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Overview 

•  Detector tomography 

•  Measuring correlated photon statistics 

•  Direct probing of the Wigner function 



Homodyne tomography 

Detection scheme 



Detector tomography 

Concept 

A. Luis, L.L. Sanchez-Soto, Phys. Rev. Lett 83, 3573 (1999). 



Quantum measurements 



TMD tomography 

Detector without phase reference: (verified in experiment) 
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 theoretical model for POVMs 

Define matrix equation (analogous to TMD analysis) 
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k = 0, … , M : possible detector outcomes, M port TMD 
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n = 0, … , N : relevant photon number contributions  
(higher photon numbers do not change POVMs) 

Optimization problem for Π: 

F : number statistics of probe states 

P : probabilities of k “clicks” 

Π : coefficients of POVMs 
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TMD tomography 

Experimental setup 

J.S. Lundeen, A. Feito, H. Coldenstrodt-Ronge, K.L. Pregnell, Ch. S., T.C. Ralph, J. Eisert, 
M.B. Plenio, I.A.Walmsley, Nature Physics, 5, 27 (2009). 
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TMD tomography 

POVMs 

J.S. Lundeen, A. Feito, H. Coldenstrodt-Ronge, K.L. Pregnell, Ch. S., T.C. Ralph, J. Eisert, 
M.B. Plenio, I.A.Walmsley, Nature Physics, 5, 27 (2009). 
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TMD tomography 

POVM for single „click“ 

J.S. Lundeen, A. Feito, H. Coldenstrodt-Ronge, K.L. Pregnell, Ch. S., T.C. Ralph, J. Eisert, 
M.B. Plenio, I.A.Walmsley, Nature Physics, 5, 27 (2009). 
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Overview 

•  Detector tomography 

•  Measuring correlated photon statistics 

•  Direct probing of the Wigner function 



Photon number correlated state 

Parametric downconversion 

Photon statistics / correlations 



Self-referencing detector 

PDC at low gain 
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“click“ 

ˆ1 , !

pump 

A priori  information:  
photons are produced in pairs 

Loss-tolerant characterization of photon number statistics (use a priori information) 
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PDC photon number statistics 

Conditional preparation of single-photon states 

D. Achilles, Ch. Silberhorn, and I.A. Walmsley Phys. Rev. Lett. 97, 043602 (2006) 

detection propability: 37,5 % detection propability: 37,5 % 



PDC photon number statistics 

D. Achilles, Ch. Silberhorn, and I.A. Walmsley Phys. Rev. Lett. 97, 043602 (2006) 

detection propability: 37,5 % detection propability: 37,5 % detection propability: 31,5 % 

Conditional preparation of single-photon states 



coherent 
 state 

Detector calibration: estimation of losses 

D. Achilles, Ch. Silberhorn, and I.A. Walmsley Phys. Rev. Lett. 97, 043602 (2006) 

losses in signal arm :s!
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Consistency 
Test: 
very  sensitive to 
higher photon  
numbers 



PDC photon number statistics 

PDC at higher gains 

M. Avenhaus, H. B. Coldenstrodt-Ronge, K. Laiho, I. A. Walmsley, Ch. S.,  
Phys. Rev. Lett. 101, 053601 (2008) 



PDC correlated statistics 

PDC at higher gains 

M. Avenhaus, H. B. Coldenstrodt-Ronge, K. Laiho, I. A. Walmsley, Ch. S.,  
Phys. Rev. Lett. 101, 053601 (2008) 

strict photon  
number correlations 

Measurements of correlations, 
shot by shot: 



Correlation functions 

Shot by shot TMD measurements 

M. Avenhaus, K. Laiho, M. V. Chekhova, and C. Silberhorn,  
Phys. Rev. Lett. 104, 063602 (2010) 

correlation 
matrix 



Correlation functions 

Shot by shot TMD measurements 

M. Avenhaus, K. Laiho, M. V. Chekhova, and C. Silberhorn,  
Phys. Rev. Lett. 104, 063602 (2010) 

correlation 
matrix 



Measuring correlations functions 

M. Avenhaus, K. Laiho, M. V. Chekhova, and C. Silberhorn, 
 Phys. Rev. Lett. 104, 063602 (2010) 



Correlations in PDC 

M. Avenhaus, K. Laiho, M. V. Chekhova, Ch. S:, Phys. Rev. Lett. 104, 063602 (2010) 
[4] W. Vogel, Phys. Rev. Lett. 100, 013605 (2008) 
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Measuring Wigner functions 



Direct probing of Wigner functions 

Wigner function 

S. Wallentowitz, W. Vogel, PRA 53 (4528), 1996 
 K. Banaszek, K. Wodkiewicz, PRL 76 (4344), 1996 
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Direct probing of Wigner functions 

Wigner function 

S. Wallentowitz, W. Vogel, PRA 53 (4528), 1996 
 K. Banaszek, K. Wodkiewicz, PRL 76 (4344), 1996 



Direct probing of Wigner functions 



Christine Silberhorn Integrated Quantum Optics 

State of the art 

whiteDirect probing of the Wigner function Acessing higher order correlations by time-multiplexing

State of the art

Gaussian states
Phase sensitive
measurements

K. Banaszek, C. Radzewicz, K. Wodkiewicz, and
J. S. Krasinski, PRA 60, 674 (1999)

Single photon in cavity

Parity measured via
atom-photon coupling

P. Bertet, A. Auffeves, P. Maioli, S. Osnaghi,
T. Meunier, M. Brune, J. M. Raimond, and
S. Haroche, PRL 89, 200402 (2002)

Our focus
Non-Gaussian travelling single-photon field

Practical in quantum communications
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Christine Silberhorn Quantum state detection with photon counting detectors



Our implementation 



Our implementation 
whiteDirect probing of the Wigner function Acessing higher order correlations by time-multiplexing

Our implementation

50/5050/50 50/50|β�

signal
T ∼ 95% on-off detector

Displacement Photon counter

Loss-tolerant detection of photon statistics

✓ Single photon resolution via time-multiplexing

✓ Loss tolerant detection:

efficient calibration of loss L(η) and convolution C
✓ Statistics extracted by inverting�pclick = CL(η)�ρ

D. Achilles et al., Opt. Lett. 28, 2387(2003); M. J. Fitch et al., PRA 68, 043814(2003)

D. Achilles et al., PRL 97, 043602(2005); M. Avenhaus et al., PRL 101, 053601(2008)

Displacement – no phase sensitivity

✓ Calibration by |α| =
�

�n�reference /η

Christine Silberhorn Quantum state detection with photon counting detectors



whiteDirect probing of the Wigner function Acessing higher order correlations by time-multiplexing

Mode mismatch
signal

reference

Spatial, spectral and temporal mismatch
Poissonian background introduced
Determined by mode overlap M

K. Banaszek et al., PRA 66, 043803(2002)
K. Laiho et al., NJP 11, 043012(2009)

SINGLE-PHOTON FOCK STATE:

Statistics and mode overlap

M = 0M = 1

α = 1

α = 0 α = 0

α = 1

Projection to 
|0��0| |1��1|

x x

x x

y

y y

y

W. Schleich and J. A. Wheeler, Nature 326, 574(1987)

Christine Silberhorn Quantum state detection with photon counting detectors

Measuring photon statistics in phase space 
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Christine Silberhorn Quantum state detection with photon counting detectors

Spatial, spectral and temporal mismatch  
 → introduces Poissonian background, 
     determined by mode overlap M 



Measuring photon statistics in phase space 

K. Laiho, M. Avenhaus, K.N. Cassemiro, Ch.S., NJP 11, 043012 (2009) 

Mode mismatch 

Displacement 



Mode overlap 
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Mode mismatch
signal
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Poissonian background introduced
Determined by mode overlap M

K. Banaszek et al., PRA 66, 043803(2002)
K. Laiho et al., NJP 11, 043012(2009)
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Christine Silberhorn Quantum state detection with photon counting detectors

Spatial, spectral and temporal mismatch  
 → introduces Poissonian background, 
     determined by mode overlap M 

p(0) and p(1) in dependence of displacement 

vacuum 
component

one-photon 
componentM = 0.5 M = 0

vacuum 
component

one-photon 
component

vacuum 
component

one-photon 
componentM = 1

K. Laiho, M. Avenhaus, K.N. Cassemiro, Ch.S., NJP 11, 043012 (2009) 



Displaced photon statistics 
whiteDirect probing of the Wigner function Acessing higher order correlations by time-multiplexing

Displaced statistics

calibrated efficiency: η = 0.165
trigger events collected: 106−107

measurement time: ∼ 103s

measured statistics
fit to data

Displaced state

measured statistics
fit to data

Mixed state

M = 0.69± 0.05 M = 0

Christine Silberhorn Quantum state detection with photon counting detectors



whiteDirect probing of the Wigner function Acessing higher order correlations by time-multiplexing

Overlap: photon number oscillations

ideal single-photon
vacuum component
one-photon component

measured statistics
fit to data

measured statistics
fit to data

mixed statedisplaced state

Christine Silberhorn Quantum state detection with photon counting detectors

Displaced  photon statistics 
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Mode mismatch
signal

reference

Spatial, spectral and temporal mismatch
Poissonian background introduced
Determined by mode overlap M

K. Banaszek et al., PRA 66, 043803(2002)
K. Laiho et al., NJP 11, 043012(2009)
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Probing of the Wigner function 
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Reconstructed Wigner function
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Maximum negativity: −0.57
Overlap: 0.69±0.05

Christine Silberhorn Quantum state detection with photon counting detectors

K. Laiho, K.N. Cassemiro, D. Gross, Ch. S., Phys. Rev. Lett. 105, 253603 (2010) 


