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Abstract

Precision tests of Einstein’s equivalence principle (EP) are essential to guide cutting-
edge gravity theories. We propose an atom interferometer mission on an Earth-orbiting
space station, with the primary objective of testing the universality of free-fall with two
rubidium isotopes with a precision better than 107!, The space-station-based quan-
tum EP test can also probe spin-gravity couplings and study coherent wave packets
with large spatial separation. Moreover, they are postulated to be sensitive to ul-
tralight dark-matter candidates and can explore the influence of gravity in quantum
mechanics.

A portion of this research was carried out at the Jet Propulsion Laboratory, California Institute of Tech-

nology, under a contract with the National Aeronautics and Space Administration.
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1 Introduction

The lack of a comprehensive quantum theory of gravity and the unexplained origins of dark
matter and dark energy hint that our understanding of gravity may not be complete. Testing
the equivalence principle (EP) is one of the key methods for probing the fundamental nature
of gravity. Without the EP, general relativity cannot be correct. However, the EP is (or
may be) violated in many theories that attempt to join gravity with the standard model of
particle physics (e.g., string theory, loop quantum gravity, higher dimensions, brane worlds)
[1H4]. Tests of the EP are also sensitive to new physics, such as dilatons or moduli [5], and
thus could be one of the best chances to detect new physics beyond the standard model.

Recent advances in ultra-cold atom physics and atom interferometry have provided new
measurement capabilities [6HI6], enabling tests of the EP with unprecedented precision.
Already, laboratory experimental investigations have been carried out with atomic matter
waves for tests of the Universality of Free-Fall (UFF) [I7H22], for precise photon recoil
measurements [23H25], for tests of inverse square laws of gravity [26H28], and for searches
for “fifth” forces not explained by the Standard Model [29]. Notably, NASA’s Cold Atom
Lab (CAL) has been operating onboard the International Space Station (ISS) since 2018
[30]. A recent upgrade enabled atom interferometry to be demonstrated for the first time
in orbit with single-species ultracold rubidium gases. Efforts are now ongoing to use this
facility to mature the technology for future high-precision space-based EP tests.

The Quantum Test of the UFF in Earth’s Orbit will fundamentally be a series of light-
pulse atom interferometer (Al) experiments operating onboard a space station such as the
ISS or similar platforms expected to be available in the near future. Its primary science ob-
jective would be to measure the differential gravitational acceleration between 3'Rb and ®*Rb
to a precision better than one part in 10'®. In contrast to classical bulk-matter EP tests, Al-
based measurements could allow access to rare isotopes, probe spin-gravity coupling, study
coherent quantum wave packets, and explore the influence of gravity in quantum mechanics
[31]. A secondary science objective is to achieve unprecedented photon recoil measurements.
This can be accomplished by simply changing the interferometer measurement sequences.
The improvement in the photon recoil measurement will result in the most stringent test of
quantum electrodynamics by verifying the electron’s gyromagnetic ratio, the most precise
prediction made in any science [32], and can lead to the best realization of the unit of mass
in the revised international system of units [33].

2 Flight Concept

The proposed space-station-based test of the EP in Earth’s orbit derives from a Pre-Phase A
concept study titled “Quantum Test of the Equivalence Principle and Space Time (QTEST)”
[34], but is adapted to include recently developed cold-atom technologies for precision gravity
science and updated with results from CAL and MAIUS (Matter-Wave Interferometry in
Microgravity) space-based quantum gas and Al missions [30], B35, [36]. Notably, much of
the precision gain of the mission concept over the ground experiments comes from the
microgravity environment in orbit. The most recognized benefit is the extended free fall
duration, allowing long interrogation times while minimizing the necessary length of the
atom trajectories in the frame of reference of the instrument and, therefore, simplifying and



enhancing environmental isolation and control.

Since, for Mach-Zehnder AI, the inertial-measurement sensitivity scales quadratically
with the interrogation time (see Section , the sensitivity gain can be significant. Just as
important for this mission concept is the ability to modulate gravity by rotating the setup
on a rotation stage, which helps strongly reduce the systematic errors by phase sensitive
detection (see Figure [2)) [34]. Furthermore, a space environment will provide opportunities
for new science. The high relative velocity of space stations makes it possible to perform
precision tests of the relativistic properties of gravity [37,38], i.e., terms in test theories that
enter the signal proportional to the gravitational acceleration and a power of the velocity
with respect to the source mass of the gravitational potential. Finally, the long interrogation
time in a stable environment makes the mission optimally sensitive to time-dependent EP
violating terms that will narrow the range of feasible dark matter candidates [39].

2.1 Quantum Test of the Weak Equivalence Principle

The observation that gravity appears to accelerate all objects in the same way, regardless
of their structure, mass, charge, or composition (the UFF), serves as a cornerstone for
modern gravitational theories. For the Einstein Equivalence Principle, this observation is
central to the postulate that gravity is locally equivalent to being in an accelerated frame
of reference. “Equivalence” here means that there is no experiment that can tell the two
apart. Violations to the UFF are quantified by the Eotvos parameter 7, which gives the
normalized differential acceleration of two bodies (A and B) under the influence of gravity
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The mission will primarily seek for possible violations to
the UFF (n # 0) using ultracold gases of A = 8"Rb and B =
8Rb as quantum test masses. By a quantum test, we mean
an experiment in which the wavelike properties of matter are
used to measure the influence of gravity (e.g., based on matter-
wave interferometers). One fundamental difference of quantum
tests, as compared to classical ones, is that they are sensitive
to the interference of matter waves as they evolve over time. In
that way, they go beyond testing the UFF, and also probe the
behavior of quantum mechanics on macroscopic length scales.
The known discrepancies between general relativity and quan-
tum mechanics are strong motivation for precision tests of
quantum systems where gravity is important. As with atomic
clocks, this quantum test would use the well-understood and
controlled properties of ultracold atoms to mitigate systematic
errors. All atoms of one species are alike and their interactions gi%‘gseTl:pg;izlgeﬁgftsgnfsp; O];ats}ii
with the environment (magnetic and electric fields, radiation, 1SS Express Rack. The physics ex-
background gas collisions, etc.) can be controlled to high preci- ff:;f:liz ;’:‘ﬁ?ios Wrir;‘})l“z‘vtvid o
sion. Neutral atoms are a close approximation to the textbook lockers housing lasers, electronics, and
concept of a light, isolated, non-interacting point mass. the control system near the bottom.




Als are highly sensitive to accelerations a, with accumulated phase response in Mach-
Zehnder configuration given by ¢ = (keg - a)T?, where kqg is the effective wavevector and
T is the free-evolution-time between interferometer pulses. The gravity-induced evolution
of the relative atomic wavefunctions is measured by reading out the interference pattern in
the atomic density distributions. We consider a cycle time of T, = 70 s, given by reasonable
microgravity-enabled interferometry interrogation times 27" = 20 s and up to 50 s for atomic
cloud sample preparation, cooling, state manipulation, detection, and positioning of the
atoms and the rotating platform. Assuming each interferometer has a beam near-resonant
to the Do transition in rubidium (i.e., keg = 27/(780 nm)), contrasts in excess of 50%,
and N > 10° detected atoms, the per-shot acceleration sensitivity for each rubidium Al is

approximated as
1 1
— I 10—13
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The mission concept relies on differential measurements of two simultaneously interro-
gated atom interferometers (**Rb and 8"Rb) to search for relevant violations of the UFF. For
a total measurement time on orbit of 12 months, allowing for multiple 7 = 3-month mea-
surement sets for noise reduction, the integrated acceleration sensitivity for each differential
UFF measurement set is

o, = To(ods + 0%r) ~ 5 x 1071
T
It is anticipated that the Quantum Test of the Universality of Free Fall in Earth’s Orbit will
provide over two orders of magnitude improvement in constraining the Eoétvos parameter
over any previous quantum test of the UFF [I7]. This station-based mission is expected
to be a first-of-its-kind precision quantum sensor operating in space for searches of physics
beyond the standard model. It will further serve as a path-finder and technology maturation
platform for enabling high-precision quantum technologies that will enable new science in
follow-on missions both on station-based and free-flyer platforms for the coming decades.

2.2 Space Station Enabled Flight Hardware

The experiment payload will mainly consist of the atom interferometer physics package
(AIPP), a rotating platform, a laser and optics subsystem assembly, electronics, and control
system. It is anticipated that the payload will closely resemble the notional hardware
design developed for the QTEST concept (see Figure [I)). The AIPP design is illustrated
in Figure 2| Here, dual-species (**Rb, 87Rb) 2D Magneto Optical Traps (MOT) feed two
identical atom-source regions at opposing sides of the vacuum chamber. The cold Rb beams
are collected and simultaneously laser-cooled in 3D MOTs and subsequently evaporatively
cooled (87Rb) or sympathetically cooled (¥Rb) in Quadrupole Ioffee Pritchard magnetic
traps [40, 41]. A final delta-kick cooling stage [42, [7, 13| 15] will reduce the kinetic energy
of each atomic species, at each trap, to reach an effective temperature of less than 1 nK.
Subsequent transfer to the mp = 0 state will then mitigate the sensitivity of the clouds to
magnetic fields and gradients.

After the complete cooling and preparation process, the ultra-cold atom clouds are trans-
ported to the science chamber, where AI measurements take place in a well-controlled and



isolated environment, using an optical Bloch oscillation (OBO) technique. OBO is consid-
ered not only for its ability to transport atom ensembles without heating [43], but also with
large momentum for reduced transport time. OBO of cold atoms in a moving optical lattice
has transferred > 10002k photon momenta in 10 ms for precision metrology [25] [43]. Inter-
ferometry for the two species will then be performed in the science chamber with a sequence
of Bragg laser pulses at the so-called “magic wavelength”, where the two-photon Rabi fre-
quencies for ®Rb and 8"Rb are identical [34]. With the planned interferometer interrogation
time of T' = 10 s, spatially inhomogeneous forces, including gravity gradients and rotations,
would likely be sufficiently large to reduce the total contrast to zero. To mitigate these
issues and still have the ability to take advantage of the long interrogation times accessible
in space, this campaign would integrate rotation-compensating piezo-electric actuators on
the AI retro mirror [44], laser frequency compensation to correct for gravity gradients [45],
and imaging detection of the clouds with open interferometry [46] [9] to recover the contrast
loss due to inhomogeneities. These demonstrated techniques will allow to recover spatially
dependent phase shifts in long-time Als that would otherwise be completely washed out
with state-detection over the entire clouds.

2.3 Control and Suppression of Error Sources

High-sensitivity measurements of /—\
gravitational accelerations with :

Als require extensive mitigation of
systematic shifts to achieve their
ultimate accuracy. As was already
considered for QTEST, common-
mode suppression of systematic er-
rors will be maximized by using
a highly symmetric measurement
approaCh' This includes the use Figure 2: Illustration of the gravity modulation scheme in the context of the

of two Rb isotopes with a sin- QTEST concept. The center figure is the atom interferometer EP experi-

: mental setup on a turntable which is modulated between 0 and 7 along the
gle Bragg laser beam addressmg nadir direction z. In the reference frame of the turntable (experiment), the

both iSOtOpGS simultaneously. This projection of the Earth’s gravitational acceleration along z (g-), and there-

I fore the EP signal (nkeggT?), changes sign as the turntable is modulated
helps to suppress the sensitivity to from © = 0 (left) to © = 7 (right). On the other hand, the gravity gradient

vibrational HOiSQ, which is neces- from Earth vz» remains the same under the modulation (by definition, the

. gravity and the gravity gradient of the instrument remain constant in the
sary on the ISS and hkely for all experiment reference frame). Therefore, the gravity gradient effects can be

upCOming space station platforms, effectively suppressed in differential measurements. The insets emphasize
Tt il al t dual . that the modulation changes the relative sign between the gravitational ac-
Wil also use two dual-species celeration g, and gravity gradient v... Hence, gravity gradient sources both

sources, enab]jng two dua]_species inside and external to the experimental apparatus can be distinguished from
atom interferometers (four Als in the gravity signal via demodulation.
total) to be interrogated simultaneously in a time-reversed configuration. This reduces sys-
tematic error sources that are sensitive to the photon recoil and to the Al laser orientations.
These are the key design points that would enable to achieve the primary science objectives.
The gravity gradient is expected to be the most serious systematic effect for cold atom
based (quantum) EP tests. Here, species-dependent accelerations arise due to imperfect
spatial overlap of test masses [34] [45, 47H50]. Various measures are necessary to control
this systematic, e.g., extensive in-flight calibrations [47-49] or environmental control [50].




However, the effectiveness of these mitigations is not at all obvious. In Ref. [51], we reported
that the gravity gradient dependent systematics, including those due to the instrument self
gravity gradient and from the Earth itself, can be highly suppressed in Al-based EP tests
when the apparatus is inverted by a turnable table (see Figure . When combined with the
gravity-gradient compensation technique proposed in Ref.[45] and recently demonstrated
[17], systematic shifts from the imperfect overlap of the atomic test masses (**Rb and 3"Rb)
are no longer a leading error source [52]. See Refs. [53H56] for a discussion of suppression
techniques for the remaining significant error sources.

3 Notional Cost and Schedule

The proposed space-station-based quantum sensor for testing the UFF would rely heavily on
the predecessor station-based cold atom facilities: CAL [30] and BECCAL [57]. The physics
package, laser and optical subassemblies, electronics, and control system would all build on
flight heritage hardware and are expected to be TRL 7 or above before the start of Phase A.
However, a significant effort is still necessary before Phase B to mature the concept, reduce
technological risk, and mitigate error sources that could degrade the science goals. Notably:

e Ultracold ®Rb atom source (TRL 3)

e High precision matter-wave splitting and transport (TRL 3)
e Magnetic field systematic suppression (TRL 2)

e Imaging analysis and detection errors (TRL 3)

e Practical implementation of gravity modulation (TRL 3)

e Analyses of systematic error sources and space-enabled system performance

These risks will be mitigated and the hardware or techniques matured to TRL 6 by a con-
centrated 2-year ground-test campaign using a development testbed at JPL, collaboration
with university researchers, CAL and BECCAL ground facilities and expertise, as well as
European partners for possible collaborative risk reduction efforts. A high-level summary
of the cost and schedule for the QTEST mission before launch is summarized in Table [1]

Table 1: QTEST mission cost estimate

Phase A Phase B Phase C Phase D
Year 1 Year 2 Year 3 Year 4 Year 5
$8M $14M $41M $35M $15M

The $113M pre-flight cost is developed by a Grass Roots estimate using vendor quotes
and reference to the actuals of the NASA CAL project where applicable with the assump-
tions that a) this will be a Class D mission b) the costs are adjusted for 3.1% annual inflation
with an assumed start date of 2024, ¢) it includes payload development, integration, and op-
eration only. No science NRA is included, d) no Onboard Replacement Units are included,
e) it includes 10% funded schedule reserve and f) 30% project reserve, and g) the cost of
the launch vehicle is not included. Note that the cost and schedule information contained
in this document is of a budgetary and planning nature and is intended for informational
purposes only. It does not constitute a commitment on the part of JPL and/or Caltech.
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