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Biphoton wavefunction
ω1

ω2

〈ω1,ω2|out〉〉〉〉

=Σ λj fj(ω1)gj(ω2)



Single photon density matrix
ω’

ω

〈ω’|ρ|ω〉〉〉〉

=Σ λj fj
*(ω’)fj(ω)

=∫dω2 〈ω’,ω2|out〉〉〉〉 〈out|ω,ω2〉〉〉〉



Coherence?

ρ = Σpa |1a〉〈〉〈〉〈〉〈1a|
|1〉〉〉〉 = Σck |1〉〉〉〉k



Coherence?

ρ = Σpa |1a〉〈〉〈〉〈〉〈1a|
|1〉〉〉〉 = Σck |1〉〉〉〉k



Quantization in a box

E(x,t) =Σek exp(ik.x)+c.c.
B(x,t) =Σbk

….
q = p/m

p = -mω2q

|1〉〉〉〉k=ak |0〉
I&Z B-B, QED ..., Encyclopedia of Modern Optics



Single photon WF

|1〉〉〉〉k

Ec(x,t) =Σck exp(ik.x-iωt)

|              〉〉〉〉

|1〉〉〉〉c = Σck



Single photon mixed

ρ = Σpa |1a〉〈〉〈〉〈〉〈1a|
|1〉〉〉〉 = Σck |1〉〉〉〉k

E(x) = Σck exp(ik.x-iωt)
ρ(t,t’) = Σpa Ea*(t) Ea(t’)



Quantities of interest



Hong-Ou-Mandel
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Houng-Ou-Mandel
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Multisided observation

ρ(t,t’) = ?

φ(t)



ρ(t,t’)

Biased observation

φ(t)
t

t’



ρ(t,t’)

Double pulse
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Analogies
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Phase space



〉〉〉 〉〉〉
Projection onto cat’s state



Slit function

f(t)

s(τ)

h(t)

=∫dτ f(t-τ) s(τ)

=f(ω) s(ω)

f(ω)

s(ω)

h(ω)



Deconvolution

s(τ)

h(t)

=∫dτ f(t-τ) s(τ)

=f(ω) s(ω)

f(ω)

s(ω)

h(ω)

Fatal error:

division of noise by ~zero



2D slit function

ρ(t,t’)

pC(t,t’)



Retrieval

ρ(t,t’)

φ(t) t

t’

b
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Experimental scheme
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Simulated result



Fourier transform
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Setup
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Passive stabilization
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Setup
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Reference pulses
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Result – ρ(λ,λ’)
λ [nm]

λ
’ 
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m
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Spectral density matrix

λ [nm]

λ
’ 
[n

m
]
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WW, P. Kolenderski, R. Frankowski, PRL 99, 123601 (2007)



Theoretical model

〈ω1,k1⊥,ω2 ,k2⊥|out〉〉〉〉 =

Ap(ω1+ω2,k1+k2) sin(∆k L/2)/∆k

|ω1,k1⊥〉〉〉〉

|ω2,k2⊥〉〉〉〉

ω1+ω2, k1+k2

∆k



Mixedness

ρ(ω,ω’) = Σpa |1a〉〈〉〈〉〈〉〈1a|



Sieving

ρ = Σpa |1a〉〈〉〈〉〈〉〈1a||1〉〉〉〉 = Σck |1〉〉〉〉k



Filtering

ω1

ω2

ω3

|     〉〉〉〉⊗|     〉〉〉〉λ0

⊗|      〉〉〉〉λ1 |      〉〉〉〉

|      〉〉〉〉⊗λ2 |      〉〉〉〉



Quantum HOMi

|1〉〉〉〉φ

ρ(ω,ω’) = Σpa |1a〉〈〉〈〉〈〉〈1a|



Semicalssical HOMi

|0〉〉〉〉φ+α|1〉〉〉〉φ + α2/√2 |1〉〉〉〉φ+ α3/√6 |1〉〉〉〉φ +…

Σa   |0a〉〈〉〈〉〈〉〈0a|

+ pa |1a〉〈〉〈〉〈〉〈1a|

+pa
2 |2a〉〈〉〈〉〈〉〈2a|

+…

thermal

state

coherent

state



Semicalssical HOMi

0 photons: probability ~1, no clicks

1 photon: either 

|0〉〉〉〉⊗|1〉〉〉〉: probability α2, no coincidences

or |1〉〉〉〉⊗|0〉〉〉〉, probability Σapa, no coincidences

2 photons: either

|1〉〉〉〉⊗|1〉〉〉〉: probability α2 .Σapa

or |2〉〉〉〉⊗|0〉〉〉〉, probability Σapa
2

or |0〉〉〉〉⊗|2〉〉〉〉, probability α4/2

3 photons: 

probability ~ max(α2,,pa)
3 – negligible for both <<1



Semicalssical HOMi

|1〉〉〉〉⊗|1〉〉〉〉: probability α2 .Σapa

|2〉〉〉〉⊗|0〉〉〉〉, probability Σapa
2

|0〉〉〉〉⊗|2〉〉〉〉, probability α4/2

leads to coincidences in ½ cases 

leads to coincidences in  

½ - ½〈ρ|φ|ρ〉〉〉〉 cases



HOMi burried
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Summary

•Real photons have some shape

•Or even a few ‘eigenshapes’ with nonzero

probabilities

•First full temporal characterization of a 

single photon

•Result agrees with the model

WW, P. Kolenderski, R. Frankowski
quant-ph/0702200




