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Abstract

MAGIS-100 is a next-generation quantum sensor under construction at Fermilab that aims to
explore fundamental physics with atom interferometry over a 100 m baseline. This novel detector
will search for ultralight dark matter, test quantum mechanics in new regimes, and serve as a
technology pathfinder for future gravitational wave detectors in a previously unexplored frequency
band. It combines techniques demonstrated in state-of-the-art 10-meter-scale atom
interferometers with the latest technological advances of the world’s best atomic clocks.
MAGIS-100 will provide a development platform for a future kilometer-scale detector that would
be sufficiently sensitive to detect gravitational waves from known sources. Here we present the
science case for the MAGIS concept, review the operating principles of the detector, describe the
instrument design, and study the detector systematics.

1. Introduction

Long-baseline atom interferometry is a rapidly growing field with a variety of exciting fundamental physics
applications. Science opportunities include gravitational wave detection [1-12], searches for ultralight
(wave-like) dark matter candidates [13, 14] and for dark energy [15], tests of gravity and searches for new
fundamental interactions (‘fifth forces’ (5F)) [16—30], precise tests of the standard model [31, 32], and tests
of quantum mechanics [33—42]. Such experiments take advantage of the ongoing evolution of the precision
and accuracy of atomic sensors. Optical lattice clocks (OLCs) now regularly attain 18 digits of frequency
resolution [43, 44] and beyond [45, 46], while atom interferometers continue to improve both in inertial
sensing applications [47] and in precision metrology, including measurements of Newton’s gravitational
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Table 1. Comparison of long-baseline atom interferometer projects. MAGIS-100 will pursue Sr clock atom interferometry (clock AI)
[4] over a single, vertical baseline. The AION project is based on the same concept. MAGIS-100 additionally features a dark matter
search mode using dual-isotope Al [28, 63] with two-photon Bragg transitions [38, 64]. MIGA will employ cavity-assisted Rb atom
interferometry with Bragg transitions over two horizontal baselines. ZAIGA will employ three vertical baselines, connected via km-scale
horizontal shafts. The proposed experimental techniques range from two-photon Raman [65] and Bragg transitions, to OLC
comparisons.

Project Baseline length (m) ~ Number of baselines Orientation Atom Atom optics Location
MAGIS-100 100 1 Vertical Sr Clock Al Bragg USA
AION [10] 100 1 Vertical Sr Clock AI UK
MIGA [5] 200 2 Horizontal Rb Bragg France
ZAIGA [8] 300 3 Vertical Rb, Sr Raman, Bragg, OLC China

constant [16, 48, 49], the fine structure constant [31, 32], and the equivalence principle (EP) [19-30]. The
broad scientific potential of long-baseline quantum sensor networks has been widely recognized [50—52].
These sensors are noted for their potential use in searching for new fundamental forces, dark matter, and
other dark sector ingredients [50]. At the same time, they offer the possibility of testing quantum mechanics
over record-breaking macroscopic distances and timescales, and of searching for gravitational waves in an
unexplored frequency range. Here we describe the matter-wave atomic gradiometer interferometric sensor
(MAGIS) research program to develop long-baseline atom interferometers with the aim of realizing these
scientific goals. In particular, we present the MAGIS-100 detector design, the pathfinder project in this
multistage effort.

The MAGIS concept [4, 12] takes advantage of features of both clocks and atom interferometers to allow
for a single-baseline gravitational wave detector [3, 4, 53]. It aims to detect gravitational waves in the
scientifically rich, so-far unexplored ‘mid-band’ frequency range between 0.01 Hz and 3 Hz. This band lies
below the sensitivity range of existing terrestrial interferometers (LIGO/Virgo) and above the frequency
band of the planned LISA satellite detector. Simultaneously, the MAGIS concept enables the exploration of
new regions of dark-sector parameter-space [54] by being sensitive to proposed scalar- and vector-coupled
dark matter candidates in the ultralight range (107 eV — 107 eV).

MAGIS-100 is the first detector facility in a family of proposed experiments based on the MAGIS
concept. The instrument features a 100 m vertical baseline and is now under construction at the Fermi
National Accelerator Laboratory (Fermilab). State-of-the-art atom interferometers are currently operating
at the 10 m scale [27, 28, 38, 39, 55, 56], while a kilometer-scale detector is likely required to detect
gravitational waves from known sources. MAGIS-100 is the first step to push the limits of atom
interferometry beyond the lab-scale and bridge the gap to future detectors. It is designed to be operated in
the manner of a full-scale detector and aims to achieve the high up-time required from such a facility.
MAGIS-100 will explore a wide variety of systematic errors and backgrounds to serve as a technology
demonstrator for future gravitational wave detection with atom interferometry. Additionally, the detector is
expected to be sensitive enough to search for potential ultralight dark matter couplings beyond current
limits. By operating in two distinct dark matter search modes, MAGIS-100 can look for both scalar-coupled
and vector-coupled dark matter candidates in so-far unexcluded regions of parameter space. Finally, by
extending the scale of matter-wave interferometers to a 100 m baseline, MAGIS-100 has the opportunity to
advance the Frontier of quantum science and sensor technologies, including tests of the validity of quantum
mechanics in a regime in which massive particles are delocalized over record-setting macroscopic time
[40, 55] and length [38, 39] scales.

Over the past several years, there has been widespread, growing international interest in pursuing
long-baseline atomic sensors for gravitational wave detection [57]. This has sparked a number of proposals
for both space-based instruments and terrestrial detectors, some of which are already under construction
today. In France, significant progress has been made towards the 200 m baseline underground gravitational
wave detector prototype matter-wave laser based interferometer gravitation antenna (MIGA) [5]. A
follow-on proposal has called for the construction of European Laboratory for Gravitation and
Atom-interferometric Research (ELGAR) [6, 58], an underground detector with horizontal 32 km arms
aiming to detect gravitational waves in the mid-band (infrasound) frequency range. In China, work has
started to build Zhaoshan long-baseline atom interferometer gravitation antenna (ZAIGA) [8], a set of
300 m vertical shafts separated by kilometer-scale laser links that will use atomic clocks and atom
interferometry for a wide range of research, including gravitational wave detection and tests of general
relativity. In the UK, a broad collaboration of seven institutions has recently advanced the multi-stage
program Atom Interferometer Observatory and Network (AION) [10], which aims to progressively
construct atom interferometers at the 10- and then 100 m scale, in order to develop technologies for a
tull-scale kilometer-baseline instrument for both gravitational wave detection and dark matter searches. A
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Table 2. Detector design parameter targets for MAGIS-100 and follow-on detectors. The baseline length L is the total end-to-end
length of the detector. LMT atom optics of order # refers to an nik momentum splitting between the two arms of the atom
interferometer (corresponding to # photon recoil kicks). The atom phase noise d¢ listed is for a single atom source, and assumes
improvements in atom flux and the use of spin-squeezed atomic states [66, 67]. The multiple atom sources are assumed to be
distributed uniformly along the baseline. MAGIS-100 (initial) corresponds to current state-of-the-art parameters, while (final) assumes
atom optics operating at the projected physical limit for this baseline. The space-based configuration is discussed in greater detail in
[12].

Baseline LMT atom Atom Phase noise
Experiment (Proposed) site L (m) optics n sources 0¢ (rad/ VHz)
Sr prototype tower Stanford 10 10% 2 1073
MAGIS-100 (initial) Fermilab (MINOS shaft) 100 10? 3 1073
MAGIS-100 (final) Fermilab (MINOS shaft) 100 4 % 10* 3 103
MAGIS-km Homestake mine (SURF) 2000 4 x 10* 40 107°
MAGIS-space Medium earth orbit (MEO) 4 x 107 10° 2 1074

variety of space-based gravitational wave detectors have also been proposed to access the lower frequency
ranges inaccessible to terrestrial observatories. These proposals are based both on optical lattice atomic
clocks [7, 59] and atom interferometers [2, 9, 12, 60, 61], two technologies that are in fact closely related
[62].

The ambitious scope of these endeavors from around the world is evidence of the widespread
enthusiasm for the scientific prospects of long-baseline atomic sensing. The numerous projects complement
each other through the diversity of approaches, allowing for the development of alternate atomic sensing
technologies in parallel (see table 1). This is a key factor in collectively overcoming the technological
challenges towards a full-scale gravitational wave detector. The ultimate synergy of this global effort would
be to realize a network of observatories in the spirit of the LIGO/Virgo/KAGRA collaboration. Correlating
data collected simultaneously by several atomic sensor gravitational wave detectors operating in the
mid-band frequency range would be a powerful way to improve background rejection and increase overall
sensitivity [10].

2. Science motivation

In the following, we describe the scientific motivation for MAGIS-100 and anticipated follow-on detectors.
The sensitivity of these instruments to many science signals of interest scales proportionally to the baseline
length L, motivating the development of detectors at the 100 m scale, and eventually, at the kilometer scale.
Sensitivity can also be enhanced through the use of advanced large momentum transfer (LMT) atom optics,
as well as by reducing phase noise in the matter-wave interference fringes (atom shot noise) through the use
of both high flux atom sources and quantum entangled atoms. In estimating the potential science impact of
MAGIS-100 and future advanced MAGIS-style detectors, we consider sensitivities based both on the current
state-of-the-art, as well as on targeted improvements in these various detector parameters. The goals of this
technology development path are summarized in table 2.

2.1. Gravitational waves

The recent discovery of gravitational waves by LIGO is a historic event of profound scientific significance
[68]. It is a re-affirmation of general relativity, but its main significance is as the beginning of a new form of
astronomy. Gravitational waves provide an entirely new spectrum with which to view the Universe and will
be a major part of the future of astronomy, astrophysics, and cosmology.

Gravitational waves allow observations that are impossible with normal electromagnetic telescopes as
they are not meaningfully attenuated by passage through intervening matter. Moreover, unlike
electromagnetism, all forms of matter couple equally to gravity, so in particular no objects are neutral with
respect to gravity. Thus, gravitational wave astronomy enables the observation of objects that do not emit
light. For example, black holes and other compact objects are probably best studied with gravitational
waves. Furthermore, the earliest observation of the Universe possible with light comes from the time of
cosmic microwave background formation, since prior to that all photons were thermalized. Gravitational
waves do not thermalize, and can carry information about the earliest epochs in the Universe, back to and
even including inflation or whatever other process sets the initial conditions for the hot big bang. The early
Universe was likely both extremely hot (with temperature T >> TeV, much more than the MeV
temperatures indirectly probed by big bang nucleosynthesis) and sometimes far-from-equilibrium, so
observing such early times can teach us not just about the beginning of our Universe, but also about the
highest energy scales and most basic laws of nature, potentially far beyond the energies that can be probed
in any particle collider.
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Figure 1. (a) Projected gravitational wave strain sensitivity for MAGIS-100 and follow-on detectors. The solid blue line shows
initial performance using current state of the art parameters (table 2, initial). The dashed line assumes parameters improved to
their physical limits (table 2, final). LIGO low frequency calibration data (gray) is shown as an estimate for the state-of-the-art
performance in the mid-band frequency range [75]. An estimate of GGN at the Fermilab site is shown as an orange band (see
section 5.12). (b) Estimated sensitivity of a future km-scale terrestrial detector (MAGIS-km, green) and satellite-based detector
(MAGIS-space, brown) using detector parameters from table 2. The detector can be switched between both broadband (black,
solid) and narrow resonant modes (black, dashed). The resonant enhancement Q can be tuned by adjusting the pulse sequence
[11]. Two example resonant responses are shown targeting 0.03 Hz (8/k atom optics, Q = 9) and 1 Hz (1hk atom optics,

Q = 300). The brown curve is the envelope of the peak resonant responses, as could be reached by scanning the target frequency
across the band. Sensitivity curves for LIGO [76] and LISA [77] are shown for reference. Also shown are a selection of mid-band
sources including NS and WD binaries (blue and purple) as well as a black hole binary already detected by LIGO (red). The GGN
band (orange) is a rough estimate based on seismic measurements at the SURF site [78].

Current gravitational wave observations use terrestrial laser interferometry techniques. LIGO and other
ground-based laser interferometer designs are sensitive to gravitational waves between a few Hz and 10 kHz,
but are severely limited at lower frequencies due to coupling to seismic noise [68—70]. However, frequencies
below LIGO’s range carry important information about the early Universe and many other sources. At
much lower frequencies, the planned space-based LISA detector is targeted at the 1 mHz—50 mHz range
[71]. In order to fully realize the potential of gravitational wave observations, it is important to cover as
many different frequency bands as possible [72—74]. Atomic sensors appear promising for filling the gap
between LIGO and LISA, observing gravitational waves in the mid-band, roughly 30 mHz to 3 Hz.

Figure 1(b) shows the projected strain sensitivity in the mid-band for future full-scale MAGIS-style
detectors, both on the ground and in space. Achieving this level of performance will be challenging, but the
potential payoff is significant. By serving as a technology demonstrator, MAGIS-100 will pave the way for
these next generation detectors.

There are a number of compelling reasons to explore the mid-band. Historically, each time a frequency
band of electromagnetic radiation was explored for the first time it led to new unexpected discoveries. Since
gravitational waves are a fundamentally new way to observe the Universe, perhaps the most important
discovery could be something we do not expect. For this reason alone it is important to build detectors in
all frequency bands.

In addition, the mid-band may be optimal for observing signals of cosmological origin. This frequency
range is above the white dwarf (WD) ‘confusion noise’ but can still extend low enough in frequency to see
certain cosmological sources [11]. This band can also be an excellent place to search for gravitational waves
from inflation and reheating, and certain models such as axion inflation may give signals large enough to be
detected by future versions of MAGIS [11]. Furthermore, thermal phase transitions in the early Universe at
scales above the weak scale [79-87], or quantum tunneling transitions in cold hidden sectors [88], or
networks of cosmic strings [89], or collapsing domain walls [90], or axion dynamics in the early Universe
[91, 92], may produce detectable gravitational wave signals in this band. In general, gravitational waves are a
direct way to observe the earliest times in the birth of the Universe, and the mid-band may provide a
valuable window into this high energy physics.

The mid-band possesses a potential two-fold advantage for the investigation of a stochastic gravitational
wave background resulting from a first-order phase transition. A transition occurring with nucleation
temperature T, =~ 1 TeV typically leads to a stochastic spectrum with a peak occurring at frequency
f= 2 x 102 Hz [80]. (Here for definiteness we have assumed that the inverse duration, (3, of the transition
satisfies 3/H, ~ 10% as is often the case for electroweak scale and above transitions, where H,, is the Hubble
parameter at nucleation.) So, for transitions corresponding to energy scales in the region above that already
partially probed by the LHC (T,, 2, TeV) the peak of the gravitational wave spectrum commonly occurs in

~

the mid-band region. Secondly, as causality enforces (in the long-wavelength limit) a universal f° rise of the
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power spectrum of gravitational waves produced by local sub-horizon scale dynamics [80], the information
that distinguishes the underlying microphysics is usually contained in the peak and especially post-peak
high-frequency range. The reason for this is that gravitational waves produced in thermal phase transitions
primarily arise from a combination of long-lasting sound wave and turbulent bulk fluid motions of the
plasma acting on far sub-horizon length scales [81, 84, 85, 87, 93, 94]. (In the case of runaway bubble walls,
and small 8/H,, the motion of the underlying order parameter profile can also contribute significantly.)
These depend in turn on the bubble wall velocity and properties of the plasma, as well as the amount of
super-cooling, all properties determined by the microphysics. The information-rich post-peak frequency
region is again typically contained within the mid-band for transitions corresponding to the
so-far-unexplored TeV scale and above.

The mid-band also provides excellent complementarity with the capabilities of LISA [87, 94] for
characterising the properties of a stochastic gravitational wave background arising from a thermal phase
transition slightly above the electroweak scale. This is because the spectrum needs to be determined over a
O(10%) frequency range to reliably extract the most important information, and, in addition, there exist
many extensions of the standard model not yet excluded by the LHC with transitions occurring at
T, 2 500 GeV, so with peak frequency falling at the upper-end of the LISA sensitivity range.

Such speculative cosmological sources would clearly be a major discovery, but there are also important
sources in the mid-band which are certain to exist, in some cases because they have already been observed
by LIGO later in their lifetimes, when their frequencies have increased. These include neutron star (NS)
binaries as well as black hole binaries with masses around a few to tens of solar masses. Additionally, the
recent discovery by LIGO of a binary black hole merger with a total mass of 150 solar masses motivates
further studies of intermediate mass black holes [95]. Earlier observations of such binaries at lower
frequencies (including mid-band frequencies) would provide valuable astrophysical insight. Moreover, even
heavier black holes than the LIGO observation, hundreds of solar masses and above, would merge in the
mid-band. Therefore, this would be the ideal band to discover such black holes, if they exist.

Importantly, many black hole or NS binaries that are observed in the mid-band can later be observed by
LIGO once they evolve to higher frequencies. Such joint observation would be a powerful new source of
information. This would allow an atomic sensor in the mid-band to give a prediction of the time and
location of a merger event. Since the lifetimes of many sources in the mid-frequency band are comparable
to the orbital period of the Earth, the mid-band is ideal for sky localization and prediction of merger events,
and in fact they can be localized even by a single-baseline detector [96]. Optical, x-ray, gamma ray, and
other telescopes could use this forewarning to observe these sources as they merge. A mid-band atomic
detector would thus allow simultaneous observation of these merger events by gravitational wave and
electromagnetic telescopes. For example, in the NS—NS kilonova merger recently observed by LIGO [97],
optical and other EM telescopes only started viewing the object roughly a day (or more) after merger, which
is a very long time compared to the natural dynamical timescale of around a millisecond. It would be very
beneficial to have prior information on the timing and location of such an event so that the final merger
could be observed. Thus, observations in the mid-band have the potential to be a powerful complement to
detection by LIGO, and can significantly enhance multi-messenger astronomy.

To better understand the nature and origin of black holes, including those being observed by LIGO, it
would be beneficial to have a measurement of their initial spins and orbital eccentricities. This can for
example discriminate between different production mechanisms (e.g. cosmological or astrophysical) [98].
To accurately measure the initial spins, it is necessary to record many cycles before the merger, and this is
aided by observing at lower frequencies below LIGO’s band. Thus, the mid-band appears to be a promising
band for measuring the spin of merging black holes.

There are also WD binary mergers that can be detected in the mid-band, which are not observable at
higher frequencies [99]. Such a merger could be a type IA supernova. The question of the origin of type IA
supernovae, whether from a single WD or a WD binary merger, has attracted significant interest and is
clearly of major importance (see e.g. [98] and references therein). As just one example, the nature of type IA
supernova clearly affects their use as standard candles for measuring the cosmological expansion rate and
the properties of dark energy.

In addition to being interesting and important astrophysically, observing compact objects such as black
holes, NSs, and WDs may well also teach us about particle physics. For example, supernovae and other such
extreme astrophysical objects have already been used to set some of the best limits on axions and other light
particles, and gravitational wave observations may allow many more such tests for new physics. As just one
example, superradiance around black holes [100—102] may allow us to constrain or even discover such
particles with future gravitational wave observations. One way to use black hole superradiance to set limits
on axions or other very light bosonic particles requires that we have precise measurements of the black
holes’ initial spins. As noted above, the mid-band appears quite promising for these black hole spin
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Figure 2. Sensitivity of MAGIS-100 to ultralight dark matter fields coupled to the electron mass with strength d,,, (a) and the
fine structure constant with strength d. (b), shown as a function of the mass of the scalar field m,, (or alternatively the frequency
of the field—top scale) [13]. The blue sensitivity curve assumes a shot noise limited phase resolution and corresponds to 1 year
of data acquisition (10007:k atom optics, 10~* rad/v/Hz phase resolution). We assume a density of 0.3 GeV cm > for each
candidate dark matter field. The gray bands show existing bounds, derived from EP and 5F tests [13], as well as the
MICROSCOPE satellite EP experiment [116]. The green curve is the projected sensitivity of a future kilometer-scale detector.

measurements. In addition, there can be dramatic monochromatic gravitational wave signals via axion
annihilations or level transitions in the axion (or very light particle) cloud that superradiance produces in
the vicinity of the black hole [100, 101, 103—105].

Further, such nominally astrophysical observations can shed light on important cosmological questions.
It has long been known that a binary merger can be a gravitational wave ‘standard siren’ [106]. Such
standard sirens allow us to measure the expansion rate of the Universe with fewer systematic uncertainties
because the gravitational merger signal is very clean. Accurate angular localization is very important for this
measurement, and thus mid-band observations could contribute significantly to this program by providing
sky localization information for LIGO-Virgo and optical telescopes well before the merger event, as well as
providing localization information for events without a direct optical counterpart such as binary black hole
mergers (see e.g. [107]). This would enable a better understanding of cosmology and, in particular, a better
measurement of the Hubble constant and the dark energy equation of state.

As a technology demonstrator, MAGIS-100 is not expected to be sufficiently sensitive to detect known
candidate sources of gravitational waves. Nevertheless, within its frequency range it aims to achieve a record
sensitivity, improving on the current bounds [108] (figure 1(a)). While there are not any known
gravitational wave sources that MAGIS-100 will be sensitive enough to detect, whenever we probe far
beyond current bounds there is always the possibility of an unexpected discovery. A follow-up full-scale,
kilometer-baseline terrestrial detector would have the potential to observe many of the sources discussed
above in the mid-band. In addition, MAGIS-100 will set the stage for a possible future satellite-based
detector [12], which could access the complete mid-band range as shown in figure 1(b).

2.2. Dark matter

Cosmological and astronomical measurements have established that the energy budget of the Universe is
dominated by dark energy and dark matter, but their nature remains unknown. Discovering the properties
of these unknown constituents of the Universe is therefore one of the most important scientific problems of
our time. Dark matter can lead to time-dependent signals in high precision quantum sensor networks,
enabling a unique probe of its existence. In particular, these time-dependent signals can be caused by
ultralight dark matter candidates. Observational bounds permit a 10% fraction or more of the dark matter
to have a mass as low as 10722 eV, whereas current experiments have focused on dark matter in a narrow
range of masses (e.g. around 100 GeV for WIMPs). Given the null results from the present generation of
dark matter experiments, it is important to broaden the search to cover a variety of dark matter candidates.
Well motivated theories indicate that the mass range from 10722 eV to 10 eV is particularly interesting.
Potential dark matter candidates within this range include, for spin-0, the QCD axion [109—-112],
axion-like-particles and ultralight string moduli [113], the relaxion [114], and for spin 1, the dark photon
[113]. Dark matter in this mass range has a large number density and can be described as a classical field
that oscillates at a frequency determined by the mass of the dark matter particle. This results in
time-dependent effects that can be searched for using quantum sensors. These effects arise because as the
classical dark matter field oscillates, the properties of the sensor (such as the quantum energy level and
spin) also change, leading to time-dependent signals. The fact that the dark matter signal oscillates at a
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Figure 3. Dark matter sensitivity of MAGIS-100 for an ultralight vector field coupled to B — L. The initial (solid) curve is for
10 g/ V/Hz acceleration sensitivity (assumes 50 m launch, 1004k atom optics, 10 atoms s ! flux, shot noise limited), while the
upgraded (dashed) curve is for 6 x 1077 g/+/Hz (assumes 100 m launch, 10007k atom optics, 10® atoms s~" flux, shot noise
limited). At lower frequencies the detector sensitivity is likely limited by systematic errors (e.g., time-varying blackbody radiation
or magnetic fields). We assume a density of 0.3 GeV cm ™ for the B — L field. The gray shaded regions show bounds from
equivalence principle tests using torsion pendula (EP) [14, 117] and the MICROSCOPE satellite experiment [116]. Potential
sensitivities of this detector method to general other dark matter candidates are discussed in [14].

frequency set by fundamental physics (the mass of the dark matter) serves as a powerful discriminant
against a variety of noise sources, enabling high precision searches for the ultra-weak effects of dark matter.

Even though there are a wide variety of theoretical dark matter candidates, there are only four dominant
experimental signatures of this oscillating classical field. The oscillating field can induce currents in circuits,
exert accelerations on test masses, cause precession of spins, and change the values of fundamental
constants [54]. Multiple experiments are currently searching for the first of these effects. With its unique
sensitivity to accelerations, spin and atomic energy levels, MAGIS-100 would be sensitive to the three other
dominant effects of a component of dark matter in the mass range 10722 eV-10"1% eV [13, 14, 115]. In fact,
three separate dark matter searches can be performed using this quantum sensor.

First, dark matter that affects fundamental constants, such as the electron mass or the fine structure
constant, will change the energy levels of the quantum states used in the interferometer, causing them to
oscillate at the Compton frequency of the candidate dark matter particle. This effect can be searched for by
comparing two simultaneous atom interferometers separated along the MAGIS-100 baseline (see section 3).
The sensitivity to several such dark matter candidates is shown in figure 2.

Second, dark matter that causes accelerations can be searched for by comparing the accelerometer
signals from two simultaneous atom interferometers run with different isotopes (*Sr and ¥ Sr for example)
[14]. This requires running a dual-species atom interferometer, which is well established [23, 25, 26, 63].
The potential sensitivity of MAGIS-100 to one such dark matter candidate, a B — L coupled new vector
boson, is shown in figure 3. In general, potential sensitivities to dark matter candidates are shown in [14].
Note that, compared to existing bounds, MAGIS-100 has the potential to improve the sensitivity to any such
dark matter particles with mass (frequency) below approximately 107! eV (0.1 Hz) by about two orders of
magnitude. Interestingly, the two dark matter searches outlined here are sensitive to similar dark matter
candidates, but within complementary mass ranges, extending the coverage of the dark matter parameter
space.

Third, dark matter that causes precession of nuclear spins, such as general axions, can be searched for by
comparing simultaneous, co-located interferometers using Sr atoms in quantum states with differing
nuclear spins. See [115] for a discussion and potential sensitivities.

2.3. New forces

In addition to these dark matter searches, new fundamental particles may also be discovered by searching
for new forces [50]. Ultralight particles that have highly suppressed interactions with standard model
particles, often dubbed ‘dark sectors’, emerge in a variety of beyond-the-standard-model frameworks. These
theories include forces mediated by particles that can dynamically solve naturalness problems in the
standard model, such as the strong CP problem (QCD axion [118]) and the hierarchy problem (relaxion
[114]). Such forces can also arise in theories with extra dimensions [119] as well as super-symmetry [120].
Due to its high precision, MAGIS-100 can search for these ultra-weak forces, sourced either by the Earth or
a test mass. Several of these particles have already been considered above as ultralight dark matter
candidates. However, there are alternative ways to search for the presence of these new fields, without
necessarily requiring them to be dark matter. In principle there are two ways to do this. First, if the range of
the new force is short, it can be observed by modulating the distance between a test mass and the atomic
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sensor. Second, long range forces sourced by the Earth other than gravity may lead to differential free-fall
accelerations between different elements/isotopes. A comparison between atomic sensors made out of
different atomic species could reveal the existence of such forces. MAGIS-100 can perform such a test by
performing simultaneous acceleration measurements with two isotopes of strontium.

2.4. Quantum science

It is widely recognized that quantum technologies such as quantum computing, quantum simulation, and
quantum sensing will play a key role in a variety of scientific applications [50, 51]. MAGIS-100 aims to both
develop and employ quantum techniques that are broadly relevant for these applications. The operation of
the instrument requires the ability to coherently manipulate atoms with high fidelity, serving as a testbed
for quantum control protocols that are widely applicable in quantum information science. The advanced
techniques developed in MAGIS-100 for fundamental physics can also be leveraged for applied inertial
sensors including gyroscopes [121, 122], accelerometers [65, 123], and gravity gradiometers [124].

MAGIS-100 can also be used to test quantum mechanics itself. The detector takes advantage of recent
advances in manipulation of atoms using light [38, 39, 125], as well as long free-fall times [55], to realize
macroscopic quantum mechanical superposition states. Atom wave packets in each interferometer are
expected to be separated by distances of several meters, improving substantially over previous records
[38, 39] and leading to atomic states that are delocalized on a truly macroscopic scale. By operating two or
more such interferometers simultaneously and comparing their interference patterns, MAGIS-100 can
probe whether the coherence of the macroscopic quantum superposition state is maintained at such large
length scales. The instrument can also study whether these macroscopically delocalized quantum states
preserve their coherence at long times (up to 9 s for a full 100 m launch). Such measurements have
implications for a variety of proposed fundamental decoherence models [33—-37]. The detector can also
potentially search for non-linear corrections to the Schrodinger equation [51, 126]. Moreover, MAGIS-100
may be able to measure phase shifts arising from higher order variations in the gravitational potential across
the wavefunction [127, 128], which were not resolvable in previous work [39] and would probe quantum
mechanics in a new regime [128].

The detector platform can also eventually incorporate entangled quantum sources to reduce noise,
permitting enhanced sensitivity. Spin-squeezed atom sources [66, 67] take advantage of quantum
correlations within an atom ensemble to realize a reduction in sensor noise below the standard quantum
limit (shot noise). In addition to improving sensitivity, combining spin-squeezed atom ensembles with large
wavefunction delocalization may offer new ways to test quantum mechanics [129].

3. MAGIS experimental concept

MAGIS is a novel quantum sensor concept for ultralight wave-like dark matter searches and gravitational
wave detection. Passing gravitational waves cause a small modulation in the distance between objects.
Detecting this modulation requires two ingredients:

Inertial references: a pair of objects to act as inertial reference points, separated by some distance (the
baseline). Good inertial reference objects must be largely decoupled from the environment and immune to
perturbations from non-gravitational forces.

Clocks: a means of precisely measuring the separation between the inertial reference objects. This is
typically done by measuring the time for light to cross the baseline, via comparison to a precise phase
reference (e.g. a clock).

In the MAGIS detector design, dilute clouds of freely-falling ultracold Sr atoms play both of these roles,
simultaneously acting as inertial references and as precise clocks. Laser light propagates between the two
atom ensembles separated by the baseline. It drives transitions between the ground and excited states of the
Sr clock transition (1Sy — 3Py), the same line used in state-of-the-art OLCs [130]. A sequence of short light
pulses generates a pair of atom interferometers, one on each end of the baseline [131]. The timing of the
atomic transitions, and thus the time the atoms spend in a superposition of the ground and excited states,
depends on the light travel time across the baseline [4]. The resulting atom interferometer phase ¢ is then
proportional to the length L of the baseline: ¢ & waL/c, where fiwy is the energy splitting of the clock
transition. As a result, the differential phase measurement between the two atom interferometers is sensitive
to variations in both the baseline L and the clock frequency wy that arise during the light-pulse sequence. A
passing gravitational wave modulates the baseline length, while coupling to an ultralight dark matter field
can cause a modulation in the clock frequency'’. Thus, the MAGIS concept combines the prospects for both

10 This effect does not require an inhomogeneity in the dark matter field across the baseline, but instead is a result of a time-delayed
clock comparison due to the finite light travel time [13].
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Figure 4. Space-time diagram of a clock atom interferometer. An atom is launched upwards and is freely falling under the
influence of gravity. The atom is manipulated by a series of three laser pulses (wavy lines), emitted at times 0, T, and 27T. The first
pulse, with pulse area 7 /2, puts the atom in an equal superposition of ground and excited states (|1) and |2)). The second pulse,
with pulse area m, flips each state and redirects the two parts of the wavefunction. A third pulse with pulse area 7/2 recombines
the two paths, leading to a ground and excited state population whose ratio depends on the relative phase accumulated between
the two arms.

gravitational wave detection and dark matter searches into a single detector design, and both science signals
are measured concurrently.

It is illustrative to compare the MAGIS concept to laser interferometer detectors such as LIGO, which
fundamentally operate using the same ingredients defined above. In laser interferometers, the mirrors on
each end of one of the arms act as the inertial references, while light bouncing between the mirrors serves to
sample the light travel time. These mirrors are decoupled from vibration noise and other non-gravitational
perturbations by a vibration isolation system. In MAGIS, the atom inertial references are in free fall, so they
are intrinsically decoupled from many of these noise sources without the need for a sophisticated
suspension system.

It is important to emphasize that, in principle, an LIGO-like sensor could detect gravitational waves
using a single linear arm if it had access to a sufficiently stable phase reference against which to compare the
phase of the returning light. However, lacking an idealized laser source, a laser interferometer instead uses a
second (optimally orthogonal) arm as its phase reference. The signal is then the phase difference between
the two arms, leading to a suppression of laser phase noise in the differential measurement, and therefore
one arm can be thought of as acting as the phase reference for the other. In MAGIS, the atomic proof
masses themselves act as the phase reference, encoding the noisy laser phase of each light pulse in the
quantum coherence of the atom superposition state. This noise is then rejected as a common mode in the
differential measurement between the atom interferometers on each end of the detector, eliminating the
need for an auxiliary baseline to serve as the phase reference. In this sense, the ‘active’ atomic proof masses
used in MAGIS allow for a single-baseline detector geometry which is not possible using ‘passive’ mirror
proof masses such as in laser interferometers.

3.1. Clock atom interferometry

MAGIS employs light-pulse atom interferometry to coherently split, redirect, and recombine matter waves
with laser pulses [65, 131-134]. The manipulation of matter waves is achieved through the stimulated
absorption and emission of photons, driving transitions between two long-lived atomic states. Conventional
atom interferometry uses alkali atoms like Rb and Cs, which lack a pair of long-lived states coupled by a
suitable optical transition. Instead, a pair of counter-propagating laser beams is used to drive two-photon
Raman or Bragg transitions via a third, far-detuned atomic state [64, 65]. MAGIS relies on a new variation
of light-pulse atom interferometry that takes advantage of long-lived excited states in alkaline-earth-like
atoms such as Sr [4]. Transitions to these states can be resonantly driven by a single laser beam and are used
in some of the world’s most precise atomic clocks [130, 135]. Leveraging the advances in this field, the
MAGIS detector will employ single-photon transitions on the narrow Sr clock line (1Sy — 3Py) in a clock
atom interferometer [125, 136]. Figure 4 shows a space-time diagram that illustrates the pulse sequence of
such an interferometer in a Mach—Zehnder type configuration. This symmetric sequence measures and
compares the time each interferometer arm spends in the excited state through the increased phase
accumulation rate in the clock state. Thus, a modulation of the light travel time in between the laser pulses
changes the relative phase of the two paths, which is then expressed in the population ratio of the output
states.
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The phase sensitivity of the clock interferometer can be enhanced with additional 7-pulses from
alternating directions, in between the beamsplitter pulses. Every new pair of pulses represents an additional
measurement of the light travel time across the baseline and linearly increases the phase sensitivity. This
enhancement is analogous to the Fabry—Perot cavities employed in laser interferometers such as LIGO,
which coherently enhance the sensitivity with each reflection between the mirrors, effectively folding a
much larger baseline. In MAGIS, additional 7-pulses can also be applied from a single direction, creating a
multi-loop geometry in which the atomic wavepackets oscillate back and forth with some chosen period T,
resonantly enhancing the sensitivity of the detector at frequency ~1/T [11]. This resonant enhancement
comes at the cost of bandwidth, so the pulse sequence needs to be adjusted dynamically to scan over the
target frequency range. MAGIS-100 will provide a testbed for developing these advanced atom optics
techniques for future generations of MAGIS detectors.

Increasing the space-time area through additional laser pulses is a common tool to boost the sensitivity
of atom interferometers [38, 64, 125, 137—146]. Recently, several key advances have been made in such
large-momentum-transfer (LMT) atom optics techniques. First, LMT atom optics have been successfully
incorporated into atom interferometers with long durations of up to several seconds, enabling ultrasensitive
atom interferometers in which the atomic wavefunctions are delocalized over macroscopic spatial and
temporal scales [38, 39]. Second, LMT atom optics based on two-photon Bragg transitions have been
adapted to dual-isotope atom interferometry [23, 28, 63]. In one of its operating modes, MAGIS-100 will
use such dual-isotope, Bragg-based LMT techniques to search for dark matter (see figures 3 and 6). Finally,
LMT atom optics have been successfully implemented in clock interferometers (on the 'Sy — *P; transition
in Sr), demonstrating state-of-the-art performance [125].

The Sr clock transition (1Sy — >Py) offers the potential for dramatic improvement of LMT atom optics
compared to conventional atom interferometers. One of the key limitations in scaling up the number of
additional pulses is atom loss from residual spontaneous emission. For atom optics based on two-photon
transitions, spontaneous emission is suppressed by detuning the counter-propagating lasers from a
short-lived excited state. This detuning, and therefore the extent to which spontaneous emission can be
reduced, is limited by the available laser intensity. For 8Sr, the clock transition has a corresponding natural
excited state lifetime in excess of 100 s [147, 148]. So by contrast, spontaneous emission loss from excited
state decay is substantially diminished, while spontaneous scattering from other off-resonant lines is
suppressed by terahertz detunings. For the laser intensities available in MAGIS-100, this can support many
thousands of LMT pulses before the majority of the atoms are lost to spontaneous emission. Moreover, the
increase in total pulse area enabled by clock atom interferometry offers promising potential for improving
the fidelities of LMT pulses via optimal quantum control [149].

Clock atom interferometry with Sr atoms has other advantages over interferometry with alkali atom:s.
For example, such instruments must use magnetically insensitive m = 0 states to minimize the effect of
magnetic forces on the atoms. However, even the second order Zeeman energy shift in alkali atoms, on the
order of kHz G™!, requires magnetic field control below the milligauss level for optimal performance. The
magnetic susceptibility of the Sr clock transition is approximately 1000 times smaller'!, easing the
requirements for magnetic shielding [150].

3.2. Clock gradiometry

In a gradiometer configuration, two identical atom interferometers are run simultaneously on opposite ends
of a baseline, using the same laser sources. The phase measured by each interferometer includes an
undesirable contribution from laser phase noise. This noise arises from the intrinsic instability of the laser
and from the vibration of the delivery optics. However, a comparison of the individual atom interferometer
signals yields a differential measurement that enables the cancellation of noise common to both
interferometers, such as the laser noise [3, 4, 124]. For atom interferometers using two-photon transitions
driven by counter-propagating laser beams, laser frequency noise does not exactly cancel due to the
asymmetry in the light travel times to the atoms [3, 4, 53]. However, in a clock gradiometer such as MAGIS,
the laser pulses are derived from a single laser and both interferometers are driven by nominally identical
laser pulses (see figure 5). Thus, clock gradiometry in principle enables superior common-mode rejection
of laser frequency noise compared to what is possible with two-photon transitions in a single-baseline
configuration'?.

! The fermionic isotope has an additional linear susceptibility, but this can be canceled by interrogating atoms with both positive and
negative spin projection.

12 With two-photon atom optics, it is possible to achieve sufficient rejection of laser frequency noise by using multiple baselines

(5, 133].
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Figure 5. Clock gradiometer. (a) Two dilute clouds of Sr atoms (blue dots) are initially launched from positions z; and z,, and
are freely falling in vacuum under the influence of gravity. Laser light (dark and light gray arrows) propagates between the atoms
from either side, creating a symmetric pair of atom interferometers at opposite ends of the baseline. (b) 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). In contrast to figure 4, the pulse sequence shown here features an additional
series of w-pulses (light gray) traveling in the opposite direction to illustrate the implementation of LMT atom optics (here
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Figure 6. The MAGIS-100 detector features four distinct operating modes (A—D), using the three atom sources that connect to
the 100 m vacuum tube at locations z, z, and z;. At these locations, atom clouds can be prepared, dropped, launched, and
detected. Light pulses (red beam) travel along the vacuum tube in both directions and interact with the atoms (blue clouds)
while they are in free fall. Mode A: maximum gradiometer drop time. Atoms are dropped from locations z; and z, over 50 m and
are detected at locations z, and z;, respectively. Mode B: maximum gradiometer baseline. Atom clouds are launched for several
meters from z; and z; and then detected at their initial launch positions. Mode C: GGN characterization. All three sources can be
used with short launches in order to explore Newtonian noise variation along the baseline. Mode D: dual-isotope launch. In this
alternative dark matter detection mode two Sr isotopes (blue and orange clouds) are simultaneously launched from z,.

50m

50m

The measurement concept described here is closely related to recent proposals to detect gravitational
waves and dark matter using two OLCs separated over a baseline [7, 62]. Optical lattices circumvent the
need to account for phase shifts associated with the motion and the recoil of the atoms. However, in
contrast to freely-falling atoms, those trapped in optical lattices do not intrinsically serve as well-isolated
inertial references since they are rigidly connected to the sensor frame by the optical lattice trapping
potential. Instead, these proposals require an auxiliary inertial reference that can be realized by, for example,
placing the OLCs on drag-free satellites [7].

4. MAGIS-100 detector design

The MAGIS-100 detector is a long-baseline atom interferometer, interrogating ultracold atoms in free fall
along a 100 m baseline with a vertically propagating laser. The operation of the detector is cyclic. In each
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experimental cycle, an ensemble of atoms is prepared and used to perform light-pulse atom interferometry.
At the end of the interferometer pulse sequence, the resulting matter wave interference pattern is recorded
and analyzed to determine its phase. Each detector cycle consists of the following stages:

(a) Atom ensemble preparation. Atoms are collected and cooled in a multi-step process involving laser
cooling, evaporative cooling, and matter wave lensing. The velocity spread of the ensemble must be
sufficiently small to support efficient light—atom interactions and allow for long interferometry times.
To maximize sensitivity, it is important that the cooled ensembles have as many atoms as possible.

(b) Shuttle. The cooled atom cloud is translated from the atom source to the adjoining 100 m
interferometry region. This is implemented using a horizontal optical lattice shuttle. To realize the full
MAGIS detector configuration, it is important that two or more atom sources are operated
simultaneously (see figure 6), so that two ensembles of atoms are delivered to the interferometer region
at the same time to implement the gradiometer measurement.

(c) Launch. Once in the interferometer region, the atom ensembles are launched vertically and they begin
to follow free-fall trajectories. The launch is implemented by a vertical optical lattice. The target launch
height varies based on the detector mode, as described below.

(d) Atom interferometry. Once the atoms are falling, a series of laser pulses are sent along the vertical axis
of the 100 m interferometer region. These light pulses act as beamsplitters and mirrors for the matter
waves. The number of pulses and their timings depend on the detector mode and may optionally be
configured to implement LMT or resonant sequences as needed.

(e) Atom detection. The matter wave interference pattern is imaged using a camera. The images are formed
by shining resonant light on the atoms and then collecting the resulting fluorescence.

The phase shift extracted from the imaged interference pattern constitutes one data point. The science
signals of interest such as from gravitational waves or dark matter cause time-varying phase shifts in the
interferometer. Therefore, the interferometer phase must be sampled at a rate faster than the evolution of
the signals (i.e., up to several Hz). The above preparation cycle must therefore operate at this rate as well.

The MAGIS-100 detector consists of three main components: the 100 m atom interferometer region, the
atom interferometry laser system, and the three atom sources. The interferometer region is where the
science measurement is performed and consists of a 100 m vertical vacuum pipe with pressure in the
ultra-high vacuum range, along with magnetic shielding and coils along its length to ensure a controlled
magnetic field. The atom interferometry laser system, located at the top of the detector, produces the laser
pulses needed for atom interferometry and delivers them to the 100 m interferometer region. Finally,
MAGIS-100 has three atom sources, located at the top, middle, and bottom of the interferometer region.
Each atom source is responsible for producing and delivering a cold ensemble of Sr atoms to the
interferometry region at the beginning of each measurement, and for detecting the atoms at the end of the
cycle.

The three MAGIS-100 atom sources are distributed along the length of the instrument to enable flexible
operation in several different modes (A-D), as illustrated in figure 6. These modes are optimized for the
various science goals of the experiment. In mode A, atoms from the upper and middle sources are dropped
simultaneously, and fall 50 m before being detected in the middle and lower detection areas, respectively.
This mode allows for a long free-fall time of more than 3 s while maintaining a 50 m baseline length
between the atoms. In mode B, atoms from the bottom and upper sources are simultaneously launched
upward for several meters and are later detected at their original locations. This mode maximizes the
baseline to approximately 100 m while still allowing for 1-second-scale interferometer durations. In mode
G, all three sources can also be operated simultaneously in this manner. Measuring correlations across more
than two sources distributed along the baseline in this way can potentially be used to characterize and
suppress Newtonian gravity gradient noise (GGN) [151] that otherwise likely limits any terrestrial detector
at low frequency (see section 5.12). Finally, mode D involves operating simultaneous interferometers using
two isotopes of strontium launched together from the bottom atom source. This mode is indicated for
searches for dark matter fields or new forces that couple differentially to the two isotopes, i.e. EP violating
effects (see section 2.2). Launching from the bottom atom source also provides the maximum possible
free-fall time with launch heights over 50 m, and potentially up to 100 m.

4.1. Interferometer region

Figure 7(a) is a CAD rendering of the full MAGIS-100 detector, which is to be installed in the existing
MINOS underground shaft at Fermilab [152]. The central feature of the atom interferometer region is a
100 m vertical vacuum pipe. The targeted pressure in this chamber is in the 10~!! Torr range to permit
atom lifetimes of tens of seconds or longer. This pressure will be maintained with a combination of ion
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Figure 7. MAGIS-100 detector layout. (a) CAD model of the 100 m interferometer region installed in the MINOS shaft. The
detector is attached to the wall of the 6.7 m diameter underground vertical shaft (shown here in cross section). (b) Close-up of
the MINOS building at ground level. The atom interferometry lasers and frequency comb are housed in a temperature-controlled
laser lab. Two in-vacuum relay lenses in a 4f configuration are used to deliver the interferometry laser beam to the top of the
shaft. A short, single-mode optical fiber removes residual pointing jitter and provides initial spatial filtering. Afterwards, the
interferometry laser beam undergoes further spatial filtering via in-vacuum, free space propagation and is magnified by a 1 : 30
telescope (see section 4.3 for details). (c) CAD model of the MAGIS-100 modular sections. A total of 17 sections span the length
of the shaft and are connected end to end. Each 5.3 m long module is mounted to the shaft wall and contains a section of vacuum
pipe, vacuum pumps, magnetic shielding, and coils for magnetic field control.

Support bracket

-_— “ Mu-metal sheets

Figure 8. Interferometer region magnetic shield. (a) Cross-sectional view of the interferometer vacuum pipe and surrounding
magnetic shield. The octagonal magnetic shield is supported internally by a square cross-section aluminum scaffolding truss that
surrounds the vacuum pipe. A set of support brackets are attached periodically to this scaffolding, serving as octagonal ribs for
the shield. The shield sheet metal plates attach to these ribs, and pressure plates are applied from the outside to clamp the
multiple sheet metal layers together. Eight vertical bias coil bars, each consisting of magnet wires guided by a channel, attach to
the scaffolding inside the shield, providing a uniform transverse magnetic field in the center of the vacuum pipe. (b) Exploded
view of the magnetic shield assembly. On each face of the octagon, four sheets of mu-metal are clamped together, with sheets on
the corners and on the faces arranged to avoid radial gaps. The sheets are also staggered vertically (out of the page) to avoid gaps
in the axial direction. This pattern of overlapping sheets reduces magnetic field leakage [154].

pumps and passive getter pumps placed every 5.3 m along the detector. A mu-metal magnetic shield
surrounding the vacuum system is designed to reduce the background magnetic field to below ~1 mG. A
set of vertical wire bars inside the shield running the length of the interferometer region produces a
horizontal magnetic bias field. This horizontal field orientation is perpendicular to the laser propagation
direction, as required by the selection rules for the desired clock transition.

To facilitate assembly and installation, the interferometer region uses a modular design. The 100 m
detector is made up of 17 identical modules, each 5.3 m long, attached end to end. Figure 7(c) is a CAD
model of one of these modules. Each module consists of a section of vacuum pipe, magnetic shielding, bias

coils, vacuum bakeout hardware, and temperature and magnetic field sensors, as well as a structural support

cage that is anchored to the wall.
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Figure 9. Schematic of the MAGIS-100 laser system. The majority of the laser sources are housed in a temperature-controlled
laser lab (left). The cornerstone of the design is a commercial optical frequency comb (Menlo Systems), which is used to stabilize
all the lasers needed to operate the detector. One reference laser at each wavelength is stabilized to the comb via a phase-locked
loop (PLL). The comb itself is locked to a cavity-stabilized 1542 nm reference laser (Menlo Systems ORS). To allow independent
frequency tuning of all three atom sources, additional lasers (‘power’) at each wavelength are offset locked to the associated
reference laser (‘ref’). Light is sent to the atom sources in the MINOS shaft (right) via long optical fibers (color-coded red, green,
and blue by atom source destination). At 689 nm, a high-power Ti:sapphire laser is offset locked to the reference laser to provide
light for three pairs of optical lattice beams for the three sources, as well as laser cooling light. Pairs of double-passed
acousto-optic modulators (AOMs) are used to control the lattice light frequency and amplitude profiles. The atom
interferometry laser system at 698 nm is also stabilized to the frequency comb. The details of this system are illustrated in
figure 14. This laser beam is delivered to the top of the shaft via relay imaging (see section 4.3).

The modules are joined together with custom vacuum chambers called connection nodes (figure 7(c),

bottom). The connection nodes have ports where the vacuum pumps are attached, as well as viewports for

diagnostic imaging of atoms along the length of the interferometer region. To allow for thermal expansion
during vacuum bakeout of the full system, a short section of vacuum bellows is placed between each
module at the connection node. Furthermore, each vacuum pipe section is clamped to the support cage via

the connection node on only one end. The other end of each pipe section is secured radially by means of a
linear bearing assembly that permits cm-scale translation during bakeout.

The magnetic shield design for MAGIS-100 is a challenge because of its total length, and because of the
usual difficulties associated with field leakage in large length-to-diameter ratio shields [153]. To improve
shield continuity and simplify manufacturing of the mu-metal, the MAGIS-100 shield uses an adaptation of

a proven design concept based on a multi-layer stack of overlapping sheets [154]. Figure 8 shows a
top-down view of the shield design. Four overlapping mu-metal sheets are stacked and clamped together to

form the single-layer octagon-shaped shield. The sheets are staggered to avoid radial gaps, reducing field

leakage of transverse applied fields. Similarly, multiple mu-metal sheets are used to cover the length of each

5.3 m modular section, and these sheets are also staggered to maximize overlap and avoid axial gaps. The

magnetic circuit requires good contact between the individual sheets that make up the shield, and this is
provided by a set of brackets and corresponding clamping plates that squeeze the sheets together every
30 cm along the shield. This shield design was validated by extensive 2D and 3D FEA modeling work.

Each module also has a set of vertical magnetic coil bars that run along its length to providea 1 G

horizontal bias field. In order to maximize the uniformity of the bias field in the center of the vacuum
chamber, the positions of the current-carrying bars were numerically optimized to take advantage of image
currents in the shield [155]. A set of four coil bars is sufficient for this purpose, and ensures that the bias
field uniformity is compatible with the 1 mG field homogeneity requirement. For redundancy, the design
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includes an additional set of four bars oriented to produce a field in the orthogonal direction. Together,
these two coil sets can be used to set the bias field in any desired direction in the transverse plane.

4.2. Atom sources

The atom sources are responsible for producing the ultracold Sr atom ensembles at the beginning of each
cycle of the detector. MAGIS-100 has three independent atom sources, located at the top, middle, and
bottom of the 100 m interferometer region, facilitating the variety of operating modes shown in figure 6.
Each of the three atom sources consists of a vacuum chamber that interfaces with the interferometer region,
lasers and optics needed to implement the atom cooling and transport, associated control electronics,
magnetic coils, an atom imaging system, and an environmental enclosure.

Laser system. The MAGIS-100 atom sources require laser light at a variety of wavelengths to serve
functions including laser cooling, dipole trapping, atom transport and launch, internal state preparation,
and atom detection. Figure 9 is a schematic of the laser system that provides stabilized, frequency-tunable
light at all needed wavelengths for the three atom sources. A commercial optical frequency comb (Menlo
Systems FC1500-250-ULN) is used to stabilize all the lasers at the correct frequencies. The comb itself is
stabilized to a commercial optical reference cavity (Menlo Systems ORS) at 1542 nm. For each required
wavelength in the system, an external cavity diode laser at the appropriate wavelength is locked to the comb.
These reference lasers are then used to stabilize additional power lasers dedicated to each individual atom
source. This approach allows for flexible tuning of the light for the independent atom sources, while
ensuring sufficient power for a high signal-to-noise ratio error signal for the comb locks.

All lasers at a given wavelength are grouped into common rack-mounted laser frames where the beat
note measurements are made to generate the feedback signals for each of the PLLs. The light from the
power lasers is then fiber-coupled and delivered to the three atom sources. The entire laser system is located
in a temperature-controlled laser room at the top of the MINOS shaft. Long optical fibers (~ 100 m) are
required to send the light from the laser room down to the location of the atom sources installed in the
shaft.

The primary cooling and trapping light for Sr is at 461 nm (‘blue MOT’). To avoid the high losses of
blue light over long optical fibers, about 800 mW of 461 nm light is produced locally inside each atom
source frame by a commercial source via second harmonic generation of a high power 922 nm diode laser
(Toptica TA-SHG). To stabilize this light, a small amount of 922 nm carrier light is sent from each atom
source over optical fibers to the comb-stabilized 922 nm reference laser, where beat notes are formed to
provide feedback for the PLLs. The flexibility of these offset locks supports independent, dynamic tuning
over hundreds of MHz for each atom source, allowing for the preparation of any of the Sr isotopes (or
mixtures). Light at 461 nm is also used for fluorescence imaging in each atom source, as described below.

Optimal cooling performance on the 461 nm line benefits from repumper light at 679 nm and 707 nm
[156]. These wavelengths are also needed during imaging of the atom interference pattern to return atoms
in the excited clock state back to the ground state prior to fluorescence detection. The 679 nm reference
laser is comb-stabilized since this wavelength is also needed for coherent manipulations, including state
preparation and Bragg transitions. The 707 nm light is strictly needed for repumping, so it has reduced
frequency noise requirements compared to all the other wavelengths. For simplicity, the 707 nm reference
laser is stabilized using a wavemeter rather than a comb lock.

Light at 689 nm is needed for narrow-line laser cooling (‘red MOT’ phase). The red cooling light for all
three atom sources is derived from a common Ti:sapphire laser offset locked to the comb-stabilized 689 nm
reference diode laser. In addition to cooling, this 689 nm light is also used for the optical lattices. For each
of the three atom sources, two independently tunable beams are delivered over optical fibers to the atoms,
supplying the counter-propagating light needed to form the optical lattice potential. Each lattice beam is
controlled in frequency and amplitude using a double-passed AOM. The differential lattice beam phase is
stabilized by a local measurement in each atom source to account for noise introduced in the long fibers.
The same pair of lattice beams are reused for both the vertical lattice launch and horizontal lattice shuttle
sequences, as described below.

Light at 688 nm is used in conjunction with 689 nm and 679 nm to allow for coherent three-photon
Raman transitions to the 3P, state during state preparation in some detector modes, as described below.
The 688 nm light is also available to serve as a transparency beam during evaporative cooling [157].

Each atom source contains a 100 W dipole trap laser system at a wavelength of 1064 nm. This light is
used to form a crossed dipole trap for evaporative cooling. The trap curvature and depth are dynamically
controlled by a reflective spatial light modulator (SLM). The use of such dynamic optical potentials can be
used for rapid and efficient evaporation to high phase space densities in alkaline-earth-like elements [158].
Here, the SLM imprints a phase pattern onto the beam upon reflection, which then yields the desired
intensity distribution at the position of the atom trap. The SLM can also be used to shape the trapping
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Figure 10. Atom source CAD model. (a) The atom source vacuum assembly. The Sr beam source produces a beam of atoms that
enters the main cooling chamber where atoms are trapped and cooled in an MOT. Quadrupole magnetic coils (copper orange)
surround the large vacuum viewports of the cooling chamber to help produce the MOT. The 3D MOT beams are shown for
reference (blue), as well as other beams for the crossed dipole trap (red), and shuttle optical lattice (green). An aluminum frame
supports the system. (b) Atom source enclosure (access panel doors omitted for interior viewing). An aluminum, NEMA-rated
enclosure (0.6 m x 1 m x 0.7 m) contains the vacuum system in (a) as well as accompanying rack-mounted electronics below.
The enclosure provides a light-tight, temperature-controlled environment that protects the atom source from water and debris. It
also houses the 461 nm and 1064 nm lasers for the MOT and dipole trap, respectively, in extendable drawers below the vacuum
system.

potential to implement matter wave lensing sequences to collimate the atomic ensemble prior to
interferometry [159].

Ultracold atom production. The atom ensembles are produced in the cooling vacuum chamber, shown in
figure 10(a). A commercial beam source (AOSense) consisting of a Sr oven, Zeeman slower, and 2D MOT,
delivers an atomic beam to the cooling chamber through a 10 cm long differential pumping stage with a
conically expanding aperture (from 3 mm to 7 mm). During the loading stage, the atoms are captured in a
3D MOT using the 461 nm blue transition. The atom source also includes a set of quadrupole magnetic
coils centered around the cooling chamber for producing the MOT, as well as bias trim coils along three
axes to null the background magnetic field.

After reaching temperatures in the millikelvin range, the atoms are then transferred to a red MOT using
the narrow linewidth 689 nm intercombination transition and are further cooled to a temperature of a few
microkelvin. Next, evaporative cooling in a crossed optical dipole trap is used to lower the ensemble
temperature to the nanokelvin range [158, 160, 161]. As a final step, a matter wave lensing sequence is used
to collimate the atoms, a technique that has been demonstrated to produce effective temperatures as low as
50 pK [159, 162].

The MINOS shaft varies in temperature throughout the year and suffers from substantial groundwater
seepage. To protect the atom source hardware from water damage and improve temperature stability, each
atom source is built inside a custom aluminum enclosure (see figure 10(b)). The atom source enclosure
accommodates the vacuum system, the laser delivery optics, and support electronics, as well as high power
laser sources at 461 nm and 1064 nm. A dedicated closed-cycle chiller provides local water cooling and
temperature stabilization for the interior space. Removable panels on all sides allow access during
maintenance.

When the atom sources are installed in the shaft, access for any repairs or optics realignment is
challenging, and nominally should be infrequent. The atom source design is therefore targeted to be robust
against misalignment. A number of mitigations and diagnostics will be used both to minimize drift and to
allow for remote realignment. Where practical, monolithically machined, compact optomechanics will be
used, as well as fixed mirror mounts without extra degrees of freedom wherever possible. Temperature drift
will be minimized thanks to the temperature-stabilized enclosure and water-cooled optics breadboards.
Power monitoring beam samplers will be installed after all optical fibers and in other important areas. For
critical alignments, motorized mirror mounts will be installed, along with position sensitive beam monitors.
The atom source enclosure interior will include temperature sensors and a magnetometer for remote
monitoring.

Each atom source attaches to the 100 m vacuum region at specialized connection node vacuum
chambers, shown in figures 11(a) and 12. The atom source connection node plays several roles. In addition
to joining together two modules of the 100 m interferometer vacuum system as described in section 4.1, the
connection node vacuum chamber is used for the optical lattice launch and final atom state preparation. It
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Figure 11. Connection node and launch lattice optics CAD models. (a) At the bottom of each of the MAGIS-100 modules,
below the module’s magnetic shield, is a connection node vacuum chamber. The connection node joins adjacent MAGIS-100
modules and serves as vacuum pump attachment point. Trim coils are used to compensate for the field inhomogeneity caused by
the gap in the magnetic shield. Specialized connection nodes (one shown here) are used to attach the three atom sources. These
connection nodes include in-vacuum optics for the lattice launch, and also have high optical access for atom detection. Cold
atoms are translated to the center of the connection node chamber from the atom source by a horizontal shuttle lattice, and are
then launched upward by the vertical lattice before interferometry. (b) Cutaway view showing the in-vacuum lattice scaffolding
and delivery optics, as well as the two lattice beam paths (red and blue) which intersect in the center of the chamber to form the
diamond-shaped launch lattice region. The blue-detuned 689 nm lattice laser beams are delivered from a compact, stainless steel
module containing beam shaping optics and piezo-actuated mirrors. The two beams are directed to a pair of concave mirrors
supported by the in-vacuum scaffolding above and below the connection node, which collimate and reflect the light towards the
center of the chamber at a shallow angle with respect to vertical. The two lattice beams exit the connection node and are then
incident on a pair of position sensitive detectors, which provide feedback to the piezo-actuated delivery mirrors to stabilize the
lattice.

also provides optical access for detection of the atom interference pattern. These functions are each
described in more detail below.

Optical lattice shuttle and launch. After cooling, the atom ensemble is translated from the atom source
chamber to the connection node using a horizontally moving optical lattice shuttle [163]. The optical lattice
light is blue-detuned from the 689 nm transition to reduce spontaneous emission loss during the transport
[164, 165].

Once the atoms reach the center of the connection node chamber, the same shuttle lattice light is
redirected with an optical fiber switch to form the vertical launch lattice. The atoms are loaded into this
lattice and accelerated upwards into the interferometer region. To achieve the launch velocities needed for
the desired free-fall times, the two laser beams forming the lattice must overlap over a sufficient vertical
distance. However, a simple vertical counter-propagating lattice aligned along the 100 m interferometer axis
is not ideal, since it prevents the three atom sources from operating independently and makes it difficult to
launch more than one atom ensemble at a time when operating at higher interferometer sampling rates. To
avoid this, the lattice launch light for each atom source is instead delivered locally, with the two beams
intersecting at a shallow angle such that they overlap for about 10 cm in the center of the connection node.

As is shown in figure 11, the lattice light is directed into the connection node vacuum chamber using
piezo-actuated mirrors mounted inside a monolithic stainless steel housing attached to the outside of the
connection node. The light is subsequently steered to the center of the chamber at the appropriate angle by
a set of in-vacuum mirrors. An in-vacuum aluminum scaffolding extending 50 cm above and below the
connection node chamber supports a set of concave mirrors that collimate the lattice beams and provide the
necessary shallow intersection angle. This lattice delivery and in-vacuum scaffolding approach is designed to
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Figure 12. Cutaway view of the detection area inside the connection node vacuum chamber. In-vacuum lenses provide
improved light collection efficiency with a large solid angle when detecting dilute clouds (e.g., for long interferometer durations).
The blue ball represents the location of the atom cloud during imaging. In-vacuum imaging lenses on the orthogonal axis are
visible behind the atom cloud. An additional set of four unobstructed viewports around the perimeter of the chamber are also
available for imaging with external optics. Also shown are the launch lattice input mirrors, as well as part of the lattice in-vacuum

scaffolding (see figure 11).
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Figure 13. Simulated image of an atom interference pattern in the detection region at the end of an MAGIS-100 interferometer.
(a) The simulated image shows the two detected sub-populations corresponding to the two output ports of the interferometer.
The fringes are the result of the phase shear readout technique. (b) The x-projection of the upper-half of the pixel plane which
contains the image associated with the upper of the two output ports. (c) The two-port asymmetry constructed from the
x-projections of the two ports. The curves in (b) and (c) panels result from fitting the simulated data to obtain the phase
associated with the interference pattern.

provide good temperature and vibrational isolation for the optics, while also minimizing the gap in the
magnetic shield at the connection node.

To adjust the atom launch angle with respect to gravity, the angle of the lattice can be fine-tuned using
the piezo-actuated mirrors outside the vacuum chamber. In particular, one actuated mirror is positioned
such that the lattice can be tilted about the connection node center with minimal translation. On the other
side of the connection node, position sensitive detectors are used to sample the lattice light after it exits the
vacuum chamber to monitor for lattice beam pointing drift. These position measurements provide feedback
to the piezo actuators on the input mirrors to stabilize the position and angle of the lattice. Additionally, we
monitor the beat note between the two lattice beams and apply feedback to remove differential phase noise
between the beams introduced by the long delivery fibers.

State preparation. After atoms have been cooled to a sufficiently low temperature, they must be prepared
in the proper internal state for the operation mode in question. For clock interferometry on the 698 nm
transition, ensembles of ¥ Sr atoms will be prepared in the mp = +9/2 stretched states [166]. The choice to
operate using both mp = +9/2 and mp = —9/2 states allows for simultaneous, co-located interferometers
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Figure 14. Simplified conceptual schematic of the MAGIS-100 interferometry laser system. On the left, two Ti:sapphire (Ti:Sa)
lasers are coherently combined. AOM:s are used for frequency control and pulse shaping, and an electro-optic phase modulator
(EOM) is used to generate an error signal for the coherent combination. The laser is referenced to a frequency comb (see

figure 9) with an offset controlled by a double-passed AOM. This enables rapid frequency tuning over 200 MHz, which is
required to account for Doppler shifts of the atoms. A path for generating a continuous FNC error signal bypasses the AOM used
for temporal pulse shaping of the main beam. After being relay imaged and sent through a short optical fiber, the laser light is
guided by a tip—tilt mirror through a 1:30 telescope and into the interferometry region. A retroreflecting mirror is positioned at
the bottom for rotation compensation and to allow pulses of light to travel in both directions. In an alternate operating mode,
the two lasers are separately offset locked to the comb (instead of coherently combined) to drive AC-Stark-shift-compensated
Bragg transitions [38] at 679 nm for dual-isotope dark matter searches.

with opposite-sign linear Zeeman coefficients. Taking the average of the phase of these two g
interferometers then suppresses magnetic field dependent phase shifts (up to the quadratic Zeeman
response), while the phase difference between them can provide a magnetic field measurement that may be
monitored or used for additional corrections.

Alternatively, in another detector mode, Bragg transitions at 679 nm will be used to implement the atom
interferometry. This transition offers advantages for simultaneous interferometry with two isotopes,
including reduced spontaneous emission and less sensitivity to isotope shifts (see section 4.3). To operate in
this mode, the atoms must first be transferred to the *P, state. However, the bosonic isotopes have no
natural coupling on the 'Sy — P, transition, so instead the atoms will be transferred via a coherent
multi-photon Raman process, with >P; and S, as intermediate levels (in practice, using a four-level
STIRAP sequence such as in [167]).

Atom detection and phase extraction. The science signal for the detector is encoded in the relative phase
between the interferometers. In order to achieve high phase sensitivity, the detection system for MAGIS-100
is designed to be limited by atom shot noise. The phase of each interferometer can be extracted from the
image of the atom interference pattern acquired using fluorescence imaging on the 461 nm line. As shown
in figure 12, the connection node chamber has several large viewports surrounding the atoms to support
imaging from multiple directions. The primary cameras are positioned along two perpendicular axes
intersecting at the center of each connection node so that the cloud can be imaged from both directions
simultaneously. To perform detection using phase shear readout, one of the interferometer pulses will be
given a small additional tilt relative to the other pulses using the tip—tilt mirror system (see figure 17),
producing spatial fringes across the atom cloud [168]. To supplement this detection strategy, two additional
viewports are fitted with a set of in-vacuum lenses that are positioned close to the center of the chamber to
maximize light collection efficiency (see figure 12). The in-vacuum lenses are well-suited for measuring the
total light emitted by the two interferometer ports in situations where the atom density or total atom
number may be low, such as after a long free-fall time or extreme LMT sequences.

Numerical simulations of the detection process and associated sources of noise have been used to inform
the design of the imaging system and the required camera specifications. Moreover, these simulations
facilitate comparisons of various image analysis techniques. The simulation translates the distribution of
atoms at the end of an interferometer into a simulated image, accounting for the photon scattering rate,
realistic imaging times, the diffusion of the atoms during the imaging process, the geometrical acceptance of
the optics, the geometry of the pixels in the camera, the quantum efficiency of the pixels, and the camera
readout noise.

A representative example of a simulated image is shown in figure 13(a). The image is in the (x, z)-plane,
where z points downward along the 100 m interferometer axis. At the location of detection, the atoms are
distributed in two sub-populations corresponding to the two output ports, port A and port B. For each
port, the sub-distribution is modeled as a 2D-Gaussian envelope with a sinusoidal fringe pattern imprinted
in the x-direction. Figure 13(b) shows the upper half of the image (port A) with counts binned along the
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z-axis, showing the interference fringes along x. Figure 13(c) shows the two-port asymmetry distribution
constructed from the difference of the port A and port B fringe distributions. The curves overlaid on
figures 13(b) and (c) are from fits to these distributions, which are used to determine the phase associated
with the interference pattern. The fits to the simulated images yield a phase precision approaching the atom
shot noise limit of 1 mrad, as expected for the assumed cloud size of N = 10° atoms. These simulation
results help validate the imaging system design and detection protocol. However it is important to note that
the detection noise simulated here does not account for other sources of interferometer phase noise such as
those discussed in section 5.

4.3. Atom interferometry laser system

The MAGIS-100 atom interferometry laser system is designed to deliver a laser beam with high optical
power, a stable absolute frequency, a spatial mode with minimal wavefront aberrations, and stable and
dynamically adjustable pointing. In order to realize LMT atom interferometry based on the 698 nm clock
transition of strontium, the laser system provides 8 W of CW power at this wavelength. This high power
enables a Rabi frequency of several kHz on the 698 nm clock transition with a cm-scale laser beam waist. It
is beneficial to have sufficient power to reach Rabi frequencies at this level in order to minimize 7-pulse
inefficiencies arising from nonzero detunings, which can be caused by laser frequency noise or the Doppler
spread of the atom cloud. For a small detuning 9, the m-pulse transfer efficiency is P. ~ 1 — gz—zz, where € is
the Rabi frequency [169]. To further minimize pulse inefficiencies arising from laser detuning errors, the
absolute frequency of the laser will be stabilized to within ~ 10 Hz of the clock transition resonance using
the optical frequency comb (figure 9). In principle this level of laser stability allows for up to 1000k atom
optics with less than one percent total loss. Auxiliary spectroscopic measurements will be incorporated to
correct for long-term drifts. Pulse efficiency can be further enhanced via composite pulses [170], adiabatic
rapid passage [143], or optimal quantum control [149].

Figure 14 shows a conceptual schematic of the interferometry laser system. In order to achieve the
desired power, two commercial Ti:sapphire lasers (M Squared SolsTiS) are coherently combined on a 50:50
beamsplitter. One laser is stabilized to the frequency comb (see figure 9), while the second laser is phase
locked to the first in order to achieve the coherent combination. The lasers are mounted on an optical table
inside a temperature-controlled laser lab. The laser lab location (see figure 7) is dictated by building
infrastructure constraints, and is approximately 10 m away from the top of interferometer region. As shown
in figure 7, the laser beam is relay-imaged from the laser lab to the top of the shaft via two in-vacuum lenses
in a 4f configuration. In-vacuum relay imaging is used instead of a long optical fiber to avoid loss from
stimulated Brillouin scattering [171]. The relay-imaged beam passes through a short, single-mode optical
fiber which provides initial spatial filtering and removes any residual pointing jitter from earlier optics. A
feedback loop will actively stabilize the laser power after the fiber, and fiber noise cancellation (FNC) [172]
will be used compensate for any frequency noise introduced by the fiber. The laser beam’s spatial mode is
then further cleaned via in-vacuum, free space propagation so as to provide a uniform laser wavefront at the
location of the atoms, as discussed below. All subsequent optics that manipulate the beam must be
high-quality in order to minimize any beam perturbations introduced after this spatial filtering. An
in-vacuum telescope then expands the laser beam to a waist of ~1 cm before interaction of the light with
the atoms. Figure 7 illustrates this beam delivery path. The laser beam is retro-reflected by a mirror at the
bottom of the 100-meter-tall vacuum pipe. Piezo-controlled tip—tilt mirrors at the top and bottom of the
shaft provide precise and dynamical laser pointing control, as described below [28, 55, 168, 173].

To implement LMT pulse sequences, sequential laser pulses are applied from alternating directions.
Although the atom optics laser is delivered only from the top, pulses traveling from the bottom to the top
can also be realized because of the retro-reflection mirror at the bottom of the tube. This mirror ensures
that all laser pulses propagate in both directions. Whether an atom absorbs/emits an upward or downward
traveling pulse is determined by setting the frequency of the pulse, since the two cases have opposite
Doppler shifts.

In addition to driving single-photon transitions on the 698 nm clock transition, the same laser system
can be readily reconfigured to implement single-photon transitions on the intermediate linewidth 689 nm
1Sy — 3P transition [125] or AC-Stark-shift-compensated [38] two-photon Bragg transitions [142] on the
broad 679 nm *Py — *S; transition. For a single atom source, Bragg transitions or single-photon transitions
on the 689 nm line can be used effectively for overlapped dual-species experiments (such as searches for
time-varying new forces). Bragg or single-photon 689 nm atom optics are needed when comparing two
isotopes of Sr in MAGIS-100, as the 698 nm clock transition is naturally coupled only in the fermionic 8Sr
isotope [156].

Laser wavefront aberrations. Aberrations in the atom optics laser beam result in laser phase shifts that
depend on the position of the atom cloud with respect to the aberrations. Since the atom ensembles are at
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Figure 15. Simulation results demonstrating spatial filtering via free space propagation. (a) A pre-vacuum telescope (lens
positions at dotted lines) generates a beam that focuses down to a waist of 300 xm in 4 m (before the 1:30 magnifying telescope).
(b) Perturbations with different transverse wavelength A, diffract out of the laser beam at different rates. Numerical results
(indicated by +) for the positions of the diffracted side-peaks arising from the perturbation vs distance for various values of A,
are compared to the expected linear scaling with propagation distance (solid lines). (c) Numerical simulation (blue) of the
focusing beam in (a) with a sinusoidal intensity perturbation (A, = 60 xzm) introduced right after the pre-vacuum telescope. The
vertical axis is normalized to a peak intensity of 1 right after the pre-vacuum telescope. From left to right are intensity
cross-sections of beams propagated for 0.3 m, 0.5 m and 0.8 m respectively, illustrating the diffraction of the side-peaks out of the
main beam as the propagation distance increases. The analytical positions of the diffracted side-peaks are denoted by the dashed
lines in (c).

different heights, aberrations can vary from one atom ensemble to the other due to diffraction, leading to
unwanted differential phase shifts that can be a source of noise if either the initial atom kinematics
(position, velocity, and temperature) or the wavefront aberrations vary in time. These effects have been
extensively analyzed in the context of an atomic gravitational wave detector [2] as well as more generally
[174-179], and a study of higher order corrections to this previous treatment is presented in appendix A.
Further details can be found in section 5.2.

Spatially resolved detection of the atom interferometer phase at different points within the atom cloud is
a powerful tool for mitigating phase errors from wavefront imperfections, providing in situ information
about wavefront perturbations [55, 168]. Such in situ wavefront characterization enables temporal
variations in the wavefront to be tracked [2]. Moreover, spatially resolved detection also allows phase shifts
arising from the coupling of initial atom kinematics to wavefront aberrations to be determined and
corrected for by measuring the initial cloud position, velocity and temperature for each experimental shot
[38, 39, 55, 63, 168]. In correcting for these phase shifts, it is possible to discriminate between initial
position and initial velocity fluctuations by making an independent position measurement prior to the start
of the interferometer. This position measurement can be done, for example, by taking an absorption image
of the cloud that only destructively measures a small fraction of the atoms.

In addition, as discussed above, MAGIS-100 will use free space propagation of the interferometry laser
beam to reduce laser wavefront aberrations. As the beam propagates in free space, aberrations imprinted on
the profile of the beam by imperfect optical components diffract away from the propagation axis, filtering
the spatial mode of the beam. To guide the design of the free space spatial filter region, we study the filtering
of beam aberrations in MAGIS-100 by numerically evaluating the Rayleigh—Sommerfeld diffraction integral
[180]. Approximate analytic scaling relationships are generated by evaluating the diffraction integral in the
limit of paraxial optics [181]. The numerical simulations show good agreement with the analytical solutions
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Figure 16. Simulation results illustrating spatial mode cleaning of the laser beam profile via free space propagation for two
example beam perturbations. The color indicates the local beam intensity (arbitrary units). As in figure 15, an initial Gaussian
beam is focused down to 300 m after 4 m propagation. (a) Intensity of initial beam incident on a small absorptive screen and
(b) after propagation. (c) Difference between (b) and the ideal Gaussian beam after propagation. (d) Intensity of initial beam
incident on an intensity grating and (e) after propagation. (f) Difference between (e) and the ideal Gaussian beam after
propagation. The small residual difference in (f) is from numerical effects related to the finite grid size used in the simulation.
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Figure 17. A cutaway view of the tip—tilt mirror system CAD model at the bottom of the 100 m interferometer region. The
mirror angle is controlled by three in-vacuum piezoelectric actuators, together allowing 1.3 mrad angle tuning range. The
inclination of the vacuum chamber itself can be coarsely adjusted by several degrees using three stepper motor linear actuators
mounted to the outside of the chamber. A set of three compression springs, one near each stepper motor, compensates for the
force of atmospheric pressure on the chamber and preloads the linear actuators with positive axial force. An in-vacuum shutter
flap is situated above the mirror to protect its surface from dust during initial bake-out. The mirror angle can be directly

measured from the bottom using light reflected off the back surface of the mirror into a position sensitive detector, enabling
closed-loop control.

in a variety of test cases, including a localized defect simulated by an absorptive screen, circular apertures,
and intensity/phase gratings.

Imperfect optics can imprint phase and amplitude aberrations onto the profile of the laser beam. These
beam perturbations can be decomposed into spatial frequency components, and the effect of each Fourier
component can be evaluated individually. A sinusoidal phase or amplitude aberration of the laser beam
with transverse spatial frequency k, = 27/, will diffract out of the main beam into side-peaks, where A,
denotes the transverse wavelength of the perturbation. As shown in figure 15, these side-peaks correspond
to copies of the main beam propagating at an angle A/, from the main beam’s propagation axis (here the
z-axis) [181]. Assuming a perturbation generated at z = 0, the radial offset r of these diffracted side-peaks is
therefore r = z\ /). Significant cleaning of the beam mode will occur when the radial offset of the
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side-peaks is greater than the 300 pm waist size of the interferometry laser beam prior to the 1:30 telescope,
indicating that the side peaks have significantly diffracted out of the main beam (figure 15). For example,
free propagation before the telescope of a distance 4 m effectively filters Fourier components of transverse
wavelengths less than A, ~ 8.8 mm. The telescope will subsequently magnify by a factor of 30 any
remaining perturbations that have not completely diffracted out of the beam. This magnification is
beneficial because larger scale wavefront perturbations are generally less of a concern for the interferometer
(see section 5.2). To complement this Fourier-based analysis, figure 16 shows the effect on the wavefront of
two example beam aberrations. We also find that spherical aberration from the 1:30 magnifying telescope
appears to be negligible.

Tip—tilt mirrors and rotation compensation. Tip—tilt mirrors at the top and bottom of the shaft will be
used to dynamically control the pointing direction of the interferometry laser beams. These mirrors can be
used to mitigate the effect of the rotation of the Earth, which leads to Coriolis forces that cause velocity-
dependent interferometer phase shifts. The effect of the Coriolis force can be compensated by using the
mirrors to counter-rotate the atom optics laser beam, opposite the direction of the rotation of the Earth [55,
131, 173]. Additionally, the ability to dynamically tune the beam angle enables phase shear readout [168],
which can be beneficial for low-noise atom interferometer phase extraction. Alternatively, multi-loop
interferometers with highly suppressed sensitivity to rotations can be used in order to alleviate the need for
rotation compensation and the corresponding beam deflection [2, 182]. Rotation compensation can also be
used in conjunction with multi-loop interferometry.

Figure 17 shows the design of the bottom tip—tilt mirror stage for MAGIS. The mirror is mounted in a
tripod configuration, with three piezoelectric-actuated stages under the mirror to control the two angles
and the offset height of the assembly. The piezo actuators are kinematically mounted to the underside of the
custom mirror mount plate using bearings and springs to allow the plate to rotate freely as the piezos
extend. The mirror and piezoelectric actuator stages are mounted inside a vacuum chamber connected to
the bottom of the 100 m interferometer region. This avoids the need for a vacuum viewport, which could
otherwise cause aberrations on the interferometer laser beam. To cope with the limited tuning range of the
piezo actuators, coarse tuning is provided by a set of three external electromechanical linear actuators. A
short section of vacuum bellows allows these linear actuators to articulate the entire tip—tilt stage vacuum
chamber with respect to the 100 m vacuum pipe during initial alignment (the piezo actuators alone are
sufficient for dynamic control during atom interferometry).

5. Detector systematics

In addition to the science signals of interest, atom interferometers are sensitive to many other effects that
can act as noise backgrounds. It is important to understand the impact of these effects on interferometer
phase in order to develop a suitable detector design. The theoretical tools discussed in [131, 183, 184]
provide a framework for carrying out such an analysis.

Background modeling for MAGIS-100 is based on extensive, previously published analysis of noise
sources in atom interferometry. The relevant sources of noise for MAGIS-100 include laser frequency noise
[4], laser wavefront aberrations [2, 55, 174—179, 185], seismic vibration [4, 39], Coriolis effects arising from
Earth’s rotation [1, 2, 55, 168], laser pointing jitter [2, 12, 55, 168, 186], AC Stark shifts [38], variations in
initial cloud kinematics [1, 2, 55, 63, 168], mean field shifts [185, 187], variations in magnetic fields
[2, 12, 153, 188], and blackbody radiation shifts [12, 188, 189]. These effects are all well-understood, and
many of them have been studied preliminarily in a 10 m scale apparatus [38, 39, 55, 63, 168]. MAGIS-100
benefits from the use of a gradiometer configuration in which differential phase measurements are made
between atom interferometers separated over a baseline, which substantially suppresses many of these noise
sources as a common mode. Many long baseline atom interferometry groups have carried out similar
analysis and modeling for their specific experiments. They include MIGA [5], the proposed ELGAR [6],
ZAIGA [8], and the AION program [10].

This section describes anticipated noise sources for MAGIS-100 and some of the strategies used in the
detector design to minimize their impact. This noise analysis translates into experimental requirements, as
summarized in table 3. An important aspect of the MAGIS research program is experimentally studying
these noise sources and the associated mitigation strategies in a long-baseline atom interferometry
configuration. Modeling and analysis of many of the background contributions have been carried out in the
context of atomic gravitational wave detector configurations similar to MAGIS-100 and are directly
applicable [1, 2, 4, 12].

The MAGIS-100 experiment is designed to be sensitive to time-varying gravitational wave or dark
matter signals in the frequency band ~0.1-10 Hz. The relevant backgrounds are those that temporally vary
in this frequency band. This frequency selectivity eases a number of requirements. For instance, any
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Table3. Summary of key experimental parameters and target values of MAGIS-100 (initial) (see table 2). Spectral densities are taken
to be in the ~ 0.1-3 Hz frequency band of interest. Note that the cloud kinematics can either be stabilized to below the target values or
measured each shot at the target uncertainty.

Parameter Target value Primary driving factors

LMT atom optics n =100 Increase sensitivity to science signals

Phase resolution 1073 rad/v/Hz Increase sensitivity to science signals

Frequency noise/drift < 10 Hz Increase pulse transfer efficiency (section 4.3)

Per shot position uncertainty 10 pm/+/Hz Coupling to wavefront aberrations (section 5.2)

Per shot velocity uncertainty 10 pm s~ /v/Hz Coupling to wavefront aberrations (section 5.2)

Laser wavefront variation 5 mrad* Coupling to cloud kinematic and laser pointing jitter (sections 5.2 and 5.4)
Laser intensity stabilization 0.1%/v/Hz AC Stark shifts (section 5.5)

Laser pointing stability 30 nrad/+/Hz Coupling to wavefront aberrations (section 5.4)

Magnetic field uniformity 1 mG (rms) Clock frequency shifts

At transverse length scales <3 mm.

backgrounds that lead to constant phase offsets or long-term phase drifts would not affect the potential
science signals. MAGIS-100 initially aims for 1007k atom optics and a phase resolution of 10~> rad/v/Hz
for a differential measurement between interferometers separated by baselines of up to 100 m. Research and
development efforts aim to boost instrument sensitivity via increased momentum splitting and improved
phase resolution (resulting from higher atom flux and/or squeezed atom sources) and to further reduce the
influence of the corresponding technical noise sources discussed here.

5.1. Laser phase noise

The atom—laser interactions are dependent on the phase of the laser at each of the interaction points, so
laser technical noise can affect the atom interferometer signal. The multiple atom ensembles in the
gradiometer are subject to the same laser pulses, so this noise effect is expected to be common-mode
suppressed to a significant degree. Single-photon atom optics on the clock transition [136] will be employed
to realize the necessary level of laser noise rejection [4]. Specifically, the residual noise 0, in the
interferometer phase arising from laser frequency noise has the leading contribution (term 3 from table 1

in [4])
—13 n A,U 5][ AT
00ireq ~ (10 rad/+ HZ) (ﬁ) (100 um sl) (10 HzNHz) (100 u8>

related to the finite duration AT of each laser pulse, the velocity difference Av between the two atom clouds
in the gradiometer, the beamsplitter momentum nhk, and the amplitude spectral density df of laser
frequency noise.

For all conceivable experimental parameters, this source of ¢ is negligibly small. However, the
practical degree of common-mode cancellation of laser noise that can be expected in a clock gradiometer
has not been fully established experimentally. MAGIS-100 will study this question in detail and will
investigate the possibility of other mechanisms of differential laser noise imprinting.

5.2. Laser wavefront aberrations

The influence of laser wavefront aberrations and associated mitigation strategies, including in situ wavefront
measurements and spatial filtering of the atom optics laser beam via free propagation, are discussed in
section 4.3. The effect of wavefront aberrations on the phase of an atom interferometer has been modeled in
detail [2, 174—179]. This interferometer phase response analysis can be combined with in situ wavefront
measurements and measurements of atom cloud kinematics in MAGIS-100 to correct for backgrounds
arising from wavefront aberrations. Appendix A expands upon the treatment in [2] with a full perturbative
Fourier analysis. This new analysis goes beyond previous work to also include effective momentum kicks
that arise from the wavefront aberration phase varying spatially in the transverse plane. The calculation is
taken to second order in the aberration amplitude ¢ (in radians), and gives the same result at first order as
previous calculations, as expected.

We consider here the phase shift size due to terms up to second order in § at different scales of LMT.
This example considers a laser with wavelength A = 698 nm (k = 27/ \); vertical height H spanned by the
interferometer; duration between the interferometer beamsplitter and mirror T; and a transverse atom
trajectory fluctuation of size Ax during the interferometer, which could result from shot-to-shot variations
in initial atom positions and/or velocities. Here, k; is the transverse spatial frequency of the aberration. It is
reiterated here that the only phase shifts that contribute noise to the detector are those that temporally vary
within the target frequency band. To first order in §, the noise in the interferometer phase resulting from
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the interplay of wavefront aberrations and initial kinematic fluctuations is

. [HK
Ouf,1 ~ ndk,Ax sin { Y }

~ (5 x 1074 rad/\/ﬁ) (ﬁ) (1%0) <(3 I::n)l> (10 uﬁ;@) (Sin [Zlf/%]) '

For second order in 6, the leading contribution is

2 2T H 2
Spufa ~ 0 i ”m P Ax sin { zﬂ
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assuming T = 1 s. These phase shifts are suppressed to the extent that the local wavefront perturbation
experienced by a given atom remains constant throughout the entire interferometer. For simplicity, here we
assume that the dominant cause of imperfect suppression is due to the evolution of the wavefront
perturbations between the various vertical positions of the atom—light interactions'”.

and a transverse atom trajectory fluctuation of size Ax during the interferometer, which could result
from shot-to-shot variations in initial atom positions and/or velocities. It is reiterated here that the only
phase shifts that contribute noise to the detector are those that temporally vary within the target frequency
band. To first order in d, the noise in the interferometer phase resulting from the interplay of wavefront
aberrations and initial kinematic fluctuations is

. [HK
6¢wf,l ~ H(SktAx Sin |: 2kt:|

~ (5 x 1074 rad/\/ﬁ) (0.305) (1%0) <(3 I::n)l> (10 uﬁ;@) (Sin [Zlf/%]) '

For second order in 6, the leading contribution is

m
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assuming T = 1 s. These phase shifts are suppressed to the extent that the local wavefront perturbation
experienced by a given atom remains constant throughout the entire interferometer. For simplicity, here we
assume that the dominant cause of imperfect suppression is due to the evolution of the wavefront
perturbations between the various vertical positions of the atom—light interactions'®

The (nk,)* dependence at second order in § comes from the kinetic energy of the momentum kicks from
the transverse component of the local wave vector of the perturbed laser field. The additional k,Ax factor in
both terms reflects the rate at which the phase shift varies with Ax, which increases proportionally with k.

As discussed in section 4.3, wavefront perturbations with a spatial scale of 1/k; < 3 mm (after
magnification by the 1:30 telescope) will be minimized via spatial filtering and by the use of high-quality
in-vacuum optics. To reduce wavefront-induced phase noise, it will be important to either control or
measure displacements arising from initial kinematic offsets at the level of 10 ;m or better on each
experimental shot. For the anticipated 1 mm cloud sizes and 10° atoms in MAGIS-100, measurements at
this level are compatible with the atom shot noise limit.

There are additional strategies to further mitigate aberration-induced phase noise in the interferometer.
For example, as the number of LMT enhancement pulses increases, the total laser interaction time can
become a substantial fraction of a second. Longitudinal averaging of the imprinted wavefront perturbation
due to the motion of the atoms during this interaction time is expected to significantly reduce the size of
the aberration-induced noise. To be conservative, this averaging has not been included in the phase error
estimates here. In addition, spatially resolved detection including point source interferometry [55] and
phase shear readout [2] techniques allows the atoms to be used as an in-situ probe of the wavefront,
providing an additional tool for mitigating aberration-induced phase noise [133]. For example, the beam

2,2 2
§Pufa ~ 82 kin ThktAx sin [Ii];t}

13 We find in this case that this assumption only leads to a factor of ~3 suppression compared to the situation in which the wavefronts
are completely uncorrelated between different pulses.
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profile can be controllably translated across the atom ensemble using the tip—tilt delivery mirrors, allowing
the aberrated wavefront to be imprinted on the cloud with different transverse offsets. Phase noise in the
target frequency band can also be caused by time-varying wavefront aberrations [2]. In-situ wavefront
characterization can be used to measure such temporal variations and account for their effects in
post-processing [2, 55, 168].

5.3. Seismic vibration

Ground vibrations imprint phase noise on the interferometry laser pulses due to vibrations of the delivery
optics. This phase noise impacts the detector in the same way as intrinsic laser noise (see above) and also
cancels to a high degree as a common mode [4, 39]. For a velocity mismatch Av between the two clouds in
the gradiometer, there is a residual phase shift

o s m) (PN (A N (TN(  da
Sohtraion ~ (10 rad/ VFEz) (100) (100ums‘1> <1s> (10—4ms—2/@>

associated with vibration of the critical beam steering optics with amplitude spectral density da. Here T is
the duration between the interferometer beamsplitter and mirror interactions, and all other parameters are
as defined above [4]. We find that d¢,;i0n 1 below the fundamental detection noise floor for typical
experimental parameters, and da can be reduced as needed by adding modest vibration isolation to critical
optical elements. Seismic vibrations are also associated with moving mass in the vicinity of the detector.
This can lead to additional background noise due to the gravitational coupling of the moving objects to the
atom ensembles (see the discussion of GGN in section 5.12).

5.4. Laser pointing jitter

Uncontrolled pointing jitter of the laser causes phase shifts in the interferometer since it changes the
position of the atom with respect to the laser wavefronts. The behavior of these phase shifts is
well-understood [2, 55, 168]. Pointing jitter in the target frequency band for the science signal

(~0.1-10 Hz) can act as a noise background. Let 6® denote the amplitude spectral density for pointing
jitter in this band. If the pointing jitter originates from optics near one of the atom ensembles, the laser
wavefronts are tilted and the beam is displaced, leading to a transverse displacement by a distance LJ® at
the far interferometer (and much less for the near interferometer), where L ~ 100 m is the baseline length.
For MAGIS-100, the dominant source of noise in this situation arises from the coupling of this
displacement to laser wavefront aberrations. With the wavefront aberrations parameterized as above, the
level of background noise from laser pointing jitter is

- . nN( P ki
6¢P01nt1ng (6 x 10 rad/\/m) (100) (0005> (30 nrad/ﬁ) ((3 mm)l) .

Laser pointing will be monitored using split photodetectors (see [12] for a more detailed discussion), and
feedback to control the laser direction can be used if needed. Also, spatially resolved detection of the atomic
interference pattern can be leveraged to provide measurements of the pointing jitter on each shot

[133, 168].

5.5. AC Stark shifts
Off-resonant light causes an AC Stark shift of the atomic line. For example, even for resonant excitation of
the clock transition in Sr (A = 698 nm), there is an AC Stark shift due to off-resonant coupling to the other
atomic levels. In particular, off-resonant coupling to the 'Sy — 'P; (461 nm) transition shifts the energy of
the ground (1S,) state, and off-resonant coupling to the *Py — 3S; (679 nm) transition shifts the energy of
the excited clock (*Py) state [156]. This energy shift can cause a phase shift in an interferometer that mimics
the target signal to the extent that it varies spatially and fluctuates in time in the target frequency band.
Intensity fluctuations of the laser are a dominant source of this, so laser intensity control can reduce the
effect.

For interferometer sequences in MAGIS-100 with nhik beamsplitters, phase backgrounds from AC Stark
shifts are at the level of

s (63107 ) (55) (057

where §(AI) /I is the amplitude spectral density in the target frequency band for the fractional fluctuation
of the differential laser intensity (averaged over the atom ensembles) between the two interferometers.
8(AI)/I ~ 107 /v/Hz can be realized, for example, with a 1% spatial intensity variation between the two
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interferometers and laser intensity stabilization at the level of 0.1%/+/Hz, both of which are readily
achievable [190]. Transverse-position-dependent AC Stark shifts can also couple to initial atom kinematic
jitter in a manner analogous to wavefront aberrations (discussed above). For a given intensity/wavefront
perturbation amplitude, phase errors from AC Stark couplings of this type will generally be smaller than the
corresponding wavefront-induced phase errors. For such AC Stark couplings, analogous mitigation
strategies can be applied as in the wavefront case. In situ measurements of intensity perturbations can be
performed by implementing spatially resolved detection combined with short duration interferometers in a
superposition of different internal states, while leaving on a long, Doppler-detuned laser pulse to imprint
the AC Stark profile.

5.6. Rotations and gravity gradients

Shot-to-shot fluctuations in the atom trajectory can couple to rotations and gravity gradients, leading to
time-dependent phase errors [131, 134, 183]. Multi-loop interferometers provide a way to cancel phase
shifts from the coupling of initial kinematics to gravity gradients or rotations while preserving the
time-varying dark matter or gravitational wave signal [2, 182]. As an illustrative example, a three-loop
interferometer configured to cancel out leading order phase shift contributions from rotations and gravity
gradients is considered [182]. In such an interferometer, the coupling of higher-order rotation/gravity
gradient phase shifts to initial kinematic jitter can still be a source of noise. The dominant such noise term
arises from a cross-coupling between rotations, gravity gradients, and initial atom velocity and has the form
dprogy = (17 /3 + 4\/5) nkAv,Q,T,, T*. Here, the x, y, and z axes are defined so that z is normal to Earth’s
surface and Earth’s rotation vector lies in the yz plane. Av, denotes the shot-to-shot jitter in the atom cloud
velocity along the x axis (or the accuracy to which this jitter can be measured on each experimental shot if
post-processing corrections are implemented), €2, is the y component of Earth’s rotation vector, T, is the
vertical gravity gradient, and T is the duration between the first beamsplitter and mirror interactions. The
associated noise has the magnitude

Sraay ~ (2 x107° rad/x/E) (i) (A%“) (T) .

100/ \ 10 pm s~'/v/Hz /) \1's

Adding additional loops to the interferometer would further suppress phase shifts from the cross-coupling
of rotations, gravity gradients, and initial atom velocity.

Gravity gradients can also affect the pulse transfer efficiency. In configurations involving atom sources
on each end of the long baseline, the Earth’s gravity gradient causes the velocities of the vertically separated
atom clouds to evolve differently, resulting in different Doppler detunings. For T = 1 s and a baseline length
of L = 100 m, the maximum magnitude of the Doppler detuning arising from this effect is approximately
27 x 200 Hz. For typical Rabi frequencies of 27 x 3 kHz, this corresponds to an inefficiency per pulse of
~0.5%, which is consistent with atom interferometers with ~100/k atom optics. MAGIS-100 can further
mitigate this effect by employing composite pulses [170], adiabatic rapid passage [143], or optimal
quantum control [149] to dramatically reduce the impact of detunings on pulse efficiency. Alternatively,
atom clouds at different heights can be purposefully offset in velocity by a controlled amount to allow them
to be independently and resonantly addressed by different spectral components [1] of the clock laser beam,
which can be generated by driving an AOM at multiple frequencies.

5.7. Mean field shifts
Atom-—atom interactions cause an energy shift of the clock transition proportional to the atomic density.
This can cause a systematic error in an interferometer if the two arms occupy different atomic states (with
different mean field shifts), or if the density is asymmetric. The detector is sensitive to any time-varying
mean field shifts, which may arise if the density fluctuates shot-to-shot. This background can be suppressed
by using ensembles with low density (after matter wave lensing), by employing sequences that use
symmetric internal states for the two arms, and by using symmetric beam splitting sequences [63, 191].

For the fermionic isotope ¥ Sr, the density-dependent mean field shift has been measured to be
~10 " atom?# [187, 192]. The mean field shift arises when atoms are inhomogeneously excited on the
clock transition, as otherwise atom—atom interactions are suppressed by Pauli blocking [187]. Therefore,
the times at which mean field shifts will affect phase evolution in MAGIS-100 are during the atom optics
pulses.

To estimate this effect in MAGIS-100, we assume there are ~10° atoms per shot in the interferometer,
with an ensemble volume of ~1 mm?®. Conservatively assuming the same mean field shift as measured in
[187, 192] (in actuality, MAGIS-100 will likely have a smaller excitation inhomogeneity), and assuming a
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m-pulse duration of A7, phase backgrounds from mean field shifts are

. (5 10 rad/@) (L) ( At ) (5(ANA)/NA>’

100 200 ps 0.01

where §(ANy) /Ny is the shot-to-shot fluctuation of the fractional atom population asymmetry between
the two interferometer arms (the relevant fluctuations are those in the target frequency band). Additionally,
closely matching the densities of the two separated interferometers would allow the mean field phase shift to
be further suppressed as a common mode, and highly robust beamsplitters and mirrors using composite
pulses along with advanced quantum control [149, 170, 193—197] can dramatically reduce fluctuations in
the population asymmetry.

5.8. Magnetic fields

The clock energy levels of Sr shift in response to magnetic fields. Time-varying magnetic fields can cause
systematic frequency shifts that behave like a gravitational wave or ultralight dark matter signal. As
discussed in section 4.1, magnetic shielding will be employed to reduce the influence of stray fields in the
interferometer region, and the local field will be monitored with commercial magnetometers. Using
multiple sequential transitions, the atom interferometry sequence can be designed so that both arms of the
interferometer spend most of the time in the ground state, reducing the differential magnetic phase shifts.
For %S, a co-magnetometer can be realized by simultaneously operating two interferometers using states
with opposite magnetic field response, suppressing the linear response to magnetic fields and allowing the
magnetic field dependent phase shift to be measured and subtracted. The residual quadratic Zeeman shift
coefficient is —0.23 Hz G2 [188], implying that for a bias field By and a fluctuating component of the
magnetic field 6B, the associated phase background is

Schmag ~ (1% 107 rad/vHiz) <1B_OG> (ﬁ%) <I—Ts> .

For a bias field of By = 1 G, maintaining fluctuations in the magnetic field at a level below 6B = 1
mG /+/Hz requires a fractional stability in the bias field current of below 0.1%/+/Hz in the target frequency
band, which is readily achievable. Fluctuations in Earth’s magnetic field in the target frequency band are
expected to be at the level of ~ 1 uG/+/Hz [198], and so can likely be neglected. Other sources of stray
time-dependent magnetic fields, such as from local current carrying wires, are still being investigated.
Spatial curvature of the magnetic field (i.e., a nonzero second spatial derivative) can produce force
gradients on the atoms, which can lead to time-varying phase shifts via coupling to initial kinematic
fluctuations in a manner analogous to the case of gravity gradients. As discussed in section 5.6, the use of
multi-loop interferometers can substantially suppress such phase shifts. For a bias field of 1 G and a
magnetic field curvature ~ 1 mG m2, the associated force gradient from magnetic field variations is ~6
orders of magnitude smaller than the force gradient from Earth’s gravitational field.

5.9. Blackbody radiation shifts
Blackbody radiation causes an energy shift of the atomic energy levels. This can result in phase noise in the
interferometer if the temperature of the vacuum tube varies in time in the target frequency band. For the

300 K
Tiystem is the temperature of the apparatus [188]. It is important to note that apparatus temperature drifts
will naturally occur at frequencies much lower than the target frequency band. For a three-loop
interferometer with T as defined above and a temperature oscillation at frequency wremp, the interferometer

4
strontium clock transition, the blackbody shift has a temperature coefficient of —2.3 Hz (M) , where

phase response to temperature variations at low frequency wremp is suppressed by a factor of (wTemp T)z. For
example, for a temperature oscillation of amplitude 1 K and period 1 h, the associated interferometer noise
is at the level of ~1 x 107® rad/+/Hz for T = 1 s, which would be negligible.

5.10. Timing jitter

A timing-jitter induced asymmetry 07 in the duration of the different free propagation zones of the
interferometer, in combination with any velocity mismatch Av between the two clouds in the gradiometer,
leads to interferometer phase noise of magnitude [4]

Smng ~ (107 rad/VITZ) (155 (100 ﬁlfl sl> (1 nsa/i/ﬁ) '

The necessary timing stability can be achieved with stable pulse generators.
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5.11. Background gas index of refraction
The index of refraction from background gas in the pipe modifies the optical path length associated with
the baseline. Noise 67 in the index of refraction 7 therefore leads to a spurious strain signal dhingex = 01 [1].

The index of refraction of airisn ~ 1 + 3 x 107* (760PT0H) (;?y(:mlfn) , where P is the pressure and Tysiem iS

the temperature of the system. The spurious strain signal associated with index of refraction variation due
to temperature fluctuation 0 Tsysem With a period of 1 h (for T = 1's) is

P 300 K OT,
Ohindex = 01 ~ (4 1072 //H ) system '
d n X /VHz 101 Torr ) \ Tomen TK

The spurious strain signal associated with index of refraction variation due to fractional pressure
fluctuation dP/P in the frequency band of interest is

Shindes = 07] ~ (4>< 10*21/@) ( P ) <3OOK> ( Ob/P )

10~ Torr Tiystem 0.001/+v/Hz

For reference, it is noted that the same index of refraction effects apply to LIGO, which maintains ultra-high
vacuum of 1078 to 10~° Torr [199].

Additionally, the index of refraction of the ultracold atom clouds themselves will induce a phase shift on
the laser beam when it passes through a cloud. For atom cloud density p, transition linewidth I, laser
detuning A from the transition resonance, on-resonance saturation parameter sy, and on-resonance
scattering cross section og = 3\*/(27) the atom cloud modifies the real part of the index of refraction by
an amount 67 ~ pogA/(47) [(—ZA/F)/(I + (2A/T)? + 50)] [169, 200]. Since the effect vanishes on
resonance, we conservatively assume the light is detuned by approximately the Rabi frequency
(A =27 x 1 kHz), yielding interferometer phase noise from this effect of magnitude

dPdoud ~ (1077rad/m) (%) (iv&) (1 rr;m)_2 [(027}%)2 +4<0~§1rc//\;cH_Z>2

where N, is the atom number in a given experimental shot, r. is the atom cloud radius, N, /N, is the
fractional shot-to-shot fluctuation in the atom number, and 07, /7 is the fractional shot-to-shot fluctuation
in the cloud radius. If needed, N, /N, and dr./r. can be measured on each shot and associated phase shifts
can be subtracted in post-processing. Phase shifts from the effect of far-off-resonant transitions on the
index of refraction are smaller than the value given here.

1/2

5.12. Gravity gradient noise

Newtonian GGN is an important source of background noise for any terrestrial gravitational wave detector,
including MAGIS [201]. This noise source is caused by local seismic activity exerting gravitational forces on
the detector proof masses. GGN likely imposes a practical limit on the sensitivity at low frequencies for
Earth-based gravitational wave detectors, and is one of the primary motivations for space-based detectors.
One of the goals of MAGIS-100 is to study GGN and evaluate possible mitigation strategies to extend the
detector sensitivity to lower frequencies.

Despite the fact that the freely-falling atom proof masses in MAGIS are decoupled from the direct effect
of ground vibration, seismic noise can still couple to the atoms via gravity. Local seismic activity is
associated with density fluctuations in the Earth surrounding the detector, and this moving mass produces a
time-varying gravitational force on the atoms. The resulting relative acceleration of the two proof masses on
either side of the baseline is indistinguishable from the strain caused by a gravitational wave.

One possible mitigation is to use more than two test masses along the baseline to attempt to distinguish
GGN from a gravitational wave [151]. Since the dynamic gravitational potential from seismic waves is
sourced locally, its magnitude can vary non-linearly with position across the baseline. On the contrary, an
incoming gravitational wave is well-described as a plane wave, leading to a highly linear response as a
function of proof mass separation. Therefore, using three or more atom proof masses spaced uniformly
along the baseline, the detector may be able to differentiate GGN from the desired gravitational wave signal
by measuring the curvature and other higher non-linear deviations. If successful, this concept could allow
the GGN to be measured and then subtracted from the signal channel.

To evaluate this strategy, MAGIS-100 can operate using three test masses (mode C in figure 6). An
important part of studying this detector mode will be to correlate the measurements made by the atom
interferometers with independent local vibration measurements. An initial survey was performed using a
seismometer to measure the ground motion at several relevant locations around the detector site. Data was
collected near the surface of the MINOS shaft, in the location of the laser lab, and at the bottom of the
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Figure 18. (a) Seismic acceleration amplitude spectral density for the surface of the MINOS shaft at Fermilab over a period of
30 days. Dashed black lines represent the NLNM and NHNM. (b) Inferred GGN strain amplitude spectral density modeled from
surface displacement measurements. The color bar represents amplitude counts per frequency bin. All data was acquired with a
sampling rate of 50 Hz.

100 m shaft. Figure 18(a) shows the surface seismic acceleration amplitude spectral density for
measurements made over a period of two months. For reference, the lower and upper dashed black lines are
the new low noise model (NLNM) and new high noise model (NHNM), respectively [202, 203]. It is worth
noting that seismic noise can vary widely by site, with some sites significantly quieter (such as MIGA [204]).
In considering a site for a full km-scale detector, it will be important to choose such a low noise site, such as
SUREF [78]. MAGIS-100 will also characterize the influence of time-varying gravity gradients that may arise
from other sources, such as variations in the local water table or water flow.

Using this acceleration spectrum, we can estimate the amplitude of GGN at the MAGIS-100 site.
Following [201], in figure 18(b) we calculate the inferred strain amplitude spectral density for GGN for the
MAGIS-100 detector geometry. GGN at this level would set the ultimate noise floor of MAGIS-100 below
about 1 Hz (see figure 1). MAGIS-100 will serve as a testbed for developing strategies to manage this noise,
with the goal of extending the detector range to lower frequencies. Such strategies will be critical for
maximizing the science reach of a future full-scale detector.

6. Conclusions and outlook

MAGIS-100 aims to advance quantum science, perform sensitive searches for ultralight dark matter, and
serve as a pathfinder experiment for mid-band gravitational wave detection. It is anticipated that
MAGIS-100 will pave the way for future atom interferometric sensors with even longer baselines and even
greater sensitivities to science signals of interest. The pursuit of these goals is made possible by several key
features. Clock atom interferometry in principle supports a high degree of common-mode laser noise
cancellation using only a single-baseline, and also offers the potential for dramatically enhanced LMT atom
optics. Another benefit of the MAGIS concept is the dual-purpose nature of science signal searches. With a
single detection mode, searches can be carried out for ultralight dark matter as well as gravitational waves
simultaneously. In addition, the frequency response of MAGIS-100 can be tuned by adjusting the pulse
sequences, without the need for any hardware changes. This allows the detector to rapidly switch between
resonant and broadband detection modes. MAGIS-100 also features multiple atom sources along its
baseline to study and characterize Newtonian GGN.

MAGIS-100 intends to make significant progress toward establishing the requirements and
demonstrating the feasibility of a kilometer-scale detector. The technical design of MAGIS-100 benefits
from a foundation laid by many years of research in the areas of atom interferometry and optical atomic
clocks. Substantial research and development efforts are needed to advance the detector technology further,
to a level that supports strain measurements in the scientifically interesting range below 1072°/+/Hz. In
order to reach this level of sensitivity, advances in LMT atom optics, as well as development of high-flux
atom sources that incorporate spin squeezing for enhanced phase resolution, are expected to play a critical
role. Another important part of this effort will be to continue to develop methods to reduce technical noise
sources to a level consistent with the target sensitivity. A promising site for a future follow-on detector
MAGIS-km is the SURF Laboratory in South Dakota, which already contains kilometer-scale vertical access
shafts. Additional work is needed to better understand the challenges of further increasing the detector
baseline and to assess the suitability of the SURF site itself.

As an increasing number of large-scale atom interferometers aimed at gravitational wave and dark
matter detection [5, 6, 8, 10] are built around the world, a promising direction is to explore establishing a
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network of these detectors. Studying how to optimally leverage a global network of such observatories has
been a substantial focus of the AION research program [10]. These terrestrial instruments may also
ultimately pave the way for space-based detectors with even greater sensitivity. In anticipation of this, initial
studies of the requirements of and scientific motivation for space-based, long-baseline atom interferometers
have already begun [9, 12, 61].
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Appendix A. Laser wavefront aberration phase shifts

We consider here a treatment of higher order effects of wavefront perturbations in atom interferometry that
will become increasingly important as LMT atom optics continue to improve. The influence of wavefront
perturbations in atom interferometry has been explored in, for example [2, 174—178]. The perturbed laser
wavefront is imprinted on the atom’s wavefunction whenever momentum is transferred to the atom,
leading to errors in the atom interferometer phase shift proportional to the amplitude of the wavefront
perturbation. Laser wavefront perturbations also modify the momentum transferred to the atom by each
laser pulse [174, 175, 179]. The influence of modifications to the longitudinal momentum transfer have
recently been studied and measured [179]. Here, we extend this work to perform a full atom interferometer
phase shift calculation including the influence of wavefront-perturbation-induced transverse momentum
kicks, and also including wavefront-perturbation-induced longitudinal momentum kicks in a more general
context in which the longitudinal laser phase gradient experienced by the atoms varies from pulse-to-pulse.
Including these effects leads to contributions to the atom interferometer that scale quadratically with the
wavefront perturbation amplitude and with the number # of beamsplitter momentum kicks. These higher
order effects become important for the range of LMT values MAGIS-100 aims to explore.

Here we discuss the interferometer phase response to a laser beam perturbation. Consider a Fourier
component of the laser beam profile with amplitude ¢ and transverse spatial frequency k.. The beam is
treated paraxially, which means that the wavevector, E, is nearly parallel to the longitudinal axis down the
interferometer region. The coordinate system is defined so that the xy-plane is transverse to the laser
propagation and the z-axis is in the direction of propagation, which is vertical. As an illustrative example, a
perturbation Fourier component k, along the x-axis is considered. An analogous treatment applies for a
Fourier component along a general axis in the xy-plane. For the phase calculation, the equations of motion
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Table 4. First order in ¢ phase shift terms. Here x; and z; are the
atom’s initial transverse and longitudinal position, respectively.
Similarly, v, and v, are the initial transverse and longitudinal

velocities.
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Table 5. Representative phase shift terms at second order in 9.
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of the atoms are solved by expanding in a power series and keeping terms up to the third order in time. The
calculations presented here are further simplified by assuming the contributions from Earth’s rotation will
be suppressed and mitigated through the implementation of rotation compensation techniques.

The laser beam field takes the general form

E(x,2) = u(x,z)e. (A.1)

For an initial perturbation Fourier component § cos(k,x) in the laser field, the initial field and the field at
some farther distance are given by multiplying the perturbation by the corresponding paraxial propagator
[181]:
u(x,0) =1+ 6 cos(kyx), (A.2a)
K2

u(x,z) = 1+ 6 cos(kyx)e 122, (A.2b)

Equation (A.2b) corresponds to phase perturbation

k2
w — X i — . A.
10) 0 cos(kyx) sin <2kz> (A.3)
Local spatial gradients of ¢, result in additional contributions to the local wavevector k
2
Ak, = % = k.6 sin(kyx) sin (;’7) , (A.4a)
2 2
Ak, = % = —%{5 cos(kyx) cos (lzc’;cz> . (A.4b)

A laser pulse delivers a momentum kick to an atom equal to hk, where k is the local wave vector at the
atom’s location [174]. The perturbations Ak, and Ak, therefore cause the atoms to receive additional
momentum kicks proportional to the perturbation size ¢.

We now calculate the effect of this beam perturbation on the phase of a Mach—Zehnder interferometer
with nhk beamsplitters. A full phase shift calculation [131] including the additional momentum kicks
arising from the wavefront perturbation (the Ak kicks) yields the results shown in tables 4 and 5. This
calculation differs from previous results [2], because it includes transverse and longitudinal kicks caused by
each Fourier component of the wavefront aberration. The first order terms in § (shown in table 4) arise
from the aberrated phase of the laser at each of the atom-laser interaction points, while the second order
terms (shown in table 5) can be thought of as arising from the recoil kinetic energy induced by the
momentum kicks Ak, and Ak,. These recoil shifts scale as i Ak? /2m, where i = x, z for the x and z
momentum kicks respectively. Terms 1 and 2 in table 5 are associated with the Ak, kick as they scale with
k%, and terms 3 and 4 are associated with the Ak, kick as they scale with (k2 /2k)?, consistent with
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equations (A.4a) and (A.4b). The second order terms from the longitudinal (z) kicks are therefore generally
smaller than those from the transverse (x) kicks by a factor of ~ (k. /k)>.

ORCID iDs

Mabhiro Abe ©© https://orcid.org/0000-0003-4670-0347

Samuel P Carman @ https://orcid.org/0000-0003-3624-558X
Benjamin E Garber @ https://orcid.org/0000-0002-1000-6874
Jason M Hogan @ https://orcid.org/0000-0003-1218-2692
Yijun Jiang (Z— &) ® https://orcid.org/0000-0002-1170-7736
Megan Nantel & https://orcid.org/0000-0002-9684-3314

Jan Rudolph @ https://orcid.org/0000-0002-9083-162X
Natasha Sachdeva @ https://orcid.org/0000-0001-9305-4208
Hunter Swan © https://orcid.org/0000-0002-1840-288X
Thomas Wilkason © https://orcid.org/0000-0002-7718-7251

References

[1] Dimopoulos S, Graham P W, Hogan ] M, Kasevich M A and Rajendran S 2008 Atomic gravitational wave interferometric sensor
Phys. Rev. D 78 122002
[2] Hogan ] M etal 2011 An atomic gravitational wave interferometric sensor in low earth orbit (AGIS-LEO) Gen. Relativ. Gravit. 43
1953-2009
[3] YuN and Tinto M 2011 Gravitational wave detection with single-laser atom interferometers Gen. Relativ. Gravit. 43 194352
[4] Graham P W, Hogan ] M, Kasevich M A and Rajendran S 2013 New method for gravitational wave detection with atomic
sensors Phys. Rev. Lett. 110 171102
[5] Canuel B et al 2018 Exploring gravity with the MIGA large scale atom interferometer Sci. Rep. 8 14064
[6] Canuel B et al 2020 ELGAR—a European laboratory for gravitation and atom-interferometric research Class. Quantum Grav. 37
225017
[7] Kolkowitz S, Pikovski I, Langellier N, Lukin M D, Walsworth R L and Ye J 2016 Gravitational wave detection with optical lattice
atomic clocks Phys. Rev. D 94 124043
[8] Zhan M-S et al 2020 ZAIGA: Zhaoshan long-baseline atom interferometer gravitation antenna Int. J. Mod. Phys. D 29 1940005
El-Neaj Y A et al 2020 AEDGE: atomic experiment for dark matter and gravity exploration in space EPJ] Quantum Technol. 7 6
[10] Badurina L et al 2020 AION: an atom interferometer observatory and network J. Cosmol. Astropart. Phys. JCAP05(2020)011
[11] Graham P W, Hogan ] M, Kasevich M A and Rajendran S 2016 Resonant mode for gravitational wave detectors based on atom
interferometry Phys. Rev. D 94 104022
[12] Graham P W, Hogan ] M, Kasevich M A, Rajendran S and Romani R W 2017 Mid-band gravitational wave detection with
precision atomic sensors (arXiv:1711.02225 [astro-ph.IM])
[13] Arvanitaki A, Graham P W, Hogan ] M, Rajendran S and Van Tilburg K 2018 Search for light scalar dark matter with atomic
gravitational wave detectors Phys. Rev. D 97 075020
[14] Graham P W, Kaplan D E, Mardon J, Rajendran S and Terrano W A 2016 Dark matter direct detection with accelerometers Phys.
Rev. D 93 075029
[15] Hamilton P, Jaffe M, Haslinger P, Simmons Q, Miiller H and Khoury J 2015 Atom-interferometry constraints on dark energy
Science 349 84951
[16] Rosi G, Sorrentino F, Cacciapuoti L, Prevedelli M and Tino G M 2014 Precision measurement of the Newtonian gravitational
constant using cold atoms Nature 510 51821
[17] Biedermann G W, Wu X, Deslauriers L, Roy S, Mahadeswaraswamy C and Kasevich M A 2015 Testing gravity with cold-atom
interferometers Phys. Rev. A 91 033629
[18] Rosi G, D’Amico G, Cacciapuoti L, Sorrentino F, Prevedelli M, Zych M, Brukner C and Tino G M 2017 Quantum test of the
equivalence principle for atoms in coherent superposition of internal energy states Nat. Commun. 8 15529
[19] Fray S, Diez C A, Hinsch T W and Weitz M 2004 Atomic interferometer with amplitude gratings of light and its applications to
atom based tests of the equivalence principle Phys. Rev. Lett. 93 240404
[20] Schlippert D, Hartwig J, Albers H, Richardson L L, Schubert C, Roura A, Schleich W P, Ertmer W and Rasel E M 2014 Quantum
test of the universality of free fall Phys. Rev. Lett. 112 203002
[21] Zhou L et al 2015 Test of equivalence principle at 107® level by a dual-species double-diffraction Raman atom interferometer
Phys. Rev. Lett. 115 013004
[22] Barrett B, Antoni-Micollier L, Chichet L, Battelier B, Léveque T, Landragin A and Bouyer P 2016 Dual matter-wave inertial
sensors in weightlessness Nat. Commun. 7 13786
[23] Kuhn C CN, McDonald G D, Hardman K S, Bennetts S, Everitt P J, Altin P A, Debs J E, Close ] D and Robins N P 2014 A
Bose-condensed, simultaneous dual-species Mach—Zehnder atom interferometer New J. Phys. 16 073035
[24] Barrett B, Antoni-Micollier L, Chichet L, Battelier B, Gominet P-A, Bertoldi A, Bouyer P and Landragin A 2015 Correlative
methods for dual-species quantum tests of the weak equivalence principle New J. Phys. 17 085010
[25] Tarallo M G, Mazzoni T, Poli N, Sutyrin D V, Zhang X and Tino G M 2014 Test of Einstein equivalence principle for 0-spin and
half-integer-spin atoms: search for spin-gravity coupling effects Phys. Rev. Lett. 113 023005
[26] Bonnin A, Zahzam N, Bidel Y and Bresson A 2013 Simultaneous dual-species matter-wave accelerometer Phys. Rev. A 88 043615
[27] HartwigJ, Abend S, Schubert C, Schlippert D, Ahlers H, Posso-Trujillo K, Gaaloul N, Ertmer W and Rasel E M 2015 Testing the
universality of free fall with rubidium and ytterbium in a very large baseline atom interferometer New J. Phys. 17 035011
[28] Asenbaum P, Overstreet C, Kim M, Curti ] and Kasevich M A 2020 Atom-interferometric test of the equivalence principle at the
107"? level Phys. Rev. Lett. 125 191101

33


https://orcid.org/0000-0003-4670-0347
https://orcid.org/0000-0003-4670-0347
https://orcid.org/0000-0003-3624-558X
https://orcid.org/0000-0003-3624-558X
https://orcid.org/0000-0002-1000-6874
https://orcid.org/0000-0002-1000-6874
https://orcid.org/0000-0003-1218-2692
https://orcid.org/0000-0003-1218-2692
https://orcid.org/0000-0002-1170-7736
https://orcid.org/0000-0002-1170-7736
https://orcid.org/0000-0002-9684-3314
https://orcid.org/0000-0002-9684-3314
https://orcid.org/0000-0002-9083-162X
https://orcid.org/0000-0002-9083-162X
https://orcid.org/0000-0001-9305-4208
https://orcid.org/0000-0001-9305-4208
https://orcid.org/0000-0002-1840-288X
https://orcid.org/0000-0002-1840-288X
https://orcid.org/0000-0002-7718-7251
https://orcid.org/0000-0002-7718-7251
https://doi.org/10.1103/physrevd.78.122002
https://doi.org/10.1103/physrevd.78.122002
https://doi.org/10.1007/s10714-011-1182-x
https://doi.org/10.1007/s10714-011-1182-x
https://doi.org/10.1007/s10714-011-1182-x
https://doi.org/10.1007/s10714-011-1182-x
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1007/s10714-010-1055-8
https://doi.org/10.1103/physrevlett.110.171102
https://doi.org/10.1103/physrevlett.110.171102
https://doi.org/10.1038/s41598-018-32165-z
https://doi.org/10.1038/s41598-018-32165-z
https://doi.org/10.1088/1361-6382/aba80e
https://doi.org/10.1088/1361-6382/aba80e
https://doi.org/10.1103/physrevd.94.124043
https://doi.org/10.1103/physrevd.94.124043
https://doi.org/10.1142/s0218271819400054
https://doi.org/10.1142/s0218271819400054
https://doi.org/10.1140/epjqt/s40507-020-0080-0
https://doi.org/10.1140/epjqt/s40507-020-0080-0
https://doi.org/10.1088/1475-7516/2020/05/011
https://doi.org/10.1103/physrevd.94.104022
https://doi.org/10.1103/physrevd.94.104022
https://arxiv.org/abs/1711.02225
https://doi.org/10.1103/physrevd.97.075020
https://doi.org/10.1103/physrevd.97.075020
https://doi.org/10.1103/physrevd.93.075029
https://doi.org/10.1103/physrevd.93.075029
https://doi.org/10.1126/science.aaa8883
https://doi.org/10.1126/science.aaa8883
https://doi.org/10.1126/science.aaa8883
https://doi.org/10.1126/science.aaa8883
https://doi.org/10.1038/nature13433
https://doi.org/10.1038/nature13433
https://doi.org/10.1038/nature13433
https://doi.org/10.1038/nature13433
https://doi.org/10.1103/physreva.91.033629
https://doi.org/10.1103/physreva.91.033629
https://doi.org/10.1038/ncomms15529
https://doi.org/10.1038/ncomms15529
https://doi.org/10.1103/physrevlett.93.240404
https://doi.org/10.1103/physrevlett.93.240404
https://doi.org/10.1103/physrevlett.112.203002
https://doi.org/10.1103/physrevlett.112.203002
https://doi.org/10.1103/physrevlett.115.013004
https://doi.org/10.1103/physrevlett.115.013004
https://doi.org/10.1038/ncomms13786
https://doi.org/10.1038/ncomms13786
https://doi.org/10.1088/1367-2630/16/7/073035
https://doi.org/10.1088/1367-2630/16/7/073035
https://doi.org/10.1088/1367-2630/17/8/085010
https://doi.org/10.1088/1367-2630/17/8/085010
https://doi.org/10.1103/physrevlett.113.023005
https://doi.org/10.1103/physrevlett.113.023005
https://doi.org/10.1103/physreva.88.043615
https://doi.org/10.1103/physreva.88.043615
https://doi.org/10.1088/1367-2630/17/3/035011
https://doi.org/10.1088/1367-2630/17/3/035011
https://doi.org/10.1103/physrevlett.125.191101
https://doi.org/10.1103/physrevlett.125.191101

10P Publishing Quantum Sci. Technol. 6 (2021) 044003 M Abe et al

(29]
(30]
(31]
(32]

(33]
(34]

(35]
(36]
(37]
(38]
(39]
(40]

(41]

[42]
(43]

(44]
(45]

(46]
(47]

(48]
(49]

(50]

Williams J, Chiow S-w, Yu N and Miiller H 2016 Quantum test of the equivalence principle and space-time aboard the
International Space Station New J. Phys. 18 025018

Battelier B et al 2019 Exploring the foundations of the universe with space tests of the equivalence principle (arXiv:1908.11785
[space-ph])

Bouchendira R, Cladé P, Guellati-Khélifa S, Nez F and Biraben F 2011 New determination of the fine structure constant and test
of the quantum electrodynamics Phys. Rev. Lett. 106 080801

Parker R H, Yu C, Zhong W, Estey B and Miiller H 2018 Measurement of the fine-structure constant as a test of the standard
model Science 360 191-5

Arndt M and Hornberger K 2014 Testing the limits of quantum mechanical superpositions Nat. Phys. 10 271-7

Bassi A, Lochan K, Satin S, Singh T P and Ulbricht H 2013 Models of wave-function collapse, underlying theories, and
experimental tests Rev. Mod. Phys. 85 471-527

Nimmrichter S and Hornberger K 2013 Macroscopicity of mechanical quantum superposition states Phys. Rev. Lett. 110 160403
Bassi A, Groflardt A and Ulbricht H 2017 Gravitational decoherence Class. Quantum Grav. 34 193002

Altamirano N, Corona-Ugalde P, Mann R B and Zych M 2018 Gravity is not a pairwise local classical channel Class. Quantum
Grav. 35 145005

Kovachy T, Asenbaum P, Overstreet C, Donnelly C A, Dickerson S M, Sugarbaker A, Hogan ] M and Kasevich M A 2015
Quantum superposition at the half-metre scale Nature 528 5303

Asenbaum P, Overstreet C, Kovachy T, Brown D D, Hogan ] M and Kasevich M A 2017 Phase shift in an atom interferometer
due to spacetime curvature across its wave function Phys. Rev. Lett. 118 183602

Xu V, Jaffe M, Panda C D, Kristensen S L, Clark L W and Miiller H 2019 Probing gravity by holding atoms for 20 seconds Science
366 745-9

Zych M, Costa F, Pikovski I and Brukner C 2011 Quantum interferometric visibility as a witness of general relativistic proper
time Nat. Commun. 2 505

Roura A 2020 Gravitational redshift in quantum-clock interferometry Phys. Rev. X 10 021014

Hinkley N, Sherman J A, Phillips N B, Schioppo M, Lemke N D, Beloy K, Pizzocaro M, Oates C W and Ludlow A D 2013 An
atomic clock with 107'® instability Science 341 1215-8

Bloom B J, Nicholson T L, Williams J R, Campbell S L, Bishof M, Zhang X, Zhang W, Bromley S L and Ye ] 2014 An optical
lattice clock with accuracy and stability at the 10~ level Nature 506 715

Marti G E, Hutson R B, Goban A, Campbell S L, Poli N and Ye J 2018 Imaging optical frequencies with 100 ;¢Hz precision and
1.1 pm resolution Phys. Rev. Lett. 120 103201

McGrew W F et al 2018 Atomic clock performance enabling geodesy below the centimetre level Nature 564 87—-90

Bongs K, Holynski M, Vovrosh J, Bouyer P, Condon G, Rasel E, Schubert C, Schleich W P and Roura A 2019 Taking atom
interferometric quantum sensors from the laboratory to real-world applications Nat. Rev. Phys. 1 731-9

Fixler J B, Foster G T, McGuirk ] M and Kasevich M A 2007 Atom interferometer measurement of the Newtonian constant of
gravity Science 315 747

Lamporesi G, Bertoldi A, Cacciapuoti L, Prevedelli M and Tino G M 2008 Determination of the Newtonian gravitational
constant using atom interferometry Phys. Rev. Lett. 100 050801

Chattopadhyay S et al 2016 Quantum sensors at the intersections of fundamental science, quantum information science and
computing DoE Community Report USDOE Office of Science

Farhi E, Jordan S, Hayden P, Lukin M, Maldacena J, Preskill J, Shor P, Taylor ] and Williams C 2015 Grand challenges at the
interface of quantum information science, particle physics, and computing DoE Community Report USDOE Office of Science
Battaglieri M et al 2017 US cosmic visions: new ideas in dark matter 2017: community report (arXiv:1707.04591 [hep-ph])
Dimopoulos S, Graham P W, Hogan ] M and Kasevich M A 2008 General relativistic effects in atom interferometry Phys. Rev. D
78 042003

Kolb R et al 2018 Basic Research Needs for Dark-Matter Small Projects New Initiatives: Report of the Department of Energy’s High
Energy Physics Workshop on Dark Matter USDOE Office of Science

Dickerson S M, Hogan ] M, Sugarbaker A, Johnson D M S and Kasevich M A 2013 Multiaxis inertial sensing with long-time
point source atom interferometry Phys. Rev. Lett. 111 083001

Zhou L et al 2011 Development of an atom gravimeter and status of the 10 meter atom interferometer for precision gravity
measurement Gen. Relativ. Gravit. 43 1931-42

Bertoldi A, Bouyer P and Canuel B 2020 Quantum sensors with matter waves for GW observation (arXiv:2010.14604
[atom-ph])

Canuel B et al 2020 Technologies for the ELGAR large scale atom interferometer array (arXiv:2007.04014 [atom-ph])
Ebisuzaki T, Katori H, Makino J i, Noda A, Shinkai H and Tamagawa T 2020 INO: interplanetary network of optical lattice
clocks Int. J. Mod. Phys. D 29 1940002

Hogan ] M and Kasevich M A 2016 Atom-interferometric gravitational-wave detection using heterodyne laser links Phys. Rev. A
94 033632

Loriani S et al 2019 Atomic source selection in space-borne gravitational wave detection New J. Phys. 21 063030

Norcia M A, Cline J R K and Thompson J K 2017 Role of atoms in atomic gravitationalwave detectors Phys. Rev. A 96 042118
Overstreet C, Asenbaum P, Kovachy T, Notermans R, Hogan ] M and Kasevich M A 2018 Effective inertial frame in an atom
interferometric test of the equivalence principle Phys. Rev. Lett. 120 183604

Miiller H, Chiow S-w, Long Q, Herrmann S and Chu S 2008 Atom interferometry with up to 24-photon-momentum-transfer
beam splitters Phys. Rev. Lett. 100 180405

Kasevich M and Chu S 1991 Atomic interferometry using stimulated Raman transitions Phys. Rev. Lett. 67 1814

Hosten O, Engelsen N J, Krishnakumar R and Kasevich M A 2016 Measurement noise 100 times lower than the
quantum-projection limit using entangled atoms Nature 529 5058

Cox K C, Greve G P, Weiner ] M and Thompson ] K 2016 Deterministic squeezed states with collective measurements and
feedback Phys. Rev. Lett. 116 093602

Abbott B P et al 2016 Observation of gravitational waves from a binary black hole merger Phys. Rev. Lett. 116 061102

Abbott B P et al 2017 GW170814: a three-detector observation of gravitational waves from a binary black hole coalescence Phys.
Rev. Lett. 119 141101

Punturo M et al 2010 The Einstein telescope: a third-generation gravitational wave observatory Class. Quantum Grav. 27 194002

34


https://doi.org/10.1088/1367-2630/18/2/025018
https://doi.org/10.1088/1367-2630/18/2/025018
https://arxiv.org/abs/1908.11785
https://doi.org/10.1103/physrevlett.106.080801
https://doi.org/10.1103/physrevlett.106.080801
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1126/science.aap7706
https://doi.org/10.1038/nphys2863
https://doi.org/10.1038/nphys2863
https://doi.org/10.1038/nphys2863
https://doi.org/10.1038/nphys2863
https://doi.org/10.1103/revmodphys.85.471
https://doi.org/10.1103/revmodphys.85.471
https://doi.org/10.1103/revmodphys.85.471
https://doi.org/10.1103/revmodphys.85.471
https://doi.org/10.1103/physrevlett.110.160403
https://doi.org/10.1103/physrevlett.110.160403
https://doi.org/10.1088/1361-6382/aa864f
https://doi.org/10.1088/1361-6382/aa864f
https://doi.org/10.1088/1361-6382/aac72f
https://doi.org/10.1088/1361-6382/aac72f
https://doi.org/10.1038/nature16155
https://doi.org/10.1038/nature16155
https://doi.org/10.1038/nature16155
https://doi.org/10.1038/nature16155
https://doi.org/10.1103/physrevlett.118.183602
https://doi.org/10.1103/physrevlett.118.183602
https://doi.org/10.1126/science.aay6428
https://doi.org/10.1126/science.aay6428
https://doi.org/10.1126/science.aay6428
https://doi.org/10.1126/science.aay6428
https://doi.org/10.1038/ncomms1498
https://doi.org/10.1038/ncomms1498
https://doi.org/10.1103/physrevx.10.021014
https://doi.org/10.1103/physrevx.10.021014
https://doi.org/10.1126/science.1240420
https://doi.org/10.1126/science.1240420
https://doi.org/10.1126/science.1240420
https://doi.org/10.1126/science.1240420
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1038/nature12941
https://doi.org/10.1103/physrevlett.120.103201
https://doi.org/10.1103/physrevlett.120.103201
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/s41586-018-0738-2
https://doi.org/10.1038/s42254-019-0117-4
https://doi.org/10.1038/s42254-019-0117-4
https://doi.org/10.1038/s42254-019-0117-4
https://doi.org/10.1038/s42254-019-0117-4
https://doi.org/10.1126/science.1135459
https://doi.org/10.1126/science.1135459
https://doi.org/10.1126/science.1135459
https://doi.org/10.1126/science.1135459
https://doi.org/10.1103/physrevlett.100.050801
https://doi.org/10.1103/physrevlett.100.050801
https://arxiv.org/abs/1707.04591
https://doi.org/10.1103/physrevd.78.042003
https://doi.org/10.1103/physrevd.78.042003
https://doi.org/10.1103/physrevlett.111.083001
https://doi.org/10.1103/physrevlett.111.083001
https://doi.org/10.1007/s10714-011-1167-9
https://doi.org/10.1007/s10714-011-1167-9
https://doi.org/10.1007/s10714-011-1167-9
https://doi.org/10.1007/s10714-011-1167-9
https://arxiv.org/abs/2010.14604
https://arxiv.org/abs/2007.04014
https://doi.org/10.1142/s0218271819400029
https://doi.org/10.1142/s0218271819400029
https://doi.org/10.1103/physreva.94.033632
https://doi.org/10.1103/physreva.94.033632
https://doi.org/10.1088/1367-2630/ab22d0
https://doi.org/10.1088/1367-2630/ab22d0
https://doi.org/10.1103/physreva.96.042118
https://doi.org/10.1103/physreva.96.042118
https://doi.org/10.1103/physrevlett.120.183604
https://doi.org/10.1103/physrevlett.120.183604
https://doi.org/10.1103/physrevlett.100.180405
https://doi.org/10.1103/physrevlett.100.180405
https://doi.org/10.1103/physrevlett.67.181
https://doi.org/10.1103/physrevlett.67.181
https://doi.org/10.1103/physrevlett.67.181
https://doi.org/10.1103/physrevlett.67.181
https://doi.org/10.1038/nature16176
https://doi.org/10.1038/nature16176
https://doi.org/10.1038/nature16176
https://doi.org/10.1038/nature16176
https://doi.org/10.1103/physrevlett.116.093602
https://doi.org/10.1103/physrevlett.116.093602
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.116.061102
https://doi.org/10.1103/PhysRevLett.119.141101
https://doi.org/10.1103/PhysRevLett.119.141101
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/27/19/194002

10P Publishing Quantum Sci. Technol. 6 (2021) 044003 M Abe et al

(71]

(76]
(77]
(78]

(79]
(80]

(81]
(82]

(83]
(84]

(85]
(86]
(87]
(88]
(89]
(90]
[91]
[92]
(93]

(94]

[95]
[96]

[97]
(98]

(99]

(100]
(101]
(102]
(103]

[104]
[105]
[106]
(107]
[108]
(109]
[110]
[111]
(112]
[113]

(114]
[115]

[116]
(117]

[118]

Bartolo N et al 2016 Science with the space-based interferometer LISA. IV: probing inflation with gravitational waves J. Cosmol.
Astropart. Phys. JCAP12(2016)026

Kawamura S et al 2006 The Japanese space gravitational wave antenna—DECIGO Class. Quantum Grav. 23 5125

Crowder J and Cornish N J 2005 Beyond LISA: exploring future gravitational wave missions Phys. Rev. D 72 083005

Ni W-T 2016 Gravitational wave detection in space Int. J. Mod. Phys. D 25 1630001

aLIGO LHO Logbook 2015 How to process DELTAL EXTERNAL at low frequency to get the calibration right https://alog.ligo-
wa.caltech.edu/aLOG/index.php?callRep=22591 (accessed 29 January 2021)

Abbott B P et al 2015 Advanced LIGO Class. Quantum Grav. 32 074001

Prince T A, Tinto M, Larson S L and Armstrong ] W 2002 LISA optimal sensitivity Phys. Rev. D 66 122002

Harms J ef al 2010 Characterization of the seismic environment at the Sanford Underground Laboratory, South Dakota Class.
Quantum Grav. 27 225011

Randall L and Servant G 2007 Gravitational waves from warped spacetime J. High Energy Phys. JHEP05(2007)054

Caprini C, Durrer R, Konstandin T and Servant G 2009 General properties of the gravitational wave spectrum from phase
transitions Phys. Rev. D 79 083519

Caprini C, Durrer R and Servant G 2009 The stochastic gravitational wave background from turbulence and magnetic fields
generated by a first-order phase transition J. Cosmol. Astropart. Phys. JCAP12(2009)024

Konstandin T and Servant G 2011 Cosmological consequences of nearly conformal dynamics at the TeV scale J. Cosmol.
Astropart. Phys. JCAP12(2011)009

Schwaller P 2015 Gravitational waves from a dark phase transition Phys. Rev. Lett. 115 181101

Hindmarsh M, Huber S J, Rummukainen K and Weir D ] 2017 Shape of the acoustic gravitational wave power spectrum from a
first order phase transition Phys. Rev. D 96 103520

Cutting D, Hindmarsh M and Weir D ] 2020 Vorticity, kinetic energy, and suppressed gravitational wave production in strong
first order phase transitions Phys. Rev. Lett. 125 021302

Breitbach M, Kopp J, Madge E, Opferkuch T and Schwaller P 2019 Dark, cold, and noisy: constraining secluded hidden sectors
with gravitational waves J. Cosmol. Astropart. Phys. JCAP07(2019)007

Caprini C et al 2020 Detecting gravitational waves from cosmological phase transitions with LISA: an update J. Cosmol.
Astropart. Phys. JCAP03(2020)024

Garcia Garcia I, Krippendorf S and March-Russell ] 2018 The string soundscape at gravitational wave detectors Phys. Lett. B 779
348-52

DePies M R and Hogan C J 2007 Stochastic gravitational wave background from light cosmic strings Phys. Rev. D 75 125006
Saikawa K 12017 A review of gravitational waves from cosmic domain walls Universe 3 40

Machado C S, Ratzinger W, Schwaller P and Stefanek B A 2019 Audible axions J. High Energy Phys. JHEP01(2019)053
Machado C S, Ratzinger W, Schwaller P and Stefanek B A 2020 Gravitational wave probes of axionlike particles Phys. Rev. D 102
075033

Caprini C et al 2016 Science with the space-based interferometer eLISA. II: gravitational waves from cosmological phase
transitions J. Cosmol. Astropart. Phys. JCAP042016)001

Ellis J, Lewicki M and No J M 2020 Gravitational waves from first-order cosmological phase transitions: lifetime of the sound
wave source J. Cosmol. Astropart. Phys. JCAP07(2020)050

Abbott R et al 2020 GW190521: a binary black hole merger with a total mass of 150M., Phys. Rev. Lett. 125 101102

Graham P W and Jung S 2018 Localizing gravitational wave sources with single-baseline atom interferometers Phys. Rev. D 97
024052

Abbott B P et al 2017 Multi-messenger observations of a binary neutron star merger Astrophys. J. 848 L12

Mandel I, Sesana A and Vecchio A 2018 The astrophysical science case for a decihertz gravitational-wave detector Class.
Quantum Grav. 35 054004

Schneider R, Ferrari V, Matarrese S and Portegies Zwart S F 2001 Low-frequency gravitational waves from cosmological compact
binaries Mon. Not. R. Astron. Soc. 324 797-810

Arvanitaki A, Dimopoulos S, Dubovsky S, Kaloper N and March-Russell J 2010 String axiverse Phys. Rev. D 81 123530
Arvanitaki A and Dubovsky S 2011 Exploring the string axiverse with precision black hole physics Phys. Rev. D 83 044026
Brito R, Cardoso V and Pani P 2015 Superradiance: new frontiers in black hole physics Lect. Notes Phys. 906 1-237

Arvanitaki A, Baryakhtar M and Huang X 2015 Discovering the QCD axion with black holes and gravitational waves Phys. Rev.
D 91 084011

Arvanitaki A, Baryakhtar M, Dimopoulos S, Dubovsky S and Lasenby R 2017 Black hole mergers and the QCD axion at
advanced LIGO Phys. Rev. D 95 043001

Baryakhtar M, Lasenby R and Teo M 2017 Black hole superradiance signatures of ultralight vectors Phys. Rev. D 96 035019
Schutz B F 1986 Determining the Hubble constant from gravitational wave observations Nature 323 310—1

Chen H-Y and Holz D E 2016 Finding the one: identifying the host galaxies of gravitational-wave sources (arXiv:1612.01471
[astro-ph.HE])

Shoda A, Kuwahara Y, Ando M, Eda K, Tejima K, Aso Y and Itoh Y 2017 Ground-based low-frequency gravitational-wave
detector with multiple outputs Phys. Rev. D 95 082004

Peccei R D and Quinn H R 1977 CP conservation in the presence of instantons Phys. Rev. Lett. 38 14403

Weinberg S 1978 A new light boson? Phys. Rev. Lett. 40 223—6

Wilczek F 1978 Problem of strong P and T invariance in the presence of instantons Phys. Rev. Lett. 40 279-82

Preskill J, Wise M B and Wilczek F 1983 Cosmology of the invisible axion Phys. Lett. B 120 12732

Essig R et al 2013 Working group report: new light weakly coupled particles Community Summer Study 2013: Snowmass on the
Mississippi arXiv:1311.0029 [hep-ph]

Graham P W, Kaplan D E and Rajendran S 2015 Cosmological relaxation of the electroweak scale Phys. Rev. Lett. 115 221801
Graham P W, Kaplan D E, Mardon J, Rajendran S, Terrano W A, Trahms L and Wilkason T 2018 Spin precession experiments
for light axionic dark matter Phys. Rev. D 97 055006

Touboul P et al 2019 Space test of the equivalence principle: first results of the MICROSCOPE mission Class. Quantum Grav. 36
225006

Wagner T A, Schlamminger S, Gundlach ] H and Adelberger E G 2012 Torsion-balance tests of the weak equivalence principle
Class. Quantum Grav. 29 184002

Moody J and Wilczek F 1984 New macroscopic forces? Phys. Rev. D 30 130-8

35


https://doi.org/10.1088/1475-7516/2016/12/026
https://doi.org/10.1088/0264-9381/23/8/S17
https://doi.org/10.1088/0264-9381/23/8/S17
https://doi.org/10.1103/physrevd.72.083005
https://doi.org/10.1103/physrevd.72.083005
https://doi.org/10.1142/s0218271816300019
https://doi.org/10.1142/s0218271816300019
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=22591
https://alog.ligo-wa.caltech.edu/aLOG/index.php?callRep=22591
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1088/0264-9381/32/7/074001
https://doi.org/10.1103/physrevd.66.122002
https://doi.org/10.1103/physrevd.66.122002
https://doi.org/10.1088/0264-9381/27/22/225011
https://doi.org/10.1088/0264-9381/27/22/225011
https://doi.org/10.1088/1126-6708/2007/05/054
https://doi.org/10.1103/physrevd.79.083519
https://doi.org/10.1103/physrevd.79.083519
https://doi.org/10.1088/1475-7516/2009/12/024
https://doi.org/10.1088/1475-7516/2011/12/009
https://doi.org/10.1103/physrevlett.115.181101
https://doi.org/10.1103/physrevlett.115.181101
https://doi.org/10.1103/physrevd.96.103520
https://doi.org/10.1103/physrevd.96.103520
https://doi.org/10.1103/physrevlett.125.021302
https://doi.org/10.1103/physrevlett.125.021302
https://doi.org/10.1088/1475-7516/2019/07/007
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1016/j.physletb.2018.02.028
https://doi.org/10.1016/j.physletb.2018.02.028
https://doi.org/10.1016/j.physletb.2018.02.028
https://doi.org/10.1016/j.physletb.2018.02.028
https://doi.org/10.1103/physrevd.75.125006
https://doi.org/10.1103/physrevd.75.125006
https://doi.org/10.3390/universe3020040
https://doi.org/10.3390/universe3020040
https://doi.org/10.1007/jhep01(2019)053
https://doi.org/10.1103/physrevd.102.075033
https://doi.org/10.1103/physrevd.102.075033
https://doi.org/10.1088/1475-7516/2016/04/001
https://doi.org/10.1088/1475-7516/2020/07/050
https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.1103/PhysRevLett.125.101102
https://doi.org/10.1103/physrevd.97.024052
https://doi.org/10.1103/physrevd.97.024052
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.3847/2041-8213/aa91c9
https://doi.org/10.1088/1361-6382/aaa7e0
https://doi.org/10.1088/1361-6382/aaa7e0
https://doi.org/10.1046/j.1365-8711.2001.04217.x
https://doi.org/10.1046/j.1365-8711.2001.04217.x
https://doi.org/10.1046/j.1365-8711.2001.04217.x
https://doi.org/10.1046/j.1365-8711.2001.04217.x
https://doi.org/10.1103/physrevd.81.123530
https://doi.org/10.1103/physrevd.81.123530
https://doi.org/10.1103/physrevd.83.044026
https://doi.org/10.1103/physrevd.83.044026
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1007/978-3-319-19000-6
https://doi.org/10.1103/physrevd.91.084011
https://doi.org/10.1103/physrevd.91.084011
https://doi.org/10.1103/physrevd.95.043001
https://doi.org/10.1103/physrevd.95.043001
https://doi.org/10.1103/physrevd.96.035019
https://doi.org/10.1103/physrevd.96.035019
https://doi.org/10.1038/323310a0
https://doi.org/10.1038/323310a0
https://doi.org/10.1038/323310a0
https://doi.org/10.1038/323310a0
https://arxiv.org/abs/1612.01471
https://doi.org/10.1103/physrevd.95.082004
https://doi.org/10.1103/physrevd.95.082004
https://doi.org/10.1103/physrevlett.38.1440
https://doi.org/10.1103/physrevlett.38.1440
https://doi.org/10.1103/physrevlett.38.1440
https://doi.org/10.1103/physrevlett.38.1440
https://doi.org/10.1103/physrevlett.40.223
https://doi.org/10.1103/physrevlett.40.223
https://doi.org/10.1103/physrevlett.40.223
https://doi.org/10.1103/physrevlett.40.223
https://doi.org/10.1103/physrevlett.40.279
https://doi.org/10.1103/physrevlett.40.279
https://doi.org/10.1103/physrevlett.40.279
https://doi.org/10.1103/physrevlett.40.279
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://arxiv.org/abs/1311.0029
https://doi.org/10.1103/physrevlett.115.221801
https://doi.org/10.1103/physrevlett.115.221801
https://doi.org/10.1103/physrevd.97.055006
https://doi.org/10.1103/physrevd.97.055006
https://doi.org/10.1088/1361-6382/ab4707
https://doi.org/10.1088/1361-6382/ab4707
https://doi.org/10.1088/0264-9381/29/18/184002
https://doi.org/10.1088/0264-9381/29/18/184002
https://doi.org/10.1103/physrevd.30.130
https://doi.org/10.1103/physrevd.30.130
https://doi.org/10.1103/physrevd.30.130
https://doi.org/10.1103/physrevd.30.130

10P Publishing Quantum Sci. Technol. 6 (2021) 044003 M Abe et al

[119] Arkani-Hamed N, Dimopoulos S and Dvali G 1999 Phenomenology, astrophysics, and cosmology of theories with
submillimeter dimensions and TeV scale quantum gravity Phys. Rev. D 59 086004

[120] Dimopoulos S and Giudice G F 1996 Macroscopic forces from supersymmetry Phys. Lett. B 379 105-14

[121] Gustavson T L, Bouyer P and Kasevich M A 1997 Precision rotation measurements with an atom interferometer gyroscope Phys.
Rev. Lett. 78 2046-9

[122] Durfee D S, Shaham Y K and Kasevich M A 2006 Long-term stability of an area-reversible atom-interferometer Sagnac
gyroscope Phys. Rev. Lett. 97 240801

[123] Peters A, Chung K'Y and Chu S 2001 High-precision gravity measurements using atom interferometry Metrologia 38 25

[124] McGuirk J] M, Foster G T, Fixler ] B, Snadden M J and Kasevich M A 2002 Sensitive absolute-gravity gradiometry using atom
interferometry Phys. Rev. A 65 033608

[125] Rudolph J, Wilkason T, Nantel M, Swan H, Holland C M, Jiang Y, Garber B E, Carman S P and Hogan ] M 2020 Large
momentum transfer clock atom interferometry on the 689 nm intercombination line of strontium Phys. Rev. Lett. 124 083604

[126] Weinberg S 1989 Testing quantum mechanics Ann. Phys., NY 194 336—86

[127] Bertoldi A, Minardi F and Prevedelli M 2019 Phase shift in atom interferometers: corrections for nonquadratic potentials and
finite-duration laser pulses Phys. Rev. A 99 033619

[128] Overstreet C, Asenbaum P and Kasevich M A 2021 Physically significant phase shifts in matter-wave interferometry Am. J. Phys.
89 324-32

[129] Engelsen N J, Krishnakumar R, Hosten O and Kasevich M A 2017 Bell correlations in spin-squeezed states of 500 000 atoms
Phys. Rev. Lett. 118 140401

[130] Campbell S L et al 2017 A Fermi-degenerate three-dimensional optical lattice clock Science 358 90—4

[131] Hogan J M, Johnson D M S and Kasevich M A 2009 Light-pulse atom interferometry Proc. Int. Sch. Phys. ‘Enrico Fermi’ Atom
Opt. Sp. Phys. ed E Arimondo, W Ertmer and W P Schleich (Amsterdam: IOS Press) 411-47 arXiv:0806.3261 [atom-ph]

[132] Bordé CJ 1989 Atomic interferometry with internal state labelling Phys. Lett. A 140 10-2

[133] Tino G M and Kasevich M A 2013 Atom interferometry Proc. of the Int. School of Physics ‘Enrico Fermi’, Course CLXXXVIII,
Varenna

[134] Berman P R 1997 Atom Interferometry (New York: Academic)

[135] Nicholson T L et al 2015 Systematic evaluation of an atomic clock at 2 x 107! total uncertainty Nat. Commun. 6 6896

[136] Hu L, Poli N, Salvi L and Tino G M 2017 Atom interferometry with the Sr optical clock transition Phys. Rev. Lett. 119 263601

[137] McGuirk J M, Snadden M J and Kasevich M A 2000 Large area light-pulse atom interferometry Phys. Rev. Lett. 85 4498—501

[138] Miiller H, Chiow S-w, Herrmann S and Chu S 2009 Atom interferometers with scalable enclosed area Phys. Rev. Lett. 102
240403

[139] Cladé P, Guellati-Khélifa S, Nez F ¢ and Biraben F ¢ 2009 Large momentum beam splitter using Bloch oscillations Phys. Rev.
Lett. 102 240402

[140] Chiow S-w, Kovachy T, Chien H-C and Kasevich M A 2011 1027k large area atom interferometers Phys. Rev. Lett. 107 130403

[141] McDonald G D, Kuhn C C N, Bennetts S, Debs J E, Hardman K S, Johnsson M, Close ] D and Robins N P 2013 80k
momentum separation with Bloch oscillations in an optically guided atom interferometer Phys. Rev. A 88 053620

[142] Mazzoni T, Zhang X, Del Aguila R, Salvi L, Poli N and Tino G M 2015 Large-momentum-transfer Bragg interferometer with
strontium atoms Phys. Rev. A 92 053619

[143] Kotru K, Butts D L, Kinast ] M and Stoner R E 2015 Large-area atom interferometry with frequency-swept Raman adiabatic
passage Phys. Rev. Lett. 115 103001

[144] Plotkin-Swing B, Gochnauer D, McAlpine K E, Cooper E S, Jamison A O and Gupta S 2018 Three-path atom interferometry
with large momentum separation Phys. Rev. Lett. 121 133201

[145] Gebbe M et al 2019 Twin-lattice atom interferometry (arXiv:1907.08416 [quant-ph])

[146] Pagel Z, Zhong W, Parker R H, Olund C T, Yao N'Y and Miiller H 2020 Symmetric Bloch oscillations of matter waves Phys. Rev.
A 102053312

[147] Boyd M M, Zelevinsky T, Ludlow A D, Blatt S, Zanon-Willette T, Foreman S M and Ye ] 2007 Nuclear spin effects in optical
lattice clocks Phys. Rev. A 76 022510

[148] Muniz ] A, Young D J, Cline ] R and Thompson ] K 2020 Cavity-QED determination of the natural linewidth of the % Sr
millihertz clock transition with 30 ©Hz resolution (arXiv:2007.07855 [atom-ph])

[149] Saywell ] C, Kuprov I, Goodwin D, Carey M and Freegarde T 2018 Optimal control of mirror pulses for cold-atom
interferometry Phys. Rev. A 98 023625

[150] Taichenachev AV, Yudin V I, Oates C W, Hoyt C W, Barber Z W and Hollberg L 2006 Magnetic field-induced spectroscopy of
forbidden optical transitions with application to lattice-based optical atomic clocks Phys. Rev. Lett. 96 083001

[151] Chaibi W, Geiger R, Canuel B, Bertoldi A, Landragin A and Bouyer P 2016 Low frequency gravitational wave detection with
ground-based atom interferometer arrays Phys. Rev. D 93 021101

[152] Laughton C and Bruen M P 2003 Construction of the NuMI underground laboratory facilities Tech. Rep. Fermi National
Accelerator Lab. (FNAL) Batavia, IL (United States)

[153] Dickerson S, Hogan ] M, Johnson D M S, Kovachy T, Sugarbaker A, Chiow S-w and Kasevich M A 2012 A high-performance
magnetic shield with large length-to-diameter ratio Rev. Sci. Instrum. 83 065108

[154] Wodey E et al 2020 A scalable high-performance magnetic shield for very long baseline atom interferometry Rev. Sci. Instrum. 91
035117

[155] Bidinosti C P and Martin ] W 2014 Passive magnetic shielding in static gradient fields AIP Adv. 4 047135

[156] Boyd M M 2007 High precision spectroscopy of strontium in an optical lattice: towards a new standard for frequency and time
PhD Thesis University of Colorado, Boulder

[157] Stellmer S, Pasquiou B, Grimm R and Schreck F 2013 Laser cooling to quantum degeneracy Phys. Rev. Lett. 110 263003

[158] Roy R, Green A, Bowler R and Gupta S 2016 Rapid cooling to quantum degeneracy in dynamically shaped atom traps Phys. Rev.
A 93043403

[159] Kovachy T, Hogan ] M, Sugarbaker A, Dickerson S M, Donnelly C A, Overstreet C and Kasevich M A 2015 Matter wave lensing
to Picokelvin temperatures Phys. Rev. Lett. 114 143004

[160] Kinoshita T, Wenger T and Weiss D S 2005 All-optical Bose—Einstein condensation using a compressible crossed dipole trap
Phys. Rev. A71 011602

[161] Clément J-F, Brantut J-P, Robert-de-Saint-Vincent M, Nyman R A, Aspect A, Bourdel T and Bouyer P 2009 All-optical runaway
evaporation to Bose—Einstein condensation Phys. Rev. A 79 061406

36


https://doi.org/10.1103/physrevd.59.086004
https://doi.org/10.1103/physrevd.59.086004
https://doi.org/10.1016/0370-2693(96)00390-5
https://doi.org/10.1016/0370-2693(96)00390-5
https://doi.org/10.1016/0370-2693(96)00390-5
https://doi.org/10.1016/0370-2693(96)00390-5
https://doi.org/10.1103/physrevlett.78.2046
https://doi.org/10.1103/physrevlett.78.2046
https://doi.org/10.1103/physrevlett.78.2046
https://doi.org/10.1103/physrevlett.78.2046
https://doi.org/10.1103/physrevlett.97.240801
https://doi.org/10.1103/physrevlett.97.240801
https://doi.org/10.1088/0026-1394/38/1/4
https://doi.org/10.1088/0026-1394/38/1/4
https://doi.org/10.1103/physreva.65.033608
https://doi.org/10.1103/physreva.65.033608
https://doi.org/10.1103/physrevlett.124.083604
https://doi.org/10.1103/physrevlett.124.083604
https://doi.org/10.1016/0003-4916(89)90276-5
https://doi.org/10.1016/0003-4916(89)90276-5
https://doi.org/10.1016/0003-4916(89)90276-5
https://doi.org/10.1016/0003-4916(89)90276-5
https://doi.org/10.1103/physreva.99.033619
https://doi.org/10.1103/physreva.99.033619
https://doi.org/10.1119/10.0002638
https://doi.org/10.1119/10.0002638
https://doi.org/10.1119/10.0002638
https://doi.org/10.1119/10.0002638
https://doi.org/10.1103/physrevlett.118.140401
https://doi.org/10.1103/physrevlett.118.140401
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1126/science.aam5538
https://doi.org/10.1126/science.aam5538
https://arxiv.org/abs/0806.3261
https://doi.org/10.1016/0375-9601(89)90537-9
https://doi.org/10.1016/0375-9601(89)90537-9
https://doi.org/10.1016/0375-9601(89)90537-9
https://doi.org/10.1016/0375-9601(89)90537-9
https://doi.org/10.1038/ncomms7896
https://doi.org/10.1038/ncomms7896
https://doi.org/10.1103/physrevlett.119.263601
https://doi.org/10.1103/physrevlett.119.263601
https://doi.org/10.1103/physrevlett.85.4498
https://doi.org/10.1103/physrevlett.85.4498
https://doi.org/10.1103/physrevlett.85.4498
https://doi.org/10.1103/physrevlett.85.4498
https://doi.org/10.1103/physrevlett.102.240403
https://doi.org/10.1103/physrevlett.102.240403
https://doi.org/10.1103/physrevlett.102.240402
https://doi.org/10.1103/physrevlett.102.240402
https://doi.org/10.1103/physrevlett.107.130403
https://doi.org/10.1103/physrevlett.107.130403
https://doi.org/10.1103/physreva.88.053620
https://doi.org/10.1103/physreva.88.053620
https://doi.org/10.1103/physreva.92.053619
https://doi.org/10.1103/physreva.92.053619
https://doi.org/10.1103/physrevlett.115.103001
https://doi.org/10.1103/physrevlett.115.103001
https://doi.org/10.1103/physrevlett.121.133201
https://doi.org/10.1103/physrevlett.121.133201
https://arxiv.org/abs/1907.08416
https://doi.org/10.1103/physreva.102.053312
https://doi.org/10.1103/physreva.102.053312
https://doi.org/10.1103/physreva.76.022510
https://doi.org/10.1103/physreva.76.022510
https://arxiv.org/abs/2007.07855
https://doi.org/10.1103/physreva.98.023625
https://doi.org/10.1103/physreva.98.023625
https://doi.org/10.1103/physrevlett.96.083001
https://doi.org/10.1103/physrevlett.96.083001
https://doi.org/10.1103/physrevd.93.021101
https://doi.org/10.1103/physrevd.93.021101
https://doi.org/10.1063/1.4720943
https://doi.org/10.1063/1.4720943
https://doi.org/10.1063/1.5141340
https://doi.org/10.1063/1.5141340
https://doi.org/10.1063/1.4873714
https://doi.org/10.1063/1.4873714
https://doi.org/10.1103/physrevlett.110.263003
https://doi.org/10.1103/physrevlett.110.263003
https://doi.org/10.1103/physreva.93.043403
https://doi.org/10.1103/physreva.93.043403
https://doi.org/10.1103/physrevlett.114.143004
https://doi.org/10.1103/physrevlett.114.143004
https://doi.org/10.1103/physreva.71.011602
https://doi.org/10.1103/physreva.71.011602
https://doi.org/10.1103/physreva.79.061406
https://doi.org/10.1103/physreva.79.061406

10P Publishing

Quantum Sci. Technol. 6 (2021) 044003 M Abe et al

(162]
(163]

(164]
[165]

[166]
[167]
[168]

(169]
(170]

(171]
(172]

(173]
(174]

(175]
(176]

Rudolph ] 2016 Matter-wave optics with Bose—Einstein condensates in microgravity PhD Thesis Leibniz Universitit Hannover,
Germany

Schmid S, Thalhammer G, Winkler K, Lang F and Denschlag ] H 2006 Long distance transport of ultracold atoms using a 1D
optical lattice New J. Phys. 8 159

Gerbier F and Castin Y 2010 Heating rates for an atom in a far-detuned optical lattice Phys. Rev. A 82 013615

Browaeys A, Lahaye T, Porto T, Weidemiiller M, Adams C S and Cugliandolo L F 2019 Current Trends in Atomic Physics (Oxford:
Oxford University Press)

Takamoto M, Hong F-L, Higashi R, Fujii Y, Imae M and Katori H 2006 Improved frequency measurement of a one-dimensional
optical lattice clock with a spin-polarized fermionic ¥ Sr isotope J. Phys. Soc. Japan 75 104302

Sold I R, Malinovsky V S and Tannor D J 1999 Optimal pulse sequences for population transfer in multilevel systems Phys. Rev.

A 603081-90

Sugarbaker A, Dickerson S M, Hogan ] M, Johnson D M S and Kasevich M A 2013 Enhanced atom interferometer readout
through the application of phase shear Phys. Rev. Lett. 111 113002

Metcalf H J and Van der Straten P 2007 Laser Cooling and Trapping of Neutral Atoms (New York: Wiley)

Butts D L, Kotru K, Kinast ] M, Radojevic A M, Timmons B P and Stoner R E 2013 Efficient broadband Raman pulses for
large-area atom interferometry J. Opt. Soc. Am. B 30 922—7

Kobyakov A, Sauer M and Chowdhury D 2010 Stimulated Brillouin scattering in optical fibers Adv. Opt. Photon. 2 1-59

Ma L-S, Jungner P, Ye J and Hall J L 1994 Delivering the same optical frequency at two places: accurate cancellation of phase
noise introduced by an optical fiber or other time-varying path Opt. Lett. 19 1777-9

Lan S-Y, Kuan P-C, Estey B, Haslinger P and Miiller H 2012 Influence of the Coriolis force in atom interferometry Phys. Rev.
Lett. 108 090402

Wicht A, Sarajlic E, Hensley ] M and Chu S 2005 Phase shifts in precision atom interferometry due to the localization of atoms
and optical fields Phys. Rev. A 72 023602

Gibble K 2006 Difference between a photon’s momentum and an atom’s recoil Phys. Rev. Lett. 97 073002

Schkolnik V, Leykauf B, Hauth M, Freier C and Peters A 2015 The effect of wavefront aberrations in atom interferometry Appl.
Phys. B120311-6

Zhou M-k, Luo Q, Chen L-1, Duan X-c and Hu Z-k 2016 Observing the effect of wave-front aberrations in an atom
interferometer by modulating the diameter of Raman beams Phys. Rev. A 93 043610

Karcher R, Imanaliev A, Merlet S and Santos F P D 2018 Improving the accuracy of atom interferometers with ultracold sources
New J. Phys. 20 113041

Bade S, Djadaojee L, Andia M, Cladé P and Guellati-Khelifa S 2018 Observation of extra photon recoil in a distorted optical field
Phys. Rev. Lett. 121 073603

Shen F and Wang A 2006 Fast-Fourier-transform based numerical integration method for the Rayleigh—Sommerfeld diffraction
formula Appl. Opt. 45 1102—10

Siegman A E 1986 Lasers (Mill Valley, CA: University Science Books)

Dubetsky B and Kasevich M A 2006 Atom interferometer as a selective sensor of rotation or gravity Phys. Rev. A 74 023615

Antoine C and Bordé CJ 2003 Quantum theory of atomic clocks and gravito-inertial sensors: an update J. Opt. B: Quantum
Semiclass. Opt. 5 199-207

Bongs K, Launay R and Kasevich M A 2006 High-order inertial phase shifts for time-domain atom interferometers Appl. Phys. B
84 599-602

Hensel T et al 2021 Inertial sensing with quantum gases: a comparative performance study of condensed versus thermal sources
for atom interferometry Eur. Phys. J. D 75 108

Hogan ] M, Hammer J, Chiow S-w, Dickerson S, Johnson D M S, Kovachy T, Sugarbaker A and Kasevich M A 2011 Precision
angle sensor using an optical lever inside a Sagnac interferometer Opt. Lett. 36 1698700

Swallows M D, Martin M J, Bishof M, Benko C, Lin Y, Blatt S, Rey A M and Ye ] 2012 Operating a ’ Sr optical lattice clock with
high precision and at high density IEEE Trans. Ultrason. Ferroelectr. Freq. Control 59 416—25

Falke S et al 2011 The ¥ Sr optical frequency standard at PTB Metrologia 48 399

Haslinger P, Jaffe M, Xu V, Schwartz O, Sonnleitner M, Ritsch-Marte M, Ritsch H and Miiller H 2018 Attractive force on atoms
due to blackbody radiation Nat. Phys. 14 257—60

Takahashi K, Ando M and Tsubono K 2008 Stabilization of laser intensity and frequency using optical fiber J. Phys.: Conf. Ser.
122 012016

Ahlers H et al 2016 Double Bragg interferometry Phys. Rev. Lett. 116 173601

Campbell G K et al 2009 Probing interactions between ultracold fermions Science 324 3603

Levitt M H 2007 Composite Pulses (New York: Wiley)

Dunning A, Gregory R, Bateman J, Cooper N, Himsworth M, Jones J A and Freegarde T 2014 Composite pulses for
interferometry in a thermal cold atom cloud Phys. Rev. A 90 033608

Berg P, Abend S, Tackmann G, Schubert C, Giese E, Schleich W P, Narducci F A, Ertmer W and Rasel E M 2015
Composite-light-pulse technique for high-precision atom interferometry Phys. Rev. Lett. 114 063002

Saywell J, Carey M, Kuprov I and Freegarde T 2020 Biselective pulses for large-area atom interferometry Phys. Rev. A 101
063625

Saywell J, Carey M, Belal M, Kuprov I and Freegarde T 2020 Optimal control of Raman pulse sequences for atom interferometry

J. Phys. B: At. Mol. Opt. Phys. 53 085006

Ringler A T, Anthony R E, Wilson D C, Claycomb A C and Spritzer ] 2020 Magnetic field variations in Alaska: recording space
weather events on seismic stations in Alaska Bull. Seismol. Soc. Am. 110 2530-40

Abbott B P et al 2009 LIGO: the laser interferometer gravitational-wave observatory Rep. Prog. Phys. 72 076901

Meppelink R, Rozendaal R, Koller S, Vogels J and van der Straten P 2010 Phase contrast imaging of Bose condensed clouds Phys.
Rev. A 81 053632

Harms J 2015 Terrestrial gravity fluctuations Living Rev. Relativ. 18 3

Peterson J R 1993 Observations and modeling of seismic background noise Tech. Rep. US Geological Survey

McNamara D E and Boaz R 2006 Seismic Noise Analysis System Using Power Spectral Density Probability Density Functions: A
Stand-Alone Software Package Citeseer

Junca J et al 2019 Characterizing Earth gravity field fluctuations with the MIGA antenna for future gravitational wave detectors
Phys. Rev. D 99 104026

37


https://doi.org/10.1088/1367-2630/8/8/159
https://doi.org/10.1088/1367-2630/8/8/159
https://doi.org/10.1103/physreva.82.013615
https://doi.org/10.1103/physreva.82.013615
https://doi.org/10.1143/jpsj.75.104302
https://doi.org/10.1143/jpsj.75.104302
https://doi.org/10.1103/physreva.60.3081
https://doi.org/10.1103/physreva.60.3081
https://doi.org/10.1103/physreva.60.3081
https://doi.org/10.1103/physreva.60.3081
https://doi.org/10.1103/physrevlett.111.113002
https://doi.org/10.1103/physrevlett.111.113002
https://doi.org/10.1364/josab.30.000922
https://doi.org/10.1364/josab.30.000922
https://doi.org/10.1364/josab.30.000922
https://doi.org/10.1364/josab.30.000922
https://doi.org/10.1364/aop.2.000001
https://doi.org/10.1364/aop.2.000001
https://doi.org/10.1364/aop.2.000001
https://doi.org/10.1364/aop.2.000001
https://doi.org/10.1364/ol.19.001777
https://doi.org/10.1364/ol.19.001777
https://doi.org/10.1364/ol.19.001777
https://doi.org/10.1364/ol.19.001777
https://doi.org/10.1103/physrevlett.108.090402
https://doi.org/10.1103/physrevlett.108.090402
https://doi.org/10.1103/physreva.72.023602
https://doi.org/10.1103/physreva.72.023602
https://doi.org/10.1103/physrevlett.97.073002
https://doi.org/10.1103/physrevlett.97.073002
https://doi.org/10.1007/s00340-015-6138-5
https://doi.org/10.1007/s00340-015-6138-5
https://doi.org/10.1007/s00340-015-6138-5
https://doi.org/10.1007/s00340-015-6138-5
https://doi.org/10.1103/physreva.93.043610
https://doi.org/10.1103/physreva.93.043610
https://doi.org/10.1088/1367-2630/aaf07d
https://doi.org/10.1088/1367-2630/aaf07d
https://doi.org/10.1103/physrevlett.121.073603
https://doi.org/10.1103/physrevlett.121.073603
https://doi.org/10.1364/ao.45.001102
https://doi.org/10.1364/ao.45.001102
https://doi.org/10.1364/ao.45.001102
https://doi.org/10.1364/ao.45.001102
https://doi.org/10.1103/physreva.74.023615
https://doi.org/10.1103/physreva.74.023615
https://doi.org/10.1088/1464-4266/5/2/380
https://doi.org/10.1088/1464-4266/5/2/380
https://doi.org/10.1088/1464-4266/5/2/380
https://doi.org/10.1088/1464-4266/5/2/380
https://doi.org/10.1007/s00340-006-2397-5
https://doi.org/10.1007/s00340-006-2397-5
https://doi.org/10.1007/s00340-006-2397-5
https://doi.org/10.1007/s00340-006-2397-5
https://doi.org/10.1140/epjd/s10053-021-00069-9
https://doi.org/10.1140/epjd/s10053-021-00069-9
https://doi.org/10.1364/ol.36.001698
https://doi.org/10.1364/ol.36.001698
https://doi.org/10.1364/ol.36.001698
https://doi.org/10.1364/ol.36.001698
https://doi.org/10.1109/tuffc.2012.2210
https://doi.org/10.1109/tuffc.2012.2210
https://doi.org/10.1109/tuffc.2012.2210
https://doi.org/10.1109/tuffc.2012.2210
https://doi.org/10.1088/0026-1394/48/5/022
https://doi.org/10.1088/0026-1394/48/5/022
https://doi.org/10.1038/s41567-017-0004-9
https://doi.org/10.1038/s41567-017-0004-9
https://doi.org/10.1038/s41567-017-0004-9
https://doi.org/10.1038/s41567-017-0004-9
https://doi.org/10.1088/1742-6596/122/1/012016
https://doi.org/10.1088/1742-6596/122/1/012016
https://doi.org/10.1103/physrevlett.116.173601
https://doi.org/10.1103/physrevlett.116.173601
https://doi.org/10.1126/science.1169724
https://doi.org/10.1126/science.1169724
https://doi.org/10.1126/science.1169724
https://doi.org/10.1126/science.1169724
https://doi.org/10.1103/physreva.90.033608
https://doi.org/10.1103/physreva.90.033608
https://doi.org/10.1103/physrevlett.114.063002
https://doi.org/10.1103/physrevlett.114.063002
https://doi.org/10.1103/physreva.101.063625
https://doi.org/10.1103/physreva.101.063625
https://doi.org/10.1088/1361-6455/ab6df6
https://doi.org/10.1088/1361-6455/ab6df6
https://doi.org/10.1785/0120200019
https://doi.org/10.1785/0120200019
https://doi.org/10.1785/0120200019
https://doi.org/10.1785/0120200019
https://doi.org/10.1088/0034-4885/72/7/076901
https://doi.org/10.1088/0034-4885/72/7/076901
https://doi.org/10.1103/physreva.81.053632
https://doi.org/10.1103/physreva.81.053632
https://doi.org/10.1007/lrr-2015-3
https://doi.org/10.1007/lrr-2015-3
https://doi.org/10.1103/physrevd.99.104026
https://doi.org/10.1103/physrevd.99.104026

	Matter-wave Atomic Gradiometer Interferometric Sensor (MAGIS-100)
	1.  Introduction
	2.  Science motivation
	2.1.  Gravitational waves
	2.2.  Dark matter
	2.3.  New forces
	2.4.  Quantum science

	3.  MAGIS experimental concept
	3.1.  Clock atom interferometry
	3.2.  Clock gradiometry

	4.  MAGIS-100 detector design
	4.1.  Interferometer region
	4.2.  Atom sources
	4.3.  Atom interferometry laser system

	5.  Detector systematics
	5.1.  Laser phase noise
	5.2.  Laser wavefront aberrations
	5.3.  Seismic vibration
	5.4.  Laser pointing jitter
	5.5.  AC Stark shifts
	5.6.  Rotations and gravity gradients
	5.7.  Mean field shifts
	5.8.  Magnetic fields
	5.9.  Blackbody radiation shifts
	5.10.  Timing jitter
	5.11.  Background gas index of refraction
	5.12.  Gravity gradient noise

	6.  Conclusions and outlook
	Acknowledgments
	Data availability statement
	Appendix A.  Laser wavefront aberration phase shifts
	ORCID iDs
	References


