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Cold Atom Laboratory

Overview

* Introduction to ultracold atoms and their use as
Quantum Sensors

* NASA'’s Cold Atom Lab (CAL)

« Multi-user facility for the study of ultracold gases in
microgravity

« Operating onboard the ISS since 2018

« Science Module upgrade in 2020 enabled Al science.

* Follow-on missions and Conclusion
- BECCAL, CALII, ...
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Cold Atom Laboratory

Introduction

Quantum Technology — a field of physics and engineering that
utilizes the quantum mechanical properties of light and/or matter for
novel/enhanced technological capabilities.

“Quantum 1.0” — existing tech based | Quantum Optics — based on quantum-
on quantum effects % optical phenomena (e.g. squeezed light,
- Laser systems = entanglement, etc)
- Semiconductors § - Long-baseline interferometry
- Atomic clocks ke - LIGO gravity wave detection
- MR, ... © - Quantum communications and security, ...
Classical Optics Quantum Optics
*%* i
Quantum Matter — technologies Next Generation Quantum Systems —
based on the quantum properties of = technologies relying on several quantum
matter ks properties of light and matter
- Atom Lasers £ - Quantum Computers
- Atom Interferometers = - Quantum Internet
- Optical Clocks... & - Entangled Clocks and Als...
November 17, 2020 NESC Sensors & Instrumentation Webinar 3 JPL



Cold Atom Laboratory

Introduction

1997 Nobel Prize in Physics 2005 Nobel Prize in Physics
“for development of methods to cool “for their contributions to the development
and trap atoms with laser light” of laser-based precision spectroscopy”

2001 Nobel Prize in Physics
i £ ) “for the achievement of Bose-Einstein

P

o

condensation in dilute gases”

Atomic Clocks and Atom Interferometers M ek
Ultracold gases:
] Sun’s surface ||| .,
- Isotopically pure Room temp
- Exceptional environmental control Liquid helium, CMB 1{! 107k
- Quantum control of collisions {1
- Unprecedented atom-photon coherence
] ] Laser-cooled atoms 1l 10k
In_microgravity: First BECs
- Ideal drag-free test mass il
. Coldest atoms
- Next-generation of low-temp. CAL 104K
= Novel applied and fundamental-physics applications. &
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Cold Atom Laboratory

Ultracold Gases in Space

Studies of complex systems

Quantum Matter — studies of the quantum
- Superfluids & superconductors

properties of matter
i . i - Nuclear matter
- Bose-Einstein condensates and Fermi gases

- Wave-like nature of matter
- Heisenberg uncertainty principle
- Quantum collisions

- Cosmological phenomena

Weak Equivalence Principle

Atom interferometers Frame-dragging

« Utilizes interference of atomic matter waves.
« High-precision measurements of inertial forces,
rotations, and gravitational physics

Spin-gravity coupling
Inverse square law

Dar articl%ection -
Srav ave detection

Optical Clocks
Planetary Science & Spacecraft PNT

- Drag-free referencing

* Frequency reference based on metastable
optical transitions.

« Stability exceeding 10-16 at 1 second and 10-18
total accuracy

- One-way navigation
- Gravity sensing for geodesy,

5
:
=

subsurface measurement, etc.
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"Cold Atom Lab ' &~

The Coolest Experiment il the Universe

-

Utilizes the microgravity

environment of the ISS to
perform measurements that
can’t be achieved on Earth.

* Multiple atomig
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The world’s first multi-user faC|I|ty for the study of quantum gases In space
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Cold Atom Laboratory

The Road to Ultracold

Nick Bigelow Bose-Einstein Condensation Lab (University of Rochester)
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The Road to Ultracold

Science instrument .. Water Port Express Rack Locker

- Current Drivers
Installation Rails

Science
Module

PXI

Electronics
(HX3) (HX2)

Optomechanical

Physics Platform

Package
(ColdQuanta)
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Cold Atom Laboratory

The Road to Ultracold — Atom Source

t  L— UHV system

v —  Atom source

Alkali metal dispensers
Potassium and Rubidium
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The Road to Ultracold — Laser Cooling

Dust tail

milliKelvin temperatures (103 K)
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Cold Atom Laboratory

The Road to Ultracold — Evaporation

Remove hot atoms with RF fields

microkelvin to nanoKelvin temperatures
(10> K to 108K)
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The Road to Ultracold — Evaporation
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Ketterle et al., Proc.of the Intl. Enrico Fermi

school, 1999

microkelvin to nanoKelvin temperatures
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Remove hot atoms with RF fields
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(105 K to 108K)
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Cold Atom Laboratory

The Road to Ultracold — Evaporation

Advanced cooling techniques enabled in microgravity including:

« Extreme adiabatic decompression
 Delta kick cooling

These ideas and more are explored by various Pls on CAL.

\/ =) . O
A trap that
Linear gravitational can’t hold
decompressed trap potential atoms!

Sub-nanoKelvin temperatures
(10-1° K or below)

November 17, 2020 NESC Sensors & Instrumentation Webinar 14 JPL
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CAL Status

« CAL has operated for over 27 months in orbit to support rubidium-
specific experiments, and has already collected data from tens of
thousands of experimental runs for seven flight Pls.

» CAL science achievements include:

Achieved first Bose-Einstein condensate
in orbit.

First multi-user facility for quantum gas
research in space.

First dual-species laser cooling in space.
Exceeding 1 second of freefall in orbit.

Unprecedented delta-kick cooling to sub-
nanoKelvin temperatures.

First realization of a “bubble” BEC.

Bridenstine making BECs in orbit

First demonstration of matter-wave
interferometry in space.

November 17, 2020 NESC Sensors & Instrumentation Webinar 15 JPL
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Science Highlights

Emergence of
BEC from
thermal cloud.

550 um

T =100 nK

T=130nK
T =150 nK

T=210nK

First Observation of Bose-Einstein
Condensate in Orbit

16 SP0L
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Science Highlights
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Quantum Gases cooled to sub-nanoKelvin temperatures
and observed after 1 second free expansion
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Cold Atom Laboratory

Science Highlights

Article

Observation of Bose-Einstein condensates
inan Earth-orbitingresearchlab
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Bose- Finstein condensates created
inorbit for the first time
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Pl Studies with CAL Ultracold Gases

3 &
Delta kick cooling (Bigelow Team)
BEC in shell potential

(Lundblad Team)

Study their intrinsic properties
to test fundamental physical
laws and state of the art
guantum theories

Blgelow Ketterle, Phllllps, and
Sackett and Williams Teams

Exploit the sensitivity and
qguantum nature that comes
with being ultracold for
precision measurements.

Williams and Cornell Teams

amadlyh a <@ Enargy
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Arrange them to model the
physics of more inaccessible
systems (Feynman’s
guantum simulator)

E. Cornell W. Ketterle

November 17, 2020
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Science Module 3

Characterization of BEC formation in SM3
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CRS 19 launch Christina Koch working on the SM3 installation Frequency Offset (kHz)

« SM3 successfully launched to the ISS on December 05, 2019 aboard the
SpaceX Falcon 9 rocket.

« SM3installed into the CAL Quad locker and all fiber connections
successfully completed on January 30.

« Science Module 3 has already created BEC.

Preparations for Pl science with the Atom Interferometer (Al) are underway!

November 17, 2020 NESC Sensors & Instrumentation Webinar 20 JPL
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Interferometry

Optical interferometer: Device that utilizes the interference pattern formed by optical waves for e.g.
precision measurements.

LIGO - A GIGANTIC INTERFEROMETER

Mirror 1

¢ TT BRAVITATIONAL WAVE HLACK MOLE
—>

Detector

The tight MIRROR

waves bounce
and return

9,
é Mirror 2

Beamspllttel' N A “beam splitter™ splits the
Light and sends out two
identical beams along the

4 km long arms

Interferometer’s arms ddferently;
when one extends the other contracts
as they sre passed by the peaks and

4 A gravitational wave aflects the

Laser light is sent into |
the instrument to

1 measure changes in ™~ troughs of the gravitational waves
the length of the two | ~
arms T~ Normally, the light returns unchang-
——=— «J od to the beam splitter from both
arms and the light waves canced
each other out.
2
c
40_.) BEAM SPLITTER  LIOMT DETECTOR
£ . JL
i the arms are disturbed by a R e
gravitational wave, the light waves QJ.f-M) I ;':"l'l:;‘,"a;;‘;:,ma
will have travelled different distan- <
ces, Light then escapes through the BEAM SPLITTER LIGKT DETECTOR
-1 -0.5 0.5 1 splitter and hits the detector

¢c - ¢u lustration: ©Johan Jermestad/The Royal Swedish Academy of Scences
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Atom Interferometry (SM3)

Atom interferometer: Device that utilizes the interference pattern formed by matter waves for e.g.
precision measurements.

7 A2 pulse 7 pulse a2 pulse
(beamsgplitter) (miirrar) [beamsplitter)
g it L e
oy
.57 WY A TN
Ly
oy

Design of atom interferometer for
Science Module 3

Atom interferometry in QUANTUS drop tower
experiment. https://www.igo.uni-hannover.de
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Atom Interferometry (SM3)

Momentum
State 4

+1

Al
0° 45° 90° 1350 180° 225° 270° 315° 360° Phase

A\ 4

First demonstration of the interference
of matter-waves in space
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Promise of Al in space

« Gravity measurements for Gradiometry,
Geodesy, Earth, and Planetary Sciences.

 On-board S/C acceleration sensing for
inertial navigation and drag-free referencing.

na ;
——— ~

Recapturing a Future

Spacecraft

for Space Exploration

Life and Physical Sciences Research for a New Era Radio link:
Spacecraft orbital L
determination which /

' leads to gravity and MADRI (~ 4 kg and 4 liters)
atmosphere drag through The instrument collects and laser-
modeling P 1 cools an ensemble of atoms. The

4 cold atoms are then left totally
/ freefall in vacuum. A laser is used
/ to measure the relative motion
Radio tracking / between the spacecraft and the
station / freefall atoms.

Fundamental Physics:

- Equivalence Principle tests, .

- Gravity Wave detection, o
. M. S. Safronova et al., “Search for new physics with atoms and

- Dark Matter & Dark Energy detection, molecules”, Rev. Mod. Phys. 90, 025008 (2018).

- Variation of Fundamental Constants, e S. G. Turyshev et al., “Space-based research in fundamental physics
and quantum technologies”, Int. J. Mod. Phys. D16(12a), 1879 (2007).

K. Bongs et al., “Taking atom interferomic quantum sensors from the
laboratory to real-world applications”, Nat. Rev. Phys. 1, 731 (2019).
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Beyond CAL

Bose Einstein Condensate Cold Atom Lab (ISS-2025):

 Joint NASA/DLR mission for a follow-on multi-user Cold Atom Lab onboard the ISS.

Cold Atom Lab II:

« Builds on tech-maturing activities from CAL/BECCAL to address leading
recommendations from the next SMD Decadal Survey (2023).

- Potential for flag-ship mission for SMD BPS (~$100M)
« Dual-species Al will be the most mature quantum sensor available.

Al Dark Energy and Gravity Experiment | | Open space Al
Explorer (DSG) —

Cold atom clouds

« Demonstration of open-space atomic sensors

» Direct detection of chameleon dark energy using ' Retroreflector
cold atoms
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The CAL Team — Thank you

Cold Atom Lab Team
responsible for taking the CAL concept into operations and
producing the world’s first BEC in ocbit

Kamal Oudrhiri (Project Manager), Rob Thompson (Project Scientist), David Aveline (Ground
Test Bed Lead), Ethan Elliott (Engineering Model Test Bed Lead), Chelsea Dutenhoffer & Irena
LI (Mission Operations Systems Leads), James Kellogg (Launch Vehicle and ISS Integration
Lead), James Kohel (Laser and Optical Subsystem Lead), Norman Lay (Communications
Architectures & Research Section Manager), Robert Shotwell (Former CAL Project Manager)

26 SP0L
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