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Ultra-coherence New physics on table top
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/7 S| Base Units

Almost all units, base or derived, can be traced to time

@ ® 5 e Fundamental laws & constants
\ A / @ are our units

* “For all times, For all people.”




Probes for Fundamental Physics JILA

Unruly spiral galaxies
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Dark matter halo
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Standard Model €< - Sl units
But, it is INCOMPLETE :

* Dark matter & energy
* Matter-antimatter asymmetry




Time Scales

Quantum pendulum period: 101° s
0.000 000 000 000 001 second

The geometric mean ~30 s

Sr atoms:
o 1S, ¢> 3P, (160 s)
e Q~ 10

hv

Life of the Universe: 15 billion years (1018 s)
1,000,000,000,000,000,000 seconds



Quantum Certainty and Uncertainty JILA
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transition
frequency




The Strength of MANY —when you are certain ~ JILA

Quantum Phase Noise of Atoms Classical Phase Noise of Probe Laser
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Laser is the Central Ruler of Time & Space JILA
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Cooling Atoms with Light

Chu, Cohen-Tannoudiji, Phillips (g oot




Holding Atoms in a Magic Light Bowl

J CU Boulder and NIST

Ashkin, ...

Ye, Kimble, Katori, Science 320, 1734 (2008).
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Quantizing the Doppler Effect

Kolkowitz et al., Nature 542, 66 (2017).
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Quantum State Control

Haroche, Wineland

o
(o0}
T

Q
o

Excitation Fraction
o
~

O
N

-5 0 5
Detuning (Hz)

e Doppler shift = 0 (motion quantized)

e Precision improvement by N1/2

JILASr Clock Il 2.1 x 1018
Nicholson et al., Nature Comm. 6 (2015).
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Poli et al. La rivista del Nuovo Cimento, 36, 555 (2013). along x &y
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Quantum gases: Cornell, Ketterle, Wieman; lJin J o pesterend et

3D Fermi Gas Clock

Scaling up the Sr quantum clock:

Pauli Exclusion Principle
1 million atoms

(100 x 100 x 100 cells)

- 1 atom (clock) per site

Coherence 160 s

ST 65 4 4
Precision 3 x 1020 Hz'1/2 N & » 23




A Fermi Gas Mott Insulator Clock

Goban et al., Nature 563, 369 — 373 (2018).
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Long Atom-Light Coherence

S. Campbell et al., Science 358, 90 (2017).

Excitation fraction
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0.2

Atom-Light coherence: 10 s
Quality factor: 8 x 101>

Limit: photon scattering ; need shallow lattices




A Fermi Band/Mott Insulator Clock JILA
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Kolkowitz et al., Nature 542, 66 (2017); Bromley et al., Nature Phys. 14, 399 (2018).



Allan Deviation

Clock under a Microscope
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Marti et al., Phys Rev Lett 120, 103201 (2018).
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Gravitational Potential & Atomic Coherence  JILA

Extreme spatial resolution & precision
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Laser is the Central Ruler of Time & Space JILA

Cavity lengthL~1m > AL ~ 10 m (size of a nucleus: 104 m)
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Clock Meets Atomic Interactions

Martin et al., Science 341, 632 (2013). Zhang et al., Science 345, 1467 (2014).
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Atomic Clock: Sensors of Space-time JILA

- Important innovations: e Current accuracy ~1018:
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