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Performance Goal Text:  

Task Description:

Consortium for Ultracold Atoms in Space (CUAS) as Selected for Funding 
We represent a research consortium of senior people, all pioneers in Bose-Einstein condensation, atom optics, atom
interferometry, and related areas, with experience with NASA’s program on fundamental research in microgravity. The
Consortium’s work is described in the context of four Tasks. 

Task 1: Advanced Clocks in Space and Time Transfer 

Task 2: Maturing and Advancing Atom Interferometer Technology for Space 

Task 3: Precision Atom Interferometric Measurement in Space 

Task 4: Strategies for the Frontier of Ultracold Atoms in Space. 

The Consortium is: N. P. Bigelow, M. Kasevick, W. Ketterle, M. Lukin, H. Müller, W. D. Phillips, D. Pritchard, D.
Stamper-Kurn, V. Vuletic, and J. Ye. 

We have established a cooperation with German Scientists: C. Braxmaier, W. Ertmer, C. Lämmerzahl, A. Peters, E. M.
Rasel, and W. P. Schleich. In forming this Consortium, we have several aims: (1) to, in one consolidated move, provide
NASA with a community of talented and respected researchers who are committed to developing well thought out,
highly impactful precision, quantum gas and atomic physics space experiments; (2) to support several first-class
experimental efforts with significant potential to impact NASA interests and specifically to impact future flight
experiments or indeed to become flight definition experiments; and (3) to provide intellectually compelling strategies that
will impact future generations of flight experiments, aboard the International Space Station (ISS) and beyond. This
consortium will provide NASA with a far larger return than could be expected from a series of individual projects. In
part this is because of the natural synergies among the interests and expertise of the Consortium members. In part this is
because the membership is meeting regularly in person and via teleconference in order to create and refine ideas beyond
the work described at the formation of the consortium, challenging each other to advance only the most excellent
projects to NASA. 

The interests and expertise of the Consortium represent two of the four Thrusts identified in a recent National Research
Council (NRC) report and the current NASA Research Announcement: (1) Precision Measurement of Fundamental
Forces and Symmetries and (2) Quantum Gasses. In the present proposal we choose to focus on two specific areas:
ultra-performance clocks and clock networks and atom interferometers (including those using degenerate quantum
gasses). We have developed a cooperation plan with leading German expert scientists involved with DLR (German
Space Agency) sponsored work in Bremen who are collaborators on this proposal. 

Berkeley and Stanford lead Tasks 2 and 3. 

MIT, U.C./JILA, and Harvard lead Task 1. 

U. Md., Rochester, and MIT lead Task 4. 

Members of the Consortium can and often will contribute to all four tasks with priorities being set by the lead
institutions. 

  

Rationale for HRP Directed Research:   

Research Impact / Earth Benefits 
Significant progress has been made on atomic interferometry and atomic clocks in terrestrial experiments. The work has
long-term impact for fundamental science, navigation technologies, and global clock synchronization. Clocks are vital to
navigation, communication, and security. 

ATOM INTERFEROMETRY 

We have pushed atom interferometry for space applications forward in many ways: 

1. We have shown that atom interferometry can detect dark-energy scalar fields with unprecedented sensitivity. There is
a chance to cover all the relevant parameter space so as to detect them or to rule them out once and for all. This work has
been published in Science, Nature Physics, and Physical Review D. 

2. We have demonstrated a theoretically predicted, but never observed, attractive force on atoms from blackbody
radiation. It is an important limitation that has to be taken into account in the design of atomic-physics space missions. 

3. We have pushed forward the accuracy of atom interferometry for measuring the fine structure constant, which has
resulted in a measurement of this constant with an accuracy about three times better than the best previous one. The
agreement of this measurement with others sets very strong constraints on hypothesized particles from the dark sector,
such as dark photons. 

4. We have developed atom interferometry with "lukewarm" lithium atoms, opening up the possibility to do
interferometry with a much wider class of atoms than available previously. 

We will continue to develop atom interferometry for demonstrating the gravitational Aharonov-Bohm effect, and
measuring fundamental constants very precisely. We will also work with the Bose-Einstein Condensate Cold Atom
Laboratory (BECCAL) science definition team and other teams to identify future targets for spaceborne fundamental
physics. The interferometry work has several main thrusts. In the first thrust, we have been investigating how spaceborne
atom interferometry can probe models for dark matter and dark energy. This has resulted in experimental demonstrations
of such tests for so-called chameleon and symmetron models, and theoretical studies on how to make detailed
predictions of the putative signals. In the second thrust, we have developed strategies to overcome systematic effects in
atom interferometers that use Bragg diffraction, as the one planned for the Cold Atom lab. In the third, we have
developed specific plans for spaceborne atom interferometry. We have collaborated with the German team Document for
atom interferometry on the Cold Atom Lab and BECCAL. Plans include demonstrating long coherence times thanks to
microgravity, tests of the equivalence principle, and searches for dark-energy candidates. They have also collaborated
with Nan Yu (Jet Propulsion Laboratory-JPL) on a concept study QTEST (Quantum test of the Equivalence Principle
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Research Impact/Earth Benefits:
with Nan Yu (Jet Propulsion Laboratory-JPL) on a concept study QTEST (Quantum test of the Equivalence Principle
and Spacer-Time) for testing the equivalence principle in space. 

CLOCKS AND QUANTUM SENSORS & TECHNOLOGIES 

We have demonstrated the first direct optical cooling to Bose-Einstein condensation, without any evaporative cooling.
This has promising impact of simplifying spaceborne experiments. The Bose-Einstein condensation by direct optical
cooling was achieved for small ensembles of ~1000 atom. We will attempt to make substantially larger condensates with
the same method by using a more powerful trapping laser. 

We have been working on spin squeezing in the optical-transition clock with trapped ytterbium atoms. By implementing
both frequency and intensity feedback loops for the magical wavelength trap inside an optical cavity, we have now
lengthened the trap lifetime for the Yb sample from 200 ms to 2 seconds. We have also started non-destructive
state-dependent measurements for spin squeezing by observing the light transmitted through the cavity, and we can
already more than resolve the shot-noise limit. 

In the Rb experiment, we are working towards using Rydberg states for increasing the light-atom interaction in cavity
QED. We have frequency-stabilized the control laser coupling the P state to high-lying Rydberg states. 

We have demonstrated a new optical lattice clock configuration using a three-dimensional optical lattice, leading to
measurement precision in the 19th decimal place. We have also demonstrated another record-breaking performance on
stable lasers, with the narrowest laser linewidth at 10 mHz. We will perform a clock comparison between this JILA Sr
clock and the NIST (National Institute of Standards & Technology) Yb clock and Search for ultralight dark matter by
comparing the Sr transition frequency with the resonance frequency of a crystalline cavity. 

2022 Update: 

Our team aims to study: o The realization of a space atom laser o Precision atom interferometry in space o The
investigation and manipulation of quantum gas sample control including deep cooling, condensate mixture phases, and
precision motional control 

Relevance: Potential for significant scientific advancement from interferometric tests of the equivalence principle with
quantum test masses and pushing the limits of the standard model. Space atom laser provides truly novel investigations
of the wave-like nature of matter. Varied experiments of the investigation and manipulation of quantum gases (both
single-species and dual-species) mature the technology of quantum gases and provide first of its kind investigations for
interacting quantum gases in space. 

  

Task Progress:

Work completed/objectives met now and estimated over next year: 
Work completed: Single species Rubidium (Rb) atom interferometry (AI) demonstrated Shear-wave AI with single
species demonstrated Quantum gas control: unprecedented cooling to approximately <50pK Remaining science
investigations (target to complete by 03/2024): Quantum sensor: AI-based magnetometer and magneto-gradiometer
Space atom laser (preliminary) AI-based ISS rotation measurement (preliminary) AI-based ISS boost accelerometer
Dual-species AI based equivalence principle test (proof of principle) Rubidium and Potassium (Rb and K) quantum gas
control Quantum mixture studies Remaining science investigations (needs capabilities beyond Science Module 3/SM3):
Space atom laser (needs low power radio frequency/RF to achieve low-temperature outcoupling) AI-based ISS rotation
measurement (greater atom numbers than possible in SM3 and enhanced AI wavefront necessary) AI-based
measurements for Dark Energy Detection (proof of principle, better AI Bragg beam wavefront likely necessary)
Quantum mixture studies (greater atoms than possible in SM3 likely necessary) 

Assessment of most promising uncompleted work: Dual-species AI-based equivalence principle test (preliminary) Space
atom laser with ultra-low energy outcoupling (assuming upgrade for low-energy RF can be implemented) Quantum
mixture studies with Rubidium and Potassium (assuming greater atom numbers are achievable with both Rubidium and
Potassium) 

  

Bibliography Type: Description: (Last Updated: 01/05/2023) 

Abstracts for Journals and
Proceedings 

Meister M, Gaaloul N, Bigelow NP, CUAS (Consortium for Ultra Cold Atoms in Space: Meister M, Gaaloul N, Ahlers H,
Boegel P, Charron E, Corgier R, Giese E, Herr W, Müller G, Roura A, Schubert C, Thompson RJ, Williams JR, Schleich
WP, Rasel EM, Bigelow NP). "Atom interferometry with Bose-Einstein condensate on the International Space Station."
Committee on Space Research (COSPAR) 2022, 44th Scientific Assembly, Athens, Greece, July 16-24, 2022. 
Abstracts. Committee on Space Research (COSPAR) 2022, 44th Scientific Assembly, Athens, Greece, July 16-24, 2022.
, Jul-2022   

Abstracts for Journals and
Proceedings 

Boegel P, Meister M, Gaaloul N, Bigelow NP, CUAS (Consortium for Ultra Cold Atoms in Space). "Atom interferometry
aboard the International Space Station." 53rd Annual Meeting of the APS Division of Atomic, Molecular and Optical
Physics, Orlando, Florida, May 30-June 3, 2022. 
Bulletin of the American Physical Society. 2022 May;67(7):S05.00001. 
https://meetings.aps.org/Meeting/DAMOP22/Session/S05.1 , May-2022   

Abstracts for Journals and
Proceedings 

Pitchery A, Meister M, Gaaloul N, Bigelow NP, CUAS (Consortium for Ultra Cold Atoms in Space). "Quantum state
engineering of quantum gases in orbit." DPG Spring Meeting, Deutsche Physikalische Gesellschaft, Virtual, March
14-18, 2022. 
Abstracts. DPG Spring Meeting, Deutsche Physikalische Gesellschaft, Virtual, March 14-18, 2022. Abstract: Q-H10. 
https://www.dpg-verhandlungen.de/year/2022/conference/erlangen/part/q/session/63/contribution/8 , Mar-2022   

Abstracts for Journals and
Proceedings 

Meister M, Gaaloul N, Bigelow NP, CUAS (Consortium for Ultra Cold Atoms in Space). "Atom interferometric
measurements aboard the International Space Station." 52nd Annual Meeting of the APS Division of Atomic,
Molecular and Optical Physics, Virtual, May 31-June 4, 2021. 
Bulletin of the American Physical Society. 2021 May;66(6):C05.00008. 
https://meetings.aps.org/Meeting/DAMOP21/Session/C05.8 , May-2021   
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Abstracts for Journals and
Proceedings 

Bigelow NP, Gaaloul N, Meister M, CUAS (Consortium for Ultra Cold Atoms in Space). "The Consortium for Ultra
Cold Atoms in Space: Experiments aboard the International Space Station." 52nd Annual Meeting of the APS Division
of Atomic, Molecular and Optical Physics, Virtual, May 31-June 4, 2021. 
Bulletin of the American Physical Society. 2021 May;66(6):C05.00006. 
https://meetings.aps.org/Meeting/DAMOP21/Session/C05.6 , May-2021   

Abstracts for Journals and
Proceedings 

Pichery A, Meister M, Gaaloul N, Bigelow NP, CUAS (Consortium for Ultra Cold Atoms in Space). "Quantum state
engineering of quantum gasses in orbit." 52nd Annual Meeting of the APS Division of Atomic, Molecular and Optical
Physics, Virtual, May 31-June 4, 2021. 
Source: Bulletin of the American Physical Society. 2021 May;66(6):H09.00006. 
https://meetings.aps.org/Meeting/DAMOP21/Session/H09.6 , May-2021   

Abstracts for Journals and
Proceedings 

Gaaloul N, Pichery A, Herr W, Ahlers H, Schubert C, Ertmer W, Rasel EM, Meister M, Boegel P, Schleich WP,
Thompson R, Williams J, Bigelow NP, CUAS (Consortium for Ultra Cold Atoms in Space). "International Space
Station-based Cold Atom Lab: Status of first flight investigations." DPG Spring Meeting, Deutsche Physikalische
Gesellschaft, Virtual, March 8-13, 2020. 
Abstracts. DPG Spring Meeting, Deutsche Physikalische Gesellschaft, Virtual, March 8-13, 2020. Abstract: a310. 
https://www.dpg-verhandlungen.de/year/2020/conference/hannover/part/q/session/40/contribution/2 , Mar-2020   

Articles in Other Journals or
Periodicals 

Raudonis M, Roura A, Meister M, Lotz C, Overmeyer L, Herrmann S, Gierse A, Lämmerzahl C, Bigelow NP, Lachmann
M, Piest B, Gaaloul N, Easel EM, Schubert C, Ertmer W, Wörner L. "Microgravity facilities for cold atom experiments."
Quantum Science and Technology (IOP), accepted in October 2022. , Oct-2022   

Articles in Other Journals or
Periodicals 

Lundblad N, Aveline DC, Balaz A, Bentine E, Bigelow NP, Boegel P, Efremov MA, Gaaloul N, Meister M, Olshanii M,
Sá de Melo CAR, Tononi A, Vishveshwara S, White AC, Wolf A, Garraway BM. "Perspective on quantum bubbles in
microgravity." arXiv preprint server. Posted on Nov 9 2022. https://doi.org/10.48550/arXiv.2211.04804 , Nov-2022   

Articles in Other Journals or
Periodicals 

Gaaloul N, Meister M, Corgier R, Pichery A, Boegel P, Herr W, Ahlers H, Charron E, Williams JR, Thompson RJ,
Schleich WP, Rasel EM, Bigelow NP. "A space-borne quantum gas laboratory with picokelvin energy scales." arXiv
preprint server. Posted Jan 18, 2022. https://doi.org/10.48550/arXiv.2201.06919 , Jan-2022   

Articles in Peer-reviewed Journals Xu V, Jaffe M, Panda CD, Kristensen SL, Clark LW, Müller H. "Probing gravity by holding atoms for 20 seconds."
Science. 2019 Nov 8;366(6466):745-9. http://dx.doi.org/10.1126/science.aay6428 , Nov-2019   

Articles in Peer-reviewed Journals 
Kristensen SL, Jaffe M, Xu V, Panda CD, Müller H. "Raman transitions driven by phase-modulated light in a cavity
atom interferometer. " Physical Review A. 2021 Feb 18;103(2):023715. 
http://dx.doi.org/10.1103/PhysRevA.103.023715 , Feb-2021   

Articles in Peer-reviewed Journals Jaffe M, Xu V, Haslinger P, Müller H, Hamilton P. "Efficient adiabatic spin-dependent kicks in an atom interferometer."
Phys. Rev. Lett. 2018 Jul 27;121(4):040402. https://doi.org/10.1103/PhysRevLett.121.040402 , Jul-2018   

Articles in Peer-reviewed Journals 

Thompson RJ, D. Aveline SW, Chiow ER, Elliott JR, Kellogg JM, Kohel M, Sbroscia S, Phillips L, Schneider C,
Williams JR, Bigelow N, Engels P, Lundblad N, Sackett CA, Wörner L. "Exploring the quantum world with a third
generation ultra-cold atom facility." Quantum Sci. Technol. 2022 Dec 5;8:014007.
http://dx.doi.org/10.1088/2058-9565/aca34f , Dec-2022   
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