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Abstract: <span>To say that atomic, molecular, and optical (AMO) physics underwent arevival in
the 80s and 90s is to acknowledge that it wasin need of reviving. Prior to this

rebirth, high-quality research was being done in many labs, but it was primarily

passive with respect to atomic motion. The demonstration of laser cooling in

1978 ushered in a new erawhere the full quantum states (internal and external)

of atoms would be precisely controlled in the following decades. This control

has essentially given today&€™s AMO physicist the power to &€oaealize the gedankena€e
and build experiments that exploit quantum mechanics to perform computations,
simulations, and measurements with tremendous speed and precision. | will

discuss some of the current challenges and potential of this exciting timein

the field of AMO physics through the lens of a case study of some of the work of

this year&€™s Nobel Laureates, Dave Wineland and Serge Haroche.</span>
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Two simple quantum tools:

Ground-statecooling + Groversearch
State tomography
Quantum jumps
“negative” probabilities
Quantum Zeno effect
CNOT gates

N-qubit entanglement
Measurementat 1017
QND measurement
Meas. beyond SQL

Q. error correction
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Two simple quantum tools:

Ground-state cooling Grover search
State tomography Shor algorithm
Quantum jumps Cavity QED
“negative” probabilities « GHZ states
Quantum Zeno effect EPR states
CNOT gates Dicke states
N-qubit entanglement Squeezed states
Measurementat 1017 Fock states
QND measurement NOON states
Meas. beyond SQL Cat states

Q. error correction Dog states
Iquana states
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AMO Quantum Toolbox
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AMO Quantum Toolbox
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Bloch Sphere

2-level quantum system |v/)
1) -e= |

4) —*=

lW=alt) + b))
= cos(0/2) [t) + esin(6/2) |{)

irsa: 13080042 Page 13/47



Pirsa: 13080042

Atoms are Superb Quantum
Systems

‘We know how to control them extremely well
Laser cooling, optical pumping, coherent operations
*They can be isolated from perturbing effects

Trapping in UHYV, levitation
«Atoms are simple and identical
Just a bunch of copies
Superpositions (& the atoms themselves) live along time

They're very “quantum”
«Atoms 2-N are inexpensive

Somewhere in the range of $1023
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Which atoms?

-Effective spin Yz particle

Two long-lived states

«Control over atomic motion

One short-lived state

2w Laser cooling!
(1978)
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Which atoms?

LETTERS 19 June 1978

Vorume 40, Numner 25 PHYSICAL REVIEW

Radiation-Pressure Cooling of Bound Resonant Absorbers

D, J. Wineland, R. E, Drullinger, and F, L. Walls
Time and Frequency Division, Natlonal Buveau of Standavds, Boulder, Colovado 80303
(Recelved 26 April 1978)

We report the first observation of radlation-pressure cooling on a system of resonant
absorbers which are elastically bound to a laboratory fixed apparatus. Mg Ii lons con
Penning el magnetic trap are cooled to <40 K by irradiating them with the

single-made dye laser tuned to the low-frequency
- jMy =)

fined L
output of a frequency doubled,

B-uW
slde of the Doppler profile on the no—"Bn (M,
Cooling to approximately 10°* K should be possible,

tjeM =+ jorM,

transitions.

Also: Neuhauser, Hohenstatt, Toschek, & Dehmelt

Laser cooling!
. (1978)

David J. Wineland
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Example: Atomic Hydrogen
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Circular Rydberg states

lonization threshold

Serge Haroche
Nussenzveiq, Bernardaot, Brune, Hare, Raimond, Haroche, and Gawlik, PRA 48, 3991 (1993)

Pirsa: 13080042 Page 19/47



Microwave cavity
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Microwave cavity

T<14K

F =51 GHz
d=2.7T cm
0 = 4.2x10"°
=130 ms

|

¢t =39 000 km!

Serge Haroche
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Serge Haroche

Microwave cavity

T<14K

F =51 GHz
d=2.7 cm
0 = 4.2x10"°
=130 ms
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Jaynes-Cummings Interaction

state
detector

Serge Haroche
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Jaynes-Cummings Interaction

=)

state
detector

Serge Haroche ) ~ 27 x 50 kHz

e, 8., C Sayrin et al. Nature 477,73-77 (2011)
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Ramsey Interference

Method of separated oscillatory fields
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Ramsey Interference

Method of separated oscillatory fields

n,=1

o0=67kHz
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Ramsey Sequence: Bloch Sphere
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Michelson Interferometer
Earth and the Luminiferous Ether.

b
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Recent Results
LETTER

Real-time quantum feedback prepares and stabilizes
photon number states

t Sayrin', Igor Dotsenko’, Xingxing Zhou', Bruno Peaudecerl’, Théo Rybarczyk', Sébastien Gleyzes', Pierre Rouchon
i, Hadis Amind®, Michel Brun )

Serge Haroche

Stabilized photon number states on demand!
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Further reading (Haroche)

Dressed atom picture
Superradiance

Microwave Purcell effect

Optical Purcell suppression

“Schrédinger’s cat”
QND Photon measurement

Nonclassical oscillator states

Number states on demand

Cohen-Tannoudii, and Haroche, J, Phys, France 30, 153 (1969)

Raimond, Goy, Gross, Fabre, and Haroche, Phys, Rev, Lett, 49,
1924 (1982)

Goy, Raimond, Gross, and Haroche, Phys, Rev. Lett, 50, 1903
(1983)

Ihe, Anderson, Hinds, Meschede, Mol, and Haroche, Phys,
Rey, Lett, 58, 666 (1987)

Brune, Hagley, Dreyer, Maitre, Maali, Wunderlich, Raimond, and
Haroche, Phys, Rev. Lett, 77, 4887 (1996)

Guerlin, Bernu, Deléglise, Sayrin, Gleyzes, Kuhr, Brune, Raimond,
and Haroche, Nature 448, 889(2007)

Deléglise, Dotsenko, Sayrin, Bernu, Brune, Raimond, and Haroche,

Nature 455, 510(2008)

Sayrin, Dotsenko, Zhou, Peaudecerf, Rybarczyk, Gleyzes, Rouchon,

Mirrahimi, Amini, Brune, Raimond, and Haroche, Nature 477,73
(2011)
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AMO Quantum Toolbox

harmonicoscillators

NP = P
phonons photons i

atoms (spin % particles) ‘.

David J. Wineland Serge Haroche

Ylons Rydbergatoms
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lon Traps

elevitate atoms in vacuo for isolation from environment

charged particles & static fields:

\}ilh// Earnshaw’s theorem,

Maxwell's equations,

/;" T\ (Gauss's Law)

use time-dependent (RF) fields

lWoIfgang Paul

Page 34/47



It'sa...

elevitate atoms in vacuo for isolation from environment

Wdlfgang Paul
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It'sa...

elevitate atoms in vacuo for isolation from environment

Pirsa: 13080042 Page 36/47



R E RS S N L

2 um

Pirsa: 13080042 Page 37/47




Trapped lon Motion
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Jaynes-Cummings Interaction
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Jaynes-Cummings Interaction
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Jaynes-Cummings Interaction
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Spin-spin entanglement

David J. Wineland

Slide credit: Chris Monroe Cirac and Zoller. Phys. Rev. Lett. 74. 4091 (1995)
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David J. Wineland
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David J. Wineland
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Precision Measurement

Frequency Ratio of Al" and Hg*
Single-lon Optical Clocks; Metrology
at the 17th Decimal Place

T. Rosenband,* D. B. Hume, P. 0. Schmidt,{ C. W. Chou, A. Brusch, L. Lorini,{ W. H. Oskay,§
R. E. Drullinger, T. M. Fortier, ). E. Stalnaker, || 5. A. Diddams, W. C. Swann,
N. R. Newbury, W. M. Itano, D. ). Wineland, ). C. Bergquist

Time has always had a special status in physics because of its fundamental role in specifying the
regularities of nature and because of the extraordinary precision with which it can be measured.
This precision enables tests of fundamental physics and cosmology, as well as practical applications

— : 'Y o such as satellite navigation. Recently, a regime of operation for atomic clocks based on optical

l J‘WM J ‘VV’“ 'Ell‘“ Hi transitions has become possible, promising even higher performance. We report the frequency
ratio of two optical atomic clocks with a fractional uncertainty of 5.2 x 10™", The ratio of
aluminum and mercury single-ion optical clock frequencies va /vy is 1.052871833148990438(55),
where the uncertainty comprises a statistical measurement uncertainty of 4.3 x 107"/, and
systematic uncertainties of 1.9 x 10™"7 and 2.3 x 10”7 in the mercury and aluminum frequency
standards, respectively. Repeated measurements during the past year yield a preliminary constraint
on the temporal variation of the fine-structure constant a of a/a = (=1.6 + 2.3) x 10°" /year

1808 28 MARCH 2008 VOL 319 SCIENCE www.sciencemag.org
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Further reading (Wineland)

Laser cooling
Quantum jumps
10 minute qubit coherence

CNOT gate

Mechanical ground state

"Schrédinger’s cat”
Nonclasical mechanical states

33 ¢m gravitational clock shift

Wineland, Drullinger, and Walls, Phys, Rev, Lett. 40, 1639 (1978)

Bergquist, Hulet, [tano, and Wineland, Phys. Rev, Lett, 57, 1699
(1986)

Bollinger, Heinzen, ltano, Gilbert, and Wineland, IEEE Trans,
Instrum. Meas, 40, 126(1991)

Moniroe, Meekhof, King, Itano, and Wineland, Phys, Rev. Le
75,4714 (1995)

Monroe, Meekhof, King, Jefferts, Itano, Wineland, and Gould,
Phys. Rev, Lett, 75,4011 (1995)

Meekhof, Monroe, Itano, King, and Wineland, Phys, Rev. Lett, 76
1796 (1996)

Meekhof, Morroe, ltano, King, and Wineland, Phys, Rev. Lett. 76
1796 (1996)

Chou, Hume, Rosenband, and Wineland, Science
1630 (2010
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