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ABSTRACT

This document presents a summary of the 2023 Terrestrial Very-Long-Baseline Atom Interferometry Workshop hosted by CERN. The
workshop brought together experts from around the world to discuss the exciting developments in large-scale atom interferometer (AI) proto-
types and their potential for detecting ultralight dark matter and gravitational waves. The primary objective of the workshop was to lay the
groundwork for an international TVLBAI proto-collaboration. This collaboration aims to unite researchers from different institutions to strate-
gize and secure funding for terrestrial large-scale AI projects. The ultimate goal is to create a roadmap detailing the design and technology
choices for one or more kilometer–scale detectors, which will be operational in the mid-2030s. The key sections of this report present the physics
case and technical challenges, together with a comprehensive overview of the discussions at the workshop together with the main conclusions.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1116/5.0185291

TABLE OF CONTENTS
I. PREFACE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
II. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
III. PHYSICS CASE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

A. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
B. Gravitational wave signals . . . . . . . . . . . . . . . . . . . . . 8
C. Dark matter signals. . . . . . . . . . . . . . . . . . . . . . . . . . . 10
D. Tests of quantum mechanics. . . . . . . . . . . . . . . . . . . 11

1. Linearity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2. Superposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

E. Fundamental interactions . . . . . . . . . . . . . . . . . . . . . . 13
F. Tests of atom neutrality . . . . . . . . . . . . . . . . . . . . . . . 14

IV. SYNERGIES OF COLD ATOM AND LASER
INTERFEROMETER EXPERIMENTS . . . . . . . . . . . . . . . 15
A. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

B. Battling gravity gradient noise. . . . . . . . . . . . . . . . . . 15
C. Tests of gravity and formation of supermassive

black holes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
D. New physics with cold atom and laser

interferometers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
E. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

V. TECHNOLOGY OVERVIEW . . . . . . . . . . . . . . . . . . . . . . . 20
A. Large momentum transfer clock atom

interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
B. Diffraction phases and losses in large-

momentum-transfer atom interferometers . . . . . . . 22
C. Atom source technologies . . . . . . . . . . . . . . . . . . . . . 23
D. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

VI. VERTICAL LONG-BASELINE DETECTOR
OPTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-5

VC Author(s) 2024

 20 M
ay 2024 18:11:49



A. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
B. Sensitivity scaling. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
C. Technological challenges and methods . . . . . . . . . . 25

1. Possible limits for LMT and laser power
requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2. Mitigating noise associated with source
kinematics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

3. Tall launch/drop opportunities and challenges 26
4. Large-scale magnetic shielding . . . . . . . . . . . . . . 26
5. Impact of gravity gradient noise and

mitigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
6. Vertical shaft infrastructure, access,

installation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
7. Multiplexing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
8. Phase shear readout, referencing cameras,

optical monitoring . . . . . . . . . . . . . . . . . . . . . . . . 27
D. The VLBAI atom interferometer in Hannover . . . 27
E. The Wuhan 10 m atom interferometer . . . . . . . . . . 28
F. The AION Project in the UK . . . . . . . . . . . . . . . . . . 28
G. The MAGIS-100 Atom Interferometer . . . . . . . . . . 29
H. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

VII. LONG-BASELINE DETECTOR OPTIONS
(HORIZONTAL). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
A. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
B. Large-scale atom interferometry with MIGA . . . . . 32
C. Very-large-scale atom interferometry with

ELGAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
D. Status of the ZAIGA project . . . . . . . . . . . . . . . . . . . 33
E. Future perspectives for horizontal detectors:

Scalable large momentum transfers
and multi-loop geometries . . . . . . . . . . . . . . . . . . . . . 33

F. Multi-photon atom interferometry
via cavity-enhanced Bragg diffraction. . . . . . . . . . . . 34

VIII. SITE OPTIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
A. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
B. Infrastructure considerations for long-baseline

detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
C. Environmental characterization for site selection . 36
D. Potential deep underground laboratories . . . . . . . . 36

1. CERN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2. Boulby underground laboratory . . . . . . . . . . . . . 37
3. The Sanford Underground Research Facility . . 38
4. Callio Lab . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
5. Other sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

IX. SUPPLEMENTARY TOPICS . . . . . . . . . . . . . . . . . . . . . . . 40
A. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
B. Noise sources . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

1. Newtonian noise sources . . . . . . . . . . . . . . . . . . . 41
2. Further noise sources . . . . . . . . . . . . . . . . . . . . . . 41
3. Noise surveillance . . . . . . . . . . . . . . . . . . . . . . . . . 42
4. Avoidance of noise . . . . . . . . . . . . . . . . . . . . . . . . 42

C. Cavity enhancement for interferometry. . . . . . . . . . 42
D. Tests of local position invariance using

additional frequency references . . . . . . . . . . . . . . . . 43
E. Applications to geodetic research . . . . . . . . . . . . . . . 44
F. Molecular interference. . . . . . . . . . . . . . . . . . . . . . . . . 45
G. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

X. CONCLUSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

I. PREFACE

Atom Interferometry (AI) is a well-established quantum sensor
concept based on the superposition and interference of atomic wave
packets, which affords exceptionally high sensitivity, for example, to
inertial/gravitational effects. AI experimental designs take advantage of
features used by state-of-the-art atomic clocks in combination with
established techniques for building inertial sensors.

The experimental landscape of AI projects has expanded signifi-
cantly in recent years, ranging from ultra-sensitive experimental setups
to portable devices and even commercially available gravimeters.
Several large-scale terrestrial AI projects based on cold atom technolo-
gies are currently under construction, in planning stages, or being
proposed.

Five large-scale fully funded prototype projects are currently
under construction, namely, a 10m fountain at Stanford1 and MAGIS-
1002 at FNAL in the US, MIGA3 in France, VLBAI4 at Hannover in
Germany, AION-105 at Oxford with possible 100 m sites at Boulby in
the UK and at CERN under investigation, and a 10m fountain6 and
ZAIGA7 in China. These projects will demonstrate the feasibility of AI
at large scales, paving the way for terrestrial kilometer -scale experi-
ments as the next steps.

There have already been discussions of projects to build one or
more kilometer -scale detectors, including ELGAR in Europe,8

MAGIS-km at the Sanford Underground Research facility (SURF) in
the US,2 AION-km at the STFC Boulby facility in the UK,5 and
advanced ZAIGA in China.7

The goal is that by about 2035 at least 1 km-scale detector will
have entered operation. These kilometer-scale experiments would not
only be able to explore systematically the mid-frequency band of gravi-
tational waves and probe possible ultralight dark matter, but would
also demonstrate the readiness of key technologies ahead of a space-
based AI mission such as AEDGE.9,10

The main goals of the workshop were to establish the pathway
for a proto-collaboration that could develop a Roadmap for the design
and technology choices for one or several kilometer-scale detectors to
be ready for operation in the mid-2030s. This initiative is supported by
the cold atom community and the potential user communities inter-
ested in its science goals. This Roadmap will outline technological
milestones as well as refine interim and long-term scientific goals.

The Workshop brought together members of the cold atom,
astrophysics, cosmology, and fundamental physics communities and
built upon the Community Workshop on Cold Atoms in Space held
in September 2021,11 which reviewed the cold atom experiment land-
scape for space and established a corresponding Roadmap for cold
atoms in space.12

One of the main goals of the workshop was to establish a pathway
for forming an international TVLBAI proto-collaboration. This collab-
oration will bring together researchers from various institutions to
plan and secure funding for terrestrial large-scale AI projects. The aim
is to develop a roadmap that outlines the design and technology
choices for one or several kilometer-scale detectors, which will be ready
for operation in the mid-2030s.

The Workshop Summary, presented here, represents an impor-
tant step toward the formation of the TVLBAI Proto-Collaboration.
This will be followed by a town hall meeting in fall 2023, where inter-
ested communities, technology experts, and potential host site stake-
holders will gather to discuss the formation of the collaboration.
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Templates from previous collaborations will be presented to guide the
structured discussion and reach a consensus.

II. INTRODUCTION

Atom interferometers have potential applications to some of the
central topics in fundamental physics, namely the nature of dark mat-
ter and measurements of gravitational waves.

One of the prominent schools of thought about dark matter13–16

is that it may consist of waves of ultralight bosonic fields forming
coherent waves that move non-relativistically through the Universe.
Many models of such ultralight dark matter (ULDM) candidates pos-
tulate that they would have very weak interactions with the particles of
the Standard Model (SM) that make up the visible matter in the
Universe. As we discuss below, large-scale atom interferometers are
extremely sensitive to such interactions of ULDM fields with SM par-
ticles,17 thanks to the very precise measurements of atomic properties
that they enable.

Atom interferometers are also sensitive to the small distortions of
space-time induced by the passage of gravitational waves (GWs).18

The LIGO and Virgo laser interferometers discovered GWs emitted
during the mergers of black holes (BHs) and neutron stars (NSs)19

(and have now been joined by the KAGRA detector20) pulsar timing
arrays have recently published evidence of nHz GWs that may be
emitted by binary systems of supermassive BHs (SMBHs),21–24 and
mergers of SMBHs are among the prime target of the planned LISA,25

TianQin26 and Taiji27 space-borne laser interferometers. As we discuss
in more detail below, large-scale atom interferometers are sensitive to
GWs in a frequency range intermediate between LISA and LIGO/
Virgo, offering complementary measurements of GWs that might cast
light on the mechanisms for forming supermassive BHs including the
detection of mergers of intermediate mass BHs28—the missing link
between stellar-mass and supermassive BHs.

Atom interferometers can in addition test the limits of quantum
mechanics,29 probe quantum effects in gravitational fields,30 test QED
and the Standard Model31 and provide stringent tests of general rela-
tivity by probing Einstein’s Equivalence Principle.32 Beyond these sig-
nificant contributions to fundamental physics, the unprecedented
sensitivity and accuracy of atom interferometry has important applica-
tions in the measurement of many physical quantities, such as acceler-
ation, local gravity, and rotation, which can be used to create highly
sensitive sensors for navigation, gravimetry and geodesy.12

Motivated by these many potential applications of atom interfer-
ometry to fundamental physics and beyond, it is a rapidly-developing

field of research that is moving out of the laboratory and up to larger
scales. Many of the technological challenges involved in the design and
operation of large-scale atom interferometers are being addressed, and
research into its possibilities is advancing rapidly.

The study of matter waves and their interference dates back to
the early days of quantum mechanics, following the proposal of wave-
particle duality by Louis de Broglie,33 which was confirmed for elec-
trons in experiments by Davisson and Germer34 and Thomson35 and
for atoms by Esterman and Stern.36 These experiments suggested that
the principle of interferometry could be extended to matter waves, but
the development of laser cooling and trapping techniques in the 1980s
and 1990s greatly expanded the possibilities for this area of research.

The advent of lasers enabled precise control over the internal
states and momenta of atoms, creating a new field of research using
cold atoms and the creation of Bose–Einstein condensates (BECs),
which opened different possibilities for the study of matter waves. The
first complete atom interferometers37,38 were prepared using microfab-
ricated diffraction gratings, while the first atom interferometers based
on laser pulses were constructed by the group of Bord�e39 and by
Kasevich and Chu.40 See Refs. 41 and 42 for introductions and reviews
of atom interferometry and some applications.

As illustrated in Fig. 1, the principle of atom interferometers is
similar to that of optical interferometers, but with physical beamsplit-
ters and mirrors replaced by laser–atom interactions. Clouds of cold
atoms are addressed by a laser beam. In the simplest case, an initial
p=2 laser pulse splits the cloud into equal populations of ground- and
excited-state atoms, the latter with a momentum kick due to the
absorption of a photon, separating it from the ground-state cloud. A
subsequent, longer p laser pulse inverts the populations of ground and
excited states, which are brought back together, and a final p=2 pulse
then acts as another beamsplitter and the numbers of atoms in the
ground and excited states are read out by, e.g., fluorescence imaging.
These are sensitive to phase shifts induced by interactions with ULDM
and the passage of GWs.

Achievements of atom interferometers already include a sensitive
terrestrial test of the Einstein Equivalence Principle (EEP) by observing
the free fall of clouds of 85Rb and 87Rb, which verified the EEP at the
10�12 level.32 They also include a precise determination of the fine
structure constant at the 10�11 level through precise determination of
the recoil velocity induced by coherent scattering of a photon from a
87Rb atom.31 Another experiment used pairs of 87Rb clouds launched
simultaneously to different heights in a vertical interferometer to verify
a gravitational analog of the Aharonov–Bohm effect,30 namely a phase

FIG. 1. Left: Outline of the principle of a Mach–Zehnder laser interferometer, as described in Refs. 43 and 44. Right: Outline of an analogous atom interferometer. Atoms in the
ground state, jgi, are represented by solid blue lines, the dashed red lines represent atoms in the excited state, jei, and laser pulses are represented by wavy lines.
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shift induced by the gravitational field of a tungsten source mass placed
close to one of the clouds.

The future sensitivities of atom interferometers to ULDM and
GWs will depend, in particular, on the intensities of the atom sources
and the separations between their trajectories generated by the laser
pulses. The former control the level of atom shot noise and the latter are
increased by repeating the laser pulse sequence many times to obtain
large momentum transfers (LMT). These are key R&D targets on the
path toward realizing the potential of very large atom interferometers.

In Secs. III and IV of this report, we first summarize the physics
case for such very large atom interferometers and then discuss the syn-
ergies between them and laser interferometers. The following sections
review the cold atom technology developments that will be required for
realizing this science program, describe the principal detector options
that are under consideration, and review possible site options. The final
sections discuss supplementary topics and summarize the contents of
the report.

III. PHYSICS CASE
A. Introduction

The Standard Model of particle physics is one of the most suc-
cessful theories constructed by human beings. It is able to describe the
physics of matter from sub-nuclear distances as small as �10�18 m to
the scale of the cosmos �1028 m. It has also withstood every direct
experimental test that it has been subjected to over the past thirty
years. Despite this unprecedented success, we know that the Standard
model is not a complete theory of nature. This failure is manifest both
on observational and theoretical fronts. On the observational side, the
Standard model cannot account for the matter/anti-matter asymmetry.
Nor can it explain the nature of dark matter. On the theoretical side,
we know that the Standard model cannot describe the physics of
strong gravity such as gravitational singularities encountered in black
holes and the Big Bang singularity of the early universe. It is also beset
with theoretical puzzles such as the hierarchy, cosmological constant
and strong CP problems where estimates of values of physical parame-
ters based on well understood calculation principles are in massive
contradiction with observational data. How can we make experimental
progress on these issues given the obstinate agreement between experi-
ment and theory when we directly probe the Standard model?

Over the past century, human mastery over electromagnetism
has enabled us to probe physics at higher and higher energies through
a variety of particle colliders. These colliders are the right technology
to probe physics at high energies that have reasonably large interac-
tions with particles such as electrons and protons. However, they are
statistically unable to probe new physics of any mass that interacts
weakly with these particles. This raises the interesting possibility that
there might be weakly coupled new physics at low energies, opening a
hitherto under-explored frontier in the hunt for new physics beyond
the Standard model. This possibility is bolstered by a compelling theo-
retical case for probing low-mass, weakly coupled particles.

For example, the universal nature of gravitation implies that every
object in the Universe, past or present, is able to send signals to us
through gravitational waves. Direct detection of these gravitational
waves enables us to probe the dynamics of black hole space-times as
well as the physics of the infant universe prior to era of recombination.
This unique opportunity permits us to unveil the secrets of gravity in
regimes that have never been observationally probed. Given the

historic discoveries of gravitational waves by the LIGO/Virgo collabo-
ration, there is a strong case for further exploration of the gravitational
wave spectrum. Experiments that are able to explore other parts of this
spectrum are guaranteed to make discoveries. In addition to this, there
is also a strong theoretical case to look for new, weakly coupled par-
ticles. The existence of dark matter strongly suggests that the new
physics likely interacts weakly with the Standard Model. Popular solu-
tions to outstanding theoretical puzzles such as the strong CP, hierar-
chy, and cosmological constant problems also feature the existence of
such particles. Given these exciting possibilities, what technology gives
access to this space?

The key technological requirement is a sensing platform that
combines high precision with superior noise cancelation capabilities,
in order to be sensitive to the weak signals expected from this kind of
physics. Atom interferometry offers an interesting solution to this
technological challenge. It combines the pristine quantum-mechanical
nature of atomic properties with noise cancelation abilities inherent to
interferometry to make possible sensors that have exquisite sensitivity
to accelerations, energy shifts and spin precession–the dominant ways
in which new physics can affect Standard model sensors. The demon-
strated performance of these sensors is sufficient to probe new regions
of parameter space and foreseeable advances made possible by focused
efforts will lead to the creation of advanced sensors that can expand
significantly the searches for gravitational waves and new physics.

In the following, we discuss some of the physics opportunities
that can be exploited by a variety of atom interferometry configura-
tions. We begin in Sec. IIIB by focusing on gravitational waves in the
frequency band 0.01–10Hz (the “dHz range”) where terrestrial atom
interferometers have unique capabilities for gravitational wave detec-
tion. Following this, in Sec. III C we discuss the ability of atom interfer-
ometers to probe a variety of ultralight dark matter candidates. We
then discuss new tests of quantum mechanics in Sec. IIID, followed by
discussions of probes of new fundamental interactions in Sec. III E and
probes of the charge neutrality of atoms in Sec. III F.

B. Gravitational wave signals

Figure 2 illustrates the potential sensitivities of terrestrial atom
interferometers to gravitational waves based on studies of the Atom
Interferometer Observatory and Network (AION) in its planned
100m and 1 km versions.5,45 The dashed line labeled GGN indicates
the potential impact of gravitational gradient noise assuming the
Peterson new low-noise model (NLNM) model46 without implement-
ing any of the mitigation strategies discussed in Sec. IVB. We also
include other planned and currently running experiments starting
from high frequencies with LIGO/Virgo/KAGRA and their latest O3
data47 and design sensitivity,48 as well as the planned ET detector.49

Below the optimal frequencies of atom interferometers we see the sen-
sitivity of LISA25 and at much lower frequencies those of pulsar timing
arrays (PTAs) and SKA.50 We also include gray violins indicating the
fit to a stochastic gravitational wave background reported by the
NANOGrav PTA in their 15-year data,21 which is corroborated by
data from other PTAs,22–24,51–58 and also indicate the prospective sen-
sitivities of the space-borne atom interferometer experiments AEDGE
and AEDGEþ.45,59

The peak sensitivity of atom interferometers such as AION, posi-
tioned between the terrestrial interferometers LIGO/Virgo and the LISA
space mission, makes them ideal tools for probing many astrophysical
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phenomena otherwise beyond our reach. It would be ideal for measur-
ing the high-frequency tails of mergers and ringdown stages of
intermediate-mass black hole binaries. It can also observe the early infall
stages of mergers that subsequently merge within the LIGO/Virgo and
ET frequency band. These prospects were discussed in detail in Refs. 5
and 45, for more details and updated predictions see also Sec. IVC.
Proposals for space-borne laser interferometer projects beyond LISA to
target similar frequency ranges include BBO60 and DECIGO.61

Another interesting target unique to GW observatories is the
direct observation of early Universe phenomena through primordial
stochastic backgrounds of GWs.62 One of the possible sources at such
early times is a first-order phase transition, as appears in a plethora of
scenarios for physics beyond the SM (BSM). The dynamics of such
transitions are largely described by their energy compared to the back-
ground, parameterized by a, and the ratio of their inverse time dura-
tion to the Hubble time, b=H, as well as the transition temperature T�.
Figure 3 shows the sensitivity of AION and other planned experiments

to phase transitions in terms of these parameters. We show fixed val-
ues of b=H ¼ 10, 102, and 103 using, for simplicity, the sound-wave
spectra calculated in Refs. 63–65. Note that the latter are most appro-
priate for relatively weak phase transitions, i.e., a� 0:1. We see that
AION-km has good sensitivity for transition temperatures between
T� ¼ 103 and 105GeV, provided a � 0:1 and b=H � 102. It is impor-
tant to point out that probing the spectrum in a large range of frequen-
cies would be necessary to measure well the shape of the spectrum and
identify a phase transition as the source behind the signal.

The electroweak symmetry breaking (EWSB) transition, which
occurs at an energy scale T� � 100GeV, offers a particularly interesting
test-bed in this context, since it certainly took place in the early
Universe, and represents the frontier between “known” high-energy
physics—the Standard model of particle physics that has been tested on
Earth in particle experiments—and its untested higher-energy exten-
sions. Searching for a SGWB signal from such a phase transition there-
fore provides a probe of possible physics beyond the Standard Model
(BSM). BSM scenarios for which the electroweak phase transition is of
first order typically predict weakly first-order (and consequently brief)
phase transitions, characterized by 102 < b=H� < 104.66,67 The corre-
sponding SGWBs are outside the sensitivity range of LISA, but could be
detected by an interferometer operating at higher frequency.
Consequently, the detection frequency range of an atom interferometer
such as AION-km has the advantage of probing favored regions in the
EWSB parameter space. Furthermore, as can be appreciated from
Fig. 3, AION-km would be sensitive to first-order phase transitions
occurring also at higher temperatures than EWSB, providing the
opportunity to test the fundamental high-energy theory beyond the
reach of any present or near-future particle collider.

Another potential source of gravitational waves from the Early
Universe is a cosmic string network. If produced in a phase transition
at very high energies, it would continue emitting GWs until today, pro-
ducing a spectrum featuring a relatively flat plateau over a large range
of frequencies.68–70 The recent GW signal in the 15-year data from
NANOGrav21 could, in fact, be fitted very well with such a signal52,71

(for earlier analysis of this potential source, see Refs. 72–74) provided
the mass per unit length of the network lies within Gl � �10�11

�10�12 with intercommutation probability p � 10�3 � 10�1.75 This
interpretation would indicate that the signal could also be measured in

FIG. 2. Sensitivities to the energy density of GWs, XGWh2, using power-law integra-
tion of the proposed terrestrial atom interferometers AION-100, AION-km, as well as
the space-borne incarnations of the technology AEDGE and AEDGEþ, together with
other existing and planned experiments LIGO/Virgo/KAGRA (LVK), ET, PTAs, and
SKA. Also shown in gray are likelihood distributions in each frequency bin for the
15-year GW data reported by the NANOGrav Collaboration, as described in Ref. 21.

FIG. 3. Sensitivities in the ðT�; aÞ plane of AION-100 and -km, as well as other planned experiments, to the SGWB spectrum from sound waves in the plasma that could be
formed in the aftermath of bubble collisions. Dashed lines show SNR¼ 1 while solid lines SNR¼ 10 except for AION-km GGN for which SNR¼ 10 is depicted by a thick
dashed line while the dotted line corresponds to SNR¼ 1. Figure reused with permission from Badurina et al., Philos. Trans. R. Soc., A 380, 035 (2022). Copyright 2022 Royal
Society Publishing.45
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AION-km as well as LISA, ET, and AEDGE, although not necessarily
in upcoming runs of the LIGO, Virgo, and KAGRA experiments.75

Should this interpretation prevail, the measurement of the spectrum
over a wide range of frequencies would also enable the mapping of the
expansion rate of the Universe, as any modification would leave its
imprint on the spectrum. We show examples of modifications of the
spectrum coming from an early period of matter domination and kina-
tion in the left panel of Fig. 4. However, it is important to point out
that even much smaller modifications such as a change in the number
of relativistic degrees of freedom could be measured. The right panel
of the same figure shows the reach of experiments in terms of the tem-
perature at which the expansion rate is modified.

C. Dark matter signals

For masses below approximately 1 eV, a bosonic ultralight dark
matter (ULDM) field within our galaxy could be effectively described

as a superposition of classical waves.80 The coherent oscillations of
these ULDM waves would give rise to a diverse range of time-
dependent signals that could be explored using atom interferometers.
These signals encompass various phenomena, including the time-
dependent oscillations of fundamental “constants” in the context of
scalar ULDM candidates,45,77,81,82 the time-dependent differences in
accelerations between atoms in theories involving vector candidates,17

and the time-dependent precession of nuclear spins in the case of
pseudoscalar candidates.83 In general, these signals have a frequency
determined by the ULDMmass, an amplitude proportional to the local
ULDM density and mass, and a coherence time that depends on both
the ULDMmass and the ULDM virial velocity within our galaxy.84

The left panel of Fig. 5 shows sensitivity projections for 100m
and 1 km baseline vertical gradiometers to the linear coupling of a sca-
lar ULDM field to electrons (dme ) as a function of the ULDM mass
(m/). This linear coupling induces an effective time-dependent correc-
tion to the electron mass, which, in turn, induces small time-

FIG. 4. Left panel: cosmic super string spectrum with Gl ¼ 10�11:75 and intercommutation probability p ¼ 10�2:25 in standard cosmology together with its possible modifica-
tions by a period of kination or matter domination (MD) ending at temperatures T> 5 MeV and 5 GeV. The gray violins indicate the spectra capable of explaining the
NANOGrav 15 y data. Right panel: Sensitivity of various experiments to a modification of the expansion rate at a temperature TD for a given value of the string tension Gl with
p¼ 1. The gray bands indicate values favored by the NANOGrav 12.5 y data.72,76 The right panel is reused with permission from Badurina et al., Philos. Trans. R. Soc., A 380,
035 (2022). Copyright 2022 Royal Society Publishing.45

FIG. 5. Left panel: projections for sensitivities to scalar ULDM linearly coupled to electrons (shot noise limited and assuming SNR ¼ 1). The lighter-blue 100 m baseline curve
shows the oscillatory nature of the sensitivity projections, while the darker-blue and green curves show the envelope of the oscillations. Right panel: parameter reconstruction,
adapted from with permission from Badurina et al., “Super-Nyquist ultralight dark matter searches with broadband atom gradiometers,” arXiv:2306.16477. Copyright 2023
Authors, licensed under a Creative Commons Attribution Unported License,77 of an injected signal with f/ ¼ 9:1 Hz and dme ¼ 3:7� 10�5 (green cross) for a 1 km baseline
assuming a constant sampling frequency of 0.3 Hz. The purple contours show the islands of parameter space compatible with the signal at 95.4% CL. In both panels, the
shaded orange region shows constraints from MICROSCOPE as described in Refs. 78 and 79.
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dependences in the energy levels of atoms.85 (There are similar sensi-
tivities for scalar ULDM couplings to the photon and to quarks.) The
projections in the left panel of Fig. 5 have been calculated for the
“clock” transition in 87Sr and follow the procedure outlined in Ref. 5.
For the 100 m baseline, we assume 1000 �hk atom optics and
10�4 rad=

ffiffiffiffiffiffi
Hz

p
phase resolution; while for the 1 km baseline, we

assume 2500 �hk atom optics and 10�5 rad=
ffiffiffiffiffiffi
Hz

p
phase resolution.

The atom interferometer sensitivity oscillates as a function of the
ULDM mass, as illustrated by the light-blue 100 m curve in the left
panel of Fig. 5. However, the peaks and troughs can be shifted by run-
ning with slightly different interrogation times,86 so it is usually only
the envelope of the oscillations that is plotted (darker blue and green
lines). It is important to note that these projections are atom-shot-
noise limited and, therefore, do not take into account gravity gradient
noise (GGN), which is expected to impact the 1 km baseline projec-
tions below approximately 1Hz in the absence of mitigation strategies:
see the discussion in Sec. IVB.

The right panel of Fig. 5 shows an example of ULDM parameter
reconstruction in the event of a (simulated) 5r discovery assuming a
1 km baseline, 2500 �hk atom optics, 10�5 rad=

ffiffiffiffiffiffi
Hz

p
phase resolution,

108 s integration time, and a constant sampling frequency of 0.3Hz.77

The green cross shows the parameters of the injected signal, while the
purple contours show the islands of parameter space compatible with
the signal at 95.4% CL. The injected signal falls within the 95.4% CL
contour of one island. The multiple islands arise from aliasing, since
the injected signal is above the Nyquist frequency.77 As the signal
strength increases, or if the sampling frequency is increased, the num-
ber of islands decreases. Each island has a width df/ � 10�6 Hz, which
is determined by the integration time and the degree to which the
time-series data are stacked.77

Next, we consider the shot-noise-limited sensitivity to a B–L cou-
pled vector ULDM candidate. The projected sensitivity, shown in the
left panel of Fig. 6 in terms of the vector mass (mA) and coupling
(gB�L),

87,88 arises from comparing the accelerometer signals from two
simultaneous atom interferometers run with dual species (here, 87Sr
and 88Sr). The sensitivity is quoted in terms of the acceleration sensi-
tivity, where the blue line could be achieved with a 100 m baseline,

100 �hk atom optics and 10�3 rad=
ffiffiffiffiffiffi
Hz

p
phase resolution, while the

green line could be achieved with a 100 m baseline, 1000 �hk atom
optics and 10�4 rad=

ffiffiffiffiffiffi
Hz

p
phase resolution.

Finally, the right panel of Fig. 6 shows the shot-noise-limited sen-
sitivity to a pseudoscalar ULDM candidate. The spin coupling of the
pseudoscalar field to atoms creates a spurious phase shift due to the
precession of the spin induced by the pseudoscalar field, which can be
measured by interfering two atoms in different nuclear spin states. The
projections shown in Fig. 6 in terms of the pseudoscalar mass (ma)
and coupling (gaNN) assume the use of a resonant sequence that ampli-
fies the phase shift at the pseudoscalar frequency89 and a phase resolu-
tion of 10�4 rad=

ffiffiffiffiffiffi
Hz

p
. The sensitivity is shown for two values of the

interrogation time. While 1 s can be achieved with a Oð10Þ m base-
line, 10 s is expected to be achievable with a 1 km baseline.

D. Tests of quantum mechanics

Quantum mechanics is the bedrock of physics. However, its axi-
oms were derived phenomenologically, leading to the enticing possibil-
ity that these axioms are an approximation to a more complete theory.
There is a strong need to develop formalisms for consistent deviations
from these axioms and probe them experimentally.

1. Linearity

One of the central axioms of quantum mechanics is the linearity
of time evolution. In every other system, linearity is an approximation.
Why should quantum mechanics be perfectly linear? Following the
failure of prior attempts,90,91 it has been widely believed that linearity
is necessary for causality. However, it was shown in Ref. 92 that this
belief is false. Furthermore, this work showed that causal nonlinear
evolution that preserves other symmetries of nature (such as gauge
invariance and conservation laws) was possible in quantummechanics.
The key point of Ref. 92 is as follows. In quantum mechanics, when we
consider a particle like an electron moving from one point to another,
the particle takes all possible paths in physical space in going between
these points. In linear quantum mechanics, when we consider the
motion of two electrons, the paths taken by one electron affects the

FIG. 6. Left panel: shot noise limited projection, adapted with permission from Abe et al., Quantum Sci. Technol. 6, 044003 (2021). Copyright 2021 IOP Publishing,2 to B–L cou-
pled vector ULDM for a dual-species interferometer (87Sr and 88Sr). The projections are given in terms of the acceleration sensitivities achievable with VLBAI (see the text).
The shaded orange region shows constraints from MICROSCOPE as described in Ref. 78. Right panel: Shot noise limited projection, adapted with permission from Graham
et al., Phys. Rev. D 97, 055006 (2018). Copyright 2018 Authors, licensed under a Creative Commons Attribution Unported License, to the spin coupling of pseudoscalar ULDM
to atoms. The projections are given in terms of the interrogation time. The shaded yellow region shows bounds from supernova cooling.
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paths taken by the other electron via the electromagnetic force. This
occurs causally. However, in linear quantum mechanics, the paths of a
single electron do not influence each other via the electromagnetic
force. Such an interaction would be nonlinear. Given that the paths of
distinct electrons are able to affect each other causally, why should cau-
sality preclude nonlinearity, i.e., the paths of the single electron
influencing each other? In linear quantum mechanics, the natural way
to describe interactions in a causal way is quantum field theory. Thus,
in Ref. 92, nonlinearities were directly introduced into quantum field
theory and it was shown that a wide class of causal and consistent non-
linear time evolution was possible in quantum mechanics. This work
also naturally realized the general structure that91 showed must be pre-
sent in any causal nonlinear quantummechanical theory.

Excitingly, this work also showed that prior experimental limits
on causal nonlinear quantum mechanical systems from probes of pris-
tine quantum mechanical systems such as atomic and nuclear physics
were weak. However, this physics can be readily probed in dedicated
experiments. A preliminary suite of experiments was performed to test
the electromagnetic aspects of this framework.93,94 Present and future
atom interferometers will be able to test the gravitational aspects of
this framework with significant sensitivity, well beyond present limits
on such non-linearities in the gravitational sector.

In linear quantum mechanics, the time evolution of a quantum
state jvi is described by a convolution of the state jvi with a path inte-
gral that describes the evolution of the basis elements of the Hilbert
space of the theory. This path integral is independent of the state jvi.
In Ref. 92, nonlinear evolution is introduced by making this path
integral depend on the state jvi by changing the Lagrangian in a state-
dependent way. For example, in linear quantum mechanics, the inter-
action of the gravitational field gl� with a scalar field / is described by
the term gl�@l/@�/. In nonlinear quantum mechanics, the interac-
tion is instead described by the term ðgl� þ �hvjĝl� jviÞ@l/@�/,
where hvjĝ l� jvi is the expectation value of the metric operator ĝ l� in
the quantum state jvi. How can these terms be probed experimentally?
Nonlinearities permit different arms of a superposition to interact with
each other. In linear quantum mechanics, the effects of a quantum
superposition can only be measured if the system is quantum coherent.
Bizarrely, in nonlinear quantum mechanics, the effects of a quantum
superposition can be detected even in the presence of decoherence.91,92

This leads to the following experimental concept.
First, one creates a macroscopic quantum superposition. This

superposition need not be quantum coherent and is, thus, easily cre-
ated by performing a measurement on a quantum system such as a
spin 1/2 system. When such a measurement is made, the Schrodinger
equation predicts that this creates a macroscopic superposition of two
“worlds”: one in which the spin was measured to be up and in another
where the spin was measured to be down. At a fixed location in the
laboratory, we place a test mass when spin up is obtained. At the same
location in the laboratory, if we get spin down, we place an accelerom-
eter such as an atom interferometer. In this quantum state, even in lin-
ear quantum mechanics, the expectation value hvjĝ l� jvi at this
particular point in the laboratory is non-zero. However, since the evo-
lution is independent of hvjĝl� jvi, this cannot be observed—the accel-
erometer that is entangled with spin down will not respond to the test
mass that is entangled with spin up.

This is not the case in nonlinear quantum mechanics where
hvjĝl� jvi directly affects the evolution of the physical states. Thus, the

accelerometer that is entangled with spin down will register an acceler-
ation arising from the test mass that is entangled with spin up. Due to
this nonlinearity, there is interaction between the two arms (i.e.,
“worlds”) of the superposition. This phenomenon was dubbed the
“Everett phone” by Polchinski,91 and it is a requirement of any causal
nonlinear modification of quantum mechanics.

An experiment of this kind can be naturally incorporated into the
science program envisaged for a long baseline interferometry setup.
The atom interferometers are natural accelerometers and, when
arranged in a gradiometer configuration, they are naturally insensitive
to a variety of systematics such as vibrational noise that affects acceler-
ometry measurements. Test masses are also envisaged in these setups
in order to search for new interactions (see Sec. III E). All that is miss-
ing is a quantum spin whose outcome determines where the mass and
the accelerometer are placed. This can be readily obtained by either
accessing a variety of publicly available quantum randomizers such as
the IBM quantum processor or through in-house quantum random-
izers constructed either with atomic systems or simple, low-activity
radioactive sources. Conservatively, an accelerometer with sensitivity
�10�13g=

ffiffiffiffiffiffi
Hz

p
and a 100kg test mass, operating for about �106 s can

probe the nonlinear parameter � down to � � 10�6, a million-fold
improvement over the current � � Oð1Þ on this parameter from.95 A
null result in this experiment would also be hugely important, since it
would prove the quantum nature of gravity.95

Atom interferometers also have a unique ability to probe another
key aspect of nonlinear quantum mechanics. Unlike linear quantum
mechanics, the observational phenomenology of nonlinear quantum
mechanics is fundamentally tied to the full quantum state,92 including
its cosmological history. In conventional inflationary cosmology,
where our observed universe is a tiny part of the entire wave-function
of the universe, laboratory experiments of the kind described above
will give null results even if the fundamental nonlinear term � is large
simply because of the small overlap of our universe with the full quan-
tum state of the cosmos. However, in such a scenario, nonlinear terms
can still be tested since these terms naturally violate the equivalence
principle. Tests of the equivalence principle are one of the key goals of
long baseline atom interferometers (see Sec. III E), and these tests are
directly applicable in constraining these aspects of nonlinear quantum
mechanics.

It is exciting that there is a consistent parameterized deviation
from quantum mechanics.92 If nonlinear quantum mechanics is dis-
covered in the experiments proposed above, it could lead to transfor-
mative effects on science and society. For example, if nonlinear
quantum mechanics is discovered using the “Everett-phone” setup
described above,91 it will lead to a technological revolution. This dis-
covery would enable us to parallelize readily-available classical resour-
ces to solve a wide variety of problems, including computing problems.
Moreover, any discovery of nonlinear quantum mechanics is likely to
open new avenues for solving the black hole information problem in
an experimentally testable manner. There is thus a very strong scien-
tific and technological case for testing these theories.

2. Superposition

Among the tests of the foundations of Quantum Mechanics, it is
also of fundamental importance to the limits of validity of the quan-
tum superposition principle for larger systems. The reason why quan-
tum properties of microscopic systems (in particular, the possibility of
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being in the superposition of two states at once) do not carry over to
macroscopic objects has been subject of intense debate during recent
decades.96–102 Its possible resolution could be a progressive breakdown
of the superposition principle when moving from the microscopic to
the macroscopic regime. The most important consequence would be
to change fundamentally our understanding of QuantumMechanics—
now commonly considered as the fundamental theory of Nature—as
an effective theory appearing only as the limiting case of a more gen-
eral one.103 Several models have been proposed to account for such a
breakdown of the quantum superposition principle. They go under the
common name of (wavefunction) collapse models,103–105 and modify
the standard Schr€odinger dynamics by adding collapse terms whose
action leads to the localization of the wavefunction in a chosen basis.

Another suggested motivation for collapse models, beyond hav-
ing a universal theory whose validity stretches from the microscopic
world to the macroscopic world, comes from a cosmological perspec-
tive. Collapse models have been proposed to justify the emergence of
cosmic structures in the Universe, whose signatures are imprinted in
the Cosmic Microwave Background (CMB) in the form of temperature
anisotropies.106–108 Moreover, collapse models were also proposed as
possible candidates to implement an effective cosmological constant,
thus explaining the acceleration of the expansion of the Universe.109

The application of collapse models to cosmology is however not
straightforward, as it requires a relativistic generalization of the non-
relativistic models discussed below. How to build these relativistic gen-
eralizations of collapse models is still not clear: several proposals have
been suggested,110–114 but each has limitations and the debate in the
theoretical community is still open.

The most studied collapse model is the Continuous Spontaneous
Localization (CSL) model,115,116 a phenomenological model that treats
the system under scrutiny as fundamentally quantum but subject to
the weak and continuous action of some measurement-like dynamics
that occurs universally. The CSL model is characterized by two free
parameters: the collapse rate k, which characterizes the strength of the
collapse, and the correlation length of the collapse noise rC, which is
the length-scale defining the spatial resolution of the collapse and,
thus, characterizing the transition between the micro and macro
domains. Although extensive research over the past 20years has set
ever stronger upper bounds on these parameters,117,118 there is still a
wide unexplored region in the parameter space. Since the structure of
the CSL dynamics resembles that of a weak continuous Gaussian mea-
surement (at zero efficiency, since the outcome of the measurement is
not recorded)—which is a quite general framework—one typically
regards it as a figure of merit for a wide class of collapse models.

Also worthy of mention is the Di�osi–Penrose (DP) model,99,119

which is also considered among the most important collapse models.
The DP model predicts the breakdown of the superposition principle
when gravitational effects are strong enough. Penrose provided several
arguments why there is a fundamental tension between the principle
of general covariance in General Relativity and the superposition prin-
ciple of Quantum Mechanics,119,120 suggesting that systems in spatial
superposition should collapse spontaneously to localized states and
that this effect should get stronger the larger the mass of the system. A
model that describes this effect was introduced by Di�osi in Ref. 121
and is known as the DP model. It is fully characterized by the
Newtonian kernel G=�hb1=jx � yjc, where G is the gravitational con-
stant, so that the model is free from any fitting parameter. However,

due to the standard divergences of the Newtonian potential at small
distances, the collapse rate for a point-like particle diverges, irrespec-
tive of its mass. This implies an instantaneous collapse even for micro-
scopic particles, in contrast to the requirements of the model. To avoid
this divergence, one takes a Gaussian smearing of the Newtonian ker-
nel of width R0, which becomes the free parameter of the DP model.
Several experiments set lower bounds on R0,

118,122 and the strongest
bound is given currently by a search for spontaneous radiation emis-
sion from germanium.123

The direct way to test collapse models is to quantify the loss of
quantum coherence in interferometric experiments with particles as
massive as possible, so as to magnify the collapse effects on the super-
position.117 Currently, the most massive particle that has been placed
in a superposition has had a mass around 2:5� 104 amu.124 The cor-
responding bound is, however, around 9 orders of magnitude away
from ruling out the CSL model. With the aim of testing such values,
one would need to prepare superpositions with masses around
109 amu on a time-scale of 10 s,125 which is far beyond the current
capabilities of the state-of-the-art and near-future technology.

In parallel to the interferometric approach, alternative strategies
have been developed, which provide stronger bounds, without neces-
sarily requiring the creation of a superposition state. They are based on
indirect effects of the modifications collapse models introduce into
quantum dynamics,118 such as extra heating and diffusion or sponta-
neous radiation emission. Among them, the measurement of the vari-
ance in position r2t of a non-interacting BEC in free fall can be
considered. It may be expressed as

r2t ¼ r2QM;t þ
�h2

6m2
0r

2
C
kt3: (3.1)

The variance is enhanced by the action of collapse models on the BEC
with respect to that predicted by quantum mechanics r2QM;t / t2,
exhibiting a different scaling that is proportional to the cube of the free
evolution time. This test can be implemented directly without requir-
ing additional instrumentation beyond what is already envisioned for
the interferometric experiment.

A study of BEC expansion has already set a competitive bound
on CSL,29 which provides bounds four orders of magnitude stronger
than interferometric experiments. This experiment was performed on
the ground,126 where the major limitation was provided by gravity,
which constrains the total duration of the experiments to a few sec-
onds. In such an experiment, a BEC is created in a vertically-oriented
quadrupole trap, allowed to evolve freely and cooled down through the
use of a delta-kick technique to make rQM;t as small as possible.
Finally, it is again allowed to evolve freely, and eventually its position
variance is measured.

E. Fundamental interactions

As discussed in Sec. III C, dark matter candidates may induce a
signal in atom interferometers,81 where two spatially separated devices
are operated by common laser beams.82 The differential measurement
suppresses common mode noise and compares the signal induced at
two different points in space-time. Dark matter may induce signatures
in both the motion and the internal (electronic) energy states of the
atom.127 The working principle of atom-based GW detectors is similar,
but the signature of a GW is encoded in the phase of the light pulse
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and read out by the atom interferometer.18,128,129 These examples
highlight the point that light-pulse atom interferometers are based on
the propagation of atoms and light, as well as on their interaction at
different points in space time. Different approaches to model atom
interferometers have mainly focused on the propagation of
atoms,128,130–135 but also detailed studies of diffraction induced by
atom-light interactions have been performed.136–140 These efforts have
to be re-evaluated when designing detectors for BSM physics.

To include such fundamental interactions, one starts by introduc-
ing additional fields that give rise to novel physics. The hypothetical
interactions with all known constituents of the Standard Model need
to be described, that is, the interactions with elementary particles such
as electrons, photons, gluons, quarks, and others. Typically, a comple-
mentary approach to high-energy or particle physics is chosen:
classical light and weak BSM fields are assumed instead of second-
quantized particles. The next step is to solve perturbatively the equa-
tion of motion of the field and its interaction with other particles.
When the coupling between the new field and known particles is intro-
duced, light-pulse atom interferometers require the treatment of light
and atoms. The latter are composite particles, as are their nuclei, and
require an effective description. One should consider both the center-
of-mass motion of the composite particle and its internal states, as
both are manipulated by light and are central to atom interferometry.
One finds an effective coupling of the novel field to the center-of-mass
motion as well as to the internal states, which in general differs from
that to the individual elementary particles. Simultaneously, new fields
may directly couple the photons that make up the light pulses through
and modify Maxwell’s equations.

In principle, the described procedure is generic and can be
applied to various types of fields with different symmetries and proper-
ties, such as scalar fields like dilatons,141 but also to pseudoscalar
fields142,143 such as axions,144,145 or dark photons,146,147 which could
all in principle account for dark matter. There is a variety of possible
extensions of the Standard Model, and a comprehensive overview is
beyond the scope of this article. Instead, we focus on the example of a
dilaton field.

In general, the dilaton couples non-trivially to all constituents of
the Standard Model, and its couplings can be linearized since it is a
weakly coupled field. Via this procedure, all coupling constants are
modified linearly by the dilaton, including the fine structure constant
or the electron and nucleon masses.141,148 In particular, both the
atom’s mass and its internal energy structure are modified and depend,
to lowest order, linearly on the dilaton. Maxwell’s equations are modi-
fied similarly, whereas no modification of Einstein’s equations is found
to lowest order, since the field is ultralight and couples weakly. The
specific form of the dilaton field depends in general on the local envi-
ronment and may be modified, e.g., by source masses such as the
Earth. It obeys an inhomogeneous wave equation, where the homoge-
neous part gives rise to plane waves with a specific wave vector that
corresponds to its momentum.127 This contribution serves as a model
for dark matter, where the velocity distribution inferred from galactic
observations is matched to the plane waves. The inhomogeneous solu-
tion arises from the metric and depends on the local mass-energy den-
sity. The modified Maxwell’s equations lead only to an effect on the
amplitude of a classical propagating light ray, not on its phase to lead-
ing order, so that no signature arises from light propagation in dark-
matter backgrounds.127 In contrast, the atomic motion and the

resulting interferometric phase are sensitive to the dilaton, and the
internal energies and the mass of the atom depend on it.81,82 The
inhomogeneous solution sourced by a local mass reflects itself in an
apparent violation of the equivalence principle.32,149–152 It induces a
mass- and internal-state-dependent acceleration. In contrast, the
plane-wave solution that models dark matter gives rise to oscillations
of internal energies, and also the total mass of the atom. Consequently,
there are two read-out strategies. To measure an effect on the center of
mass, the atom remains in the same internal state3,8,81 using Bragg dif-
fraction.138–140,153 Such an experiment needs two counterpropagating
beams so that laser phase noise couples for large spatial separations. In
contrast, single photon transitions18,154 change the internal state,
whose energy difference depend on the dilaton field. Similar to atomic
clocks,155–157 this contribution is dominant,158 as it originates from the
rest energy of the atom.2,82,127 The treatment sketched above has to be
reviewed for other possible dark matter candidates, that might differ in
their fundamental interactions with atom interferometers.

F. Tests of atom neutrality

Although atom neutrality is commonly accepted, it raises the fun-
damental question of charge quantization in the framework of the
SM,159,160 and therefore relies mainly on experimental observations.
Several measurements of the electrical neutrality of matter have been
performed using different laboratory approaches. All experimental evi-
dence to date is consistent with atoms being electrically neutral, i.e.,
there is an exact matching between the charge of the electron (qe) and
the proton (qp), and the neutron charge (qn) is zero. The best limits for
the electron-proton charge asymmetry ðqp þ qeÞ=qe and the residual
neutron charge qn=qe are near 10�21.161–163 Most of the methods used
so far are measurements based on macroscopic dilute or bulk ensem-
bles that suffer from difficulties in the modeling of systematic effects
related to spurious charging effects or the inhomogeneity of electric
fields.

Matter-wave interferometers with a macroscopic separation
between interferometer arms allow one to shape electromagnetic and
gravitational potentials,30,164,165 opening the way to new measurements
in fundamental physics based on geometrical phase shifts. In particu-
lar, a new test of atom neutrality with an atom interferometer based on
the scalar Aharonov–Bohm effect has been proposed.166,167 The scalar
Aharonov–Bohm effect168 appears when opposite electric potentials
6V are applied on the two interferometer arms during a time s. The
electric potentials are turned on when the atoms are inside the elec-
trode assembly where the electric field is vanishing. If the atom carries
a non-zero electric charge dq, a phase shift proportional to dq is
induced: D/ ¼ dqVs=�h. Therefore, one can infer a limit on the atom
neutrality and the charge per nucleon from the uncertainty in the
Aharonov-Bohm phase shift. In addition, by performing the measure-
ments on the two atomic species, one can place independent bounds
on the neutron charge qn and on the electron-proton charge asymme-
try qe þ qp. Then, assuming charge conservation in neutron b-decay
(n ! pþ e� þ �� e), it is possible to infer a limit on the neutrino (�� e)
electric charge with the same accuracy as qp þ qe and qn.

The Aharonov–Bohm method can potentially surpass by orders
of magnitude the current bounds on atom neutrality. In particular,
very large scale atom interferometers offer opportunities for efficient
implementation of such tests, as they provide large separations
between the interferometer arms leading to well-separated interaction
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zones and very long duration of the voltage pulse s. In addition, the
gravitational antennas studied here anticipate an extremely high sig-
nal-to-noise ratio and a very low-noise environment,2 opening up the
prospect of electrical neutrality tests below 10�28qe.

Astrophysical methods can also provide bounds on the neutrality
of atoms169,170 and neutrinos.171,172 However, these limits depend on
specific assumptions and models. Therefore, the new bounds from
atom interferometry could help to refine such astrophysical models,
and might stimulate new studies in astrophysics. In addition, pushing
the limits on atom neutrality is of great interest in particle physics, as
the origin of the extreme fine-tuning between the charges of funda-
mental particles can be considered as a hint for new physics beyond
the SM.159 Indeed, some specific models propose de-quantization of
the electric charge.167,173 We close by recalling the comment that most
of the experiments “were done decades ago, and at the time were rather
one-[person] shows. This is a pity in view of the effort invested in other
searches beyond the standard model”.174

IV. SYNERGIES OF COLD ATOM AND LASER
INTERFEROMETER EXPERIMENTS
A. Introduction

In this section we summarize three aspects of the synergies
between terrestrial atom and laser interferometer experiments. Both
types of experiment must confront and mitigate the effects of the
Earth’s seismic activity. Laser interferometers are particularly vulnera-
ble to vibrations of their mirrors, which can be mitigated by the design
of their mounts, whereas the motions of clouds in atom interferome-
ters are sensitive to fluctuations in the Earth’s gravitational field as it
vibrates, called gravity gradient noise (GGN), which cannot be
shielded. The synergies between the two types of experiment depend
on the degree to which GGN effects can be minimized, allowing atom
interferometers to explore frequency ranges that are inaccessible to
laser interferometers and maximize their complementarity, as dis-
cussed in the first part of this section. Prospective synergies in studies
of astrophysical GWs are discussed in the second part of this section.
These include the observations of inspiral stages of stellar-mass black
holes that will be observed later by laser interferometers such as LIGO/
Virgo/KAGRA, ET and CE. These will provide tests of gravity includ-
ing constraints on the graviton mass and Lorentz violation175 as well
as predicting the times and directions of subsequent mergers, thereby
facilitating multimessenger observations. Furthermore, observing the
long inspiral phases of stellar-mass black hole binaries also allows
important tests of their, yet mysterious, formation processes and of
their environments, e.g., through by detecting the eccentricities of their
orbits176–179 and/or of the peculiar velocities and accelerations of their
centers of mass.180–182 Atom interferometers could also observe the
mergers of intermediate-mass black holes (IMBHs), which could probe
the strong gravity regime as well as probe the hierarchical merger his-
tory of SMBHs. Other aspects of the complementarity between atom
and laser interferometers are discussed in the final part of this section.

B. Battling gravity gradient noise

Due to their exquisite sensitivity to the propagation of atoms and
changes in their structure, terrestrial very long-baseline atom gradiom-
eters will be exceptionally powerful probes of gravitational waves
(GW) in the unexplored “mid-frequency band”18,45,175,183 and

linearly-coupled scalar ultralight dark matter (ULDM) with mass
between�� 10�17 and�� 10�11 eV.82,86

The projected reach of these experiments is ultimately limited by
fundamental noise sources. (See Sec. IXB for a more complete discus-
sion of possible noise sources.) For instance, vertical single-photon
atom gradiometers such as AION5 and MAGIS-1002 are designed to
reach the atom shot-noise limit above �1Hz, but would suffer from
GGN at lower frequencies.184–187 This type of phase noise arises as a
result of mass density fluctuations of the ground and atmosphere,188

which perturb the local gravitational potential around the atom clouds
and imprint a noisy phase shift in a differential measurement.

For the experimental configurations and frequency range of inter-
est, the dominant source of GGN is expected to consist of ground den-
sity perturbations induced by horizontally propagating seismic waves,
in particular fundamental Rayleigh modes, that are confined near the
Earth’s surface by horizontal geological strata and are generated at
strata interfaces, such as the Earth’s surface.188,189 Representing the
seismic field as an incoherent superposition of monochromatic plane
waves propagating isotropically at the Earth’s surface, following previ-
ous studies performed for LIGO,188,189 and using the Peterson low and
high noise models (NLNM NHNM) driven by seismic-noise data
from different terrestrial locations, Ref. 190 showed that GGN could
significantly impact the projected reach of experiments with baselines
L�Oð100 mÞ in the sub-Hz regime.

Several passive noise mitigation strategies could be implemented
to recover large swathes of parameter space accessible to a purely shot-
noise-limited device, especially in the crucial 0.1–10Hz band. We focus
here on ULDM searches, although the same applies in the context of
GW searches with these large-scale quantum sensors, assuming the
parameters listed in Table I. As illustrated in the left panel of Fig. 7, by
choosing quiet sites (i.e., with GGN-limited sensitivity curves close to
the NLNM curve), it may be possible to regain up to three orders of
magnitude in sensitivity.

It may also be possible to suppress GGN in the crucial mid-
frequency band significantly by carefully choosing the experimental
parameters, such as the vertical positions of a string of interferometers
along the baseline. Since the GGN differential phase shift decays expo-
nentially with depth,190 experiments that are deep underground and
far from sources of fundamental Rayleigh modes are expected to be
more powerful probes of GW and ULDM. As shown in the right panel
of Fig. 7, where we assume the NHNM, experiments that are deeper
underground would be characterized by a sensitivity enhancement of
up to two orders of magnitude in the sub-Hz regime, but would be less
sensitive to a signal above 1Hz.

TABLE I. List of experimental parameters used for the computation of the sensitivity
plots shown in this Section, which could be implemented in future vertical gradiome-
ters, such as AION-km. For reference, L is the length of the baseline, T is the interro-
gation time, 4n� 1 is the total number of LMT kicks transferred during a single
cycle, d/ is the shot noise-limited phase resolution, Tint is the integration time, and
Dzmax is the maximum gradiometer length given the choice of interferometer parame-
ters. We also consider scenarios where Dz is shorter than the maximum value. The
set of geological parameters is taken from Ref. 190.

L (m) T (s) n Dzmax (m) d/ 1=
ffiffiffiffiffiffi
Hz

p� �
Tint (s)

1000 1.7 2500 970 10�5 108
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It would be advantageous to select sites whose geological compo-
sition supports Rayleigh waves with high horizontal propagation speed
cH. As shown in the left panel of Fig. 7, below 1Hz where the decay
length exceeds the separation between the interferometers, the GGN-
limited background is suppressed by several orders of magnitude at
high cH.

190 This is because the GGN-induced gradiometer phase shift
at low frequencies is proportional to cH.

In geological media where Rayleigh modes propagate with a low
horizontal speed, it may instead be advantageous to employ a network
of N � 3 atom interferometers along the same vertical baseline, i.e., a

multigradiometer configuration.190 Since the GGN and ULDM signals
scale differently with the gradiometer length, this design would facili-
tate the mitigation of GGN by up to two orders of magnitude in the
mid-frequency band for different spatial configurations. This is clearly
visible in Fig. 8, which shows the sensitivity reach in scalar ULDM
parameter space of several illustrative configurations employing
N ¼ 5 interferometers and assuming the NHNM.

These results show that more detailed and site-specific modeling
will be needed to improve our understanding of the projected reach of
these experiments in well-motivated parts of parameter space. For

FIG. 7. Impact of GGN on the projected 95% CL exclusion sensitivity to the ULDM-electron coupling of a single atom gradiometer with the design parameters defined in Table I.
Left panel: comparison between the atom shot noise (ASN) (gray) and ASN-plus-GGN-limited sensitivities assuming that the GGN background is described by the Peterson
NHNM (orange) or NLNM (blue). The solid and dotted lines are for Rayleigh wave velocities cH ¼ 205 and cH ¼ 3232 m s�1, respectively. Right panel: projected 95% CL
exclusion sensitivities for different values of Dz and different atom interferometer positions, where we assume the NHNM and cH ¼ 205 m s�1. We show exclusion curves for
interferometers located toward the Earth’s surface (green) and toward the bottom of the shaft (purple), assuming Dz ¼ 100 m but keeping all other experimental parameters
unchanged. In both panels, the orange shaded region is excluded by MICROSCOPE, as described in Ref. 78.

FIG. 8. GGN mitigation using a multigradiometer configuration. Left panel: projected 95% CL exclusion sensitivities for an atom multigradiometer with the experimental parame-
ters listed in Table I and N ¼ 5 interferometers, assuming that GGN is modeled by the NHNM. The red dot-dashed, purple dotted and green solid lines show the atom multi-
gradiometer exclusion curves for equally spaced, unequally spaced (ends), and unequally spaced (center) configurations. The orange shaded region is excluded by
MICROSCOPE, as described in Ref. 78. For comparison, the gray and orange lines show the exclusion sensitivities for a single atom gradiometer (N ¼ 2) with ASN-only and
ASN-and-GGN backgrounds,, respectively. Right panel: schematic representations of the three interferometer configurations with N ¼ 5. The purple dots show the positions
of the interferometers in the “unequal spacing (ends)” configuration, the red dots show their positions in the “equal spacing” configurations, and the green dots show the
“unequal spacing (center)” configuration.
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example, it would be desirable to assess whether specific sites have
GGN levels closer to the NHNM or the NLNM, and the speeds of
Rayleigh waves should be measured. Furthermore, in order to model
correctly the GGN at realistic sites, the model presented here should be
extended to anisotropic environments with different geological strata,
which would give rise to a much richer spectrum of Rayleigh
modes.188,189 In addition, beyond the simple noise mitigation strategies
presented here, active GGNmitigation techniques could also be imple-
mented. For example, it may be possible to model the GGN phase shift
imprinted onto the atoms by using an array of seismic sensors, whose
data would then be subtracted from the interferometer’s data stream
throughWiener filtering.191

The analysis summarized here should be interpreted as a first
stepping stone toward understanding how to characterize and ulti-
mately suppress the GGN background within the context of terrestrial
very-long baseline atom gradiometers. A discussion of possible mitiga-
tion strategies can be found in Sec. IXB3.

C. Tests of gravity and formation of supermassive
black holes

Atom interferometers have the potential to bridge the frequency
gap between LISA and ground-based laser interferometers, as shown
in Fig. 9. As seen there, this frequency range is optimal for probes of
inspiralling stellar-mass BH binaries and observing directly the merg-
ers of IMBH binaries.

As seen in Fig. 9, a space-based atom interferometer such as
AEDGE could probe the inspirals of stellar mass BH binaries for sev-
eral months. Depending on the level at which GGN can be suppressed,
this may be possible also with very-long-baseline terrestrial atom inter-
ferometers. Over such a long observation time, the reorientation and
movement of the detector with respect to the GW source become rele-
vant. Because of these effects, the sky location of the binary can be
measured very accurately.192 (For comparison, the LIGO/Virgo net-
work sees only the last seconds of the signals, limiting its sky-
localization accuracy without additional detectors. LISA will have simi-
lar accuracy to AION/AEDGE, but for heavier binaries.) In addition,
as demonstrated in Table II, the long observation time enables a very
accurate measurement of the binary chirp mass that controls how the

frequency of the signal changes with time. Toward the end of the inspi-
ral, hours or minutes before the merger and ringdown stages of the
event, the GW signal leaves the sensitive frequency window of the
atom interferometers. Since the time of the merger can be accurately
predicted from their observations, together with the sky location, the
atom interferometers provide an excellent early warning system for
measurements of the GW signal from the binary merger as well as for
searches for possible electromagnetic counterparts.

The long observation time of the inspiral phase enables also
searches for modifications of general relativity that could alter the GW
signal. For example, a modified GW dispersion relation E2 ¼ p2 þApa

would introduce an extra phase for the GW signal, Wðf Þ ! Wðf Þ
þ dWðf Þ, whose frequency dependence is determined by the magni-
tude A and the parameter a, dW / Af a�1. Modifications with a < 1
change the phase more at small frequencies and are easier to probe
from the inspiral phase than from the merger. Therefore, as illustrated
in Fig. 10, the measurements of the inspiral signals of stellar mass BH
binaries with atom interferometers will complement the measurements
done with the ground-based laser interferometers, providing a better
probe of modified dispersion relations with a < 1. In addition, the
low-frequency sensitivity of AI gravitational-wave detectors is benefi-
cial for probing extra radiation channels of gravitational waves, in par-
ticular the possibility of dipolar radiation,193 which is ultimately
related to the strong equivalence principle.

The population of BHs with masses intermediate between those
whose mergers have been observed by LIGO and Virgo and those
known to be present in the centers of galaxies has not been explored to
the same extent, though insight into their potential importance for the

FIG. 9. The GW strain sensitivities and benchmark signals from BH binaries of dif-
ferent masses at different redshifts. The colored dots indicate the times before
mergers at which inspirals could be measured.

TABLE II. Estimated accuracies of AION 1 km and AEDGE measurements of the chirp
mass Mc , the coalescence time tc, the luminosity distance DL and the sky location,
specified by the angles h and /, assuming a GW150914-like benchmark source. As
described in Ref. 175.

rMc=Mc rtc=s rDL=DL rh=
� r/=

�

AION 1 km 2:2� 10�5 12 0.7 2.7 2.7
AEDGE 3:6� 10�7 0.38 0.03 0.15 0.077

FIG. 10. Prospective sensitivities to modified GW dispersion relations of AION 1 km
and AEDGE, compared with the constraints from LVK and gravitational Cherenkov
radiation. Figure reused with permission from Ellis and Vaskonen, Phys. Rev. D
101, 124013 (2020). Copyright 2020 Authors, licensed under a Creative Commons
Attribution Unported License.
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assembly of SMBHs is now being provided by JWST observations of
107–108 solar-mass black holes at redshifts up to z¼ 10.194 Very large
terrestrial atom interferometers offer prospects for detecting IMBH
mergers that are inaccessible to laser interferometers, as seen in Fig. 9.
We see there that the early inspiral stages of IMBH binaries could be
measured by LISA25 and TianQin,195 enabling the timings and sky
locations of subsequent IMBH mergers to be predicted and facilitating
multimessenger studies in combination with atom inteferometer
observations, complementing the observations of heavier binaries that
will be made with LISA and providing opportunities to probe strong
gravity in a novel regime. However, the prospects for observing IMBH
mergers depend on the extent to which GGN can be suppressed or
mitigated. The left panel of Fig. 11 displays the IMBHmerger sensitivi-
ties at the SNR¼ 8 level in three GGN scenarios: the NHNM with
cH¼ 205m/s and no mitigation as in Fig. 8, the same scenario with 5
gradiometers as also seen in Fig. 8, and assuming total mitigation or
suppression of the GGN. We see that in these scenarios AION 1km
could detect Oð104M	Þ binaries up to redshift z 
 2; 10 and 70,
respectively. Since the first astrophysical BHs are thought to form at
z� 20, we would not expect to observe mergers of IMBHs beyond this
redshift unless they are primordial, which would be of major interest.

The detection of IMBH mergers would enable studies of models
for SMBH formation. In the absence of primordial SMBHs, they could
have been assembled hierarchically from seeds such as BHs formed by
the deaths of the first stars or by the direct collapses of gas clouds (for
a review, see, e.g., Ref. 197), combined with accretion. Astrophysical
seeds would have been much lighter than the SMBHs we detect in
galactic centers today, with masses ranging from Oð100 M	Þ in the
stellar scenario to Oð104 M	Þ in the gas-cloud scenario. The hierar-
chical merging of BHs originating from such seeds provides a potential
probe of the SMBH formation through GW observations. Atom inter-
ferometers could probe the mergers of the seeds, potentially distin-
guishing between the seed scenarios.

The existence of SMBH binaries is currently being probed by pul-
sar timing arrays (PTAs), and first detections of a GW background

signal that may come from such binaries have recently been
reported.76,198–200 The right panel of Fig. 11 shows the mean energy of
the GW background from BH binaries estimated by extrapolating the
PTA results to lower BH masses and higher frequencies, assuming for
simplicity a constant merger efficiency 0:3 < pBH < 175,196 and
neglecting a possible additional contribution from low-mass seeds.
Most of the GW signal expected in the LISA and atom interferometer
frequency ranges is expected to be due to resolvable binaries, and it has
been estimated that a space-based atom interferometer such as
AEDGE could observe Oð100Þ � Oð1000Þ IMBH mergers per year,
while a terrestrial detector such as AION-km might observe as many
asOð10Þ IMBHmergers per year,75,196 see also Ref. 201.

The results summarized here show that terrestrial very-long-base-
line atom interferometers could complement laser interferometers by
exploring an intermediate frequency range where measurements could
be used to probe general relativity, provide “early warnings” of future
mergers of stellar mass BHs, and observe for the first time mergers of
IMBHs. We note finally that the sensitivity to GWs from BH mergers
would be closer to the “without GGN” curve in Fig. 11 at a site where
the GGN level is closer to the NLNM and/or the speed of Rayleigh
waves is higher, emphasizing the importance of future site studies (see
the discussion in Sec. IVA).

D. New physics with cold atom and laser
interferometers

The spectacular technological advances in atom and laser inter-
ferometers are having a significant impact on defining the current
landscape of searches of new physics. This brief contribution describes
some of the “new physics” cases that have not been discussed in Secs.
IVA to IVC, emphasizing how large atom interferometers and laser
space interferometers can give complementary information on these
problems. Finally, another direction that is gaining momentum among
the community of physicists interested in precision measurements and
fundamental physics is also mentioned briefly: the search for
ultrahigh-frequency gravitational waves.

FIG. 11. Left panel: The sensitivities of AION 1 km to GWs from equal mass BH binaries of total mass M at redshift z, calculated assuming a level of GGN close to the NHNM
and assuming that Rayleigh waves propagate with a speed of 205 m/s. The contours compare estimates made assuming either no mitigation of GGN, or the level of suppres-
sion discussed in the previous subsection, or complete suppression/mitigation of GGN. Right panel: The mean GW energy density spectrum from massive BH mergers com-
pared with the sensitivities of the indicated experiments. The colored bands correspond to different BH mass bands and are obtained assuming a constant merger efficiency
factor 0:3 < pBH < 1, adapted with permission from Ellis et al., “Cosmic superstrings revisited in light of NANOGrav 15-Year Data,” arXiv:2306.17147. Copyright 2023 Authors,
licensed under a Creative Commons Attribution Unported License:75 plot adapted with permission from, Ellis et al., Astron. Astrophys. 676, A38 (2023). Copyright 2023
Authors, licensed under a Creative Commons Attribution Unported License.196

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-18

VC Author(s) 2024

 20 M
ay 2024 18:11:49



The LISA mission25 is expected to be launched in the mid 2030s.
The final configuration and specifications are to be decided, but LISA
is expected to be able to detect gravitational waves in a band

 10�4 � 1Hz, which has an enormous physics potential. In addition
to the anticipated astrophysical signals, one of the best studied funda-
mental physics signals that could be measured by LISA is a stochastic
background of GWs from cosmological sources.62 The physics of infla-
tion, the existence and evolution of primordial black holes, the exis-
tence and dynamics of topological defects such as cosmic strings or the
possibility of first-order phase transitions in the early Universe, espe-
cially at the electroweak scale, will be intensively explored by LISA. In
all these cases it will be essential to make complementary observations
in other frequency bands to establish the nature of any possible signal.
Large atom interferometers offer a unique opportunity for exploring
the frequencies between LISA and Earth-based laser interferometers,
see, e.g., Figs. 4 and 5.

However, the topics above are far from being a complete list of
the fundamental physics horizons that LISA will explore, see, e.g., Refs.
202 and 203. In order to assess the main scientific outputs of the LISA
mission, and to plan and develop the work needed to ensure their
delivery, the LISA Consortium has established a Science Investigation
work Package (SIWP) within the LISA Science Group, which gives
advice on how to optimize the LISA mission to maximize its scientific
return. Furthermore, several Working Groups containing interested
members of the scientific community also operate. Among these, the
Cosmology Working Group and the Fundamental Physics Working
Group are particularly focused on the ability of LISA to test “new”
physics and explore novel ideas. The efforts within these Working
Groups aim at exploring the vast potential of GWs to test both the late
and the early Universe, and thereby probe fundamental questions such
as the nature of gravity and high-energy particle theory beyond the
Standard Model, and yet mysterious phenomena such as inflation,
dark energy and the late-time expansion of the Universe, dark matter,
primordial phase transitions and the unification of forces, baryogenge-
sis, and so on. In the following, we focus mainly on three directions for
new physics: dark matter, tests of black holes and tests of general
relativity.

The dark matter studies are mostly devoted to two of the most
significant ways in which it can impact the GW signals to be detected
in LISA. (The possibility that part of the dark matter is made of pri-
mordial black holes may leave a signal in LISA, see, e.g., Ref. 202). The
first is related to GWs from ultralight dark matter, and is based on rota-
tional superradiance, the phenomenon behind the fact that in the pres-
ence of ultra-light bosonic fields with mass mb, a black hole of mass
M � 1=mb (in G ¼ c ¼ 1 units) with large spin will develop a non-
spherical cloud of the bosonic field.204 This cloud could have a mass
that is a significant fraction of M, and would generate GWs as it
rotates.205 Calculations show that LISA may be sensitive to any new
boson with mass in the range 10�19 � 10�17 eV (many uncertainties
fall into this projection, in particular there are different models for the
population of highly spinning black holes of different mass), while
LIGO, Virgo and KAGRA are sensitive to masses in the range
10�13 � 10�12 eV.206 Such particles are currently being explored as
dark matter candidates, as discussed in Secs. III C and IVB, and atom
interferometers can explore the mass range between the LISA, LIGO,
Virgo and KAGRA ranges in two ways: by searching directly for
ULDM as discussed in Subsection III C or by discovering mergers of

IMBHs and measuring their spins, as illustrated in Fig. 12. Note, how-
ever, that these constraints are are model-dependent, and those shown
in Fig. 12 assume negligible bosonic self-interactions.

The second way to explore dark matter is via its effects on GW
emission from binary systems. The orbital motion of a binary BHs
may be affected by dark matter, modifying the general relativity pre-
dictions for GWs emitted during inspiral and infall, for which different
possibilities have been explored in the literature.203,207–210 The observ-
ability of this effect with LISA may require the density of dark matter
in the binary to be much higher than that reached in minimal models,
but it is nevertheless an interesting target for LISA and for large atom
interferometers.

Regarding tests of black holes, one possibility is that (some) of the
compact objects producing GWsmay not be BHs, but other exotic com-
pact objects (ECOs). Different candidates are described in Ref. 211, and
may correspond to new sectors of matter or to modifications of
General Relativity (that may be inspired from quantum gravity or from
agnostic modifications of the theory). The possible tests of this hypothe-
sis from GWs are multiple and include new channels of emission, devi-
ations from the unique properties and no-hair theorem of the Kerr
metric (that uniquely describes a rotating black hole in General
Relativity), changes in the tidal deformation and quasi-normal modes
of the object, and even the presence of echoes of the original GW sig-
nal.202 The impact of the LISA mission duration on this possibility has
been studied in Ref. 203. See Fig. 13 for results from a study of possible
ECO signals in LIGO, LISA and atom interferometers, as well the back-
ground to be expected from the mergers of stellar mass BHs.212

As concerns tests of general relativity (GR), the approach followed
by the SIWP is an agnostic one. The current and future probes of
Lorentz-violating deviations from GR in the GW waveform203,213 using
laser interferometers can be found in Refs. 214 and 215, and the sensitiv-
ities of atom interferometers have been studied in Ref. 175, see Sec. IV.

Some other new directions that have been discussed within the
AION Collaboration. One is the possible influence of dark matter
(DM) scattering on the atoms. (A background that we know is present
is the one produced by neutrinos of cosmic origin, whose detection
remains a challenge.216) Since the nature of DM is unknown, this
search should consider all possible interactions to see if its scattering
with the atoms may be substantial for some models. There may be

FIG. 12. Exclusions of weakly-interacting ultra-light bosonic fields from the measured
spins of SMBHs and LIGO/Virgo/KAGRA BHs compared with the prospective sensi-
tivity of a large atom interferometer, which could also exclude the intermediate
mass range by measuring spins of IMBHs. These constraints assume negligible
bosonic self-interactions.
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detectable effects even at zero-momentum transfer that could fill a gap
in searches for DM models below those explored by more traditional
detectors, with possible spectacular bounds.217,218 If one considers a
possible transfer of momentum, the trajectories of the atomic samples
may be modified, something that will also impact the patterns of inter-
ferometry, see, e.g., Ref. 219 for related ideas with LISA.

Another direction to explore with atom interferometers is the
possibility of improving the measurement of the gravitational
(Newton) constant GN. This fundamental constant is not measured to
high accuracy, and its value is the subject of some controversy.220 The
measurement of GN would require a movable test mass located next to
the interferometer, so that its effect on the atomic states may be mea-
surable, see, e.g., Refs. 221–223. The presence of such a moveable mass
would also allow for probes of a possible fifth force, see, e.g., Refs. 224
and 225.

It should also be noted that the dynamics of the lasers operating in
atom interferometers may also be impacted by new physics: some inspi-
ration from light interferometers can be found in Refs. 226 and 227.

For completeness, we mention another fundamental physics topic
that is beyond the range of laser interferometers, namely the search for
ultrahigh frequency GWs (UHFGWs).228 It seems extremely hard to
generate a substantial GW signal in this region with standard astro-
physical processes, but this provides an opportunity, since there are
primordial or nonstandard processes that can do it. Detecting these
high-frequency GWs requires small, laboratory-size experiments. The
passage of a GW will slightly deform a solid, which was suggested long
ago as a way to detect them.229 It will also generate photons out of a
stationary magnetic field.230 These effects will, for instance, affect the
dynamics of a loaded cavity (they may generate mode mixing).231 We
have recently revisited these ideas and found them very promising for
future searches of UHFGWs232,233 (see also Refs. 234 and 235) There
are still many opportunities for synergies between cutting-edge preci-
sion devices and UHFGWs, and we hope that this contribution triggers
new ideas in this direction.

E. Summary

The synergies between observations using atom interferometers
and laser interferometers depend on the complementarity between the
frequency ranges they can cover. Atom interferometers are potentially

more sensitive in the mid-frequency band between terrestrial and
space-borne laser interferometers, but realizing this potential gain
depends on the extent to which atom interferometers can overcome
GGN. Techniques for mitigating GGN in atom interferometers were
discussed in Sec. IVB, and the resulting synergistic tests of gravity and
probes of supermassive astrophysical black holes were discussed in
Sec. IVC, while Sec. IVD discussed possible synergies in searches for
new physics. As examples of the possible synergies, Fig. 11 illustrates
the potential sensitivity of a 1-km atom interferometer to the mergers
of intermediate-mass black holes that would have played key roles in
the assembly of supermassive black holes, Fig. 12 illustrates the com-
plementarity of atom interferometer searches for ultralight dark matter
to current constraints from measurements of black hole spins, and
Fig. 13 illustrates the sensitivities of large atom interferometers to
exotic compact objects.

V. TECHNOLOGY OVERVIEW

In this section, we summarize the status of the core atomic phys-
ics technologies needed to reach the target sensitivities for TVLBAI sci-
ence. As described below, reaching the sensitivity required for
gravitational wave detection will require a number of technological
advances, chiefly associated with atom optics and the reduction of the
noise associated with atom detection. Table III lists the current state-
of-the-art for key performance metrics, along with the targets needed
in each area to move toward a full-scale terrestrial gravitational wave
detector. The technology development path will involve improving the
pulse efficiency of large momentum transfer (LMT) atom optics, devel-
oping atom sources with increased flux at low temperatures, and inte-
grating spin squeezing to reduce atom shot noise.

The first part of this section (Sec. VA) describes the use of LMT
atom optics using additional laser pulses to enhance the beam separa-
tion and thus the sensitivity of atom interferometers. Clock atom inter-
ferometry, in particular, is highlighted as a technique that takes
advantage of narrow transitions commonly used in atomic clocks. The
use of these single photon transitions for atom optics enables improved
common-mode suppression of laser frequency noise over long base-
lines and supports high pulse efficiencies, making it valuable for gravi-
tational wave detection and dark matter searches.

The second part of this section (Sec. VB) focuses on LMT atom
interferometers based on Bragg diffraction and Bloch oscillations. It
emphasizes the importance of understanding and controlling diffrac-
tion phases and inefficiencies in these processes, and references the

FIG. 13. Sensitivities of LVK, LISA and large atom interferometers to GWs from
mergers of ECOs weighing between 20 and 200 solar masses, compared with the
backgrounds from BH-BH and BH-neutron star binaries, reused with permission
from Banks et al., Phys. Rev. D 108, 035017 (2023). Copyright 2023 Authors,
licensed under a Creative Commons Attribution Unported License.212

TABLE III. State-of-the art performance of key sensor technologies and their improve-
ment targets for a full-scale terrestrial detector. The sensitivity enhancement is stated
relative to current instruments.

Sensor technology State-of-the-art Target Enhancement

LMT atom optics 102 �hk 104 �hk 100
Matter-wave lensing 50 pK 5 pK � � �
Laser Power 10W 100W � � �
Spin squeezing 20 dB (Rb),

0 dB (Sr)
20 dB (Sr) 10

Atom flux 105 atoms/s
(Rb)

107 atoms/s
(Sr)

10

Baseline length 10 m 1000 m 100
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recent developments in theoretically modeling and characterizing these
effects in order to suppress them. The final part of the section
addresses the atom source technologies relevant to gravitational wave
detectors based on atom interferometry. It discusses the increased
atomic flux requirements needed to reach the targeted strain sensitiv-
ity, and how this compares to the current state of the art. Additionally,
the control of external degrees of freedom of the atomic ensemble is
highlighted as crucial for minimizing statistical and systematic errors.

A. Large momentum transfer clock atom
interferometry

Atom interferometry makes use of the wave-like properties of mat-
ter that become evident at very low energy scales.236 The concept is
analogous to an optical interferometer that splits a coherent source of
light into separate beams following different paths, which are then
recombined and undergo interference. The interferometric measure-
ment of the path length difference is the basis of current gravitational
wave detectors such as Advanced LIGO48 and Virgo. Similarly, the
wave-function of an atom can be split into a superposition of two states
evolving along different paths. This is accomplished through absorption
and stimulated emission of photons and the associated momentum
transfers (recoils) between light and atoms.40 The sensitivity of an atom
interferometer can be enhanced by additional laser pulses, a technique
called large momentum transfer (LMT) atom optics.237 In a gravita-
tional wave detector configuration, two clouds of atoms separated by a
baseline are interrogated by common laser pulses. The differential phase
signal measures the light travel time across the baseline and each addi-
tional pair of pulses adds another measurement of the baseline length.
This is analogous to the enhancement provided by Fabry–Perot cavities
in Advanced LIGO and Virgo, where the laser beams in the interferom-
eter arms are retro-reflected many times to enhance the signal and cre-
ate a much longer effective baseline. Increasing the number of laser
pulses in the atom interferometer through LMT atom optics is a key
area of technology development on a par with increasing the physical
detector baseline by building a larger instrument (see Table III).

It is desirable for the two atomic states used in an atom interfer-
ometer to be long-lived to minimize spontaneous decay, which dimin-
ishes the output signal. Conventionally, a set of counter-propagating
laser beams is used to couple either two electronic ground states
(Raman atom optics40) or two momentum states of the same elec-
tronic ground state (Bragg atom optics153) via a far-detuned excited
state. However, one can also resonantly drive transitions between an

electronic ground state and a metastable state using a single laser
beam.18,238 Such a clock atom interferometer makes use of the narrow
transitions commonly used in atomic clocks.155–157 Here, the phase
response is proportional to the transition frequency xa instead of the
effective wave vector keff (frequency difference) of two lasers (see
Fig. 14). Thus, clock atom interferometers support common-mode
suppression of laser frequency noise, a dominant noise source for
long-baseline interferometers.18 Due to the long lifetime of the meta-
stable state, spontaneous decay can be substantially suppressed com-
pared to two-photon atom optics on a broad optical transition
involving a far-detuned excited state. Therefore, clock atom interfer-
ometers can support much higher pulse efficiencies and many thou-
sands of sequential laser pulses. They enable the substantial sensitivity
enhancement that is crucial for reaching the ambitious sensitivity tar-
gets for gravitational wave detection and dark matter searches with
very-long-baseline sensors.2

Figure 15 illustrates a sequence of light pulses generating a pair of
clock atom interferometers, one on each end of the baseline. The tim-
ing of the atomic transitions, and thus the time the atoms spend in a

FIG. 14. (a) Comparison of the laser fre-
quencies involved in conventional and
clock atom optics as well as the leading
order phase response of the associated
interferometer. (b) Space-time diagram of
a relativistic Mach–Zehnder interferometer
using clock atom optics (dark lines) and
conventional two-photon atom optics (dark
and light lines). In a clock atom interferom-
eter, the same laser pulse addresses the
entire atomic superposition, imprinting the
same laser phase and allowing for
common-mode noise suppression.

FIG. 15. Space-time diagram of the interferometer trajectories based on single-
photon transitions between ground (blue) and excited (red) states driven by laser
pulses from both directions (dark and light gray). The pulse sequence shown here
features an additional series of pulses (light gray) traveling in the opposite direction
to illustrate the implementation of LMT atom optics (here n¼ 2).
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superposition of the ground and excited states, depends on the light
travel time across the baseline.18 The resulting differential interferome-
ter phase D/ is then proportional to the baseline length L:

D/ / nxa L=c;

where �h xa is the energy splitting of the clock transition, and n the
order of LMT enhancement. As a result, the differential phase mea-
surement between the two atom interferometers is sensitive to varia-
tions in both the baseline L and the clock frequency xa that arise
during the light-pulse sequence. A passing gravitational wave modu-
lates the baseline length, while coupling to an ultralight dark matter
field can cause a modulation in the clock frequency. Thus, a differential
clock atom interferometer combines the prospects for both gravita-
tional wave detection and dark matter searches into a single detector
design, and both science signals are measured concurrently.2 In both
cases, additional laser pulses linearly enhance the output signal and
thus the sensitivity of the detector.

Proof-of-principle experiments with LMT clock atom interferom-
etry have demonstrated enhanced interferometer and gradiometer
sequences,154 and a record momentum separation of over 600 �hk
using 1200 sequential laser pulses.239,240 These results have been
achieved on an intermediately narrow transition with moderate life-
time and strong Rabi coupling. Ultra-narrow clock transitions can sup-
port even higher pulse efficiencies but necessitate longer pulse
durations and colder atoms. Quantum degenerate ensembles and
matter-wave lensing techniques are required to make full use of these
efficiency gains. Ultimately, the LMT enhancement in any terrestrial
clock atom interferometer is limited by the available laser power at the
target wavelength and the free fall time of the atom i.e. the size of the
instrument.

B. Diffraction phases and losses
in large-momentum-transfer atom interferometers

Large momentum transfer (LMT) atom interferometers take
advantage of the improved scaling of their sensitivity with the momen-
tum separation of the coherent superposition of matter waves. In
Very-Long-Baseline Atom Interferometry, momentum transfers of
hundreds and thousands of photon recoils will be realized to achieve
the sensitivity needed to detect gravitational waves or test physics
beyond the Standard Model. For LMT interferometer realizations, a
number of mechanisms are currently being investigated, based on one-
or two-photon processes, the latter of which can induce inelastic
Raman transitions or elastic scattering processes. The highest metro-
logical sensitivity is currently achieved by means of elastic transitions.
This is accomplished in the form of (i) Bragg diffraction or (ii) Bloch
oscillations of atoms in optical lattices. In both processes, a very high
efficiency per transmitted photon pulse �hk can be achieved. Bragg dif-
fraction and Bloch oscillations underlie in particular the atom interfer-
ometric measurements of the fine structure constant31,241 and are also
envisaged for the architecture of gravitational wave detectors.8,242

Limitations in atomic interferometers based on these processes are cur-
rently determined by systematic effects due to so-called diffraction
phases associated with atom–light interactions, as well as losses and
inefficiencies of the beam splitters and mirrors. A key to future applica-
tions of atom interferometers with large scale factors, requiring the
transmission of hundreds or thousands of photon pulses, will therefore
be a detailed understanding and accurate control of diffraction phases

and inefficiencies of elastic scattering processes. To this end, important
achievements have been made recently,139,140,243,244 providing a prom-
ising basis for the further development of very-long-baseline atom
interferometry.

With respect to Bragg diffraction, a model for efficient beam split-
ting and mirror pulses was developed in Ref. 139 that covers the so-
called quasi-Bragg regime. This regime describes pulses whose dura-
tion and intensity lie between the parameters of the deep-Bragg regime
of very long, weak pulses and the Raman–Nath regime of very short,
intense pulses that have been treated in the literature to date. The
quasi-Bragg regime is characterized by a compromise between sup-
pression of the velocity filter due to Doppler detunings and suppres-
sion of scattering to undesirable momentum orders. In Ref. 139, it was
shown that Bragg pulses with Gaussian intensity modulations achieve
efficient beam splitters and mirrors exactly when the underlying quan-
tum dynamics corresponds to an adiabatic process in the Bloch states
of the optical lattice. With this insight, a number of important proper-
ties of Bragg operations can be quantitatively and, in some cases, even
analytically characterized in a simple way. For example, the pulse area
condition for beam splitters or mirror pulses can be formulated as a
condition on energetic phases of Bloch states, and losses in parasitic
scattering orders can be understood as non-adiabatic Landau–Zener
transitions. All this was combined in Ref. 139 in the form of a scatter-
ing matrix that describes individual beam splitter or mirror operations
with high accuracy, accounting correctly for losses and phases.

Based on this, the description of complete interferometer sequen-
ces was developed in Ref. 140. Using the example of a Mach–Zehnder
interferometer, the effects of Landau–Zener transitions into parasitic
scattering orders were treated in detail. In a measurement of the rela-
tive atom number in the two main output channels of the final beam
splitter, two essential effects come to light: first, parasitic output chan-
nels are inevitably also populated in a phase-dependent manner in the
final beam splitter, so that the total number of atoms in the main out-
put channels itself becomes phase-dependent. If the absolute number
of atoms measured in an output channel is now related to this phase-
dependent total number, a subtle and complicated phase dependence
of the interferometer results. Second, this is further complicated
because populations of parasitic momentum states in the first beam
splitter can lead to further, parasitic paths closing in the last beam
splitter in addition to the two main paths of the interferometer. This
leads to intricate phase dependencies due to additional Mach–Zehnder
and Ramsey–Borde interferometers. For generic Bragg pulses, this
results in an overall interferometer signal that formally corresponds to
an infinite Fourier series in the metrological phase (and its harmonics).
Even though the description developed in Refs. 139 and 140, correctly
predicts the amplitudes and phases of this Fourier series in principle,
this model cannot serve as a signal template due to its complexity.
However, the detailed microscopic model from Ref. 139 allows the
Bragg pulses to be designed in an optimal way so that parasitic inter-
ferometer paths are strongly suppressed, which greatly simplifies the
signal shape. In Ref. 140, it was shown that such suppression can
achieve accuracy in the micro-radian range. Furthermore, with the
analytical modeling of the transfer matrix of a Bragg interferometer, it
was also possible to determine the fundamental bounds on the accu-
racy of such an interferometer in the form of the Cramer–Rao and the
quantum Cramer–Rao bounds and thus to determine parameter
ranges of optimal accuracy.
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Remarkably, an analogous description is possible for LMT opera-
tions based on Bloch oscillations. In the literature, Bloch oscillations
have long been considered as adiabatic processes in Bloch states of the
optical lattice. Based on this view, losses were explained as Landau–
Zener transitions at the avoided crossings at the edge of the Brillouin
zone. However, such a description breaks down in the regime of LMT
operations, which require very deep lattices in the range of tens of
recoil energies and very fast accelerations in the range of hundreds of
m=s2. In this regime, the Bloch bands are effectively flat and the
assumption of avoided crossing becomes untenable. However, it can
be shown that in this regime an efficient description can be given in
terms of Wannier–Stark eigenstates of the accelerated lattice rather
than by Bloch states of the lattice at rest.243 Bloch oscillations can,
thus, be interpreted as adiabatic dynamics in the Wannier-Stark spec-
trum, which, in turn, enables an efficient calculation of diffraction
phases and losses. Especially for the losses from the accelerated lattice,
this description shows complex dependencies on the lattice parameters
due to tunnel resonances, which can thus also be chosen in an optimal
way.243,244 Another important consequence that can be drawn from
this model concerns the necessary intensity stabilization between inter-
ferometer arms to ensure a desired phase stability. For example, for the
ELGAR gravitational wave detector8,242 with sensitivity in the microra-
dian range, a relative intensity stabilization of 10�9 must be achieved.

The above results show that there is considerable room for opti-
mization of elastic scattering processes for LMT atom interferometers.
This concerns the microscopic modeling of the scattering processes as
well as the description of full interferometer sequences and their signal
shapes. All of these are important and essential steps toward the com-
ing generations of atom interferometers and their applications in the
field of gravitational wave astronomy and the search for new physics.

C. Atom source technologies

Proposals for gravitational wave detectors utilizing atom interfer-
ometry on Earth target strain sensitivities in the range of 10�21 =

ffiffiffiffiffiffi
Hz

p
to 10�23 =

ffiffiffiffiffiffi
Hz

p
.2,8,245–247 They assume large momentum transfer pro-

cesses for beam splitting, large baselines separating the atom interfer-
ometers, and a low phase noise down to 1 lrad=

ffiffiffiffiffiffi
Hz

p
. Considering

an ideal contrast of the interference signal, this corresponds to the
quantum projection noise limit for a flux of 1012 atoms=s. In princi-
ple, squeezing could partially alleviate the requirement on the atomic
flux. A derived requirement is the control of the external degrees of
freedom of the atomic ensemble to minimize statistical and systematic
errors, as well as assuring high beam splitting efficiency by preparing
atom ensembles with very low residual expansion rates. Finally, the
cycle time affects the detectors bandwidth and has to be tuned accord-
ingly.2,8,245,248–253

Common choices for atom interferometers are alkali atoms, nota-
bly Rb and Cs.254–265 In the context of gravitational wave detection
with atoms, Sr offers beneficial features, especially the possibility to
drive a single-photon transition for frequency noise suppression.18,266

We now recall briefly published results about the creation of cold
atomic ensembles, without claiming completeness.

Usually, the preparation of the atoms starts with capturing and
cooling in a 3D magneto-optical trap (MOT) (e.g. at 780 nm for Rb)
which may be loaded by a 2D magneto-optical trap or a Zeeman
slower, and subsequent molasses cooling. Current state-of-the-art

experiments are capable of providing molasses-cooled 87Rb ensembles
with 1� 109 atoms=s and temperatures down to 2 lK.267,268

Further reduction of expansion rates is possible by evaporative
cooling in magnetic or optical dipole traps (e.g., at 1064nm) down to
the generation of Bose-Einstein condensates (BEC) and by additionally
applying a delta-kick collimation (DKC) step.269 Evaporative cooling
implies losses, especially for fast cycles. An experiment utilizing a clover-
leaf style Ioffe–Pritchard trap generated BECs with 107 87Rb atoms in
1min.270 Using a time-orbiting potential with DKC via a pulsed mag-
netic trap potential enabled the production of 4� 106 87Rb atoms at an
effective temperature of 50 nK or 105 87Rb atoms at an effective temper-
ature of 3 nK.1 Rapid 87Rb BEC production was demonstrated with an
atom chip, realizing 87Rb BECs with 105 atoms (4� 104; 4� 105) in
1 s (850ms, 1.6 s)268 and subsequent DKC to an effective temperature
of 38 pK.271 Control over the mean position and velocity has been
shown on the<100nm and 100lm s�1 scale using the Cold Atom Lab
setup aboard the International Space Station, reaching effective temper-
atures after delta-kick collimation of 100 pK.272,273

Optical dipole traps enabled the generation of 87Rb BECs with
2� 106 atoms at 50 nK in about 10 s.274 Utilizing painted potentials
instead of static beam paths lead to 174Yb BECs with 105 atoms
(5� 104; 1:2� 106) in 1.8 s (1.6 s, 15 s).275 Moreover, evaporation
with optical dipole traps in microgravity was demonstrated276,277 with
4� 104 87Rb atoms at 35 nK in 13.5 s.276 Analogous to magnetic trap
potentials, optical dipole trap potentials can be exploited for delta-kick
collimation. Here, an experiment demonstrated the reduction to an
effective temperature of 50 pK.126 The combination of prematurely
stopped evaporation followed by rapid decompression was studied to
increase the effective atomic flux, leading to 4� 105 87Rb atoms at an
effective temperature in 2D of 3.2(0.6) nK.278 Furthermore, low-field
Feshbach resonances in an optical dipole trap can be exploited to tune
the rethermalisation rate, enabling the rapid production of 39K BECs
with 5:8� 104 atoms after 850ms.279

Laser cooling of Sr isotopes typically relies on a two-color or dual
stage magneto-optical trap at 461 and 689nm, loaded by a Zeeman
slower, leading to 107 88Sr atoms at 1–3lK or down to 400 nK after
transfer to a red single frequency MOT at 689 nm.154,280–282 Similarly,
the red frequency MOT enabled the cooling of 107 84Sr atoms or 107
87Sr atoms to 800 nK.282

Using a crossed optical dipole trap, 84Sr BECs were produced
with 105 atoms in 2 s or 107 atoms for 10 s of evaporation after accu-
mulating atoms for 40 s to compensate for the low natural abun-
dance.282 BECs of 86Sr or 86Sr featured 104 atoms. Implementing a
continuous laser cooling of atoms in a reservoir dipole trap, a transpar-
ency beam rendering the atoms transparent for the cooling light, and a
small dimple dipole trap led to the creation of 84Sr BECs with 105 in
parallel to the laser cooling.282 This procedure was extended to the
continuous creation of 84Sr BECs by continuously loading the reser-
voir, demonstrating an average BEC atom number of 7:4ð2:3Þ � 103

with an estimated steady-state gain of 2:4ð5Þ � 105 atoms/s into the
BEC.283

Delta-kick collimating 84Sr or 87Sr with a pulsed optical dipole
trap potential to effective temperatures of 10 pK in 3D is in theory pos-
sible, but is constrained in the case of the fermionic isotope by the pre-
DKC expansion time and size at lens (1.2 cm), according to Ref. 251.

Other pathways for cooling atoms beyond the molasses stage are
Raman sideband cooling in an optical lattice, leading, e.g., to 106 atoms
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at 0.4 lK in a Cs fountain experiment,284,285 or BEC generation by
Raman cooling of 87Rb atoms in an optical dipole trap, demonstrating
a 7% condensate fraction of 2:5� 104 atoms after multiple cooling
stages starting with 105 atoms in a dipole trap.286

Squeezing may in future enhance the capability of atom interfer-
ometers. Theoretical proposals predicted a noise of 20dB beyond the
standard quantum limit (SQL) on momentum states for Sr atom inter-
ferometry,287 or up to 30dB beyond the SQL for a BEC with 106 atoms
via delta-kick squeezing.288 Experimental results showed a noise of
3.7(0.2) dB below the quantum projection noise for a Ramsey interfer-
ometer with 3.6ms Ramsey time and 2:4� 105 atoms,289 a squeezing
parameter of �1.9(0.7) dB [conditional �3.1(0.8) dB] between two
momentum modes for 9300 atoms,290 and an entanglement enhance-
ment of 1.7(0.5) dB below the SQL in a Mach–Zehnder-like atom
interferometer with 660(17) 87Rb atoms and 0.7ms pulse separation
time.291

D. Summary

Large momentum transfer beam splitters increase the sensitivity
of atom interferometers by opening up larger enclosed areas. Similarly,
it is desirable to use long-lived states to allow longer interrogation
times without spontaneous emission losses. Momentum transfer of up
to 1200�hk has been achieved. Clock atom interferometers combine
long lived-states with highly efficient beam splitters. Another method
to achieve LMT is via Bragg diffraction and Bloch oscillations. The
beam splitters, however, can introduce their own phase shifts, which
has been modeled in detail. From this analysis it has become clear that
there is still considerable room for optimization, which will be guided
by detailed microscopic modeling.

The signal-to-noise ratio of the atom interferometer will
ultimately depend on the number of atoms available per time unit.
Well-collimated thermal ensembles with �105 atoms can currently be
generated within 1 s, whereas larger BECs of up to 107 atoms require a
much longer preparation time (1min). Improving the signal using
squeezing is promising, but the transfer to large atom numbers, long
time scales and large momentum transfer has yet to be demonstrated.
Even though scalability is not obvious, the BEC creation has some
potential for optimization toward larger atom numbers, e.g., increasing
the initial atom number,292 vacuum quality, transfer efficiency from
molasses to initial trap, and adjusting the trapping volume to avoid
detrimental density regimes.268,282 Future source setups for atom inter-
ferometric gravitational wave detectors will require a trade-off between
flux and required control to suppress error contributions, and their
scope will be the subject of further dedicated research.

VI. VERTICAL LONG-BASELINE DETECTOR OPTIONS
A. Introduction

We summarize in this section the technological requirements for
long-baseline vertical atom interferometers and discuss associated
research and development needs. We also provide an overview of four
ongoing vertical long-baseline atom interferometry projects: the
Hannover VLBAI atom interferometer (Sec. VID), the Wuhan 10 m
Atom Interferometer (Sec. VI E), the AION Project in the UK (Sec.
VI F), and the MAGIS-100 atom interferometer under construction at
Fermi National Accelerator Laboratory (Sec. VIG).

Vertical configurations offer both opportunities and challenges. A
central motivation for orienting the atom interferometer vertically is

that the trajectories of the freely falling atom clouds are collinear with
the atom optics laser, so that the atoms remain nominally centered in
the laser beam even for long interrogation times (some deviations
from this idealized scenario arise due to deflections of the atom trajec-
tories from Coriolis forces, as discussed in greater detail below). Many
of the applications of long-baseline atom interferometry involve differ-
ential measurements between two or more interferometers spaced over
the baseline (gradiometer configurations). Importantly, these differen-
tial measurements can suppress the impact of laser phase noise. For
atom optics based on multi-photon transitions using counter-
propagating laser beams (e.g., Bragg transitions), this common mode
cancelation of laser noise becomes inadequate for long baselines. To
circumvent this issue, horizontal long-baseline detectors can employ
two orthogonal arms (see Sec. VII). Laser noise cancels between the
two arms, while scientific signals of interest (e.g., from gravitational
waves) are preserved. By contrast, vertical detectors have only one
baseline direction available, requiring suppression of laser noise over a
single baseline. This requirement favors single-photon atom optics
involving resonant driving of narrow clock transitions.18,266 In addi-
tion to their beneficial features for laser noise suppression, single-
photon atom optics offer an opportunity for dramatic improvements
in large momentum transfers due to reduced spontaneous emission
losses (see Sec. VA). However, driving the associated weak clock tran-
sitions places demanding requirements on laser power. The develop-
ment of higher power laser sources is therefore important for
maximizing the sensitivity of vertical long-baseline detectors.
Development of high-flux and spin-squeezed atom sources are also
key to enhancing sensitivity, as discussed in Sec. V. Moreover, scaling
noise mitigation techniques and experimental infrastructure to longer
baselines is nontrivial and in some cases requires new approaches.
Sections VIB andVIC elaborate further on the challenges of vertical
long-baseline atom interferometry and strategies for overcoming them.

B. Sensitivity scaling

The sensitivity of an atom interferometer can be divided concep-
tually into two parts. The intrinsic sensitivity governs the transposition
from the targeted physical effect into a phase shift u, for instance the
conversion from characteristic strain of a gravitational wave at a partic-
ular frequency into the measurable u for a given interferometer config-
uration. On the other hand, the readout sensitivity of the detector is
the minimum phase shift u accrued in the interferometer that can be
read out. This is typically given in terms of the phase noise Du.

For both the search for ultralight dark matter and for gravita-
tional waves, the relevant intrinsic sensitivities of an atomic gradiome-
ter scale as ðCnDrÞ�1,45,86 where C denotes the interferometer
contrast, n the order of LMT, and Dr the separation between the inter-
ferometers. The scaling with Dr drives the need to move to the km
scale and the two remaining terms set the development goals for the
laser and LMT development.

The readout sensitivity is limited by the atomic shot noise (quan-
tum projection noise) and scales as N�1=2

atom . As discussed in Sec. VC, this
sets the development goals to increase the atomic flux by a factor of 100
and to develop 20dB squeezing for strontium. The underlying assump-
tion is that all other noise sources are smaller than these strict require-
ments, driving limits on magnetic field noise, control of laser wavefront
aberrations, camera stability and others. In Secs. VIC1–VIC8 we will
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look at those requirements and associated strategies that are specific to
vertical long-baseline detectors in more detail.

C. Technological challenges and methods

1. Possible limits for LMT and laser power
requirements

The achievable order n of LMT will typically be limited by the
stringent pulse fidelities required to retain high contrasts C at large n.
As discussed in Sec. VA, the need to avoid spontaneous emission dur-
ing long LMT pulse sequences mandates the use of very narrow transi-
tions, such as the clock transition at 698 nm in fermionic 87Sr. For
these transitions, high laser intensities are required to reach the high
Rabi frequencies needed to drive several 104 p-pulses within a
sequence duration that is Oð1Þ s. At the same time, the need to main-
tain high contrast C requires the use of large beam waists to ensure
homogeneous Rabi frequencies over the cloud, and this combination
ultimately requires high laser powers for the narrow-linewidth interfer-
ometer lasers that drive the need for dedicated laser R&D. The use of
these narrow transitions furthermore sets stringent requirements on
the cloud temperature, as the pulse fidelity is sensitive to Doppler
shifts.

2. Mitigating noise associated with source kinematics

As atom interferometers have become more sensitive, it has
become increasingly important to mitigate noise and systematic errors
associated with the initial kinematics of the atom cloud. One source of
error arises from the coupling of cloud kinematics to gravity gradients.
For example, in the presence of a vertical gravity gradient, the gravita-
tional acceleration experienced by an atom will vary depending on its
vertical position and is thereby affected by the initial position and
velocity of the atom. Fluctuations or uncertainties in atom cloud kine-
matics will thus lead to errors in the interferometer phase shift. A grav-
ity gradient compensation scheme can be introduced to cancel these
errors. In a three-zone Mach–Zehnder interferometer (initial beam
splitter sequence, mirror sequence, final beam splitter sequence), the
laser frequency is shifted for the mirror sequence. The frequency shift
is chosen to produce a phase shift with a dependence on initial atom
position and velocity that is equal and opposite to the corresponding
kinematic-dependent phase shift arising from the gravity gradient, nul-
ling the response of the total interferometer phase shift to initial atom
kinematics.293 This scheme has been successfully demonstrated in
multiple apparatuses.223,294

There are several challenges in applying gravity gradient compen-
sation to long vertical baseline detectors. First, for the multi-second
free fall times available in these detectors, the required frequency shift
will be on the order of hundreds of MHz–GHz. For Bragg transitions
using a broad atomic transition, this frequency shift will often be small
compared to the detuning of the lasers from the excited state, so that
the effect of the frequency shift on the effective Rabi frequency will be
modest. However, frequency shifts of this scale are much larger than
the widths of the narrow transitions used for single-photon atom
optics. Therefore, it is currently not clear that gravity gradient compen-
sation can be applied to single-photon atom optics. An additional chal-
lenge for long baseline gradiometers is that the gravity gradient will
tend to vary over the baseline, so that needed frequency shifts for

interferometers on either end of the baseline will be different. It may
be possible in some cases to adjust the local gravity gradient with local
masses, but the corresponding infrastructure requirements would be
nontrivial. An alternative approach which circumvents these chal-
lenges is to suppress gravity gradient effects using multi-loop atom
interferometers.2,295 It should be noted that the sensitivity of multi-
loop interferometers is reduced for signals at frequencies below the
looping frequency (which corresponds to the inverse of the time
between successive loops).17

Coriolis forces arising from the coupling of the atom velocity to
Earth’s rotation are another source of error that must be mitigated. In
apparatuses up to the 10 m scale, rotation compensation schemes have
been successfully applied by counter-rotating the angle of the atom
optics laser beams against the Earth’s rotation using tip-tilt mir-
rors.1,296 Scaling this approach to 100 m baselines and beyond offers
new challenges. For baseline length L and laser beam rotation angle hr,
rotation compensation will cause a transverse beam deflection of�Lhr
over the baseline. For a 10 m baseline and an interferometer interroga-
tion time of several seconds, this deflection will be on the mm scale,
which is small compared to typical cm-scale laser beam widths.1

However, beam deflections grow to the cm scale for 100 m baselines.
In addition to laser beam deflections arising from rotation compensa-
tion, transverse Coriolis deflections of the vertically launched atomic
trajectories are also important to consider (see Fig. 16). These deflec-
tions can be minimized, but not eliminated, by launching the atoms at
a slight angle from vertical so that the launched atoms have a small
transverse initial velocity (a capability that is foreseen for the MAGIS-
100 experiment).2 For example, for an 80 m tall launch (which could
be used, e.g., for dual species measurements with Bragg transitions),
residual atom trajectory deflections will reach approximately 4mm.

For these reasons, new approaches are needed for keeping the
atom cloud centered in the atom optics laser beam for baselines of 100
m and longer. MAGIS-100, for example, will implement a laser beam
pointing control scheme with two tip-tilt mirrors—one at the top of
the baseline to direct the laser beam downward, and a second at the
bottom of the baseline to retro-reflect the beam.2 The upper tip-tilt
mirror will be placed before a magnifying telescope. The location of
the pivot point around which the laser beam rotates can be adjusted by
tuning the distance between this tip-tilt mirror and the first telescope
lens, providing an important degree of freedom for maintaining over-
lap between the laser beam and the atoms. For instance, for the exam-
ple of the tall launch described above, the atoms can be centered in the
laser beam for each interaction zone (first beam splitter, mirror, final
beam splitter) by placing the pivot point at the height of the beam
splitter interactions (with the first and final beam splitters specified to
occur at the same location) and setting the initial angle of the laser
beam so that the atoms are centered in the beam for the mirror
sequence. As a further tool, MAGIS-100 will also include mirrors on
precision translation stages (before the telescope) to enable dynamical
adjustment of the lateral position of the laser beam.297

It remains an open question whether rotation compensation will
be practical for future km-scale detectors. Beam deflections would
grow to the 10-cm scale, requiring a larger diameter vacuum pipe and
optics. Multi-loop interferometers offer an alternative means to miti-
gate Coriolis phase shifts2,295 and—as discussed above—may be
required anyway to mitigate gravity gradients for interferometers using
single-photon atom optics.
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3. Tall launch/drop opportunities and challenges

Long-baseline vertical detectors offer an opportunity for tall atom
launch or drop heights. The resulting increase in free-fall time can in
many applications boost sensitivity.1 To take full advantage of this
capability, the following challenges must be overcome. As mentioned
in Sec. VIC 2, taller launch or drop heights lead to increased transverse
deflections of the atomic trajectories by Coriolis forces, which can be
mitigated to some extent by launching the atoms at a slight angle.
Also, higher laser power is needed for taller launches. Finally, if only
one interferometer is operated at a time, the longer interrogation times
afforded by tall launches or drops will cause a corresponding reduction
in sensor bandwidth. Multiplexed interferometer sequences could
allow the lost bandwidth to be recovered (see Sec. VIC 7 for further
details).

4. Large-scale magnetic shielding

Magnetic shielding over a long baseline poses fabrication difficul-
ties. For magnetic shields with large length-to-diameter ratios, small
gaps between segments in a magnetic shield can lead to large magnetic
flux leakage into the nominally shielded region. While a single-piece,
welded magnetic shield has been realized at the 10 m scale to overcome
this problem,298 this approach is not scalable to longer baselines. A
modular, multi-piece design that minimizes flux leakage is therefore
required. Fortunately, such a design has already been developed and

demonstrated for the Hannover VLBAI interferometer299 (see Sec.
VID). The MAGIS-100 magnetic shield design2 was adapted from the
Hannover design.

5. Impact of gravity gradient noise and mitigation

For terrestrial long-baseline atom interferometers, Newtonian
GGN is expected to limit sensitivity to dark matter and gravitational
waves for sub-Hz frequencies. GGN can arise both from seismic and
atmospheric effects. For vertical detectors, preliminary studies have
investigated the use of multigradiometer configurations (an array of
multiple atom interferometers along the baseline) to distinguish the
exponential decay of Rayleigh-wave-induced seismic GGN from the
linear dependence of a gravitational wave or dark matter signal with
depth.187,190 Further investigations involving more realistic geophysical
models (e.g., density layers of the Earth) are needed. Detailed studies
of the impact of atmospheric GGN on long-baseline vertical detectors
are also needed. GGN and associated mitigation strategies are dis-
cussed in furter detail in Sec. IVB.

6. Vertical shaft infrastructure, access, installation

Long-baseline vertical detectors require a significant amount of
infrastructure. Electrical power for atom sources, vacuum pumps, and
other equipment along the length of the baseline must be provided.
The atom sources will need to be accessed during installation and for

FIG. 16. Transverse deflections of atomic trajectories due to Coriolis forces. (a) and (b) show trajectories in the vertical dimension for 10 m and 80 m launch heights,, respec-
tively,. (c) Transverse trajectory deflections for a 10 m launch height. Dashed red curve: Purely vertical launch. Solid black curve: launch angle adjusted by 5� 10�5 rad to
minimize transverse deflections. (d) Transverse trajectory deflections for a 80 m launch height. Dashed red curve: purely vertical launch. Solid black curve: launch angle
adjusted by 1:4� 10�4 rad to minimize transverse deflections.
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periodic maintenance, requiring a system for safely lowering personnel
along the baseline and platforms from which personnel can work.
Also, installation will require a large crane or an equivalent solution.
The approach MAGIS-100 takes to address these challenges is detailed
in Sec. VIG, and this issue was also addressed for a vertical 100-m
device in an LHC access shaft at CERN,300 see Sec. VIIID1.

7. Multiplexing

One advantage of the purely collinear geometry of vertical detec-
tors is the possibility of multiplexing interferometer sequences. Here,
the narrow linewidth of the clock transition and the associated sensi-
tivity to Doppler shifts is beneficial, as it means that the shifts occur-
ring during LMT sequences can be used to address separately clouds
in different stages of the interferometer sequence by varying the fre-
quency of the interferometer laser. This enables higher effective repeti-
tion rates that can reduce aliasing effects at constant total interrogation
time. In addition, velocity-selective launching, where different vertical
velocity classes of the same cloud are launched separately can lead to
reduced Doppler shifts during a given interferometer sequence and
can increase contrast for the same value of n. More modeling is needed
to understand the tradeoffs between this potentially higher interferom-
eter contrast of velocity-selective schemes that minimize Doppler shifts
and the higher effective repetition rate, on the one hand, and the
reduced atom number per shot on the other.

8. Phase shear readout, referencing cameras, optical
monitoring

In phase shear readout,301 the interferometer phase is mapped on
the spatial position of density fringes in space, which are then observed
using fluorescence imaging. Assuming a realistic fringe spacing of
d ¼ 1000 lm, a phase shift of u ¼ 10�4 p translates into a spatial
shift of the fringes of dx ¼ 100 nm. Reliably detecting these spatial
shifts translates directly into the required stability criteria for the imag-
ing system, namely a required position stability of< 100 nm of the
optical axis. In a 100 m detector in differential operation, such as
AION-100 or MAGIS-100, this corresponds to a short-term stability
requirement of the relative positions of the imaging systems of a pair
of interferometers that are 50m apart of 100 nm or less with respect to
each other.

D. The VLBAI atom interferometer in Hannover

The Very Long Baseline Atom Interferometry (VLBAI) facility4

enables ground-based rubidium and ytterbium atom interferometry
with large scale factors. Utilizing a 10 m free-fall distance, VLBAI has
the potential for shot-noise-limited gravimetry with instabilities below
1� 10�9 m=s2 at 1 s and offers absolute measurements rivaling state-
of-the-art superconducting gravimeters. Operation with ytterbium is
key for the development and testing of methods for gravitational wave
detection, e.g., with respect to high-flux atomic sources302 or interfer-
ometry using narrow-linewidth optical transitions.154,238 Utilizing
rubidium and ytterbium simultaneously, it will be able to test the uni-
versality of free fall at an accuracy level below 1� 10�1332,152,303 and
the inherently large scale factors and related spatial superposition
states will enable tests of quantum mechanics on macroscopic
scales.304 This summary presents an overview of the VLBAI

facility, highlighting its key features and its fundamental science
prospects.

The VLBAI facility, which is currently being commissioned in
Hannover, comprises three main components:

1. The core of the facility consists of a 10 m long, vertical ultrahigh
vacuum tube with a 10 cm inner diameter. To mitigate the
impact of stray magnetic fields, a high-performance octagonal
dual-layer magnetic shield encloses the tube, reducing magnetic-
field gradients to values below 2.5 nT/m, corresponding to a 6�
10�14 ms�2 acceleration bias for operation with rubidium.299,305

In addition, by means of relative gravimetry, the uncertainty con-
tribution originating from non-trivial gravity gradients along the
baseline can be quantified and modeled.305,306 Temperature
probes along the baseline help detect and correct errors caused
by temperature gradients.

2. Dual-species sources of quantum-degenerate ensembles of vari-
ous ytterbium isotopes as well as 87Rb will be installed at both
ends of the vacuum tube. By combining magnetic and optical
trapping techniques together with all-optical matter-wave colli-
mation,278 the facility targets atom fluxes on the order of 106

atoms/s, with temperatures in the picokelvin regime.126,271

3. A seismic attenuation system (SAS) is utilized to suspend a retro-
reflection mirror that serves as the atom interferometer’s inertial
reference. The SAS employs 6-degrees-of-freedom active stabili-
zation through electromagnetic actuation using signals from
onboard seismometers and novel opto-mechanical devices.307

VLBAI employs rubidium as a standard choice for inertial sens-
ing due to its well-established source and laser technology. In addition,
the heavy lanthanide ytterbium is utilized, providing advantages such
as strong cooling forces on the singlet line, narrow intercombination
transitions, and minimal magnetic susceptibility for improved control

FIG. 17. Layout of the AION-10 atom interferometer in the basement of the Oxford
Physics Department.
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over systematic effects and environmental decoherence. Furthermore,
the internal composition of the species enhances sensitivity for the
exploration of new physics beyond the Standard Model.303

The VLBAI facility aims to surpass the current state of the art in
absolute gravimetry by mitigating external noise sources through the
seismic attenuation system and magnetic shielding. In a simplified drop
configuration with 2� 105 atoms per cycle, 3 s preparation time, and a
800ms free-evolution time, the shot-noise-limited sensitivity is esti-
mated to be 1.7 nm s�2 at 1 s. By adopting an advanced configuration
that launches 1� 106 atoms per cycle, resulting in a 2.8 s free-
evolution time and utilizing four-photon atom optics, the shot-noise-
limited acceleration sensitivity improves to 40pm s�2 at 1 s. In a gra-
diometric configuration with a 5 m baseline and 1� 105 atoms per
cycle, the shot-noise-limited sensitivity is 5� 10�10 s�2 at 1 s.
Furthermore, a simultaneous-comparison measurement involving 87Rb
and 170Yb allows for testing the universality of free fall by determining
the E€otv€os ratio with a precision better than one part in 1013.303

Apart from its metrological applications through highly sensitive
absolute gravimetry (cf. Sec. IXE), the VLBAI facility acts as a platform
for interferometry with large scale factors as are essential for
gravitational-wave detection. It also provides an opportunity to test the
equivalence principle, to investigate fundamental decoherence mecha-
nisms and the limitations of quantum mechanics at a macroscopic
scale. Finally, putting optical clocks into spatial superposition in so-
called quantum clock interferometry will give rise to novel measure-
ments of the gravitational redshift.151,308–310

E. TheWuhan 10 m atom interferometer

The equivalence principle (EP) is one of the key ingredients in
general relativity. Quantum tests of the EP with atoms provide an
important way to examine the applicable scope of the current physical
framework, as well as to discover new physics. The design and apppli-
cations of the Wuhan 10-m atom interferometer have been discussed
in Ref. 6. The dual-species atom interferometer was used to test the EP
with an accuracy of 3� 10�8 in 2015.311 The detector has also been
used to perform a joint mass-energy test of the EP using the 4WDR-e
method, and the mass and internal energy violation parameters were
both constrained to the 10�10 level.312 The latest experimental progress
of the Wuhan 10-meter atom interferometer has been to use the large
momentum transfer technique with the 4WDR method to realize an
8-photon recoil atom interferometer. Interference fringes obtained
after a free evolution time of 2T ¼ 2:6 s have been observed, which is
the longest duration realized in the laboratory, and the corresponding
precision for gravity measurement is 4:5� 10�11 g per shot. The reso-
lution of differential measurements with the dual-species atom inter-
ferometer is 2:5� 10�11 at 7168 s.313

F. The AION Project in the UK

The Atom Interferometer Observatory and Network (AION)314

is a proposed research infrastructure allowing studies of dark matter
and gravitational waves (GWs) from cosmological and astrophysical
sources in the theoretically relevant but currently inaccessible mid-
frequency band. It will develop and demonstrate the necessary deploy-
able and scalable quantum technology by constructing and operating
10 m- and 100 m-scale instruments, paving the way for a future km-
scale facility. Stage 1 of the AION project, funded via the UK Science

and Technology Facilities Council (STFC) Quantum Technologies for
Fundamental Physics (QTFP) program and involved institutions, has
successfully delivered a new UK collaborative network in cold-atom
interferometry, and by 2024 the current phase of the project will have
made key steps toward the construction and deployment of a first 10
m prototype instrument. The long-term AION program comprises:

• Stage 1 (10 m): Construction of a first full interferometer system,
providing proof-of-principle of the basic technology, along with
evidence of scalability from lab-based to purpose-built infrastruc-
ture. As seen in Fig. 17, the system will be deployed in a dedicated
low-vibration basement in the Oxford Physics Department with
an adjacent laser laboratory, and its performance fully character-
ized. Stage 1 will deliver an improvement in the sensitivity to the
coupling of ultra-light dark matter (ULDM) to the electron by up
to a factor of 3 for a mass �10�15 eV, but is not expected to have
significant sensitivity to GWs.

• Stage 2 (100 m): Construction is expected to start in 2027, with
operation from 2030 to search for both DM and GWs over an
operational period of several years. The expanded Boulby labora-
tory in the UK is under study as a potential site for the detector
(see Sec. VIII D 2 for more information). This stage will address
fundamental challenges for construction and operation of a large
detector “in the field”. Stage 2 aims at an improvement in sensi-
tivity to, e.g., the ULDM-electron coupling by up to more than
one and a half orders of magnitude over a wide range of ULDM
masses. It will also have unique sensitivity to GWs in a frequency
band around 1 Hz, being sensitive, e.g., to phase transitions in
the early universe and mergers of intermediate-mass black holes
weighing 104 solar masses at a redshift z 
 1.

• Stage 3 (1 km): Construction would start in the mid-2030s, with a
target of reaching ultimate terrestrial sensitivity for GW and DM
observation by the end of the decade. This stage would constitute
a new international infrastructure. As for stage 2, the expanded
Boulby laboratory in the UK is under study as a potential UK site
for the detector.

• Stage 4 (� 1000 km): A mission proposal for an Atomic
Experiment for Dark Matter and Gravity Exploration in Space
(AEDGE)9 has been submitted to ESA within its Voyage 2050
program. This would directly use AION technology and could be
flying from 2045.

The goals of AION stage 2 explicitly include further development
of the necessary national and international partnerships and collabora-
tions, along with the development of the necessary technical and opera-
tional experience. Stage 3 will require cooperative international
investment and strategy funding. Therefore, the AION Collaboration
strongly supports the formation of an international proto-collaboration
to support very long-baseline AI for fundamental physics exploitation.

In the following, we provide a short summary of the status of the
AION project in stage 1, during which the AION program has three
major deliverables to complete:

(A) Design and construction of five Ultra-Cold Strontium
Laboratories in Birmingham, Cambridge, Imperial, Oxford,
and RAL;

(B) Establish a partnership with the MAGIS experiment in the US;
(C) Design and Construction of a 10 m prototype detector to be

built in the Beecroft building in Oxford.
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Milestones (A) and (B) have been completed, and the project is
now mainly focusing on (C), the design and construction of a 10 m
prototype detector.

The biggest challenge faced by AION in Stage 1 was the central-
ized design and production of the ultrahigh-vacuum sidearm and
laser-stabilization systems for the AION Ultra-Cold Strontium
Laboratories, as summarized in.315 Streamlining the design and pro-
duction of the sidearm and laser stabilization systems enabled the
AION Collaboration to build and equip in parallel five state-of-the-art
Ultra-Cold Strontium Laboratories within 24months and observe
atomic interference fringes—see Fig. 18—by leveraging key expertise

across the collaboration. This approach could serve as a model for the
development and construction of other cold atom experiments, such
as atomic clock experiments and neutral atom quantum computing
systems, by establishing dedicated design and production units at
national laboratories, such as Rutherford Appleton and Daresbury
Laboratories in the UK.

G. The MAGIS-100 Atom Interferometer

The MAGIS-100 experiment is Fermilab project E-1101
(FERMILAB-TM-2700-PPD, FERMILAB-CONF-23-430-ETD), which
consists of a collaboration of 9 universities and national laboratories,

FIG. 18. Upper panels: Photographs of the five AION sidearm systems, installed at their corresponding institutions. Reproduced with permission from AION collaboration,
“Centralised design and production of the ultra-high vacuum and laser-stabilisation systems for the AION Ultra-Cold Strontium Laboratories,” arXiv:2305.20060. Copyright 2020
Authors, licensed under a Creative Commons Attribution Unported License.315 Bottom panel: Measurements at the University of Birmingham of the occupation levels of an
excited strontium state following atom interferometry sequences in which the phase of the final laser pulse is varied, demonstrating interference fringes analogous to those in
an optical Mach–Zehnder interferometer.
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and is funded by the US DOE Quantized program, the Gordon and
Betty Moore Foundation, the UK STFC, and the Kavli Foundation. To
carry it out it is necessary to build and install at Fermilab a next-
generation instrument that uses light-pulse atom interferometry to
search for physics beyond the Standard Model. MAGIS-100 will exploit
the existing �100 m vertical MINOS access shaft and will be an
upgrade of the existing 10 m scale experiment at Stanford with greatly
increased sensitivity due to its increased length.

In the MAGIS detector design, dilute clouds of Ultra-Cold atoms
at both ends and the middle of the baseline (the MINOS shaft, see
Fig. 19) act as both inertial references and clocks. Light from a laser
propagates in a high-vacuum region between the two atom ensembles
and interacts with the atoms, driving transitions between the ground
and excited atomic clock levels. The accumulated phase difference
between the states in the atom ensembles (interferometers) is sensitive
to the time variation in the atomic energy levels, which would be
caused by a light scalar dark matter field interacting with the atoms.
Additionally, the timing of these transitions depends on the light travel
time across the baseline, so a passing gravitational wave can result in a
shift of the atomic state, with an associated interferometer phase differ-
ence. MAGIS will use Sr atoms, which are able to act as excellent
clocks. The MAGIS detector concept is shown schematically in Fig. 20,
with the upstairs laser lab (currently under construction), the above-
ground laser transport for the interferometry laser beam, the vertical
interferometry vacuum tubes, and the three strontium atom sources.
The use of any two atom sources can produce a difference measure-
ment. In addition, the use of three sources provides the opportunity to
correct for gravity gradient noise, and serves as a general constraint for
systematics control. MAGIS-100 will also have the capability to per-
form co-located, dual-isotope Sr atom interferometry in an alternative
dark matter search mode.2

Construction at Fermilab provides many benefits to the experi-
ment. The site provides a laboratory environment with the required

power to operate the experiment, appropriate support for laser and
vacuum systems, and safety oversight. Engineering for civil compo-
nents such as shaft supports, vacuum systems, and electrical systems
benefits from the existing Fermilab staff, who have extensive experi-
ence with equipment deployment at this scale. Controls, computing,
and networking systems are readily available, and safety and interlocks
controls are standardized. In addition, there are facilities for operations
that will be exploited.

MAGIS-100 has a modular construction: 17 sections of approxi-
mately 5.7 m length are assembled from the bottom of the shaft to the
top. Specialized connections are found at the location of the three
atom sources to allow for optical shuttle and launch of the atom
clouds. The apparatus is surrounded by an octagonal, multi-layer mu-
metal shield to provide a clean magnetic environment. Necessary
optics (mirrors, mode cleaning, and retro-reflection) are located at the
top and bottom of the experiment. Items needing maintenance are
found at the connections between nodes, and are shielded by sliding
couplers.

The sections are surrounded by an aluminum strongback frame
for rigidity and protection from impacts. The beam tube components
for the modules can be aligned using a 6-strut system to provide the
necessary degrees of freedom. Ferromagnetic materials have been min-
imized in the design.

Installation will be aided by a personnel access system, which is
currently planned to be a cage suspended from the 15-ton overhead
bridge crane located in the MINOS building. It is likely that a supple-
mentary lightweight gantry crane will be used to lower the modules
and atom sources into position on their permanent, fixed, mounts.

Most (16/22) of the MAGIS-100 lasers are located on the surface
in a purpose-built laser laboratory. These constitute the high-power
interferometry laser system316 and the red lasers for each atom source,
which are transmitted to the sources over fibers. Most of the laboratory
lasers are frequency locked using an optical comb. The IR and blue

FIG. 19. Basic layout of the MAGIS experiment.
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lasers used at the atom source locations are installed in the shaft
together with the sources.

MAGIS-100 will provide a powerful instrument for science. In
addition, its atom sources and laser systems are modular and readily
upgradable in the future. Full technical details can be found in Ref. 2.

H. Summary

In this section, we have discussed the features and technological
challenges of vertical long-baseline atom interferometry. Key areas
where further research is needed include the development of higher
power lasers and robust atom optics techniques239,257,317–323 to enable
interferometers with several �104 p-pulses on narrow clock transi-
tions, investigations of the scalability of rotation and gravity gradient
compensation techniques to km-scale baselines, demonstration of
multiplexing techniques to allow multiple interferometers to be oper-
ated simultaneously, and designing systems for stabilizing and/or
monitoring the relative positions of cameras used for phase shear read-
out of interferometers separated over a long baseline. Moreover, fur-
ther investigations into Newtonian gravity gradient noise mitigation
strategies for vertical configurations will be essential. This section has
also provided an overview of four vertical long-baseline atom interfer-
ometry projects: the Hannover VLBAI atom interferometer, the
Wuhan 10 m atom interferometer, the AION project in the UK, and
MAGIS-100 at Fermilab, which will serve as testbeds for the necessary
technology development for TVLBAI projects.

VII. LONG-BASELINE DETECTOR OPTIONS
(HORIZONTAL)
A. Introduction

Horizontal gravitational wave detectors have some different fea-
tures from vertical ones, making themmore similar to laser-based grav-
itational wave detectors such as LIGO and Virgo. The first key feature
is that beam splitting is decoupled from the atomic motion due to free
fall. The second is the possibility to build a two-arm detector. Unlike
vertical detectors, where single photon beam splitters are used to pre-
vent laser phase noise entering the signal, a two-arm configuration can
be used for the same purpose, but with two conventional photon beam
splitters. This enables the use of alkaline elements for the atomic source,
which have been used in a variety of previous atom interferometry
experiments, so that the key technologies (i.e., high flux, large momen-
tum transfer, long interferometry times, delta-kick collimation or
squeezing) are more mature. Two long-baseline horizontal experiments
are under construction currently in France and China, namely MIGA
and ZAIGA, which are presented in this section and their current status
and challenges discussed. In subsequent parts of this section, possible
strategies for horizontal geometries are introduced, which realize multi-
loop configurations originally introduced for space-based detectors.
Using a distinct relaunch strategy in combination with delta-kick colli-
mated Bose–Einstein condensates and symmetric horizontal beam
splitters the necessary parameters for the next generation of detectors
seem plausible. Tackling the issue of laser front phase aberrations and
the need for increasing laser powers, cavity-based diffraction can be

FIG. 20. (a) Fiber laser system developed by the Muquans company, reused with permission from Sabulsky et al., Sci. Rep. 10, 021101 (2020). Copyright 2020 Authors,
licensed under a Creative Commons Attribution Unported License.325 (b) cold 87Rb atom source, reused with permission from Beaufils et al., Sci. Rep. 12, 231102 (2022).
Copyright 2020 Authors, licensed under a Creative Commons Attribution Unported License,267 (c) standard 6 m long section under vacuum test, (d) vacuum tower in production
at SAES Parma (Italy), (e) MIGA gallery within the Laboratoire Souterrain �a Bas Bruit (LSBB) and installation of the first sections of the vacuum vessel, reproduced with permis-
sion from Canuel et al., “A gravity antenna based on quantum technologies: MIGA,” arXiv:2204.12137. Copyright 2022.326
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used in horizontal geometries, due to the decoupling of atomic motion
and beam splitting, making it an ideal candidate for implementation.

B. Large-scale atom interferometry with MIGA

The MIGA3 large-scale gravity antenna is a demonstrator for
low-frequency GW detection based on atom interferometry.324 This
project is carried out by a consortium that gathers 17 leading French
laboratories and companies in atomic physics, metrology, optics, geo-
science and gravitational physics. The geometry of MIGA consists of a
150 m array of three Rb atom interferometers manipulated by cavity-
enhanced Bragg pulses to provide simultaneous measurements of
strain and inertial forces sensed in an optical cavity.

This underground antenna is located in the LSBB laboratory.327

This facility is a former command center of the military nuclear force
on the “plateau d’Albion” that has been converted into a unique
underground research platform. Located 500 m deep inside the moun-
tains of the pays d’Apt, this facility is ideally located away from major
anthropogenic disturbances and benefits from very low background
noise, in particular seismic3,328 and magnetic noise sources,329 which
are major disturbances usually preventing atom interferometer experi-
ments from reaching their ultimate performances.

Targeting an initial strain sensitivity of 2� 10�13=
ffiffiffiffiffiffi
Hz

p
at 2Hz,

MIGA will be a demonstrator for a new generation of GW detectors
based on atom interferometry (AI) that could open a new frequency
band for the observation of GWs. The instrument will be used to study
advanced measurement strategies and atom manipulation techniques
to push further the sensitivity of large-scale AI experiments. MIGA
will also provide precise measurements of the local gravity sensed by
an AI network to study the impact of GGN and possible mitigation
strategies. According to current models, GGN is a central issue for
low-frequency GW detection, and instruments relying on single atom
gradiometer geometries would be strongly limited in their performan-
ces in a large portion of their sensitivity window.

An upgraded version of the antenna, using the Large Momentum
Transfer (LMT) generated by 2� 100 photon transitions and an
improved detection noise of 0.1 mrad/

ffiffiffiffiffiffi
Hz

p
would make it possible to

study the different components of GGN over different baselines and
obtain a better modeling of the space-time correlation properties of
GGN.330 These studies are crucial to develop strategies for mitigating
GGN based on spatial averaging using AI sensor networks.246

The infrastructure work at LSBB has been completed and two
new perpendicular galleries of 150 m were bored to host the initial
antenna and a possible evolution toward a 2D instrument.326 The Rb
atom sources were also produced and fully characterized267,325 in col-
laboration with the SYRTE laboratory [see Figs. 20(a) and 20(b)]. The
vacuum vessel was produced, tested331 and delivered to LSBB and
MIGA is now currently in its final assembling and commissioning
stage at the LSBB [see Figs. 20(c)–20(e)].

C. Very-large-scale atom interferometry with ELGAR

This expected outcomes of MIGA will pave the way for the devel-
opment of future research infrastructures based on quantum technolo-
gies such as ELGAR (European Laboratory for Gravitation and Atom
interferometry Research).8 Based on an Oð10Þ km horizontal geome-
try, the ELGAR initiative aims to the realization of a European under-
ground infrastructure to study space-time and gravitation with the
primary goal of detecting GWs in the band between 0.1 and 10Hz.
This instrument would use a geometry based on an array of atom gra-
diometers to reduce the contribution of GGN (see Fig. 21). A common

FIG. 21. Geometry of ELGAR, based on a
distributed 2D array of gradiometers with
baseline L¼ 16.3 km with a total baseline
LT ¼ 32.1 km. Reproduced with permis-
sion from Canuel et al., Class. Quantum
Grav. 37, 225017 (2020). Copyright 2020
Authors, licensed under a Creative
Commons Attribution Unported License.

FIG. 22. Layout of the ZAIGA laboratory near Wuhan, China for a range of experi-
ments using atom interferometry. Reproduced with permission from Zhan et al., Int.
J. Mod. Phys D 29, 1940005 (2020). Copyright 2020 World Scientific Company.7
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ultra-stable laser interrogates two perpendicular arms of total baseline
LT ¼ 32.1 km. Each arm is composed of N¼ 80 gradiometers with
baselines L ¼ 16.3 km, spaced from each other by a distance d ¼ 200
m; these two last parameters have chosen taking into account the
space-time correlation properties of GGN. The gravitational signal is
then extracted from the difference of the mean of the gradiometer sig-
nals in each arm. This averaging method makes it possible to reduce
the GGN by a factor that can be better than 1=

ffiffiffiffi
N

p
in the detector

bandwidth, and the 2D geometry limits the influence of the residual
frequency noise of the interrogation laser. The site of the detector
would be an underground facility at a depth of a few hundred meters,
reducing further both seismic and atmospheric GGN.186,188,332

A preliminary description of the antenna subsystems can be
found in Ref. 242. It would use 87Rb sources cooled down to 100 pK,
launched on a vertical trajectory toward the common interrogation
laser where they would be interrogated using a four pulse sequence
“p=2-p-p-p=2”. The atom manipulation protocol would use a combi-
nation of Bragg diffraction and Bloch oscillations254 to reach a total
number of 2n ¼ 1000 transferred photons during each interrogation
pulse. Assuming an atom flux of 1012 atoms/s and an integration time
of 4T ¼ 800 ms, the shot noise limited strain sensitivity of the detector
would be 3:3� 10�22=

ffiffiffiffiffiffi
Hz

p
at its optimal detection frequency of

1.7Hz. The bandwidth of ELGAR would, therefore, complement that
of the future space-based detector LISA and third-generation ground-
based optical detectors such as ET333 or the Cosmic Explorer.334,335 A
simultaneous operation of these instruments would open multiband
GW detection over an extended band, ranging from 0.1 mHz up to
10 kHz. The ELGAR infrastructure would focus on GW observation in
the band around 1Hz, but would also have extended applications in
various domains including geology, fundamental physics, gravitation
and general relativity.

D. Status of the ZAIGA project

ZAIGA is a facility for underground laser-driven atom interfer-
ometer experiments near Wuhan, China7 that is illustrated in Fig. 22.

Its first stage is already funded and under construction, with comple-
tion scheduled for 2027. It includes a 240-m vertical shaft equipped
with an atom fountain and atomic clocks, which targets probes of
quantum mechanics, tests of the Einstein equivalence principle, mea-
surements of the gravitational redshift using atomic clocks and
searches for ULDM and GWs, as well as a horizontal gallery of
length>1 km that will host an experiment to measure rotation and the
Lense–Thirring effect, and probe general relativity. The second phase,
planned for 2027–2035, will feature an equilateral triangle of horizon-
tal 1-km galleries instrumented with atom interferometers that will
provide enhanced sensitivities to ULDM and GWs, and there is provi-
sion for extending one of the arms of the triangle to multiple kilo-
meters in a subsequent stage. In addition to this comprehensive
program of fundamental physics, the ZAIGA laboratory will be the
principal node in a network for environmental monitoring including
measurements of earthquakes, changes in ground water, meteorology,
geogravity and relativistic geodesy.

E. Future perspectives for horizontal detectors:
Scalable large momentum transfers and multi-loop
geometries

Horizontal beam splitting faces the challenge of an intrinsic sym-
metry, due to the vanishing Doppler shifts of atoms falling perpendicu-
larly to the laser beam. The implementation of symmetric horizontal
beam splitting has been studied for either Bragg336 or Raman diffrac-
tion. Instead of using higher nth order or sequential diffraction pro-
cesses, which are mainly limited by atom loss caused by non-ideal
beam splitter efficiencies, accelerated optical lattices may be used,
where the atomic ensemble suffers significantly fewer losses from
dephasing effects due to light shifts.

The twin-lattice approach presented in Ref. 253 is based on a
combination of double Bragg beam splitters, which realize the sym-
metric momentum splitting of the initial atomic ensemble, with a
simultaneous acceleration of both interferometer arms with the help of

FIG. 23. The twin lattice is formed by retroreflecting light at two frequencies with linear orthogonal polarization. A quarter-wave plate in front of the retroreflector alters the polari-
zation to generate two counterpropagating lattices (indicated in red and blue). After release from the atom chip and state preparation, the BEC is symmetrically split and recom-
bined by the lattices, driving double Bragg diffraction (DBD) and Bloch oscillations (BOs). In this way, the interferometer arms form a Sagnac loop enclosing an area A (shaded
in gray) for detecting rotations X. The interferometer output ports are detected on a CCD chip by absorption imaging. Figure reused with permission from Gebbe et al., Nat.
Commun. 12, eaau7948 (2021). Copyright 2021 Authors, licensed under a Creative Commons Attribution Unported License.253
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Bloch oscillations. The individual steps of the sequence are presented
in the following and the overall scheme is shown in Fig. 23. The light
fields of the twin lattice are aligned perpendicular to gravity.
Additionally the retroreflection of x1 and x2 is realized with a combi-
nation of a quarter-wave plate and a separate mirror. The two applied
frequencies are combined in a single beam with orthogonal linear
polarization. This helps to suppress losses caused by parasitic standing
waves as well as systematic effects like laser phase noise and wavefront
distortions. Due to the beam being aligned horizontally there is a van-
ishing velocity in the beam splitter direction, which directly entails
symmetric diffraction through a double Bragg or Raman process.

For the sequence itself a BEC is created with the help of the
atom-chip trapping and cooling capabilities. The individual steps are
shown in Fig. 23 for different amounts of transferred momenta. After
release delta-kick collimation is performed and followed by an adia-
batic rapid passage to a non-magnetic state. The interferometer itself is
created by an initial sequential double Bragg diffraction p=2-pulse and
an acceleration via Bloch oscillations. This creates a maximum
momentum separation between the two interferometer arms of up to
Dp ¼ 408 �hk. To mirror the momentum states for the second half of
the interferometer the atomic ensembles are decelerated again to
64 �hk. The following three-pulse combination can be described as a
sequential double Bragg p-pulse that inverts the atomic velocity to
74 �hk. Afterwards the ensembles are accelerated again to the same
momentum separation Dp as before and decelerated again, with the
difference that the trajectories are now pointing toward each other to
allow for a spatial overlap at the end of the sequence. The interference
is closed by a final sequential double Bragg diffraction p=2-pulse. After
a waiting time of sdet ¼ 9 ms the three output ports of the interferome-
ter can be imaged using absorption detection.

A folded triple-loop geometry can be realized as an alternative to
a standard double-loop or butterfly geometry using this kind of sym-
metric beam splitters together with relaunches337 at the intersections
of the trajectories so that only a single laser link is required.247 This

enables scalability in T, consequently a broadband detection mode,338

and a resonant detection mode17 by adding additional relaunches and
beam splitting pulses. In addition, the triple-loop geometry is robust
against fluctuations of the mean position and velocity of the wave
packet entering the interferometer. The scheme requires a pointing sta-
bility of the relaunch vectors at the level of � prad, comparable to the
requirement on the initial launch vector in a single-loop geometry.247

Omitting other terms, the differential phase shift between two triple-
loop interferometers in a gradiometric configuration caused by a gravi-
tational wave is 8keffhL sin 4ðxT=2Þ½ð7þ 8 cosðxTÞÞ=2�.129 As an
option, this geometry can be implemented at a later stage for broad-
band and resonant detection modes.

F. Multi-photon atom interferometry
via cavity-enhanced Bragg diffraction

The target strain sensitivity for decihertz GW detectors based on
atom interferometry requires the application of Large Momentum
Transfer (LMT) atom optics. Modern atom optics techniques utilize
stimulated Raman transitions,40 Bragg diffraction,153 and Bloch oscilla-
tions339 or a combination of the three to realize LMT atom interferom-
etry.237,253,336,340–345 It appears to be feasible to generate 1000�hk of
momentum transfer by a combination of Bragg diffraction and Bloch
oscillations,253 but this imposes severe requirements on the laser
power.341 Beam splitting of order n requires a laser intensity scaling
as n4 for a fixed spontaneous emission rate.346

An optical cavity could provide the required power enhancement,
while adding spatial filtering for the beam splitting, with added benefits
for both sensitivity and accuracy with careful design of the device: the
power enhancement increases linearly the scale factor of atomic iner-
tial sensors via coherent multiphoton processes347–350 utilizing a large
intensity of the interrogation laser. The natural spatial filtering of cav-
ity modes reduces wavefront distortion,249 an effect that can eventually
limit the accuracy of atom interferometers but grows quickly in LMT
atom interferometry. Other notable effects on atom interferometers,
such as diffraction phases generated by intensity and mode shape fluc-
tuations, can be controlled within an optical cavity.

At the limits of optical cavities, high finesse is required for effi-
cient atom optics, but a long cavity is also needed for GW detection.
However, this leads to narrow linewidth cavities and so a long tempo-
ral response.351 Such a response is known to degrade the temporal
shape of the light pulses used to manipulate coherently the matter
waves.352 These effects are fundamental issues limiting the use of opti-
cal cavities for atom interferometry,351 but new techniques have been
proposed to circumvent this problem using light-shift engineering353

and intracavity frequency modulation of circulating pulses.354,355

Optical cavities have proven useful for modern atomic physics, having
been used to produce Bose-Einstein condensates in the strong-
coupling regime356 and to generate entanglement in particles of an
atomic ensemble in order to beat the so-called standard quantum
limit.291,357,358 Recent work has shown that a matter-wave interferome-
ter operating as a gravimeter can be realized using a stable optical cav-
ity.259 Hence, optical cavity manipulation for enhancing light-matter
interactions is a promising pathway for mediating LMT atom optics in
future experiments.

Furthermore, the realization of a GW detector based on atom
interferometry can further benefit from optical cavities in mediation of
the light–matter interaction. Interrogation of atom interferometers

FIG. 24. 3D model of the underground civil infrastructure at Point 4 of the LHC. The
vertical atom interferometer is in the PX46 shaft. There is concrete shielding in the
gallery connecting to the main cavern. A fast and safety-proof elevator platform sur-
rounds the experiment and is used for assembly, operation and escape in case of
hazards. Reproduced with permission from Arduini et al.,. “A long-baseline atom
interferometer at CERN: Conceptual feasibility study,” arXiv:2304.00614. Copyright
2021 Authors, licensed under a Creative Commons Attribution Unported License.300
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functioning as array of atom gradiometers3,8,246 requires that the atom
optics be driven by the same oscillator. This atom gradiometer, inside
an optical Fabry–P�erot Michelson interferometer, forms a hybrid
device that would be the start of a new generation of instrument where
both atomic and optical readout are used simultaneously to provide an
extended GW detection band into lower frequencies. A 2D geometry
naturally lends itself to reducing efficiently the impact of frequency
noise on the atomic readout, as is already the case for its optical coun-
terpart.359,360 Optical cavity mediation of LMT atom optics is a prom-
ising technological pathway for future high sensitivity large scale AI
detectors.

A dedicated experiment to explore cavity manipulation in the
horizontal direction demonstrated an LMT atom interferometer using
cavity-enhanced beamsplitters137,350,361 in the framework of the MIGA
project.3 It utilized a marginally stable cavity362 that allows for the
propagation of large spatial modes. This device is generally useful for
all atomic sources, trapped or on ballistic trajectories. This configura-
tion, developed for atom interferometry,137,361 comprises two high
reflectivity mirrors placed at the focal planes of a biconvex lens. This
horizontal 80 cm cavity is coupled with a sub-Doppler cooled 87Rb
atomic source developed for the MIGA project267 and used to operate
a Mach–Zehnder atom interferometer using a momentum transfer of
up to 2n ¼ 8�hk on a large resonating mode with a 1=e2 diameter of
4mm.350

This experiment267,325,350 launches a cloud of atoms into the cav-
ity on a ballistic trajectory where interference patterns are generated by
the cavity not being perfectly horizontal and scanning the scale fac-
tor.350 The optical gain of the cavity (38) is sufficient to drive diffrac-
tion with mW level input from a low-noise source, while the finesse
(200) results in a cavity temporal response of a few hundred ns, which
is sufficient to avoid distorting the applied Gaussian pulses; diffraction
up to n¼ 4 has been observed. Tilting the experiment at various
angles, as observed with an external tilt measurement, induces small
but measurable accelerations from gravity. By studying the cantilever-
ing of fringes as well as spectroscopy, it was possible to conclude that
the phase shift is inertial for the different diffraction orders.

This work paves the way toward increased sensitivity of matter
wave interferometer experiments and hybridization with laser interfer-
ometers. In the short term, this method is applicable to various atom
interferometer sources and geometries, such as mobile, sub-Doppler
cooled vertical gravimeters,249 and horizontal gyroscopes.363

VIII. SITE OPTIONS
A. Introduction

The focus of this section is to elucidate some requirements and
desiderata for potential future locations for a terrestrial-very-long-
baseline atom interferometry experiment. This includes discussion of
the presumed infrastructure requirements and environmental feasibil-
ity investigations for a large-scale international experiment. As a small
survey of current site options globally, we include summaries of pre-
sentations from representatives of: CERN in Geneva, the Boulby
underground laboratory in the UK, the Sanford Underground
Research Facility (SURF) in the USA and the Callio Lab in Finland.
This Section also includes shorter discussions of other deep under-
ground facilities that may be considered.

This paper highlights future plans for scaling atom interferometry
technology far beyond the confines of small, highly controlled

laboratories. There are various different physical configurations that a
future experiment can employ, see the discussions in Secs. VI and VII.
Nevertheless, one may construct a set of common criteria that factor in
driving forces from experimental constraints and specifications, and
other limiting factors from systematic and environmental noise sour-
ces. Our criteria can be neatly split into: site infrastructure require-
ments and ambient environmental characteristics. Site infrastructure
requirements capture experiment-specific needs that we as the experi-
menters can control, such as local temperature, electric, and magnetic
field fluctuations, within constraints imposed by the cost and the
knowledge how to mitigate such effects. On the other hand, ambient
environmental characteristics encompass all of the location-dependent
traits that we cannot directly control, such as seismic and atmospheric
fields. These noise sources will require deeper understanding and mea-
surement of each site’s geological structure and historical fluctuations
to devise stable long-termmeans of forecasting and mitigation.

Ideally, the experimental collaboration would construct the per-
fect site for a large-scale experiment by selecting the most isolated envi-
ronment and building in all control measures required to match the
specifications. This would include digging vertical shafts, for vertical
atom interferometer configurations, or excavating long deep under-
ground galleries, for horizontal layouts. Realistically the expense of this
approach would be far too great if one would like to implement and
compare various different techniques and configurations. Instead the
pragmatic approach is to examine existing deep underground labora-
tories and explore their abilities to meet the experimental criteria. This
is the approach we suggest here.

B. Infrastructure considerations for long-baseline
detectors

A long-baseline atom interferometer requires two large spaces,
the laser laboratory and the baseline shaft or gallery, which must be
connected to each other by a short laser link.

The laser laboratory should be a windowless room with a floor
area of at least 50 m2 and a height of roughly 3 m with space for over-
head gantries and cable supports. The laser laboratory is needed to
house specialized instruments for the manipulation of cold atoms, e.g.,
lasers, optics, control electronics, and coil drivers. A typical layout (for
the MAGIS experiment) is shown in Fig. 19. The room should have a
high-specification heating, ventilation and air conditioning (HVAC)
system capable of stabilizing the temperature at approximately 22 �C
with fluctuations below 61 �C. The HVAC system should be able to
handle a heat load of up to 30kW from instruments in the laboratory.
Services such as processed cooling water, single-phase and three-phase
mains outlets (approx. 35kW total), compressed dry air, and network
ports must be available in the laser laboratory. The room must have
appropriate engineering and access controls for laser safety, since the
room will contain several class 3B and 4 lasers. Routine access for
laser-trained users greater than 12h per day will be necessary, for
instrument installation, maintenance and operation.

The main part of the detector will be housed in either a vertical
baseline shaft or horizontal baseline gallery, depending on the choice
of detector orientation. The longer the baseline, the better the detector
sensitivity, up to a limit of a few kilometers. For vertical shafts, a target
shaft length of 100 m or more is currently being sought for the next-
generation detectors similar in scale to MIGA and MAGIS-100. The
baseline shaft or gallery will contain the baseline tube (a long, straight,
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ultrahigh-vacuum tube) with between 2 and 10 atom sources attached
at intervals along the baseline. Each atom source will require services
such as processed cooling water, mains power (approx. 10 kW), and
various optical fiber and cable connections to the laser laboratory. For
a vertical baseline, the atom sources will each occupy a volume of
approximately 1� 1� 2m3, extending as “sidearms” from the vertical
tube. For a horizontal baseline, a few-meter vertical UHV tube will be
required above each atom source to enable long atom free-fall time. A
more stable temperature and humidity environment in the baseline
shaft or gallery would be beneficial, especially for the atom sources,
though local enclosures for the atom sources, internally controlled to
0.5 �C pk-pk fluctuations, could be a viable solution for less
temperature-stable shafts. Routine and safe access to the atom sources
will be required for over 12 h per day for instrument installation, main-
tenance and operation.

C. Environmental characterization for site selection

Long-baseline atom interferometers are susceptible to various
noise sources. Locally to the laser laboratory and atom sources, tem-
perature fluctuations, spurious electric and magnetic fields, and vibra-
tions can feed into the subsystems of the experiment causing noise in
the laser light that interacts with the atoms or by directly modifying
the atom structure of the Ultra-Cold atom ensembles. These effects
have been briefly discussed in Sec. VI B, see also Ref. 2 for more details.
(See Sec. IXB for a more complete discussion of possible noise sour-
ces.) For very-long-baseline detectors the science signal we search for
could vary along the extent of the baseline. This requires us also to
consider ambient large-scale effects such as seismic and atmospheric
density perturbations that cause noise in differential measurements of
the phase shift of the atom interferometers along the baseline. These
ambient effects, which have been referred to as GGN, become crucial
terrestrial limitations in the lower frequency domain. Other large
experiments including LIGO, Virgo and the LHC have also needed to
explore these potential backgrounds,188,334 though these backgrounds
are not yet limiting significantly their respective science cases. For
atom interferometers the current generation of experiments including
MIGA, MAGIS-100, ZAIGA, and the VLBAI plan to explore GGN
experimentally as this will unlock the full science reach of such long-
baseline atom interferometers.2,3,7

By measuring the local effects mentioned above, we can establish
what levels of passive shielding and active tracking will be required to
meet experimental specifications for a given noise budget. This can be
quickly done for a potential site with a survey of temperature and pres-
sure using thermometers and pressure/humidity sensors, magnetic
fields using flux-gate magnetometers, and arrays of accelerometers to
characterize vibrations above 1Hz. It should be noted that a single set
of measurements would only provide enough information to establish
the DC, or static noise backgrounds. Time-dependent fluctuations of
these fields can also lead to noise in the atom interferometer thus
longer-duration surveys should be carried out. Once the amplitudes
and fluctuations of these fields are known we can specify the levels for
thermal enclosures, magnetic shields, and vibration isolation for the
various subsystems of the experiment. For some references for
expected noise levels in MAGIS-100, see Ref. 2, and for measurements
at the CERN site discussed below, see Ref. 300.

One should also examine the characteristics of the larger ambient
environment surrounding the site. The effects of most interest for the

Oð1ÞHz domain are seismic field fluctuations sourced by: pressure
waves (P-waves), transverse waves (S-waves) and Rayleigh waves (sur-
face waves), atmospheric fluctuations, sound waves reflected from the
Earth’s surface, and advected temperature gradients. The primary con-
cern from these fluctuating noise sources is a density perturbation
leading to a fluctuating gravitational field and time-dependent GGN
coupled to the Ultra-Cold atom ensemble through its free-fall trajec-
tory in the perturbed gravitational field. One mode of this coupling
through seismic Rayleigh wave channels was discussed in Sec. IVB
and further details on investigations into seismic GGN can be found in
Refs. 187, 190, and 330. Atmospheric fluctuations couple in a similar
manner and are currently being investigated. In order to characterize
the site for these environmental backgrounds a seismic survey can be
carried out to provide histograms of the power spectral density of
ground motion. For vertical configurations synchronized borehole
seismometers can be arranged in the shaft to profile the vertical depen-
dence of the ground motion. Atmospheric effects can be best under-
stood through large area microbarometer surveys, LIDAR
measurements, or databases of historical meteorological data. With
ambient noise levels collected the feasibility of the site can be assessed,
an example of this was done for the CERN vertical shaft PX46.300

Mitigation for these low-frequency noise sources will most certainly
require passive and active isolation with large auxiliary environmental
monitoring systems and filtering techniques.

To maximize the sensitivity of a TVLBAI, the proposed site
should meet noise sensitivity limits informed by large sensor arrays
and local surveys. Noisy environments may be suitable so long as the
appropriate active monitoring systems and data filtering techniques
are employed. From current investigations the most suitable method
would be to locate the experiments deep-underground and site a loca-
tion with very regular and predictable weather and seismic activity.

D. Potential deep underground laboratories

We now review studies that have been made of some prospective
sites.

1. CERN

The Large Hadron Collider (LHC) at CERN is sited in an under-
ground tunnel at a depth varying between roughly 80 and 140 m, due
to the changing altitude of the overburden terrain. Several vertical
shafts connect the surface to the LHC tunnel for personnel access, for
lowering and raising accelerator components, for utilities and control
systems. A feasibility study was conducted with the support of the
Physics Beyond Colliders initiative at CERN and the PX46 access shaft
was identified as the most suitable location for installing a 100 m class
vertical atom interferometer.300

This access shaft, shown in Fig. 24, is toward the north of the
LHC ring, is 143 m deep and has a diameter of 10.10 m, is fully lined
with reinforced concrete and its surface access is inside a large open
space technical building while at its bottom it is connected via a short
gallery to a large side cavern where high-power radio frequency (RF)
equipment is located. The shaft is used mostly for lowering accelerator
components and is otherwise free of any equipment. Following the
approach discussed in Sec. VIII C, the study team analyzed the avail-
able technical infrastructure, the environmental aspects relevant for an
atom interferometer, and any further requirements or limitations
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arising from being part of a large operating particle collider. No show-
stoppers have been identified. All details are discussed in the feasibility
study report,300 which are summarized very briefly in the following.

The technical building where the PX46 shaft is housed in has all
relevant general utilities such as electricity supply, cooling water, etc.,
with capacities exceeding the requirements set out in Sec. VIII B. The
floor space is in excess of 500 m2, which should be largely sufficient for
housing the laser laboratory and any needed access control system.

An extensive experimental campaign has been conducted using
seismometers and geophones as measurement probes showing that the
site largely satisfies the requirements in terms of surface acceleration
fluctuations in the range of 100 mHz–100Hz, except for some distur-
bances at 50Hz that would require some mitigation. The amplitude of
the surface vertical displacement measurements at frequencies < 1Hz
generally lies below the NHNM,46 albeit with some fluctuations.

From previous analysis and estimates, magnetic field fluctuations
below dB � 100 pT=

ffiffiffiffiffiffi
Hz

p
would be desirable.2,300 These constraints

apply most strictly within the peak detector sensitivity band 50 mHz–
10Hz. Electromagnetic noise has been measured at PX46 with the use
of fluxgate magnetometers at the lower frequencies and inductive pick-
up coils at the higher frequencies, both at the surface and at the bottom
of PX46, closer to the LHC active devices and components. The mea-
sured noise is largely within the specified limits. The ramping of the
high-field dipole magnets of the LHC results in a small change of the
DC background, within the acceptable limit of � 50 nT.

The atom interferometer should be accessible at all times by the
operators, and in view of this requirement the study team performed
an in-depth assessment of the situation and identified any needed miti-
gations to guarantee the operators safety in any event during the LHC
machine operation. The main potential concerns identified300 would
be radiation due to LHC beam losses, helium release from cryogenic
apparatus leading to oxygen deficiency hazards, and hazard due to fires
potentially developing in the nearby LHC equipment. All these aspects
have been studied in detail. Simulations of the dose to personnel in
case of beam loss have been performed, leading to the identification of
the need for a further shielding wall at the bottom of PX46, which is

illustrated in Fig. 24. With a suitable set of doors and an access control
system, this wall allows furthermore physical separation from the LHC
environment, guaranteeing access to the interferometer at any time.
Helium release and fire hazards have been found to be of no major
concern, provided that a sufficient fast escape route is available for the
operators. A fast elevator, able to operate in any conditions via redun-
dant equipment, has been proposed and studied by a consultant com-
pany. This elevator may be used for the assembly of the interferometer
itself, during routine operation and for escape, either from the top or
from the bottom of the tunnel. The elevator surrounds the experiment
itself, thereby leaving enough free space in the access shaft allowing
routine lifting of LHC components if required.

Cost and schedule estimates have also been performed, and are
discussed in the feasibility study.300 If the site were selected by a collab-
oration for building an atom interferometer, and the proposal accepted
by CERN management, the next step would be launching a detailed
technical design of the facility, in order to start adaptation work as
early as possible, compatibly with the LHC schedule, so as to make the
site available to the experimental community.

2. Boulby underground laboratory

The STFC Boulby underground laboratory is the UK’s deep
underground science facility, and one of the few facilities in the world
suited to projects and studies requiring an ultra-low background radia-
tion environment and/or access to the deep underground environ-
ment. Boulby operates in a working polyhalite and salt mine in the
North of England. At 1100 m deep, with low-background surrounding
rock, good support infrastructure, experienced facility staff and a
strongly supportive host in the mine operators (ICL-UK), the Boulby
facility is an ideal place for low-background and deep underground
science studies, see Fig. 25.

The Boulby facility has been in operation since the late 1980s and
has seen significant development in its infrastructure over this time.
The current Boulby facility consists of its main 4000 m3 underground
laboratory which is fully supported with 1Gb internet capability, 10T

FIG. 25. The Boulby underground laboratory, the UK’s deep underground science facility operating in a working mine in the North-East of England.
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lifting capacity, power, cooling, and air filtration. The facility is oper-
ated as a class 10k clean room throughout and 1k in its Boulby
UnderGround Screening (BUGS) material screening facility. Directly
outside the facility is the Outside Experimentation Area (OEA), a 3000
m3 space in a bare salt cavern, which is provided for various science
projects and teams requiring access to the deep underground environ-
ment and geology. The facility also has a 400 m2 surface support facil-
ity for administration and science/visitor support. Finally, there is a
300 m2 surface warehouse facility for incoming goods storage and
handling.

For over three decades, the Boulby facility has hosted world-
leading astro-particle physics studies, in particular searches for Dark
Matter that resulted in the development of key detector techniques
including the ZEPLIN two-phase xenon detector system, which subse-
quently became the technique used by world-leading detectors such as
the LUX-ZEPLIN (LZ) detector operating in the SURF facility in the
USA. The current facility continues to host Dark Matter R&D projects
(the CYGNUS and NEWS-G detectors) and also operates a suite of
high-sensitivity germanium detectors, XIA surface alpha counting sys-
tems, Rn emanation systems and an ICPMS system—all part of the
BUGS facility providing world-class material screening capability for
ultra-low background science projects. Beyond astro-particle physics
and ultra-low background science studies, the Boulby facility has a rich
and varied range of multidisciplinary science studies underway in
the fields of geology, seismology, environmental carbon reduction, sus-
tainable energy technologies, studies of life in extreme environments
and technology development for planetary exploration, mining and
more.

In the future there are plans underway to expand greatly the facil-
ities and science underway at Boulby. The UK is currently looking to
create a new� 30000m3 underground facility close to the current lab-
oratory to host major new particle and astro-particle physics studies
(in addition to an expanded multidisciplinary science program) from
2030 onward. Aside from studies to be operated in the current and
new facilities, Boulby is also inviting proposals from science projects
interested in the wider infrastructures and environments provided by
the Boulby mine. This includes projects interested in access to the
shafts at Boulby, of which there are three: two 1.1 km primary shafts
for people access and rock/product removal, and one 180 m shaft,
which is a tailings shaft used for disposal of water from the main mine
and its processing plant.

Boulby is keen to support the interest of the AION-100 and
AION-km projects in utilizing the shafts at the Boulby site.
Preliminary studies have already been undertaken to assess the space
needs and availability for these projects. The next key steps are to
undertake a detailed study of the seismic and gravitational back-
grounds at the facility, in addition to further exploring logistics needs
and challenges. A program of work to install instrumentation to assess
backgrounds in the third shaft at Boulby (the 180 m tailings shaft) to
assess its suitability for AION-100 is expected to begin this year.

3. The Sanford Underground Research Facility

The Sanford Underground Research Facility (SURF) has been
operating for more than 15years as an international facility dedicated
to advancing compelling multidisciplinary underground scientific
research in rare-process physics, as well as offering research opportuni-
ties in other disciplines.364 SURF laboratory facilities include a surface
campus as well as a significant underground footprint consisting of
more than 15 km of accessible areas across seven main elevations.
Enhanced services are available on the 4100-foot level, and especially
the 4850-foot level, to support significant research needs and labora-
tory facilities. In particular, campuses at the 4850-foot level (1500 m,
4300 m.w.e.) host a range of significant physics experiments, including
the LUX-ZEPLIN (LZ) dark matter experiment and the MAJORANA
DEMONSTRATOR neutrinoless double-beta decay experiment. The
CASPAR nuclear astrophysics accelerator recently completed the first
phase of operation and is set to resume activities in 2024. SURF is also
home to the Long-Baseline Neutrino Facility (LBNF) that will host the
international Deep Underground Neutrino Experiment (DUNE).
SURF offers an ultra-low background environment, low-background
assay capabilities, and ultra-pure electroformed copper is produced at
the facility.

SURF is preparing to increase underground laboratory space.
Plans are advancing for construction of new large caverns (nominally
100 ml� 20 mW� 24 mH) on the 4850-foot level (1500 m, 4200
mwe), aligned with the timeline for next-generation experiments
(approximately 2030). SURF has also performed an initial evaluation
for creating a vertical facility. Candidate areas were identified based on
preliminary requirements, with options for medium scale (100 m) and
large scale (1000 m) vertical facilities, see Fig. 26.

SURF is a dedicated research facility offering opportunities and
space for diverse science, including new opportunities for vertical and
horizontal tunnels to accommodate infrastructure associated with
atom interferometry science.

4. Callio Lab

Callio Lab is a multidisciplinary underground research center
coordinated by the University of Oulu, operating at the Pyh€asalmi
mine in Finland.365 Callio Lab was established in 2015 to continue the
work started in the year 2000 by the Center for Underground Physics
in Pyh€asalmi (CUPP). The site has since hosted research and experi-
ments in a wide range of fields, such as mine reuse, geothermal
research, underground health and safety, circular economy, and muog-
raphy. The local research team offers coordination, cooperation, net-
working and facilitation, and is a founding member of the European
Underground Laboratories Association.

FIG. 26. Current and proposed underground laboratory space at SURF, including up
to two new caverns on the 4850-foot level (100ml� 20 mW� 24 mH). There are
more than 15 km of accessible areas across seven main elevations as well as verti-
cal options.
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The Pyh€asalmi mine opened in 1962, producing copper, zinc,
and pyrite. On-site there are three major operators, the Pyh€asalmi
Mine, Ltd., mining company, the post-mining activity coordinator
Callio, and the University of Oulu Callio Lab. Underground mining
ended in autumn 2022 and work to utilize the available mine infra-
structure as a pumped hydro energy storage has begun. The establish-
ment of a permanent reuse operator for the underground mine
ensures the site will be maintained and scientific activities at the
Pyh€asalmi mine can continue. The excavation and building of new lab-
oratory spaces (horizontal and vertical) is also possible, as shown in
Fig. 27.

Access to facilities and different levels is possible via the elevator
shaft (3-min ride to the main level) or the inclined tunnel. Driving
from the surface to the bottom of the mine at 1.43 km takes about
40min. As mining has only recently ended, the available services and

infrastructure are still in good condition. Electricity and fiber optic
connections are readily available, the re-use sites are well characterized,
and due to the long history of the mine and scientific activities, exten-
sive historical data sets are available. The mine also has a microseismic
monitoring network and preliminary analysis suggests that the already
low seismicity has decreased significantly since the end of under-
ground extraction.

During the CUPP years, the site was a participant in two FP7
design studies for a next-generation neutrino observatory. Now with
the certainty of the underground mine remaining open and accessible
even after closure, the potential of Callio Lab as a site for large scale
experiments endures.

5. Other sites

a. Low Noise Underground Laboratory: LSBB. The Laboratoire
Souterrain �a Bas Bruit (LSBB, https://lsbb.cnrs.fr/) is an international
underground research facility located in Rustrel-Pays-d’Apt, France.327

It is a converted missile control center featuring 4 km of horizontal gal-
leries dug into limestone. Of these galleries include 250 m of anti-blast
gallery at depth of 280 m as well as two sets of approximately perpen-
dicular galleries with lengths of 800� 1250m2 and 150� 150m2,
respectively,. The site is designed for low-noise academic and industry
research and is the host location of the MIGA experiment utilizing the
perpendicular 150 m galleries for horizontal atom interferometry (see
Sec. VII B).

The site also hosts experiments for 3D seismic observations, test-
ing very high sensitivity gravity sensors, qualification of field-program-
mable-gate-arrays (FPGAs) and muon tomography, with plans for
future expansion.

b. Canfranc Laboratory. The Canfranc Underground Laboratory
(LSC, https://lsc-canfranc.es/en/home-2/) is a world-class deep under-
ground laboratory with a suite of experiments that require very low
environmental radiation levels on topics related to neutrino physics,
dark matter and other phenomena. It is located at Canfranc, a village
in the Spanish Pyrenees that has a train connection to the Spanish net-
work and is easily accessible by car and truck. The LSC is 800 meters
below ground, located between the Somport road tunnel and an old
railway tunnel, which are about 8 km long on the Spain-France border.
The LSC is the second largest deep-underground laboratory in Europe,
with a total area of about 1250 m2 and a volume of about 10000 m3,
and is easily accessible by road or through the old train tunnel.

FIG. 28. A diagram of the LSC at Canfranc, showing the horizontal gallery and the vertical shaft used for ventilation. Reproduced with permission from P�erez-P�erez et al.,
Universe 8, 112 (2022). Copyright 2021 Authors, licensed under a Creative Commons Attribution Unported License.368

FIG. 27. 3D model of the Callio Lab tunnel network with insets of the various deep
underground labs at the mining site.
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Close to the LSC there is a ventilation shaft with a length of a few
hundred meters, including vertical sections of more than �100 m, as
seen in Fig. 28. There are also horizontal tunnels that may be consid-
ered. The seismic noise (that impacts directly the GGN level) at LSC
was measured while it was being considered as a potential site for a
third-generation gravitational wave detector,366 and it was found that
LSC has a relatively low seismic noise level, close to the Peterson
NLNM. This noise measurement includes the contribution from the
traffic through the adjacent road tunnel, implying that this should not
be a concern for the performance of a TVLBAI experiment at LSC.
More recent measurements can be found in Ref. 367. We also note
that the remoteness of LSC suggests that the impact of anthropogenic
electromagnetic noise should also be small.

To date, there has not been more exploration of the feasibility of
this site for future large interferometers, though contact has been
established with the Director of the LSC (Carlos Pe~na-Garay) who is
very positive about exploring in depth this possibility. According to
him, LSC has also base funding, which could help to prepare the local
infrastructure and technicians experts in several aspects of precision
experiments.

c. AION Porta Alpina. The Gotthard Base Tunnel is a 57 km long
railway tunnel in Switzerland connecting the north and south sides of
the Alps at a depth of O(km). A pair of vertical access shafts from the
village of Sedrun present a promising site for the deployment of a
O(km) atom interferometer. Built to expedite the construction of the
base tunnel between 1999 and 2016 and to provide ventilation, the two
800 m vertical shafts are located at the end of a 1 km horizontal gallery
with road access from Sedrun that extends into the mountain. With
inner diameters of 8.6 and 7 m, respectively, the shafts lead down to a

multi-function station within the base tunnel, as seen in Fig. 29. They
are currently used for maintenance access and could be used as an
emergency exit. Prima facie, there is sufficient space in either shaft to
accommodate a long-baseline atom interferometer. We note in addi-
tion that four caverns (38� 10� 5.5m3 each) connected to the station
have been constructed for the envisioned “Porta Alpina” underground
passenger railway station, a project that was placed on hold in 2007
with new negotiations initiated in 2020 but deferred again in 2023.
Influential national, cantonal, and municipal politicians in Switzerland
have expressed interest and support for the vision of a “Porta Alpina”
atom interferometer experiment.

To date there has not been more exploration of the feasibility of this
site for future large interferometers. An inspection of the site to prepare
for a possible feasibility study is planned for the first quarter of 2024.

d. Mines in Sweden. Some mines in Sweden have been considered
as possible underground sites for a proposed large underground water
Cherenkov neutrino experiment using a beam from the European
Spallation Source. These include the Garpenberg mine, which has a
800 m deep shaft of around 4m in diameter, and the Zinkgruvan
mine. The latter does not currently have such a shaft, but one would
be dug in the future for the extraction of rock debris from the excava-
tion of the large detector caverns if the neutrino experiment is located
there.

IX. SUPPLEMENTARY TOPICS
A. Introduction

This section outlines research objectives, technological necessities,
synergies, and other possibilities for deploying long-baseline systems.
As such, this chapter is an aggregation of separate topics, which are

FIG. 29. A diagram of the Gotthard Base Tunnel running from North to South under the Swiss Alps, showing the horizontal gallery and the pair of 800-m vertical shafts that pro-
vide access from Sedrun to the site of the envisioned “Porta Alpina” underground railway station.

FIG. 30. Sketch of the deployment of a
cavity for atom interferometry. Between
the mirrors M1 and M2, a standing light
wave is created that manipulates the atom
cloud. In the sketch a scheme for two
interferometers A1 and A2 separated by
length L is depicted. This is a configura-
tion that could be deployed in MIGA or
ELGAR: see Secs. VII B and VII C.
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not necessarily connected to one another. Consequently, each subsec-
tion outlines their individual impact on terrestrial systems or their
research objective.

The importance of this section lies in drawing attention beyond
the obvious technology developments and research objectives outlined
in the other sections of this paper. Here, we span lessons learned from
other terrestrial long-baseline systems, enhancements by usage of addi-
tional technologies, applications to geodetic research, usage for early
warning systems, and synergies with further fundamental research.

B. Noise sources

1. Newtonian noise sources

Newtonian noise (NN) sources can be summarized as density
fluctuations that modulate the local gravitational potential of the
Earth.369 These in turn affect the accelerations of test masses moving
through the background gravity field. Specific to the atom interferome-
try experiments being discussed here, the atomic center-of-mass
motion during an interferometric sequence acquires a quantum phase
shift as the propagation trajectories of the quantum states sample the
either static or dynamic variations of space-time. A general formalism
for capturing these effects is through a continuity equation relating the
gravity potential to the source density perturbation:

d/g ¼ G
ð
V

dqðr; tÞ
jr� r0j dV : (9.1)

At leading order in a Mach–Zehnder atom interferometer this causes a
phase shift

d/ ¼ kðgþ dgÞT2; (9.2)

where dg ¼ �rðd/gÞ. As one would imagine there are many potential
sources of density fluctuation. The density fluctuation term dqðrÞ in
Eq. (9.1) for seismic NN can be expressed as �rðqsðrÞvðr; tÞÞ, where
qsðrÞ is the density of the soil surrounding the test mass, and vðr; tÞ is
the seismic displacement of the medium. Similarly, the density fluctua-
tions due to changes in atmospheric pressure (dqP) or temperature
(dqT) in the vicinity of the test masses can be expressed as dqPðr; tÞ
¼ �qa=c�padpaðr; tÞ and dqTðr; tÞ ¼ ��qa=�Ta dTaðr; tÞ, where paðr; tÞ
and Taðr; tÞ are the air pressure and temperature; c is the adiabatic
index; and �qa; �pa, and �Ta are the average density, pressure, and tem-
perature of the atmosphere,, respectively. We can simplify matters by
considering effects within the categories of:

• Anthropogenic sources
• Foot-fall
• Motors, pumps, fans
• Vehicles, lifts

• Earth generated

• Seismic
• Atmospheric
• Oceanic
The dominance of anthropogenic sources of noise is observed

worldwide for frequencies greater than 1Hz.370 A trough in global seis-
mic noise model is observed in the band 1–2Hz which marks the tran-
sition from natural to anthropogenic sources.46 Most anthropogenic
seismic sources tend to be sporadic, with the exception of motors and

fans that generate monochromatic peaks in the seismic displacement
spectrum, and are a well known source of noise for second-generation
terrestrial GW detectors like the Advanced LIGO and the Virgo detec-
tors.371,372 Foot-fall is important in the frequency range of 1Hz–3Hz,
but can have unpredictable resonance effects at times of heavy foot
traffic.373 The gravitational effects of moving vehicles and lifts can be
modeled by considering masses with constant acceleration or velocity
that lead to predictable signals in a detector. For a recent study of
related issues in connection with AION-10 arising from the unpredict-
able movements of people and animals (Random Animal Transients,
RATs) near an atom interferometer, and possible mitigation strategies,
see.374 Motors and fans have higher frequency components between
60 and 120Hz in the USA and 50 and 100Hz in Europe. Simple miti-
gation measures such as tracking local motion around the atom inter-
ferometer and keeping people far away from the instrument during
operation can have quite significant effects on noise suppression. An
application of such a noise suppression scheme applied to ground-
based laser interferometers can be found in Ref. 375.

Earth-generated sources dominate the lower frequency domain
below a few Hz as large-scale effects have wavelengths on the order of
1–1000 km. All terrestrial sources are also highly site dependent and
vary seasonally.376,377 This requires constant monitoring and calibra-
tion. It also makes generating completely general models difficult as a
given location for a TVLBAI may have ambient background composed
of complicated mixtures of seismic, atmospheric, and oceanic noise
coupled together. A pragmatic approach to understanding these sour-
ces is to focus on their characteristic differences. Seismic waves come
in many varieties including: P-waves (primary longitudinal), S-waves
(secondary transverse), Love and Rayleigh surface waves, where the
order is with respect to wave speed. Seismicity can also be categorized
into long-lived stationary signals and transient signals such as earth-
quakes and fault slips. Atmospheric noise can be separated into pres-
sure/infrasound waves and advected temperature gradients.332 There
also exist transient modes from the atmosphere in the form of sonic
booms and shock waves.

2. Further noise sources

Studies in Ref. 188 (Sec. VI E) show that the noise due to an oscil-
lating point mass close to the GW test mass is proportional to the
oscillation amplitude and suppressed by the relative distance between
the two objects. Hence, the vibration amplitude must be high and/or
the object should be located close to the test mass in order to compro-
mise the strain sensitivity. One such study was recently conducted at
the KAGRA378 underground GW facility. The cooling infrastructure is
known to generate large mechanical vibrations due to cryocooler oper-
ation and structural resonances of the cryostat. As cooling system
components are relatively heavy and in close proximity to the test
masses, oscillations in the gravitational field induced by their vibra-
tions could contaminate the detector sensitivity. Results show that,
while this noise does not limit the current detector inspiral range, it
will be an issue in the future when KAGRA improves its sensitivity.379

Similar studies of the Newtonian Noise (NN) generated by the vibra-
tions of the cryogenic shielding or from boiling cryogenic liquids have
been studied by Bonilla et al.380 in relation to the development of
LIGO Voyager.381

In addition to these mechanical sources of vibrations, water flow
in underground caverns could also be one of the sources of NN.
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KAGRA removes about 1200 tons of water per year through the drain-
age pipes near one of the test masses. Although NN produced by water
compression can be considered negligible, the water surface profile can
vary during its flow, thus leading to a density variation. Preliminary
models show that NN from turbulent water flow could limit KAGRA’s
sensitivity.382 The proximity of water flow may also be an issue for the
Boulby site, see Sec. VIIID2.

3. Noise surveillance

The gravitational coupling between the density fluctuation and
test masses prevents NN from being mechanically shielded. One of the
possible ways of mechanically reducing NN is by reducing the effect of
seismic waves on the infrastructure in the vicinity of the test masses.
Studies by Palermo et al.383 have shown the use of seismic metamateri-
als to reduce the amplitude of incoming seismic waves. Such a cloaking
system can be realized by building periodic structures around the test
masses with dimensions of the order of the wavelength of the seismic
waves of interest.

However, the most popular schemes for NN cancelation are
active noise mitigation systems. The fundamental concept underlying
active noise cancelation is to monitor a noise source with some witness
sensors and then use these data to reconstruct the NN dominated
strain output. The linear relationship between the observed seismic
displacement and the NNmakes it possible to design optimal linear fil-
ters (Wiener filters) by minimizing the squares of the error between
the witness and target channels (strain output).384 A first such offline
scheme for NN cancelation was proposed by Cella.385 Later applica-
tions to real seismic fields at the LIGO detectors were realized by
deploying seismometers near the test masses.386,387 One of the chal-
lenging problems before a noise cancelation system can be deployed is
estimating the sensor locations for optimal noise cancelation. The
complications arise from inaccuracies in the reconstruction of the seis-
mic cross-correlation field in the vicinity of the test mass and the pres-
ence of local solutions to optimization problem. Recent studies at the
Advanced Virgo GW detector which makes use of Gaussian Process
Regression for cross-correlation modeling and global solvers like the
Particle Swarm Optimizer have made successful attempts at designing
such optimal seismometer arrays for NN cancelation.388,389 In cases
when the seismic field is dominated by Rayleigh waves, noise cancel-
ation using tiltmeters have also been found to be efficient.390 The can-
celation performance of such a system relies on the cross-correlation
values between the witness channels and the target channel. A noise
reduction factor of about 3–5 is expected for future third generation
underground GW detectors for frequencies greater than 2Hz. For fre-
quencies below 1Hz, when the seismic field is dominated by Rayleigh
waves, a greater correlation between the witness channels is expected,
and consequently a greater noise reduction factor is foreseen.

4. Avoidance of noise

An obvious way to reduce the impact of anthropogenic seismic
noise to the detector output is to build the detector underground and
in a seismically quiet region. Seismic noise below 1Hz is characterized
by surface waves with long wavelengths and hence suffers little attenu-
ation while going underground. However, a significant reduction can
be observed for frequencies greater than 1Hz. The attenuation factor is
dependent on the type of seismic sources and the geology at the site.

Studies of underground seismic noise have shown that a geological
environment with a layer of soft soil on hard rock acts as a low-pass fil-
ter, thus attenuating most of the surface noise.391 In such geological
scenarios, the underground seismic noise above 1Hz can be described
as a mixed stochastic background of body waves. Consequently, the
impact of NN on the detector output is also reduced. Although there is
some contribution of NN originating from seismic displacement on
the surface of the medium, it has been observed that the relatively
small wavelengths of the seismic waves near the surface results in a
cancelation.392 In regions where such a soft soil over hard rock geology
is not observed, amplitude reduction of about 5-10 can be expected
and little difference in the composition of the seismic wavefield
between the surface and underground is observed.393 Consequently,
the contribution of NN is greater than soft-soil over hard-rock
geology.

For the natural sources of noise contributing below 1Hz, building
the detector farther away from coastal regions can be beneficial. The
secondary microseismic peak in the band 0.1– 1Hz mostly originates
from the nonlinear interaction between the incoming waves and those
reflected by the coastal landmass.394 Hence, the origin is relatively local
as compared to the primary microseism that is observed for frequen-
cies between 0.05 and 0.1Hz, which originates from deep-sea activi-
ties395 and propagates as diving waves over large distances. Hence,
reduction of noise below 0.1Hz by building the detector away from
coastal regions is unlikely. Another approach leverages the correlation
between sea weather conditions and infrasound band seismic noise to
predict the background seismic noise spectrum around 1Hz several
days in advance.396 This prediction can help optimize instrument
operation time and potentially facilitate the implementation of thresh-
olding and mitigation measures during data analysis.

C. Cavity enhancement for interferometry

As discussed above, several different noise sources can impact the
measurements of long baseline atom interferometers. These need to be
distinguished from the desired signal, such as the gravitational wave
signal. The difference in wavelength and characteristic length, respec-
tively, between gravitational waves and gravity gradient noise allows
separation between the two. This can be achieved by correlating distant
sensors.246 By separating the sensors, information on the gravity gradi-
ent can be obtained and deployed to discriminate it from the desired
gravitational wave signal.

To enhance the interferometric signal, optical cavities can be
deployed. In a regular atom interferometric setup, the atoms are sub-
jected to three laser pulses that are separated in time, as depicted in
Fig. 14. For such setups, a mirror is placed perpendicular to the gravi-
tational vector underneath the atom cloud. If the mirror is replaced by
a cavity, the atoms are manipulated by the resulting standing light
wave. In this case, the interaction between the atoms and the light is
not controlled through intensity variations, but by modulating the cou-
pling to the atoms.353

Figure 30 depicts the cavity and the path of the atoms during the
interferometric process. As depicted, the atoms fall freely in the resona-
tor’s volume, which acts as the three individual laser pulses described
above. In addition to the advantages of using the cavity, this allows
multi-loop atom interferometric schemes using the Sagnac effect.397

The deploment of an optical resonator gives rise to three main
advantages:
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• Increased laser power at the atoms: Laser power is one of the
defining factors, as it determines the momentum transfer range.
Deploying a cavity increases the power and thereby the transfer-
able momentum. In turn, the area under the interferometer
increases, which enhances the accuracy of the measurement.154

Similarly, the available power and required accuracy determine
the pulse length. Consequently, with increased power, the pulse
length can be shortened while still achieving the same accuracy.

• Mode filtering: One of the defining features of an optical resona-
tor is the innate mode filtering. In the framework of atom inter-
ferometry this decreases the phase fluctuations and thereby
enhances the signal-to-noise ratio in the final interferogram.

• Phase and frequency noise control: Finally, the cavity stabilizes
the laser to any given frequency. Depending on the finesse, the
phase and frequency noise of the laser can be reduced.

In view of these benefits, it has to be mentioned that the achiev-
able finesse of the cavity, especially over long distances, and the result-
ing pulse length, present challenges for their operation. The finesse of
the cavity determines the bandwidth of the resulting standing light
wave and influences the response time of the light to the auxiliary
manipulation process.287,353 If, for example, the ELGAR8 configura-
tion, with a baseline of L � 10 km is considered, a cavity with an
achievable finesse of F¼ 100 gives a bandwidth of D� ¼ 150Hz and a
pulse length of more than 50ms.

The numbers lead to limitations of the configuration.351 If, for
instance a cavity is stretched over a long distance, while maintaining

the same waist, the system is limited by the small acceptable linewidth
and, in consequence, the pulse length. At the other end of the spectrum
of possibilities, a smaller cavity results in limitations of the cloud size.
Thus, for every configuration, an optimal length exists. This configura-
tion is determined by the geometric limit of the situation. However,
the configuration can be optimized by usage of beam-shaping optics,
preparing the laser for the atom interrogation optimally.137

D. Tests of local position invariance using additional
frequency references

Metric theories of gravity398 such as general relativity,399,400 are
based on the Einstein Equivalence Principle (EEP).398,401 Since atoms
couple141 to gravity, they may experience EEP violations, tests of such
theories can be performed with the help of atom-based quantum sen-
sors.32,402–404 Two main directions have evolved for such experiments,
namely, atomic clocks405,406 and atom interferometers.40,41

Clocks based on superpositions of internal atomic (electronic)
states are conventionally used for tests of Local Position Invariance
(LPI),403,404 one facet of the EEP. In order to initialize such internal
superpositions, one uses light pulses in the microwave407 or optical408

frequency regime, where recoils can be suppressed either by the Lamb-
Dicke409 regime for traps or by using effectively recoilless pulses.410 In
this way, atomic clocks represent a localized frequency reference,
reaching sensitivities for LPI violations at the order of 10�7.404

In contrast, light-pulse atom interferometers,40,41 based on delo-
calized spatial superpositions of atoms, are established inertial sensors39

able, e.g., to measure gravitational acceleration.40 These spatial superpo-
sitions can be created by using the effective recoil of light pulses.411 As
such, they are natural setups for tests of the universality of free fall as a
facet of the EEP that is complementary to LPI. These tests can be
achieved by comparing the gravitational accelerations of two different
test masses, represented either by two atomic species,152 or two different
isotopes,32 or even two different internal states of one atom.412

In the proposed terrestrial 100 m and 1km atom-interferometric
gravitational-wave and dark-matter detectors, one uses single-photon
transitions154 to create spatial superpositions, which inherently address
two internal states of the atom and induce transitions between them.
These different internal states also couple413 to the center-of-mass
motion of the atom via a relativistic effect, called the mass defect,414,415

which can encode the proper time of the center of mass of the atom.
Moreover, it allows for atom interferometers to represent an inertial
sensor and a frequency reference at the same time, leading to the con-
cept of quantum-clock interferometry.308,413,416 As such, quantum-clock
interferometry might lead to more abstract interferometer sequences150

than in the case of conventional clocks or atom interferometers.
Consequently, quantum-clock geometries were proposed149,150

where possible LPI violations are encoded into their signal in complete
analogy to atomic clocks. Normally, however, these atom-
interferometric proposals can be estimated150 to be less sensitive to LPI
violations compared to clocks when focusing on LPI tests via the gravi-
tational redshift.398,403 For such kinds of LPI tests large spatial separa-
tions between identical frequency references at different heights are
crucial, and clocks can reach enormous distances up to thousands of
kilometers.403 In contrast, with current baselines in the few-meter
regime32,152 for light-pulse atom interferometers, quantum-clock
schemes would be limited both in spatial separations between the
branches and in interrogation times by the short free-fall time of about

FIG. 31. Quantum-clock scheme for LPI tests based on internal-state transitions.
After the atom entered in the ground state jgi, a p=2 pulse (red) brings it into a
superposition of ground (blue solid line) and excited state jei (green dashed line),
where the finite speed c of the laser light is depicted by an inclined line. The pulse
also transfers a momentum �hk to the excited state, e.g. induced by single-photon
transitions, leading to a spatial superposition of the atom. After redirection via two
internal-state changing p pulses (purple) in time intervals T=4 and 3T=4, the
branches are brought to interference by the final p=2 pulse at interrogation time T,
and the population in the excited state is detected. The experiment is performed in
a linear gravitational field with mean acceleration g. To include possible LPI viola-
tions, the acceleration is augmented by the factor 16 a�hX=ð2mc2Þ, including viola-
tion parameter a, atomic transition frequency X, and atomic mass m. This figure
was reproduced with permission from Di Pumpo et al., Phys. Rev. D 107, 411
(2023). Copyright 2023 American Physical Society.151
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1–2 s in such setups. Consequently, very-large-baseline experiments4

with longer free-fall times, as discussed in this article, would enhance
both spatial separations between the branches and interrogation times
of quantum-clock-based LPI tests.

Additionally, one can eliminate the clocks’ advantage of large spa-
tial separations by testing LPI via clock rates,398 instead of the redshift.
Here, two different frequency references, implemented e.g., via differ-
ent species or isotopes, are placed at the same height or are falling in
parallel, and it is then measured whether the ticking rate depends on
the implementations of the frequency references.

Consequently, the quantum-clock scheme depicted in Fig. 31 and
testing LPI via clock rates was recently proposed,151 leading to pro-
jected sensitivities of the order of 10�7 for 3 s of free-fall time, which is
comparable to clocks. Since this scheme is based on a sequence of
internal transitions, it would fit perfectly with the proposed single-
photon transitions planned for the terrestrial 100 m and 1 km setups.
Moreover, it was already estimated151 that effects like the finite speed
of light and other deleterious effects impose manageable requirements.
Additionally, the sensitivity to LPI violations scales cubically in time in
the proposed scheme, which amounts exactly to the difference between
proper time and laboratory time. Hence, due to the very long free-fall
time of roughly 4 s in 100 m and 14 s in 1 km setups, the sensitivity
would increase rapidly up to the order of 10�8–10�9, thus possibly
outperforming all current tests.

However, a single experimental run of the proposed quantum-
clock scheme does not lead to the desired clock-rate-based LPI test,
since two different frequency references have to be compared. The LPI
test is provided by introducing an additional frequency reference, such
as another atomic isotope or species, and performing the quantum-
clock experiment with two frequency references simultaneously. As
proposed in Ref. 151, one could use different strontium isotopes with
similar experimental requirements, fitting perfectly with the projected
strontium sources for the 100 m and 1 km setups. These insights have
already inspired new proposals417 comparing the same atomic species
in atom interferometers at different heights, giving rise to relativistic
time-dilation measurements.

In summary, LPI tests with cubic time scaling would supplement
significantly the other science cases for terrestrial very-long-baseline
experiments without requiring major additional technology
development.

E. Applications to geodetic research

As described at length earlier, atom interferometers are sensitive
to accelerations. Prior to this section, the usage of these systems pri-
marily for gravitational wave detection and tests of fundamental phys-
ics have been discussed. In the spirit of this section, here we note the
application to geodetic research, studying the Earth’s gravitational field
and its dynamics. The local gravitational field is relevant for monitor-
ing the developments of the local height and the atmosphere. If the
quality of the recorded data is precise enough, it can also be used to
determine SI units. The realization of the kg by means of a Watt bal-
ance requires precise knowledge of absolute g in combination with a
precise modeling of the local environment as well as relative gravimet-
ric measurements to transfer the measured value of g to the location of
the test mass inside the Watt balance.418,419

With many applications of knowledge of the (local) gravitational
field, cold atom interferometry has been investigated as a novel

technique to improve on the quality of the available data. One of the
major advantages of cold atoms is the (almost complete) absence of
drift in the measurement, allowing for absolute comparability of
experiments over time. Here, only those with relevance to terrestrial
very long baseline atom interferometers are discussed.

To investigate the local gravitational field, small, transportable appa-
ratuses were developed,420–422 with some commercial products being
made available. However, the sensitivity of the apparatus scales with the
separation of the two measured atom clouds or the space traveled in the
gravitational potential. Consequently, long baseline atom interferometers,
such as the very long baseline atom interferometer, have spiked the inter-
est of geological as well as fundamental researchers.306

In order to deploy individual terrestrial very long baseline atom
interferometers for geodesy or geophysical research, intimate knowl-
edge of the system and its surroundings are necessary. This includes
intricate modeling of the environment and the expected gravitational
field. In addition to the quality of the model, the quality of the mea-
surement also depends on the knowledge of changes to the surround-
ings. (The movement of scientists was identified earlier as a noise
source.) Here, in addition, knowledge of the presence of any mass, sta-
tionary or dynamical, is important, as it changes the environment and
results in a deviation from the original model.

As an example of applications on a local scale, we now describe
the operation of a vertical VLBAI (cf. Sec. VI) as a gravimeter. The cur-
rent method of measuring g and achieving SI traceability requires group
comparisons of absolute gravimeters,423 in which metrological institutes
and users of absolute gravimeters meet and compare a series of mea-
surements following a predefined protocol.424 This method is necessary
because users and metrological institutes use the same instruments and
no “gravity standard” of higher order exits. Regular participation in
such comparisons every two to four years enables the users to monitor
the stability of their instruments, which are typically deployed on mea-
surement campaigns on a national to continental scale. The combina-
tion of different instruments across decades makes the close monitoring
of the individual gravimeters performance mandatory.425,426

A higher-order gravity standard, even in stationary form, providing
g on demand (potentially as a service) for users in geodesy and geophys-
ics, would directly contribute to the scientific goals and achievements of
these users. Potentially, a vertical atom interferometer, such as devices
like the 10 m VLBAI in Hannover (cf. Sec. VID) or the similar device in
Wuhan (cf. Sec. VIE), could provide such a gravity reference.

However, the local gravity field needs to be well understood to
provide a gravity reference for visiting absolute gravimeters. The sim-
plest comparison between a VLBAI and a transportable absolute gravi-
meter would be the assumption of a constant offset stable over time
(multiple visits over several years) between these devices. This would
require a constant reference height of the VLBAI, as gravity changes
with height, and the identical effect on gravity due to, e.g., changes in
local hydrology, at the VLBAI and the instrument under test.
Depending on the size of the VLBAI and the local conditions, the
assumption of such a constant offset between two or more locations
for the VLBAI and transportable absolute gravimeters is unlikely to be
valid. Thus, the local gravity field needs to be modeled considering
changes in the environment, e.g., in hydrology but also of heavy equip-
ment in the laboratories. For the instrument in Hannover, the local
gravity field is mapped with repeated surveys using transportable rela-
tive gravimeters and absolute gravity measurements provided by the
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local FG5X-220.307 A model of the building and its interior was created
and updated according to the progress of the installation of the VLBAI
and other equipment in the building. Ground water gauges directly at
the building monitor the variations of the local groundwater level so
they can be considered in the gravity field model. The aforementioned
gravimetric measurement campaigns are also used to validate this
model. As a result of the modeling a height- and location-dependent
gravity effect of groundwater changes due to the design of the building
and the basements is expected. Due to a lack of groundwater recharge
in previous years, this effect has not been validated by measurements
of the gravity field yet.

Once the system on a local scale is fully understood, it allows one
to monitor the local gravitational field precisely over long periods of
time. This includes measurements of tides, atmospheric mass changes,
and dynamic processes in the Earth’s mantle and the deep interior of
the Earth. The latter applications related to the internal structure of the
Earth are currently the domain of superconducting gravimeters,427

which are the most precise relative gravimeters to date.
Superconducting gravimeters are commonly used in small networks,
e.g., monitoring a volcano428 or networking on a global scale, e.g., in
the search for dark matter.429 However, much phenomena, e.g., the
detection of Slichter modes, inner-core wobble or free core nutation,
either require a large excitation of the Earth’s body via a large-
amplitude earthquake430 or are beyond the current sensitivity of these
instruments.431 Data from VLBAI’s operated, for example, at national
metrology institutes to realize the SI unit g, could be reevaluated for
these geodetic and geophysical applications.

With strategic site choices, already individual systems can be
deployed as early warning systems. Due to the repetition rate of cold
atom interferometers, these are particularly sensitive to events during
which the local gravitational field changes on time scales� 1 s. This cat-
egory includes flooding events and the monitoring of volcanic activities.
While probably not the primary area of application, it is possible to
envisage such systems to predict avalanches and landslides. Due to the
long integration time, a single system will not be capable of acting effec-
tively as an early warning system for earthquakes and similar events.

Such devices can in addition be deployed to monitor effects of cli-
mate change, such as sea level rises and glacial melting, and help fight
the effects of climate change by monitoring ground water levels or the
structural integrity of critical infrastructures.

With a large network of atom interferometers, such as proposed
for ELGAR, some of the limitations on detectable frequencies and
events could be lifted. Finally, a network of several independent atom
interferometers could be capable of studying global effects with local
precision. Differently from satellite-based geodesy, possible studies
would benefit from the achievable accuracy of the local systems, while
receiving data from a global network. Of course, no network of atom
interferometers can ever achieve the global coverage a satellite has, but
it benefits from the small distance to the target, stationary experiments,
and higher separation baseline of the atoms.

Most likely, experimental data taken in the search for gravita-
tional waves could be used for geophysical research, allowing a more
in-depth investigation of the local environment.

F. Molecular interference

Molecular interference is performed with a diferent aim from
atom interference. Of course, these experiments could in principle, like

cold atom interferometry, enable gravitational wave research, but the
ultimate goal of molecular interferometry is mainly in the area of deco-
herence and exploring the limits of quantum mechanics.118,123,432,433

(See Sec. IIID for a discussion of the interest in probes of quantum
mechanics.) Consequently, the mass of molecules being studied in
interference experiments has increased over the past century. The lat-
est experiment in the sequence are molecules with more than 2000
individual atoms with a mass of around 27kDa.124

Differently from the atom interferometric experiments, molecular
interference usually follows the logic of Young’s double slit experiment.
State-of-the art experiments, such as the Kapitza–Dirac–Talbot–Lau
interferometer (KDTLI),434 the optical time-domain ionizing matter-
wave (OTIMA) interferometer,435 and the long-baseline matter-wave
interferometer (LUMI),436 make use of the self-replicating effect of
waves behind a grating, the so-called Talbot carpet.437 This allows for
much more compact setups and, in consequence, through the relation
between wavelength and impulse, an increase in particle mass. To
make the most of the Talbot effect, these setups usually consist of three
gratings equidistant in time or space. The first grating prepares the pla-
nar waves, the second grating is used for diffraction and the third grat-
ing for scanning through the Talbot carpet.

To increase the particle mass beyond 106Da, further tricks have
to be deployed. At these masses, the residence time inside the interfer-
ometer expands into several seconds, during which the particles fall
out of the active volume. This can be counteracted by designing mis-
sions for space, such as the MAQRO proposal.438 In the microgravity
environment of space, the relative displacement of the particles to the
interrogation lasers remains manageable, enabling research on large
nanoparticles.

Alternatively, molecular fountains or freely-falling apparatuses
could allow more prolonged free-fall times in the gravitational poten-
tial and thereby enable the study of more massive particles.439 Here,
we focus on fountain-based setups and ignore the possibility of execut-
ing molecular interferometry in facilities such as the drop tower in
Bremen or the Einstein Elevator in Hannover. A molecular fountain
with a maximal height of 25 m equipped with gratings produced by
pulsed ultraviolet lasers at 175 nm would enable the study of particles
with a mass in the range of 108Da.

In order to ensure that any observed decoherence is caused by
underlying physics, other decoherence channels have to be reduced.
This includes the thermal and structural noise floor of the tower, exter-
nal magnetic fields, the vacuum quality, and the relaxation of possible
internal states. While these effects cannot be eliminated completely,
proper engineering based on the experience and knowledge gained by
the cold atom community, coupled with the deployment of advanced
source techniques can reduce the impact. We note also that recent
advances in cooling of the external states support the experimental
road toward decoherence studies using molecules.440,441

Other applications of long-baseline molecular interferometry
includes particle metrology and investigation of particle structure inac-
cessible to classical means.433 By applying external electric or magnetic
fields, the resulting interferogram allows to distinguish between prop-
erties, such as dipoles, in otherwise identical particles. These leads to
applications in chemistry, biology, and chemistry. Finally, it shall be
mentioned, that people have been discussing to deploy interferometric
decoherence to study further fundamental phenomena and
processes.438
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G. Summary

The topics covered in this section act as additional information to
the topics discussed in the other sections of this paper. It links lessons
learned from other long-baseline experiments to the presented ideas,
describes additional means to improve the scientific signal, details other
uses for the obtained data, and explains further developments, that ben-
efit from the technology evolution expected from the operation of ter-
restrial long baseline atom interferometers. Consequently, the topics in
this section are not connected to each other, but act as additional infor-
mation to support a road map. Additionally, these are chosen to draw
attention to necessary developments, opportunities, and challenges
involved in constructing and operating complex systems.

X. CONCLUSION

As summarized here, the TVLBAI workshop has highlighted the
emerging potential of Atom Interferometry (AI) as a highly promising
field in fundamental physics and related applications. AI harnesses the
principles of superposition and interference of atomic wave packets to
achieve remarkable sensitivity to inertial and gravitational effects. In
recent years the landscape of AI experiments has undergone rapid
expansion and development, including advances in ultra-sensitive set-
ups, portable devices and commercially available gravimeters.

The development of large-scale AI projects, including ongoing
prototype detectors at the Oð10Þ-m scale, the construction of
Oð100Þ-m experiments and proposals for kilometer-scale detectors,
reflects the growing international interest and investment in this field.
These initiatives aim to demonstrate the feasibility of implementing AI
on a larger scale and lay the foundation for future exploration.
Kilometer-scale detectors hold significant promise for sensitive investi-
gations of gravitational waves in the unexplored deciHz frequency
band and shedding light on the nature of dark matter, while simulta-
neously serving as technology testbeds for space-based AI missions.

The TVLBAI workshop brought together experts from diverse
disciplines including cold atom physics, fundamental physics, astro-
physics and cosmology, with a shared vision to drive the progress of
large-scale AI projects. The TVLBAI Workshop facilitated successfully
the convergence of these communities, and fostered discussions on
establishing a roadmap for advancing this vision. This roadmap
encompasses well-defined technological milestones and refined scien-
tific goals, and underscores the importance of forging a proto-
collaboration that works together and speaks with a common voice.
This proto-collaboration will be essential for planning, promoting and
realizing the world landscape of large-scale AI projects, enabling a
structured approach to the realization of kilometer-scale detectors by
the mid-2030s.

ACKNOWLEDGMENTS

Tobias Asano, Samuel B€ohringer, Fabio Di Pumpo, Alexander
Friedrich, Eric P. Glasbrenner, Gregor Janson, Fedor Jelezko,
Wolfgang P. Schleich, and Jannik Str€ohle were supported by the
Scientific Network Center for Integrated Quantum Science and
Technology (IQST).

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Oliver Buchmueller:Writing – original draft (equal); Writing – review
& editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available from
the corresponding authors upon reasonable request.

REFERENCES
1S. M. Dickerson, J. M. Hogan, A. Sugarbaker, D. M. S. Johnson, and M. A.
Kasevich, Phys. Rev. Lett. 111, 083001 (2013).
2M. Abe, P. Adamson, M. Borcean, D. Bortoletto, K. Bridges, S. P. Carman
et al., Quantum Sci. Technol. 6, 044003 (2021).

3B. Canuel, A. Bertoldi, L. Amand, E. Pozzo di Borgo, T. Chantrait, C.
Danquigny et al., Sci. Rep. 8, 14064 (2018).

4D. Schlippert, C. Meiners, R. Rengelink, C. Schubert, D. Tell, �E. Wodey et al.,
“Matter-wave interferometry for inertial sensing and tests of fundamental
physics,” in Proceedings of the Eighth Meeting on CPT and Lorentz Symmetry
(World Scientific, 2020), pp. 37–40.

5L. Badurina, E. Bentine, D. Blas, K. Bongs, D. Bortoletto, T. Bowcock et al.,
J. Cosmol. Astropart. Phys. 2020, 11.

6L. Zhou, Z. Y. Xiong, W. Yang, B. Tang, W. C. Peng, K. Hao et al., Gen.
Relativ. Gravitation 43, 1931 (2011).

7M.-S. Zhan, J. Wang, W.-T. Ni, D.-F. Gao, G. Wang, L.-X. He et al., Int. J.
Mod. Phys. D 29, 1940005 (2020).

8B. Canuel, S. Abend, P. Amaro-Seoane, F. Badaracco, Q. Beaufils, A. Bertoldi
et al., Classical Quantum Gravity 37, 225017 (2020).

9Y. A. El-Neaj, C. Alpigiani, S. Amairi-Pyka, H. Ara�ujo, A. Bala�z, A. Bassi
et al., EPJ Quantum Technol. 7, 6 (2020).

10CERN, see https://indico.cern.ch/event/830432/ for “Workshop on Atomic
Experiments for Dark Matter and Gravity Exploration.”

11CERN, see https://indico.cern.ch/event/1064855/ for “Community Workshop
on Cold Atoms in Space.”

12I. Alonso, C. Alpigiani, B. Altschul, H. Ara�ujo, G. Arduini, J. Arlt et al., EPJ
Quantum Technol. 9, 30 (2022).

13F. Zwicky, Gen. Relativ. Gravitation 41, 207 (2009).
14F. Zwicky, Astrophys. J. 86, 217 (1937).
15V. C. Rubin and W. K. Ford, Jr., Astrophys. J. 159, 379 (1970).
16G. Bertone and D. Hooper, Rev. Mod. Phys. 90, 045002 (2018).
17P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran, and W. A. Terrano,
Phys. Rev. D 93, 075029 (2016).

18P. W. Graham, J. M. Hogan, M. A. Kasevich, and S. Rajendran, Phys. Rev.
Lett. 110, 171102 (2013).

19B. Abbott, R. Abbott, T. Abbott, M. Abernathy, F. Acernese, K. Ackley et al.,
Phys. Rev. Lett. 116, 061102 (2016).

20T. Akutsu, M. Ando, K. Arai, Y. Arai, S. Araki, A. Araya et al., Prog. Theor.
Exp. Phys. 2021, 05A103.

21NANOGrav collaboration, Astrophys. J. Lett. 951, L8 (2023).
22EPTA collaboration, “The second data release from the European Pulsar Timing
Array III. Search for gravitational wave signals,” arXiv:2306.16214 2023.

23PPTA collaboration, Astrophys. J. Lett. 951, L6 (2023).
24CPTA collaboration, Res. Astron. Astrophys. 23, 075024 (2023).
25LISA Collaboration, “Laser interferometer space antenna,” arXiv:1702.00786 2017.
26J. Luo, L.-S. Chen, H.-Z. Duan, Y.-G. Gong, S. Hu, J. Ji et al., Classical
Quantum Gravity 33, 035010 (2016).

27W.-H. Ruan, Z.-K. Guo, R.-G. Cai, and Y.-Z. Zhang, Int. J. Mod. Phys. A 35,
2050075 (2020).

28M. A. Sedda, C. P. L. Berry, K. Jani, P. Amaro-Seoane, P. Auclair, J. Baird
et al., Classical Quantum Gravity 37, 215011 (2020).

29M. Bilardello, S. Donadi, A. Vinante, and A. Bassi, Physica A 462, 764
(2016).

30C. Overstreet, P. Asenbaum, J. Curti, M. Kim, and M. A. Kasevich, Science
375, 226 (2022).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-46

VC Author(s) 2024

 20 M
ay 2024 18:11:49



31L. Morel, Z. Yao, P. Clad�e, and S. Guellati-Kh�elifa, Nature 588, 61 (2020).
32P. Asenbaum, C. Overstreet, M. Kim, J. Curti, and M. A. Kasevich, Phys. Rev.
Lett. 125, 191101 (2020).

33L. De Broglie, Ann. Phys. 10, 22 (1925).
34C. Davisson and L. H. Germer, Phys. Rev. 30, 705 (1927).
35G. P. Thomson and A. Reid, Nature 119, 890 (1927).
36I. Estermann and O. Stern, Z. Phys. 61, 95 (1930).
37O. Carnal and J. Mlynek, Phys. Rev. Lett. 66, 2689 (1991).
38D. W. Keith, C. R. Ekstrom, Q. A. Turchette, and D. E. Pritchard, Phys. Rev.
Lett. 66, 2693 (1991).

39F. Riehle, T. Kisters, A. Witte, J. Helmcke, and C. J. Bord�e, Phys. Rev. Lett. 67,
177 (1991).

40M. Kasevich and S. Chu, Phys. Rev. Lett. 67, 181 (1991).
41A. D. Cronin, J. Schmiedmayer, and D. E. Pritchard, Rev. Mod. Phys. 81, 1051
(2009).

42O. Buchmueller, J. Ellis, and U. Schneider, “Large-Scale Atom Interferometry
for Fundamental Physics,” arXiv:2306.17726 2023.

43L. Zehnder, Z. Instrumentenkd. 11, 275 (1891).
44L. Mach, Z. Instrumentenkd. 12, 89 (1892).
45L. Badurina, O. Buchmueller, J. Ellis, M. Lewicki, C. McCabe, and V.
Vaskonen, Philos. Trans. R. Soc. A 380, 035 (2022).

46J. R. Peterson, Observations and Modeling of Seismic Background Noise (U.S.
Geological Survey, 1993).

47LIGO scientific and Virgo collaboration, Phys. Rev. D 104, 022004 (2021).
48J. Aasi, B. P. Abbott, R. Abbott, T. Abbott, M. R. Abernathy, K. Ackley et al.,
Classical Quantum Gravity 32, 074001 (2015).

49M. Maggiore, C. V. D. Broeck, N. Bartolo, E. Belgacem, D. Bertacca, M. A.
Bizouard et al., J. Cosmol. Astropart. Phys. 2020, 050.

50F. Combes, “Science with SKA,” arXiv:2107.03915 2021.
51NANOGrav collaboration, Astrophys. J. Lett. 951, L9 (2023).
52NANOGrav collaboration, Astrophys. J. Lett. 951, L11 (2023).
53NANOGrav collaboration, Astrophys. J. Lett. 952, L37 (2023).
54EPTA collaboration, “The second data release from the European Pulsar
Timing Array I. The dataset and timing analysis,” arXiv:2306.16224 2023.

55EPTA collaboration, “The second data release from the European Pulsar
Timing Array IV. Search for continuous gravitational wave signals,”
arXiv:2306.16226 2023.

56EPTA collaboration, “The second data release from the European Pulsar
Timing Array: V. Implications for massive black holes, dark matter and the
early Universe,” arXiv:2306.16227 2023.

57PPTA collaboration, Astrophys. J. Lett. 951, L7 (2023).
58PPTA collaboration, “The Parkes Pulsar Timing Array Third Data Release,”
arXiv:2306.16230 2023.

59A. Bertoldi, K. Bongs, P. Bouyer, O. Buchmueller, B. Canuel, L.-I. Caramete
et al., Exp. Astron. 51, 1417 (2021).

60K. Yagi and N. Seto, Phys. Rev. D 83, 044011 (2011).
61S. Kawamura, M. Ando, N. Seto, S. Sato, M. Musha, I. Kawano et al., Prog.
Theor. Exp. Phys. 2021, 05A105.

62P. Auclair, D. Bacon, T. Baker, T. Barreiro, N. Bartolo, E. Belgacem et al.,
Living Rev. Relativ. 26, 131102 (2023).

63M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, Phys. Rev. Lett.
112, 041301 (2014).

64M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, Phys. Rev. D
92, 123009 (2015).

65M. Hindmarsh, S. J. Huber, K. Rummukainen, and D. J. Weir, Phys. Rev. D
96, 103520 (2017).

66C. Caprini, M. Hindmarsh, S. Huber, T. Konstandin, J. Kozaczuk, G. Nardini
et al., J. Cosmol. Astropart. Phys. 2016, 001.

67C. Caprini, M. Chala, G. C. Dorsch, M. Hindmarsh, S. J. Huber, T.
Konstandin et al., J. Cosmol. Astropart. Phys. 2020, 024.

68J. J. Blanco-Pillado and K. D. Olum, Phys. Rev. D 96, 104046 (2017).
69J. J. Blanco-Pillado, K. D. Olum, and X. Siemens, Phys. Lett. B 778, 392 (2018).
70P. Auclair, J. J. Blanco-Pillado, D. G. Figueroa, A. C. Jenkins, M. Lewicki, M.
Sakellariadou et al., J. Cosmol. Astropart. Phys. 2020, 034.

71J. Ellis, M. Fairbairn, G. H€utsi, J. Raidal, J. Urrutia, V. Vaskonen et al.,
“Gravitational waves from SMBH Binaries in light of the NANOGrav 15-year
data,” arXiv:2306.17021 2023.

72J. Ellis and M. Lewicki, Phys. Rev. Lett. 126, 041304 (2021).
73S. Blasi, V. Brdar, and K. Schmitz, Phys. Rev. Lett. 126, 041305 (2021).
74J. J. Blanco-Pillado, K. D. Olum, and J. M. Wachter, Phys. Rev. D 103, 103512
(2021).

75J. Ellis, M. Lewicki, C. Lin, and V. Vaskonen, “Cosmic superstrings revisited
in light of NANOGrav 15-year data,” arXiv:2306.17147 2023.

76NANOGrav collaboration, Astrophys. J. Lett. 905, L34 (2020).
77L. Badurina, A. Beniwal, and C. McCabe, “Super-Nyquist ultralight dark mat-
ter searches with broadband atom gradiometers,” arXiv:2306.16477 2023.

78P. Touboul, G. M�etris, M. Rodrigues, J. Berg�e, A. Robert, Q. Baghi et al., Phys.
Rev. Lett. 129, 121102 (2022).

79A. Hees, O. Minazzoli, E. Savalle, Y. V. Stadnik, and P. Wolf, Phys. Rev. D 98,
064051 (2018).

80L. Hui, Annu. Rev. Astron. Astrophys. 59, 247 (2021).
81A. A. Geraci and A. Derevianko, Phys. Rev. Lett. 117, 261301 (2016).
82A. Arvanitaki, P. W. Graham, J. M. Hogan, S. Rajendran, and K. Van Tilburg,
Phys. Rev. D 97, 075020 (2018).

83P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran, W. A. Terrano, L.
Trahms et al., Phys. Rev. D 97, 055006 (2018).

84A. Derevianko, Phys. Rev. A 97, 042506 (2018).
85A. Arvanitaki, J. Huang, and K. Van Tilburg, Phys. Rev. D 91, 015015 (2015).
86L. Badurina, D. Blas, and C. McCabe, Phys. Rev. D 105, 023006 (2022).
87P. Fayet, Phys. Rev. D 97, 055039 (2018).
88P. Fayet, Phys. Rev. D 99, 055043 (2019).
89P. W. Graham, J. M. Hogan, M. A. Kasevich, and S. Rajendran, Phys. Rev. D
94, 104022 (2016).

90S. Weinberg, Ann. Phys. 194, 336 (1989).
91J. Polchinski, Phys. Rev. Lett. 66, 397 (1991).
92D. E. Kaplan and S. Rajendran, Phys. Rev. D 105, 055002 (2022).
93M. Polkovnikov, A. V. Gramolin, D. E. Kaplan, S. Rajendran, and A. O.
Sushkov, Phys. Rev. Lett. 130, 040202 (2023).

94J. Broz, B. You, S. Khan, H. H€affner, D. E. Kaplan, and S. Rajendran, Phys.
Rev. Lett. 130, 200201 (2023).

95D. N. Page and C. D. Geilker, Phys. Rev. Lett. 47, 979 (1981).
96S. W. Hawking, Commun. Math. Phys. 87, 395 (1982).
97J. Ellis, J. S. Hagelin, D. Nanopoulos, and M. Srednicki, Nucl. Phys. B 241, 381
(1984).

98G. C. Ghirardi, A. Rimini, and T. Weber, Phys. Rev. D 34, 470 (1986).
99L. Di�osi, Phys. Lett. A 120, 377 (1987).

100S. L. Adler, Quantum Theory as an Emergent Phenomenon (Cambridge
University Press, 2004).

101A. J. Leggett, Science 307, 871 (2005).
102S. Weinberg, “The trouble with quantum mechanics,” The New York Review of

Books (Rea S. Hederman, 2017), Vol. 19.
103S. L. Adler and A. Bassi, Science 325, 275 (2009).
104A. Bassi and G. Ghirardi, Phys. Rep. 379, 257 (2003).
105A. Bassi, K. Lochan, S. Satin, T. P. Singh, and H. Ulbricht, Rev. Mod. Phys. 85,

471 (2013).
106A. Perez, H. Sahlmann, and D. Sudarsky, Classical Quantum Gravity 23, 2317

(2006).
107S. J. Landau, C. G. Sc�occola, and D. Sudarsky, Phys. Rev. D 85, 123001 (2012).
108S. Das, K. Lochan, S. Sahu, and T. P. Singh, Phys. Rev. D 88, 085020 (2013).
109T. Josset, A. Perez, and D. Sudarsky, Phys. Rev. Lett. 118, 021102 (2017).
110J. Martin and V. Vennin, Phys. Rev. Lett. 124, 080402 (2020).
111A. Gundhi, J. Gaona-Reyes, M. Carlesso, and A. Bassi, Phys. Rev. Lett. 127,
091302 (2021).

112G. R. Bengochea, G. Le�on, P. Pearle, and D. Sudarsky, Eur. Phys. J. C 80, 1021
(2020).

113C. Jones, T. Guaita, and A. Bassi, Phys. Rev. A 103, 042216 (2021).
114C. Jones, G. Gasbarri, and A. Bassi, J. Phys. A 54, 295306 (2021).
115P. Pearle, Phys. Rev. A 39, 2277 (1989).
116G. C. Ghirardi, P. Pearle, and A. Rimini, Phys. Rev. A 42, 78 (1990).
117M. Arndt and K. Hornberger, Nat. Phys. 10, 271 (2014).
118M. Carlesso, S. Donadi, L. Ferialdi, M. Paternostro, H. Ulbricht, and A. Bassi,

Nat. Phys. 18, 243 (2022).
119R. Penrose, Gen. Relativ. Gravitation 28, 581 (1996).
120R. Penrose, Found. Phys. 44, 557 (2014).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-47

VC Author(s) 2024

 20 M
ay 2024 18:11:49



121L. Di�osi, Phys. Rev. A 40, 1165 (1989).
122A. Vinante and H. Ulbricht, AVS Quantum Sci. 3, 045602 (2021).
123S. Donadi, K. Piscicchia, C. Curceanu, L. Di�osi, M. Laubenstein, and A. Bassi,

Nat. Phys. 17, 74 (2021).
124Y. Y. Fein, P. Geyer, P. Zwick, F. Kiałka, S. Pedalino, M. Mayor et al., Nat.

Phys. 15, 1242 (2019).
125G. Gasbarri, A. Belenchia, M. Carlesso, S. Donadi, A. Bassi, R. Kaltenbaek

et al., Commun. Phys. 4, 155 (2021).
126T. Kovachy, J. M. Hogan, A. Sugarbaker, S. M. Dickerson, C. A. Donnelly, C.

Overstreet et al., Phys. Rev. Lett. 114, 143004 (2015).
127F. Di Pumpo, A. Friedrich, A. Geyer, C. Ufrecht, and E. Giese, Phys. Rev. D

105, 084065 (2022).
128S. Dimopoulos, P. W. Graham, J. M. Hogan, and M. A. Kasevich, Phys. Rev. D

78, 042003 (2008).
129J. M. Hogan, D. M. S. Johnson, S. Dickerson, T. Kovachy, A. Sugarbaker, S.-W.

Chiow et al., Gen. Relativ. Gravitation 43, 1953 (2011).
130P. Storey and C. Cohen-Tannoudji, J. Phys. II France 4, 1999 (1994).
131K.-P. Marzlin and J. Audretsch, Phys. Rev. A 53, 312 (1996).
132C. Antoine and C. Bord�e, Phys. Lett. A 306, 277 (2003).
133S. Kleinert, E. Kajari, A. Roura, and W. P. Schleich, Phys. Rep. 605, 1 (2015).
134A. Bertoldi, F. Minardi, and M. Prevedelli, Phys. Rev. A 99, 033619 (2019).
135C. Ufrecht and E. Giese, Phys. Rev. A 101, 053615 (2020).
136A. Wicht, E. Sarajlic, J. M. Hensley, and S. Chu, Phys. Rev. A 72, 023602

(2005).
137I. Riou, N. Mielec, G. Lef�evre, M. Prevedelli, A. Landragin, P. Bouyer et al.,

J. Phys. B 50, 155002 (2017).
138S. Hartmann, J. Jenewein, E. Giese, S. Abend, A. Roura, E. M. Rasel et al.,

Phys. Rev. A 101, 053610 (2020).
139J.-N. Siemß, F. Fitzek, S. Abend, E. M. Rasel, N. Gaaloul, and K. Hammerer,

Phys. Rev. A 102, 033709 (2020).
140J.-N. Kirsten-Siemß, F. Fitzek, C. Schubert, E. Rasel, N. Gaaloul, and K.

Hammerer, Phys. Rev. Lett. 131, 033602 (2023).
141T. Damour and J. F. Donoghue, Phys. Rev. D 82, 084033 (2010).
142W.-T. Ni, Phys. Rev. Lett. 38, 301 (1977).
143W.-T. Ni, Rep. Prog. Phys. 73, 056901 (2010).
144P. Sikivie, Phys. Rev. Lett. 113, 201301 (2014).
145L. Di Luzio, M. Giannotti, E. Nardi, and L. Visinelli, Phys. Rep. 870, 1 (2020).
146R. T. Co, A. Pierce, Z. Zhang, and Y. Zhao, Phys. Rev. D 99, 075002 (2019).
147A. Filippi and M. De Napoli, Rev. Phys. 5, 100042 (2020).
148T. Damour and A. M. Polyakov, Gen. Relativ. Gravitation 26, 1171 (1994).
149A. Roura, Phys. Rev. X 10, 021014 (2020).
150F. Di Pumpo, C. Ufrecht, A. Friedrich, E. Giese, W. P. Schleich, and W. G.

Unruh, PRX Quantum 2, 040333 (2021).
151F. Di Pumpo, A. Friedrich, C. Ufrecht, and E. Giese, Phys. Rev. D 107, 064007

(2023).
152D. Schlippert, J. Hartwig, H. Albers, L. Richardson, C. Schubert, A. Roura

et al., Phys. Rev. Lett. 112, 203002 (2014).
153D. M. Giltner, R. W. McGowan, and S. A. Lee, Phys. Rev. Lett. 75, 2638 (1995).
154J. Rudolph, T. Wilkason, M. Nantel, H. Swan, C. M. Holland, Y. Jiang et al.,

Phys. Rev. Lett. 124, 083604 (2020).
155I. Ushijima, M. Takamoto, M. Das, T. Ohkubo, and H. Katori, Nat. Photonics

9, 185 (2015).
156B. J. Bloom, T. L. Nicholson, J. R. Williams, S. L. Campbell, M. Bishof, X.

Zhang et al., Nature 506, 71 (2014).
157G. E. Marti, R. B. Hutson, A. Goban, S. L. Campbell, N. Poli, and J. Ye, Phys.

Rev. Lett. 120, 103201 (2018).
158C. J. Kennedy, E. Oelker, J. M. Robinson, T. Bothwell, D. Kedar, W. R. Milner

et al., Phys. Rev. Lett. 125, 201302 (2020).
159R. Foot, H. Lew, and R. R. Volkas, J. Phys. G 19, 361 (1993).
160R. Foot, Phys. Rev. D 49, 3617 (1994).
161C. S. Unnikrishnan and G. T. Gillies, Metrologia 41, S125 (2004).
162K. Durstberger-Rennhofer, T. Jenke, and H. Abele, Phys. Rev. D 84, 036004

(2011).
163G. Bressi, G. Carugno, F. Della Valle, G. Galeazzi, G. Ruoso, and G. Sartori,

Phys. Rev. A 83, 052101 (2011).
164J. Gillot, S. Lepoutre, A. Gauguet, M. B€uchner, and J. Vigu�e, Phys. Rev. Lett.

111, 030401 (2013).

165J. Gillot, S. Lepoutre, A. Gauguet, J. Vigu�e, and M. B€uchner, Eur. Phys. J. D 68,
168 (2014).

166C. Champenois, M. B€uchner, R. Delhuille, R. Mathevet, C. Robilliard, C. Rizzo
et al., “Matter neutrality test using a Mach-Zehnder interferometer,” in The
Hydrogen Atom (Springer, Berlin, Heidelberg, 2001), pp. 554–563.

167A. Arvanitaki, S. Dimopoulos, A. A. Geraci, J. Hogan, and M. Kasevich, Phys.
Rev. Lett. 100, 120407 (2008).

168Y. Aharonov and D. Bohm, Phys. Rev. 115, 485 (1959).
169S. Sengupta, Phys. Lett. B 484, 275 (2000).
170C. Caprini and P. G. Ferreira, J. Cosmol. Astropart. Phys. 2005, 006.
171S. Sengupta and P. B. Pal, Phys. Lett. B 365, 175 (1996).
172G. G. Raffelt, Phys. Rep. 320, 319 (1999).
173E. Witten, Phys. Lett. B 86, 283 (1979).
174D. Dubbers and M. G. Schmidt, Rev. Mod. Phys. 83, 1111 (2011).
175J. Ellis and V. Vaskonen, Phys. Rev. D 101, 124013 (2020).
176A. Nishizawa, A. Sesana, E. Berti, and A. Klein, Mon. Not. R. Astron. Soc. 465,

4375 (2016).
177V. Cardoso, C. F. Macedo, and R. Vicente, Phys. Rev. D 103, 023015 (2021).
178G. Franciolini, R. Cotesta, N. Loutrel, E. Berti, P. Pani, and A. Riotto, Phys.

Rev. D 105, 063510 (2022).
179Z. Xuan, S. Naoz, and X. Chen, Phys. Rev. D 107, 043009 (2023).
180K. Inayoshi, N. Tamanini, C. Caprini, and Z. Haiman, Phys. Rev. D 96,

063014 (2017).
181A. Toubiana, L. Sberna, A. Caputo, G. Cusin, S. Marsat, K. Jani et al., Phys.

Rev. Lett. 126, 101105 (2021).
182L. Sberna, S. Babak, S. Marsat, A. Caputo, G. Cusin, A. Toubiana et al., Phys.

Rev. D 106, 064056 (2022).
183S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, and S.

Rajendran, Phys. Lett. B 678, 37 (2009).
184J. G. Baker and J. I. Thorpe, Phys. Rev. Lett. 108, 211101 (2012).
185F. Vetrano and A. Vicer�e, Eur. Phys. J. C 73, 2590 (2013).
186J. Harms, B. J. J. Slagmolen, R. X. Adhikari, M. C. Miller, M. Evans, Y. Chen

et al., Phys. Rev. D 88, 122003 (2013).
187J. Mitchell, T. Kovachy, S. Hahn, P. Adamson, and S. Chattopadhyay,

J. Instrum. 17, P01007 (2022).
188J. Harms, Living Rev. Relativ. 22, 6 (2019).
189S. A. Hughes and K. S. Thorne, Phys. Rev. D 58, 122002 (1998).
190L. Badurina, V. Gibson, C. McCabe, and J. Mitchell, Phys. Rev. D 107, 055002

(2023).
191M. Coughlin, J. Harms, N. Christensen, V. Dergachev, R. DeSalvo, S.

Kandhasamy et al., Classical Quantum Gravity 31, 215003 (2014).
192P. W. Graham and S. Jung, Phys. Rev. D 97, 024052 (2018).
193J. Zhao, L. Shao, Y. Gao, C. Liu, Z. Cao, and B.-Q. Ma, Phys. Rev. D 104,

084008 (2021).
194R. Maiolino et al., “JADES. The diverse population of infant Black Holes at 4

< z < 11: Merging, tiny, poor, but mighty,” arXiv:2308.01230 2023.
195A. Torres-Orjuela, S.-J. Huang, Z.-C. Liang, S. Liu, H.-T. Wang, C.-Q. Ye

et al., “Detection of astrophysical gravitational wave sources by TianQin and
LISA,” arXiv:2307.16628 2023.

196J. Ellis, M. Fairbairn, G. H€utsi, M. Raidal, J. Urrutia, V. Vaskonen et al.,
Astron. Astrophys. 676, A38 (2023).

197J. E. Greene, Nat. Commun. 3, 1304 (2012).
198PPTA collaboration, Astrophys. J. Lett. 917, L19 (2021).
199EPTA collaboration, Mon. Not. R. Astron. Soc. 508, 4970 (2021).
200IPTA collaboration, Mon. Not. R. Astron. Soc. 510, 4873 (2022).
201J. Ellis, M. Fairbairn, G. Franciolini, G. H€utsi, A. Iovino, M. Lewicki et al.,

“What is the source of the PTA GW signal?,” arXiv:2308.08546 2023.
202K. G. Arun, E. Belgacem, R. Benkel, L. Bernard, E. Berti, G. Bertone et al.,

Living Rev. Relativ. 25, 4 (2022).
203P. Amaro Seoane, M. Arca Sedda, S. Babak, C. P. L. Berry, E. Berti, G. Bertone

et al., Gen. Relativ. Gravitation 54, 3 (2022).
204R. Brito, V. Cardoso, and P. Pani, Superradiance (Springer International

Publishing, 2015).
205L. Tsukada, R. Brito, W. E. East, and N. Siemonsen, Phys. Rev. D 103, 083005

(2021).
206R. Brito, S. Ghosh, E. Barausse, E. Berti, V. Cardoso, I. Dvorkin et al., Phys.

Rev. D 96, 064050 (2017).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-48

VC Author(s) 2024

 20 M
ay 2024 18:11:49



207E. Barausse, V. Cardoso, and P. Pani, Phys. Rev. D 89, 104059 (2014).
208L. Annulli, V. Cardoso, and R. Vicente, Phys. Rev. D 102, 063022 (2020).
209V. Cardoso and A. Maselli, Astron. Astrophys. 644, A147 (2020).
210A. Coogan, G. Bertone, D. Gaggero, B. J. Kavanagh, and D. A. Nichols, Phys.

Rev. D 105(4), 043009 (2022).
211V. Cardoso and P. Pani, Living Rev. Relativ. 22, 4 (2019).
212H. Banks, D. M. Grabowska, and M. McCullough, Phys. Rev. D 108, 035017

(2023).
213N. Yunes and F. Pretorius, Phys. Rev. D 80, 122003 (2009).
214N. Yunes, K. Yagi, and F. Pretorius, Phys. Rev. D 94, 084002 (2016).
215Z. Carson and K. Yagi, “Testing general relativity with gravitational waves,” in

Handbook of Gravitational Wave Astronomy, edited by C. Bambi, S.
Katsanevas, and K. D. Kokkotas (Springer Singapore, Singapore, 2020), pp. 1–
33.

216M. Bauer and J. D. Shergold, J. Cosmol. Astropart. Phys. 2023, 003.
217R. Alonso, D. Blas, and P. Wolf, J. High Energy Phys. 2019, 69.
218Y. Du, C. Murgui, K. Pardo, Y. Wang, and K. M. Zurek, Phys. Rev. D 106,

095041 (2022).
219V. Domcke and M. Spinrath, J. Cosmol. Astropart. Phys. 2017, 055.
220C. Xue, J.-P. Liu, Q. Li, J.-F. Wu, S.-Q. Yang, Q. Liu et al., Natl. Sci. Rev. 7,

1803 (2020).
221A. Bertoldi, G. Lamporesi, L. Cacciapuoti, M. de Angelis, M. Fattori, T.

Petelski et al., Eur. Phys. J. D 40, 271 (2006).
222J. B. Fixler, G. T. Foster, J. M. McGuirk, and M. A. Kasevich, Science 315, 74

(2007).
223G. D’Amico, G. Rosi, S. Zhan, L. Cacciapuoti, M. Fattori, and G. Tino, Phys.

Rev. Lett. 119, 253201 (2017).
224M. Jaffe, P. Haslinger, V. Xu, P. Hamilton, A. Upadhye, B. Elder et al., Nat.

Phys. 13, 938 (2017).
225D. O. Sabulsky, I. Dutta, E. A. Hinds, B. Elder, C. Burrage, and E. J. Copeland,

Phys. Rev. Lett. 123, 061102 (2019).
226H. Liu, B. D. Elwood, M. Evans, and J. Thaler, Phys. Rev. D 100, 023548

(2019).
227I. Obata, T. Fujita, and Y. Michimura, Phys. Rev. Lett. 121, 161301 (2018).
228N. Aggarwal, O. D. Aguiar, A. Bauswein, G. Cella, S. Clesse, A. M. Cruise

et al., Living Rev. Relativ. 24, 4 (2021).
229J. Weber, Phys. Rev. 117, 306 (1960).
230M. Gertsenshtein, Sov. Phys. JETP 14, 84 (1962).
231R. Ballantini et al., “Microwave apparatus for gravitational waves observation,”

arXiv:gr-qc/0502054 2005.
232A. Berlin, D. Blas, R. T. D’Agnolo, S. A. Ellis, R. Harnik, Y. Kahn et al., Phys.

Rev. D 105, 116011 (2022).
233A. Berlin, D. Blas, R. Tito D’Agnolo, S. A. R. Ellis, R. Harnik, Y. Kahn et al.,

“MAGO 2.0: Electromagnetic cavities as mechanical bars for gravitational
waves,” arXiv:2303.01518 2023.

234V. Domcke, C. Garcia-Cely, and N. L. Rodd, Phys. Rev. Lett. 129, 041101
(2022).

235T. Bringmann, V. Domcke, E. Fuchs, and J. Kopp, “High-frequency gravitational
wave detection via optical frequency modulation,” arXiv:2304.10579 2023.

236P. R. Berman, Atom Interferometry (Academic Press, 1997).
237J. M. McGuirk, M. J. Snadden, and M. A. Kasevich, Phys. Rev. Lett. 85, 4498

(2000).
238L. Hu, N. Poli, L. Salvi, and G. M. Tino, Phys. Rev. Lett. 119, 263601 (2017).
239T. Wilkason, M. Nantel, J. Rudolph, Y. Jiang, B. E. Garber, H. Swan et al.,

Phys. Rev. Lett. 129, 183202 (2022).
240T. Wilkason, “Clock atom interferometry for precision measurements in fun-

damental physics,” Ph.D. thesis (Stanford University, Stanford, CA, 2022).
241R. H. Parker, C. Yu, W. Zhong, B. Estey, and H. M€uller, Science 360, 191

(2018).
242B. Canuel et al., “Technologies for the ELGAR large scale atom interferometer

array,” arXiv:2007.04014 2020.
243F. Fitzek, J.-N. Kirsten-Siemß, E. M. Rasel, N. Gaaloul, and K. Hammerer,

“Accurate and efficient Bloch-oscillation-enhanced atom interferometry,”
arXiv:2306.09399 2023.

244T. Rahman, A. Wirth-Singh, A. Ivanov, D. Gochnauer, E. Hough, and S.
Gupta, “Bloch oscillation phases investigated by multi-path Stuckelberg atom
interferometry,” arXiv:2308.04134 2023.

245S. Dimopoulos, P. W. Graham, J. M. Hogan, M. A. Kasevich, and S.
Rajendran, Phys. Rev. D 78, 122002 (2008).

246W. Chaibi, R. Geiger, B. Canuel, A. Bertoldi, A. Landragin, and P. Bouyer,
Phys. Rev. D 93, 021101 (2016).

247C. Schubert, D. Schlippert, S. Abend, E. Giese, A. Roura, W. P. Schleich et al.,
“Scalable, symmetric atom interferometer for infrasound gravitational wave
detection,” arXiv:1909.01951 2019.

248J. E. Debs, P. A. Altin, T. H. Barter, D. D€oring, G. R. Dennis, G. McDonald
et al., Phys. Rev. A 84, 033610 (2011).

249A. Louchet-Chauvet, T. Farah, Q. Bodart, A. Clairon, A. Landragin, S. Merlet
et al., New J. Phys. 13, 065025 (2011).

250S. S. Szigeti, J. E. Debs, J. J. Hope, N. P. Robins, and J. D. Close, New J. Phys.
14, 023009 (2012).

251S. Loriani, D. Schlippert, C. Schubert, S. Abend, H. Ahlers, W. Ertmer et al.,
New J. Phys. 21, 063030 (2019).

252S. Loriani, C. Schubert, D. Schlippert, W. Ertmer, F. Pereira Dos Santos, E. M.
Rasel et al., Phys. Rev. D 102, 124043 (2020).

253M. Gebbe, J.-N. Siemß, M. Gersemann, H. M€untinga, S. Herrmann, C.
L€ammerzahl et al., Nat. Commun. 12, 2544 (2021).

254A. Gauguet, B. Canuel, T. L�ev�eque, W. Chaibi, and A. Landragin, Phys. Rev. A
80, 063604 (2009).

255J. K. Stockton, K. Takase, and M. A. Kasevich, Phys. Rev. Lett. 107, 133001 (2011).
256Z.-K. Hu, B.-L. Sun, X.-C. Duan, M.-K. Zhou, L.-L. Chen, S. Zhan et al., Phys.

Rev. A 88, 043610 (2013).
257P. Berg, S. Abend, G. Tackmann, C. Schubert, E. Giese, W. P. Schleich et al.,

Phys. Rev. Lett. 114, 063002 (2015).
258G. W. Biedermann, X. Wu, L. Deslauriers, S. Roy, C. Mahadeswaraswamy,

and M. A. Kasevich, Phys. Rev. A 91, 033629 (2015).
259P. Hamilton, M. Jaffe, J. M. Brown, L. Maisenbacher, B. Estey, and H. M€uller,

Phys. Rev. Lett. 114, 100405 (2015).
260S.-W. Chiow, J. Williams, and N. Yu, Phys. Rev. A 93, 013602 (2016).
261C. Freier, M. Hauth, V. Schkolnik, B. Leykauf, M. Schilling, H. Wziontek et al.,

J. Phys. 723, 012050 (2016).
262P. Gillot, B. Cheng, A. Imanaliev, S. Merlet, and F. P. D. Santos, “The LNE-

SYRTE cold atom gravimeter,” in European Frequency and Time Forum
(EFTF) (IEEE, 2016).

263Y. Bidel, N. Zahzam, C. Blanchard, A. Bonnin, M. Cadoret, A. Bresson et al.,
Nat. Commun. 9, 627 (2018).

264C. Janvier, V. M�enoret, B. Desruelle, S. Merlet, A. Landragin, and F. Pereira
dos Santos, Phys. Rev. A 105, 022801 (2022).

265R. Gautier, M. Guessoum, L. A. Sidorenkov, Q. Bouton, A. Landragin, and R.
Geiger, Sci. Adv. 8, 708 (2022).

266N. Yu and M. Tinto, Gen. Relativ. Gravitation 43, 1943 (2011).
267Q. Beaufils, L. A. Sidorenkov, P. Lebegue, B. Venon, D. Holleville, L.

Volodimer et al., Sci. Rep. 12, 19000 (2022).
268J. Rudolph, W. Herr, C. Grzeschik, T. Sternke, A. Grote, M. Popp et al., New

J. Phys. 17, 065001 (2015).
269H. Ammann and N. Christensen, Phys. Rev. Lett. 78, 2088 (1997).
270E. W. Streed, A. P. Chikkatur, T. L. Gustavson, M. Boyd, Y. Torii, D. Schneble

et al., Rev. Sci. Instrum. 77, 023106 (2006).
271C. Deppner, W. Herr, M. Cornelius, P. Stromberger, T. Sternke, C. Grzeschik

et al., Phys. Rev. Lett. 127, 100401 (2021).
272R. Corgier, S. Amri, W. Herr, H. Ahlers, J. Rudolph, D. Gu�ery-Odelin et al.,

New J. Phys. 20, 055002 (2018).
273N. Gaaloul, M. Meister, R. Corgier, A. Pichery, P. Boegel, W. Herr et al., Nat.

Commun. 13, 7889 (2022).
274K. Hardman, P. Everitt, G. McDonald, P. Manju, P. Wigley, M.

Sooriyabandara et al., Phys. Rev. Lett. 117, 138501 (2016).
275R. Roy, A. Green, R. Bowler, and S. Gupta, Phys. Rev. A 93, 043403 (2016).
276G. Condon, M. Rabault, B. Barrett, L. Chichet, R. Arguel, H. Eneriz-Imaz

et al., Phys. Rev. Lett. 123, 240402 (2019).
277C. Vogt, M. Woltmann, S. Herrmann, C. L€ammerzahl, H. Albers, D.

Schlippert et al., Phys. Rev. A 101, 013634 (2020).
278H. Albers, R. Corgier, A. Herbst, A. Rajagopalan, C. Schubert, C. Vogt et al.,

Commun. Phys. 5, 60 (2022).
279A. Herbst, H. Albers, K. Stolzenberg, S. Bode, and D. Schlippert, Phys. Rev. A

106, 043320 (2022).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-49

VC Author(s) 2024

 20 M
ay 2024 18:11:49



280L. Hu, E. Wang, L. Salvi, J. N. Tinsley, G. M. Tino, and N. Poli, Classical
Quantum Gravity 37, 014001 (2019).

281N. Poli, M. Schioppo, S. Vogt, S. Falke, U. Sterr, C. Lisdat et al., Appl. Phys. B
117, 1107 (2014).

282S. Stellmer, F. Schreck, and T. C. Killian, “Degenerate quantum gases of stron-
tium,” in Annual Review of Cold Atoms and Molecules (World Scientific,
2014).

283C.-C. Chen, R. Gonz�alez Escudero, J. Min�a�r, B. Pasquiou, S. Bennetts, and F.
Schreck, Nature 606, 683 (2022).

284S.-W. Chiow, S. Herrmann, S. Chu, and H. M€uller, Phys. Rev. Lett. 103,
050402 (2009).

285B. Estey, C. Yu, H. M€uller, P.-C. Kuan, and S.-Y. Lan, Phys. Rev. Lett. 115,
083002 (2015).

286A. Urvoy, Z. Vendeiro, J. Ramette, A. Adiyatullin, and V. Vuleti�c, Phys. Rev.
Lett. 122, 203202 (2019).

287L. Salvi, N. Poli, V. Vuleti�c, and G. M. Tino, Phys. Rev. Lett. 120, 033601 (2018).
288R. Corgier, N. Gaaloul, A. Smerzi, and L. Pezz�e, Phys. Rev. Lett. 127, 183401

(2021).
289B. K. Malia, J. Martínez-Rinc�on, Y. Wu, O. Hosten, and M. A. Kasevich, Phys.

Rev. Lett. 125, 043202 (2020).
290F. Anders, A. Idel, P. Feldmann, D. Bondarenko, S. Loriani, K. Lange et al.,

Phys. Rev. Lett. 127, 140402 (2021).
291G. P. Greve, C. Luo, B. Wu, and J. K. Thompson, Nature 610, 472 (2022).
292C.-H. Feng, P. Robert, P. Bouyer, B. Canuel, J. Li, S. Das et al., “Compact and

high flux strontium atom source,” arXiv:2310.00657 2023.
293A. Roura, Phys. Rev. Lett. 118, 160401 (2017).
294C. Overstreet, P. Asenbaum, T. Kovachy, R. Notermans, J. M. Hogan, and M.

A. Kasevich, Phys. Rev. Lett. 120, 183604 (2018).
295B. Dubetsky and M. A. Kasevich, Phys. Rev. A 74, 023615 (2006).
296S.-Y. Lan, P.-C. Kuan, B. Estey, P. Haslinger, and H. M€uller, Phys. Rev. Lett.

108, 090402 (2012).
297J. Glick, Z. Chen, T. Deshpande, Y. Wang, and T. Kovachy, “Coriolis force

compensation and laser beam delivery for 100-m baseline atom interferome-
try” AVS Quantum Science 6(1), 014402 (2024).

298S. Dickerson, J. M. Hogan, D. M. S. Johnson, T. Kovachy, A. Sugarbaker,
S.-W. Chiow et al., Rev. Sci. Instrum. 83, 065108 (2012).

299E. Wodey, D. Tell, E. M. Rasel, D. Schlippert, R. Baur, U. Kissling et al., Rev.
Sci. Instrum. 91, 035117 (2020).

300G. Arduini et al., “A long-baseline atom interferometer at CERN: Conceptual
feasibility study,” arXiv:2304.00614 2023.

301A. Sugarbaker, S. M. Dickerson, J. M. Hogan, D. M. S. Johnson, and M. A.
Kasevich, Phys. Rev. Lett. 111, 113002 (2013).

302E. Wodey, R. J. Rengelink, C. Meiners, E. M. Rasel, and D. Schlippert, J. Phys.
B 54, 035301 (2021).

303J. Hartwig, S. Abend, C. Schubert, D. Schlippert, H. Ahlers, K. Posso-Trujillo
et al., New J. Phys. 17, 035011 (2015).

304T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly, S. M. Dickerson, A.
Sugarbaker et al., Nature 528, 530 (2015).

305A. Lezeik, D. Tell, K. Zipfel, V. Gupta, �E. Wodey, E. Rasel et al.,
“Understanding the gravitational and magnetic environment of a very long
baseline atom interferometer,” arXiv:2209.08886 2022.

306M. Schilling, E. Wodey, L. Timmen, D. Tell, K. H. Zipfel, D. Schlippert et al.,
J. Geod. 94, 122 (2020).

307L. L. Richardson, A. Rajagopalan, H. Albers, C. Meiners, D. Nath, C. Schubert
et al., Commun. Phys. 3, 208 (2020).

308S. Loriani, A. Friedrich, C. Ufrecht, F. Di Pumpo, S. Kleinert, S. Abend et al.,
Sci. Adv. 5, 891 (2019).

309C. Ufrecht, F. Di Pumpo, A. Friedrich, A. Roura, C. Schubert, D. Schlippert
et al., Phys. Rev. Res. 2, 043240 (2020).

310A. Roura, C. Schubert, D. Schlippert, and E. M. Rasel, Phys. Rev. D 104,
084001 (2021).

311L. Zhou, S. Long, B. Tang, X. Chen, F. Gao, W. Peng et al., Phys. Rev. Lett. 115,
013004 (2015).

312L. Zhou, C. He, S.-T. Yan, X. Chen, D.-F. Gao, W.-T. Duan et al., Phys. Rev. A
104, 022822 (2021).

313L. Zhou, S.-T. Yan, Y.-H. Ji, C. He, J.-J. Jiang, Z. Hou et al., Front. Phys. 10,
1274 (2022).

314AION Core Team collaboration, K. Bongs et al., see https://www.hep.ph.ic.ac.
uk/AION-Project/ for “An Atom Interferometer Observatory and Network
(AION) for the Exploration of Ultra-Light Dark Matter and Mid-Frequency
Gravitational Waves.”.

315AION collaboration, “Centralised design and production of the ultra-high vac-
uum and laser-stabilisation systems for the AION Ultra-Cold Strontium
Laboratories,” arXiv:2305.20060 2023.

316K. DeRose, T. Deshpande, Y. Wang, and T. Kovachy, Opt. Lett. 48, 3893
(2023).

317D. L. Butts, K. Kotru, J. M. Kinast, A. M. Radojevic, B. P. Timmons, and R. E.
Stoner, J. Opt. Soc. Am. B 30, 922 (2013).

318A. Dunning, R. Gregory, J. Bateman, N. Cooper, M. Himsworth, J. A. Jones
et al., Phys. Rev. A 90, 033608 (2014).

319J. Saywell, M. Carey, M. Belal, I. Kuprov, and T. Freegarde, J. Phys. B 53,
085006 (2020).

320M. H. Goerz, M. A. Kasevich, and V. S. Malinovsky, Atoms 11, 36 (2023).
321Z. Chen, G. Louie, Y. Wang, T. Deshpande, and T. Kovachy, Phys. Rev. A 107,

063302 (2023).
322J. Saywell, M. Carey, P. Light, S. Szigeti, A. Milne, K. Gill et al., “Enhancing

the sensitivity of atom-interferometric inertial sensors in dynamic environ-
ments using robust control,” arXiv:2303.03683 2023.

323G. Louie, Z. Chen, T. Deshpande, and T. Kovachy, New J. Phys. 25, 083017
(2023).

324A. Bertoldi, P. Bouyer, and B. Canuel, “Quantum sensors with matter-waves
for GW observation,” in Handbook of Gravitational Wave Astronomy, edited
by C. Bambi, S. Katsanevas, and K. D. Kokkotas (Springer Singapore,
Singapore, 2020), pp. 1–43.

325D. O. Sabulsky, J. Junca, G. Lef�evre, X. Zou, A. Bertoldi, B. Battelier et al., Sci.
Rep. 10, 3268 (2020).

326B. Canuel, X. Zou, D. O. Sabulsky, J. Junca, A. Bertoldi, Q. Beaufils et al., “A
gravity antenna based on quantum technologies: MIGA,” arXiv:2204.12137
2022.

327G. Stephane, W. Georges, G. Yves, and S. Y. Joseph, Interdisciplinary And
International Deep Underground Science, Engineering And Technology
Laboratories, All Days of ISRM SINOROCK, 172 (2009).

328S. Rosat, J. Hinderer, J.-P. Boy, F. Littel, J.-D. Bernard, D. Boyer et al.,
J. Geodyn 119, 1 (2018).

329S. Henry, E. Borgo, C. Danquigny, B. Abi, K. Couli�e, G. Micolau et al., E3S
Web Conf. 12, 02003 (2016).

330J. Junca, A. Bertoldi, D. Sabulsky, G. Lef�evre, X. Zou, J.-B. Decitre et al., Phys.
Rev. D 99, 104026 (2019).

331D. O. Sabulsky, X. Zou, J. Junca, A. Bertoldi, M. Prevedelli, Q. Beaufils et al.,
E3S Web Conf. 357, 05001 (2022).

332T. Creighton, Classical Quantum Gravity 25, 125011 (2008).
333M. Punturo, M. Abernathy, F. Acernese, B. Allen, N. Andersson, K. Arun

et al., Classical Quantum Gravity 27, 194002 (2010).
334LIGO scientific and Virgo collaboration, Classical Quantum Gravity 34,

044001 (2017).
335D. Reitze, R. X. Adhikari, S. Ballmer, B. Barish, L. Barsotti, G. Billingsley et al.,

Bull. Am. Astron. Soc 51, 35 (2019).
336H. Ahlers, H. M€untinga, A. Wenzlawski, M. Krutzik, G. Tackmann, S. Abend

et al., Phys. Rev. Lett. 116, 173601 (2016).
337S. Abend, M. Gebbe, M. Gersemann, H. Ahlers, H. M€untinga, E. Giese et al.,

Phys. Rev. Lett. 117, 203003 (2016).
338J. M. Hogan and M. A. Kasevich, Phys. Rev. A 94, 033632 (2016).
339E. Peik, M. Ben Dahan, I. Bouchoule, Y. Castin, and C. Salomon, Phys. Rev. A

55, 2989 (1997).
340M. Cadoret, E. de Mirandes, P. Clad�e, S. Guellati-Kh�elifa, C. Schwob, F. Nez

et al., Phys. Rev. Lett. 101, 230801 (2008).
341H. M€uller, S-w Chiow, Q. Long, S. Herrmann, and S. Chu, Phys. Rev. Lett.

100, 180405 (2008).
342M. Jaffe, V. Xu, P. Haslinger, H. M€uller, and P. Hamilton, Phys. Rev. Lett.

121, 040402 (2018).
343H. M€uller, S-w Chiow, S. Herrmann, and S. Chu, Phys. Rev. Lett. 102, 240403

(2009).
344Z. Pagel, W. Zhong, R. H. Parker, C. T. Olund, N. Y. Yao, and H. M€uller,

Phys. Rev. A 102, 053312 (2020).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-50

VC Author(s) 2024

 20 M
ay 2024 18:11:49



345T. Kovachy, S.-W. Chiow, and M. A. Kasevich, Phys. Rev. A 86, 011606
(2012).

346H. M€uller, S.-W. Chiow, and S. Chu, Phys. Rev. A 77, 023609 (2008).
347T. L�ev�eque, A. Gauguet, F. Michaud, F. Pereira Dos Santos, and A. Landragin,

Phys. Rev. Lett. 103, 080405 (2009).
348S.-W. Chiow, T. Kovachy, H.-C. Chien, and M. A. Kasevich, Phys. Rev. Lett

107, 130403 (2011).
349G. D. McDonald, C. C. N. Kuhn, S. Bennetts, J. E. Debs, K. S. Hardman, M.

Johnsson et al., Phys. Rev. A 88, 053620 (2013).
350D. O. Sabulsky, J. Junca, X. Zou, A. Bertoldi, M. Prevedelli, Q. Beaufils et al.,

“Multi-photon atom interferometry via cavity-enhanced Bragg diffraction,”
arXiv:2201.11693 2022.

351M. Dovale-�Alvarez, D. D. Brown, A. W. Jones, C. M. Mow-Lowry, H. Miao,
and A. Freise, Phys. Rev. A 96, 053820 (2017).

352B. Fang, N. Mielec, D. Savoie, M. Altorio, A. Landragin, and R. Geiger, New J.
Phys. 20, 023020 (2018).

353A. Bertoldi, C.-H. Feng, D. Naik, B. Canuel, P. Bouyer, and M. Prevedelli,
Phys. Rev. Lett. 127, 013202 (2021).

354R. Nourshargh, S. Lellouch, S. Hedges, M. Langlois, K. Bongs, and M.
Holynski, Commun. Phys. 4, 257 (2021).

355R. Nourshargh, S. Hedges, M. Langlois, K. Bongs, and M. Holynski, Opt.
Express 30, 30001 (2022).

356Y. Colombe, T. Steinmetz, G. Dubois, F. Linke, D. Hunger, and J. Reichel,
Nature 450, 272 (2007).

357K. C. Cox, G. P. Greve, J. M. Weiner, and J. K. Thompson, Phys. Rev. Lett.
116, 093602 (2016).

358O. Hosten, N. J. Engelsen, R. Krishnakumar, and M. A. Kasevich, Nature 529,
505 (2016).

359G. M. Harry, Classical Quantum Gravity 27, 084006 (2010).
360F. Acernese, M. Agathos, K. Agatsuma, D. Aisa, N. Allemandou, A. Allocca

et al., Classical Quantum Gravity 32, 024001 (2015).
361N. Mielec, R. Sapam, C. Poulain, A. Landragin, A. Bertoldi, P. Bouyer et al.,

Opt. Express 28, 39112 (2020).
362J. A. Arnaud, Appl. Opt. 8, 189 (1969).
363I. Dutta, D. Savoie, B. Fang, B. Venon, C. Garrido Alzar, R. Geiger et al., Phys.

Rev. Lett. 116, 183003 (2016).
364J. Heise, “The Sanford Underground Research Facility,” in Snowmass (2021).
365J. Joutsenvaara, M. Holma, O. Kotavaara, and H. J. Puputti, J. Phys. 2156,

012166 (2021).
366M. G. Beker, J. Brand, E. Hennes, and D. S. Rabeling, J. Phys. 363, 012004

(2012).
367ETSEC collaboration, T. Bulik, et al., Report to the 23rd LSC Scientific

Committee Meeting, 2018.
368J. P�erez-P�erez, J. C. Amare, I. C. Bandac, A. Bayo, S. Borjabad-S�anchez, J. M.

Calvo-Mozota et al., Universe 8, 112 (2022).
369P. R. Saulson, Phys. Rev. D 30, 732 (1984).
370S. Bonnefoy-Claudet, F. Cotton, and P.-Y. Bard, Earth-Sci. Rev. 79, 205 (2006).
371D. Coward, J. Turner, D. Blair, and K. Galybin, Rev. Sci. Instrum. 76, 044501 (2005).
372I. Fiori, F. Paoletti, M. C. Tringali, K. Janssens, C. Karathanasis, A. Men�endez-

V�azquez et al., Galaxies 8, 82 (2020).
373A. Ekimov and J. M. Sabatier, J. Acoust. Soc. Am. 120, 762 (2006).
374J. Carlton and C. McCabe, “From RATs to riches: mitigating anthropogenic

and synanthropic noise in atom interferometer searches for ultra-light dark
matter,” 2023 arXiv:2308.10731.

375M. Coughlin, N. Mukund, J. Harms, J. Driggers, R. Adhikari, and S. Mitra,
Classical Quantum Gravity 33, 244001 (2016).

376E. Stutzmann, Bull. Seismol. Soc. Am. 90, 690 (2000).
377E. Stutzmann, M. Schimmel, G. Patau, and A. Maggi, Geochem., Geophys.,

Geosyst. 10(1), Q11004 (2009).
378T. Akutsu, M. Ando, K. Arai, Y. Arai, S. Araki, A. Araya et al., Prog. Theor.

Exp. Phys. 2021, 05A101.
379R. Bajpai, T. Tomaru, T. Suzuki, K. Yamamoto, T. Ushiba, and T. Honda,

Phys. Rev. D 107, 042001 (2023).
380E. Bonilla, B. Shapiro, B. Lantz, O. D. Aguiar, and M. Constancio, Phys. Rev.

D 104, 122005 (2021).
381R. X. Adhikari, K. Arai, A. F. Brooks, C. Wipf, O. Aguiar, P. Altin et al.,

Classical Quantum Gravity 37, 165003 (2020).

382K. Somiya, see https://www-kam2.icrr.u-tokyo.ac.jp/event/3/contributions/
401/ for “Newtonian Noise From the Underground Water.”

383A. Palermo, S. Kr€odel, A. Marzani, and C. Daraio, Sci. Rep. 6, 39356 (2016).
384N. Wiener, N. Wiener, C. Mathematician, N. Wiener, N. Wiener, and C.

Math�ematicien, Extrapolation, Interpolation, and Smoothing of Stationary
Time Series: With Engineering Applications (MIT Press, Cambridge, MA,
1949), Vol. 113.

385G. Cella, “Off-line subtraction of seismic Newtonian noise,” in Recent
Developments in General Relativity (Springer, 2000), pp. 495–503.

386J. C. Driggers, J. Harms, and R. X. Adhikari, Phys. Rev. D 86, 102001 (2012).
387M. W. Coughlin, J. Harms, J. Driggers, D. J. McManus, N. Mukund, M. P.

Ross et al., Phys. Rev. Lett. 121, 221104 (2018).
388F. Badaracco and J. Harms, Classical Quantum Gravity 36, 145006 (2019).
389F. Badaracco, J. Harms, A. Bertolini, T. Bulik, I. Fiori, B. Idzkowski et al.,

Classical Quantum Gravity 37, 195016 (2020).
390J. Harms and K. Venkateswara, Classical Quantum Gravity 33, 234001 (2016).
391S. Koley, M. Bader, J. van den Brand, X. Campman, H. J. Bulten, F. Linde

et al., Classical Quantum Gravity 39, 025008 (2022).
392M. Bader, S. Koley, J. van den Brand, X. Campman, H. J. Bulten, F. Linde

et al., Classical Quantum Gravity 39, 025009 (2022).
393M. Di Giovanni, C. Giunchi, G. Saccorotti, A. Berbellini, L. Boschi, M. Olivieri

et al., Seismol. Res. Lett. 92, 352 (2020).
394F. Ardhuin, L. Gualtieri, and E. Stutzmann, Geophys. Res. Lett. 42, 765,

https://doi.org/10.1002/2014GL062782 (2015).
395K. Hasselmann, Rev. Geophys. 1, 177, https://doi.org/10.1029/

RG001i002p00177 (1963).
396A. Bertoldi, S. Gaffet, M. Prevedelli, and D. A. Smith, Forecasting Ocean Wave-

Induced Seismic Noise (The Research Square Team Platform LLC, 2023).
397C. Schubert, S. Abend, M. Gersemann, M. Gebbe, D. Schlippert, P. Berg et al.,

Sci. Rep. 11, 16121 (2021).
398C. M. Will, Living Rev. Relativ. 17, 4 (2014).
399A. Einstein, Ann. Phys. 340, 898 (1911).
400A. Einstein, “Die Feldgleichungen der Gravitation,” in Sitzungsberichte der

K€oniglich Preußischen Akademie der Wissenschaften (Royal Prussian
Academy of Science, 1915), pp. 844–847.

401E. Di Casola, S. Liberati, and S. Sonego, Am. J. Phys. 83, 39 (2015).
402M. A. Hohensee, N. Leefer, D. Budker, C. Harabati, V. A. Dzuba, and V. V.

Flambaum, Phys. Rev. Lett. 111, 050401 (2013).
403P. Delva, N. Puchades, E. Sch€onemann, F. Dilssner, C. Courde, S. Bertone

et al., Phys. Rev. Lett. 121, 231101 (2018).
404R. Lange, N. Huntemann, J. M. Rahm, C. Sanner, H. Shao, B. Lipphardt et al.,

Phys. Rev. Lett. 126, 011102 (2021).
405S. M. Brewer, J.-S. Chen, A. M. Hankin, E. R. Clements, C. W. Chou, D. J.

Wineland et al., Phys. Rev. Lett. 123, 033201 (2019).
406W. F. McGrew, X. Zhang, H. Leopardi, R. J. Fasano, D. Nicolodi, K. Beloy

et al., Optica 6, 448 (2019).
407M. A. Kasevich, E. Riis, S. Chu, and R. G. DeVoe, Phys. Rev. Lett. 63, 612

(1989).
408V. I. Yudin, A. V. Taichenachev, C. W. Oates, Z. W. Barber, N. D. Lemke, A.

D. Ludlow et al., Phys. Rev. A 82, 011804 (2010).
409I. Lizuain, J. G. Muga, and J. Eschner, Phys. Rev. A 76, 033808 (2007).
410E. A. Alden, K. R. Moore, and A. E. Leanhardt, Phys. Rev. A 90, 012523

(2014).
411E. M. Rasel, M. K. Oberthaler, H. Batelaan, J. Schmiedmayer, and A. Zeilinger,

Phys. Rev. Lett. 75, 2633 (1995).
412K. Zhang, M.-K. Zhou, Y. Cheng, L.-L. Chen, Q. Luo, W.-J. Xu et al., Chin.

Phys. Lett. 37, 043701 (2020).
413M. Zych, F. Costa, I. Pikovski, and �C. Brukner, Nat. Commun. 2, 505 (2011).
414M. Sonnleitner and S. M. Barnett, Phys. Rev. A 98, 042106 (2018).
415P. K. Schwartz and D. Giulini, Phys. Rev. A 100, 052116 (2019).
416S. Sinha and J. Samuel, Classical Quantum Gravity 28, 145018 (2011).
417A. Roura, “Atom interferometer as a freely falling clock for time-dilation mea-

surements,” arXiv:2402.11065.
418J. O. Liard, C. A. Sanchez, B. M. Wood, A. D. Inglis, and R. J. Silliker,

Metrologia 51, S32 (2014).
419S. Merlet, A. Kopaev, M. Diament, G. Geneves, A. Landragin, and F. Pereira

Dos Santos, Metrologia 45, 265 (2008).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-51

VC Author(s) 2024

 20 M
ay 2024 18:11:49



420J. M. McGuirk, G. T. Foster, J. B. Fixler, M. J. Snadden, and M. A. Kasevich,
Phys. Rev. A 65, 033608 (2002).

421Q.-Q. Hu, C. Freier, B. Leykauf, V. Schkolnik, J. Yang, M. Krutzik et al., Phys.
Rev. A 96, 033414 (2017).

422T. Farah, C. Guerlin, A. Landragin, P. Bouyer, S. Gaffet, F. Pereira Dos Santos
et al., Gyroscopy Navig. 5, 266 (2014).

423M. Schilling and L. Timmen, “Traceability of the Hannover FG5X-220 to the SI
units,” in International Symposium on Earth and Environmental Sciences for
Future Generations (Springer, Cham, 2016), Vol. 147, pp. 69–75.

424V. P�alink�a�s, H. Wziontek, M. Vaľko, P. K�ren, and R. Falk, J. Geod. 95, 21
(2021).

425P.-A. Olsson, K. Breili, V. Ophaug, H. Steffen, M. Bilker-Koivula, E. Nielsen
et al., Geophys. J. Int. 217, 1141 (2019).

426M. Bilker-Koivula, J. M€akinen, H. Ruotsalainen, J. N€ar€anen, and T. Saari,
J. Geod. 95, 24 (2021).

427J. M. Goodkind, Rev. Sci. Instrum. 70, 4131 (1999).
428D. Carbone, F. Cannav�o, F. Greco, R. Reineman, and R. J. Warburton,

J. Geophys. Res. 124, 4035, https://doi.org/10.1029/2018JB017204 (2019).
429W. Hu, M. M. Lawson, D. Budker, N. L. Figueroa, D. F. J. Kimball, A. P. Mills,

Jr., et al., Eur. Phys. J. D 74, 115 (2020).
430V. K. Milyukov and M. P. Vinogradov, Pure Appl. Geophys. 180, 735 (2023).

431J. Rekier, B. F. Chao, J. Chen, V. Dehant, S. Rosat, and P. Zhu, Surv. Geophys.
43, 149 (2022).

432M. Carlesso, A. Bassi, M. Paternostro, and H. Ulbricht, New J. Phys. 21,
093052 (2019).

433A. Bassi, A. Großardt, and H. Ulbricht, Classical Quantum Gravity 34, 193002
(2017).

434S. Eibenberger, S. Gerlich, M. Arndt, M. Mayor, and J. T€uxen, Phys. Chem.
Chem. Phys. 15, 14696 (2013).

435P. Haslinger, N. D€orre, P. Geyer, J. Rodewald, S. Nimmrichter, and M. Arndt,
Nat. Phys. 9, 144 (2013).

436Y. Y. Fein, P. Geyer, F. Kiałka, S. Gerlich, and M. Arndt, Phys. Rev. Res. 1,
033158 (2019).

437H. Talbot, London, Edinburgh Dublin Philos. Mag. J. Sci 9, 401 (2009).
438R. Kaltenbaek, M. Arndt, M. Aspelmeyer, P. F. Barker, A. Bassi, J. Bateman

et al., Quantum Sci. Technol. 8, 014006 (2023).
439F. Kiałka, Y. Y. Fein, S. Pedalino, S. Gerlich, and M. Arndt, AVS Quantum Sci.

4, 020502 (2022).
440P. Asenbaum, S. Kuhn, S. Nimmrichter, U. Sezer, and M. Arndt, Nat.

Commun. 4, 2743 (2013).
441U. Deli�c, M. Reisenbauer, K. Dare, D. Grass, V. Vuleti�c, N. Kiesel et al.,

Science 367, 892 (2020).

AVS Quantum Science REVIEW pubs.aip.org/aip/aqs

AVS Quantum Sci. 6, 024701 (2024); doi: 10.1116/5.0185291 6, 024701-52

VC Author(s) 2024

 20 M
ay 2024 18:11:49


