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Number squeezing and entanglement in a Bose-Einstein condensate



Slicing a BEC

From 'simple' to 'fragmented' condensates

Number squeezing and entanglement
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Josephson physics

aψ bψ Gross-Pitaevskii equation

Two-mode ansatz

Nr atoms

two mode approximation meanfield



Josephson physics

aψ bψ

two mode approximation

momentum shortened length
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meanfield & beyond

aψ bψ

Josephson dynamics meanfield

Phys. Rev. Lett. 95, 10402 (2005)



two mode Bose Hubbardmeanfield & beyond

aψ bψ

ϕcos2
jc EnEH −Δ≅
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meanfield & beyond

aψ bψ +â +b̂

Josephson dynamics meanfield/Bose Hubbard



ground state propertiesnumber squeezing
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spin squeezing
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'optics-like' squeezing
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implementation
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adiabatic spin squeezing
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adding light fields slicing BEC

focussed
laser beams

harmonic trap
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double wellinterfering
laser beams
periodic trap

+

many well       



apparatusimaging with high resolution

Atom detection using absorption imaging 
high resolution (1 μm).

Before :

After :



experimental results double well
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double well



~40nm / 8 hours

double well



meanfield & beyondexperimental results many well situation

more stable situation – used for systematics



squeezed atomic statessystematics
photon shot noise: ~10 atoms
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lossessystematics

independently
condensed

number squeezed
inital state



Ramsey- no interaction
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application



applicationRamsey - number squeezing

initial state

D. Wineland, et al. Phys.Rev. A 50, 67 (1994)
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meanfield & beyondphase in many wells squeezed atomic states

2.25 ms expansion

envelope removal, FFT

In situ imaging
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improvement of ifm squeezed atomic states

Over 1000 
measurements
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entanglement criterion squeezed atomic states

The same criterion as for precision enhancement

Sorensen, et al. Nature 409, 63 (2001)

separable

Criterion for indistinguishable particles

Wang et al. PRA 68, 012101 (2003) , Korbicz et al. PRL 95, 120502 (2005)
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entanglement squeezed atomic states

1
cos

4
2

2
2 <

><
Δ

=
ϕ

ξ
N

n
S

14 2
2 <

Δ
=

N
n

Nξ

usable entanglement
at finite temperature



conclusion

Direct observation of coherent number squeezing
'a useful quantum resource'

Nature 455, 1216 (2008)


