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SAM and OAM

• SAM
Spin 

(s=–1)

Spin 

(s=+1)Spin angular momentum

may take two values of

s=–1 and s=+1.

2

• OAM

Orbital angular momen-

tum may take any of the

infinite values m = 0, ±1,

±2,...
OAM, m=–2OAM, m=+2

OAM, m=+1 OAM, m=–1



Optical micro-pumps

SAM OAM
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Photons can carry Spin Angular 
Momentum (SAM) and Orbital 

Angular Momentum (OAM)
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Photon OAM eigenstates

   ( 0, 1, 2,...)imE e mϕ∝ = ± ±

Complete set
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Complete set

1. HG modes
2. LG modes



Mode converters

To obtain LG modes 
higher-order HG 
modes are required 
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Impossible to 
convert TEM00
mode into LG 
modes



Pitch-fork hologram
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The “q-plate”
The q-Plate is a liquid crystal-based birefringent optical device 
which imprints  a topological singularitysingularityinto the phase of the 
optical field.

y
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n
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x
ϕ

r
/ 2α ϕ π= + α ϕ=

/ 2α ϕ= 2α ϕ=

L. Marrucci et al., PRL 96, 163905 (2006)



Q-plate fabrication

1. Surface rubbing
2. UV surface orienting
3. UV bulk polymer orienting

We used thisWe used this

and thisand this

Università degli Studi di Napoli "Federico II" 9

3. UV bulk polymer orienting

We made only QP with 
topological charge q = 1



The q-plate

,0 cos ,0 sin ,2
2 2

,0 cos ,0 sin , 2
2 2

QP

QP

L L i R

R R i L

δ δ

δ δ

→ −

→ − −

δ = optical
retardation
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δ = π full STOC conversion

Total light angular momentum is conserved
q-plate tuning

Optical vortex



The q-plate transfers the photon SAM 
state into the OAM and viceversa

Any manipulation of SAM is directly 
inscribed into the OAM 
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inscribed into the OAM 

A qubit can betransferred from 
SAM to OAM (STOC process)

L. Marrucci et al., Phys. Rev. Lett., 96, 163905 (2006)
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Quantum optics with OAM
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q-plate action on single photons

• Generation of photon spinorbit states
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• Generation of photon spinorbit
entangled Bell’s states

• Generation of photon spinorbit ququarts



q-plate action on single photons

( ) 0L Rψ α β= + 2 2R Lα β+ + −

Elliptically polarized 
TEM00 mode

Entangled spinorbit state
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( ) 0
o

L Rπ πψ α β= + 2 2
o o

R Lπ πα β+ + −

α = 0   pure spinorbit state |L, −2〉

β = 0   pure spinorbit state |R, +2〉



Notations

( )1
2

2 2h = + −

OAM (m = ±2)

( )1
2

H L R= +

SAM (s = ±1)
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( )1
2

2 2
i

v = − −

( )1
2

a h v= +

( )1
2

d h v= −

( )1
2i

V L R= −

( )1
2

A H V= +

( )1
2

D H V= −



Linearly polarized TEM00 input (H or V)

0H π ( ) ( )1 1
2 2

, 2 ,2 , ,
i i

L R H h V v− + = +

Maximally entangled 

q-plate action on single photons
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Maximally entangled 
Bell’s spinorbit states

0V π ( ) ( )1 1
2 2

, 2 ,2 , ,
i

L R H v V h− − = +



q-plate action on single photons
Experiment with single heralded photons

Università degli Studi di Napoli "Federico II" 17

E. Nagali,, et al., Optics Express, 17, 18745 (2009) 



Typical quantum
tomography results

(SAM→→→→OAM)

q-plate quantum action on single photons

OAM

1 0

0 0
ρ  

=  
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Typical experimental
fidelities = 98%!

OAM

1 11

1 12
ρ  

=  
 

OAM

11

12

i

i
ρ

− 
=  

 



Input H photons Input V photons

real

imaginary

real

imaginary

q-plate quantum action on single photons

Entangled photon 
spinorbitBell’s states
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( )1
2

, 2 , 2R Lψ = + −

imaginary

( )1
2

, 2 , 2R Lψ = − −

imaginaryspinorbitBell’s states



q-plate quantum action on single photons

Generation of qu-quart spinorbit states
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E. Nagali et al., Phys. Rev. A, (2010),  accepted



Experimental results
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q-plate action on photon pair

• Photon-photon coalescence (Hong-
Ou-Mandel effect) in the OAM space
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Ou-Mandel effect) in the OAM space

• Optimal cloning of OAM photon    
states



Photon-photon coalescence in OAM

Equal input OAM

Notice: 
the optical reflection
inverts the OAM sign

Notice: 
the optical reflection
inverts the OAM sign

Different input OAM

Coalescence!Equal input OAM

Different final states, no coalescence!

Coalescence!



Two-photon
source

Coincidence
counter

,V H

Photons “separator” (introducing a delay)

Photon-photon coalescence in OAM
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( )1
2 2 2 2

2i
ψ = + + − − −Obtained a 2-photon state with

OAM quantum entanglement!

No coincidences when the photons are identical

E. Nagali,, et al., Phys. Rev. Lett., 103, 013601 (2009)
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Optimal quantum cloning of OAM state

Quantum no-cloning theorem 
prevents a deterministic 
cloning of photon state.

Yet, not deterministic quantum 
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E. Nagali,, et al., Nature Photonics, 3, 720 (2009)

Yet, not deterministic quantum 
cloning is possible.

The quantum cloning is optimal 
when the success probability is 
maximized.



Experimental setup

q-platesq-plates
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Optimal cloning working principle: coalescence enhancement

ψ ψ

Different outputs: 
no enhancement

Same output: 
doubled probability!

ψ

Università degli Studi di Napoli "Federico II" 28

ψ ⊥
ψ

Overall predicted cloning fidelity = 5/6 = optimal value!

P = 2/3, cloning 
with 100% fidelity

P = 1/3, cloning 
with 50% fidelity

( )1

2
ψ ψ ψ ψ⊥ ⊥+



Experimental results
Opposite input OAM states:
enhanced coalescence!
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Equal input OAM 
states: no effect

Similar results were obtained also with OAM quantum superposition states



Experimental results
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Average measured cloning fidelity: F = 0.80 ±±±± 0.01

(ideal F = 5/6 = 0.83)

Average measured cloning fidelity: F = 0.80 ±±±± 0.01

(ideal F = 5/6 = 0.83)



Testing quantum contextuality
and non-locality with OAM

• Non-contextuality assumes that the result of the 
measure of an observable A commuting with other 
observable B is not affected by a measurement of the 
latter.

Università degli Studi di Napoli "Federico II" 31

• Classical physics is non-contextual.  Quantum 
physics is contextual.

• Quantum non-locality is a particular case of 
quantum contextuality



Testing quantum contextuality
and non-locality with OAM

We tested quantum contextuality and non-
locality in a single experiment exploiting the 
photon OAM.
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photon OAM.

As test we used the Clasur, Horne, Shimony
and Holt (CHSH) inequality.
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q.plate

E. Karimi et al. submitted to Phys. Rev. Lett. (2010)



Experimental results

Theory

Coherent

One-photon
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One-photon

Photon pair



Work in progress on quantum optics with OAM

Single photon

• Generation of OAM eigenstates of different m to encode  
up to 8 bit in a single photon 
• OAM/SAM Hardy states to test Hardy paradox
• OAM/SAM Leggett’s inequalities
• …..
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• Generation of hyperentangled OAM/SAM states
• Optimal cloning of OAM + SAM
• Photon OAM/SAM hybridization
•….

Photon pair

• …..



Hardy paradox

1. Let A and B not commuting observables of a system taking 
only the two eigenvaluesai and bi (i = 1, 2), respectively.

L. Hardy, Phys. Rev. Lett., 71, 1665 (1993)

2. Let A’ and B’ not commuting observables of the same system 
taking only the two eigenvaluesa’ i and b’ i (i = 1, 2), 
respectively.

3. All primed observable commute with the unprimed ones.
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Hardy paradox

Let |ΨH〉 a state of the system so that

a) 〈b2, a’ 2 |ΨH〉 = 0

b) 〈a1, a’ 1 |ΨH〉 = 0

B = b & A’ = a’ 1 is impossible

If A = a1 thenA’ = a’ 2
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c) 〈b1, b’ 1 |ΨH〉 = 0

d) 〈a1, b’ 1 |ΨH〉 ≠ 0

If B’ = b’ 1 thenB = b2

There are cases where A = a1 and B’ = b’ 1

b) and c)            for those cases we must have  B = b2 and A’ = a’ 2

But this is impossible because of property a) !

|ΨH〉 exists !



Photon OAM/SAM hybridization

Maximally mixed OAM
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Maximally mixed SAM

Hybrid clones

Calculated cloning 
success probability 2/3

Calculated fidelity to 
the hybrid state 0.6



Two-in-one teleportation

Bell 
measure

Alice Bob

OAM 
entangled

OAM
qubit

Photon 1

Photon 2
Photon 3

Source
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Bell 
measure

U4 bit4 bit

SAM 
entangled

Photon 2

SAM
qubit

Photon 4

Source



Thank you for yourattention.
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Thank you for yourattention.


