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• What is a conditional quantum
state preparation ?

• General strategy for quantum
state engineering : Theory

• Illustration : Schrödinger cat state
generation

• Quantum detectors, decoherence,
and effect on state engineering
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What is What is a a Conditional Preparation Conditional Preparation ??

C.K. Hong and L. Mandel, PRL 56, 58 (1986)
A. Lvovsky et al., PRL 87, 050402 (2001)

J. Laurat et al., Opt. Express 14, 6912 (2006)
Resource : two-mode state by SPDC or FWM
Heralding : one SPCM (APD)

Example : Heralded Single-photon generation



Quantum State EngineeringQuantum State Engineering

Nature Photonics 4, 243 (2010) Goal : heralded generation of
the state



Quantum State EngineeringQuantum State Engineering

Nature Photonics 4, 243 (2010) Goal : heralded generation of
the state

Resource : two-mode state by SPDC
Heralding : 2 SPCM with two displacements
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General Strategy General Strategy forfor  QSEQSE
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« Outcome n »

Resource : quantum correlated beams
Heralding : detectors with specific properties



General Strategy General Strategy forfor  QSEQSE

� ?

A

B

« Outcome n »

How to describe the heralding detector?

Resource : quantum correlated beams
Heralding : detectors with specific properties



Single-Photon DetectorsSingle-Photon Detectors

Single-photon counting module (SPCM or APD),
Transition-edge sensor (TES), Superconducting single-

photon detectors (SSPD),…

Key parameters : Quantum efficiency, deadtime,
Photon-number resolution, dark noise…



POVM :
- Positive operator valued measure -

The set of POVM elements {�n} fully

describe the possible outcomes of the
measurement

Measurement Apparatus  and Measurement Apparatus  and POVMPOVM

« Outcome n »
�

Giving an incident state �, what is the

probability to obtain the outcome “n”?

« n clicks »
�

Phase-insentive detectors,
such as single-photon detectors

Ex. 1 : “Ideal” Photon-number resolving
detectors (n click = n photons)

Ex. 2 : On/Off detector, APD with �=1
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Conditional Conditional State State Preparation with Preparation with SPDCSPDC

� ?

a

b

Source

Giving two entangled modes, what is the
prepared state for the outcome “n”?

« Outcome n »

Example: Detectors and
Single-Photon Generation

With no photon number resolution
ability, POVM coefficients with n>1

still important!

Need thus to use very small �

Simulations of the
Wigner function
obtained with

- APD
- TMD

No noise
�=0.1



Understand Understand POVM : POVM : With EntanglementWith Entanglement

� ?

a

b

Source

Giving two entangled modes, what is the
prepared state for the outcome “n”?

« Outcome n »

For ��1 (perfect entanglement) and a
measurement on mode a described by �n:

Ex. : “Ideal” Photon-number resolving
detectors (n click = n photons)

Conditional preparation
of Fock states

Non-classicality :

The non-classicality of the
prepared states for perfect

photon-number correlations.



Generalization Generalization : Ressource : Ressource and Detectorsand Detectors

We consider a two-mode state �AB, which

can be described by the two-mode Wigner
function WAB. We operate a measurement
on the mode A described by the POVM �n

(with Wigner function Wn).
What’s the expression of the Wigner W of

the conditional state � ?
� ?
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• Probability of outcome n : with

• Expression of the conditional state : 

• In terms of Wigner function : 



Generalization Generalization : Ressource : Ressource and Detectorsand Detectors

We consider a two-mode state �AB, which

can be described by the two-mode Wigner
function WAB. We operate a measurement
on the mode A described by the POVM �n

(with Wigner function Wn).
What’s the expression of the Wigner W of

the conditional state � ?
� ?

A

B

« Outcome n »

• Probability of outcome n : with

• Expression of the conditional state : 

• In terms of Wigner function : 

To have a negative Wigner function, there are 2 possibilities.
1/ Positive resource and a detector with negative Wigner function. (M1)
2/ Negative resource and a detector with positive Wigner function. (M2)
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Optical Optical Schrödinger Schrödinger CatCat

Schrödinger cat : superposition of two
distinguishable macroscopic states.

Here: two coherent states.

“Alive cat”

“Dead cat”



Optical Optical Schrödinger Schrödinger CatCat

Schrödinger cat : superposition of two
distinguishable macroscopic states.

Here: two coherent states.

“Alive cat”

“Dead cat”

Why generating such states ?

• Non-Gaussian states for Bell
violation without loopholes

• Entanglement distillation

• Quantum metrology

• Coherent state quantum
computing (CSQC)



Optical Optical Schrödinger Schrödinger CatCat

Schrödinger cat : superposition of two
distinguishable macroscopic states.

Here: two coherent states.



Optical Optical Schrödinger Schrödinger CatCat

(Feasible) gates
for qubits in the coherent

state basis



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M1)(M1)
Method 1 :

positive resource and detector
with negative Wigner function

Science 312, 83 (2006)

even odd

Kittens (|�|~1) look very

similar to a photon-
subtracted squeezed

vacuum state.
F>0.9 up to |�|~2.



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M1)(M1)
Method 1 :

positive resource and detector
with negative Wigner function

Science 312, 83 (2006)

Single-photon
subtraction from a

pulsed squeezed state

even odd



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M1)(M1)
Method 1 :

positive resource and detector
with negative Wigner function

Science 312, 83 (2006)

|�|2~0.8

Single-photon
subtraction from a

pulsed squeezed state



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M1)(M1)
Method 1 :

positive resource and detector
with negative Wigner function

Phys. Rev. A 82, 031802 (2010)Number-resolved
photon subtraction

from a pulsed
squeezed state 3 photon

subtraction



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M1)(M1)
Method 1 :

positive resource and detector
with negative Wigner function

By varying the squeezingy y g q g

Opt. Express 15, 3568 (2007)

Photon subtraction from a squeezed
state generated by an OPO

See also works from Copenhagen, Paris… 



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M2)(M2)
Method 2 :

negative resource and
detector with positive

Wigner function
Nature 448, 784 (2007)



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M2)(M2)
Method 2 :

negative resource and
detector with positive

Wigner function
Nature 448, 784 (2007)



SchrödingerSchrödinger Cat Preparation  Cat Preparation (M2)(M2)
Method 2 :

negative resource and
detector with positive

Wigner function
Nature 448, 784 (2007)

|�|2~2.6

Scales with n
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POVM :
- Positive operator valued measure -

The set of POVM elements {�n} fully

describe the possible outcomes of the
measurement

Measurement Apparatus  and Measurement Apparatus  and POVMPOVM

« Outcome n »
�

Giving an incident state �, what is the

probability to obtain the outcome “n”?

« n clicks »
�

Phase-insentive detectors,
such as single-photon detectors

Ex. 1 : “Ideal” Photon-number resolving
detectors (n click = n photons)

Ex. 2 : On/Off detector, APD with �=1



Quantum Quantum Detector TomographyDetector Tomography

Experimental QDT :
- Quantum Detector Tomography -

By probing the detector with a
tomographically complete set of

states, QDT aims at reconstructing
the POVM of the device without

assumptions on its inner functioning.

Giving a “black-box” detector with N
possible outcomes, what is the POVM ?

�

�'

�''

« x », px

« y », py

« z », pz

“Black-box” detector

Pulsed laser

1.2 MHz, 800 nm
1) Send known states and measure
the probability of outcomes f1,f2,…

2) Reconstruction of the POVM by
Maximum-likelihood algorithm

....

Probe coherent states

J.S. Lundeen et al., Nature Phys. 5, 27 (2009)
J. Fiurasek, Phys. Rev. A. 64, 024102 (2001)



Experimental Experimental QDT of QDT of Two DetectorsTwo Detectors

Avalanche Photodiode Time-multiplexed detector

50:50 T�

T� nsT 150=�

APD5500::5500 TTTT��

T� nsTT 115500=��

APD
APD

On/Off
- Two outcomes -

- Three outcomes -

�ON,�OFF �0, �1, �2



Experimental Experimental QDT of QDT of Two DetectorsTwo Detectors

Avalanche Photodiode Time-multiplexed detector

50:50 T�

T� nsT 150=�

APD5500::5500 TTTT��

T� nsTT 115500=��

APD
APD

�ON �1

On/Off
- Two outcomes -

- Three outcomes -



Quantum Quantum Decoherence Decoherence ofof  CountersCounters

Controllable
source of noise

What is the effect of noise
on the quantum capability

of the counters ?

Many practical situations:
dark noise, additional

background, non desired
emission

in the detected mode…



Quantum-to-Classical Quantum-to-Classical TransitionTransition

Avalanche Photodiode

Time-multiplexed detector

Transition for �=�/2

Model discrete convolution of the dark count
probability distribution and the probability of ‘n’

clicks in the absence of noise



Effect Effect on Quantum State Engineeringon Quantum State Engineering

� ?

a

b

Source

Giving two entangled modes, what is the
prepared state for the outcome “n”?

« Outcome n »



Effect Effect on Quantum State Engineeringon Quantum State Engineering

QSE simulation

We numerically simulate two-
mode entanglement and use

the experimentally
reconstructed POVMs.

� ?

a

b

Source

Giving two entangled modes, what is the
prepared state for the outcome “n”?

« Outcome n »

Ex.: Detectors and Single-Photon
Generation

APD
TMD

�=0.6
�=0.08



Effect Effect on Quantum State Engineeringon Quantum State Engineering

W function of
the prepared

stateAPD
�ON

�=0.1

The quantum decoherence transition of the detector directly translates into

such transition for the prepared state.

It gives a gradual transition between a state with negative Wigner function

to a state with a positive Wigner function approaching a gaussian shape

and corresponding to the classical thermal state generated by SPDC.



• Conditional state preparation

• ‘General’ theory of QSE

• Schrodinger cat state preparation

• Decoherence of single-photon
counters and effect on QSE

SummarySummary

	

� ?

A

B

« Outcome n »


