMod


https://arxiv.org/abs/2003.06447
https://doi.org/10.5281/zenodo.6372385

