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The sensitivity of light and matter-wave interferometers to rotations is based on the Sagnac effect and
increases with the area enclosed by the interferometer. In the case of light, the latter can be enlarged
by forming multiple fibre loops, whereas the equivalent for matter-wave interferometers remains an
experimental challenge. We present a concept for a multi-loop atom interferometer with a scalable
area formed by light pulses. Our method will offer sensitivities as high as 2 × 10−11 rad/s at 1 s in
combination with the respective long-term stability as required for Earth rotation monitoring.
Rotation measurements are utilised for inertial navigation and earth observation exploiting the large enclosed
area in fibre-optical and meter-scale ring laser g yroscopes1–3. Atom interferometry offers a different approach for
providing absolute measurements of inertial forces with high long-term stability. Moreover, achieving the necessary areas for competitive performance with matter waves is a long-standing challenge4–10. We propose an atom
interferometer performing multiple loops in free fall. Our setup opens the perspective for sensitivities as high as
2 × 10−11 rad/s at 1 s, comparable to the results of the ring laser gyroscope at the geodetic observatory W
 ettzell1,2.
11
The interferometric Sagnac phase shift induced by a rotation  depends linearly on the area vector A as
described in the following equation

�φSagnac =

4πE
A
c

(1)

where E is the energy associated with the atom Eat = mc 2 or photon Eph = ω , m is the mass of the atom, ω
the angular frequency of the light field, and c the speed of light. Since Eat ≫ Eph , it scales favourably for atoms,
motivating early e xperiments12–14, while much larger areas were demonstrated for light2.
One avenue for rotation measurements are wave guides or traps moving atoms in loops, especially for applications requiring compact setups3. Multiple loops were created in ring traps employing quantum degenerate gases
for different purposes including the investigation of superconductive flows15,16. Exploiting them for guided atomic
Sagnac interferometers in optical or magnetic traps remains an experimental c hallenge17–20.
Another approach is based on atoms in free fall. Here, light fields driving Raman or Bragg transitions coherently split, deflect, and recombine atomic wave packets in interferometers based on three6,8 or four pulses5,7,9,
implementing a single loop or two loops, respectively. Operating a three-pulse interferometer with a thermal
√
cesium atoms in a 2 m long vacuum chamber enabled the demonstration of a noise floor of 9 × 10−10 (rad/s)/ Hz
and a long-term instability of 3 × 10−10 rad/s10. Aiming for more compact setups, sensors with a similar pulse
configuration, but based on cold atoms with slow drift velocities showed sensitivities down to 10−7 rad/s in 1 s
close to the shot noise l imit6,8, motivating an increase of the enclosed area to enhance the sensitivity. Four-pulse
interferometers7,9 enabled an increase of the enclosed area to up to 11 cm2, and reached sensitivities down to
3 × 10−8 rad/s in 1 s and 3 × 10−10 rad/s after averaging5. Dual or multi-loop interferometers have also been
proposed in the context of terrestrial and space-borne infrasound gravitational wave detection designed for measuring strain rather than r otations21–25. Using molasses cooled atoms at microkelvin temperatures implies limits to
the beam splitting efficiency26,27 and consequently to the contrast of the interferometer in the rotation sensor5,6.
Additional cooling steps such as evaporative cooling provide a mitigation s trategy26, thus enabling atom interferometers with high c ontrast28–30, higher-order beam splitters as a route for enhancing their s ensitivity30–41,41–44,
and efficient launch m
 echanisms28,29, which our concept builds on.
In our geometry (Fig. 1), atoms are coherently manipulated by two perpendicular light gratings (red and
orange dashed lines) to form a multi-loop interferometer23. Pulsed light fields enable symmetric beam splitting
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Figure 1.  Trajectories of the free falling atoms in the interferometer. Red arrows denote the light fields for
splitting, redirecting, and recombination. Orange arrows indicate the light fields for relaunching the atoms
against gravity g with a velocity vrl enabling operation with a single beam splitting axis (red) and closing the
interferometer at its starting point. The atoms start at (a) where a beam splitting pulse leads to a coherent
superposition of two momentum states (blue, green) that separate symmetrically with a recoil velocity of
±k/(2m). Here, k denotes the effective wave number of the beam splitter (red) and m the atomic mass.
One momentum state follows the green arrows and the second one the dashed blue arrows according to the
numbering. The state deflected in positive x-direction (green) propagates from (a) to (b), (c), (d), and back to
(a). Similarly, but with inverted momentum, the other state (blue) proceeds from (a) to (d), (c), (b), and back to
(a), closing the loop. As a consequence, the interferometer encloses the area A (grey shaded area), rendering it
sensitive to rotations . Both trajectories meet at (c) where the two momentum states are relaunched at the same
time. Input (up) and output ports (down) of the interferometer are indicated by black arrows below (a). The
maximum wave packet separation is indicated by S and the drop distance by D.

of the atomic wave packets in the horizontal axis (red arrows)41,43–45 and relaunching in vertical direction (orange
arrows)28. This approach offers a variety of advantages: (i) the free-fall time can be tuned to scale the area, (ii) the
area is well defined by velocities imprinted during the coherent atom-light interactions, and (iii) the geometry
utilises a single axis for beam splitting which avoids the requirement for relative a lignment5,23,46. (iv) It enables
multiple loops, (v) and its symmetry suppresses biases due to light shifts associated with the atom-light interaction. (vi) Moreover, our concept in principle allows incorporation of several additional measurements such as
local gravity47,48 and tilt of the a pparatus43 with respect to gravity.

Multi‑loop geometry

Conceptually, our idea exploits multiple loops in the interferometer to effectively increase the enclosed area.
When neglecting losses of contrast and atoms which may scale with the number of loops due to imperfections
in the atom-light interactions, this implies a linear increase in the shot-noise limit of the sensitivity per cycle.
The concept of our interferometer is detailed in Fig. 1, showing the two trajectories (blue, green) that enclose an
area A. We now describe the sequence to implement our scheme. Initially, an atomic wave packet is launched
vertically. On its upward way, the wave packet interacts with the horizontal beam splitter with an effective wave
number k forming two wave packets drifting apart with a momentum of ±k/(2m) (a). After a time T, the
horizontally oriented light field (red) inverts the movement of the atoms on its axis (b,d). On their way downwards due to gravity, the vertically oriented light field (orange) relaunches the a toms28 at the lowest point of the
interferometer at 2T (c) reversing their momentum to move upward. The atoms pass the horizontal atom-light
interaction zone again at 3T (b,d) where they are deflected towards each other and cross falling downwards at
4T (a) completing a double loop. In order to start the next loop, they are relaunched (see Fig. 2). Repetition of
the procedure determines the number of loops 2n. After the last loop, the interferometer is closed by flashing a
beam splitter pulse instead of an upward acceleration. Due to the specific implementation of the initial launch
at position (a) and relaunch at (c), our concept only requires a single beam splitting zone (red) for the splitting
and deflection operations at (a), (b) and (d)23 instead of t wo5,7,9 or three6,8,10.
The acquired Sagnac phase shift depends on the total time of the interferometer 4T, the effective wave vector
k , local gravity g , number of loops 2n and reads
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Figure 2.  Space-time diagram and pulse timings of a multi-loop interferometer. The upper diagram shows the
timing of the π/2 beam splitting at position (a) in Fig. 1, π mirror pulses at position (b) and (d) in Fig. 1, and
relaunch at position (c) in Fig. 1 as well as the recombination (π/2) pulse at (a). Non-opaque lines indicate an
implementation with the minimum of two loops (n = 1) and opaque lines a four-loop interferometer (n = 2).
The interferometer can be extended to 2n loops closed with a π/2 pulse at 4nT by introducing relaunches at
r · 4T for r ∈ (1, 2, . . . , n − 1) (position (a) in Fig. 1). The lower diagram shows the time-dependent intensities
of the beam splitting pulses Ibs and relaunches Irl. Diagrams are not to scale, neglect pulse shaping and the initial
launch before the atoms enter the interferometer.

�φSagnac = n · 4(k × g)T 3 ,
50–52

(2)

5,7,9,53

calculated with the methods outlined in ref.
and similar as in refs.
. The relaunch velocity vrl = |v rl | = 3gT
with g = |g| is aligned parallel to gravity and is chosen to close the atom interferometer at its starting point (position (a) in Fig. 2). In this configuration, the effectively enclosed area is given by

A=n·2

k 3
gT .
m

(3)

It can be enlarged by a higher transverse momentum k = |k|, e.g. by transferring more photon recoils, and by
increasing the free fall time 4T of the interferometer.
Enlarging the number of loops by a factor n effectively increases the enclosed area without changing the
dimensions of the geometry. We define them as the maximum wave packet separation in the horizontal axis
S = kT/m and the drop distance in the vertical axis D = (3T/2)2 · g/2. The relaunch at 4T (or multiples of 4T
for more than four loops, position (a) in Fig. 1) reuses the same light field (orange arrows) as for the first relaunch
at 2T (position (c) in Fig. 1) and does thus not add complexity.
To estimate the potential sensitivity of a future experiment, we calculate the shot-noise limit based on the
phase shift in Eq. (2) including the dependency on the finite cycle time. Typically, the cycle of an atom interferometer consists of the generation and preparation of the atomic ensembles during the time tprep, the interferometer
time which for our geometry reads n · 4T , and detecting the population of the output ports within the time tdet .
This leads to a total cycle time of tc = tprep + n · 4T + tdet . For N detected atoms and an interferometer contrast
C of the interferometer, the shot-noise limited sensitivity to rotations y is given by

tprep + n · 4T + tdet
1
σ� (t) = √
(4)
t
C N · n · (4kgT 3 )

after an averaging time t corresponding to multiples of the cycle time tc . Consequently, an interferometer with a
small free fall time 4T ≪ tprep + tdet benefits more from
√ multiple loops with a scaling of ∼ 1/n in Eq. (4) than
other scenarios with 4T ≈ tprep + tdet that scale as ∼ 1/ n . Implementing an interferometer time n · 4T > tprep
can enable a continuous scheme by sharing π/2 pulse between subsequent interferometers5,54. In general, our
geometry offers the possibility to compensate smaller T with an appropriate n.
Table 1 (row 1, 3) reports the calculated shot-noise limited sensitivities according to Eq. (4) for two different
implementations of our geometry.
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Table 1.  Comparison of our multi-loop scheme with a four-pulse interferometer and performance estimation.
We base our calculations on rubidium atoms49, a number of N detected atoms, an effective wave number k,
a pulse separation time T (see Fig. 2), and a contrast C, performing 2n loops. We denote A as the effectively
enclosed area, which scales with n. Both the calculation of A and the sensitivity neglect finite pulse durations.
The maximum trajectory separation is given by S. For the estimation of the drop distance D with regard to
a compact scenario we allow for additional time of 6 ms for the momentum transfer. Our interferometer
cycle time is denoted by tc and we state the sensitivity in the shot-noise limit according to Eq. (4). In the first
four rows we compare calculated parameters of multi-loop interferometers to four-pulse geometries without
a relaunch5,7,9, emphasising differences in the parameters in bold, and neglecting atom losses and contrast
reduction due to imperfect beam splitters. For the lower two rows, we assume a simple model in which the
contrast for multiple loops C(n) decreases depending on the number of loops n scaling as C(n) = C(1)n with
C(1) denoting the contrast for a single loop. Furthermore, our model reduces the number of detected atoms by
a factor l n−1 with l = 0.9 for 2n loops to take inefficiencies in the atom-light interactions into account.

Spurious phase shifts

Spurious phase shifts may degrade the sensitivity of the sensor if they are not inherently suppressed or sufficiently
well controlled. The choice of symmetric beam splitting in our geometry suppresses phase noise of the beam
splitting lasers, as well as the impact of spatially homogeneous AC-Stark and magnetic field shifts on the two
arms of the i nterferometer43,44. We refer to dedicated studies for impacts of light shifts due to large momentum
beam splitters34,41,55–59, and isolation or correlation methods to remove vibration noise47,60–65 for quantum sensors
which we expect to be exploited in a future experimental realisation of our concept.
In multi-loop interferometers, the sensitivity to DC accelerations and phase errors depending on the initial
position and velocity is suppressed when compared to a three-pulse or single-loop atom i nterferometer25,53. Still,
spurious couplings remain which we now assess following the methods of refs.50–52. We start with a discussion
of phase shifts introduced by the relaunch, and then continue with phase shifts that depend on the starting position or velocity, and the gravity gradient, that may constrain these parameters. Here, we only focus on terms we
estimate to be dominating.
A non-ideal pointing of the relaunch velocity v rl may introduce spurious phase shifts in a real setup. We
consider small deviations α = |v rl × e x |/(|v rl ||e x |) and β = |v rl × e y |/(|v rl ||e y |) in a double-loop configuration. Here, e x = k/|k| denotes the unit vector in x-direction and e y = (k × g)/(|k||g|) denotes the unit vector
in y-direction (see Fig. 1).
If the timing of the relaunch is not ideally centred around 2T, but shifted by δτ , coupling to non-zero α leads
to the phase shift23

�φα,τ = −kvrl αδτ = −3kgTαδτ .

(5)

�φα,Ŵ = kŴv rl T 3 = 3kαŴx gT 4 ,

(6)

�φβ,� = 2(k × v rl ) · T 2 = 6kβg�z T 3 ,

(7)

Provided the pointing of the relaunch velocity is adjustable (e.g. with a tip-tilt mirror controlling the alignment
of the light field for relaunching) α and δτ can be adjusted by iteratively scanning both.
In addition, tilting the relaunch vector induces phase shifts resembling those of a three-pulse or MachZehnder-like interferometer50,51 by coupling to gravity gradients Ŵ and rotations . These contributions read

with Ŵi = e i Ŵe i for i = x, y, z and

corresponding to a spurious sensitivity to a rotation i = e i ·  for i = x, y, z.
Scanning the interferometer time 4T enables an iterative procedure to minimise spurious phase shifts by
optimising the c ontrast46.
We now show the phase terms stemming from a coupling of starting position r 0 = (x0 , y0 , z0 ) and velocity
v 0 = (vx0 , vy0 , vz0 ) to rotations and gravity gradients, as well as the cross coupling between the latter. According
to our estimation (see Table 1 for our choice of parameters for k, T, but using n = 1), the dominating terms read:



�φvx =4kT 3 Ŵx + 3 �2y + �2z vx ,
(8)
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5.6 × 10−4

7.2 × 10−2

High sensitivity 6 × 10−6

2.5 × 10−6

6.6 × 10−9

5.4 × 10−8

1.1 × 10−8

Table 2.  Requirements on the pointing of the relaunch, starting parameters, variation of gravitational
acceleration, and its gradient. The parameters are calculated
to induce contributions (see Eqs. 5 to
√
14) by a factor of 10 · n below the shot-noise limit (1/ N ) for the scenarios in the lower rows of
Table 1. We assume δτ = 10 ns for a typical experiment control system31, Earth’s gravity gradient
Ŵx = Ŵy = −0.5Ŵz = 1.5 × 10−6 s−2, and x = y = z = 7.27 × 10−5 rad/s using Earth’s rotation rate as
an upper limit50,51. ∗Limited by the velocity acceptance of the beam splitter41,43. ⋆Assuming a gravity gradient
compensation21,66–68 to 0.1 · Ŵx , neglecting the impact on other terms as the small change in the enclosed
area66. †Requirement set to limit the change in position w.r.t. the beam splitter between first and last pulse to
100 µm. ‡Constraint to have the atoms within 100 µm of the center of the beam splitter at the first pulse.



 
�φvy = − 4kT 3 3�x �y + 4T Ŵx + Ŵy �z vy ,

(9)



�φvz = − 4kT 3 3�x �z + 4T(Ŵz + Ŵx )�y vz ,

(10)

�φy0 =8kT 3 Ŵy �z y0 ,

(11)

�φz0 = − 8kT 3 Ŵz �y z0 ,

(12)

�φŴx =18kT 5 �y Ŵx , and

(13)

�φŴz =18kT 5 �y Ŵz .

(14)

Phase terms scaling as �φŴy ∼ kT 6 gŴy �x �z and �φx0 ∼ kT 4 Ŵx2 x0 that may constrain Ŵy and x0 are estimated to
be negligible for our choice of parameters. Optionally, a compensation scheme implemented by small frequency
detuning of the π pulses21,66–68 at (r · 4 − 3)T and (r · 4 − 1)T for r ∈ (1, 2, . . . , n − 1) in Fig. 2 (b, d) can reduce
the impact of the gravity gradient Ŵx in Eq. (9). Additionally, we have to consider constraints from the beam
splitting process. The velocity acceptance of the beam splitter41,43 may limit vx . Another constraint is to have the
atoms within the central part of the beam splitter both at the start, limiting y0 and z0, and at the last pulse for
recombination, limiting vy and vz . The impact of a variation in g (see Eq. 2) may be reduced with a tidal model
similar to the common practice in g ravimeters47,61,65,69.
Table 2 reports the calculated requirements for two different implementations of our geometry.

Perspectives of the performance

Apart from the (re-)launch, our scheme with n = 1 resembles four-pulse interferometers5,7,9,53 in geometry and
scale factor (Eqs. 2 and 3 ). Hence, we show the advantages of our method with respect to a four-pulse interferometer for two design choices. For both interferometers in Table 1 (upper four rows), we assume ideal contrast,
no losses of atoms, as well as shot-noise limited sensitivities (see Eq. 4). (1) Matching the free-fall time T and
sensitivity for the multi-loop and four-pulse sensor, the four-pulse interferometer requires a larger photon
momentum transfer in horizontal direction. Consequently, the size S · D of the multi-loop geometry is by a factor of 15 smaller (emphasised in bold in Table 1). (2) Aiming for similar dimensions S and D, we obtain a nearly
an order of magnitude higher sensitivity for our multi-loop geometry at the cost of an increased cycle time.
Showcasing more realistic scenarios, we consider a simple model for losses of atoms and reduction of contrast
in dependence on the number of loops as summarised in Table 1 (lower rows). The latter can result from inhomogeneities of the light fields34,41,55–59. Following our calculations
and choice of parameters, we still anticipate a
√
3
compact sensor with a sensitivity of 1.2 × 10−7 (rad/s)/ Hz within
√ a volume of 20 mm for the interferometer,
and a highly sensitive, but larger device with 1.7 × 10−11 (rad/s)/ Hz within a meter-sized vacuum vessel based
on our method, comparable to the performance of large ring laser gyroscopes2.
Multiple experiments investigated beam splitting as well as relaunch operations as required for our scheme.
They realised the transfer of large momenta with subsequent pulses or higher order transitions32–37 and their
combination with Bloch o
 scillations30,38,39. The implementation of symmetric s plitting40–44 was demonstrated
with an effective wave number corresponding to 408 photon recoils in a twin-lattice atom interferometer41. A
similar procedure enabled the relaunch of a toms28. The requirement for high efficiency implies using atomic
ensembles with very low residual expansion r ates26 as enabled by delta-kick collimation of evaporated a toms31,70
and Bose-Einstein condensates28,29,41,71,72. In addition, interferometers exploiting such ensembles may benefit from
the suppression systematic of u
 ncertainties73–76. Fountain geometries utilised launch techniques compatible with
these ensembles28,29,31,70. Rapid generation of Bose-Einstein condensates with 105 atoms was demonstrated77,78
and realised with atom chips in 1 s79,80 which we adopted for our estimation.
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Reaching the shot-noise limited sensitivity implies a restriction on tilt instability as detailed
in Table 2 due
√
to couplings in Eqs. 5, 6,
√ and 7. It is approximately met at the modest level of 0.1 mrad/ Hz for the compact
scenario and at√
7 nrad/ Hz for high-sensitivity. Dedicated vibration isolation systems demonstrated a noise
floor of 1 nrad/ Hz in a frequency range of 1 Hz to 100 Hz81. Alternatively, and similar as in a large ring laser
gyroscope1,2, tiltmeters with a resolution of sub nrad82 may enable post correction methods. The requirements
on the stability of the starting position and velocity appear to be within reach of current sources of Bose-Einstein
condensates28,71,73,74,80,83.

Conclusion and discussion

We presented our concept for an atomic gyroscope capable of performing multiple loops by exploiting light
pulses for beam splitting and relaunching atoms with the perspective of reaching unprecedented sensitivities for
rotations. It offers unique scalability in a sensor head with a limited size. Key elements as the symmetric beam
splitting41,43, relaunch28, as well preparation of the ultracold atoms70,72,79,80,84 have already been demonstrated.
The tools for coherent manipulation in our scheme additionally allow for the implementation of geometries for
a tiltmeter43 and a gravimeter28,47,48. We showed the perspective for compact setups, which can be scaled up to
compete with large ring laser g yroscopes1,2. This might enable the detection of multiple rotational components
in a single set-up by adding a second orthogonal beam splitting axis, and sensitivities as required for measuring
the Lense-Thirring effect85–88.
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Datasets are available on reasonable request.
Received: 8 March 2021; Accepted: 20 July 2021

References

1. Gebauer, A. et al. Reconstruction of the instantaneous earth rotation vector with sub-arcsecond resolution using a large scale ring
laser array. Phys. Rev. Lett. 125, 033605. https://doi.org/10.1103/PhysRevLett.125.033605 (2020).
2. Schreiber, K. U., Klügel, T., Wells, J.-P.R., Hurst, R. B. & Gebauer, A. How to detect the chandler and the annual wobble of the earth
with a large ring laser gyroscope. Phys. Rev. Lett. 107, 173904. https://doi.org/10.1103/PhysRevLett.107.173904 (2011).
3. Jekeli, C. Navigation error analysis of atom interferometer inertial sensor. Navigation 52, 1–14. https://d
 oi.o
 rg/1 0.1 002/j.2 161-4 296.
2005.tb01726.x (2005).
4. Gersemann, M., Gebbe, M., Abend, S., Schubert, C. & Rasel, E. M. Differential interferometry using a Bose–Einstein condensate.
Eur. Phys. J. D 74, 203. https://doi.org/10.1140/epjd/e2020-10417-8 (2020).
5. Savoie, D. et al. Interleaved atom interferometry for high-sensitivity inertial measurements. Sci. Adv. 4, eaau7948. https://doi.org/
10.1126/sciadv.aau7948 (2018).
6. Berg, P. et al. Composite-light-pulse technique for high-precision atom interferometry. Phys. Rev. Lett. 114, 063002. https://doi.
org/10.1103/physrevlett.114.063002 (2015).
7. Stockton, J. K., Takase, K. & Kasevich, M. A. Absolute geodetic rotation measurement using atom interferometry. Phys. Rev. Lett.
107, 133001. https://doi.org/10.1103/PhysRevLett.107.133001 (2011).
8. Gauguet, A., Canuel, B., Lévèque, T., Chaibi, W. & Landragin, A. Characterization and limits of a cold-atom Sagnac interferometer.
Phys. Rev. A 80, 063604. https://doi.org/10.1103/PhysRevA.80.063604 (2009).
9. Canuel, B. et al. Six-axis inertial sensor using cold-atom interferometry. Phys. Rev. Lett. 97, 010402. https://doi.org/10.1103/PhysR
evLett.97.010402 (2006).
10. Durfee, D. S., Shaham, Y. K. & Kasevich, M. A. Long-term stability of an area-reversible atom-interferometer Sagnac gyroscope.
Phys. Rev. Lett. 97, 240801. https://doi.org/10.1103/PhysRevLett.97.240801 (2006).
11. Sagnac, G. Léther lumineux démontré par l’effet du vent relatif d’éther dans un interféromètre en rotation uniforme. C. R. Acad.
Sci. Paris 157, 708 (1913).
12. Gustavson, T. L., Bouyer, P. & Kasevich, M. A. Precision rotation measurements with an atom interferometer gyroscope. Phys. Rev.
Lett. 78, 2046–2049. https://doi.org/10.1103/PhysRevLett.78.2046 (1997).
13. Riehle, F., Kisters, T., Witte, A., Helmcke, J. & Bordé, C. J. Optical Ramsey spectroscopy in a rotating frame: Sagnac effect in a
matter-wave interferometer. Phys. Rev. Lett. 67, 177–180. https://doi.org/10.1103/PhysRevLett.67.177 (1991).
14. Colella, R., Overhauser, A. W. & Werner, S. A. Observation of gravitationally induced quantum interference. Phys. Rev. Lett. 34,
1472–1474. https://doi.org/10.1103/PhysRevLett.34.1472 (1975).
15. Ryu, C. et al. Observation of persistent flow of a Bose–Einstein condensate in a toroidal trap. Phys. Rev. Lett.https://doi.org/10.
1103/PhysRevLett.99.260401 (2007).
16. Gupta, S., Murch, K. W., Moore, K. L., Purdy, T. P. & Stamper-Kurn, D. M. Bose–Einstein condensation in a circular waveguide.
Phys. Rev. Lett. 95, 143201. https://doi.org/10.1103/PhysRevLett.95.143201 (2005).
17. Moan, E. R. et al. Quantum rotation sensing with dual Sagnac interferometers in an atom-optical waveguide. Phys. Rev. Lett. 124,
120403. https://doi.org/10.1103/PhysRevLett.124.120403 (2020).
18. Pandey, S. et al. Hypersonic Bose–Einstein condensates in accelerator rings. Nature 570, 205–209. https://doi.org/10.1038/s41586-
019-1273-5 (2019).
19. Stevenson, R., Hush, M. R., Bishop, T., Lesanovsky, I. & Fernholz, T. Sagnac interferometry with a single atomic clock. Phys. Rev.
Lett. 115, 163001. https://doi.org/10.1103/PhysRevLett.115.163001 (2015).
20. Wu, S., Su, E. & Prentiss, M. Demonstration of an area-enclosing guided-atom interferometer for rotation sensing. Phys. Rev. Lett.
99, 173201. https://doi.org/10.1103/PhysRevLett.99.173201 (2007).
21. Canuel, B. et al. ELGAR—A European laboratory for gravitation and atom-interferometric research. Class. Quantum Gravity 37,
225017. https://doi.org/10.1088/1361-6382/aba80e (2020).
22. El-Neaj, Y. A. et al. AEDGE: Atomic experiment for dark matter and gravity exploration in space. Eur. Phys. J. Quantum Technol.
7, 6. https://doi.org/10.1140/epjqt/s40507-020-0080-0 (2020).
23. Schubert, C. et al. Scalable, symmetric atom interferometer for infrasound gravitational wave detection. Preprint at arXiv:909.
01951 (2019).
24. Graham, P. W., Hogan, J. M., Kasevich, M. A. & Rajendran, S. Resonant mode for gravitational wave detectors based on atom
interferometry. Phys. Rev. D 94, 104022. https://doi.org/10.1103/PhysRevD.94.104022 (2016).
25. Hogan, J. M. et al. An atomic gravitational wave interferometric sensor in low earth orbit (AGIS-LEO). Gen. Relativ. Gravit. 43,
1953. https://doi.org/10.1007/s10714-011-1182-x (2011).

Scientific Reports |
Vol:.(1234567890)

(2021) 11:16121 |

https://doi.org/10.1038/s41598-021-95334-7

6

www.nature.com/scientificreports/
26. Szigeti, S. S., Debs, J. E., Hope, J. J., Robins, N. P. & Close, J. D. Why momentum width matters for atom interferometry with Bragg
pulses. New J. Phys. 14, 023009. https://doi.org/10.1088/1367-2630/14/2/023009 (2012).
27. Kasevich, M. et al. Atomic velocity selection using stimulated Raman transitions. Phys. Rev. Lett. 66, 2297–2300. https://doi.org/
10.1103/PhysRevLett.66.2297 (1991).
28. Abend, S. et al. Atom-chip fountain gravimeter. Phys. Rev. Lett. 117, 203003. https://doi.org/10.1103/PhysRevLett.117.203003
(2016).
29. Dickerson, S. M., Hogan, J. M., Sugarbaker, A., Johnson, D. M. S. & Kasevich, M. A. Multiaxis inertial sensing with long-time point
source atom interferometry. Phys. Rev. Lett. 111, 083001. https://doi.org/10.1103/PhysRevLett.111.083001 (2013).
30. McDonald, G. D. et al.80k momentum separation with Bloch oscillations in an optically guided atom interferometer. Phys. Rev.
A 88, 053620. https://doi.org/10.1103/PhysRevA.88.053620 (2013).
31. Asenbaum, P., Overstreet, C., Kim, M., Curti, J. & Kasevich, M. A. Atom-interferometric test of the equivalence principle at the
10−12 level. Phys. Rev. Lett. 125, 191101. https://doi.org/10.1103/PhysRevLett.125.191101 (2020).
32. Rudolph, J. et al. Large momentum transfer clock atom interferometry on the 689 nm intercombination line of strontium. Phys.
Rev. Lett. 124, 083604. https://doi.org/10.1103/PhysRevLett.124.083604 (2020).
33. Parker, R. H., Yu, C., Zhong, W., Estey, B. & Müller, H. Measurement of the fine-structure constant as a test of the standard model.
Science 360, 191–195. https://doi.org/10.1126/science.aap7706 (2018).
34. Kovachy, T. et al. Quantum superposition at the half-metre scale. Nature 528, 530–533. https://d
 oi.o
 rg/1 0.1 038/n
 ature 16155 (2015).
35. Chiow, S.-W., Kovachy, T., Chien, H.-C. & Kasevich, M. A. 102  k large area atom interferometers. Phys. Rev. Lett. 107, 130403.
https://doi.org/10.1103/PhysRevLett.107.130403 (2011).
36. Müller, H., Chiow, S.-W., Long, Q., Herrmann, S. & Chu, S. Atom interferometry with up to 24-photon-momentum-transfer beam
splitters. Phys. Rev. Lett. 100, 180405. https://doi.org/10.1103/PhysRevLett.100.180405 (2008).
37. McGuirk, J. M., Snadden, M. J. & Kasevich, M. A. Large area light-pulse atom interferometry. Phys. Rev. Lett. 85, 4498. https://doi.
org/10.1103/PhysRevLett.85.4498 (2000).
38. Müller, H., Chiow, S.-W., Herrmann, S. & Chu, S. Atom interferometers with scalable enclosed area. Phys. Rev. Lett. 102, 240403.
https://doi.org/10.1103/PhysRevLett.102.240403 (2009).
39. Cladé, P., Guellati-Khélifa, S., Nez, F. & Biraben, F. Large momentum beam splitter using Bloch oscillations. Phys. Rev. Lett. 102,
240402. https://doi.org/10.1103/PhysRevLett.102.240402 (2009).
40. Pagel, Z. et al. Symmetric Bloch oscillations of matter waves. Phys. Rev. A 102, 053312. https://doi.org/10.1103/PhysRevA.102.
053312 (2020).
41. Gebbe, M. et al. Twin-lattice atom interferometry. Nat. Commun. 12, 2544. https://doi.org/10.1038/s41467-021-22823-8 (2021).
42. Plotkin-Swing, B., Gochnauer, D., McAlpine, K., Jamison, A. O. & Gupta, S. Three-path atom interferometry with large momentum
separation. Phys. Rev. Lett. 121, 133201. https://doi.org/10.1103/PhysRevLett.121.133201 (2018).
43. Ahlers, H. et al. Double Bragg interferometry. Phys. Rev. Lett. 116, 173601. https://d
 oi.o
 rg/1 0.1 103/P
 hysRe vLett.1 16.1 73601 (2016).
44. Lévèque, T., Gauguet, A., Michaud, F., Pereira Dos Santos, F. & Landragin, A. Enhancing the area of a Raman atom interferometer
using a versatile double-diffraction technique. Phys. Rev. Lett. 103, 080405. https://d
 oi.o
 rg/1 0.1 103/P
 hysRe vLett.1 03.0 80405 (2009).
45. Giese, E., Roura, A., Tackmann, G., Rasel, E. M. & Schleich, W. P. Double Bragg diffraction: A tool for atom optics. Phys. Rev. A
88, 053608. https://doi.org/10.1103/PhysRevA.88.053608 (2013).
46. Tackmann, G. et al. Self alignment of a compact large-area atomic Sagnac interferometer. New J. Phys. 14, 015002. https://doi.org/
10.1088/1367-2630/14/1/012002 (2012).
47. Peters, A., Chung, K. Y. & Chu, S. Measurement of gravitational acceleration by dropping atoms. Nature 400, 849–852. https://doi.
org/10.1038/23655 (1999).
48. Kasevich, M. & Chu, S. Atomic interferometry using stimulated Raman transitions. Phys. Rev. Lett. 67, 181–184. https://doi.org/
10.1103/PhysRevLett.67.181 (1991).
49. Steck, D. A. Rubidium 87 d line data, revision 2.1. http://steck.us/alkalidata (2008).
50. Hogan, J. M., Johnson, D. M. S. & Kasevich, M. A. Light-pulse atom interferometry. Preprint at arXiv:0806.3261 (2008).
51. Bongs, K., Launay, R. & Kasevich, M. A. High-order inertial phase shifts for time-domain atom interferometers. Appl. Phys. B 84,
599–602. https://doi.org/10.1007/s00340-006-2397-5 (2006).
52. Bordé, C. Quantum theory of atom-wave beam splitters and application to multidimensional atomic gravito-inertial sensors. Gen.
Relativ. Gravit. 36, 475–502. https://doi.org/10.1023/B:GERG.0000010726.64769.6d (2004).
53. Dubetsky, B. & Kasevich, M. A. Atom interferometer as a selective sensor of rotation or gravity. Phys. Rev. A. 74, 023615. https://
doi.org/10.1103/PhysRevA.74.023615 (2006).
54. Dutta, I. et al. Continuous cold-atom inertial sensor with 1 nrad/sec rotation stability. Phys. Rev. Lett. 116, 183003. https://doi.
org/10.1103/PhysRevLett.116.183003 (2016).
55. Kim, M. et al. 40 W, 780 nm laser system with compensated dual beam splitters for atom interferometry. Opt. Lett. 45, 6555–6558.
https://doi.org/10.1364/OL.404430 (2020).
56. Bade, S., Djadaojee, L., Andia, M., Cladé, P. & Guellati-Khelifa, S. Observation of extra photon recoil in a distorted optical field.
Phys. Rev. Lett. 121, 073603. https://doi.org/10.1103/PhysRevLett.121.073603 (2018).
57. Zhang, X., del Aguila, R. P., Mazzoni, T., Poli, N. & Tino, G. M. Trapped-atom interferometer with ultracold Sr atoms. Phys. Rev.
Ahttps://doi.org/10.1103/PhysRevA.94.043608 (2016).
58. Parker, R. H. et al. Controlling the multiport nature of Bragg diffraction in atom interferometry. Phys. Rev. A 94, 053618. https://
doi.org/10.1103/PhysRevA.94.053618 (2016).
59. Estey, B., Yu, C., Müller, H., Kuan, P.-C. & Lan, S.-Y. High-resolution atom interferometers with suppressed diffraction phases.
Phys. Rev. Lett. 115, 083002. https://doi.org/10.1103/PhysRevLett.115.083002 (2015).
60. Richardson, L. L. et al. Optomechanical resonator-enhanced atom interferometry. Commun. Phys. 3, 208. https://doi.org/10.1038/
s42005-020-00473-4 (2020).
61. Freier, C. et al. Mobile quantum gravity sensor with unprecedented stability. J. Phys. Conf. Ser. 723, 012050. https://doi.org/10.
1088/1742-6596/723/1/012050 (2016).
62. Lautier, J. et al. Hybridizing matter-wave and classical accelerometers. Appl. Phys. Lett. 105, 144102. https://doi.org/10.1063/1.
4897358 (2014).
63. Hu, Z.-K. et al. Demonstration of an ultrahigh-sensitivity atom-interferometry absolute gravimeter. Phys. Rev. A 88, 043610. https://
doi.org/10.1103/PhysRevA.88.043610 (2013).
64. Geiger, R. et al. Detecting inertial effects with airborne matter-wave interferometry. Nat. Commun. 2, 474. https://d
 oi.o
 rg/10.1 038/
ncomms1479 (2011).
65. Le Gouët, J. et al. Limits to the sensitivity of a low noise compact atomic gravimeter. Appl. Phys. B 92, 133–144. https://doi.org/10.
1007/s00340-008-3088-1 (2008).
66. Sidorenkov, L. A., Gautier, R., Altorio, M., Geiger, R. & Landragin, A. Tailoring multiloop atom interferometers with adjustable
momentum transfer. Phys. Rev. Lett. 125, 213201. https://doi.org/10.1103/PhysRevLett.125.213201 (2020).
67. Canuel, B. et al. Technologies for the ELGAR large scale atom interferometer array. Preprint at arXiv:2007.04014 (2020).
68. Roura, A. Circumventing Heisenberg’s uncertainty principle in atom interferometry tests of the equivalence principle. Phys. Rev.
Lett. 118, 160401. https://doi.org/10.1103/PhysRevLett.118.160401 (2017).

Scientific Reports |

(2021) 11:16121 |

https://doi.org/10.1038/s41598-021-95334-7

7
Vol.:(0123456789)

www.nature.com/scientificreports/
69. Crossley, D., Hinderer, J. & Riccardi, U. The measurement of surface gravity. Rep. Prog. Phys. 76, 046101. https://doi.org/10.1088/
0034-4885/76/4/046101 (2013).
70. Kovachy, T. et al. Matter wave lensing to picokelvin temperatures. Phys. Rev. Lett. 114, 143004. https://doi.org/10.1103/PhysR
evLett.114.143004 (2015).
71. Rudolph, J. Matter-wave optics with Bose–Einstein condensates in microgravity. Ph.D. thesis, Gottfried Wilhelm Leibniz Universität
Hannover (2016). https://doi.org/10.15488/4702.
72. Müntinga, H. et al. Interferometry with Bose–Einstein condensates in microgravity. Phys. Rev. Lett. 110, 093602. https://doi.org/
10.1103/PhysRevLett.110.093602 (2013).
73. Heine, N. et al. A transportable quantum gravimeter employing delta-kick collimated Bose–Einstein condensates. Eur. Phys. J. D
74, 174. https://doi.org/10.1140/epjd/e2020-10120-x (2020).
74. Karcher, R., Imanaliev, A., Merlet, S. & Pereira Dos Santos, F. Improving the accuracy of atom interferometers with ultracold
sources. New J. Phys. 20, 113041. https://doi.org/10.1088/1367-2630/aaf07d (2018).
75. Schkolnik, V., Leykauf, B., Hauth, M., Freier, C. & Peters, A. The effect of wavefront aberrations in atom interferometry. Appl. Phys.
B 120, 311. https://doi.org/10.1007/s00340-015-6138-5 (2015).
76. Louchet-Chauvet, A. et al. The influence of transverse motion within an atomic gravimeter. New J. Phys. 13, 065025. https://doi.
org/10.1088/1367-2630/13/6/065025 (2011).
77. Roy, R., Green, A., Bowler, R. & Gupta, S. Rapid cooling to quantum degeneracy in dynamically shaped atom traps. Phys. Rev. A
93, 043403. https://doi.org/10.1103/PhysRevA.93.043403 (2016).
78. Stellmer, S., Grimm, R. & Schreck, F. Production of quantum-degenerate strontium gases. Phys. Rev. A 87, 013611. https://doi.org/
10.1103/PhysRevA.87.013611 (2013).
79. Becker, D. et al. Space-borne Bose–Einstein condensation for precision interferometry. Nature 562, 391–395. https://doi.org/10.
1038/s41586-018-0605-1 (2018).
80. Rudolph, J. et al. A high-flux BEC source for mobile atom interferometers. New J. Phys. 17, 065001. https://doi.org/10.1088/1367-
2630/17/6/065001 (2015).
81. Bergmann, G. Improving the seismic isolation for the AEI 10 m prototype. Ph.D. thesis, Gottfried Wilhelm Leibniz Universität
Hannover (2018). https://doi.org/10.15488/3329.
82. LGM 2-K High Resolution Tiltmeter (HRTM). https://www.l-gm.de.
83. Abend, S. Atom-chip gravimeter with Bose–Einstein condensates. Ph.D. thesis, Gottfried Wilhelm Leibniz Universität Hannover
(2017). https://doi.org/10.15488/8921.
84. Hardman, K. S. et al. Simultaneous precision gravimetry and magnetic gradiometry with a Bose–Einstein condensate: A high
precision, quantum sensor. Phys. Rev. Lett. 117, 138501. https://doi.org/10.1103/PhysRevLett.117.138501 (2016).
85. Everitt, C. W. F. et al. Gravity probe B: Final results of a space experiment to test general relativity. Phys. Rev. Lett. 106, 221101.
https://doi.org/10.1103/PhysRevLett.106.221101 (2011).
86. Jentsch, C., Müller, T., Rasel, E. & Ertmer, W. Hyper: A satellite mission in fundamental physics based on high precision atom
interferometry. Gen. Relativ. Gravit. 36, 2197–2221. https://doi.org/10.1023/B:GERG.0000046179.26175.fa (2004).
87. Schiff, L. I. Possible new experimental test of general relativity theory. Phys. Rev. Lett. 4, 215. https://doi.org/10.1103/PhysRevLett.
4.215 (1960).
88. Lense, J. & Thirring, H. Über die Einfluß der Eigenrotation der Zentralkörper auf die Bewegung der Planeten und Monde nach
der Einsteinschen Gravitationstheorie. Phys. Z 19, 156 (1918).

Acknowledgements

Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation)–Project-ID 274200144–
the SFB 1227 DQ-mat within the Projects B07 and B09, and–Project-ID 434617780–SFB 1464 TerraQ within the
projects A01, A02 and A03. Supported by the German Space Agency (DLR) with funds provided by the Federal
Ministry of Economic Affairs and Energy (BMWi) due to an enactment of the German Bundestag under Grant
No. DLR 50WM1952 and 50WM1955 (QUANTUS-V-Fallturm), 50WP1700 (BECCAL), 50RK1957 (QGYRO),
and the Verein Deutscher Ingenieure (VDI) with funds provided by the Federal Ministry of Education and
Research (BMBF) under Grant No. VDI 13N14838 (TAIOL). Funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) under Germany’s Excellence Strategy—EXC-2123 QuantumFrontiers—
Project-ID 390837967. D.S. acknowledges support by the Federal Ministry of Education and Research (BMBF)
through the funding program Photonics Research Germany under contract number 13N14875. We acknowledge financial support from “Niedersächsisches Vorab” through “Förderung von Wissenschaft und Technik in
Forschung und Lehre” for the initial funding of research in the new DLR-SI Institute and through the “Quantumand Nano-Metrology (QUANOMET)” initiative within the Project QT3.

Author contributions

C.S. and E.M.R. developed the idea. P.B. and C.S. performed the calculations. All authors contributed to the
discussion of the results and to the performance estimation. C.S. and E.M.R. wrote the initial draft of the manuscript. All authors contributed to, reviewed, and approved the manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL.

Competing interests

The authors declare no competing interests.

Additional information

Correspondence and requests for materials should be addressed to C.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |
Vol:.(1234567890)

(2021) 11:16121 |

https://doi.org/10.1038/s41598-021-95334-7

8

www.nature.com/scientificreports/
Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
© The Author(s) 2021

Scientific Reports |

(2021) 11:16121 |

https://doi.org/10.1038/s41598-021-95334-7

9
Vol.:(0123456789)

