
Quantum Optical Effects in Cold Atoms

G.S. Agarwal*
Department of Physics

Oklahoma State UniversityOklahoma State University
Stillwater, OK 74078-3072

*Email:agirish@okstate.edu,

Collaborators: B.Deb

1



Quantum Optical Effects In Bose Condensates

1. Coherence and photon-photon correlations – coherent states

2. Hanbury Brown Twiss correlations – quantum regime

3. Squeezed states

4. Mesoscopic states and superpositions, CAT states, GHZ states4. Mesoscopic states and superpositions, CAT states, GHZ states

5. Collapse and revival in quantum dynamics of nonlinear systems

6. Quantum entanglement

7. Using cavity QED to produce effective interactions between condensates

8. Measurement induced phases and entanglement

9. Multicomponent condensates – spin squeezing
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Variety of classical and quantum effects with matter waves
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Dipole Trap:  Basic Physics
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The fiber laser for dipole traps:
� Max power = 35 W
� Wavelength = 1064 nm  
(far-detuned from the sodium 

D2 line @ 589.159nm)
� not single frequency
� Random polarized
� waist = 55 µm
� Initial trap depth :1mK

•Initially load ~107 atoms directly 
from MOT
•Reduce dipole trap beam intensity 
to evaporate
•After 6 seconds evaporation, 
create a BEC with 50,000 ~ 
200,000  |1,-1> sodium atoms
•Final trap oscillation freq:

220 (1, 1, 1.4) Hz
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Markus Greiner, Olaf Mandel
T. W. Hansch & I. Bloch,T. W. Hansch & I. Bloch,
Nature 419, 51 (2002)
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Markus Greiner et. al. Nature 419, 51 (2002)
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Coherent state photon number probability distributions 
for (a)               and (b)              .

(a) (b)

2=n 10=n
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Phase distributions for coherent states with
for  (a)               and (b)              .

(a) (b)

0=θ 2=n 10=n
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( ). .k qc a H C+ + +

Parametric Hamiltonian

Simultaneous generation of probe excitation and phonon collective 
excitation

Entangled States of phonons and photons

( )' . .q qa a H C+ + +

Quantum State Transfer

Higher order scattering --- Two phonon processes

Possibility of using standing
pump and probe waves

Deb, GSA PRA 65, 063618 (2002); 67, 023603 (2003)
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� Potential energy of the 
bound ions at X and Y (((( ))))2 2 21 CU M X Y
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� Equilibrium conditions :
U U0, 0
X Y
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� Equilibrium solutions :

� Consider deviation from the equilibrium : 
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FIG. 1. Schematic of a two-beam interferometer.

Coherence, Correlations, and Interference

Total field operator after the two beams are made to interfere :

Annihilation operator for the input modes

FIG. 1. Schematic of a two-beam interferometer.
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Coherence, Correlations, and Interference

The mean intensity of the output     is :

For interference to occur we need

021 ≠+aa

(1)      
2

12212211
11

aaeaaeaaaa
bb

ii +−+++
+

+++
=

θθ

1b

If the two beams are in coherent states, then

Thus interference obviously occurs for coherent state input 

2121 aaaa ++ =

021 ≠aa
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Consider an entangled state of the form

For the input Fock state

Thus no interference occurs in the mean intensity given by Eq. (1)

021 =+aa

21,nn

1,00,1 +

Coherence, Correlations, and Interference

then

Therefore for the observation of interference at the level of mean intensity one needs to 
have nonzero correlation which is possible with a state like       unless one is dealing 
with coherent beams of light.
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Nature 455, 1216 (2008)
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Squeezed States – Typical Quantum Optical Models
2 †2( * )ga g a+

Strong modulations like �(t) x2

Double well potential 

G.V.Varada & G.S.Agarwal, PRA 48, 4062 (1993)

Double well potential 
exactly soluble model

(|x|-�)2
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Cavity QED Effects
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Cavity QED Effects

A B

Cavity Mode; Atoms do not interact
Large detuning �A- �c Cavity field in vacuum state

Effective interaction between A & B :

( ). . ;A Bv S S H C+ − + ( )
2

A c

g
v

ω ω
∝

−
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BEC-1 BEC-2

q

pump1 probepump2

Cavity QED effects in Bose Condensates

( ) ( )
1 2 1 2k k q q k k q qc c a a d d b b+ + + +

− −+ + +
Dispersive Cavity

Eliminate common probe field (cavity field) � variety of effective
interaction depending on the role of pump and probe in scattering 
process
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Quantum State Transfer

' .q qa b H C+ + +

Entanglement between condensateEntanglement between condensate

New Possibilities – parametric gain in “q” is already 
produced by using other Bragg beams.
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