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Content of this talk!
 Q I P C  !



Optical Quantum Continuous Variables!
 Q I P C  !

X

P!

X

P!

X

P!
X

P!

Vacuum state! Coherent state! Squeezed state! Number state!

Wigner function  : Gaussian! Non-Gaussian !!



Photodiode!

50/50!
BS!

Homodyne detection!

Phase control :!
Measurement of X or P!

+  Low-noise!
-    amplifier!

Signal!

Local Oscillator!
(classical)!

I1 = |ELO|2 + |ES|2 + |ELO| (ES e - i !LO  + ES
* e i !LO)!

I2 = |ELO|2 + |ES|2 - |ELO| (ES e - i !LO  + ES
* e i !LO)!

I1 - I2 ! = 2 |ELO| (ES e - i !LO  + ES
* e i !LO)!

! = 2 |ELO| (ES + ES*)! X meas. !

! = 2 |ELO| i (ES -  ES*)! P meas. !

X

P!

Squeezed state!

X  and P do not commute :!
Heisenberg relation !

V(X)  V(P)  #  N0
2 !



Homodyne detection, !
Wigner Function and Quantum Tomography!

 Q I P C  !

X!

P!

"#
2."X"!

XLO!

^!

^!

•  Quasiprobability density : !
! Wigner function W(X,P)!
•  Marginals of W(X, P) !
! => Probability distributions P(X")!
•  Probability distributions P(X") !

=> W(X, P)  (quantum tomography)!

P!
X!

W(X,P)!



Homodyne detection, !
Wigner Function and Quantum Tomography!

 Q I P C  !

X!

P!

"#
2."X"!

XLO!

^!

^!

Squeezed State : !
Gaussian Wigner Functions!



Homodyne detection, !
Wigner Function and Quantum Tomography!

 Q I P C  !

X!

P!

"#
2."X"!

XLO!

^!

^!

State with negative Wigner function ! !
(for a pure state W is non-positive iff it is 
non-gaussian : Hudson-Piquet theorem)!

Many interesting properties for 
quantum information processing!



Wigner function of a single photon state ?  (Fock state n = 1) !

where                       and N0 is the variance of the vacuum noise : !

One may have  N0 =            ,  N0 = 1/2 (theorists), N0 = 1 (experimentalists) ! ! / 2

Using the wave function of the n = 1 state : !

one gets finally : !

!̂ = 1 1





«#Discrete#» vs «#continuous#» Light!
 Photons!Light is :! Wave!

We want to know :! their Number!
& Coherence!

its Amplitude & Phase (polar)!
its Quadratures X & P (cartesian)!

« Simple » States ! Fock States! Gaussian States!

We measure it by :! Counting: !
APD, VLPC, TES...!

Demodulating : Homodyne Detection!

We describe it with :! Density!
matrix!
$n,m!

Wigner!
function!
W(X,P)!

Discrete! Continuous!

Local Oscillator!

V1-V2 $ X%=Xcos%+Psin%!

Quantum State!



!"#$$%&#"'$()%"#*+%",-(%'#'(-&%.!



Kittens, cats and beyond...  !

•  The magic of photon subtraction... !



 Q I P C  !
«""Schrödinger’s  Cat »  state!

P!

X!

"X."P = 1! P!

X!

•  Resource for quantum information processing!
•  Model system to study decoherence!

Coherent state! Schrödinger cat state!

Wigner function of a 
Schrödinger cat state  !

•  Classical object in a quantum superposition of distinguishable states!
•  “Quasi - classical” state in quantum optics :  coherent state | % & 



Q I P C  !

•  Odd : | ' & = c ( | % &  -  | - % & ) = & an |2n+1&!
•  Look at small | % | ~ 1!
•  Very similar to a squeezed single-photon state!
•  Very similar to a photon-subtracted squeezed vacuum state!

«""Schrödinger’s Kitten »!
A. Ourjoumtsev et al, Science 312, 83 (2006)!

Wigner function of a!
small Schrödinger cat!

Wigner function of a!
Photon-subtracted!

squeezed state!

Fidelity between the kitten!
  and the most similar!

photon-subtracted state!



«"Degaussification"» of a squeezed state!
J. Wenger & al., PRL 92, 153601 (2004)!

 Q I P C  !
A squeezed state can be «"degaussified"» by photon subtraction!

(one single photon in the APD beam)!

Squeezed vacuum :  
% |0& + ( |2& + ) |4& + …  

Non-gaussian state :  
*2 (  |1& +  2 ) |3& + …  

APD 

R<<1 

Wigner function!

X! P!

Wigner function!

X! P!

Also expts at NBI (Polzik), NICT (Sasaki, Furusawa), NIST (Gerrits), LENS (Bellini), Calgary (Lvovsky)…!



Experimental Set-up!

Femtosecond Ti-Sapph laser: !
•  180 fs pulses,   $ Fourier-transform limited!
•  energy  40 nJ,  repetition rate  800 kHz!
•  cavity dumper : high pulse energy !!

Frequence doubling :!
•  KNbO3 crystal, thickness 100 µm!
•  Single pass efficiency : + SHG = 30%!

Parametric amplifier!
•  KNbO3 crystal, thickness 100 µm!
•  Degenerate (DOPA) : squeezing!
•  3 dB  typical squeezing (single pass)!

Pulsed Homodyne Detection !
Time resolved (single pulse) analysis!
•  Measures X("n) for each pulse!
•  Global quantum efficiency  : + = 80%!
•  Rejection > 82dB, SNR > 20dB!

IR Filter!

Spatial & spectral!
filtering!

R=10%!

APD!

 Q I P C  !
Special feature:!

pulsed time-
domain analysis!



V 2
-V

1 

Time 

 Q I P C  !Femtosecond Ti-S laser !
pulses 180 fs ,  40 nJ,  
rep rate  800 kHz!

SHG!

squeezer!

APD!

Experimental Set-up!

Homodyne!



 Q I P C  !

Squeezed quadrature!
-1.9dB below SNL (no correction)!
[-2.7dB corrected for losses]!

Anti-squeezed quadrature!
+ 3.3dB above SNL (no correction)!
[+ 4.0dB corrected for losses]!

Shot Noise Level (SNL)!



Measured Probability Distributions %
after photon subtraction!

Measured probability!
distributions of the !

quadratures components !
as function of the LO phase !

Anti-squeezed !
quadrature!

Squeezed !
quadrature!

Dip in the squeezed quadrature : hint for a negative Wigner function ! !

 Q I P C  !



Wigner function of the «"raw"»%
measured state (no correction)!

Analytic Model!

Numerical Radon !
Transform!

Radon transform clearly negative ! (no hypothesis, no correction)!
… but no physical analysis => analytic model!

 Q I P C  !



A simple physical model%
 Alexei Ourjoumtsev, 2005!

DOPA!
s = exp(- 2 r)!
(squeezing)!

Filter + APD!

T! +#

µ#

 Q I P C  !

Homodyne detection!
Electronic noise e!

The parameters  a, b, c, d, 
are simple functions of !

s, ),    T, ,,    + , e!

Assuming that µ << 1 the Wigner function has the simple generic form :!

All parameters can be obtained from the 2d and 4th order moments of P(x")!

The corresponding quadrature probability distribution is : !

“Good” mode : ,#
“Bad” mode : 1- ,#NDOPA!

h = ch2() r )!
(thermal)!



Wigner function of the «"raw"»%
measured state (no correction)!

Analytic Model!

Numerical Radon !
Transform!

«"Physical"» analytic model fully consistent with Radon transform!
-> one can reliably correct for the homodyne efficiency!

 Q I P C  !



•  We are interested in the  generated (propagating) state '
=> one should correct for the measurement efficiency!

•  Two possible methods to correct for homodyne losses :'
 - numerical method (Maximum Likelihood) '
 - using the previous analytical model  : '

! ! 1. From the moments of P(x") determine (s, ), T, , , +, e)!
! ! 2. Check with measured experimental values : OK!
! ! 3. Calculate W (s, ),  T, , , +, e), compare with Radon : OK!
! ! 4. Ideal detection  : + = 1 and  e = 0'
! 5. Calculate W (s, T, ),  , , 1, 0), compare with MaxLike : OK ! !

Correction for homodyne efficiency!
 Q I P C  !



 Q I P C  !

W0 = - 0.13  ± 0.01!
s = 0.56, |%| ( 0.9 !
Wideal kitten = - 0.32!

Wigner function of the Kitten %
(corrected for homodyne efficiency)!

A. Ourjoumtsev et al, Science 312: 83, 2006!

- = 0.70 -(pure kitten) !
   + 0.29 -(pure squeezed) !
   + 0.01 -(residuals)!



Resource : Two-Photon Fock States!

Experimental Wigner function 
 (corrected for homodyne losses) 

Phys. Rev. Lett  96, 213601 (2006) 

APD1 

APD2 

OPA 

Homodyne detection 

Femtosecond 
laser 



What next ? !

Generating   ! ! !           Schrödinger cats!



How to create a Schrödinger’s cat ?!

Homodyne 
Detection 

 |n& Fock 
state 

Suggestion by Hyunseok Jeong, proofs by Alexei Ourjoumtsev : 

 |0& 
 |squeezed cat& ! 

Vacuum Squeezed Cat state 

50/50 

|p|< . : OK 
|p|> . : reject 

For n ! 3 the fidelity of the 
conditional state with a 
Squeezed Cat state is F ! 99% 

%2 = n 
" = n*/ 
3 dB 

Size : 
Same Parity as n : 

Squeezed by : 



The rebirth of the cat!
•  Make a n-photon Fock state 

•  50/50 BS : ! n/2 photons transmitted 

- Phase dependence 

|P0|<<1 0 OK 

R=50% 

Homodyne measurement 

- Parity measurement : 1P0=0|2k+1& = 0 
Reflected : even number of photons 

Transmitted : same parity as n 

Squeezed cat state (from n=2) = "2/3  | 2 & - "1/3  | 0 &  



Resource : Two-Photon Fock States!

Experimental Wigner function 
 (corrected for homodyne losses) 

Phys. Rev. Lett  96, 213601 (2006) 

APD1 

APD2 

OPA 

Homodyne detection 

Femtosecond 
laser 



Squeezed Cat State Generation!

Homodyne Conditional 
Preparation : 
Success Probability = 7.5% 

Tomographic analysis 
of the produced state 

Two-Photon State 
Preparation 



Experimental Wigner function!

Wigner function of the prepared state 
Reconstructed with a Maximal-Likelihood algorithm 

Corrected for the losses of the final homodyne detection. 

A. Ourjoumtsev et al, Nature 448, 784, 16 august 2007!

JL Basdevant 
12 Leçons de 

Mécanique  
Quantique 

?!?!

Bigger cats : NIST (Gerrits, 3-photon subtraction), ENS (Haroche, microwave cavity QED), UCSB…!



Towards quantum communications %
and quantum networks ? !

•  Towards quantum communications ?!
•  First, look at continuous variable entanglement ! !



Continuous-variables entangled beams:!
"EPR state" or "two-mode squeezed light"!

(XA + XB ) and (PA - PB ) are squeezed (commuting operators !)!
then (PA + PB ) and (XA -  XB ) are anti squeezed!

If Alice measures XA , she will know  XB !
If Alice measures PA , she will know  PB !

and for a large enough squeezing we have :!

V(XB|XA)  V(PB|PA)  <  N0
2   !!!!

«"apparent"» violation of Heisenberg relations V(XB)  V(PB) #  N0
2!

If the squeezing goes to infinity : original EPR state (1935) !!

EPR 
source!

XA , PA! XB , PB!



How to produce CV entangled  beams ?!

XC , PC!
XC  squeezed!

XD , PD!
PD  squeezed!

X

P!

X

P!

XC = ( XA + XB )/&2!
PC = ( PA + PB )/&2!
XD = ( XA - XB )/&2!
PD = ( PA - PB )/&2!

OK !!

1. Combine two orthogonally squeezed beams!

XA , PA!

XB , PB!

entangled !!

NOPA!
(khi-2!

crystal)!

2. Use a Non-degenerate Optical Parametric Amplifier (NOPA)!
P!

Vacuum state!
P!

Vacuum state!
XA , PA!

XB , PB!

entangled !!Pump !
beam!



Quantum teleportation of coherent states!

Experiments :!
A. Furusawa et al, Science 282, 706 (1998)!
W. Bowen et al, Phys. Rev. A 67, 032302 (2003)!
T.C. Zhang et al, Phys. Rev. A 67, 033802 (2003)!

Bob!

EPR 
source!

The state received by Bob 
is «#re-created#» in the 

initial coherent state!

LOs!
(//2)!

Alice measures XA and PA on 
half an EPR beam, mixed with 

an unknown coherent state!

X

P!

50-50 BS!

Measured XA and PA!

Modulators!

Alice!



Bob!

Alice prepares a 
random quantum state!

and sends it to Bob!

"Prepare and measure"  protocol is equivalent to an entangled state protocol !!
This equivalence is extensively used in security proofs!

Eve and Bob receive the states 
prepared by Alice!

Bob!
EPR 

source!

The density matrix received Eve and Bob is the 
same in both cases : Eve cannot know more !!

Alice!

Alice measures half an EPR 
state, the other half goes to 

Bob!

Eve!

Eve!Alice!

A very useful equivalence  : "virtual entanglement"!



CVQKD : %
from the idea to %

unconditionnal security proofs !



Coherent States Quantum Key Distribution!

* Essential feature : quantum channel with non-commuting quantum observables!
! ! -> not restricted to single photon polarization or phase !!

X

P!

-> Design of Continuous-Variable  QKD protocols where  :!
! * The non-commuting observables are the quadrature operators X and P!
! * The transmitted light contains weak coherent pulses (about 10 photons)!
! ! ! with a gaussian modulation of amplitude and phase!
! * The detection is made using shot-noise limited homodyne detection!



Photodiode!

50/50!
BS!

Phase control :!
Measurement of X or P!

! ! Homodyne! Counting (APD)!
Efficiency! > 90%! ! 10-50 %!
Dark rate! negligible! problem!
Bits/pulse! may be > 1! <  1 !

Optical!
fiber!

Pulsed !
laser!

Attenuation!

ALICE!

BOB!
Amplitude 
and phase 
modulation!

1001I010!
001010...!

1001I010!
001010...!

+  Low-noise!
-    amplifier!

Signal!

Local Oscillator!
(classical)!

Coherent States Quantum Key Distribution!





QKD protocol using coherent states with!
gaussian amplitude and phase modulation!

(a) Alice chooses XA and PA within !
two random gaussian distributions.!

XA!

PA!

X!

P!

VA!

VA!

Efficient transmission of information using continuous  variables ?  !
-> Shannon's formula (1948) : the mutual information IAB (unit : bit / symbol) for 
a gaussian channel with additive noise is given by!

! ! IAB! = 1/2   log2 [ 1 + V(signal) / V(noise) ]!

N0!

(b) Alice sends to Bob the !
coherent state | XA + i PA >!

XB!

PB!

(c) Bob measures either XB or PB!

(d) Bob and Alice agree on the basis choice !
(X or P), and keep the relevant values.!

Reminder : I(X; Y) =!
H(X) - H(X | Y) =!
 H(Y) - H(Y| X) =!

H(X) + H(Y) - H(X; Y)!



Data Reconciliation!
how to correct errors, revealing as less as possible to Eve ?!

IAE! IBE!

IAB!

Main idea (Csiszar and Körner 1978, Maurer 1993) : !

Alice and Bob can in principle distill, from their correlated key elements, a 
common secret key of size S > sup(IAB - IAE , IAB - IBE) bits per key element.!

Crucial remark : it is enough that IAB is larger than the smallest of IAE and IBE !
(i.e. one has to take the best possible case).!



Data Reconciliation!

If  IAE is the smallest, the reconciliation !
must keep S = IAB - IAE constant : !
Alice gives correction data to Bob !

(and also to Eve), !
and Bob corrects his data  : !

«#direct reconciliation protocol#»!

If  IBE is the smallest, the reconciliation !
must keep S = IAB - IBE constant : !
Bob gives correction data to Alice!

(and also to Eve), !
and Alice corrects his data  : !

«#reverse reconciliation protocol#»!

IAE! IBE!

IAB!

Crucial question for Alice and Bob : !
how to bound IAE  and  IBE, knowing IAB ? !



EPR  versus coherent protocol!

LO!
Bob!

EPR 
source!

Alice measures 
XA or PA on half 

an EPR beam!

EPR protocol equivalent to coherent state protocol !!
Cf BB84 vs entangled pair (Ekert)  protocol!

The state received by Bob is prepared in a 
squeezed state, conditional to Alice#’s result!

X

P!

LOs!
(//2)!

Bob!

EPR 
source!

Alice measures 
XA and PA on half 

an EPR beam!
The state received by Bob is prepared in a 
coherent state, conditional to Alice#’s result!

X

P!50-50 BS!

(XA + XB ) and (PA - PB )!
are squeezed!



Entropic Heisenberg Inequalities !
F. Grosshans and N.J.  Cerf, PRL 92, 047905 (2004)!

* Mutual Informations can be calculated from conditional entropies!

* Conditional entropies are bounded by «#entropic#» uncertainty relations for X and P:  !

H(XB|E) + H(PB|PA) # 2 H0!

* The security of the protocol follows from a calculation similar to the one used for 
discrete variables (qubits)!

* Important parameters :!
! - transmission of the channel  ! Tline !
! - “added   noise in the channel”   ! Neq =  Nlosses  +  Nexc!

! where ! Nlosses   =   (1 - Tline) / Tline N0!  ( N0 is the shot noise) !
! ! Nexc   is  the “excess noise” !  (e.g. laser amplifier…) ! !



Security of coherent state CV-QKD protocol !

M. Navasqués et al, Phys. Rev. Lett. 97, 190502 (2006) 
R. García-Patrón et al, Phys. Rev. Lett. 97, 190503 (2006) 

!  For both individual and collective attacks Gaussian attacks are optimal 
2  Alice and Bob consider Eve’s attacks Gaussian and estimate her 
information using the Shannon quantity IBE or the Holevo quantity !BE 

Fig : VA = 21 (shot noise units) 

" = 0.005 (shot noise units), # = 0.5 

Alice-Bob mutual information :  IAB  

Eve-Bob mutual information :    

 IBE (Shannon : individual attacks)  
  3BE (Holevo : collective attacks) 

Secret Key Rate : 
 !I = IAB - IBE (Shannon) 
 !I = IAB - 3BE (Holevo)   



Reconciliation of correlated Gaussian variables!

!  Each level has a different 
error rate 

!  Non-independent levels 

2  Error correction 
performed using multi-
level iterative soft 
decoding with LDPC codes 

G. Van Assche et al, IEEE Trans. on Inf. Theory 50, 394 (2004) 
M. Bloch et al,  arXiv:cs.IT/0509041 (2005) 

(IAB IBE 

Irec 
Irec 

4I 

4I 

!  Standard privacy 
amplification based on 
universal hash functions 

!  Small processing time 

400,000 ~10,000 



Error correcting codes efficiency!

Error correction with LDPC codes,  efficiency!

Imperfect correction efficiency induces a limit to the secure distance!
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CVQKD : %
practical implementation  %
and field demonstrations !



All-fibered CVQKD @ 1550 nm!

Field test of a continuous-variable quantum key distribution prototype!
S Fossier, E Diamanti, T Debuisschert, A Villing, R Tualle-Brouri and P Grangier!
New J. Phys. 11 No 4,  04502 (April 2009)!



Quantum Back-Bone demonstrator!
SECOQC, Vienna, 8 october 2008!

Node server !

Continuous 
Variables!

Id Quantique!

Real-size demonstration of a secure quantum cryptography network !
by the European Integrated Project SECOQC, Vienna, 8 october 2008!

80 km!



* CV link - 9 km - 8 kb/s 
realized by CNRS / Institut 
d'Optique and Thales 

The SECOQC Quantum Back Bone 
Real-size demonstration of a secure quantum cryptography network !
by the European Integrated Project SECOQC, Vienna, 8 october 2008!

CV secret bit rate   
during  the demo (8h) 

 8 kb/s 





Symmetric Encryption with QUantum key REnewal!
!  Thales : Mistral Gbit!
! (fast dedicated AES encryptor)!

User window :!
«"sequre drag 

and drop"»!

Complete set-up!



Field implementation!
!  Fibre link : Thales R&T (Palaiseau) <-> Thales Raytheon Systems (Massy)!
!  Fiber length about 12 km, 5.6 dB loss!



Results!

N%

TNN%

PNN%

UNN%

FNN%

MNNN%

MTNN%

VM%
W91$R%
MN%

T%
#,X>%
MN%

P%
#,X>%
MN%

U%
#,X>%
MN%

F%
#,X>%
MN%

MN%
#,X>%
MN%

MT%
#,X>%
MN%

MP%
#,X>%
MN%

MU%
#,X>%
MN%

MF%
#,X>%
MN%

TN%
#,X>%
MN%

TT%
#,X>%
MN%

TP%
#,X>%
MN%

TU%
#,X>%
MN%

TF%
#,X>%
MN%

VN%
#,X>%
MN%

M%
&('>R%
MN%

V%
&('>R%
MN%

I%
&('>R%
MN%

Y%
&('>R%
MN%

G%
&('>R%
MN%

MM%
&('>R%
MN%

MV%
&('>R%
MN%

MI%
&('>R%
MN%

MY%
&('>R%
MN%

MG%
&('>R%
MN%

TM%
&('>R%
MN%

TV%
&('>R%
MN%

TI%
&('>R%
MN%

TY%
&('>R%
MN%

TG%
&('>R%
MN%

M%
,7>R%
MN%

V%
,7>R%
MN%

I%
,7>R%
MN%

2)I%="*)%>.9*J/)5?%

On site, 12 km distance, 5.6 dB loss!
Minimal direct action on hardware (feedback loops, remote control)!

Air conditioning failure!

PC dead!

See http://www.demo-sequre.com!



•  Several recent exemples of “quantum hacking” (e.g. Makarov et al.)!
•  Exploits weaknesses in single photon detectors!
•  Will NOT work against CVQKD (PIN photodiodes, linear regime)!
•  Hackers will have to work harder...!



Many other works on CVQKD ! 
<= Theory and Experiments : 
  (incomplete list !)  



Towards quantum communications %
and quantum networks ? !

•  Longer distances require «"real"» entanglement ! !
•  "Delocalized"  Schrödinger kittens ! !



How to create entanglement at a large distance ?!

Two main approaches 

Alice Bob Victor 

Entangled 
states 

(Distillation) (Distillation) 

Alice Bob 
Victor Entangled 

states 

Joint measurement 

Entangled 
states 

In the present state of technology, 
this is much more efficient for 

distances ~ 100 km 

Mostly limites by losses Mostly limited by noise 

Exemple : Exemple : 



Delocalized photon subtraction!
 Q I P C  !

* Start from two remote ! !
squeezed states | s &1 and | s &2 !

* Subtract a photon coherently 
! ! from the two beams !

* Since subtracting a photon creates a 
cat, creation of an entangled state :!

| ' & = (| s &1 | cat &2  - | cat &1| s &2)/)2!

"Hamlet state" !
(to be or not to be... a cat)!

How to avoid the bad effect of losses ?  Basic idea : !
one should not «"distribute"» the entangled state, but rather create it at a distance!
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Experiment!
A. Ourjoumtsev et al, Nature Physics, 5, 189, 2009!  Q I P C  !

Experimental set-up! Two-mode probability distributions!
(two phases 5 and "...)!



Full two-mode tomography : 

P(x1,", x2,!) 

Cuts of the experimental 4D 
Wigner function, corrected 

for homodyne losses 

Entanglement  : N = 0,25 ± 0,04 

Almost insensitive to 
losses in the 
quantum channel !  

~ 100 km optical fiber 
Tfilters & APD ~ 10% : 

Results!
A. Ourjoumtsev et al, Nature Physics, 5, 189, 2009!

… but still far 
from a quantum 

repeater ! 

 Q I P C  !



Quantum repeaters with entangled cats ? 
N. Sangouard, C. Simon, N. Gisin, J. Laurat,  

R. Tualle-Brouri and P. Grangier, JOSA B 27, 137 (2010)   Q I P C   

But parity measurements (even / odd) are extremely sensitive to losses… 

 -> To avoid errors one has to use kittens rather than cats  
 -> Increase of the « failure » probability  (getting 0 0 ) 

 -> Overall not significantly better than using entangled photons  :-(( 
Better hardware needed ! (here : deterministic parity measurement) 

BS 



Conclusion 

 Q I P C  !


