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Many-body quantum systems | Optical atomic clocks
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Spectrum in optical frequency synthesis
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Spectrum in optical frequency synthesis
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An Optical Frequency Chain

NBS (NIST): measurement of speed of light, 1972

Hall & Ye, "NIST 100th birthday”, Optics & Photonics News 12, 44 (2001).



The age of atomic clocks - Chasing the SPEED!
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Faster oscillations - More cycles > Smaller errors

Light ripples: 10%° cycles per second, & we count every one

Precision: 1 000 000 000 000 000 =+ 1




Long-term optical coherence (<)

Ludlow et al, Opt. Lett. 32, 641 (2007). 10 s
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A rainbow spectrum with 10-° precision

Hall and Hansch, 2005 Nobel Prize Optical frequency comb
Cundiff and Ye,
freq.
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Optical coherence time > 1 s (<10-1°), anywhere in the visible

Schibli et al., Nature Photonics 2, 355 (2008).



A rainbow spectrum with 10-° precision

Hall and Hdnsch, 2005 Nobel Prize Optical frequency comb
Cundiff and Ye, t 9
Radlo_> L freg.
L6 AL NN N e
Lo Counting the light ripple S
£ S 0.0 .
© S 05
c >=-U.
§> 5_5,_1.0 u & : R
05 00 05 1.0
time (s)

Optical coherence time > 1 s (<10-1°), anywhere in the visible

Schibli et al., Nature Photonics 2, 355 (2008).



A rainbow spectrum with 10-° precision

Hall and Hansch, 2005 Nobel Prize Optical frequency comb
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Cundiff and Ye,
Rev. Mod. Phys. 75, 325 (2003).
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Schibli et al., Nature Photonics 2 355 (2008).



Optical atomic clocks
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Optical lattice - a many-body quantum system
Science 331, 1043 (2011)

Engineered quantum states > eliminating motional effects
Separation of internal and external degrees of freedom
Isolation from environment

Long coherence times

Large atom numbers to increase signal and accuracy
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JILA Sr atomic clock

Science 314, 1430 (2006); Science 319, 1805 (2008); Science 320, 1734 (2008);
Science 324, 360 (2009); Science 331, 1043 (2011).
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Science 314, 1430 (2006); Science 319, 1805 (2008); Science 320, 1734 (2008);

JILA Sr atomic clock

Science 324, 360 (2009); Science 331, 1043 (2011).
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Precise distribution of ultra-stable signals

Foreman, Holman, Hudson, Jones, and Ye, SYRTE, NIST, ..
Cover Review, Rev. Sci. Instrum. 78, 021101 (2007).
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Phase-coherent radiations - IR to XUV
- Spectroscopy & Quantum Control

+«— Phase-coherent synthesis of the electrdbageatecheativieor —
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Nature, in press (2011).
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Phase-coherent radiations - IR to XUV
- Spectroscopy & Quantum Control

«— Phase-coherent synthesis of 1 Extreme Ultraviolet
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Direct Frequency Comb Spectroscopy

Thorpe et al., Science 311, 1595 (2006). Chem. Rev. 2010; Phys. Rev. Lett. 2011,
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Ultracold gases

Precise control of a quantum system

applications: quantum computing
atomic clocks
precision measurements
cold-atom-based sensors

Control: A tool for understanding complexity.

Build up strongly correlated
many-body quantum systems

* Fermi superfluidity

 fermions or bosons in an
optical lattice




Why polar molecules?

Extend our capability to control qguantum
systems

What's new (compared to ultracold atoms)?
= New internal degrees of freedom
vibration, rotation
= Chemistry
= Long-range interactions
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Atom vs. molecule

Bose-Einstein
Condensation

T =100 nK

N = 10° atoms
n=103 cm3

Molecules:
T=100mK, n=10°%cms



Ultracold molecules: The challenge

Molecules are complex! trap depth
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Quantum gas of polar molecules

Debbie Jin Science 322, 231 (2008)

J. Ye Science 327, 853 (2010)
Nature 464, 1324 (2010)
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Light provides the answer

Photons carry away the energy!
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Laser light

Laser light




Chemistry near absolute zero

(1) Molecules behave like waves

o

(2) Angular momentum is quantized

(3) Quantum statistics matter

Fermions =
L = 1, p-wave collisions




New quantum phases and dynamics
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* Correlated Fermi pairs
- Bi-layer Bose condensation?

- Super solids?

Zoller, Demler, Santos, ... ...
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