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Today physics stands at the threshold of major discoveries. Growing observational evidence
points to the need for new physics. Efforts to discover new fundamental symmetries, investiga-
tions of the limits of established symmetries, tests of the general theory of relativity, detection of
gravitational waves, and attempts to understand the nature of dark matter were among the topics
at the focus of scientific research at the end of the last century (NRC 2003). These efforts inten-
sified with the unexpected discovery of the accelerated expansion of the universe (i.e., “dark en-
ergy”’) made in the late 1990s, triggering many new activities aimed at answering important
questions related to the most fundamental laws of Nature (Turyshev 2009).

The fundamental physical laws of Nature are currently described by the Standard Model and
Einstein’s general theory of relativity including the ACDM model at the cosmological scale.
However, there are important reasons to question the validity of this description. In particular, if
gravity is to be quantized, general relativity will have to be modified; however, the search for a
realistic theory of quantum gravity remains a challenge. This continued inability to merge gravity
with quantum mechanics together with the challenges posed by the discovery of dark energy in-
dicates that the pure tensor gravity of general relativity needs modification or augmentation. It is
believed that new physics is needed to resolve this issue.

Theoretical models of the kinds of new physics that can solve the problems above typically in-
volve new physical interactions, some of which could manifest themselves as violations of the
Equivalence Principle, variation of fundamental constants, modification of the inverse square
law of gravity at various distances, Lorentz-symmetry breaking, large-scale gravitational phe-
nomena, and introduce corrections to the current model of spacetime around massive bodies.
Each of these manifestations offers an opportunity for experiments of precision measurements
and could lead to a major discovery.

Space is one of the most likely places where these manifestations may be investigated. While
providing microgravity for experiment and technology gains (Aveline 2021, van Zoest 2010),
access to greater variation of gravitational potentials, greater velocities, and full orientation cov-
erage, space also extends the well-understood and controlled laboratory environments.

At the same time, ground-based laboratories have seen spectacular developments in Atomic, Mo-
lecular and Optical Physics (AMOP), leading to quantum technologies to access measurement
regimes with unprecedented sensitivity and accuracy. Progress has led to new instruments and
technologies including more accurate atomic clocks, atom-wave interferometers, and femto-
second laser combs. Today’s new generation of high performance atomic quantum sensors (ac-
celerometers, gyroscopes, gravimeters, gravity gradiometers) is surpassing previous state-of-the-
art instruments. Combined with access to space platforms, these new tools enable more precise
experiments in a search for physics beyond the Standard Model and in tests of the general theory
of relativity. The questions that can be addressed by space experiments with these technologies
are: “Does gravity behave as Einstein predicted?”; “What will be the nature of a theory of quan-
tum gravity?”; “Where and how will the Standard Model fail?”’; “Are the fundamental constants
of nature truly constant?”; “What is the nature of dark matter and dark energy?”.

Below we discuss some of these new AMOP-based technologies, including their current status,
anticipated performance, challenges of space deployment, and science benefits from their use in
space-based research. We also argue for dedicated programs for their development, miniaturiza-
tion, and space qualification efforts in the next decade in support of future fundamental physics
measurement endeavors in space.
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1. Highly-accurate optical clocks
1.1. Technology innovation and the state of art

For many years microwave transitions have served as the basis for accurate and ultra-stable
atomic clock systems. More recently, a new type of atomic clocks based on optical transitions
demonstrated breakthrough improvements. Highly stabilized lasers as optical oscillators have
already routinely achieved the 1075 172 level (vs quartz oscillators at 107'3)) limited by the
thermal noise of the reference cavity (Ludlow 2007 and 2008). When referenced to suitable opti-
cal transitions of atoms in ion traps or optical lattices, optical clocks are reaching and going be-
yond fractional frequency stability of 107'® (e.g. Brewer 2019 and McGrew 2018), limited at this
time by blackbody radiation induced uncertainty. Accuracies at 107! or better are expected in the
near future. For comparison, the best clock flown in space to date is at the frequency stability of
10-15 level, as recently demonstrated by NASA DSAC technology demonstration mission (Burt
2021).

1.2. Scientific benefits of new technology

Clock comparison is a major method for tests of general relativity, the special theory of relativity
and Lorentz invariance. Access to space enables better clock performance and allows us to fully
benefit from the larger variations of the gravitational environment for tests of general relativity
(gravitational redshift). Atomic clocks made with different atoms or different kinds of transitions
(electronic, hyperfine, vibrational for molecules), when operated together can search for viola-
tions of the Equivalence Principle (EP). Monitored over time, they are sensitive to variations of
the fundamental constants. Identical clocks moved relative to each other can be used to perform
tests of special and general relativity tests.

As a direct consequence of the EP, general relativity and other metric theories of gravitation for-
bid any time variation of non-gravitational constants. Today, optical clocks offer the possibility
to test time variations of fundamental constants at a high accuracy level. Such measurements
complement the tests of the local Lorentz invariance and of the universality of free fall to exper-
imentally establish the validity of the EP. Furthermore, a global space clock network is ideal for
such measurements. Similar networks with various clock combinations can also be used to seek a
direct detection of dark matter ultra-light field candidates.

Furthermore, clocks of 107! or better accuracy and associated ability of time transfer can be
used for geodesy through gravitational redshift. Ancillary Earth sciences will greatly benefit
from the use of these improved clocks including studies of Earth rotation, climate research,
ocean research, earthquakes, tsunamis, etc. Similarly, as clock frequencies are ultimately impact-
ed by the gravity variations on earth, it is possible that the future primary standard and clocks
will have to be located in space (Kleppner 2006).

1.3. Benefits and challenges of space deployment

In space, where weightlessness and extremely quiet environments ensure the ideal conditions for
laboratory experiments, the clock performances can be improved even further. Clocks in space
represent unique tools to test fundamental laws of physics at an unprecedented level of accuracy
and to develop applications in time and frequency metrology, universal time scales, global posi-
tioning and navigation, and geodesy.

In terms of tests of gravity theories and fundamental physics, space presents an unique platform
as these tests often require large gravitational potential differences and large velocity changes
which can only be obtained through space based systems. For example, ground redshift tests lim-
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ited to the laboratory scale and building height (Takamoto 2020). Space can offer the full gravity
difference from earth or even the Sun. A space based clock will also enable intercontinental
clock networks for some of the physics tests.

Space deployment puts stringent requirements on size, mass, power, and autonomy of an instru-
ment. A compact trapped Hg+ clock has been demonstrated in the NASA Deep Space Atomic
Clock (DSAC) mission. While DSAC uses no lasers, optical clocks extensively rely on stabilized
lasers. This is one of the major challenges in developing space optical clocks and metrology. For
a space-qualified optical clock, lasers must be small and reliable with long lifetimes while work-
ing under harsh space radiation environments. High-power lasers are required for neutral atom
cooling and trapping techniques, ultra-stabilized lasers for clock transitions, and femtosecond
lasers (one octave frequency span) for optical frequency comb generation and self-referencing.

In addition, ultra-high vacuum systems with good optical access without magnetic materials are
required for housing trapped atoms. The vacuum chambers should ideally be completely sealed
enclosures without the active pumps typically used in laboratories. All corresponding precision
microwave and laser control electronics need to be specifically developed for the space instru-
ment. All systematic effects must be extremely well controlled.

1.4. Program objectives

High-performance microwave space clock experiments have been planned and demonstrated on
space station platforms in the ESA’s ACES mission (Savalle 2019) and in the Chinese Cold Ru-
bidium clock payload (Liu 2018). As optical clocks have shown potential for greater precision
than microwave clocks, missions using optical clocks have already been proposed under the Eu-
ropean Space Agency (ESA) Cosmic Vision program and other national space agencies. An opti-
cal clock mission concept is also being studied by NASA BPS. Before implementation of an op-
tical clock mission, technologies not previously demonstrated in space must be matured to a TRL
6 level. We argue that it would be beneficial to NASA to establish such a program. The program
could support an initial development of several advanced clock technologies and common com-
ponent technologies and later focus on one approach for a specific science experiment concept.

2. Atomic quantum inertia sensors
2.1. The nature of innovation

Atomic quantum inertial sensors exploit the particle-wave duality of atomic particles for ultra-
sensitive interferometric measurements similar to laser interferometers. Because the rest energy
of the atomic particles is on the order of 10'! higher than the energy of a laser photon, atom inter-
ferometers can be intrinsically much more sensitive to inertial forces. Laboratory atom interfer-
ometers have achieved 8a ~ 107'° m/s?>/Hz"? (Asenbaum 2020) as accelerometers and Sm ~
6x107'° rad/s/Hz"? (Gustavson 2000) as gyroscopes, already surpassing the state of the art in tra-
ditional sensors. Significant advances have been made more recently in the sensor performances
and the technology maturity. Various transportable systems are being developed around the
world including gravimeters, gradiometers, and gyroscopes.

Major fundamental advances are still being made today in laboratories. For example, a large
momentum-transfer for atom-wave splitting has been demonstrated with a high fringe contrast
(Miiller 2008). In addition, the use of coherent quantum matter waves offers potential of further
improvement to overcome standard atom projection noise by exploiting quantum entanglement
and non-classical states.
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2.2. Scientific benefits of new technology

Atomic quantum inertia sensors are becoming a key-technology for ultra-precise measurements
of gravity, accelerations and rotations. Their space deployment can be used to support new clas-
ses of experiments such as tests of the gravitational inverse-square law at distances of a few mi-
crons or at solar system scales (Yu 2018), the universality of freefall, and tests of the EP using
quantum wave packets, as well as measurements of the relativistic frame-dragging precession
(Jentsch 2004). It also provides new experiment possibilities for direct detection of dark energy
(Hamilton 2015 and Chiow 2018) and gravitational wave detections (Dimopoulos 2008).

When used as sensitive accelerometers, cold atoms in space as ideal test masses in a drag-free
environment provide excellent candidates for tests of the universality of free fall. By measuring
the differential acceleration of two co-located matter-wave interferometers with different atomic
species, atom interferometers in space can be used to perform highly accurate searches for a vio-
lation of the EP which is at the foundation of the general theory of relativity and other metric
theories of gravity. Such a fundamental principle should be tested to its utmost precision. Many
modern theories of physics beyond the Standard Model predict a violation of the EP at different
levels. The ground measurement limits of 1x107!3 on the EP violations (Turyshev 2007) were
only surpassed by the recent CNES Microscope mission (Touboul 2017). Atom interferometers in
space could be used to reach accuracies beyond these current limits. The use of atomic test mass-
es as quantum wave packets in gravity free fall can also provide new science interpretations,
Thus, the objective of the Quantum Test of Equivalence and Space Time (QTEST) experiment
was to achieve <I1x107!* (Williams 2016). More ambitious mission concepts to reach <Ix10~!
are being discussed.

2.3. Benefits and challenges of space deployment

A flight experiment in microgravity will greatly enhance the performance of atomic sensors be-
cause of the long interaction times achievable in a freely falling environment. The lack of large
gravity bias also minimizes the experiment’s spatial extent for better environmental controls (a
10-s free fall time on earth equals to 500 m!). The much better vibration isolation available in
space is also a benefit. Thus, if used as accelerometers, atom interferometers in space could po-
tentially reach the level of 8a ~ 10712 m/s?/Hz'? or better (Yu 2006 and Dimopoulos 2008).

Performance testing and relevant technology validation requires a microgravity environment.
Microgravity validations may be performed in a drop tower, zero-g plane, sounding rockets, ISS,
or technology demonstration satellite mission.

2.4. Program objectives

While most of the atomic sensor system developments to date are for terrestrial use, several ef-
forts developing space-based atomic sensors (e.g. DLR QUANTUS and MAUIS, and NASA
CAL) have been undertaken. The NASA Earth Science and Technology Office has also funded
atom interferometer gravity gradiometer developments to be used for global gravity mapping in
space, now at TRL 4-5. Maturation of these types of measurement systems for space requires
further development of laser and optics systems, optically accessible vacuum systems, high flux
atom sources, and low noise atom detection techniques. The potential systematics of atomic
quantum sensor based measurement systems will also need careful study. In addition, investment
should be made to continue basic atom interferometer research activities in ground research la-
boratories to better understand these inertial sensors, their error sources, and generate new capa-
bilities.

Page 4 of 5



2021 BPS Topic White Paper:
AMOP-based Technologies for Fundamental Physics Experiments in Space

A dedicated program for developing atom interferometer-based technology for space could en-
compass a multi-year multi-million dollar effort from universities, research laboratories, and in-
dustry. Separate funding may be needed to validate it in the space environment, perhaps in con-
junction with moderate science measurement objectives in a pathfinder mission.

3. Recommendations

Recent scientific and technological advances have produced new clocks and quantum sensors
that have enabled measurements to unprecedented regimes of sensitivity and accuracy at which
the foundations of modern physics can be tested. We argue that a well-defined technology pro-
gram with adequate investments can lead to major scientific advances in fundamental physics by
maturing technology for space-based missions within the decade.

Many space missions already studied would benefit from hastened maturity of AMOP technolo-
gies. This maturity can be reached via important development of the following crucial elements:

— Suitable laser systems: currently, the lack of efficient space-qualified stable lasers is a major
limitation.

— Atom sources: Efficient high-flux ultra-cold atom source for atom interferometer..

— Optical benches and high-quality optical interface with vacuum systems

— Component and system volume / mass reduction

— Self-referenced optical frequency comb as a key part of an optical clock

— High performance frequency and time transfer supporting optical clock performances

— Continued improvement of ground experiments: today, most of quantum technologies and
experiments are on the edge of knowledge. Ground experiments will be always needed for
the preparation and support of a space mission and for the improvement of scientific
knowledge.

— System level development for maturing integration and packaging capabilities

To meet the challenges in fundamental physics ten years from now, technology investments are
required today. The most important focus areas are (i) tunable lasers (to cool and manipulate at-
oms), (ii) stabilized clock lasers and frequency combs (for laser interferometry and optical
clocks); (iii) efficient methods for high-flux cold atom production, (iv) atom interferometry sys-
tems, and (v) atomic clocks. Challenges of space deployment impose additional requirements on
the reliability of the instruments and put pressure to minimize their mass, volume, and power re-
quirements. This brings about the need for dedicated miniaturization and space qualification ef-
forts.

Because of the significant discovery potential offered by the quantum sensor technologies out of
AMOP and their application for space-based laboratory research, it will be beneficial to establish
a strong and well-funded research program with BPS and across the NASA directorates. This
program should be vertically integrated with science mission visions at the top and broad re-
search programs at the bottom to support. While the state of technological readiness to tackle the
science opportunities discussed in this white paper has changed markedly in the last few decade,
there remains a significant gap to bring many of the technologies into instruments qualified for
space operations and infusion into discovery missions in this and next decades. In order to ad-
vance our exploration of fundamental physics in space, an integrated and focused research and
technology program is critical.

A portion of this research was carried out at the Jet Propulsion Laboratory, California Institute of
Technology, under a contract with the National Aeronautics and Space Administration
(8ONMO0018D0004).

Page 5 of 5



References
Asenbaum, P. et al., Phys. Rev. Lett. 125, 191101 (2020).
https://doi.org/10.1103/PhysRevLett.125.191101.

Aveline, D. C. et al., Nature 582, 193, 197 (2020). https://doi.org/10.1038/s41586-020-2346-1.

Brewer SM, et al., Phys. Rev. Lett. 123(3):033201 (2019).
https://doi.org/10.1103/PhysRevLett.123.033201

Burt, E. A. et al., Nature, V595, 43-47 (2021). https://doi.org/10.1038/s41586-021-03571-7.
Chiow, SW. and Yu, N., Phys. Rev. D 97, 044043 (2018). https://doi.org/10.1103/PhysRevD.97.044043.
Dimopoulos, S., et al., Phys. Rev. D 78, 122002 (2008). https://doi.org/10.1103/PhysRevD.78.122002.

Gustavson, T.L., et al.,, Class. Quant. Grav. 17, 2385 (2000). https://doi.org/10.1088/0264-
9381/17/12/311.

Hamilton, P., et al., Science, 349, 6250, pp 849-851 (2015). https://doi.org/10.1126/science.aaa8883.
Kleppner, D. Physics Today, V59, 3, 10 (2006). https://doi.org/10.1063/1.2195297.

Liu L, et al., Nat. Commun. 9, 2760 (2018). https://doi.org/10.1038/s41467-018-05219-z.

Ludlow, A.D., et al., Opt. Lett. 32, 641 (2007). https://doi.org/10.1364/0OL.32.000641.

Ludlow A.D., et al., Science 319, 1805 (2008). https://doi.org/10.1126/science.1153341.

McGrew WF., et al., Nature. 564(7734):87 (2018). https://doi.org/10.1038/s41586-018-0738-2

Miiller, H. et al., Phys. Rev. Lett. 100, 180405 (2008). https://doi.org/10.1103/PhysRevLett.100.180405.

NRC, Connecting Quarks with the Cosmos, National Academies Press (2003).
https://doi.org/10.17226/10079.

Savalle E., et al., Class. Quantum Grav. 36 245004 (2019). https://doi.org/10.1088/1361-6382/ab4f25.
Takamoto et al., Nat Photonics. 14, 411-415 (2020). https://doi.org/10.1038/s41566-020-0619-8.
Touboul, P. et al., Phys. Rev. Lett. 119, 231101 (2017). https://doi.org/10.1103/PhysRevLett.119.231101.

Jentsch, C. et al., General Relativity and Gravitation 36, 2197-2221 (2004).
https://doi.org/10.1023/B:GERG.0000046179.26175.fa.

Turyshev, S.G., et al., Inter. J. Mod Phys. D16, 1879 (2007).
https://doi.org/10.1142/S0218271807011760.

van Zoest, T. et al., Science 328, 1540-1543 (2010). https://doi.org/10.1126/science.1189164.

Williams, J. et al., New Journal of Physics, Volume 18, 025018 (2016). https://doi.org/10.1088/1367-
2630/18/2/025018.

Yu, N., et al., Appl. Phys. B. 84(4), 647 (2006). https://doi.org/10.1007/s00340-006-2376-x.
Yu, N, et al., NASA NIAC Report, (2018). https://ntrs.nasa.gov/citations/20190002500.



