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Space exploration has a dual role:

— As a challenging endeavor, unique and sensitive instrumentation is
required with a combination of performance, low power, low mass, and
low cost (relatively speaking).

— As a benign environment (micro gravity, low vibration, high isolation,
space and time spans, etc.) it can offer unique opportunity to perform
exacting tests of fundamental physics and science in general.

Space platforms offer unique
environment for and
measurements of quantum world

and fundamental physics
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Quantum technology and

measurements enhance measurement

capabilities in space and result in
greater science returns
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The fundamentally quantum phenomena of quantum coherence and
interferences, wave-particle duality, entanglement, quantum photon
statistics allow the realization of sensors and detectors with
unprecedented capabilities

« Entanglement — quantum computing and communications....

* Quantum interference — SQUID devices (widely used); Ramsey fringes in atomic
clocks; For sensors and detectors...

» Wave-particle duality - cold atom interferometers, quantum gas sensors....

* Quantum photon statistics — squeezed light and below quantum shot noise,
quantum key distribution (QKD), quantum (ghost) imaging....

We at JPL QSTG have been exploring
 Ultra-stable clocks — timekeeping, navigation, fundamental physics tests

« Atom interferometer inertial sensors — gravity mapping for Earth science,
gravity survey for planetary science, autonomous inertial navigation, tests
of fundamental physics, drag-free control, pointing and guidance control

« BEC and quantum degenerate gas — enhancement for cold atom
interferometers, tests for fundamental physics, quantum system modeling

» Entangled and single photon sources — for quantum communication,
secure communication, imaging and computation
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The most precise clock to date is enabled
by quantum logic gates
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Small instrument size
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Concept of liter-sized optical atomic clock for space
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Applications of high-performance atomic clocks

Primary frequency standards, timekeeping,
and global time scale and access.

High-performance
frequency standards
are universal tools
for precision
measurements in
space, including laser
interferometers,
VLBI, relativistic
geodesy,

. AA. Michelson EV. Porley
A. Einstein 1852 - 1931 1835 - 1925

Clock-based fundamental physics tests in space:
Gravitational redshift, Shapiro time delay,
Lorentz Invariances, Equivalence Principle,
variations of fundamental constants, gravity
coupling, decoherence, .....

Stable reference sources for
global and Deep Space
Network (DSN) tracking,
positioning, timing, and
communication needs. Also
enable tracking based science
measurements — planetary
gravity science, occultation, ....

deep space
network
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Freefall test mass + Displacement Detection <l Atomic system stability
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Use totally freefall atomic particles as ideal test masses
identical atomic patrticles are collected, cooled, and set in free fall in vacuum with no external

perturbation other than gravity/inertial forces; laser-cooling and trapping are used to produce the atomic
test masses at uK and nK; no cryogenics and no mechanical moving parts.

Matter-wave interference for displacement measurements

displacement measurements trough interaction of lasers and atoms, pm/Hz"? when in space;
laser control and manipulation of atoms with opto-atomic optics.
Intrinsic high stability of atomic system

use the very same atoms and measurement schemes as those for the most precise atomic
clocks, allowing high measurement stabilities.

Enable orders of magnitude sensitivity gain when in space
microgravity environment in space offers long interrogation times with atoms, resulting orders of

magnitude higher sensitivity compared terrestrial operations.
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Proposed Fundamental Physics Experiments in Space

Gravitational wave
detection

nverse square law at
tt distance

pIN- grav1ty

The MWXG spacecraft overall configuration

Matter Wave Explorer of
Quantum Interferometer Test Gravity
of equivalence principle
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Precision measurements of

Quantum physics exploring Lense-Thirring effort

gravity in the outer solar
system
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Quantum Mechanics in Space, Why Not?

v Science (operation) significance and priority
R e = - must have over nice to have, making science priority
e - observations over local measurements, science
community involvement
- breakthrough over incremental improvement

v' Technology benefit and gain
- enabling over improvement, could not done before by
existing means
standinginfrontoftheuniverse.blogspot.com - simplicity over complexity, complexity brings higher risk
and cost
- robustness over cleverness, competitiveness in practice:
resource, risk, and cost

v' Technology maturity
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Fundamental Physics and Applications

Relativity theories

Standard Model

Equivalence Principle

-Gravity physics

-Cosmology and quantum decoherence
-Gravitational wave detection

Unique space environment

— Global access -Earth and planetary gravity measurements
— Free from atmospheric interference -Astrophysics observations

— Microgravity -Communication

— Low vibration -Navigation

— Large spatial extent -Geodesy

— Large gravitational field variation -Global timekeeping

— Inertial frame
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