4 )
Single Atom wants to meet Single Photon

Controlled Processes with Neutral Atoms

College de France
Paris, Fevriér 26, 2002

A a

Aﬁ
P R I

rrrrrrrrrrﬁrrrrrrrrrrr
(e e rrcre
rr

F reereer reerere

Universitét Bonn

D. Meschede,
Institut fir Angewandte Physik

\-

Copyright Research Group of Dieter Meschede, University of Bonn, Feb. 2002




Stephan Kuhr

Wolfgang Alt

Dominik Schrader
Martin Mller

Y ephen Miroshnyshenko

Daniel Frese ('00)
Bernd Ueberholz ("01)

Copyright Research Group of Dieter Meschede, University of Bon




Experimenting with Single
Neutral AtomsinaMOT
Deterministic Source of
Single Neutral atoms
Single Atom Dynamics
Towards entanglement

Copyright Research Group of Dieter Meschede, University of Bon




, Atome kOnnen wir nirgends wahrnenmen, sie
ind wie alle Substanzen Gedankendinge.”

(»Atoms themselves cannot be perceived anywhere,
like all substances they are abstractions” 1912)

Ernst Mach (1838-1916)

1867 Professor for Experimental Physics Prague
1895 Professor for Philosophy Vienna
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Pour réfoudre cette queftion ,on {e fertde
la comparaifon de l'aveugle , qui tient dans
fes mains deux bitons croifez avec lefquels
\l devine trés-bien la pofition des objets.
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Physics/Quantum Optics IS moving
towards
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1. Experimenting with Single Neutral Atoms

Magneto-optical Trap (MOT)

Strong magnetic field helps

to better localise atoms
X X X
X X X

X X X
X X X
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1. Experimenting with Single Neutral Atoms

Magneto-optical Trap (MQOT)

Cesium atom ,, Sixpack*
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1. Experimenting with Single Neutral Atoms

Detectors. APD (EG&G),
200ns dead time, Q.E. > 50%
Clocks. 50 nsresolution, ~ 1 MHz dyn. range
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Dynamics of trapped atoms

102 counts'100ms
18

5 Atoms

Minutes
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1. Experimenting with Single Neutral Atoms

Clock 1 O
Clock 2 O I

Hanbury-Brown & Twiss setup
|mproves time resol ution!
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1. Experimenting with Single Neutral Atoms

Photon correlations
reveal atomic dynamics
a adl relevant time scales!

. Presto Internal Dynamics @ nano seconds
. Allegro Magnetic Bistability @ micro seconds
. Andante Global trap motion @ milli seconds

. Adagio  Cold collisions @ seconds/minutes
For areview see V. Gomer and D. Meschede, Ann.Phys.(Lepzig)l0, 918 (2001) and refs. therein
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1. Experimenting with Single Neutral Atoms

Photon Antibunching — a Classic of Quantum Optics

, Prepares* atomin ground state

Shows Rabi oscillation
1. Photon
2. Photon
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1. Experimenting with Single Neutral Atoms
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1. Experimenting with Single Neutral Atoms

Polarisation analysis

Clock 1 O
Clock 2 C N

linearly polarized light only!
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1. Experimenting with Single Neutral Atoms
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Strong circular correlations!

No linear correations!
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1. Experimenting with Single Neutral Atoms

Magnetic Bistability
(Optical pumping in ,real time*, pustime scale)
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1. Experimenting with Single Neutral Atoms
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1. Experimenting with Single Neutral Atoms
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2. Deterministic Source of Cold Atoms

Controlling atomic dynamics:

* |Impossibleinthe MOT
e Use off resonant dipole trap!

Setup

E

Nd:YAG laser
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2. Deterministic Source of Cold Atoms

Optical dipole potential = AC Stark effect

< &Xci ted state _/\

“ground state | N~
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2. Deterministic Source of Cold Atoms

Optical dipole potential = AC Stark effect
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2. Deterministic Source of Cold Atoms

L aser Sequence
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2. Deterministic Source of Cold Atoms

dipole trap
magnetic trap

fraction of frapped atoms

Controlling the ]
EXACT NUMBER

of atoms

Setup

I ——

Nd:YAG laser
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2. Deterministic Source of Cold Atoms

Controlling the internal
QUANTUM STATE
of single atoms | ]

Setup

Nd:YAG laser
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2. Deterministic Source of Cold Atoms

trapping potentia
for a red-detuned standing wave

Towards controlling the
EXACT POSITION
of single atoms

YAG laser power:
focal beam waist w:
potential depth:
oscillation frequencies:

scattering rate:
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2. Deterministic Source of Cold Atoms

L oading Station for Single Atom Conveyor Belt
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2. Deterministic Source of Cold Atoms

—lstom A APD

—eo— displacad APD

fluprescence
[counis/10 ms]
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2. Deterministic Source of Cold Atoms

Detection of relocated atoms

probe

I laser

fixed
detection

optics

displaced
detection
optics

fluorescence [counts/ 20 ms]

MOT
region
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probe laser

time [ms]
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2. Deterministic Source of Cold Atoms

Transport Efficiency of Single Atoms (1)
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2. Deterministic Source of Cold Atoms

Laser sequence

MOT

one
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2. Deterministic Source of Cold Atoms

Transport Efficiency of Single Atoms (2)

€@ Fluorescent Detection
B MOT-Recapture
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2. Deterministic Source of Cold Atoms
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2. Deterministic Source of Cold Atoms

“Moving standing wave”

Delivery of atoms
ON DEMAND

D. Frese, B. Ueberholz, S. Kuhr, W. Alt, D. Schrader, V. Gomer, and D. Meschede, Phys. Rev. Lett., 85 3777 (2000)
Refs: S Kuhr, W. Alt, D. Schrader, M. Miller,V. Gomer,D. Meschede, Science 293, p. 278-280, (2001)
D. Schrader, S. Kuhr, W. Alt, M. Mueller, V. Gomer, D. Meschede, Appl Phys B 73 (2001) 8, 819-824
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3. Single Atom Dynamics

Spectroscopy

of asingle neutral atom
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3. Single Atom Dynamics

Photon Bursts of Individual Trapped Atoms
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3. Single Atom Dynamics

Spectroscopy of atomsin dipole trap

2]
=
~
0
4+
c
>
o
L,
()
[S]
c
()
O
(%]
()
—
o
>
L

I
60 80
Probe laser detuning [MHz]

Copyright Research Group of Dieter Meschede, University of Bonn, Feb. 2002



3. Single Atom Dynamics
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3. Single Atom Dynamics

Optical dipole potential = AC Stark effect

excited state @_

Bound excited states!

ground state TN
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3. Single Atom Dynamics

Accelerating

a single neutral atom
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3. Single Atom Dynamics

—1 atom
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3. Single Atom Dynamics

aspontaneous

Effizienz

100 1000 10000 100000 1000000
a [m/s?]
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3. Single Atom Dynamics

Axial oscillation frequency

Excitation mechanism

_’-

\

dipole trap
laser

dipole trap
laser

vacuum

window
w + Aw

w w + Aw

resonant excitation if Aw = (),
parametric excitation if Aw = 2€2,
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3. Single Atom Dynamics

Frequency measurement
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3. Single Atom Dynamics

N

Uocosz(kz) - maz
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3. Single Atom Dynamics

, remperature” (E/kg)

of asingle neutral atom
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3. Single Atom Dynamics

Adiabatic Cooling: |S= gypdx = const.
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3. Single Atom Dynamics
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4. Towards Entanglement

I
CACP R L L R L2
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Creation of entangled and fully controlled atoms
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4. Towards Entanglement
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Next technical implementation:
to dipole trap ground state
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4. Towards Entanglement

toD view side view:

MOT laser Nd:YAG

N

A\
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Conclusion

We can or will control neutral atoms;

Exact number U
Quantum state (internal) U
Position (global) U

Trapping oscillator state
Number of photonsin cavity

Atoms ar e excellent guantum memories...
Photons make good transmitters, switches...
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