Space-Based Quantum Sensors and Engineering

ISSUE: What are the development challenges and the
future applications of space-based quantum sensors
for space science and space engineering?
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Quantum PNT-related space demonstrations
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Quantum communications and networks space demonstrations

PHYSICAL REVIEW LETTERS 120, 030501 (2018)
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Satellite-Relayed Intercontinental Quantum Network
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The quantum principles of distributed
entanglement and superposition enable
measurements which are (potentially!)

superior to existing approaches.

Superposition Entanglement https.//qt.eu
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Atomic wavepacket superposition

54 cm

STANFORD UNIVERSITY Kovachy, et al., Nature (2015).



Distance

Atomic wavepacket interference

Superposed atomic wavepackets interfere

STANFORD UNIVERSITY Asenbaum
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Phase shifts

Term Phase Shift.
Bedrad —~ 4 kestg T Gravity

2 2Keg - (2 x v) 1™ Coriolis

3 kegvz 01 Timing asymmetry

4 %EiffTHTE’ Curvature, guantum (tidal)
D kel (s + 1) 2 Gravity gradient

6 %ﬁ.zeﬂﬂ (ﬂ__ﬁ + «;;3) T2 Wavefront

. . Large phase
T;, gravity gradient ge p

v;, velocity; x;, initial position shifts imply

g, acceleration due to gravity dramatic

T, interrogation time sensitivity to
ke, effective propagation vector inertial forces

C. Overstreet, P. Asenbaum, and M. A. Kasevich, Physically Significant Phase Shifts in
STANFORD UNIVERSITY Matter-Wave Interferometry, arXiv:2008.05609 (2020).




Equivalence Principle

Atom-Interferometric Test of the Equivalence Principle at the 1072 Level
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Rb87 Current: 4e-12 0g/g
Future ground precision: < le-13 dg/g
Space: < 1e-14 dg/g

P. Asenbaum, C. Overstreet, M. Kim, J. Curti, and M. A. Kasevich, Atom-Interferometric Test of the Equivalence
Principle at the 1e-12 Level, arXiv:2005.11624 (2020).



MAGIS-100: Dark matter detector at Fermilab

LASER
HUTCH

ATOM
SOURCE

SCIENTIFIC
AMERICAN

ATOM
SOURCE

100 meters

ATOM
SOURCE

Atoms into Giant Waves

Room-sized "atom waves" could help probe the quantum realm

By Charlie Wood | Scientific American February 2020 Issue
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Satellite geodesy

Truth — [CAGG (attitude error)]

Truth — [CAGG (attitude and instrument error)]

= Truth — [CAGG (atmosphere and ocean aliasing, attitude and instrument error)]
= GRACE (GFZ RLO5 Oct09)

Truth = Oct08 hydrology+GlA+atmosphere+ocean
GRACE (uncalibrated error)
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Analysis from S. Luthke, GSFC

STANFORD UNIVERSITY

Simulation of hydrology
map from space-borne
atom interferometer gravity
gradiometer.

~ 1 cm equivalent water height
resolution.

Instrument:
4 m baseline
single-axis
rotation compensation
<le-4 E design resolution

Development of prototype funded
by NASA (POC B. Saif);
Instrument built by AOSense,
Inc.




Gyroscopes / Atom interferometer

(201 7-present) Navigation (1997) First laboratory
grade+ gyro, AOSense, Inc. demonstration of precision atom
Thermal atomic beam. Interferometric gyroscope.

(2002) 2e-6 deg/hri?. MK,
Stanford. Thermal atomic beam.

STANFORD UNIVERSITY



Entangled state sensors

Entangled states will lead to Entangled-state atomic clock.
10x noise improvement in
sensors (magnetometers, No _
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O. Hosten, et al., Nature (2016).
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R&D questions

What are optimal quantum states for given measurement classes?
How can these states be efficiently prepared?
How are these states detected?

What are the technical and fundamental limits?
- (unknown) classical/quantum boundaries?

What physical systems will benefit?
- clocks?
- inertial sensors?
- magnetometer?
- optomechanical?
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