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Motivations...

Foundations of
Quantum mechanics:

Macroscopic entanglement
“Schroedinger's cat”

Quantum sensing:
Exploit quantum

resources to enhance
measurement precision

Quantum information 
processing:
computation

and communication

I) High dimensional 
quantum systems:

Orbital angular 
momentum of light

II) Integrated
Photonic

quantum circuits 

III) Amplification
of optical

quantum states



  

Outline

- Introduction to quantum cloning theory

- Optimal cloning via stimulated emission

- Optimal cloning via qubit symmetrization

- Hong-Ou-Mandel coalescence of OAM state

- Optimal cloning of OAM qubit

- Hong-Ou-Mandel coalescence of single photon entangled states

- Optimal cloning of π – OAM ququart

 



  

Quantum cloning ?



  

Quantum cloning ?



  

NOT gate of an unknown qubit



  

Optimal Quantum Machines



  

Initial qubit +
BA

002 ancilla qubits

clonÛ

Qubits S and A: optimal quantum cloned qubits (F=5/6)
Qubit B: optimal flipped qubit (F=2/3)

Redistribution of the initial information content into
3 qubits entangled state

• To understand analogies and differences between classical and quantum 
information processing
– Quantum state estimation

• Useful for some quantum computation tasks

Optimal transformations



  

Ideal machines

Ancilla 1
|0>

Input 

Ancilla 2
|0>

Forbidden 
processes

Clone 1

Clone 2

Flipped



  

Optimal Quantum Cloning
and Universal NOT Gate
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Input 
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Optimal
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cloning
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Quantum cloning by stimulated emission



  

Parametric interaction: 
generation of entangled states



  

Quantum Injected Optical Parametric Amplifier



  

Quantum Injected Optical Parametric Amplifier



  

Quantum Injected Optical Parametric Amplifier



  

Experimental implementation



  

Experimental implementation



  

Experimental implementation



  

Experimental implementation



  

PSIMM

Input qubit S

Entangled pair
of qubits A and B 

clone 1

clone 2

flipped qubit

• The process is reversible
• Contextual Realization of the Cloning and Flipping 
  processes
• The cloning occurs with probability <1
• The Optimal Flipped qubit is teleported in a different
   location  (no interaction between the input qubits 
   and the “flipped” one)

Projection operator of the qubits S and A into the symmetric subspace:

Optimal cloning by symmetrization



  

Projector over symmetric subspace Psym: 

Hong-Ou-Mandel Interferometer
The wave packet of two single photons are superimposed on a 50: 50 beam splitter. 

Indistinguishable photons (time, spectrum, wavelength and polarization)

 quantum interference

Photon with same polarization emerge 
from the same output port. Identical 

photons bunch at a beam splitter, due to 
quantum interference

Photons in two  different polarization states:

-Same mode (symmetric state)

-Different modes (antisymmetric state)

Symmetrization technique

beam 
splitter

+



  Ricci, Sciarrino, Sias, De Martini, Physical Review Letters  92, 047901 (2004) 
Sciarrino, Sias, Ricci, De Martini, Physical Review  A 70, 052305 (2004) 

Fclon=0.815, Fflipping=0.630 

to be compared with 
 Fclon=0.833, Fflipping=0.666

Experimental results

Experimental setup

Implementation by linear optics

Polarization encoded qubit: ∣0 〉∣1 〉 ∣H 〉∣V 〉



  

Optimal cloning of “quantum images”



  

a

b

Trombone

DT

D1

BS QP
3

D2

a’
b’

FBS
π  ο2

π  ο2

r , s ,m=Rr  sm

The symmetry that marks the bosonic 
wavefunction is revealed by a two-photon 
coalescence on the same spatial mode.

HOM effect

Coincidence counts enhancement  R:

Rth=2
Rexp=1.98±0 .05

Same 
OAM state

Different 
OAM state

Hong-Ou-Mandel effect in the OAM 
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D2
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b’

FBS
π  ο2

π  ο2

Coincidence counts enhancement  R:

Rth=2
Rexp=1.98±0 .05

Hong-Ou-Mandel effect in the OAM 

E. Nagali, et al.,  Nature Photonics 3, 720-723  (2010)



  

Goal: clone a generic qubit lying in the subspace OAM o2: 

It is not possible to generate perfect copies of an unknown qubit

No-Cloning Theorem

Optimal quantum cloning: output clones close to the input qubit  as much as 
possible according to Quantum Mechanics working for any input state  

Optimal cloning of OAM qubit (1/2)

Optimal cloner based on the symmetrization technique: 
projection over the symmetric subspace 
of the input cloned and a fully mixed state achieved via a 
two-photon HOM coalescence effect

Optimal fidelity

o2

a '=5
6
∣〉o2

〈∣1
6
∣⊥ 〉o2

〈⊥∣

∣〉o2
=∣2 〉∣−2 〉

∣〉o2

A=
I
2

F exp=0.803±0.008
F th=0.83



  

Optimal cloning of qubit OAM



  

Stokes Parameters
Optimal cloning

The cloning process 
corresponds to a shrinking
of the vectors lying on the 

Bloch’s sphere

Initial State:  S =1

Cloned State

Experimental results

E. Nagali, et al., Nature Photonics 3, 720  (2009)

Optimal cloning of qubit OAM



  

The symmetrization technique that implements the quantum cloning is optimal not 
only for qubit states, but also for arbitrary dimension d of the internal spaces of the 
quantum systems that are cloned (qudits)

d
Id

Optimal cloning for any qudit states  

Input state to be cloned 

Ancilla qudit photon

Optimal fidelities for any d value!

Clones   with fidelity



  

Realization of �  - OAM ququart  

Generate ququart states (4-dimensional)  encoded in a single photon by manipulating 
the OAM and polarization degrees of freedom

Logic
 ququart 

basis

Separable states 
of polarization

 and OAM 

Entangled states 
of polarization

 and OAM 

E. Nagali, L. Sansoni, L. Marrucci, E. Santamato, and F. Sciarrino, Phys. Rev. A  81, 052317 (2010).



  

Optimal cloning of π-OAM ququart   

- ququart encoded in polarization- 
orbital angular momentum space 
of a single photon

- ancilla photon on  mixed state
 of π-OAM

- optimal quantul cloning 
realized via Hong-Ou-Mandel
coalesence over the same mode



  

Optimal cloning of ququart states

= λ / 4

= λ / 2

= PBS

State to be cloned:

Completely mixed state (ancilla):

According to 

the optimal cloning 1   2 fidelity of  ququart 
states is expected to be F d=4=0.7

State Fidelity
(0.740 ± 0.016)

(0.677 ± 0.016)

(0.707 ± 0.016)

(0.708 ± 0.016)

∣1 〉

∣2 〉
∣3 〉

∣4 〉

kP

BS1

D1

BS2

D2 C -BOX

kB

kA

C

C

Z

BBO IF

IF

Ququart encoding Ancilla 
preparation

Clones
Analysis

E. Nagali, et al., Physiscal Review Letters 105, 073602 (2010)

A=
∣H 〉〈 H ∣∣V 〉 〈V ∣

2

∣2〉 〈2∣∣−2 〉 〈−2∣

2


∣〉s=∣〉∣〉o2

clones



  

 Nagali, Giovannini, Marrucci, Slussarenko, Santamato, Sciarrino, Phys. Rev. Lett. 105, 073602 (2010)

Bosonic coalescence 
of single photon entangled state   

This measurement underlines how the bosonic coalescence of two particles is not 
tied to the indistinguishability of each individual degree of freedom but rather 
that of the whole quantum state

whether each of such states is entangled, as is the case in our experiment, 
or separable

1

2
[∣L 〉∣−2 〉o2

∣R 〉∣2 〉o2
]

beam 
splitter



  

 Nagali, Giovannini, Marrucci, Slussarenko, Santamato, Sciarrino, Phys. Rev. Lett. 105, 073602 (2010)

- Expected theoretical fidelities F = 0.70

Separable states        Entangled states

Optimal cloning of π-OAM ququart   



  

● Optimal quantum machines

 Optimal cloning of OAM qubit

 Bosonic coalescence of single photon entangled states

 Optimal cloning of ququart states

 NEXT STEPS: Higher dimensionality for fundamental test  
                          and protocols of quantum information

 

Conclusions and perspectives 

http:\\quantumoptics.phys.uniroma1.it
www.phorbitech.eu
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