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Entanglement and quantum information with 

macroscopic light fields
• Entanglement is one the most striking features of quantum theory.  It can be 

found in discrete systems, such as collections of two-level systems (qubits), and in 

continuous variable systems, such as macroscopic light fields.  Besides its intrinsic 

interest, as a counterintuitive quantum property, entanglement is viewed now as a 

potential resource in the field of quantum information.

• Solving an old problem: entanglement of the bright (non-degenerate) optical 

beams emitted by an above-threshold OPO was first predicted by Reid and 

Drummond in 1988.  It was only measured for the first time in 2005.  We also 

showed that higher orders of entanglement are expected in this system.

• The entanglement we measured can be used for the implementation of a quantum 

key distribution protocol and other tasks in quantum information.  

• BUT: noise, which at present is still unaccounted for.



Advantages of continuous variables

• “Unconditional” state preparation (every inverse 

bandwidth).

• High detection efficiencies (> 95%).

• “Complete Bell detection” with homodyne detection  

and beamsplitters.

• “Drawbacks”: states are not perfect, they depend on the  

degree of squeezing; most experiments involve Gaussian  

states, with a Wigner function ≥ 0.



Nothing goes faster than light



Einstein, Podolsky & Rosen’s paper
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EPR’s example

|ψ〉 ≅ δ(x1 – x2 – L)δ(p1 + p2) (localized in x1 – x2 and p1 + p2)

A measurement of x1 yields x2, just as a measurement of p1 gives

p2.  But x2 and p2 don’t commute!  ↔ [x, p] = i ħ



It’s the first example of an entangled state

• The first time the word entanglement appeared was in Schrödinger’s “cat”

paper. 

1] E. Schrödinger, "Discussion of probability relat ions 
between separated systems", Proceedings of the Camb ridge 
Philosophical Society, 31, (1935), 555-563 [2] 
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EPR’s conclusion

If (1) is false, then (2) is also false!  Hence, (1) should be true: 

quantum theory, although it allows for correct predictions, must be

incomplete.  Measurements should just reveal pre-existing states, 

which are not described by this incomplete theory.



Bohr’s reply

Bohr introduces complementarity, but his paper does not give sufficient

arguments to rule out the EPR program. (This story goes on with the

theorems by John Bell and experiments to violate Bell’s inequalities, and

GHZ-states etc.)



How can we measure continuous variable 

entanglement?

• “EPR” criterion [M. D. Reid, PRA 40, 913 (1989), M. D. Reid 

and P. D. Drummond, PRL 60, 2731 (1988) & PRA 40, 4493 

(1989)]



How can we measure continuous variable 

entanglement?
•DGCZ separability

criterion: 

Separability ⇒

• Two squeezed fields combined in a BS result in entangled output fields.

a
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Noise Measurements
±
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(Balanced) Homodyne Detection

If field b is strong, we can replace the operator by its mean value

If field b is the vacuum, we can obtain A’s intensity noise by measuring n+



The Optical Parametric 

Oscillator (OPO)



Generation of Twin Beams

α1out(t)

α2out(t)

α0in(t)

Pump generates twin photons (signal and idler) inside a cavity.

Strong intensity correlations in the output beams.

Correlation measured by the subtraction of detector 

photocurrents.

• For long integration times, strong correlations.

• Quantum correlations are not observed if the integration

time is shorter than the lifetime of a photon inside the

cavity.

i2 ∝ |α2out|2

-

Spectrum

Analyzer

i1∝|α1out|2

PBS



Generation of Twin Beams

How do we check that we have produced twin beams?

We measure the “shot noise” by mixing signal and idler

in the beamsplitter.

i1

i2

-
Spectrum

Analyzer

Idler

Signal PBS

W
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Signal - Idler
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|α+ |

Signal + Idler

Y=q

α0=|α0| X=p

ωωωω1 + ωωωω2 = ωωωω0

δϕ1 + δϕ2 = δϕ0

Energy Conservation

δI1 - δI2 = 0
Intensity Correlation

Experiment: A. Heidmann et al., Phys. Rev. Lett. 59, 2555 (1987) Theory: M. D. Reid and P. D. Drummond, Phys. Rev. Lett. 60, 2731 (1988)

Phase Anti-correlation



To test for 
entanglement, we need
to measure the phase
quadrature.  How do 
we do that without a 
local oscillator for 

each beam?



–

How can we measure the phase?

Nd:YAG

Doubling cavity

532 nm

1064 nm

OPOOPO

?

Homodyne

detection

Local Oscillator

1064 nm

Pump





X

Y

Phase measurement with an Optical Cavity

P. Galatola, L. A. Lugiato, M. G. Porreca, P. Tombesi, and G. Leuchs, 

Opt. Commun. 85, 95 (1991).

ain (Input)

aout (Reflection)

Optical cavity

bin (Vacuum)

bout (Transmission)
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Rotation of the Noise Ellipse

X

Y

Dessintonia

Amplitude Noise of the 

reflected beam



Rotation of the Noise Ellipse
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Amplitude Noise of the 

reflected beam



Experimental setup

PBSλ/2
OPOOPO

λ/2

Lock-in Analysis Cavity 2

Doubled 
Nd:YAG Laser

Photodetection and 

Data Analysis

Filter Cavity

KTP

Demodulating 

Chain

Analysis Cavity 1



Results: νννν = 27 MHzResults: νννν = 21 MHz

∆λ = 0.8 nm
(possible ~10’s to 100’s nm)

∆2p-+ ∆2q+ = 1.41 (2) < 2

∆2p-= 0.59 (1)

∆2q+ = 0.82 (2)

A.S. Villar, L.S. Cruz, K.N. Cassemiro, 

M. Martinelli, and P. Nussenzveig,

Phys. Rev. Lett. 95, 243603 (2005)

X. Su et al., Opt. Lett. 31, 1133 (2006)

[Universidade de Shanxi, China]

J. Jing et al., Phys. Rev. A 74, 041804 (2006)

[Universidade de Virgínia, EUA]
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Correlation?

Yes/No

Photocurrent

Quantum Key Distribution



Quantum Key Distribution
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Theory x Experiment



Reflected pump noise

Cavity parameters:

Input

R532 = 97 %

R1064 > 99.8 % 

Output

R532 ~ 99.8 %

R1064 = 96 % 



Theory x Experiment



Theory x Experiment





Quantum “DNA test”

QUANTUM



δI1 - δI2 = 0

ωωωω1 + ωωωω2 = ωωωω0

δϕ1 + δϕ2 = δϕ0

Energy Conservation

Signal - Idler

p-

q-

X

Y

p+

q+ φ+

|α+ |

Signal + Idler

Intensity Correlation
Experiment: A. Heidmann et al., Phys. Rev. Lett. 59, 2555 (1987) Theory: M. D. Reid and P. D. Drummond, Phys. Rev. Lett. 60, 2731 (1988)

Phase Anti-correlation
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Three-color correlations (27 MHz)
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Three-color correlations (27 MHz)
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Three-color correlations (21 MHz)
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Noise!...
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Noise!...

Cavity parameters:

Input

R532 = 69.4 %

R1064 > 99.8 % 

Output

R532 > 99.8 %

R1064 = 96 % 
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Noise!...



Tripartite entanglement?
1st inequality: OK, consequence of bipartite entanglement (improved).

Not yet… ����
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The trouble with the noise…

… is not over!



Tripartite entanglement?
Positivity under partial transpose (preliminary!!!).
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Quantum Networks



Final remarks
� Entanglement in the above-threshold OPO: 17 year-old 
problem solved.

� Quantum information color conversion is now possible.

� First three-color quantum correlations.

� Path to multicolor quantum networks.


