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Abstract

We propose to build and install at Fermilab a next generation instrument that uses light
pulse atom interferometry to search for physics beyond the Standard Model. In particular,
we propose to search for dark matter and new forces, and to test some aspects of quantum
mechanics in a new regime. The setup will exploit the existing ~ 100 m vertical NuMI access
shaft, and will be an upgrade of the existing 10 m-scale experiment at Stanford. Note that for
many searches, the sensitivity of the experiment is proportional to baseline. To fully exploit the
opportunity, we would use the latest advances in atomic clock technologies. The experiment
would also provide an R&D platform for, and a critical step towards, the next-but-one generation
experiment, which might possibly be located in a shaft at SURF in South Dakota, and which
would be sufficiently sensitive to detect, in an unexplored frequency range, gravitational waves
from known sources.
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1 Introduction

Light-pulse atom interferometers have been shown to be capable of searching for new physics with
exquisite precision. Members of the MAGIS-100 Collaboration have built and operated a light-
pulse atom interferometer in which a cloud of cold atoms rises and falls within a 10 m vertical
pipe [1]. As the atom cloud falls, a series of laser pulses interacts with the cloud to create an atom
interferometer. The interferometer is sensitive to new physics. The way this works is described in
Section 3. For many searches for new physics, the sensitivity of the interferometer is proportional
to its baseline, and hence the fall distance. We propose to build the next-generation instrument by
increasing the baseline by an order of magnitude. This requires a ~100 m long vertical shaft located
in a laboratory environment capable of providing the infrastructure required for the experiment.
The NuMI vertical access shaft at Fermilab is suitable for this next-generation experiment.

We propose to build and operate the MAGIS-100! experiment in the NuMI shaft at Fermilab.
With three atom sources the experiment would be operated in a number of configurations, each
optimized for a particular physics measurement. In its simplest configuration the setup would use
two of the atom sources and consist of two identical interferometers, one located near the top of
the NuMI shaft and the other near the bottom. The interferometers would therefore be separated
by ~100m but would be connected via a common set of laser pulses. This configuration can be
thought of as a quantum sensor network with two nodes.

Several community reports [2—4] have recognized that quantum sensor networks have a broad
scientific potential. In particular, [2] noted their potential use in searching for new fundamental
forces, dark matter and other dark sector ingredients. These networks also 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.

The goals of the proposed experiment are to:

e Explore new regions of dark-sector parameter-space, and hence extend the search for dark
matter.

e Search for new forces.

e Advance the frontier of quantum sensor technologies and the quantum science that can be pur-
sued with those technologies, including quantum tests on record-setting macroscopic scales.

e Provide a critical step towards a next-but-one generation instrument, which would enable
another step in sensitivity to new physics, and also be sensitive to gravitational radiation in
an unexplored frequency band. A candidate location for a 1km scale experiment might be a
vertical shaft at the SURF laboratory in South Dakota.

Design, construction, and integration of the main components of the detector is expected to
take 2-3 years. The science program will then take an additional 3 years.

The physics motivation for MAGIS-100 is described in more detail in Section 2. Section 3
describes the generic ingredients of a light pulse atom interferometer, and how this instrument is
used to search for new physics. Section 4 describes the present generation experiment and some
results that illustrate its capabilities. Section 5 summarizes the technical advances required for a
100 m scale experiment. In Section 6 the requirements for a 100 m scale experiment are described.
Section 7 describes the proposed MAGIS-100 setup at Fermilab. Section 8 discusses the R&D plan
that will facilitate the ultimate MAGIS-100 sensitivity. Section 9 outlines the main institutional

'Matter-wave Atomic Gradiometer Interferometric Sensor with a 100 m baseline



responsibilities, the required resources, and the hoped-for time-line for building the experiment.
Finally, Section 10 summarizes interactions with the funding agencies.

2 Physics Motivation

In the following we describe the motivation for the proposed experiment.

2.1 Dark Matter

Cosmological and astronomical measurements have conclusively established that the energy budget
of the Universe is dominated by dark energy and dark matter. Discovering the properties of these
unknown constituents of the Universe is one of the priorities for the DOE OHEP supported program.
The P5 report [5] recommended investment in small projects to explore this sector. The key role
of quantum sensors in this area was highlighted in the community reports [2-4].

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 ultra-light dark matter candidates. Observational bounds permit the mass of dark matter to be
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 wider range of dark
matter candidates. Well motivated theories indicate that the mass range from 10~22eV to 1073 eV
is particularly interesting. Potential dark matter candidates within this range include the QCD
axion, axion-like-particles, and the relaxion. 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 a quantum network. 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 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. Current DOE OHEP supported experiments are 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 dark matter in the mass range
10722eV-10"1%eV [6-8]. In fact, three separate dark matter searches can be performed using this
quantum test bed.

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.
This effect can be searched for by comparing two simultaneous atom interferometers separated
along the MAGIS-100 baseline [6]. The sensitivity to several such dark matter candidates is shown
in Figs. 1 and 2. Note that this search is highly sensitive in the frequency band from 0.1 Hz to 10 Hz
for MAGIS-100. In the mass range 10~ eV < my < 10~ eV, MAGIS-100 would be expected to
improve on existing bounds by up to two orders of magnitude.

Second, dark matter that causes accelerations can be searched for by comparing the accelerom-
eter signals from two simultaneous quantum interferometers run with different isotopes (Sr for
example) [8]. This requires running a dual-species atom interferometer, which has already been
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Figure 1: Sensitivity of MAGIS-100 to an ultralight dark matter field coupling to the electron mass
with strength d,,,, shown as a function of the mass of the scalar field m, (or alternatively the
frequency of the field - top scale) [6]. The red curve, which shows the reach for an exposure of 10'°
dropped atoms, assumes a shot-noise limited phase resolution and corresponds to about 1 year of
data taking (1000 hk atom optics, 10~* rad/ vHz phase resolution). The gray bands show existing
bounds (derived from equivalence principle (EP) and fifth force (5F) tests). The blue curve is the
projected sensitivity of a future kilometer-scale detector at the SURF (Homestake) site.
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Figure 2: Sensitivity of MAGIS-100 to dark matter via coupling to the fine structure constant
with strength d., shown as a function of the mass of the scalar field my (or alternatively the
frequency of the field - top scale) [6]. The red curve, which shows the reach for an exposure of 101°
dropped atoms, assumes a shot-noise limited phase resolution and corresponds to about 1 year of
data taking (1000 fik atom optics, 10~* rad/v/Hz phase resolution). The gray bands show existing
bounds (derived from equivalence principle (EP) and fifth force (5F) tests). The blue curve is the
projected sensitivity of a future kilometer-scale detector at the SURF (Homestake) site.
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Figure 3: Sensitivity of MAGIS-100 to a B-L coupled new force, with 107'%g/v/Hz acceleration
sensitivity (assumes 50 m launch, 1000 ik atom optics, 108 atoms/s flux, shot noise limited). Shaded
red band shows estimated uncertainty in projected sensitivity. Yellow band indicates existing
bounds. Potential sensitivities of this method to general other dark matter candidates are shown
in [8].

demonstrated [9-12]. The potential sensitivity of MAGIS-100 to one such dark matter candidate,
a B-L coupled new vector boson, is shown in Fig. 3. In general, potential sensitivities to dark
matter candidates are shown in [8]. Note that, compared to existing bounds, MAGIS-100 would
improve the sensitivity to any such dark matter particles with mass (frequency) below approxi-
mately 1071° eV (0.1 Hz) by about two orders of magnitude.

Interestingly, the two dark matter searches described above 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 [7] for a discussion and potential sensitivities.

2.2 New Forces

In addition to these dark matter searches, new fundamental particles may also be discovered by
searching for new forces. This opportunity was identified in [2]. Ultra-light 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 [13]) and the hierarchy problem (relaxion [14]). Such forces can
also arise in theories with extra-dimensions [15] as well as super-symmetry [16]. 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 made an appearance in the previous subsection as ultra-light
dark matter candidates. Here we can also search for the presence of these fields, but not necessarily
as 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 sensor.



Second, long range forces sourced by the Earth but not due to gravity may lead to differential
free-fall accelerations between different elements/isotopes. A comparison between atomic sensors
made out of different elements/isotopes could reveal the existence of such forces. MAGIS-100 can
perform such a test by performing simultaneous acceleration measurements with two isotopes of

Sr.

2.3 Quantum Science

The key role that could be played by quantum technologies in a variety of scientific applications has
also been recognized in several DOE community reports [2,3]. These reports have identified grand
challenges and opportunities in the field of quantum information science where strategic investments
could lead to significant payoffs. MAGIS-100 would demonstrate key quantum technologies that
promise to achieve these grand community challenges.

The initial focus of MAGIS-100 is to successfully deploy a quantum sensor network with two
nodes, where each node consists of an atom interferometer. The quantum information, stored as
a phase in each sensor, is compared across a long baseline. The operation of this network requires
the ability to coherently manipulate each sensor, thus serving as a testbed for quantum control
protocols. MAGIS-100 would take advantage of recent advances [1,17] in manipulation of atoms
using light, as well as long free-fall times, to realize macroscopic quantum mechanical superposition
states. In MAGIS-100, atom de Broglie wave packets are expected to be separated by distances of
up to 10m. Such quantum superposition states are delocalized on a truly macroscopic scale and
can be described as a state with an atom located in two places at once. By operating two or more
such interferometers simultaneously and comparing their interference patterns, the MAGIS-100
Collaboration will discover whether the coherence of the macroscopic quantum superposition can
be maintained at such large length scales. The MAGIS-100 instrument will also support record-
breaking matter wave interferometer durations, up to 9 seconds for a full height launch.

The goal of MAGIS-100 is to operate this quantum sensor network with two nodes at the
quantum limit, creating a testbed that will demonstrate the principles of quantum mechanics on
unprecedented macroscopic time (~ seconds) and length scales (~100m). The sensor design takes
advantage of features used by the best atomic clocks and combines them with established techniques
for building inertial sensors based on atom interferometry. This testbed can also incorporate en-
tangled quantum sources to reduce noise, permitting enhanced sensitivity. Spin squeezed atom
sources [18,19] take advantage of quantum correlations within an atom ensemble to realize a reduc-
tion in sensor noise below the standard quantum limit (shot noise). The MAGIS-100 Collaboration
aims to study this using quantum entanglement as a resource in order to improve sensitivity by
one to two orders of magnitude.

Successful implementation of MAGIS-100 will thus create a quantum sensor network using
ultra-cold atoms that could enable a variety of scientific applications. It can be immediately
used to test conventional quantum theory and potentially search for non-linear corrections to the
Schrodinger equation, a need identified in [3]. Moreover, the quantum control over ultra-cold atoms
demonstrated by MAGIS-100 could serve as a launching pad for future applications of ultra-cold
atomic sensors in quantum simulations, particularly for dynamical gauge fields [3].

2.4 Gravitational Waves

The recent discovery of gravitational waves by LIGO is a historic event. It is a re-affirmation of
general relativity and, more importantly, by allowing observations that are impossible with normal
electromagnetic telescopes, it gives us a new way to study the universe. In addition, in contrast



to photons which are thermalized prior to the time of CMB formation, gravitational waves do not
thermalize and can carry information about the earliest epochs in the universe, back to and even
including inflation. Since the early universe was very hot, observing these early times also teaches
us about physics at the highest energies.

MAGIS-100 is not expected to be sufficiently sensitive to detect known candidate sources of
gravitational waves. Nevertheless, within its frequency range it would have a record sensitivity,
improving on the current bounds [20] by many orders of magnitude (Fig. 4). Hence, there is always
the possibility of an unexpected discovery. In addition, MAGIS-100 would provide a critical step
towards a longer km-scale experiment (MAGIS-1000, see Appendix G) which we anticipate would
achieve sufficient sensitivity to measure gravitational waves from known sources. Gravitational
wave measurements are therefore an important part of the motivation for the MAGIS program.
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Figure 4: Gravitational wave sensitivity, characterized by the strain sensitivity, for MAGIS-100
shown as a function of frequency. The initial curve (blue-dash) shows the strain sensitivities of
the 100 m detector to be located at Fermilab using current state of the art parameters (100 Ak,
§¢ = 1073 rad/v/Hz). The black curve (labelled MAGIS-100 5 year) shows what is possible after
sensor research and development (see Section 8) and further pushing large momentum beam splitters
to their physical limits (4 x 10*7ik, §¢ = 1073 rad/v/Hz). Also shown is the estimated sensitivity
of a future km-scale experiment. Existing limits from TOBA [20] are shown in gray. LIGO and
LISA sensitivity curves are shown for reference. A preliminary estimate of Newtonian gravitational
gradient noise (GGN, see Appendix I), which is expected to limit future terrestrial detectors at low
frequencies, is shown in orange.

The prospect of using atom interferometers and atomic clocks for gravitational wave detection
has been extensively studied [21-27]. Passing gravitational waves cause a small modulation in the
distance between objects. Detecting this modulation requires two ingredients:

1. Inertial references: A pair of freely-falling objects, separated by some distance (the ‘base-



line’), to act as inertial reference points. Good inertial reference objects must be largely
immune to perturbations from non-gravitational forces so that the primary source of any
modulation in the baseline is due to the gravitational wave.

2. Clock: A means of precisely measuring the separation between the inertial references. This
is typically done by measuring the time for light to cross the baseline, so this amounts to
requiring a very precise clock.

The MAGIS concept [28], allows a single baseline gravitational wave detector [23,29,30] to be
realized. Dilute clouds of ultracold atoms at both ends of the baseline act both as inertial references
and as clocks. MAGIS will use Sr atoms which act as excellent clocks [31]. Laser light propagates
between the two atom-ensembles and interacts with the atoms, driving transitions between the
ground and excited atomic clock levels. The timing of these transitions depends on the light
travel time across the baseline. A passing gravitational wave can therefore result in a shift of the
atomic state [23]. It is worth noting that the numbers characterizing the stabilities of state-of-
the-art atomic clocks [31,32] are not directly applicable to the MAGIS concept. This is because
the MAGIS sensitivity is dramatically enhanced by large momentum transfer atom optics (see Sec.
3.4), and the long interferometer lengths for MAGIS allow increased interrogation time. Moreover,
the atoms in MAGIS are freely falling rather than confined to an optical lattice, removing the
effects of vibrational noise [23].

Note that LIGO and other ground-based laser interferometer designs are sensitive to gravita-
tional waves between about 10 Hz and 1kHz, but are severely limited at lower frequencies due to
seismic noise. At much lower frequencies, the proposed LISA detector is targeted at the 1 mHz—
50mHz range. MAGIS-1000 promises to cover the “mid-band” gap between LIGO and LISA,
roughly 30 mHz—10 Hz (see Fig. 4). The gravitational wave events that have been detected so far
indicate that strain sensitivities of 1072°/v/Hz in the mid-band should enable measurements of
known sources (the black hole binaries detected by LIGO). It is quite possible that there are new
sources that are above 10720 /y/Hz in this band, and that have remained undetected because they
do not make it all the way to LIGO’s band before merging (e.g., heavier black hole binaries). The
sensitivity of the km-scale MAGIS is 1072 /v/Hz, an order of magnitude below this threshold.

The mid-band may be optimal for observing the highest energy scales in the very early universe.
It is above the white dwarf “confusion noise” but can still be low enough in frequency to see certain
cosmological sources. This band can be an excellent place to search for gravitational waves from
inflation and reheating, and certain models such as axion inflation may also give signals large
enough to be detected by future versions of MAGIS.

Additionally, detectable gravitational wave signals in this band may be produced by phase
transitions in the early universe at scales above the weak scale, networks of cosmic strings, or
mergers of black holes that are too heavy for LIGO to detect (hundreds of solar masses or above).

Such unknown sources would clearly be a major discovery, but there are also important sources
in the mid-band which are certain to exist, for example neutron star binaries and black hole binaries
with masses around few to tens of solar masses. Many black hole or neutron star binaries observed
in this band could later be observed by LIGO once they pass into the higher frequencies. Such
joint observation would be a powerful new source of information. For example, an atomic detector
could give a prediction of the time and location of a merger event. Since the sources generally live
a long time in this mid-frequency band, they can be localized on the sky even by a single-baseline
detector and in fact the mid-band is ideal for localization and prediction of merger events [33].

There are also white dwarf binary mergers in this band, which are not observable at higher
frequencies. Such a merger could be a type IA supernova. The question of the origin of type
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IA supernovae, whether from a single neutron star or a binary merger, has attracted significant
interest and is clearly of major importance (see e.g. [34] 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.

To better understand the nature and origin of black holes, including those being observed by
LIGO, it would be very beneficial to have a measurement of their initial spins and orbital eccentric-
ity. This can for example discriminate between different production mechanisms (e.g. cosmological
or astrophysical) [34]. To measure the initial spins with great accuracy it is necessary to observe not
just the merger, but also many pre-merger cycles. Thus, the mid-band appears to be a promising
band for measuring the spin of merging black holes, including the mergers seen by LIGO.

Observing compact objects such as black holes, neutron stars, and white dwarfs is of course
astrophysically interesting and important. Additionally, such objects may well teach us about par-
ticle 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, superradi-
ance around black holes (e.g. [35]) may allow us to constrain or even discover such particles with
future gravitational wave observations. To use black hole superradiance for axions we must have
precise measurements of the black holes’ initial spins. As noted above, the mid-band appears quite
promising for these black hole spin measurements.

Finally, such 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” [36].
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 MAGIS can contribute significantly to this program
[37]. This will enable a better understanding of cosmology, in particular a better measurement of
the Hubble constant, and the dark energy equation of state.

3 Experimental Overview

3.1 A light pulse atom interferometer

A light pulse atom interferometer consists of the following ingredients:

e A cold atom source. Atoms are collected and cooled in a multi-step process involving laser
cooling, evaporative cooling, and delta kick cooling. The cooling is needed to reduce the
velocity spread (temperature) of the ensemble and hence limit the transverse spreading of the
atoms during the long interferometry times. This is required to enable efficient light-atom
interactions. To maximize sensitivity, it is important that the cooled ensembles have as many
atoms as possible. The atoms are prepared so that they are all in the ground state.

e An atom cloud shuttle. The cooled atom cloud is transferred from the atom source to the
adjoining interferometry region (vertical pipe). This is implemented using an optical dipole
trapping potential and an optical lattice to support the atoms against gravity and accelerate
them from the source chamber to the interferometer chamber.

e A launch system. Once in the vertical interferometer pipe, the atom ensembles are launched
vertically or dropped, after which they begin to follow free-fall trajectories. The launch is
implemented by a vertical optical lattice potential.

11



e A long vertical pipe. This provides the environment in which the atoms fall under gravity.
The pipe is evacuated and shielded from external magnetic fields. Within the shield, one or
more coils produce a small bias field, which defines a reference direction for the atomic spins.

e A laser system to create a light pulse atom interferometer. Once the atoms are falling, a
series of laser pulses are sent along the vertical axis of the pipe. These light pulses act as
beamsplitters and mirrors for the matter waves.

e An atom detection system. The matter wave interference pattern is imaged using a camera.
This occurs in special detection regions along the main interferometry pipe. The detection
regions have vacuum viewports to allow optical access for imaging. The images are formed
by shining resonant light on the atoms and then collecting the resulting fluorescence.

Laser pulses are used to drive the interferometer. A light pulse can transfer momentum %k to the
atom, where k is the wavevector of the light, as well as flip the atomic internal state. For example,
the atom while in state |1) can absorb a photon, causing it to transition to state |2) and recoil with
additional velocity v, = hk/m, the ‘recoil velocity’ The reverse process can also occur in which
the atom undergoes stimulated emission by emitting a photon, slowing down by the recoil velocity
and transitioning from state |2) to |1). By using precise control of the frequency and duration of
the light pulses, it is possible to continuously tune the probability of making such a transition?. A
beamsplitter pulse (‘r/2 pulse’) is one which leaves the atom in an equal superposition of states
[1) and |2). A mirror pulse (‘m pulse’) is one which flips the states (|1) <> |2)) by emission or
absorption of a photon.

Figure 5 shows a space-time diagram that illustrates how a sequence of three of these laser
pulses can be used to create an interferometer. Consider a two-state atom that has been prepared
in its ground state and is dropping under gravity at the top of the pipe. Here it interacts with the
first laser pulse at time ¢ = 0. The frequency, intensity and duration of this “beamsplitter” pulse
are chosen so that the atom ends up in an equal superposition of the ground and excited states.
Its wavefunction now has two pieces. The piece that describes the excited state corresponds to an
atom that has absorbed a photon, and hence absorbed the photon’s momentum. Hence the two
parts of the wavefunction describe states falling with slightly different velocities and with slightly
different de Broglie wavelengths. As the atom falls, a phase difference builds up between these two
wavepackets. At time T, the atom interacts with a second laser pulse. The frequency, intensity
and duration of this “mirror” pulse are chosen to change the state of the atom (ground < excited)
with the corresponding absorption or emission of a photon. The two wavepackets that describe the
atom now have their momenta interchanged and, as the atom continues to fall, they begin to come
together. At time 27T the wavepackets will once again overlap, and at this time the atom interacts
with a third "beamsplitter” laser pulse. The atomic wavefunction after this third pulse will have
an interference term which depends upon the phase difference acquired by the two wavepackets as
they traveled along their separate paths. A light pulse atom interferometer can be used to search
for any new physics that modifies the phase difference.

3.2 A Gradiometer

The phase difference measured by a single interferometer of the type described above will have a
contribution from laser noise, arising from the intrinsic instability of the laser and from vibration
of the delivery optics. The gradiometer uses two identical interferometers separated by a large dis-
tance, and run simultaneously using common laser pulses (Fig. 6). The phase shifts measured by

2In the presence of the light the atom undergoes Rabi oscillations.
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Figure 5: Light pulse atom interferometer. The atom has mass m and is manipulated by a series
of three short laser pulses (wavy lines). The light transfers momentum to the atom and toggles
the internal state between |1) and |2). The pulses can be configured as beamsplitters (7/2 pulse
area) or mirrors (7 pulse area). Together, the three-pulses split, redirect, and recombine the atomic
wavepackets, yielding a matter wave interference pattern. The classic 7/2 —7 —7/2 sequence shown
here results in a Mach-Zehnder geometry and is sensitive to accelerations. More complex sequences
are possible using additional pulses.

the two interferometers are compared, and this differential signal is used to search for new physics.
Note that the differential measurement enables the cancellation of noise common to both interfer-
ometers [23], for example the laser noise. Common mode noise cancellation using a gradiometer
configuration has been demonstrated [1] at Stanford, and previously in many other experiments
such as [38]. Note also that the phase difference recorded by each interferometer depends on the
time spent in the excited state, which is directly tied to the light travel time (L/c) across the
baseline as well as the internal energy difference between the energy states. Ultralight dark matter
can be detected because it modifies the clock energy levels. Gravitational waves can be detected
because they modulate the light travel time.

3.3 Choice of atomic species

Various atomic species have been used in light pulse atom interferometers. Typically, alkali atoms
are used (Rb or Cs being two popular candidates). Instead, MAGIS-100 will use group II (alkaline-
earth) atoms, specifically strontium (Sr). The most precise atomic clocks in the world are now made
using Sr [31,39], and MAGIS-100 will take advantage of the advances in this field. Critically, a
gradiometer based on Sr can be made intrinsically insensitive to laser frequency noise, an important
element of the detector noise budget. This is because Sr atoms allow for a new method of imple-
menting the atomic beam splitters and mirrors (the “atom optics”) that make up the interferometer.
Traditional alkali atom interferometers use atom optics that are based on two-photon Raman (or
Bragg) transitions that must be driven by two counter-propagating laser beams [40]. However,
laser frequency noise does not exactly cancel in a gradiometer that uses counter-propagating beams
due to asymmetry in the light travel times to the atoms [23]. By contrast, Sr atoms possess a
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Figure 6: A Gradiometer. (a) Dilute clouds of atoms (black circles) at either end of a long baseline
act as inertial test masses. Laser light (red) propagates between the atoms from sources S; and
So. The light is used to implement atom interferometry locally at each end of the baseline. The
resulting interference patterns are compared. The phase difference between the two interferometers
results in the gradiometer signal, which is sensitive to the relative acceleration between the atoms
and any differential clock phase evolution. (b) Space-time diagram of the trajectories of two atom
interferometers based on single-photon transitions, showing the ground (blue) and excited (red
dashed) states. The atoms are initially placed at positions x; and x, corresponding to opposite
ends of the baseline (i.e. the black circles in (a).) Short laser pulses (wavy lines) traveling from
alternating sides of the baseline are used to divide, redirect, and recombine the atom de Broglie
waves. For simplicity, the effect of gravity on the trajectories is not shown.

14



narrow transition to a long-lived excited state which only requires a single laser beam to excite.
Implementing an atom interferometer using these single-photon transitions in group II atoms like Sr
allows for superior common-mode rejection of laser frequency noise compared to what is currently
possible with two-photon transitions [23]. This method of atom optics cannot be used in alkali
atoms because the optically excited state in these atoms is very short lived.

Another important advantage of Sr atoms is significant reduction of sensitivity to magnetic
fields. Alkali interferometers use magnetically insensitive m = 0 states to minimize the effect of
magnetic forces on the atoms. However, these states still display a second order Zeeman energy
shift which has size ~ kHz/gauss?, requiring magnetic field control below the milligauss level for
optimal performance. The magnetic susceptibility of the clock transition in strontium atoms is
approximately 1000 times smaller® than in the alkali metals, on the order of Hz/gauss? [41]. This
dramatically reduces the requirements on the magnetic shield.

3.4 Using advanced atom optics

The pulse sequences used to drive the interferometer can be modified to enhance the sensitivity of
the detector. Two advanced atom optics techniques are shown in Fig. 7. First, the sensitivity can
be enhanced linearly by increasing the number of light pulses associated with each atom optic by a
factor of n. Figure 7 (left) shows an example of such a large momentum transfer (LMT) atom optic,
where (n — 1) additional m-pulses are appended to the initial beamsplitter pulse. These additional
pulses increase the momentum transferred to one arm of the interferometer, leading to increased
wavepacket separation.

The sensitivity can also be enhanced by using a multi-loop sequence, as shown in Fig. 7 (right).
In such a sequence, the atomic wavepackets oscillate back and forth with some chosen period T,
leading to a resonant enhancement of the sensitivity of the detector at frequency ~ 1/T [25]. The
interferometer can be run in a resonant mode by using the pulse sequence 7/2 — 7 — -+ — 71 —7/2
with @ 7 pulses instead of the standard, broadband 7/2 — m — 7/2 pulse sequence described
before. For signals that oscillate in time, the phase differences accumulated during each loop of
the interferometer continually add in the resonant sequence, as long as the period of the signal is
matched to the interferometer period. As a result, the enhancement in a resonant sequence comes
at the cost of bandwidth, so detection strategies must be used that appropriately adjust the pulse
sequence to scan the detector sensitivity. Resonant enhancement can also be combined with LMT
atom optics by replacing each pulse in the resonant sequence with an LMT-enhanced version.

MAGIS-100 will provide a test bed for developing these advanced optics techniques to enhance
the sensitivity of the next generation experiment (MAGIS-1000, see appendix C).

3.5 Using three atom sources

The proposed MAGIS-100 setup uses three atom sources, located at the top, middle, and bottom
of the vertical shaft (see Fig. 8). Using three sources allows for flexible operation of the detector. In
one mode, atoms from the upper and middle sources are dropped simultaneously and are allowed
to fall 50 m before being detected. This mode allows for a long free-fall time (> 3s) to facilitate
low frequency operation while maintaining a 50 m baseline (separation between atoms). In another
mode, atoms from the bottom and upper source are simultaneously launched upward by 10 m
(with an optical lattice) and then fall back down to the original position of the source where
they are detected. This mode maximizes the baseline (~ 100m) while still allowing for detection

3The fermionic isotope has an additional linear susceptibility, but this can be canceled by interrogating atoms
with both positive and negative spin projection.
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Figure 7: Advanced atom optics. The space-time trajectories of the atoms are shown in blue for
the ground state and red for the excited state. Black dots indicate the vertices at which the laser
interacts with the atom, as determined by Doppler shifts of the atomic resonance. Left: Space-time
diagram of a large momentum transfer (LMT) beamsplitter with N = 3 implemented using single
photon transitions. Light pulses from the lasers are incident from the left (dark gray) and the right
(light gray) respectively. Right: Space-time diagram showing resonant atom interferometry with
@ = 3 (three diamonds) in the MAGIS gradiometer configuration. Pulses of light (thin black lines)
are sent back and forth from each end of the baseline and interact with the atoms on each end.

at frequencies below around 1Hz (~ 1 s free-fall time). All three sources can also be operated
simultaneously (either with a short launch or drop). Having more than two sources distributed
along the baseline is expected to help characterize and suppress gravity gradient noise [42] (see
Appendix I) that otherwise limits any earth-based detector at low frequency (see Fig. 4). Gravity
gradient noise is caused by the gravitational coupling of moving environmental masses (due to
seismic motion of the earth) to the atomic test masses. A distributed array of sensors can potentially
distinguish this noise from a signal by observing the spatial profile across the baseline, which is
expected to be nonuniform for noise and, for example, uniform for a gravitational wave. MAGIS-100
will evaluate this concept.

4 Present generation (10 m-scale) experiment & illustrative re-
sults

Atom interferometers were first demonstrated in the early 1990’s [43]. Examples of existing atom
interferometers are given in [44]. Atom interferometry has been used to make precision inertial
sensors, including gyroscopes [45], gradiometers [38], gravimeters [46], as well as precision mea-
surements of fundamental constants such as Newton’s constant [47-49] and the fine structure con-
stant [50-52]. Supported by advances in cooling techniques that can now produce atom clouds
in the picokelvin temperature range [53], atom interferometers have been shown to operate over
durations exceeding 2s [54], in a 10 m scale drop tower, limited by the available free-fall distance.
Taking advantage of improvements in the ability to coherently transfer large amounts of momen-
tum using light [55,56], atoms have been split quantum mechanically into superposition states with
wave-packet separations exceeding 50 cm [17] and subsequently interfered. Other notable achieve-
ments of the present generation of experiments include the operation of a high-accuracy absolute
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Figure 8: The basic MAGIS-100 detector design consists of three atom sources (blue bands) placed
along the vacuum pipe at the top, middle, and bottom. Light pulses (red) travel along the vacuum
pipe and interact with atoms at each of these locations. (a) Maximum drop time gradiometer.
Atoms from the top and middle sources are dropped 50m and detected at the middle at bottom
Atoms from the top and bottom
sources are launched on short (~ 10m) trajectories and detected at the top and bottom. (¢) GGN
characterization. All three sources can be used with short launches in order to explore Newtonian

locations, respectively. (b) Maximum baseline gradiometer.

noise variation along the baseline.
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gravimeter [57], which has the ability to clearly resolve time variations in local g due to the tides,
and enables the study of many systematic effects both theoretically and experimentally.

The theory and modeling of atom interferometers, and the general methods for calculating the
interferometer phase shifts, have become well-established (see, for example, [58,59]). Note that,
in general, phase shift calculations agree well with experimental measurements. Confidence in
the measurements, and their interpretation, is obtained by varying experimental parameters (for
example, baseline, launch velocity, laser pulse frequencies and durations) and comparing analytical
predictions for the phase shifts with the data. This provides a powerful tool for separating signals
from systematic effects, and for measuring the systematics.

Figure 9: The current 10 m interferometer at Stanford. Showing the interferometer vacuum pipe,
support structure, and the enclosure for the associated atom-optics at the top of the experiment.

4.1 Results from the Stanford Experiment, a 10 m Fountain

The proposed MAGIS-100 experiment is a natural extension of the existing experiment at Stanford
University, shown in Fig. 9. To illustrate the power of the experimental technique, the following
describes some representative results from the Stanford experiment.

e Measurement of the gravitational gradient produced by a test mass [1]. The atoms were
launched upwards in a fountain configuration, and a removable test mass consisting of 7 lead
bricks (84 kg) was positioned close to the top of the fountain. The bricks produced a phase
shift of 1.0 radians, in agreement with predictions calculated numerically. The launch velocity
of the atoms, and hence the height of the fountain, was then varied, and the observed phase
shifts induced by the gravitational gradient produced by the test mass were found to be in
good agreement with predictions (see Fig. 10).

e Using macroscopic quantum states [1] to observe the influence of space-time curvature across
a single quantum system. The sensitivity of the interferometer was enhanced using macro-
scopic quantum states with spatial delocalization of up to 16 cm for 1s time scales. These
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Figure 10: (a) Schematic of the experimental setup for measuring the gravity gradient produced
by seven lead bricks. (b) Measured gradiometer phases for a sequence with (solid circles) and
without (open circles) the bricks present. (c) Gradiometer phase difference (with and without
bricks present) as a function of the launch height. The black, solid curve represents the full phase
shift calculation.

19



macroscopic states were generated using large momentum transfer (LMT) atom optics and
long drift times. This allowed the first observation of the influence of space-time curvature
across a single quantum system.

e Measuring the Earth’s rotation with an atom interferometer. High sensitivity dual-axis gy-
roscope [60] and precision gyrocompassing [61] measurements make use of spatially resolved
atom detection with CCD cameras and long drift times. A mirror on a piezo tip-tilt stage
is used to counter-rotate the laser beams against the Earth’s rotation and compensate for
Coriolis forces. Gyrocompassing allowed the Earth’s rotation-axis to be determined, and the
correct rotation rate (57.9 prad/s at Stanford) to be measured with a precision of 200 nrad/s.

e Suppression of gravity gradient systematic errors in a dual species interferometer [12]. Searches
for new forces and tests of the Principle of Equivalence can be made by comparing interfero-
metric measurements of different atomic species. However, gravity gradients couple to initial
kinematic offsets between atomic species, which leads to systematic errors. A method to
suppress these systematic errors by shifting the laser frequency for the mirror pulses has been
demonstrated. The correct value of the frequency shift depends on a weighted time-average
of the gravity gradient the atoms experience. The empirically determined value agrees well
with the value calculated from gravity gradient measurements as a function of height [1]. The
technique enabled a precision of Ag/g~ 6 x 107! per shot to be achieved.

e Demonstration of matter wave lensing protocols to produce atom clouds with effective tem-
peratures down to 50 pK in the transverse dimensions [53]. The observation of such low
temperatures enables limits to be set on proposed modifications to quantum mechanics in the
macroscopic regime.

Experience from the present generation experiment has enabled the sources of systematic un-
certainty that are relevant to MAGIS-100 to be identified. These are listed in the appendices (H
and I) which also describe the strategies that can be used to mitigate and/or measure their effects.

5 Technological advances required for MAGIS-100

A steady stream of technical advances have enabled the 100 m scale experiment at Stanford to be
successful. Those advances continue, and MAGIS-100 will provide both a motivation and mecha-
nism for continued technical progress, and an opportunity to integrate the various advanced tech-
nologies into an experiment. Some aspects of the development needed for MAGIS-100 involve
a direct scaling of methods already developed for the Stanford 10m atomic fountain and hold
a relatively low amount of technological risk. These components of MAGIS-100 are: launching
of the atom clouds [60], attaining sufficiently low atom cloud temperature [53], atom source in-
tegration into the larger apparatus [60], increased laser power [62], and accommodating larger
Doppler shifts of the atomic transitions during the interferometer and during the atom detection
process [1,12,17,60,61]. Other aspects of MAGIS-100 require a more significant adaptation of ex-
isting methods or the replacement of these methods with appropriate alternatives. This progress is
also needed to prepare the way for the km-scale experiment, and includes: mitigating/characterizing
laser wavefront aberrations, compensating for Coriolis forces on the atoms from Earth’s rotation,
laser beam alignment, atom trajectory control, magnetic shielding and magnetic field control, and
maintaining the necessary vacuum quality. These aspects are further discussed in Section 6 and
Appendix H.
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6 Requirements for a 100 m-scale experiment

Based on the experience gained with the construction and operation of the successful 10 m-scale
experiment, the following summarizes the requirements that must be met for a 100 m-scale experi-
ment. The technical improvements needed for MAGIS-100 are also discussed.

6.1

Site

The site must provide a long vertical shaft in which the gradiometer will be installed.

6.2

The length of the shaft (plus overhead covered space) must be close to 100 m or greater.
The diameter of the shaft must be sufficient to enable installation of the setup.

There must be crane coverage over the shaft, also to enable installation.

There must be sufficient space at the top and through the shaft for the laser system.

The vibration environment must be well characterized to enable an effective design of the
experiment. Vibrations can affect the interferometer in several ways. Mechanical vibrations
(typically in the range 10 Hz—1000 Hz) can cause misalignment of the laser system. In ad-
dition, lower frequency vibrations, which cause motions on time scales comparable to the
free-fall time (in the range of 1 Hz and below) will contribute to the systematic uncertainty
of the measurement by coupling to spatial phase variations in the laser lightfront. Once
the vibrations in the environment have been adequately characterized, their impact can be
mitigated by careful location of sensitive components and any necessary vibration isolating
mounting.

The magnetic environment must be characterized. MAGIS-100 will use strontium atoms
which have reduced sensitivity to magnetic fields compared to the alkali atomic species typi-
cally used in interferometry. However, the magnetic fields in the experimental area still need
to be accounted for, and compensated where necessary. In particular, a time varying mag-
netic field in the frequency band of the detector can fake a signal, and must be sufficiently
suppressed. Magnetic field measurements, including temporal field characterization and mon-
itoring, are needed at several points in the shaft to determine the level of passive and active
shielding that the detector will require.

Temperature variations must be characterized. Temperature fluctuations affect the energy
and temperature stability of the lasers, and also affect the alignment of optical components.
In addition, the temperature of the atom source must be controlled to 1-2 °C.

The site must be able to provide a laboratory environment with the required power to operate
the experiment, appropriate support for laser and vacuum systems, and safety oversight.

Vacuum and Vacuum pipe

Compared with the Stanford 10m scale experiment, MAGIS-100 will have longer atom drift times
and will require a better vacuum pressure to reduce atom loss due to collisions with residual gases.
In the Stanford 10 m fountain, vacuum of sufficient quality is achieved with a pair of high-volume
pumps on either end of the fountain. MAGIS-100 will have pumps at periodic intervals along the
vacuum pipe. The vacuum and vacuum pipe have the following features:
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e The vacuum pressure is in the UHV range to support long lifetimes for the atomic clouds. For
optimal performance, the vacuum pressure must be on the order of 10~ Torr at the pumps,
and 10710 Torr is the maximum pressure allowed between pumps.

e The vacuum pipe diameter is expected to be between 10cm and 20cm. The pipe will be
made of stainless steel or aluminum with vacuum connections that use standard ConFlat
flanges. All-metal gate valves will separate the sources from the main pipe to allow efficient
reconfiguration and maintenance. Near the vacuum pumps, there will be additional ports to
install ion gauges, roughing and leak-checking ports, and viewport windows. All materials
contained within the vacuum system must be suitable for UHV with respect to cleaning,
hydrocarbon contamination, and out-gassing rates, and must withstand a minimum of 100 °C
bake temperature.

e The pipe has a series of connection nodes along its length to interface with the atom sources.
The nodes are fitted with viewports that are used to implement the atom shuttle and launch
with appropriate laser beams, and to provide optical access for imaging.

e At the top of the pipe a transition section interfaces with the atom optics laser system. The
pipe contains an in-vacuum telescope and a mode filtering region for delivering laser pulses
with minimum aberration.

6.3 Magnetic shielding and magnetic field control

A horizontal magnetic field (“bias field”) is applied to pin the atomic spin in a well-defined direc-
tion (i.e., “define the quantization axis”). This can be produced using vertical coils outside of the
vacuum pipe. Spatially and temporally varying stray fields, which can induce spurious phase shifts,
are minimized using a magnetic shield around the interferometer region. For a 100 m interferometer
height, it will be necessary for the shield to be composed of multiple vertical segments. Compen-
sation coils can be used to appropriately trim residual fields at the gaps between segments. The
MAGIS-100 shield design will require some finite element modeling. The design of such systems is
well-understood [63].

As previously discussed in Section 3.3, the magnetic field sensitivity of the Sr atoms that
MAGIS-100 will use is several orders of magnitude less than the corresponding sensitivity for the
alkali atoms typically used in previous atomic fountains. For the fermionic 87Sr isotope, a co-
magnetometer configuration using atoms in states with both positive and negative Zeeman shifts
can eliminate the linear phase shift sensitivity to magnetic fields [64]. Moreover, the AC nature of
a gravitational wave or dark matter signal suppresses the influence of DC phase shift offsets from
temporally static magnetic field gradients. If needed, temporal variations in the magnetic field can
be locally measured and compensated.

6.4 Atom source

A commercial atom source? can deliver a high-flux beam of atoms that can be cooled to nanokelvin

temperatures and subsequently used for interferometry. The atom source itself consists of a vac-
uum chamber that interfaces with the interferometer region, an optical breadboard for the lasers
needed to implement the cooling, and associated control electronics for the lasers. The atom source
also includes a number of magnetic coils necessary for atom cooling and their associated current

4For example, the cold atomic beam sources for alkaline-earth precision experiments from AOSense, inc.
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supplies. The atoms are collected in a magneto-optical trap (MOT). The MOT consists of two-
stages which are distinguished by the different wavelengths of laser light needed: the blue MOT
is for initial atom collection followed by the red MOT for additional cooling. To reach the neces-
sary atom temperatures, a high-power dipole trap laser is used to produce a conservative potential
to implement evaporative cooling and delta-kick cooling. The laser light is sent into the cooling
chambers through vacuum viewports. All the lasers for the MOTs and for the commercial atom
beam source are housed inside the atom source enclosure. The approximate size of the source is
60 x 100 x 70cm?. The enclosure protects the lasers from the elements and maintains a stable
temperature to prevent misalignment of the optics.
Given the long MAGIS-100 free fall durations compared with the 10m scale experiment:

e The atom ensembles must be colder to prevent them from expanding too much with respect
to the transverse size of the atom optics laser beam. Substantial evaporative cooling and
advanced atom lensing techniques are necessary [53]. Lensing protocols for MAGIS-100 will
be based on those already demonstrated in the Stanford 10 m fountain, which are able to
provide sufficiently low temperature (as low as 50 pK) [53].

e Tighter control over the initial velocities of the atom clouds is needed in order to reduce
unwanted phase shifts from velocity dependent forces (e.g., from rotations or gravity gradi-
ents) [58] or from the coupling of imaging distortions to the final atom cloud position. Velocity
jitter can be dramatically reduced, for instance, with atom lensing sequences making use of
optimal control theory [65]. Moreover, spatially resolved detection can be used to characterize
initial cloud kinematics for each experimental shot and correct for corresponding phase shifts
in post-processing. The long drift times available in MAGIS-100, which correspond to a high-
resolution in velocity measurements, will enable evaluation of improved lensing sequences and
of post-processing correction of velocity-dependent phase shifts.

The need to integrate the atom source with the interferometer constrains the source design. For
instance, the Stanford 10 m fountain requires large diameter atom optics laser beams to pass through
the atom source chamber, putting a lower bound on the chamber’s size. Similar constraints must
be accounted for in the MAGIS-100 design. In MAGIS-100, it appears ideal to have atom sources in
independent vacuum chambers attached to the side of the main, 100 m tall chamber. Atom cloud
preparation can then proceed simultaneously with the interferometry, improving the instrument
bandwidth. This setup requires horizontal lattice shuttling or launching to transfer atoms from the
source chambers to the main chamber. The lattice launching schemes demonstrated in the Stanford
10 m fountain can be adapted for this purpose.

The atom source must produce atom clouds at a sufficient rate so that the interferometer phase
measurements can be made at the Nyquist rate for the signal in question. For many planned
measurements, this requires that new atom clouds are available before interferometry is finished
with the previous cloud. Stray light is shielded with appropriate baffles and apertures to allow for
near continuous atom cooling that overlaps with the interferometer measurements. We initially
require that each atom source provides 10% atoms/s. The MAGIS-100 program will include R&D
aimed at increasing this rate by up to two orders of magnitude.

6.5 Transfer and Launch

The cooled atom ensembles are transported from the atom source chamber to the 100 meter inter-
ferometer region using a combination of optical dipole trapping lasers and an optical lattice shuttle.
Optical forces launch the atoms at the beginning of the interferometer sequence. For a taller inter-
ferometer height, atoms launched upwards need to receive a larger velocity kick, implying the need
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for more efficient momentum transfer. At the same time, launch-induced heating of the atoms needs
to be reduced. Meeting these constraints requires increased laser power and greater laser frequency
agility. The Stanford 10 m fountain launches the atoms via coherent acceleration in an optical
lattice potential [60]. This method yields highly efficient momentum transfer and a dramatically
reduced heating rate. The predominant limitation of this method arises from heating of the atoms
due to residual spontaneous emission. For a fixed optical lattice depth, the spontaneous emission
rate can be linearly reduced by linearly increasing both the laser power and detuning [66]. For
MAGIS-100, the amount of momentum transferred by the lattice must increase by = 3 over that
transferred in the Stanford 10 m fountain, implying a reduction in the spontaneous emission rate by
the same factor. Commercially available lasers of sufficient power can meet this requirement. The
increased laser frequency agility needed to accommodate the larger Doppler shifts associated with
the larger atom velocities will be implemented by acousto-optic or electro-optic frequency shifting.

6.6 Atom optics laser system

The interferometer laser system is located at the top of the shaft and the light pulses are deliv-
ered though a telescope and mode filter mentioned above. The laser system has the following
characteristics:

e The laser is on an optical breadboard that is vibration isolated and is protected from the
environment by a temperature-stabilized enclosure.

e The laser is delivered to the top of the 100 meter inteferometer region through a vacuum tube
with an in-vacuum beam shaping telescope and turning mirrors. This ensures that the beam
has adequate distance to propagate in vacuum with minimal added aberration, acting like a
spatial filter to provide a uniform laser wavefront at the location of the atoms.

e The laser operates on the Sr clock transition (698 nm).

e The diameter of the laser beam is large (several centimeters) to minimize diffraction and to
provide a uniform intensity and wavefront across the (expanding) atom clouds. As a result,
the required laser power is large (4 W). The laser system will be based on coherently combined
commercially available Ti:Sapphire lasers.

e For a larger interferometer height or longer baseline, the effect of any laser beam angular
misalignment is magnified. Therefore, improved angular stability must be realized. Appro-
priate care needs to be taken in designing the optomechanical setup and in controlling the
ambient temperature. The use of monolithic, steel optomechanics can substantially reduce
alignment drifts. Moreover, split quadrant detectors can provide real-time alignment char-
acterization, which could be used in combination with motorized or piezo-actuated mirror
mounts to provide active alignment stabilization if necessary.

e The laser is frequency stabilized to an optical cavity to reduce its linewidth. The laser
frequency must be stable to allow for efficient light pulses. The stability requirements are
therefore determined by the required total number of pulses for an interferometer sequence.
We require the 698 nm laser to be stabilized to 10 Hz.

e The amplitude and frequency of the laser are controlled using acousto-optic modulators
(AOMs). The amplitude control is used to form the intensity profiles of each pulse as a
function of time, and the frequency control is used to shift the light onto resonance with
the (Doppler-shifted) atom clouds. Note that atoms in a taller atomic fountain will attain
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a larger free-fall velocity and therefore have larger Doppler shifts with respect to the atom
optics laser beam. This places more demanding requirements on the laser frequency range
and agility. Acousto-optic frequency shifting or agile offset locking to a reference laser can be
used to meet this challenge. By using multiple modulation frequencies, the atom optics laser
can emit more than one frequency at a time. This is needed when there are multiple atom
clouds with different Doppler shifts that must receive light pulses at the same time, as may
arise when implementing Doppler-based multiplexing schemes.

e 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 an upward or downward traveling pulse is determined by setting
the frequency of the pulse, since the two cases have opposite Doppler shifts.

e In addition to driving single-photon transitions on the 698 nm clock transition, the same laser
system can be easily reconfigured to implement two-photon Bragg transitions. For a single
atom source, Bragg transitions can be used effectively for overlapped dual-species experiments
(such as searches for time-varying new forces). Bragg atom optics may be preferred when
comparing two isotopes of Sr, as the clock transition is naturally coupled only in &7Sr, but
Bragg transitions near the 461 nm line are possible for bosonic isotopes as well.

6.7 Laser wavefront aberrations

Aberrations in the atom optics laser beam result in laser phase shifts that depend on the transverse
position of the atom cloud with respect to the aberrations. Since the atom ensembles are at 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 [22]. For a longer baseline, diffraction effects are increased. Moreover,
the larger amount of momentum transfer envisioned for MAGIS-100 increases the interferometer
phase response to wavefront aberrations. Therefore, improved laser beam quality and better in situ
wavefront diagnostics are needed.

For the 10m scale experiment, spatially resolved detection of the atom interferometer phase
at different points within the atom cloud has proven essential for mitigating phase errors from
wavefront imperfections, allowing the atoms to provide in situ information about wavefront pertur-
bations [60]. This method, in combination with point source interferometry [60] and the interleaving
of shorter duration interferometers optimized to be maximally sensitive to local wavefronts [22], can
be used for in situ wavefront characterization in MAGIS-100. Temporal variations in the wavefront
can then be measured, and phase shifts arising from the coupling of initial atom kinematics to
wavefront aberrations can be determined and corrected for by measuring the initial cloud position,
velocity and temperature for each experimental shot—once again making use of spatially resolved
detection [1,12,17,60,61] to do so. One can discriminate between initial position and initial velocity
fluctuations by making an independent position measurement prior to the start of the interferom-
eter. This independent position measurement could be done, for example, by taking an absorption
image of the cloud that only destructively measures a small fraction of the atoms.

Improved laser beam quality will be realized via high-quality delivery optics and spatial filtering
of high transverse spatial frequency (< 1 mm spatial scale) perturbations by free propagation of
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the beam by ~ 10 m before interacting with the atoms. Free-propagation spatial filtering has been
successfully implemented for optical dipole lensing of the atoms in the Stanford 10 m fountain [53].

6.8 Tip-tilt mirrors and rotation compensation

At the bottom of the interferometer pipe is a mirror. The mirror is actuated using an in-vacuum tip-
tilt stage to rotate the atom optics and hence laser beam. A rotation of prad/s is used to mitigate
the effect of the rotation of the Earth which leads to Coriolis forces that cause velocity-dependent
interferometer phase shifts. When the interferometer height—and correspondingly its sensitivity—is
made larger, these phase shifts become increasingly problematic. The effect of Coriolis forces can be
compensated by using the mirror to counter-rotate the atom optics laser beam against the rotation
of the Earth, as demonstrated in the Stanford 10m fountain and other apparatus [60,67]. The
correct rotation angle and rate can be determined to the necessary accuracy following the method
demonstrated in [61]. A similar setup with a mirror on a piezo tip-tilt stage will also be used at
the top of the apparatus for directing the laser beam down into the 100 m pipe.

For 100m or longer interferometer heights and/or baselines, substantial deflections of the
rotation-compensated laser beam with respect the atom ensembles will become an important new
challenge. A strategy to address this challenge is to use local optical lattices to independently launch
vertically separated atom ensembles with different horizontal velocities so that all atom ensembles
remain near the center of the deflected atom optics laser beam. Alternatively, multi-loop interfer-
ometers with highly suppressed sensitivity to rotations can be used in order to alleviate the need
for rotation compensation—and the corresponding beam deflection—altogether [22,68]. Rotation
compensation can also be used in conjunction with multi-loop interferometry.

The benefits of having mirrors on piezo tip-tilt stages with controllable angles extend beyond the
ability to implement rotation compensation. The ability to apply different mirror tilts for different
interferometer pulses allows an interferometer phase shift to be controllably imprinted that is equal
to a tunable scale factor multiplied by an arbitrary, tunable linear combination of the initial atom
position and velocity and the transverse dimensions. This linear combination is determined by how
much the mirror is tilted for each interferometer pulse. For example, if the mirror is tilted by an
angle 6, ; in the z direction for the i¢th interferometer beam splitter or mirror, an interferometer
phase that scales as nkfm ; (zo + vzoti), where n is the number of photon momentum kicks, k is the
laser wave number, x( is the initial position along the x axis, v, is the initial velocity along the x
axis, and ¢; is the time at which interaction occurs [61]. An analogous expression applies for the y
axis, or for a tilt along an intermediate axis in the zy plane. A phase shift that is proportional to an
arbitrary linear combination of zg and v, can be achieved by choosing different values of 0., ; for at
least two different values of i (this has already been demonstrated at Stanford, not yet published).
For example, a tilt of the mirror angle for the final beam splitter produces an interferometer phase
that is proportional to xg + v, ots, where ¢y is the time of the final beam splitter. This leads to
horizontal spatial fringes across the interferometer output ports (phase shear readout), which are
useful for phase readout purposes [1,12,61]. More generally, the ability to generate a phase shift of
the form cox0 + cuz0vz0 for adjustable coefficients c;g and ¢, is a valuable tool to compensate for
interferometer phase noise arising from the coupling of initial kinematics to external perturbations
such as rotations, gravity gradients, or wavefront perturbations (see Sec. 6.4 and Sec. 6.7)°.
To leading order, let us say that the interferometer phase associated with the coupling of initial
kinematics to all external perturbations has the form azoxo + @vz0v2,0, for constants a,o and a,.o.
These constants can be empirically measured by varying xy and v,g, and by tuning of the angles

5As above, the x axis is taken as an example, and all expressions can be generalized to any axis in the zy plane,
with z defined as the vertical axis.
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Om,i, we can set c;0 = —az0 and cyz0 = —ayz0. The linear phase response to initial kinematics is
thereby cancelled®. The rotation compensation method described above is one example of this more
general method. Also, the more general method described here is similar in spirit to the gravity
gradient compensation technique demonstrated in [12]. If multi-loop interferometers are used to
suppress leading order rotational couplings, the required tilt angles can be sufficiently reduced so
that large beam deflections are not a concern.

6.9 Controls and monitoring

The real-time control of the interferometer will be based on an FPGA based sequencer, control-
ling multiple devices via differential and TTL pulses, including Acousto-Optical and Electro-Optical
Modulators (AOMs & EOMs), optical shutters, electro-magnet power supplies, cameras and photo-
diodes. Attached devices, for example the optical shutters and electromagnets, will require addi-
tional circuitry to control their function. The lasers for the MOT will be frequency-stabilized using
spectroscopic techniques (in combination with linewidth narrowing via locking to an optical cavity
for the red cooling laser). The frequency stabilization can be performed with off-the-shelf low-level
RF components and feedback electronics.

Monitoring will utilize Ethernet, GPIB, and USB interfaces to power supplies and environmental
monitors. Laser light levels monitored by photo-diodes will be read out via ADCs synchronized
with the FPGA boards and oscilloscopes where necessary.

6.10 Cameras and Data Acquisition

To detect and measure the atom ensembles, scattered near-resonant photons first decelerate the
atoms to rest. The atoms then continue to resonantly scatter light, which is imaged onto a high-
resolution CCD camera. The interferometer phase is extracted by analyzing a spatial fringe pattern
across the ensemble [1,12,61]. As observed in the Stanford 10 m fountain, heating and distortion
of the atom cloud during the deceleration process can affect the imaged atom fringe pattern and
introduce apparent phases shifts. An optimized laser frequency ramp during deceleration is used
to mitigate these effects in the Stanford 10 m fountain. This method can be directly scaled to
accommodate the ~ 3 times larger velocities in MAGIS-100.

Due to the low cycling rate (1-2 Hz) of the interferometer, there is ample time between mea-
surements to fully readout imaging from the various cameras and to digitize signals using ADCs.
The task for the data acquisition is to collate this data (the raw data comprises optical CCD images
of the resonantly scattered light from the atoms in the two different states), with data from the
monitoring system, so that data quality may be assured.

Multiple cameras from different angles will be used in each detection region within the main
vertical pipe. Following the work in the Stanford 10m tower [1,12,61], two cameras that view the
cloud from the side at orthogonal angles will be used to detect horizontal spatial fringes across the
cloud and to measure the position and size of the detected cloud in all three dimensions for each

SFor this method to be helpful in a gradiometer setup, the coefficients a0 and a,o need to be nearly the same for
the different interferometers. This will tend to be true for the coupling of initial kinematics to rotations or gravity
gradients. However, owing to diffraction, this will not automatically be the case for wavefront perturbations. To
make these coefficients the same between different interferometers for the wavefront perturbation case, one possibility
is to independently adjust the initial cloud positions in the zy plane for the different interferometers so that similar
coupling coefficients are reached. Alternatively, the wavefront can be engineered (for example, via a deformable mirror
or spatial light modulator) in order to differentially tune the coupling coefficients between different interferometers so
that these coefficients reach similar values. These methods will be explored as part of the research and development
method described in Sec. 8 to improve interferometer performance.
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experimental shot. These position and size measurements after the interferometer is completed, in
combination with an initial position measurement before the interferometer is started (see Sec. 6.7),
allow for corrections in post-processing of noise induced by the coupling of cloud kinematic jitter to
rotations, wavefront aberrations, and spatial variations in external fields, as discussed in Sec. 6.4
and in Appendix H. Additionally, the system will have the capability to use the same shuttle that
transfers the atoms from the atom source chamber to the interferometry region to transfer atoms
back into the atom source chamber for detection after the interferometer sequence is completed. A
camera below the atom source chamber will then be able to detect the interferometer output ports
from a bottom view, which is valuable for in situ measurements of the optical wavefront using the
atoms (see Sec. 6.7). Shuttling the atoms back into the atom source chamber may be used for
collecting diagnostic data for wavefront characterization. Most other data will utilize detection in
the main vertical pipe, as described above.

The experiment will use the same family of back-illuminated, commercially available cameras
as that implemented in the Stanford 10m fountain [12]. These cameras have a quantum efficiency
of approximately 90% and a CCD size of 1340 x 400 pixels, with each pixel having a 20 yum x 20 pum
size and a 3 electron rms read noise. The camera allows user-defined groups of pixels to be binned
together in hardware to reduce the influence of electronic read noise.

6.11 Computing

The computing and networking needs are modest. The requirements for the interferometer are a
multi-core control machine to take data from the interferometer and monitoring systems, as well
as a SOIC-based computer for ease of communication to the FPGAs. An additional machine will
be required to analyze the images from cameras in the readout and monitoring systems and to
monitor the status of the experiment.

Raw-data will take the form of rasterized images, we predict that this will be approximately
1-2 TB of data daily, which can be highly compressed (initial tests suggest a factor of at least 30 is
easily achievable). The data must be stored in an archive, for example in the Fermilab tape archive.
The networking needs are such that they can be serviced by the infrastructure already present for
the existing neutrino experiments.

7 MAGIS-100 at Fermilab

The existing NuMI access shaft (Fig. 11) is 88 m deep (measured from the building floor to the roof
of the underground tunnel), and is covered by the MINOS Service Building, which should permit
a total drop distance exceeding 90m. This offers a compelling opportunity to realize MAGIS-
100. The top of the shaft is shown in Fig. 12. In addition to providing access for installation
and maintenance of the experiment, there is also space for installation of laser equipment. The
site meets all of the requirements listed in Section 6.1. The site is currently being measured to
characterize the environment (vibrations, temperatures, magnetic fields) which will facilitate the
detailed design of the experiment.

7.1 Layout

A CAD rendering of the detector in the NuMI shaft is shown in Fig. 13. The primary components
of the system are the ~ 90m vertical vacuum pipe’ and three atom sources located at the top,

"The pipe will extend a few meters beyond the top of the 88 m deep shaft
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Figure 11: Proposed site for MAGIS-100 (left figure). Elevation profile view of existing NuMI
(Neutrino Main Injector) tunnel at Fermilab. MAGIS-100 will be located in the 100 m deep access

shaft (yellow circle). The detector is to be mounted along the wall of the 88 m NuMI access shaft
(right figure).

Figure 12: View of top of shaft and possible spaces for installation of laser equipment
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(b) Top

ATOM
SOURCE

(c) Center
ATOM
SOURCE
(a) Detector side view. (d) Bottom

Figure 13: MAGIS-100 detector conceptual CAD model. The side view (a) shows a cross section
of the existing ~90 m underground NuMI shaft, with the MAGIS-100 vacuum tube installed. The
three atom sources are attached at the (b) top, (c) middle, and (d) bottom of the detector. A laser
hutch at the top of the shaft contains the interferometry lasers. The laser light enters the vacuum
system at the top of the shaft through a vacuum viewport and then propagates downwards inside
the vacuum tube.
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Figure 14: The layout of the top of the detector showing the laser hutch placement on a dedicated
platform (green) and the atom source placement (red).

middle, and bottom of this pipe. The layout of the top of the shaft (and laser hutch placement)
is shown in Fig. 14, a plan view locating the vacuum pipe within the shaft is shown in Fig. 15, a
CAD rendering of one of the atom sources is shown in Fig. 16, and the atom source optics layout
is shown in Fig. 17. Note that:

The physical layout of the equipment will fit well within the available space in the MINOS
building and shaft.

The MINOS Service Building is equipped with a 15ton bridge crane. The crane has a hard
stop with a clearance from the west wall of approximately 4’8”, which positions the hook
such that the west side of the shaft can be accessed by an existing or upgraded personnel
basket. Installation of equipment will require additional temporary lifting equipment such as
a mobile gantry.

Lasers, controls, and additional support systems will be located at the top of the shaft. To
preserve the limited space on the ground level of the building, the initial conceptual design
explores placing this supporting equipment on a dedicated platform over the doors to the
building’s mechanical room.

Power and grounding considerations need to be taken into account. It is expected that a
clean ground will be required as well as power conditioning.

A database will be needed to store ambient data from the surroundings. This will include
temperature, pressure and humidity, local weather, vibration and electromagnetic field vari-
ations. The data will be time-stamped to allow correlations both with the experimental data
and with external records.
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Figure 15: Plan view showing location of MAGIS-100 vacuum pipe within the shaft.
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Figure 16: Atom source detail. CAD model of one of the three atom sources. Each atom source
consists of a Sr beam source and a laser cooling vacuum chamber (left) that is connected to the
vertical vacuum pipe (right of center), as well as the lasers, optics, and magnetic coils required for
atom cooling and trapping, and vacuum pumps (right). For clarity, the optics frame surrounding
the cooling chamber is not shown.
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Figure 17: Atom source optics layout. The optics breadboard for the 461 nm and 689 nm laser
cooling light is located inside the atom sources and delivers the light to the MOT vacuum chamber
and beam source chamber.
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7.2 Characterizing the environment

An assessment of vibrations using a precision seismometer will be done to inform the final design.
Data will be gathered over a period of days to weeks to make sure representative vibration sources
are sampled. In particular, systematic measurements will be made at the location of the laser
enclosure and its optics. Preliminary measurements of the vibration spectrum are shown in Fig. 18.
Major known sources of machinery noise are the sump pumps, which must function at all times
to prevent flooding in the underground area. Additionally, the shaft elevator is a rack-and-pinion
system, and is located just behind the east shaft wall. Both these sources are intermittent, and will
probably be gated out or removed during off-line data processing. Ongoing vibration monitoring
is expected. Measurements will be taken at the top of the shaft, and, if possible, at a location in
the shaft near the bottom of the system.

It is planned to perform a magnetic survey of the shaft with flux gate magnetometers, and
follow this with a system of magnetic monitors. A preliminary assessment has been carried out
using a hand-held probe from the g-2 experiment (Bartington Instruments Mag690 3-axis flux gate
magnetometer), the results are shown in Fig. 19. In the longer term, a dedicated multiple station
setup is planned. The goal is to monitor several equally spaced points along the length of the
shaft and near the optical enclosures. The monitors will be mounted to the shaft on non-magnetic
supports. To minimize development time, we expect to use a variant of the system used by the
g-2 experiment when feasible, based on inexpensive 3-axis fluxgate magnetometers (Bartington
Mag690).

Use of the MINOS building for its utility purposes may result in a “wall” of cold air in the
winter, in addition to year round temperature variance from the top of the shaft to the bottom. In
particular, opening the large roll-up door in the MINOS building in cold weather causes a sudden
several degree temperature drop in the area at the top of the shaft. Presently there is a plan to
monitor the environment with a temperature logging monitor at several points in the hall, and at
several equally spaced points in the NuMI shaft. It is foreseen that the three atomic sources for
the experiment, and the interferometry laser, will be housed in thermally controlled enclosures.

7.3 Other site-specific considerations

e Water inflow mitigation. The MINOS shaft is a damp environment, particularly during wet
weather, when there is inflow via building penetrations, as well as modest water leakage at
several points within the shaft. There is the need to identify requirements and options for
sealing against water, and options for making modest improvements to the building penetra-
tions.

e Power and Networking. It is foreseen that power will need to be routed into the optical
enclosures for the interferometry beams, as well as the atom sources at several points in
the shaft. Power will be required for the active magnetic compensation around the vacuum
chamber, and other components such as heaters and vacuum pumps. Networking to the
building is available due to the requirements of the NuMI experiments. Network and other
control cables will run from a rack or racks at the top of the shaft down the full height of the
apparatus.

e Magnetic shielding. Magnetic shielding will be required to prevent ambient fields from af-
fecting the measurements. The shielding should completely envelop the system and will be
external to the bias field created outside the vacuum pipe. The level of shielding required will
depend in part on the results of the site characterization.
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Figure 18: Preliminary vibrational spectrum at top (orange) and bottom (grey) of shaft east wall
(elevator side). The peak at approx. 3000 Hz may represent machinery noise. (In the plot, the
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Figure 19: Initial measurement of time-varying magnetic field strength at the top of the MINOS
shaft. Visible are the expected 60 Hz harmonics and a line of unknown origin at 246.6 Hz

e Vacuum system. The vacuum pressures required for MAGIS-100 have previously been achieved
at Fermilab in the Recycler Ring during the antiproton program. For MAGIS-100 the vac-
uum requirement is reasonable although challenging. Based on experience at Fermilab, ion
pumps combined with either titanium sublimation pumps (TSP’s) or non-evaporable getter
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(NEG) pumps or coatings will be used. A vacuum bake system is required to achieve the
desired pressure and must be designed with non-magnetic materials or with parts that can
be easily removed to prevent magnetic interference. Bellows will be designed for both instal-
lation alignment and to allow thermal expansion during bakes. Mechanical components will
be typical for ultra-high-vacuum (UHV) systems previously used at Fermilab. A blackout
coating may be applied to the vacuum pipe to improve optics. The initial concept is to use
Aerodag, which can be used in UHV if it is baked after application. There is experience at
Fermilab using this material in kicker tubes for a different purpose.

e Control and Monitoring. There is space for an electrical rack at the top of the shaft with
controllers for the ion pumps, gauges, and valves. To facilitate control, monitoring, and data
logging, these devices will be connected to ACNET. For the central control and monitoring
area, we anticipate using space in ROC West on the ground floor of Wilson Hall.

e Safety and shaft infrastructure. An existing personnel basket attaches to the crane for emer-
gency egress from the underground enclosure. The MAGIS equipment will be designed to
preserve this functionality, and it will also utilize the basket for installation and maintenance.
A mechanical cage will be built around the equipment to provide rudimentary bump protec-
tion from objects being lowered into the shaft with the crane. The sources and vacuum tube
will be anchored to the wall of the shaft with conventional concrete anchors. The design of
the vacuum tube supports must allow rolling motion for thermal expansion of the tube while
maintaining a rigid connection and not allowing the system to elongate due to gravity.

7.4 Error Modeling

Error modeling for MAGIS-100 is based on extensive, previously published analysis of noise back-
grounds for differential atom interferometers [21-23, 58, 69]. The relevant sources of noise for
MAGIS-100 include: laser frequency noise [23], laser wavefront aberrations [22, 60], seismic vi-
bration [1, 23], Coriolis effects arising from Earth’s rotation [21, 22,60, 61], laser pointing jit-
ter [22,60,61,69,70], AC Stark shifts [17], initial cloud kinematics [12,21, 22, 60, 61], mean field
shifts [71], magnetic fields [22,63, 64, 69], blackbody radiation shifts [64,69], and imaging aber-
rations [1,12]. These effects are all well-understood (see the above references), and preliminary
studies of many of them have been made in the Stanford 10 m fountain [1,12,17,60,61]. Appendix
H contains a more detailed discussion of the sources of systematic uncertainty for MAGIS-100 and
the experimental strategies for mitigating their impact.

8 Development plan

Sensor technology State of the art Goal GW sensitivity improvement
LMT atom optics n = 10° n =103 10
Spin squeezing 20 dB (Rb), 0 dB (Sr) | 20 dB (Sr) 10
Atom flux ~ 10° atoms/s 10® atoms/s 10

Table 1: Research and development goals.

The MAGIS-100 science program can be thought of as starting with a set of initial goals,
characterized for example by the blue dashed curve in Fig. 4, and ending with a set of stretch goals,
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Task

Description

Design high flux source

Design will address increasing thermal beam flux (oven and

— Zeeman slower) and cooling in multiple stage MOT cham-
§ bers
> Design squeezed source | Perform design trades and preliminary laboratory investi-
gations for squeezed-state metrology.
Composite pulses Demonstrate composite pulses on the Sr clock transition in
N an LMT interferometer.
S
8 | Construct high flux Qualify thermal beam modifications. Assemble vacuum
> | source apparatus chamber and laser cooling optics.
Construct squeezed Build and test squeezed source module. Demonstrate 10
source module dB state-squeezing.
Resonant Use LMT techniques to make a resonant interferometer
interferometry with a resonant enhancement of 10.
AC Stark suppression Study AC Stark suppression techniques for LMT interfer-
c: ometer (spectral engineering, intensity control, etc.)
Q
>°_'-’ Increased steady-state Demonstrate improved steady-state atom number in high
atom number flux source. Target is 10° atoms in red MOT.
Integrate squeezed Integrate squeezed-state source into interferometry appara-
source tus. Demonstrate squeezed state interferometry.
Demonstrate 103 Extract atoms from high phase space density (red) MOT.
- atoms/s atom flux
H Levitated Demonstrate a levitated interferometer proof of principle
interferometer or > ms using the Sr clock transition.
>°j interfi t f 100 ing the Sr clock t iti
Squeezed state Demonstrate 10 dB state squeezing with LMT interferom-
interferometry etry.
Demonstrate 103 Incorporate evaporative cooling and /or matter wave lensing
atoms/s at target protocols to reduce temperature to 10 nK range.
o | temperature
% LMT Wavefront Incorporate wavefront noise mitigation strategies in LMT
> interferometry (including wavefront characterization and

feedback)

Precision squeezed state
interferometry

Demonstrate 20 dB state squeezing with high atom flux and
LMT interferometry.

Table 2: Tasks by performance year for R&D program which will be conducted at Stanford.
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characterized for example by the MAGIS-100 (5-year) line in Fig. 4. The initial design parameters
for MAGIS-100, as well as upgrade goals, are summarized in Table 1. The R&D will be organized
into three parallel efforts: developing advanced atom optics (large momentum transfer techniques),
designing high-flux atom sources, and producing spin-squeezed sources (entanglement). A year-by-
year list of these R&D activities is shown in Table 2.

After achieving the initial R&D goals listed in Table 1, the ultimate MAGIS-100 R&D goal is
to advance atom interferometer detector technology toward the point where the construction of a
kilometer-scale detector is possible at the sensitivity level shown in Fig. 4. This will require further
increasing LMT to the level of n = 10* or making a corresponding improvement in phase resolution
via higher atom flux or improved squeezing.

8.1 Large momentum transfer atom optics

The detector benefits from advanced large momentum transfer (LMT) atom optics. An LMT
enhanced interferometer uses multiple laser pulses to increase the sensitivity of the detector (sen-
sitivity grows linearly with the number of laser pulses). Existing state-of-the-art interferometers
achieve LMT enhancement factors of around n ~ 100 [17], limited in part by unwanted scattering
(spontaneous emission). Atom interferometry performed on the clock transition in Sr has com-
paratively negligible spontaneous emission loss compared to existing approaches and could allow
for a significant increase in the efficiency of atom-light interactions. For typical pulse parameters,
this loss rate is small enough to allow > 10° single photon transitions, substantially more than
the ~ 102 sequential two-photon Bragg transitions that are possible with current generation laser
systems [17]. To combat laser technical noise limitations, reduced spontaneous emission opens up
the possibility of using techniques borrowed from NMR such as composite pulse sequences [72] to
increase pulse efficiency in the presence of such errors. To reach the target of n ~ 10% pulses will
require investigation into other atom loss processes, improved atom cooling, as well as further laser
technical improvements.

8.2 High flux atom sources

The phase resolution of the interferometer is ultimately limited by the finite number of atoms in
the ensemble, typically 10° — 105, Quantum projection noise (shot noise) in the phase readout
can be reduced by using a larger number of atoms in each measurement. High flux commercial
beam sources can now provide > 10'? atoms/s, though the atoms are too hot to use directly.
Work will focus on harnessing such high flux sources by developing cooling protocols to reach the
necessary low temperatures while maintaining high atom numbers, targeting 10® cold atoms per
ensemble. Preliminary progress has been made delivering high phase-space density Sr ensembles in
steady-state using a series of separated traps [73]. A version of this approach will be explored that
integrates a high flux beam source.

8.3 Spin-squeezed sources

The shot noise limit can be avoided by correlating the atoms in the ensemble using quantum entan-
glement (‘spin squeezing’). State-of-the-art squeezed sources using alkali-atoms have demonstrated
up to 20 dB of squeezing using Rb atoms (implying a factor of 10 noise reduction in the sensor
compared to a conventional source) [18,74]. The methods demonstrated in this prior work translate
directly to the MAGIS detector. Proposed work will focus on transferring this technique to Sr atoms
and demonstrating a squeezed inertial sensor that could be integrated with the MAGIS-100 plat-
form. Technical challenges include extending the interrogation times available for squeezed states
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Institution | Scientists Postdocs Students TOTAL
FTEs
Berkeley 0.2 0 0.5 0.7
Fermilab 1.7 0 0 1.7
~ | Liverpool 0.5 0 0 0.5
§ | NIU 0.5 0 1 1.5
> Northwestern | 0.3 1 1 2.3
Stanford 0.5 2 4 6.5
Total 3.7 3.0 6.5 13.2
Berkeley 0.2 0 0.5 0.7
Fermilab 1.7 1 0 2.7
« | Liverpool 0.5 1 1 2.5
& | NIU 0.5 0 2 2.5
5]
> Northwestern | 0.3 1 1 2.3
Stanford 0.5 2 4 6.5
Total 3.7 5.0 8.5 17.2
Berkeley 0.2 0 0.5 0.7
Fermilab 1.7 1 0 2.7
en | Liverpool 0.5 1 2 3.5
& | NIU 0.7 1 2 3.7
9]
> Northwestern | 0.3 1 1 2.3
Stanford 0.5 1 4 5.5
Total 3.9 5.0 9.5 18.4

Table 3: Anticipated evolution of the scientific effort (FTEs) of the MAGIS-100 Collaboration
during construction, installation and commissioning. Note that the anticipated estimate of effort
at Liverpool is dependent on the development of funding opportunities in the U.K.

(currently 10 msec, unpublished) and developing methods suitable for large ensembles of atoms.
In particular, entangled Sr ensembles will be created and detected with optical cavity-assisted
quantum non-demolition measurements.

9 Responsibilities, resource requirements, and timeline

9.1 Responsibilities

MAGIS-100 is a collaborative effort which brings together the atom source and interferometry
expertise of university collaborators with the engineering and technical resources offered by a large
laboratory. The contributions and responsibilities of each institutional group are summarized in
Appendices A-F. The anticipated year-by-year scientific effort to carry out these institutional
responsibilities is summarized in Table 3. Note that after three years, we anticipate that the
scientific effort will have ramped up to about 18 FTEs. We believe this is adequate to be able
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noise (GGN) impact and mitigation strategies. Additional
long science data runs.

Task Description Location
Atom source design and | Adapt existing designs and add environmental protection | Stanford
procurement and other hardware needed to integrate into MAGIS-100.
Laser system design Design high-power atom optics laser system based on co- | Stanford
— | and procurement herently combined Ti:sapphire lasers. Procure necessary
= equipment.
ﬁ Preliminary site Study vibration environment, magnetic field environment, | Fermilab
engineering and temperature environment. Begin engineering for vibra-
tion isolation (if necessary), magnetic shielding and active
magnetic field compensation, and temperature control.
100 m vacuum vessel Design system of vacuum pumps, viewports, and atom | Stanford/
design and procurement | source connection nodes. Procure necessary equipment. FNAL
Build 100 m vacuum Install viewports and connection nodes. Stanford
segments
& | Complete site design Finalize vibration, magnetic, and temperature engineering. | Fermilab
—
$ | Atom source Build atom sources. Verify that necessary atom flux is de- | Stanford
> qualification livered.
Laser system Build laser system. Verify that power delivered, frequency | Stanford
qualification and amplitude agility, and phase noise meet specifications.
Detector commissioning | Install 100 m vacuum vessel, magnetic shield, atom sources, | Fermilab
and laser system. Test lattice shuttling of atoms from atom
c: sources into 100 m vacuum tube, dropping of atoms, lattice
;g launching of atoms, and atom optics laser pulses.
Atom interferometry in | Run atom interferometers using each of the three atom | Fermilab
100 meter vacuum sources. Implement LMT atom optics in interferometers.
< | Gradiometer with two Long baseline gradiometer. Study noise sources. Fermilab
g sources
> | Science data runs Long science data runs with two-source gradiometer (grav- | Fermilab
itational wave detector prototype).
Gradiometer with three | Incorporate third source into long baseline gradiometer. Fermilab
O | sources
S
;3 Study GGN suppression | Use three-source gradiometer to study gravity gradient | Fermilab

Table 4: Tasks by performance year for MAGIS-100 prototype
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to analyze the data and operate MAGIS-100 24 hours a day, 7 days a week when needed for
production running. For comparison, in steady operations the 10m baseline experiment at Stanford
has a scientific staff of 3.3 FTEs (0.3 FTE scientists, 2.0 FTE postdocs, 1.0 FTE students). At
the proposal stage, the present effort is concentrated at Stanford and Fermilab. The growth in the
level of effort at these institutions will be supported by, respectively, the existing Moore Foundation
funding and the request for support of the Fermilab effort that will be made to DOE-OHEP.
The growth of effort at the other institutions will take place as opportunities for support become
available.

The main year-by-year tasks, and the location of the associated activities, are listed in Table 4.
The principal parts for MAGIS-100 will be procured and qualified at Fermilab and Stanford, with
other collaborating institutions contributing as necessary. Procurement and assembly of the atom
sources will be carried out at Stanford in identified laboratory space. This leverages the very
significant atomic physics expertise of the Stanford group. In addition, procurement and initial
qualification of the vacuum chamber components, and procurement and qualification of the inter-
ferometry laser system, will be overseen via Stanford. Fermilab has responsibility for infrastructure,
including the support structure for the vacuum system and atom sources in the MINOS shaft, and
support structures for the interferometry lasers, as well as necessary utilities.

Fermilab labor resources are required for engineering, technical completion of the systems (par-
ticularly the vacuum pipe system), and assembly. The balance between engineering and technical
effort changes from year one (mostly engineering) to the other years (mostly technical). Significant
drafting resources are needed in year one.

9.2 Procurements

The major equipment procurements needed for MAGIS-100 are:

e Custom atom sources: These are at the heart of the interferometry system. The purchased
base system is to be modified using the expertise of MAGIS-100 university collaborators
(currently Stanford). This includes the laser system need for cooling and trapping the atoms
and transporting them (optical lattice shuttle and launch) to the 100 m vacuum chamber.

e 100m vacuum chamber: This is an ultra-high-vacuum stainless steel pipe with heaters, ad-
vanced pumping, magnetic shielding, and magnetic bias coils to facilitate the atomic spec-
troscopy.

e Shaft support structure: It is anticipated that an industrial system can be used for the
supports that fasten the vacuum system/atom source assemblies to the concrete wall of the

MINOS shaft.

e Laser hutch and support platform: This is conventional construction as performed elsewhere
at Fermilab.

e Installation: Both a rigging team and additional gantry crane will be required. The principal
crane will be used for personnel access.

9.3 Utilization of laboratory infrastructure

We expect to utilize the following laboratory infrastructure:

e Building maintenance and services.
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9.4 Cost Estimate

Estimated costs for constructing and installing MAGIS-100 are summarized in Table 5. Note that
50% of the cost is based on physicist-level estimates and 50% of the costs are based on engineering-
level estimates. In general, the physicist estimates utilize preliminary item counts and expertise
from performing similar work currently and in the recent past. Engineering estimates are primarily
for work at FNAL and are generated by engineering staff with experience in similar work, e.g.
vacuum systems and support structure construction. In each case detailed item counts are being

Support of sitewide computing network.
Support of accelerator controls network.

Safety and environmental support.

Remote Operations Center (ROC) maintenance and services.

maintained and adjusted as our knowledge of the design improves.

Table 5: Preliminary estimate of the equipment and technical personnel costs during the three-year
MAGIS-100 construction and installation period. The expected source of funding for major items

is also indicated.

Direct
Cost (8)
Fabricate Atom Sources 1,869,000
o)
& | (Stanford)
o)
& | Vacuum Tube 931,060
g Procurement (Stanford)
o
g | Interferometer Laser 593,200
Eo (Stanford)
Sub-Total 3,393,260
% | Interferometer Shaft 99,000
% Support Structure
‘% Laser hutch and support 21,000
@ | platform
8 Engineering (FNAL) 367,000
g | Drafting and Technical 304,000
+
g Installation Equipment 28,000
é Installation 51,000
Operation and Materials 49,000
Sub-Total 919,000
% | DIRECT 4,312,260
& | INDIRECT 691,000
8 FULLY BURDENED | 5,003,260
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Direct Costs

Personnel 4,503,459
Travel 23,905
M&S for R&D 374,000
M&:S for MAGIS-100 682,200
Equipment for R&D 1,124,000
Equipment for MAGIS-100 2,711,060
Total Direct 9, 418, 624
Indirect 398,608
TOTAL ($) 9,817,232

Table 6: Summary of Funding from the Moore Foundation.

M&S for MAGIS-100 682,200
Equipment for MAGIS-100 2,711,060
Total ($) 3,393,260

Table 7: Summary of the MAGIS-100 specific part of the funding (direct costs) from the Moore
Foundation.

The costs shown in Table 5 are separated by major subsystems. The funding sources (Moore
Foundation grant that is in place and the anticipated request to the DOE to support Fermilab
related activities and responsibilities) are also indicated for each item. Table 6 summarizes the
Moore Foundation grant and, for clarity, Table 7 shows the total MAGIS-100 specific part of that
funding.

The subsystems listed in Table 5 will map smoothly onto the experiment WBS, which is in
preliminary development. The estimate assumes construction and deployment over a three-year
period. Funding for subsequent operations will be treated separately. Indirect costs vary by in-
stitution, but are included at a level correct for each subsystem. Support for the scientific effort,
described in section 9.1, is not included, however the engineering and technical effort is included in
the table.

9.5 Technically Driven Timeline

We propose a three year construction, installation and commissioning plan, shown in Fig. 20. Major
milestones are shown in Table 8. Note that a pair of prototype Sr atom sources and an associated
atom interferometry laser system are already being constructed and tested at Stanford. These atom
sources will serve as the baseline design for MAGIS-100, allowing us to take advantage of proven
atom source technology. The prototype sources have achieved laser cooled Sr atoms, and atom
interferometry tests will be performed shortly. An image of resonantly scattered light from a cold
Sr atom cloud in the Stanford setup is shown in Fig. 21.

Expected activities in the three-year construction and installation period are summarized as
follows. In year 1, the ~ 100m vacuum pipe will be designed by FNAL, in consultation with
Stanford. The atom source and atom interferometer laser will be designed and their assembly
will begin at Stanford. In year 2, FNAL will complete site characterization, and pre-assembly
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D Task Name Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
o4 o1l 02lozloalor o2lozloslorlorlozlos cnlorlosloslorloaloslos]or!
1 | MAGIS-100 development
2 Fermilab site planning
3 Fermilab site construction h
4 Design and procurement of 100 meter vacuum tube
5 100 meter tube assembly ———
6 Design atom source and laser
7 Atom source and laser procurement
8 Atom source assembly
9 Validate atom sources at Stanford
10 Integrate atom sources at Fermilab ¢
11 Initial atom interferometry 110/2
12 Detector commissioning 3
13 Detector operation and data analysis p4 4
14
15 R&D
16 High flux source development 1
17 Design high flux source
18 High flux source procurement
19 Demonstrate 1e8 flux ¢ 6/1
20 Demonstrate 1e8 ultracold flux ¢ 6/1
21 High flux source assembly and test T
22 Squeezes source development 1
23 Design squeezed source
24 Construct and test squeezed source module _—4
25 Squeezed state interferometer ¢ 6/1
26 Precision squeezed state interferometer ¢ 6/1
27 LMT development T
28 Demonstrate composite pulses ¢ 3/1
29 Demonstrate resonant interferometer ¢ 6/1
30 Demonstrate levitated interferometer ¢ 6/1
31 Study LMT wavefront mitigation |

Figure 20: Technically driven timeline. Blue: Activities at Fermilab. Red: Activities at Stanford.
Ongoing R&D program in source development also shown.

of the vacuum pipe components. Stanford will complete construction and initial testing of the
atom source and interferometry laser. The atom source and laser will then be delivered to FNAL
for attachment to the vacuum pipe. In year 3, FNAL will complete installation of the vacuum
pipe. Commissioning of the assembled detector will begin immediately thereafter. The first science
results will be demonstrations of macroscopic quantum superpositions (these demonstrations will
occur during the commissioning phase). The interferometer is expected to be fully operational and
taking physics data by the end of year 3.

Year Stanford Fermilab

Q1

1 Q2 Complete prelim. engineering Complete prelim. engineering
Q3 Atom sources & lasers procured
Q4 Vac. vessel & shielding procured Complete vac. vessel design
Q1 Complete site design

2 Q2 | Delivery of interferometer vac. vessel
Q3
Q4 Atom sources & lasers delivered Vac. system pre-assembly complete
Q1

3 Q2 Site outfitting complete.
Q3 Begin commissioning. First quantum physics results
Q4 First Dark Matter results

Table 8: Major MAGIS-100 milestones in an illustrative technically driven schedule.
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Figure 21: Cold Strontium atom cloud imaged in the R&D setup at Stanford.

Required number Atoms/sec when Fraction of calendar | Estimated run
Science Topic of atoms taking science data taking science data time (years)
Commissioning N/A N/A N/A 1
Phase 1: Quantum Science 3 x 1012 108 0.1 0.5
Phase 2: Dark Sector Campaign 101° 108 0.3 1
Phase 3: Mid-band development 1015 108 0.3 1

Table 9: Illustrative run plan. The science program is organized in three phases. Listed are
preliminary estimates of (i) the number of atoms that must be launched/dropped to accomplish
the required statistical precision for each phase assuming shot noise limited phase resolution (see
figures in physics section), (ii) the average rate at which these atoms can be launched/dropped
during science data taking, (iii) the fraction of calendar time the experiment is taking science data
c.f. setup, calibrations etc., hence (iv) the calendar time.

The proposed subsequent science program would proceed in the following phases:

e Phase 1: Commissioning and Quantum Initiative. Demonstration of large wavepacket sepa-
ration and long duration interferometry. Quantum superposition over macroscopic distances
and times.

e Phase 2: First dark sector search campaign. Long baseline configuration at initial sensitivity.

46



Search for ultralight scalar dark matter, new forces.

e Phase 3: Gravitational wave detector development. Demonstrations of detector enhancements
such as resonant interferometry. Investigation of GGN suppression.

Preliminary estimates of the number of launched /dropped atoms and the required running time
are shown, for each phase, in Table 9.

9.6 Towards a Risk Register

MAGIS-100 will maintain a list of risks that can impact the timetable of the detector project. The
currently identified leading risks are:

e Atom source delayed due to cost or technology.
Probability: Low ; Impact: High
Mitigation: Where possible, atom source will be based on minimum modification of existing,
proven designs.

e Shaft vibration, water ingress, or magnetic fields more difficult than anticipated.
Probability: Low; Impact: Medium
Mitigation: Ensure robust engineering requirements for support structure and/or magnetic
shield.

e Appropriate experimental chamber vacuum levels more difficult to achieve than expected.
Probability: Low ; Impact: Medium
Mitigation: Use first vacuum chamber sections to test design.

Finally, we note that, due to the nature of the technology, there is some uncertainty in the
estimated time needed to commission the experiment. Although we believe that 6 months is a
reasonable estimate for this if all goes smoothly, it is possible that up to 12 months might be
needed to get everything working sufficiently well for the first science measurements.

10 Interactions with Funding Agencies

In April 2018 a Letter of Intent was submitted in response to the DOE-OHEP “Quantum Infor-
mation Science Enabled Discovery for High Energy Physics” Funding Opportunity Announcement
(FOA). To fit within the scope of the FOA, the MAGIS-100 request ($3,988K) was designed to
facilitate the launch of the MAGIS-100 initiative with a pilot setup that uses a single atom source.
This pilot program would enable an initial exciting science program. The support of DOE-OHEP
is essential for MAGIS-100 since the Collaboration proposes to locate the experiment at Fermilab.
It was noted at the time of this QIS LOI that the Collaboration was also seeking support from
other sources to complement the requested DOE support, and enable the full three-atom-source
MAGIS-100 setup and science program.

In June 2018 the MAGIS-100 Collaboration submitted a proposal to the Gordon and Betty
Moore Foundation (GBMF). It was intended that the requested support ($9,817K) would com-
plement funding from the DOE and enable the full MAGIS-100 setup and science program. The
proposal included a research and development component to enhance atom interferometer sensitiv-
ity to the level needed for future gravitational wave detection. In November 2018 GBMF awarded
the Collaboration with a grant of $9,817K for this work. The award is for five years, with a start
date of January 2019.
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The DOE-OHEP 2018 request was considered to be beyond the scope of the FOA, and was
therefore not funded. Based on further interactions with DOE-OHEP, together with the successful
outcome of the Moore Foundation request, the MAGIS-100 Collaboration plans to respond to the
next appropriate DOE-OHEP FOA with a request for support to complement the Moore Foundation
grant and enable the full MAGIS-100 experiment described in this proposal. We anticipate this
FOA will be in FY 2019.

Finally, the Collaboration is also seeking other support, including international support, for
example from the UK. It is intended that, with this extra support, the Collaboration will be able
to make an initial study of how to implement MAGIS-1000 (a 1 km scale setup beyond the MAGIS-
100 experiment), possibly in an existing shaft at SURF, and pursue an enhanced level of R&D
towards MAGIS-1000. These activities would also inform that part of the MAGIS-100 program
that can be considered R&D for MAGIS-1000.
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A Appendix: Fermilab contributions

In addition to hosting MAGIS-100, the laboratory brings significant scientific and technical capabil-
ities to the project. Fermilab scientists have expertise in design and implementation of systems on
the scale of hundreds of meters to kilometers. In particular, the requirements of outfitting a large
accelerator or HEP experiment give experience in the technical skills of vacuum, magnetic fields
and shielding, detector readout, and controls. In addition, Fermilab has experience of working in
large collaborations with multiple groups, supervision of engineering and construction and project
management of distributed efforts.

A.1 Proposed Fermilab Contributions
e Scientific Research Effort(Adamson, Geer, Harnik Plunkett).

e Building maintenance and services

e Remote Operations Center (ROC) maintenance and services.
e Support of sitewide computing network.

e Support of accelerator controls network.

e Safety and environmental support.

A.2 Fermilab Facilities

e ACNET accelerator controls infrastructure (present in MINOS building) for monitoring and
logging of environmental data.

e Fully equipped Remote Operations Center (ROC) for detector operations.

e Vacuum diagnostic equipment (leak detectors, RGA system, roughing pumps).
e 3D Printers for production of non-magnetic parts.

e Equipment pool for general electronics.

e Tools and general mechanical equipment.

B Appendix: Stanford contributions

Scientific research effort at Stanford will be contributed by Hogan, Graham, and Kasevich. Hogan
has experience with the design and construction of 10m scale atom interferometers, and leads
a group developing atom interferometry using clock atoms, the key technology of MAGIS-100.
Graham proposed novel ways to use MAGIS to detect ultralight dark matter such as axions, and
found important and novel gravitational wave science accessible in the mid-band such as precise
angular localization of gravitational wave sources. Kasevich pioneered many of the light-pulse
atom interferometry techniques that underlie the MAGIS-100 detector, and is PI for the Stanford
10 m atom interferometer where many of the proof-of-concept measurements for MAGIS-100 were
performed. Stanford will take part in the following aspects of the proposed work.
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B.1 Proposed Stanford Contributions
e Scientific Research Effort: Hogan (0.5 FTE), Graham (0.2 FTE), Kasevich (0.2 FTE)

e Design, construction, and validation of the three atom sources (Hogan).
e Overall instrument design, commissioning, and operation (Hogan, Kasevich).
e Modeling of gravitational wave source sensitivity, sky localization (Graham, Hogan).

e Investigate strategies to search for axions and other ultralight dark matter, as well as black
hole spin measurements (Graham).

e Data analysis (Graham, Hogan, Kasevich).

e Development of next-generation atom source using quantum entanglement for reduced readout
noise (Kasevich).

e Development of next-generation atom source with higher atomic flux for reduced readout
noise (Hogan).

C Appendix: Northern Illinois University contributions

The Northern Illinois University effort will initially consist of 0.5 FTE of scientific effort by academic
faculty co-PI Prof. Swapan Chattopadhyay to guide the project, and contribute the full-time 1 FTE
effort, under his supervision, of a PhD graduate student (Jeremiah Mitchell) participating in the
project in theoretical calculations, data acquisition and analysis. NIU will also contribute a state-
of-the-art seismometer and associated calibration and recording accessories — such special-purpose
hardware will be necessary towards environmental monitoring of terrestrial noise for eventual char-
acterization of various components of the systematics such as ‘gravity gradient noise’, which are
critical to the success of the experiment. The Northern Illinois University also plans to work in
close collaboration with Northwestern University PI Tim Kovachy in setting up prototype R&D
table-top facilities for benchmarking laser wavefront aberration and jitter. The NIU contribution
is expected to rise to 2 PhD students, 1 post-doctoral fellow and 0.7 FTE of senior scientific effort
by the third year.

C.1 Proposed NIU Contributions
e Scientific Research and Supervision Effort (PI: Swapan Chattopadhyay)

e Procure/purchase, install, calibrate and operate state-of-the-art seismometer on site at Fer-
milab at the MAGIS-100 site.

e Obtain and analyze seismic data.
e Convert into ambient Gravity Gradient Noise spectra.

e Model laser wavefront aberration and its mitigation via collaborative studies at Northwestern
test-stand.

e (Coriolis motion modeling and mitigation.
e Error modeling to ensure maximum sensitivity for imaging and phase measurements.
e Contribute possible Vacuum parts and Equipment as needed.

e Support ongoing efforts at Fermilab as needed.
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D Appendix: Northwestern contributions

The Northwestern contributions will be carried out by Kovachy’s research group. Kovachy has
expertise in large momentum transfer atom optics, ultra-sensitive macroscopic scale atom interfer-
ometry, simultaneous atom interferometers with different atomic species, atom interferometry error
modeling, matter wave lensing to ultra-low effective temperatures, and high-power laser systems.
Northwestern will take part in the following aspects of the proposed work.

D.1 Proposed Northwestern Contributions

Scientific research effort: Kovachy (0.3 FTE).

Design and construction of the atom interferometry laser system.

Instrument design, commissioning, and operation.

Implementation of noise mitigation strategies (detailed in Sec. 6 and Appendix H) to ensure
that the instrument reaches its design performance.

Data analysis.

E Appendix: Berkeley contributions

The Berkeley contributions will be carried out by Rajendran’s research group. Rajendran helped
propose and develop the MAGIS detector concept and has extensive experience with systematic
error analysis for gravitational wave detection using atom interferometry. He has also developed
innovative theories such as the relaxion framework to address fundamental problems in particle
physics such as the hierarchy problem and identified how relaxion dark matter could be detected in
experiments such as MAGIS. Berkeley will take part in the following aspects of the proposed work.

E.1 Proposed Berkeley Contributions
e Scientific research effort: Rajendran (0.2 FTE).

Develop strategies to search for axions and other ultralight dark matter.

Explore possibilities for novel gravitational wave science such as black hole spin measurements.

e Analyze and develop strategies to mitigate backgrounds such as gravity gradient noise.

Data analysis and interpretation.

F Appendix: University of Liverpool contributions

The University of Liverpool contributions will be led by Coleman within the Particle Physics
group, already funded via the groups STFC consolidated grant and the Royal Society of London.
Furthermore, the group is bidding for capital and research funds for MAGIS (submission Jan 2019
to UKRI), and will be submitting proposals for Fellowships to the UK funding agencies. The
group brings experience in both the design and construction of detectors for fundamental physics
as well as atom interferometry. The Liverpool contribution will bring mechanical and electronic
engineering design to the project, and work in conjunction with UK industry in Lasers photonics.
Liverpool will take part in the following aspects of the proposed work.
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F.1

Proposed Liverpool Contributions

Scientific research effort: Coleman (0.5 FTE) plus (0.5 FTE) engineering, plus additional core
research effort (DAQ, computing) as required.

The UK hardware contribution being requested is for: Interferometry lasers with M Squared
Ltd; EMCCD cameras; support for the FNAL camera program; development towards the
DAQ and control system.

Developing an analysis and simulation framework for the experiment, including blinding tech-
niques, data quality, and image processing.

A substantial fraction of time is foreseen to be spent at Fermilab to contribute towards the
construction, commissioning, as well as operations and data-taking.
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G Appendix: MAGIS-1000, a long-term vision

Experiments Proposed Site Baseline L | LMT Atom optics N | Atom sources | Phase noise d¢

Sr prototype Stanford (Hogan lab) 5 m 102 2 103 rad/\/ﬁ
MAGIS-100 FermiLab, NuMI shaft 100 m 103 3 10~* rad/vHz
MAGIS-100 (5 year) FermiLab, NuMI shaft 100 m ~ 10% 3 10~° rad/v/Hz
Terrestrial Homestake mine ~ 4 km 103 10 10~° rad/vHz
Satellite Medium Earth orbit (MEO) | 4 x 10" m 103 2 10~* rad/vHz

Table 10: A long-term vision of the MAGIS Collaboration technology development and associated
experimental program. The listed numbers for MAGIS-100 correspond to the initial R&D effort
plus further development to push LMT atom optics to their full physically allowable extent.

MAGIS-100 can be thought of as the next step in a multi-step program which starts with
the existing 10m-scale experiment described in Section 4, and progresses through MAGIS-100 to
the ultimate terrestrial-based experiment with a 1 km scale baseline (MAGIS-1000), and perhaps
eventually to an experiment in space with an even longer baseline. A summary of the desired
experimental parameters is given in Table 10.

The MAGIS-100 5-year program is designed to make significant progress toward the require-
ments of the km-scale detector. The R&D program will advance the detector technology to a level
such that the scientifically interesting range of 1072°/y/Hz can be reached by straightforward scal-
ing of the baseline alone. The sensitivity of MAGIS-100 at the end of 5 years is at the 10719 /v/Hz
level. This level of sensitivity follows from implementing the R&D program outlined in the pro-
posal and using LMT atom optics to their full extent (consistent with known constraints). From
there, we expect that simply translating to the longer baseline in the kilometer-scale instrument
will yield a factor of 30 increase in sensitivity, as explained in the following. First, continuous
vertical mine shafts of 2 km (or possibly longer) seem to be available at multiple potential sites, so
a 2 km baseline appears feasible. This results in a factor of 20 increase. In addition, there will be
a larger number of atom sources in the km-scale instrument (for gravity gradient compensation),
and data from these can be averaged together to reduce noise. Assuming a similar atom source
spacing as MAGIS-100, the scaled-up detector will have ~ 10 times the atom sources, yielding an
improvement of v/10/2 ~ 1.5 (the factor of two reduction arises because the effective baseline for
the additional atom sources is smaller on average). Together these factors suggest a sensitivity
improvement of 20 x 1.5 = 30 just due to increasing the baseline. This already puts the detector
well within the scientifically interesting zone (< 1072°/v/Hz), where there are gravitational wave
sources that have already been detected. Even if MAGIS-100 were to miss the target sensitivity by
factor of 3, the kilometer-scale instrument would still be within the scientifically interesting range.

We argue that a kilometer-scale instrument can reach 1072!/ vHz, another factor of 3 beyond
the level that is reached by increasing the baseline. Achieving this last factor of 3 would require some
additional R&D work. This can be achieved through additional incremental improvements in atom
flux and spin squeezing. After the 5-year program, we expect that it will be clearer which of these
two is more promising. However, improvements in these areas are not incompatible, so the target
could be reached through a combination of smaller improvements. We note that the fundamental
limits are far away for both of these aspects of the sensor technology. The work needed is primarily
of a technical nature, not conceptual. For example, the commercial Sr atom beam sources that
we are currently using have a thermal flux of 10! atoms/s, so only a small fraction needs to be
harvested (and cooled) to reach 1010 cold atoms/s, the level needed for 10~2! //Hz strain sensitivity.
An obvious bottleneck for realizing this at present is the large amount of laser power required on
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the cooling transition. We anticipate that this can be circumvented by straightforward investment
in more powerful lasers.

A potential site for MAGIS-1000 is at the SURF Laboratory in South Dakota. The MAGIS-100
Collaboration will seek additional funding to make an initial study of MAGIS-1000 at SURF, both
to better understand the challenges that must be met and to assess the suitability of the SURF

shaft. This study would also inform that part of the MAGIS-100 program aimed at preparing for
MAGIS-1000.
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H Appendix: Systematics and Error Modeling

The following describes the contributions to the error budget of the MAGIS-100 experiment and
some of the strategies used in the detector design to minimize their impact. Modeling and analysis
of many of the error contributions has been carried out in the context of atomic gravitational
wave detectors—with direct applicability MAGIS-100 [21-23,69]. 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 sources of error that
lead to constant phase offsets or long-term phase drifts would not affect the potential science signal.
The initial version of MAGIS-100 (see the MAGIS-100 Initial curve in Fig. 4), which aims for 1004k
beam splitters and a phase resolution of 1073 rad/ V/Hz, appears achievable in the near term. The
ultimate sensitivities require further research and development to boost instrument sensitivity and
correspondingly reduce the influence of noise sources to the level shown in the MAGIS-100 (5 year)
curve in Fig. 4, which assumes 4 x 10*hk beam splitters, a pulse spacing on the order of 1s, and a
phase resolution of 10~°rad/v/Hz.

e Laser frequency noise. The atom-laser interactions are dependent of the phase of the laser
at each of the interaction points, so laser technical noise can cause noise in the atom inter-
ferometer 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 [75] will be employed to realize
the necessary level of laser noise rejection, as detailed in Ref. [23]. Specifically, the residual
noise d¢geq in the interferometer phase arising from laser frequency noise has the leading

contribution [23] d¢geq ~ (10_14 rad/@) (185) (10 ﬁfn/s) (10 Hij;\/ﬁ) (10%7-[,68) related to
the finite duration At of each laser pulse, the velocity difference Av between the two atom
clouds in the gradiometer, the beam splitter momentum nhk, and the amplitude spectral
density ¢ f of laser frequency noise. By using an optimized lensing sequence and a common
velocity selection pulse for the two atom clouds, Av can be kept below 10 pum/s. For all
conceivable experimental parameters, d¢geq is negligibly small.

e 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 6. Detailed modeling of
the effect of wavefront aberrations on the phase of an atom interferometer was carried out in
Ref. [22]. 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. Recent work carried out by the MAGIS
collaboration (to be submitted for publication, see Appendix J) has expanded upon the
treatment in [22] with a full perturbative Fourier analysis. This new work goes beyond
the 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. As a quantitative example, the phase shift size of the
leading order term and second order term in ¢ at different scales of large momentum transfer
(LMT) will be considered. This example considers a laser with wavelength A = 698 nm
(k = 2w /)\); interferometer height H; duration between the interferometer beam splitter and
mirror T'; and a transverse atom trajectory fluctuation of size Ax during the interferometer,
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which could result from shot-to-shot variations in initial atom positions and/or velocities. To
first order in ¢:

2k
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assuming 7 = 1s. The (nk;)? dependence at second order 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 Az, which increases proportionally with k;. As discussed in Section 6, wavefront
perturbations with a spatial scale of < 1 mm will substantially diffract out of the beam
before interacting with the atoms. For the large LMT cases, the averaging that occurs over
the laser beam interaction time (which becomes a substantial fraction of a second for large
LMT) has also been found to reduce the size of the wavefront aberration noise, by factors
of ~ 100 for terms that are first order in § and of ~ 10* for terms that are second order in
§ for n ~ 4 x 10* and spatial perturbations of a spatial scale of ~ 1 mm. To be maximally
conservative, this averaging is not included in the phase error estimates here. 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 1 pum or better on each experimental shot.
For the anticipated 1 mm cloud sizes and 10 atoms in the initial version of MAGIS-100,
measurements at this level are compatible with the atom shot noise limit. For an upgraded
atom flux of 10® atoms per shot, the atom shot noise limited kinematic resolution is improved
to 0.1 pm per shot. Moreover, phase shifts from the coupling of initial kinematic jitter to
wavefront perturbations can be further reduced using the general kinematic-dependent phase
shift compensation technique detailed in Sec. 6.8. Part of the research and development
program will be devoted to experimentally implementing this technique for the mitigation of
wavefront-induced phase shifts, in combination with developing methods for reducing ¢ via
a combination of in situ wavefront measurements and deformable optical elements or spatial
light modulators. For the ultimate MAGIS-100 interferometer parameters, displacements Az
measured and/or controlled at the level of 0.1 um per shot, § = 3 x 10~* (improved, e.g., by
compensation with deformable optics or spatial light modulators), and a suppression factor
of 10 from the compensation technique described in Sec. 6.8, d¢y,r1 ~ 1 X 1075 rad/v/Hz
and 0¢yp2 ~ 2 X 108 rad/ VHz. Temporally varying wavefront aberrations can also lead to
phase noise in the target frequency band. Sources of such variations and their typical sizes are
discussed in detail in Ref. [22]. In situ wavefront characterization can be used to measure any
such temporal variations and account for their effects in post-processing. In addition to full
modeling of the wavefront aberration phase shifts, new schemes for measuring the wavefront
with advanced imaging techniques are being developed. Methods involving tilted beam pulse
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sequences can allow for the spatial derivatives of the wavefront to be mapped out across the
beam. Further details can be found in Appendix J.

Seismic vibration. Ground vibration imprints phase noise on the interferometry laser pulse
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 [1,23]. For a velocity mismatch Av between the two clouds in the gradiometer, there

is a residual phase shift d¢yipration ~ (10*9 rad/\/m) (155) (ﬁ”m/s) (%) (M‘;“SQ/\@>
associated with vibration of the critical beam steering optics with amplitude spectral density
da. T is the duration between the interferometer beam splitter and mirror interactions, and
all other parameters are as defined above [23]. d@yibration is 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 gravity gradient noise in Appendix I).

Coriolis effects. The rotation of the Earth causes the atom trajectories to deflect from ideal
vertical free-fall. For long fall time, the Coriolis force can deflect the atom outside the
center of the laser beam, reducing the atom optics efficiency. Variations in the transverse
velocity of the cloud cause a substantial Coriolis-induced phase shear across the ensemble
that can wash out the interferometer contrast if it is not resolved or reduced. Strategies to
compensate the Coriolis force from Earth’s rotation are discussed in Section 6. These include
counter-rotating the atom optics laser beam against Earth’s rotation and implementing multi-
loop interferometers that are insensitive to rotations (see the bullet point below on ‘Initial
Cloud Kinematics’ for a more detailed discussion). Modeling of Coriolis effects on atom
interferometers has been extensively studied and verified in the Stanford 10 m fountain [60,61],
giving confidence that the strategies in Section 6 will work as expected in MAGIS-100.

Laser pointing jitter. Uncontrolled pointing jitter of the laser causes phase shifts in the inter-
ferometer since it changes the position of the atom with respect to the laser wavefronts. The
behavior of these phase shifts is well-understood [22,60,61]. Pointing jitter in the target fre-
quency band for the science signal (~ 0.1-10 Hz) can act as a noise background. Let 0® denote
the amplitude of the power spectral density for pointing jitter in this band. If the pointing jit-
ter originates from optics near one of the atom ensembles, the laser wavefronts are transversely
displaced by a distance Ld®P for the far interferometer and much less for the near interfer-
ometer, where L ~ 100 m is the baseline length. The dominant source of noise in this situ-
ation 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 point-

s i B~ (210°° 130V ) ) (st ) (st e
pointing will be monitored using a split photodetector (see Ref. [69] for a more detailed dis-
cussion), and feedback to control the laser direction can be used if needed. It is noted that
angle measurements at the level of 1 prad/ v/Hz have been achieved [70]. To reduce d¢pointing
for the case of increased n and improved phase resolution after research and development,
a combination of improved feedback on the pointing angle d® and reduction of the beam
perturbation amplitude ¢ (e.g., employing adaptive optics) can be implemented. For the in-
terferometer parameters after research and development, 6 = 0.001, and 6® = 10 prad/ VHz,

8 Pointing ~ 1 x 1077 rad/v/Hz.
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e 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 cou-
pling to the 1Sy — ' P; (461 nm) transition shifts the energy of the ground (*Sp) state, and off-
resonant coupling to the 3Py — 357 (679 nm) transition shifts the energy of the excited clock
(3Py) state [76]. 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 interferometers with nhk beam splitters, phase backgrounds from

AC Stark shifts are at the level of dpac ~ (6 x 1075 rad/v/ Hz) (155) (1()6(3[//\[/@), where 61/1

is the amplitude of the power 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. 61/I ~ 107%/v/Hz can be realized, for example, with a 0.1% spatial
intensity variation between the two interferometers and laser intensity stabilization at the
level of 0.1%, which is readily achievable. Moreover, it is possible to engineer the spectrum
of the laser to suppress AC Stark shifts, making use of light detuned both above and below a
transition [17]. This AC Stark shift compensation can further relax requirements on intensity
stability. For reference, we note that in [77], intensity fluctuations were reduced to the level
of 6 x 10~7f~1/2/\/Hz for frequencies f down to ~ 0.1 Hz. For the ultimate interferometer
parameters after research and development and for 0.1% spatial intensity variation, this level
of intensity control corresponds to dpac ~ 1 x 107° rad/v/Hz (not assuming any additional
suppression from AC Stark compensation). Transverse-position-dependent AC Stark shifts
can also couple to initial atom kinematic jitter in a manner analogous to wavefront aber-
rations (discussed above). For a given intensity/wavefront perturbation amplitude, phase
errors from AC Stark couplings of this type will be slightly smaller than the corresponding
wavefront-induced phase errors. For such AC Stark couplings, analogous mitigation strate-
gies can be applied as in the wavefront case. In situ measurements of intensity perturbations
can be measured by implementing spatially resolved detection combined with short duration
interferometers in a superposition of different internal states and leaving on a long Doppler-
detuned laser pulse.

e Initial cloud kinematics. Fluctuations in the initial position and velocity of the atom en-
sembles can cause unwanted phase shifts in a number of ways. Shot-to-shot fluctuations in
the atom trajectory can couple to rotations, wavefront aberrations, and spatial variations
in external fields (e.g., magnetic or gravity gradients) and lead to time dependent phases
errors. Such effects have been theoretically analyzed [21,22, 58|, and they have also been
experimentally investigated in the Stanford 10 m fountain [12,60,61]. Mitigation strategies
for initial cloud kinematic jitter are discussed in Section 6. From the discussion of wavefront
perturbations above, it is important to control or measure trajectory variations arising from
initial kinematic jitter at the 1 pum level on each experimental shot. Multi-loop interferom-
eters 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 [22,68]. As an illustrative example, a three-loop interferometer configured to cancel
out leading order phase shift contributions from rotations and gravity gradients is consid-
ered [68]. 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 ve-
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locity and has the form d¢roayv = (17/3 + 4\/5) nk:AvayTzzT4. Here, the z, 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, T is the duration between the first beam splitter and mirror inter-
actions, and all other notation is as defined above. The associated noise has the magnitude

SORGGY ~ (2 x 1076 rad/\/E) (155) (W) (1%) For the ultimate interferometer

parameters after research and development, and assuming measurement of Awv, at the level
of 0.1 ym on each experimental shot (this corresponds to the shot noise limit for 108 atoms
and a 1 mm cloud size), d¢ragy ~ 6 x 107° rad/v/Hz. Additional loops can be added as
needed to further suppress phase shifts from the cross-coupling of rotations, gravity gradi-
ents, and initial atom velocity. Moreover, as discussed in Sec. 6.8, the residual coupling
of initial kinematics to rotations and gravity gradients can be further suppressed by appro-
priate counteracting phase shifts arising from mirror tilts. Assuming a modest factor of 10
reduction in d¢rgqy from this compensation technique, d¢raay ~ 6 x 1076 rad/ VvHz for the
ultimate interferometer parameters. An alternative method to compensate phase shifts from
gravity gradients by slightly adjusting the momentum transferred during the interferometer
mirror sequence has recently been theoretically proposed [78] and experimentally demon-
strated [12,79]. In MAGIS-100, this momentum transfer adjustment could be achieved by
incorporating a small number of Bragg transitions into the interferometer using light with a
different, finely tunable wavelength.

Mean field shifts. Atom-atom interactions cause an energy shift of the clock transition pro-
portional 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 [12, 80].
For 87Sr, the mean field shift has been measured to be ~ (0.1 Hz) (MW) [71], where
Natom 1S the atom number density. The mean field shift arises when atoms are inhomoge-
neously excited on the clock transition, as otherwise atom-atom interactions are suppressed
by Pauli blocking [71]. Therefore, the times at which mean field shifts will affect phase evo-
lution in MAGIS-100 are during the atom optics pulses. The initial version of MAGIS-100
will have ~ 10% atoms per interferometer in a volume of ~ 1 mm?®. Using these numbers and
assuming n = 100 and a 7-pulse duration of 200 us, phase backgrounds from mean field shifts
are doME ~ (5 x 1074 rad/\/E) (N4 /Ny), where 0N 4/N 4 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). Controlling this asymmetry at the 0.1%
level, which is not difficult to achieve with laser intensity stabilization, will reduce mean field
backgrounds well below 1073 rad/ vHz. Additionally, closely matching the densities of the
two separated interferometers will allow the mean field phase shift to be further suppressed
as a common mode, and highly robust beam splitters using composite pulses [81] can dramat-
ically reduce fluctuations in the population asymmetry. For the interferometer parameters
corresponding to the ultimate sensitivity goal after research and development, d¢yp can be
kept at the level of 2 x 1076 rad/v/Hz by stabilizing (or measuring) the relative densities
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between the two separated interferometers to 1% and employing composite pulses to reduce
SN /N4 to 1075,

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 6, magnetic shielding will be
employed to reduce the influence of stray fields in the interferometer region. 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
phase shifts. For 87Sr, 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/G? [64],
implying that control of magnetic field variations at the level of ~ 1 mG/v/Hz in the relevant
band should be more than sufficient for the target sensitivity goal. Magnetic shielding to the
1 mG level is implemented in the Stanford 10 m fountain [63]. In MAGIS-100 the field will be
monitored with magnetometers and shielding to the 10 mG level will be adequate to achieve
the sensitivity goal for signals in the frequency range of interest.

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 strontium clock transition, the

4
blackbody shift has a temperature coefficient of —2.3 Hz (:gsgg“i‘(“) , where Tiygtem is the tem-

perature of the apparatus [64]. 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 7" as defined above and a temperature oscillation at frequency wemp, the
interferometer phase response to temperature variations at low frequency wremp is suppressed
by a factor of (wWrempT’ )2. For a temperature oscillation of amplitude 1 K and period 1 hour,
the associated interferometer noise is at the level of ~ 1 x 1076 rad / VHz.

Imaging aberrations. Aberrations in the lens system used to image the atom fringe pattern
can introduce apparent phase shifts. Assuming the aberrations are not uniform over the
field of view of the imaging system, a time-varying effect may arise if the position of the
interference pattern changes shot-to-shot due to initial atom kinematics. This effect has been
characterized in the Stanford 10 m fountain both by making use of ray-tracing software to
analyze the imaging lens system and by controllably measuring phase shifts as a function of
position on the camera. The same methods can be applied to MAGIS-100. It is anticipated
that such characterization, in combination with atom cloud kinematics controlled and/or
measured at the 1 pym level on each shot, will make phase errors from imaging aberrations
negligible.

Timing jitter. A timing-jitter induced asymmetry 67 in the duration of different free propa-
gation zones of the interferometer, in combination with a velocity mismatch Av between the
two clouds in the gradiometer, leads to interferometer phase noise of magnitude 0@timing ~

(10_8 rad/\/Hz) (165) ( Av ) <1 pj/T\/m) Timing jitter of 1 ps/vHz or lower in the rel-

10 pm/s
evant band can be readily by achieved by referencing all critical frequencies to a master
oscillator with good short-term stability.
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e 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 d7 in the index of refrac-
tion 7 therefore leads to a spurious strain signal 0hi,qex = 07 [21]. The index of refraction of

airisn~ 143 x 1074 (760PTOH) <1§00tK ), where P is the pressure and Tiystem is the temper-
system
ature of the system. The spurious strain signal associated with index of refraction variation

due to temperature fluctuation 0Tsystem With a period of 1 hour (for T' = 1 s) is dhindex =
5 ~ (4 x 10722 // Hz) ( L ) ( 300 K ) (6Tiy‘}t§m). The spurious strain signal associated

10—10 Torr Tsystem
with index of refraction variation due to fractional pressure fluctuation 6 P/ P in the frequency

band of interest is dhingex = 0N ~ (4 X 10_20/\/Hz) (10,1€T0rr> (ig?t:;) <0_0f)]13//f;@). For

reference, it is noted that the same index of refraction effects apply to LIGO, which main-
tains ultra-high vacuum of 1078 to 107 Torr [82]. Additionally, the index of refraction of
the ultracold atom clouds will induce a phase shift on the laser beam when it passes through
a cloud. The dominant effect on the index of refraction will come from the strong 461 nm

and 679 nm transitions. Interferometer phase noise from this effect has the magnitude
1/2

2 2

Soaona ~ (10-*1ad/VITz) (s8) (M5 ) (1) [(”a‘.:;“/é%"”‘> +4 (gl ] |
where Naton is the atom number in a given experimental shot, r¢ouq is the atom cloud radius,
dNatom/Natom is the fractional shot-to-shot fluctuation in the atom number, d7¢oud/Tcloud 1S
the fractional shot-to-shot fluctuation in the cloud radius, and (as before) n is the number of
beam splitter momentum kicks. If needed, 0 Natom/Natom and d7cioud/Tcloud can be measured
on each shot and associated phase shifts can be subtracted in post-processing. For the goal
parameters after research and development, phase noise from index of refraction effects can
be kept to 3 x 10~%radyv/Hz by measuring the atom number and cloud radius at the fractional
level of 10~* on each shot.

Total uncertainties are summarized in Table 11.

Source of Noise Size for Initial Configuration | Size for 5 year Configuration
Wavefront 5% 107° rad/\/E 1x107° rad/\/ﬁ
Pointing Jitter 2x107° rad/\/E 1x107° rad/\/E
AC Stark Shifts 6 x 107° rad/v/Hz 1 x 107° rad/vHz
Initial Cloud Kinematics 2% 1076 rad/\/E 6 x 1076 rad/\/E
Other 5x 1076 rad/vHz 5x 1076 rad/vHz
Total Uncertainty 6 x 1074 rad/\/ﬁ 2x 1075 rad/\/ﬁ

Table 11: Summary of contributing noise backgrounds for the initial MAGIS-100 configuration and
for the configuration after 5 years of research and development. The dominant noise backgrounds
discussed above are listed individually, while the remaining contributions are combined under the
category ‘Other. It is assumed here that the noise sources can validly be added in quadrature. The
assumptions that lead to the numbers shown here are detailed in the bulleted list above.
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I Appendix: Gravity Gradient Noise

Because the atoms in MAGIS-100 are free-falling and the interferometers are run using single and
common laser pulses, seismic activity does not directly lead to noise in the measurement. However,
the atomic clouds are coupled to the shaking ground through Newtonian gravity. This effect, known
as gravity gradient noise (GGN), is a sub-dominant source of noise at LIGO at most frequencies and
has been studied in detail [83]. Particularly near the surface, GGN is often dominated by Rayleigh
waves, which are seismic surface waves which travel at a speed of cg ~ 50-300 m/s. The GGN
noise can be estimated in two regimes - when the wavelength of the Rayleigh waves A\p = cr/f are

either longer or shorter than the experimental baseline L. An estimate for the GGN strain noise

in MAGIS-100 is o
c}];ffp (0Zseismic) [ < 2(;-RL

Gnp (ITseismic) Cr
o fI L f> 55

3)

hagen ~

where p is the mass density of the surrounding rock, and (dZseismic) is the average seismic displace-
ment per vHz. Assuming (8Zseismic) ~ 1um we estimate hgan ~ 10716 at 1 Hz. A characterization
of the seismic activity near the NuMI shaft is underway and will further inform this estimate.

MAGIS-100 will attempt to measure and characterize the GGN in the lower frequency regime.
This will be useful for mitigation purposes as well as being of interest to the geophysics community.
An atomic interferometer at this scale is a sensitive gradiometer that can be used for understanding
local seismic activity, gravitational field perturbations caused by density shifts, i.e. slip faults, and
other geological irregularities as discussed by Ref. [24].
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J Appendix: Laser Wavefront Aberration

J.1 Calculation

The following discusses the interferometer phase response to a laser beam perturbation. Consider
a Fourier component 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
pipe. 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. The z and y axes are defined
so that Earth’s rotation vector lies in the yz plane. As an illustrative example, a perturbation
Fourier component k, along the xz-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
of the atoms are solved by expanding in a power series and keeping terms up to the third order in
time. Also, only Earth rotations €2, are considered, as these couple with the x and z positions of the
atoms and the vertical launch velocity. By contrast, terms including €2, couple with the y position
of the atom and the transverse launch velocities, which are much smaller. This allows the problem
to be reduced to a two dimensional phase calculation in the xz-plane. The final terms ignored are
the higher order gravity gradients that arise from a Taylor expansion of the gravitational potential
field.
The laser beam field takes the general form

E(z,2) = u(x, 2)e™. (4)

For an initial perturbation Fourier component ¢ cos(kzx) 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:

u(z,0) = 1+ d cos(kyx), (5a)

u(z,z) =1+ 5cos(kxx)ei%z (5b)

for a beam propagating in the —z direction [84]. The paraxial propagator follows from considering
the z-component, k., of the wave vector corresponding to transverse Fourier component k,. Since
the total wave vector of this Fourier component must have amplitude k, we require that k =

VkZ + k2. Therefore,
k2
T RT O R
ko= K2k~ k- 2 (6)

2

) k2
The difference between k, and k leads to the paraxial propagator e *k==k)z — ¢i3E2  Eq. (5b)
corresponds to amplitude and phase perturbations

2
Amplitude: d cos(kgx) cos (5}22) , (7a)
k.2
Phase: ¢ = 0 cos(kgx) sin (2]”22) . (7b)

Local spatial gradients of Equation (7b) determine additional contributions to the local wave vector
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o]

Opw _ : (k2
0ky = B —k,d sin(k,x) 51n<2kz>, (8a)
_ 0w _ k3 k2
(”fz = E = %(5 COS(k’xx) COS(%Z . (Sb)

A laser pulse delivers a momentum kick to an atom equal to hE, where k is the local wave vector
at the atom’s location [85]. The perturbations 6k, and dk, therefore cause the atoms to receive
additional momentum kicks proportional to the perturbation size 4.

First, the effect of the beam perturbation on the laser phase that is imprinted on the atoms as
Glaser = N(kz + ¢y) is considered, where n is the size of the large momentum transfer to the atom,
at each laser-atom interaction point. The effect on the propagation and separation phases will be
considered subsequently.

The total laser phase built up after a three-pulse sequence (7/2, m, 7/2) with laser-atom inter-
actions occurring at spacetime points A, B, C, and D [58] (see Fig. 5) is defined as

A(ﬁlaser = ¢A - ¢B - ¢C + ¢D> (9)

where ¢; is the laser phase evaluated at spacetime point ¢. For simplicity, momentum kicks resulting
from 0k, and dk, (which are referred to from here on as the 6k kicks) are ignored for the moment.
Rotations are also ignored for the moment. The laser phases imprinted at the four interaction
points are

pa=mn (5 cos(kzx;) sin <k§zz> + k:zi> (10)

2k
k2 (-9 + 7 (k2 4 v,) +zz)>

2k

+k (—g2ﬂ+T<T+vz> +Zi>> (11)

k2 (—g +Tv, + zl) gT?
¢pc =n | 6 cos(ky(Tvy + x;)) sin +Ek|—"—F+Tv,+ 2 (12)

¢p=mn ((5 cos(ky (T + x;)) sin (

2k 2

2 (—2gmT? Th+ 2mTv, i
¢D:n(écos(k:x@Tvx—l—xi))sin (kx( gmA” & knTh + 2mT —i—mz))

2km

+k (T (—QgT + % + 2vz> + zz>> . (13)
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Combining these contributions per Eq. (9), the total laser phase shift reduces to

AQslaser = _gknTQ +

k2T2 kQT k2 . kQ Th
_ncos(2kxTUx + k‘xl‘z) sin <g T Ry Vs =20 on

k k 2k 2m
[ gk2T?  K2Tw, k2z  k2nTh
OCT T xdi — — _
+ncos(kyTv, + kyx;)sin ( o o 0 -

k22
+n cos(kyx;) sin ( 5; )1 J.

Without including the dk kicks, the entire phase contribution from wavefront perturbations
enters through the laser phase [22]. When a full phase shift calculation including these momen-
tum kicks is performed—which requires including contributions from the laser, propagation, and
separation phases to find the total phase difference A¢iotal = Adprop + Adlaser + Adsep [58]-the
same answer is obtained to leading order in . In the full calculation, new phase contributions are
obtained at second order in é. In order to keep the terms to a manageable number, physical cuts
are made based on the size of product terms. Large numbers were multiplied by a factor 1/e and
small numbers by a factor €. In the final result, € was set to zero to cut terms that were negligible.
The total phase difference was then expanded to second order in 6. A list of the zeroth, first,
and second order terms can be found in Tables 12-15. This calculation differs from the previous
calculation [22], because a full Fourier analysis including transverse and longitudinal kicks caused
by the wavefront aberration has been performed. The second order terms can be thought of as
arising from the recoil kinetic energy induced by the momentum kicks 0k, and dk,. These terms
are expected physically, and some of the terms are listed below.

J.2 Leading Order Terms

Here are listed some of the leading terms for two versions of the calculation. The first, simpler set
does not include the Earth’s rotation, as this adds many coupled terms to the phase shift, and the
second set includes Earth’s rotation. Terms that are coupled to Earth’s rotation can be suppressed
by the same rotation compensation system used to suppress terms arising from the Coriolis effect.

’ Term ‘ Phase shift ‘
1 n cos(kyw;) sin (kg”,?)
2 n cos(kyTv, + kpx;) sin gkng - k%% - %)
3 —n cos(2k;Tv, + kyx;) sin (% - kgk& - % - kg?fh
4 n cos(kyTv, + kpx;) sin (gkfgz - k%% - % - k327£h>

Table 12: First order in § phase shift terms without Earth rotation. Listed are the coefficients of
0 for each term.

J.3 Wavefront Imaging

To mitigate wavefront-perturbation-induced phase shifts, it will be important to characterize the
laser wavefront in situ using the MAGIS-100 atomic interferometer. Two methods have been
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’ Term \ Phase shift
2 2,2 .2 2
4 92 k& z; gkZT kZTvy kiz;
) kin*Thcos(kzx;) cos( ;kl) cos(sz'uerkz:):i)cos( T
- 8k2m
2 2,2 .2 2 2
4 2 k2 z; gk T kZTvy kiz; kZnTh
5 kin Thcos(kzxi)cos( gk’) cos(kaTszrkzxi)cos(szszﬁf T
4k2m
2,2 .2 2 2,2 2 2 2
) gkZT kZTvy kiz; gksT kiTvy kiz; kinTh
5 kzn?Thcos(ksTvz+kzx;) cos(QkITszrkzxi)cos( S — 5t | cos IR
8k2m
2 2,2 2 2 2
) k& z gkZT kiTvy kiz; kZnTh
A kan Thcos(kzxi)cos( ;kl) cos(kzTve+kex;) cos( 1 e
- 8k2m
2,2 .2 2 2 2,2 2 2 2
4. 92 ) ) gk T _ kzTvz _ kzz; _ kznTh gk T _ kzTvz _ kzz; _ kznTh
5 kzn*Thcos(kaTvs+kzx;) cos(2ks Tve+kax;) cos(ik L gt T cos o T It
B 8k2m
2 2,2 2 2
2 2 . . k2 z; . . gksT kiTvy  kiz;
6 kin Thmn(kzxi)sm( %ﬂ) sin(kzTvz+kax;) sm( S — et
2m
2 2,2 2 2 2
2 92 . . k& z; . . gkZT kSTvy kiz; kZnTh
. kin Tﬁsm(kzxi)sm( gkl) sin(2ky Tve+kax;) sm(””szTf%ng
- m
22 2 2 22 2 2 2
2 92 . N s N s gkZT kiTvy  kiz; . gkZT kiTvy kiz kznTh
g kin Tﬁsm(kITvz—&-kzxz)sm(QkITUI—i-kle)sm( S — 5t | sin R
2m
2 22 2 2 2
2 2 . Nt k2 z; . N s gk, T kyTvy kzz; kznTh
9 kin Tﬁsm(kzxz)sm( gk’>sm(szvz+kle)sm< e a5
2m
22 2 2 2 22 2 2 2
2 2 . N oa: N s gkzT* kzTvy kzz; kznTh . gkzT® kzpTvy kzz; kznTh
10 k2n?Thsin(ksTvz+kzx;) sin(2ke Tvg+ka ;) Sm(ik S gt T sin i ok =
- 2m

Table 13: Second order in § phase shift terms without Earth rotation. Listed are the coefficients

of 62 for each term.

thought of so far and can be used in conjunction with one another.

First, a three-pulse laser

sequence can be implemented where for the third and final beam splitting pulse one of the tip-
tilt mirrors is tilted slightly to add an angle 6 to laser beam. This shifts the wavefront by a
distance datomt before the final pulse (datom is the distance between the mirror and the location
of the atoms), allowing a measurement of the first derivative of the wavefront across the entire
atom cloud to be made using spatially resolved detection and a bottom view of the cloud (see
Sec. 6.10). Having both the down-shooting and retro-reflection mirrors mounted on piezo tip-tilt
stages will allow wavefront perturbations on the upward and downward propagating beams to be
independently characterized. Another method is to purposefully apply an initial transverse velocity
kick to the atom cloud, which would provide information about spatial variation of the wavefront
along the kick direction. For the laser tilting method, care must be used with the range of angles
that can be applied. If too much tilt is added, the frequencies of the atom fringes can grow so large
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’ Term \ Phase shift

1 —gknT?
2 2knT?v, 0,
3 knRT?Q;
3E2n2T30%h
4 I —
2m

Table 14: Zeroth order in § phase shift terms with Earth rotation. Listed are the coefficients of ¢ for
each term. Terms coupling to Earth’s rotation, €2, can be suppressed via rotation compensation.

’ Term ‘ Phase shift

3k2nT3Q2 R cos(kyx;) cos (%)

4m

. . 212  k2RT202 22 2
kkInQTQthsin(égsz“QyékIRT3Q‘;kIT2szy+szvz+kzxi)sin(gkIT Ty M T vy kg Tvs

4k 4k 2k 2k

12

T
2k

2

7

)

m

Table 15: Examples of first order in § phase shift terms with Earth rotation. Listed are the
coefficients of 0 for each term. Terms coupling to Earth’s rotation, €),, can be suppressed via
rotation compensation.

as to be unresolvable by the imaging system.
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