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Zurek, Physics Today, October 1991, page 38

The boundary Quantum - Classical



Schroedinger’s Cat

 10 Cat Entangled State:



Erwin Schroedinger

(1887-1961)

Remarks on EPR (1935)





Roger Penrose  (1997)
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COHERENT STATES: PHASE SPACE DISTANCE
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Nb Superconducting cavity     (E.N.S. – Paris 2004)

• Open Fabry Perot cavity with a photon 

"recirculation" ring

• Compatible with a static electric field 

(circular states stability and  Stark tuning)

Polished Niobium mirrors

Lifetime: 1 ms ; Q = 3 x 108

Elast ic blade

Screw

PZT stack
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FOR  ANY <n> and j!

D:  UNIVERSAL FUNCTION  FOR  COHERENT - STATE MACRO-QUBITS



“COMB”  decoherence  effect



SINCE  SO FAR  IT  APPEARS  NOT HAVING  
DIRECTLY  OBSERVABLE  PROPERTIES

Decoherence is always too large: 
In general, loss of one particle spoils Interference

LET’S  SEE IF  THIS  IS  REALLY  TRUE 



Schroedinger’s Cat

 10 Cat Entangled State:



Entanglement between 2 single photons 

(EPR, 1935)
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Phase-Matching Conditions:
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High-gain spontaneous parametric down conversion 

0,0 0,2 0,4 0,6 0,8 1,0
0

5000

10000

15000

20000

25000

30000

 

 


1
 = (0.113 ± 0.007)%

g
max

= 3.05 ± 0.03

C
o

u
n

t 
ra

te
 (

s
-1
)

Normalized UV power





F. De Martini, Phys.Rev.Lett 81,2842 (1998)



QI-OPA: Quantum - injected
Optical Parametric Amplifier

(NL gain g = 4  7.8)

(COLLINEAR STRUCTURE:
Phase-covariant cloning - machine)

______________

QUANTUM INJECTION  BY :  ONE - PHOTON: ( Spin -½)

(test  of: State Non-separability)



F.De Martini, Phys.Letters A 250, 15 (1998).

NL gain:  g = 6.5   M  4 sinh2g = 350.000



Entanglement between 2 single photons 

(EPR, 1935)
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Entanglement between a single photon and a 

mesoscopic field : Micro - Macro (2008)
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INFORMATION - PRESERVING 

transfer of quantum superposition 

from a Microstate into a Macrostate 

by a Unitary transformation 
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Quantum cloning
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Equatorial  z-plane for  Collinear QI-OPA:

PHASE - COVARIANT CLONING
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Abelian Group U(1)



MICRO-WORLD  MIRRORED INTO THE MACRO-WORLD

BY  THE UNITARY CLONING TRANSFORMATION   U: 

1/2
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According  to  original Schroedinger’s proposal:
properties of the Cat wavefunction:

1)  INTERFERENCE OF 2 MACROSTATES

2)  EXACT  ORTHOGONALITY OF MACROSTATES
because of mutually exclusive life – death

3)  ENTANGLEMENT MICRO - MACRO



Quantum Map Micro-Macro

For phase-covariant cloning:

H

(~1 MILION PHOTONS)



ALICE’s 
MICRO-SPIN

(1 particle)

BOB’s
MACRO-SPIN

(1.000.000 particles)

MICRO-MACRO SPIN CORRELATION 

Two nonlocally correlated Micro – Macro

Poincaré spheres

ENTANGLEMENT





REVEALING HIDDEN NONLOCALITY (S.Popescu, PRL 1995
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Non-separability Criterion:

MICRO-MACRO NON SEPARABILITY TEST
experimental results
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ORTHOGONALITY  FILTER  (OF)



0

20

40

0

20

40

0

0.02

0.04

0.06

0

20

40

0

20

40

0

20

40

0

20

40

0

0.02

0.04

0.06

0

20

40

0

20

40

2+

2-

mn

mn

n0

m

2

-2

(OF-Filter)

POVM strategy



OUTLINE:

 1) Our CAT : Micro-Macro entanglement

 2) Macro-Macro Entanglement

 3) Decoherence theory: criterion for  external and          
internal decoherence.

 4) Mirror BEC

 5) Applications to Long-range Micro-Macro Quantum 
Teleportation

 6) Insight into Macrorealism: Conjecture about

 quantum-to-classical  transition.



BEYOND  THE SCHRODINGER CAT: 

Entanglement between 2 mesoscopic fields

MACRO - MACRO  ENTANGLEMENT     

2

BABA
HVVH -

Θ Φ Θ Φ
Σ : ( )

2

A B A B Macro Macro Bell State
  - 

 - -

EPR 

source

QI-OPA

QI-OPA



MACRO - MACRO ENTANGLEMENT

quantum 

repeaters



Handwritten note by Einstein on the back of a Greetings

Postcard sent to Max Born on January 1, 1954



U
|> = a|> + |> |> = a|> + |> 

MICRO - MACRO  QUANTUM - MAP

F9-5

External de-coerence 

due to “environment”



ASSESSMENT OF DECOHERENCE IN QI-OPA:

THE  LOSSY  CHANNEL

R+T = 1



)ˆ,ˆ(1)ˆ,ˆ(  FD -

)ˆˆˆTr()ˆ,ˆ( 2
1

2
1

 F j
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Coherence lost after loss of a single photon 

for ANY <n> !
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Coherent - State superposition : : 
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Decoherence of QI-OPA  Macroscopic Quantum Superposition 

(q-MQS)



ORTHOGONALITY  FILTER: threshold k

Decoherence of  QI-OPA    MQS



Equatorial  z-plane for  Collinear QI-OPA:

PHASE - COVARIANT CLONING
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BURES DISTANCE IN THE PREFERRED HILBERT SUBSPACE 

FOR OPTIMAL PHASE - COVARIANT CLONING

MACROSCOPIC  BASIS VECTORS  AS WELL  AS

THEIR QUANTUM SUPERPOSITIONS ARE

HIGHLY STABLE STATES !

(I.E. VIRTUALLY DECOHERENCE-FREE  MQS)



FOR  COHERENT STATES : 

FOR  q - MQS  (covariant) : 

COVARIANCE: CRITERIUM FOR DECOHERENCE FREEDOM ?



Quantum Injected Optical Parametric Amplifier

(QI-OPA):

based on  “Optimal Quantum Cloning” :

NOT  a  “Closed thermodynamic” system   BUT:

“Open, Driven, Far-from-equilibrium” system

(good model for self- controlled, self–reproductive 

fundamental processes of biological systems) 



OPTO - MECHANICAL  SCHRŐDINGER CAT  

F. De Martini, F Sciarrino, C.Vitelli, Phys. Rev. Lett. 100, 253601, 2008)

F. De Martini, F. Sciarrino, C.Vitelli, F. Cataliotti,

Phys.Rev.Lett. 104, 050403 (2010).



N+ N-

QI-OPA DRIVEN  BEC  MECHANICAL   OSCILLATIONS

SUPERRADIANT RAYLEIGH SCATTERING  BRAGG  SCATTERING:

L.De Sarlo et al (LENS Group) Eur.Phys. J.D. (2004)

L.Fallani et al. (LENS Group) PRA 71, 033612 (2005)



Reflection by a Bragg BEC mirror

BEC

I) BEC in optical lattice 

II) Optical lattice turned off

III) Bragg structured BEC adopted as a mirror

Bragg

structured

probe

reflected beam

- Light reflected

- Atom acquires momentum kick 

equal to  

k2



Scattering of radiation by a condensate

Preliminary results on BEC observed in Florence  

Reflected photon per atom ~1.15

Scattering of radiation by a Bragg structured condensate

Shadow snapshot of the condensate after expansion:
measurement of momentum distribution 

probe

reflected beam

Momentum distribution

Measurement performed by

F. Cataliotti, C. Fort, …

at LENS (January 2008)



“THE” QUESTION

 WHY  IN  THE WORLD OF OUR DAILY EXPERIENCE, IN 
OUR OWN LIVES, WE DON’T PERCEIVE THE QUANTUM 
PHENOMENA:  THE ONES EASILY FOUND MANIPULA-
TING  FEW PARTICLES IN THE LABORATORY ?

(e.g. INTERFERENCE, ENTANGLEMENT, TELEPORTATION)

 ?



TODAY STANDARD ANSWERS:

1) GRW “DYNAMICAL REDUCTION MODEL”. 

The Schrödinger equation is modified by a NL term.

At a certain  vaguely  specified level of  macroscopicity

a kind of  “phase transition” leads naturally to the   

“macroscopic  dynamics”, i.e. to: “classical” physics    

(G.Ghirardi, T. Weber, A.Rimini: Lett. Nuovo Cimento 1980).

2) DECOHERENCE (Wojciech H. Zurek, 1991).

Interactions with the “environment” spoil  any  evidence of   

quantumness beyond a certain level of  system’s complexity.



BUT NOW :
1)   IF  you d0n’t believe in GRW.

2)   IF a DECOHERENCE  FREE system is found, as in our case 
another, sensible  SOLUTION is needed.

_________________________

A hint to the solution may be seached in the context of EPR

for Large Spins  (J>>1)

N. D. Mermin, G.M. Schwarz, Founds. of Phys. 1982.

A.Peres, Quantum Theory and Methods (Kluwer, 1983)

J. Kofler , C. Brukner, PRL 99 (2007), and: PRL 101 (2008). 

A.



MACROREALISM

Two Postulates (A.J. Leggett , A. Garg, PRL 1985):

a) A macro system which has available to it two or more 
macroscopically distinct states, is at any given time in 
a definite one of these states.

b) It is possible in principle to determine which of these
states the system is in   without any effect on the 
state itself or on the subsequent system dynamics”
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J.Kofler, C.Brukner

PRL 99, 2007
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SINGLE ENTANGLED PAIR



Bell’s parameter

S  |c(a, b) + c(a’,b) + c(a, b’) - c(a’,b’)|  ≤ 2 

“CLASSICALLY”



a = b

a’b’
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quantum limit

classical limit

Singlet state for 2 spin-½: |AB = ξ(|A,B, - |A,B )

Test  of  Bell’s Inequalities: 
D = 2.5564  .0026  213- standard deviations F16-3
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ab

C(a, b) = -1 + 2/pab

2 HEAVY COUNTER-ROTATING WHEELS         

“Classical”



VIOLATION of BELL’S  ineq.s : S >2 :

“CLASSICAL”: NO - VIOLATION of BELL’S ineq.s: S = 2

DICHOTOMIC MEASUREMENTS:  For the n-th launch, register the SIGN of

components of  J and  –J  along arbitrary directions: a and b.  (SIGN   1).



DICOTOMIC  
MEASUREMENT 

on A 

DICOTOMIC
MEASUREMENT 

on B

COINCIDENCES
A-B

EPR
kp
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the SINGLE PHOTON POLARIZATION:
Click  (+) :    a = +1
Click  (-)  :    a = -1
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OPTICAL  STERN - GERLACH   (SGO)
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CORRELATION  COEFFICIENT:

c(a, b) = c(     ) D

F19-3
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SGO
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Rk Tk

Pk = P

1 Pout= (1- nP)

Equal partial Probabilities:: Pk = P

Rk = P/[1- (k-1)P]

Tk = [1- kP]/[1- (k-1)P]

OPTICAL STERN – GERLACH *:  SGO

(* single - photon detection)
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Visibility of Interference Fringes for  high-order correlations.
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FAST OPTICAL  SHUTTER FOR  QI-OPA  OUTPUT  

PRE-SELECTION    



Ug

|> = a|> + |> |> = a|> + |> 

MICRO - MACRO  QUANTUM - MAP
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External de-coerence 

due to “environment”



MACROSCOPIC QUANTUM SUPERPOSITION:
PERSPECTIVES, RECENT  RESULTS  AND  APPLICATIONS:

.1) Coherent Scattering by a Bragg-shaped

BEC:  MIRROR-BEC MQS

(Collaboration with LENS Laboratories, FI).

.2) Micro-Macro Q- Teleportation (MIMAQT)

.3) Up-link, long-range and large - efficiency
Satellite communication: MIMAQT. (QUEST)

.4) Non-trivial quantum Biological Applications

.5) Enhanced 3d-order N-linearity: C-NOT



W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester,  Phys. Rev. Lett. 91, 130401 (2003)

C. Seife, “Quantum Experiment Asks 'How Big Is Big?'“ Science 298, 342  (2002)
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W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester,  Phys. Rev. Lett. 91, 130401 (2003)

C. Seife, “Quantum Experiment Asks 'How Big Is Big?'“ Science 298, 342  (2002)

Mirror: 10 micrometers wide 

Penrose’s cat (2003)



TWO DIFFERENT STATISTICAL SCHEMES FOR

MACROSCOPIC QUANTUM SYSTEMS:

A)  CLOSED QUANTUM SYSTEM:  Thermodynamics,

Extremely rapid Decoherence

(E.N.S. a-states  Schroedinger  - CAT)

B) OPEN, DRIVEN QUANTUM SYSTEM FAR FROM 

EQUILIBRIUM:

Master - equation evolution with damping and noise. Featuring

driving force: Feedback and  Error – Correction mechanism.

Virtually: NO-decoherence.

Noise: “reset” mechanism;  Dynamic Vs static entanglement; 



PARAMETRICALLY  DRIVEN, “OPEN” QUANTUM 

SYSTEMS  FAR  FROM  EQUILIBRIUM       leading to:

“NON TRIVIAL” QUANTUM EFFECTS IN BIOLOGICAL

AND  BIO-CHEMICAL SYSTEMS.

Dynamics of  allosteric transitions  and of  isomeric processes as 

chromophores in Rhodopsin, of  photosyntetic complexes, of 

catalyzer molecules etc. 

Via error-correction, intra-molecular cooling, reset of coherence.

Cfr: “Quantum Aspects of Life” (by Abbott, Davies, Pati, Oxford 

University Press, 2008).

H. Briegel, S. Popescu 













Quantum coherence in photosyntesis 



Outline

Qubit versus Macro-qubit

Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions

Conclusions:

The Macro-qubit states obtained through an optical amplification

process, consisting in thousands of photons, are high resilient to

decoherence and to losses

The transmission of macro-states results in a higher efficiency of

the process respect to the single photon case.

The Fidelity of the macro-qubit identification is related to the

measurement performed on it. By a dichotomic measurement its

asymptotic value doesn't allow to perform non locality tests, but

is enough to implement a micro-macro teleportation protocol.

OPEN QUESTION: Are these macro-states useful for

quantum cryptographic applications ?



1  N particle Qubit:

The 3d order NL polarization
is enhanced by a factor:  =

In our experiment:  

3/2N
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(C - Phase Gate)



Achievable non-linearity in a Kerr medium
 Non-linear phase shift induced by the cross-phase modulation:
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C-PHASE via Kerr non-linearity of optical fibers due

to a multi-photon field on a single-photon state 
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control

MACRO QUBIT

target 

MICRO QUBIT
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QUANTUM  NON-DEMOLITION PROCESS
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components       and
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CONJECTURE N.1

The quantum behavior of a macroscopic body made of N
particles can be observed and measured in details by 
an apparatus able to carry out a set of measurements 
involving a  Nth-order correlation of the outcomes, 
i.e. involving a number of detectors ~ N.



CONJECTURE N.2

Quantum Mechanics is valid everytime, everywhere, in the real 
world of our everyday life.     Quantum phenomena (interfe-
rence, entanglement  etc.) are always present around us.

We, humans are not able to follow the quantum dynamics of 
macroscopic objects because of the poorness of our percei-
ving sense apparatus : we have only 2 eyes, 2 ears etc.    Then:

The “homo sapiens” was not made for knowing or understan-
ding the fine structure of the Universe he lives in.  He was 
made for eating, drinkind and reproducing himself and his 
species.

SCIENCE is a very noble act of freedom of the man.  But  
Science is also an endless, somewhat desperate , endeavor 
towards the unknowable…..  



CONCLUSION:

We are living in a world whose vastness 
and richness is beyond the reach of all 
conceivable measurement apparata.

(and of our most daring imagination)
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Single-particle “loss” test for

Multi-particle entanglement

----------------------------

Since the average entanglement cannot be created or enhanced by 

any local (LOCC) operation,   e.g. by any loss or filtering 

mechanism acting on each mode k2 ,

Then the realization of entanglement over {k1, k2}

at a single-particle level implies that entanglement is also 

realized, in the average, over these modes in the multi-particle

regime.
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Vector of quantum information:

Optical implementation:

- Single photon polarization

- Single photon path

- Time bin

- Orbital angular momentum

- Generation through NL optical process

- Manipulation through linear optical elements

- Discrimination through single photon counting detectors

Quantum superposition principle

No Cloning Theorem

No perturbation

Quantum cryptography applications:

No measurement No eavesdropping
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Micro-Macro Teleportation

Macro-qubit measurement

Conclusions



Macro Qubit:

NL Crystal

F. De Martini, F. Sciarrino, C. Vitelli Phys. Rev. Lett. 100, 235601 (2008).

2

VH


Single-photon qubit codified in the 

polarization degree of  freedom

2

VH 


Multi-photon qubit obtained through 

an amplification process




..ˆˆ chaaiH HVI  

Optimal phase covariant cloning machine

Obtained from a single photon qubit through an optical amplification process: at the exit of the amplifier we have thousands of photons depending on the NL gain of 

the amplification

gn 2sinh

UVPg 

Number of generated photons:

Number of generated photons:
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Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions



Micro versus Macro:
Qubit Macro-Qubit

VH a 
VH  a

Can be identified with an high 

fidelity

Is quite sensitive to losses

Quite rubust to losses and 

decoherence

Can be identified by a docothomic 

with a lower fidelity 

Sure for cryptographic applications Is it sure against eavesdropping?

The problem is: how to measure the macro-qubit state?

Outline

Qubit versus Macro-qubit

Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions
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Micro-Macro Teleportation:
With the present system we could realize the teleportation of  a single-photon qubit 

between the Alice's site and a corresponding photonic macrostate transmitted by a 

long-range free space link to a Bob's site. 

EPR Source
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Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement
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Micro-Macro Teleportation:
With the present system we could realize the teleportation of  a single-photon qubit 
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measurement
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Micro-Macro Teleportation:
With the present system we could realize the teleportation of  a single-photon qubit 

between the Alice's site and a corresponding photonic macrostate transmitted by a 

long-range free space link to a Bob's site. 

EPR Source

Bell state 

measurement Macro states 

identification

4

3
FQuantum Teleportation:

Outline

Qubit versus Macro-qubit

Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions



QUANTUM  INJECTION : QI-OPA
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Abelian Group U(1)



SPIN – 1  INJECTION

_________________

Test of CHSH inequalities: 

choice of observables

ALICE:

Outcome + 1: detection of state

- 1: detection of state
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Applications to Q. Information:

Enhancement by                              of all photon-
photon interactions.

EXAMPLES:

A)    2-qubit phase-gates  or  C-NOT

B)    Superdense Coding (Bennett-Wiesner , 1992)

C)    Efficiency in long range  Q. Communication

106 1010 
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W.H.Zurek, Revs.Mod.Phys. 2003
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OPTICAL REFLECTIVITY  by the MIRROR - BEC
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ALLOSTERIC transitions, i.e. conformational changes of proteins

conditioned  to the binding of a ligand  molecule at a specific site,

play a key role in bio-molecular processes, e.g. in the regulation

of enzyme activity,  in motor proteins and ion transport through

membranes.  

Somewhat related to:

ISOMERIC transformation of retinal in rhodopsin where the

conformational change is not brought about by the asdorption

of a ligand molecule but by the absorption of a photon.



Amplification of a 

spin-1 singlet state

Better discrimination with 2-
photon amplification
than with 1-photon 

amplification 
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D:  UNIVERSAL FUNCTION  FOR  COHERENT - STATE MACRO-QUBITS



Decoherence of QI-OPA Macroscopic Quantum Superposition



Equatorial  z-plane for  Collinear QI-OPA:

PHASE - COVARIANT CLONING
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REPLY TO EINSTEIN:  

NO quantum-Classical incompatibility 

SINCE IN THE QI-OPA CASE

MICRO-WORLD  MIRRORED INTO THE MACRO-WORLD

BY  THE UNITARY CLONING TRANSFORMATION   U: 
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E. Schrödinger: 

“What is life  ?”

Trinity College Lectures 

Dublin, 1944

March 1953: Discovery 

of structure of DNA  by:

Rosalind Franklin, 

Francis Crick,

James Watson,

Maurice Wilkins
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TERMODINAMIC SYSTEM

QUANTUM  COMPUTER

(Out of control decoherence:  e.g. E.N.S. MQS) 

(Control and Error-correction: e.g. QI-OPA MQS, living systems)    



C: entanglement “concurrence” (W.K.Wootters, PRL 80, 2245 (1998)





Recent decades have taught us that physics is

a magic window.  It shows us the illusion that lies

behind reality - and the reality that lies behind illusion.

Its scope is immensely greater than we once realized.

We are no longher satisfied with insights into particles,

or fields of force, or geometry, or even space and time.

Today we demand of physics some understanding

of existence itself….

J.A.Wheeler, “Law without law” (1980). 
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Picture of the apparatus m-wave source 

m-wave source

detection

cavity

oven

lasers

atoms

E.N.S.- Paris   2004
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THE  LOSSY  CHANNEL



OF - FILTERING OF THE QIOPA GENERATED MACRO  STATES

10-1 of the distribution 
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Entanglement between a single photon and a 

mesoscopic field
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Quantum – Injected OPA Squeezing Hamiltonian:

Hint= iħââ+ h.c.=

= i½ħâ+
2 – â-

2 + h.c.= ½ħâR
2 - âL

2 + h.c. 

Amplifies equally well qubits  SU(1,1) transformed.

â±=2-½â ± â; âR/L=2-½â ± i â



Thanks to:  H.M.Wiseman 



Entanglement between 2 single photons 

(EPR, 1935)

2

BABA
HVVH -

2

B

H

AB

V

A
VH -



EPR 

source

Alice

Bob



Entanglement between a single photon and a 

mesoscopic field   (1998-2008)
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MACRO - MACRO ENTANGLEMENT



Entanglement between 2 mesoscopic fields

MACRO - MACRO CONTEXTUALITY     
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SCHRŐDINGER CAT  

State Non-separability:

F. De Martini, F Sciarrino, C.Vitelli, Phys.Rev.Lett. 100, 253601, 2008)



MICRO - MACRO QUANTUM TELEPORTATION



MICRO - MACRO QUANTUM TELEPORTATION
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Denn das, was ist, ist nicht, weil wir es fühlen.

Und ist nicht nicht, weil es  nicht mehr fühlen.

Weil es besteht, sind wir, und sind so dauernd.

So ist denn alles Sein ein einzig Sein.

Und daß es weiter ist, wenn einer stirbt,

Sagt Dir, daß er nicht aufgehört zu sein.

Erwin Schroedinger  1942

Non è che ciò che è sia in quanto noi lo percepiamo.

E non è che ciò che non è non sia, perché noi non lo 

percepiamo più.

Ed è poiché ciò che è sussiste, che noi siamo, anzi: siamo per 

sempre.

Tutto l’Essere è un unico Essere.

E che l’Essere continui ad essere quando uno muore

Ti dice che egli non ha cessato di essere.

(traduzione di Bruno Bertotti) 
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Equatorial qubits: (R,L) (+,-)

Numerical analysis for QIOPA amplified states
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COHERENT - STATE  SCHRÖDINGER - CAT
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for any <n>!

Depends only on the number 
of reflected photons scaled 
by the factor:

Quantum superposition of coherent states:

TRANSMISSION OF QUANTUM SUPERPOSITION OF 
COHERENT STATES THROUGH A LOSSY CHANNEL
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UNIVERSAL FUNCTION  FOR  COHERENT - STATE MACRO-QUBITS
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Equatorial qubits: (R,L) (+,-)

Numerical analysis for QIOPA amplified states
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QIOPA equatorial qubits: (R,L) (+,-)



Increased robustness to losses

NOTE THE EFFECT OF PHASE-COVARIANT CLONING!

H,V qubits Equatorial qubits: (R,L) (+,-)

Numerical analysis for QIOPA amplified states
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Equatorial qubits: (R,L) (+,-)
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Towards light-matter entanglement

I ) Micro-macroscopic photonic entanglement by  

QIOPA

II) BEC mirror 

- BEC condensate with 105 atoms

- Optical lattices induces a Bragg structure 

on the BEC

- High reflectivity on bandwidth of GHz

III) Light-matter entanglement by photon scattering

Alternating slabs of 
condensate and vacuum.

probe

reflected beam

Momentum conservation: 

light reflection induces a kick 

on single atom  

k2

F. Cataliotti and F. De Martini, submitted to PRL



100 micron

10 micron
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Confocal parameter: 400 micron 

Mode matching: beam - condensate 

Z

f = 6 cm

0.004 0.002 0 0.002 0.004

0.00002

0.00004

0.00006

0.00008

0.0001

0.00012

Distance from focus

B
e

a
m

 w
a

is
t

Focus length equal 6 cm 

Distance between  BEC  and microchip 

About 50 – 400 micron



BS  (transmittivity:  

Detcat
 cat

ˆ
 aa -




N

cat

1

VH ap 


pp 
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(1) Coherent cat states

(2) QIOPA amplified states
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DECOHERENCE OF MACROSCOPIC 
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Coherent - State  Schroedinger - Cat       

(E.N.S. Paris)
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COHERENT - STATE  SCHRÖDINGER - CAT
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Change of the injected state by Babinet compensator + /2 Wp.

On the Bloch sphere:
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Distance between two quantum states::

(for pure states)

where :   STATE FIDELITY::

(a) Distinguishability (b) Coherence

orthogonality loss depends on 

loss  of phase relationship 

represents how close two 

quantum states are
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Increased robustness to losses

NOTE THE EFFECT OF  PHASE – COVARIANT CLONING !

H,V qubits Equatorial qubits: (R, L)    (+, -)

Numerical analysis for QIOPA amplified states

QI-OPA  AMPLIFIED SCHRÖDINGER - CAT
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Macro qubits transmission: 

identification of  orthogonal states
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OPTIMAL UNIVERSAL QUANTUM CLONING MACHINES

OPTIMAL UNIVERSAL-NOT GATE  (Nature, 419, 2002)

OPTIMAL UNIVERSAL QUANTUM ENTANGLER, (PRA 70, 2004)

OPTIMAL QUANTUM REVERSION   (PRA 73, 2006)



LINEARITY 

(Quantum Cloning is a non-linear map !)



NO CLONING  and

NO BROADCASTING : because   QUANTUM MECHANICS IS A LINEAR MAP

NO U-NOT  GATE       : because   QUANTUM MECHANICS IS A  CP- MAP

(No Broadcasting: H.Barnum, C.M.Caves, C.Fuchs et al. PRL 76, 2818, 1996) 



Realizable Quantum CP-Maps
 A (realizable) completely-positive map (CP-map) () 

preserves positivity for:

 (a) any local state in the Hilbert space H
 (b) when tensor-multiplied with the “identical map”  

I acting on any Hilbert space K, the extended map 
()   I is positive for any state in the entangled space 
H   K for any extension of K.

 A (non realizable)  positive map (P-map) only 
satisfies (a):     examples:  partial-transpose of   or “ 
spin-flip” (U-NOT).










Owing to: NON  COMPLETELY - POSITIVE  MAP (CP-MAP)

F.De Martini, S. Buzek et al. NATURE 419, 2002 



F.De Martini, Phys.Letters A 250, 15 (1998).

NL gain:  g = 6.5   M  4 sinh2g = 350.000



QI-OPA   SCHRÖDINGER - CAT:
APPLICATIONS TO QUANTUM OPTICS  AND 

QUANTUM  INFORMATION
______________

1 – EFFICIENCY AND RESILIENCE TO LOSSES.

2 – NATURAL REDUNDANCY:   NO NEED FOR ERROR –

CORRECTION  CODING  !   (In many applications) 

3 – AMPLIFIED QUANTUM – TELEPORTATION.

4 – GENERATION OF PURE HIGH-DEGENERACY          

FOCK STATES  |N>.      (by :  OF – Filtering)

5 – ENGENEERING OF  QUANTUM STATES.  (by:  OF – F)
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Universal Optimal Quantum 
Cloning Machine (UOQCM)

i =  ji : symmetric cloning

“Fidelity” F independent of |in:“universality”

M

N

N

N
F

CLONING
MN 




 


;

2

1

2N

1N
FESTIMATION

MN







F.De Martini, F.Sciarrino, Phys.Rev.Lett. 92,067901 (2004).

F.De Martini, V.Buzek, F.Sciarrino, C.Sias, NATURE, 419,815 (2002).

D.Pelliccia, F.Sciarrino, F.De Martini, Phys.Rev.A 68, 042306 (2003).



Evaluated as the 8-dimensional Fourier transform of the 
symmetrically-ordered characteristic function in terms of the 

complex phase-space variables: {     }={                 } (*):        

W{     }= WA{ } WB{ }[1-|eiDA { } + DB { } |2]

WA{ }=(2/p2)exp(-[| A+|2+| A- |2]);     HI  =iħg [A†- eiB†]+h.c.

A):  for:  DA { } =2-½(A+-i A-)         and:

A+(           )e-g; A- i(           )e+g [“squeezed-variables”]

B):  for:  DB { }            (same as above, with AB,       )

(*) F.De Martini, PRL 81,2842 (1998).
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QIOPA  DECOHERENCE:  decrease  of the fringe patterns 

“visibility” V  vs  stray reflectivity RH = |r|2 on cloning mode

2

:

VH

qubitMOutput

M




-



Polarization dependent 

Reflectivity

RV = |r|2 =0,  TV = |t|2 =1

Vmax=(1+2Γ2 )-1

(on cloning mode)

NOTE:  High resilience to losses !
VR/Vmax=50% for an average loss of 90% of M output particles.



QI-OPA  OUTPUT  STATE

 =  UABin    exp(-igHI)>in =

=m: (0M-N) (-1)m PMN(m)  M-m1h m1v m2hM-N-m2v

in= (a a
in+   

in )

 = (a a
out+  

out)

SCHROEDINGER CAT STATE !
(Massive Qubit)
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Erwin Schroedinger, Naturwissenschaften 23, 807, 1935

“The present situation in quantum mechanics”



Evaluated as the 8-dimensional Fourier transform of the 
symmetrically-ordered characteristic function in terms of the 

complex phase-space variables: {     }={                 } (*):        

W{     }= WA{ } WB{ }[1-|eiDA { } + DB { } |2]

WA{ }=(2/p2)exp(-[| A+|2+| A- |2]);     HI  =iħg [A†- eiB†]+h.c.

A):  for:  DA { } =2-½(A+-i A-)         and:

A+(           )e-g; A- i(           )e+g [“squeezed-variables”]

B):  for:  DB { }            (same as above, with AB,       )

(*) F.De Martini, PRL 81,2842 (1998).
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Classical states

states generated by a classical 

source

D(a): displacement operator

As a function of Fock states:

Average photon number:

Photon number dispersion:

A representation:

• phase space

• coherent state = complex classical 

amplitude plus quantum fluctuations( ) 0Da a

† *

( ) a aD ea aa -

2
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MACROSCOPIC  SUPERPOSITION:







Phase-Matching Conditions:





W. Marshall, C. Simon, R. Penrose, and D. Bouwmeester,  Phys. Rev. Lett. 91, 130401 (2003)

C. Seife, “Quantum Experiment Asks 'How Big Is Big?'“ Science 298, 342  (2002)

Mirror: 10 micrometers wide 

Penrose’s cat (2003)



Tsung-Dao Lee, Nobel Prize 1957  for  parity nonconservation in weak interactions

Workshop:  “Max Planck and the  rise of the new Physics” ,   Accademia dei Lincei, 
Roma 2000.  
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Test of CHSH inequalities: 

experimental results

For a local realistic theory

2 CHSHSS



Measurement of entanglement 

BEC

k1

kD

FR

FR

PBS

PBS

/2
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kU

kout



Superconducting cavity

• Open Fabry Perot cavity with a photon 

"recirculation" ring

• Compatible with a static electric field 

(circular states stability and  Stark tuning)

Polished Niobium mirrors

Lifetime: 1 ms ; Q = 3 x 108

Elast ic blade

Screw

PZT stack

Atomic beam

Photon

"r ing"
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Efficient Long Range Communication by

Quantum Injected Optical Parametric

Amplification

Chiara Vitelli, Lorenzo Toffoli, 

Fabio Sciarrino, Francesco De Martini

PSATS – QUEST  2010

Invited by: Rupert Ursin, Wien



Micro-Macro Teleportation:
With the present system we could realize the teleportation of  a single-photon qubit 

between the Alice's site and a corresponding photonic macrostate transmitted by a 

long-range free space link to a Bob's site.

Outline

Qubit versus Macro-qubit

Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions



Outline
Free-space optical communications over long distances are

associated with severe losses.

In order to enhance the transmission Efficiency we propose the 

use of  macro quantum states of  light consisting in thousand of  

photons and obtained through an optical parametric amplification 

process.

We address the problem of  the discrimination of  such macro 

states, in connection with the transmission fidelity after the 

propagation over a lossy channel

We consider the realization of  a Micro-Macro Teleportation 

experiment as a possible application for this quantum 

resource

Outline

Qubit versus Macro-qubit

Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions



Macro qubit transmission:

 - d1cb  i

Beam splitter decoherence model:

  dtotTr )( 

Outline

Qubit versus Macro-qubit

Macro-qubit transmission

Micro-Macro Teleportation

Macro-qubit measurement

Conclusions
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