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q value smaller mask angular aperture would be necessary. By adjusting the ratio between the
angular speeds of the two motors, different topological charges were impressed on the cell
walls. It can be easily shown that the induced topological charge is given by q= 1± ωp

ωs
, where

ωp and ωs are the angular speeds of the polarizer and sample, respectively, and the ”+” and
”−” signs correspond to opposite and same rotation direction of the two mounts, respectively.
After the exposure, the samples were filled with the LC (MLC 6080 mixture from Merck) and
sealed by epoxy glue. Heating the sample above the LC clearing point and subsequent slow
cooling helped to remove occasional LC alignment defects. Topological charges q= 0.5,1.5,3,
as shown in Fig. 2(a-c), were realized with the procedure described above. However any semi-
integer charge can be realized, in principle, with this technique.

Fig. 2. (Color online) (a-c) Examples of the LC patterns with different topological charges
and photos of the corresponding samples under crossed polarizers. (d-f) CCD pictures of
the intensity beam profiles generated by the QPs shown in (a-c) when they are tuned. The
input beam polarization was circularly polarized (top) or linearly polarized (middle). The
respective interference patterns with a plane wave are also shown (bottom).

3. Optical characterization

When a beam traverses a QP with topological charge q and phase retardation δ , a fraction sin2 δ
2

of the photons in the beam have their SAM reversed and change their OAM by an amount±2q.
More precisely, the photons flipping their spin from −1 to +1 (−1 to +1) change their OAM
of −2q (+2q). The remaining photon fraction cos2 δ

2 remain in their initial SAM and OAM
state. [13,14] When the phase retardation of the QP is tuned to half-wave (δ = π) all the input
photons will be converted. In the particular case of charge q = 1, the total SAM+OAM light
angular momentum remains unchanged in passing through the QP, so that the change of the
photon SAM is transferred into a corresponding opposite change of the photon OAM, yielding
a spin-to-OAM conversion (STOC) [13]. For a single photon, a similar action takes place on
two wave-function components, with amplitudes sin δ

2 and cos
δ
2 respectively.

The preliminary test on our QPs was just to observe the intensity pattern generated by the
QP for a circularly or linearly polarized TEM00 incident beam. The observed intensity patterns
are shown in Fig. 2(d-f, top and middle row). In the case of the circular polarization of the
incident beam the we found the typical doughnut profile of vortex beam, while for the linear
input polarization the intensity pattern shows a number 4q of bright radial lobes, as foreseen
from theory. To better demonstrate the capability of our QPs to generate optical vortices a
measurement of the helical phase front is desirable. Such measurement was done by inserting
the QP into one arm of a Mach-Zehnder interferometer and by registering the interference
pattern with a reference wave. The interference patterns, in the case of a plane reference wave
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A brief reminder on the q-plate 
concept and operation principles 

[L.	
  Marrucci,	
  C.	
  Manzo,	
  D.	
  Paparo,	
  PRL	
  96,	
  163905	
  (2006);	
  APL	
  88,	
  221102	
  (2006)]	
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  to	
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q-plate structure: patterned half-wave plates 



Three	
  examples:	
  

q = ½  
 

(α0 = 0) 
q = 1  

 

(α0 = 0) 

q = 1  
 

(α0 = π/2) 

Topological	
  defect	
  of	
  
charge	
  q	
  in	
  the	
  center	
  

with	
  	
  q	
  	
  integer	
  
or	
  half-­‐integer	
  

General	
  
pa4ern:	
   0( , ) ( , )x y r qα α ϕ ϕ α= = +

q-plate structure: patterned half-wave plates 



Jones	
  matrix	
  of	
  an	
  α-­‐oriented	
  half-­‐wave	
  plate:	
   M = cos2! sin 2!
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Let	
  us	
  apply	
  it	
  to	
  an	
  input	
  le@-­‐circular	
  polarized	
  plane	
  wave:	
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The	
  output	
  polariza1on	
  
is	
  uniform	
  right-­‐
handed	
  circular	
  

	
  
The	
  wave	
  has	
  acquired	
  
a	
  phase	
  retarda0on	
  

!" = 2!
Pancharatnam-­‐Berry	
  geometrical	
  phase	
  
(unrelated	
  with	
  op1cal	
  path	
  length)	
  

q-plate optical effect: Jones calculus 



For	
  a	
  non-­‐uniform	
  op0cal	
  axis	
  orienta0on:	
  

The	
  wavefront	
  gets	
  reshaped!	
  

For	
  the	
  specific	
  q-­‐plate	
  pa4ern:	
   0( , )r qα ϕ ϕ α= +

( )0( , ) 2 2 2 cost.x y q mα ϕ α ϕΔΦ = ± = ± + ± = +

	
  Helical	
  phase	
  with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  !	
  m = ±2q

q-plate optical effect 



Examples:	
  

q	
  =	
  1/2	
  

OAM	
  m	
  =	
  1	
  

OAM	
  m	
  =	
  –1	
  

LeZ	
  circular	
  polariza1on	
  

Right	
  circular	
  polariza1on	
  

Polariza0on	
  controlled	
  OAM	
  handedness	
  

q-plate optical effect 



Examples:	
   q	
  =	
  1/2	
  

OAM	
  m	
  =	
  ±1	
  

q	
  =	
  1	
  

OAM	
  m	
  =	
  ±	
  2	
  

q-plate optical effect 



Photon angular momentum balance: case q = 1 

Spin:  Sz = +ħ 
Orbital:  Lz = 0 
Total:  Jz = +ħ 

Spin-­‐to-­‐orbital	
  conversion	
  of	
  op0cal	
  angular	
  momentum	
  

Le@-­‐circular	
  
input:	
  

Spin:    Sz = –ħ 
Orbital: Lz = 2ħ 
Total:  Jz = +ħ 

q-­‐
plate	
  

Right-­‐circular	
  
input:	
  

Spin:  Sz = –ħ 
Orbital:  Lz = 0 
Total:  Jz = –ħ 

Spin:    Sz = +ħ 
Orbital: Lz = –2ħ 
Total:  Jz = –ħ 



[L.	
  Marrucci,	
  C.	
  Manzo,	
  D.	
  Paparo,	
  APL	
  88,	
  221102	
  (2006)]	
  

Cascading q-plates 

By	
  mul1ple	
  polariza1on	
  control,	
  one	
  can	
  access	
  any	
  value	
  of	
  OAM	
  

In	
  principle,	
  the	
  switching	
  can	
  be	
  as	
  fast	
  as	
  GHz	
  rates	
  (MHz	
  are	
  fairly	
  easy)	
  



Let’s “go quantum”: 
single photons with OAM 

No1ce:	
  we	
  will	
  actually	
  be	
  using	
  the	
  quantum	
  language	
  
and	
  nota1on	
  also	
  for	
  describing	
  op1cal	
  processes	
  which	
  
are	
  fully	
  within	
  the	
  scope	
  of	
  classical	
  electromagne1sm	
  



SAM OAM
o

h mπψ = =

Nota0on:	
  a	
  photon	
  having	
  a	
  given	
  polariza0on	
  (SAM)	
  and	
  OAM	
  state	
  

SAM	
  (π	
  ):	
  a	
  2D	
  space	
  	
   h =	
  	
  H, V    (linear polarizations) 
h =	
  	
  L, R    (circular polarizations) 

OAM	
  (o	
  ):	
  an	
  ∞D	
  space	
  	
   0, 1, 2, 3,...m = ± ± ±

(Interes0ng	
  for	
  quantum	
  informa0on:	
  lots	
  of	
  room	
  in	
  just	
  one	
  photon!)	
  

Single	
  photons	
  with	
  OAM	
  



Quantum	
  OAM	
  superposi0ons	
  

L R H Vπ π π πψ α β α β′ ′= + = +Polariza1on	
  superposi1ons:	
  

A	
  polariza0on	
  “qubit”	
  

OAM	
  superposi1ons:	
   2 2
o o

ψ α β= + + −

An	
  OAM	
  “qubit”	
  

In	
  the	
  following	
  we	
  will	
  consider	
  only	
  OAM	
  qubits	
  with	
  m = ±2	
  

Higher-­‐dimensional	
  superposi0ons	
  are	
  also	
  possible	
  with	
  OAM	
  (“qudits”)	
  



Quantum	
  superposi0ons:	
  Poincaré	
  (or	
  Bloch)	
  sphere	
  

L

R
( )1

2
H L R= +

( )1
2i

V L R= − L Rψ α β= +

The	
  (well	
  known)	
  case	
  of	
  polariza0on:	
  

D = 1
2
H ! V( )

A = 1
2
H + V( )



+2 = l

!2 = r
h = 1

2
l + r( )

v = 1
i 2

l ! r( )
2 2ψ α β= + + −

Quantum	
  superposi0ons:	
  Poincaré-­‐like	
  sphere	
  

The	
  case	
  of	
  an	
  OAM	
  subspace	
  (|m|=2):	
  

a = 1
2
h + v( )d = 1

2
h ! v( )

[M.	
  J.	
  Padged	
  &	
  J.	
  Cour1al,	
  Opt.	
  Led.	
  24,	
  430	
  (1999)]	
  	
  



q-­‐plate	
  effect	
  on	
  
single	
  photons	
  

[E.	
  Nagali,	
  F.	
  Sciarrino,	
  F.	
  De	
  Mar1ni,	
  L.	
  Marrucci,	
  B.	
  Piccirillo,	
  E.	
  Karimi,	
  E.	
  Santamato,	
  PRL	
  103,	
  
013601	
  (2009)]	
  

What	
  is	
  the	
  behavior	
  of	
  a	
  q-­‐plate	
  in	
  the	
  quantum	
  domain?	
  

[	
  L.	
  Marrucci,	
  Proc.	
  SPIE	
  6587,	
  658708	
  (2007)]	
  



q-­‐plate	
  quantum	
  effect	
  on	
  single	
  photons	
  

0
o

L π 2
o

R π +

0
o

R π 2
o

L π −

What	
  happens	
  with	
  quantum	
  superposi0ons?	
  

For	
  SAM-­‐OAM	
  eigenstates,	
  nothing	
  new:	
  



Entangled	
  state	
  of	
  spin	
  and	
  orbital	
  angular	
  momentum	
  of	
  the	
  same	
  photon!	
  

q-­‐plate	
  quantum	
  effect	
  on	
  single	
  photons	
  

0 0
o o

L Rπ πψ α β= +

The	
  q-­‐plate	
  is	
  also	
  expected	
  to	
  preserve	
  the	
  superposi0ons	
  (it	
  is	
  coherent):	
  

2 2
o o

R Lπ πα β+ + −

In	
  par0cular	
  for	
  a	
  linearly	
  polarized	
  input	
  (H	
  or	
  V):	
  

( )1
2

0 0
o o

H L Rπ π π= + ( )1
2

2 2
o o

R Lπ π+ + −

( )1
2

0 0
o oi

V L Rπ π π= − ( )1
2

2 2
o oi

R Lπ π+ − −



q-­‐plate	
  quantum	
  effect	
  on	
  single	
  photons	
  

( )1
2

2 2
o o

R Lπ π+ + −

No1ce:	
  this	
  single-­‐photon	
  entanglement	
  
is	
  not	
  a	
  “non-­‐local”	
  property	
  and	
  can	
  be	
  
also	
  understood	
  classically	
  

A	
  non-­‐separable	
  polariza1on	
  –	
  spa1al	
  mode	
  distribu1on	
  

S1ll	
  interes1ng	
  for	
  quantum	
  informa1on	
  protocols	
  and	
  for	
  making	
  some	
  
fundamental	
  tests	
  on	
  quantum	
  mechanics	
  

=	
  



q-­‐plate	
  effect	
  on	
  single	
  photons:	
  experiment	
  

[E.	
  Nagali,	
  F.	
  Sciarrino,	
  F.	
  De	
  Mar1ni,	
  L.	
  Marrucci,	
  B.	
  Piccirillo,	
  E.	
  Karimi,	
  E.	
  Santamato,	
  PRL	
  103,	
  013601	
  (2009)]	
  



Quantum	
  tomography	
  of	
  polariza0on-­‐OAM	
  entangled	
  states	
  

( )1
2

2 2
o o

R Lπ πψ = + + − ( )1
2

2 2
o o

R Lπ πψ = + − −

Input	
  H	
  photons	
   Input	
  V	
  photons	
  

real	
  

imaginary	
  

real	
  

imaginary	
  

q-­‐plate	
  effect	
  on	
  single	
  photons:	
  experiment	
  

Single-­‐photon	
  entanglement	
  confirmed	
  



q-­‐plate	
  quantum	
  effect:	
  what	
  can	
  we	
  do	
  with	
  it?	
  

[E.	
  Nagali,	
  F.	
  Sciarrino,	
  F.	
  De	
  Mar1ni,	
  L.	
  Marrucci,	
  et	
  al.,	
  Phys.	
  Rev.	
  Le3.	
  103,	
  013601	
  (2009)]	
  

[E.	
  Nagali,	
  F.	
  Sciarrino,	
  F.	
  De	
  Mar1ni,	
  L.	
  Marrucci,	
  et	
  al.,	
  Opt.	
  Express	
  17,	
  18745-­‐18759	
  (2009)]	
  

A	
  “quantum	
  interface”:	
  
	
  

Quantum	
  informa0on	
  
transfer	
  SAM	
  ↔	
  OAM	
  	
  



Quantum	
  informa0on	
  transfer	
  SAM	
  ↔	
  OAM	
  	
  

2 2
o o

R Lπ πα β+ + −

Arbitrary	
  polariza1on	
  qubit:	
   ( )0 0
o o

L Rπ π π πψ ψ α β= = +

q-­‐plate	
  effect:	
  

H	
  polarizer:	
  

1)	
  SAM	
  →	
  OAM	
  

( )1 1
2 2

2 2
o o o

H Hπ πα β ψ+ + − =

Transfer	
  completed!	
   But	
  successful	
  only	
  50%	
  of	
  1mes	
  



Quantum	
  informa0on	
  transfer	
  SAM	
  ↔	
  OAM	
  	
  

( ) ( )4 0 0 4
2 2o o o o
R L R Lπ π π π

α β+ + + + −

Arbitrary	
  OAM	
  qubit:	
   ( )2 2
o o o o

H Hπ πψ ψ α β= = + + −

q-­‐plate	
  effect:	
  

Coupling	
  to	
  single	
  
mode	
  fiber:	
  

2)	
  OAM	
  →	
  SAM	
  

( )1 1
2 2

0 0
o o

L Rπ π πα β ψ+ =

Transfer	
  completed	
   Again	
  successful	
  only	
  50%	
  of	
  1mes	
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Fig. 1. Schematic representation of the experimental setup. Outside the dashed box is the
first section of the apparatus, common to all our experiments. The main optical source is
a ultraviolet (UV) beam with wavelength λp = 397.5 nm, which is used as pump beam
for the photon pairs generation. The UV beam pumps a 1.5 mm thick nonlinear crystal of
β -barium borate (BBO) cut for type II phase-matching, working in a collinear regime and
generating polarization pairs of photons with the same wavelength λ and orthogonal linear
polarizations, hereafter denoted as horizontal (H) and vertical (V ). The spatial and temporal
walk-offs are compensated by a half-wave plate and a 0.75 mm thick BBO (CW ) [25].
Finally, the photons are spectrally filtered by an interference filter with bandwidth ∆λ = 6
nm. In order to work in the one-photon regime, a polarizing beam-splitter (PBS) transmits
the horizontally-polarized photon of the pair and reflects the vertically-polarized one. The
latter is then coupled to a single-mode fiber and revealed with a single-photon counter
module (SPCM), which therefore acts as a trigger of the one-photon state generation. In
the dashed box, the four configurations a, b, c, d of the second section of the apparatus are
shown, used in the four experiments discussed in this paper. Legend: C - fiber compensation
stage; DT trigger detection unit; QP - q-plate; Hol - hologram; P.A. - polarization analysis
set, as shown in solid-line box.

implementations of the following devices:
a) Quantum transferrer from polarization to OAM subspace |m| = 2, i.e. π → o2
b) Quantum transferrer from OAM subspace |m| = 2 to polarization, i.e. o2 → π
c) Quantum bidirectional transfer polarization-OAM-polarization, i.e. π → o2 → π
d) Quantum transferrer from polarization to OAM subspace |m| = 4, i.e. π → o4

Each process of quantum information transfer is based on a q-plate (two in the cases c and
d) combined with other standard polarizers and waveplates. The OAM state is prepared or an-
alyzed by means of suitably-developed holograms, as discussed in the next Section, preceded
or followed by coupling to single-mode fibers, which selects the m = 0 state |0〉o before de-
tection. After the analysis, the signals have been detected by single photon counters SPCM
and then sent to a coincidence box interfaced with a computer, for detecting and counting the
coincidences of the photons and the trigger DT .

(C) 2009 OSA 12 October 2009 / Vol. 17,  No. 21 / OPTICS EXPRESS  18750
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  Sciarrino,	
  F.	
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  Mar1ni,	
  L.	
  Marrucci,	
  et	
  al.,	
  Opt.	
  Express	
  17,	
  18745-­‐18759	
  (2009)]	
  

Quantum	
  informa0on	
  transfer	
  SAM	
  ↔	
  OAM:	
  the	
  experiment	
  	
  



Poincaré	
  sphere	
  state	
  reconstruc0ons	
  

SAM	
  →	
  OAM	
   OAM	
  →	
  SAM	
  

Quantum	
  informa0on	
  transfer	
  SAM	
  ↔	
  OAM:	
  the	
  experiment	
  	
  



Typical	
  quantum	
  
tomography	
  results	
  
(SAM→OAM):	
  

Typical	
  experimental	
  
fideli0es	
  =	
  98%!	
  

Quantum	
  informa0on	
  transfer	
  SAM	
  ↔	
  OAM:	
  the	
  experiment	
  	
  



Quantum	
  informa0on	
  transfer	
  SAM	
  ↔	
  OAM:	
  back	
  and	
  forth	
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Fig. 1. Schematic representation of the experimental setup. Outside the dashed box is the
first section of the apparatus, common to all our experiments. The main optical source is
a ultraviolet (UV) beam with wavelength λp = 397.5 nm, which is used as pump beam
for the photon pairs generation. The UV beam pumps a 1.5 mm thick nonlinear crystal of
β -barium borate (BBO) cut for type II phase-matching, working in a collinear regime and
generating polarization pairs of photons with the same wavelength λ and orthogonal linear
polarizations, hereafter denoted as horizontal (H) and vertical (V ). The spatial and temporal
walk-offs are compensated by a half-wave plate and a 0.75 mm thick BBO (CW ) [25].
Finally, the photons are spectrally filtered by an interference filter with bandwidth ∆λ = 6
nm. In order to work in the one-photon regime, a polarizing beam-splitter (PBS) transmits
the horizontally-polarized photon of the pair and reflects the vertically-polarized one. The
latter is then coupled to a single-mode fiber and revealed with a single-photon counter
module (SPCM), which therefore acts as a trigger of the one-photon state generation. In
the dashed box, the four configurations a, b, c, d of the second section of the apparatus are
shown, used in the four experiments discussed in this paper. Legend: C - fiber compensation
stage; DT trigger detection unit; QP - q-plate; Hol - hologram; P.A. - polarization analysis
set, as shown in solid-line box.

implementations of the following devices:
a) Quantum transferrer from polarization to OAM subspace |m| = 2, i.e. π → o2
b) Quantum transferrer from OAM subspace |m| = 2 to polarization, i.e. o2 → π
c) Quantum bidirectional transfer polarization-OAM-polarization, i.e. π → o2 → π
d) Quantum transferrer from polarization to OAM subspace |m| = 4, i.e. π → o4

Each process of quantum information transfer is based on a q-plate (two in the cases c and
d) combined with other standard polarizers and waveplates. The OAM state is prepared or an-
alyzed by means of suitably-developed holograms, as discussed in the next Section, preceded
or followed by coupling to single-mode fibers, which selects the m = 0 state |0〉o before de-
tection. After the analysis, the signals have been detected by single photon counters SPCM
and then sent to a coincidence box interfaced with a computer, for detecting and counting the
coincidences of the photons and the trigger DT .

(C) 2009 OSA 12 October 2009 / Vol. 17,  No. 21 / OPTICS EXPRESS  18750
#113747 - $15.00 USD Received 2 Jul 2009; revised 2 Sep 2009; accepted 7 Sep 2009; published 2 Oct 2009
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  Nagali,	
  F.	
  Sciarrino,	
  F.	
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  Mar1ni,	
  L.	
  Marrucci,	
  et	
  al.,	
  Opt.	
  Express	
  17,	
  18745-­‐18759	
  (2009)]	
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Fig. 4. Left Side -Experimental density matrices ρ (the left column shows the real part and
right column the imaginary part) measured for the output of the o2 → π qubit transfer, for
each of the three different predicted output states shown in the upper left corner of each row.
Right Side -Experimental density matrices measured in the polarization degree of freedom
after the bidirectional π → o2→ π transferrer. In each box is reported the expression of the
initial and final state, to be compared with the experimental one described by the density
matrix.

We note that this OAM-to-polarization transferrer allows a simple detection of the sign of
the OAM, with a theoretical efficiency of 50%, much larger than what is typically obtained by
the fork holograms (10%÷30%). Therefore, this scheme can be used as a very efficient OAM
detector.

5.3. Bidirectional transfer polarization-OAM-polarization
Having demonstrated polarization-to-OAM transfer and OAM-to-polarization transfer, it is nat-
ural to try both schemes together, in a bidirectional transfer which starts and ends with polariza-
tion encoding, with OAM as an intermediate state which can be used for example for commu-
nication. This is also the first quantum experiment based on the combined use of two q-plates.
Although this test in principle is not involving any new idea with respect to the previous two
experiments, it is important to verify that in practice the efficiency of the optical manipula-
tion is not strongly affected by the number of q-plate employed, for example due to alignment
criticality.
The layout is shown in Fig. 1, dashed box c, and corresponds to the sequence of the two

schemes discussed above. In Fig. 4 we show some density matrices obtained by the quantum
tomography technique in the polarization degree of freedom of the output state.
As can be observed in Table 3, the experimental results are in good agreement with the the-

oretical predictions, with a mean fidelity value equal to F = (95.9±0.2)%. Thus, there seems
to be no significant problem to the combined use of many q-plates in a cascaded configuration.
After the two q-plates the quantum efficiency of the conversion process, defined as the capa-
bility to convert a TEM00 mode in a pure Laguerre-Gauss, is still around 80% (to optimize the
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Fig. 1. Schematic representation of the experimental setup. Outside the dashed box is the
first section of the apparatus, common to all our experiments. The main optical source is
a ultraviolet (UV) beam with wavelength λp = 397.5 nm, which is used as pump beam
for the photon pairs generation. The UV beam pumps a 1.5 mm thick nonlinear crystal of
β -barium borate (BBO) cut for type II phase-matching, working in a collinear regime and
generating polarization pairs of photons with the same wavelength λ and orthogonal linear
polarizations, hereafter denoted as horizontal (H) and vertical (V ). The spatial and temporal
walk-offs are compensated by a half-wave plate and a 0.75 mm thick BBO (CW ) [25].
Finally, the photons are spectrally filtered by an interference filter with bandwidth ∆λ = 6
nm. In order to work in the one-photon regime, a polarizing beam-splitter (PBS) transmits
the horizontally-polarized photon of the pair and reflects the vertically-polarized one. The
latter is then coupled to a single-mode fiber and revealed with a single-photon counter
module (SPCM), which therefore acts as a trigger of the one-photon state generation. In
the dashed box, the four configurations a, b, c, d of the second section of the apparatus are
shown, used in the four experiments discussed in this paper. Legend: C - fiber compensation
stage; DT trigger detection unit; QP - q-plate; Hol - hologram; P.A. - polarization analysis
set, as shown in solid-line box.

implementations of the following devices:
a) Quantum transferrer from polarization to OAM subspace |m| = 2, i.e. π → o2
b) Quantum transferrer from OAM subspace |m| = 2 to polarization, i.e. o2 → π
c) Quantum bidirectional transfer polarization-OAM-polarization, i.e. π → o2 → π
d) Quantum transferrer from polarization to OAM subspace |m| = 4, i.e. π → o4

Each process of quantum information transfer is based on a q-plate (two in the cases c and
d) combined with other standard polarizers and waveplates. The OAM state is prepared or an-
alyzed by means of suitably-developed holograms, as discussed in the next Section, preceded
or followed by coupling to single-mode fibers, which selects the m = 0 state |0〉o before de-
tection. After the analysis, the signals have been detected by single photon counters SPCM
and then sent to a coincidence box interfaced with a computer, for detecting and counting the
coincidences of the photons and the trigger DT .
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Fig. 6. Experimental density matrices measured in the OAM basis {|+ 4〉, |− 4〉} for dif-
ferent predicted final states, shown in the lower-left corner of each panel.

6. Manipulation of orbital angular momentum in the subspace |m| = 4

In the bidirectional transfer, we have experimentally demonstrated that it is possible to work
with two sequential q-plates without a significant lowering of the overall efficiency. This ap-
proach can be also adopted to access higher-order subspaces of the orbital angular momentum,
by moving from one subspace to the next using a sequence of QPs alternated with half-wave
plates [20].
Experimentally we have studied the case of two sequential q-plates QP1 and QP2 (both with

q= 1). We demonstrate that it is possible to efficiently encode the quantum information in the
OAM basis {|+4〉, |−4〉}, by exploiting the spin-orbit coupling in the q-plates. In order to an-
alyze the orbital angular momentum with |m| = 4 we have adopted newly designed holograms,
shown in Fig. 2 (box on the right).
An initial state in the TEM00 mode and arbitrary polarization |ϕ〉π = (α|H〉+β |V 〉) is trans-

formed by a pair of quarter-wave plates and QP1 into the following one:

|ϕ〉π |0〉l → (α|R〉|−2〉+β |L〉|+2〉) (23)

A half-wave plate then inverts the polarization of the output state after QP1, so that we get:

α|L〉|+2〉+β |R〉|−2〉 (24)

Next, the action of QP2 and a polarizer leads to the final state:

(α|+4〉+β |−4〉)|H〉 = |ϕ〉o4 |H〉π (25)
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Figure 6. OAM (blue solid line) and SAM (red dotted line) as a
function of the optical retardation !nz/λ for a thin q = 1 q-plate.
The input beam is left-circularly polarized TEM00. We have assumed
the following data: LC refractive ordinary and extraordinary indices
no = 1.5 and ne = 1.7, respectively, and beam waist w0 = 50λ.

The cumulated optical retardation of the plate controls the
SAM-to-OAM conversion, or STOC, as shown in figure 6.
Compared with the geometric-optical approximation, this more
exact theory predicts a very slow decrease of the optimal
efficiency with increasing q-plate thickness, due to internal
diffraction.

An exact vectorial theory of rotationally symmetric Bessel
beams propagating in q-plates with q = 1 and of the
associated STOC phenomenon has also been reported [74].
An interesting analogy with the Aharonov–Bohm effect for
the propagation of light in a nematic liquid crystal with a
disclination, corresponding to a q-plate geometry, has been
proposed by Carvalho et al [75].

4. Manipulation of azimuthal modes via polarization

The q-plate and the resulting SAM–OAM coupling and STOC
process have provided the basis for several novel optical
devices and setups for manipulating the OAM of light. Many
of these devices, although they are essentially classical, find
a natural important application in the quantum information
setting, so we will come back to them in the following section.

An important concept is the one-to-one mapping that can
be established between the space π of all possible (generally
elliptical) polarization states and an arbitrary two-dimensional
subspace of the OAM degree of freedom, spanned by two
opposite OAM values m = ±$, hereafter denoted as o$. This
subspace is defined independently of the radial mode (this is
for example appropriate if the radial mode is separable and
can be factorized). Both π and o$ spaces are two-dimensional
complex vector spaces having the same structure as the Hilbert
space of a quantum spin, or as the representations of the SU(2)
group. Neglecting a global phase, any point in such a space
can be represented as a point on a three-dimensional sphere,
the Poincaré sphere in the case of polarization, or an analogous
sphere in the OAM case [76] (both being analogous to Bloch’s
sphere used for quantum spins). An arbitrary state in an OAM
o$ subspace is generally not a pure helical beam, but it can
always be written as the superposition of the two opposite

Figure 7. Scheme of an experimental setup based on a q-plate and a
Dove prism in a polarizing Sagnac interferometer, that allows for
100%-efficient transfer of an arbitrary SAM-encoded input state into
an OAM bi-dimensional state, or vice versa. Legend: QHQH—set of
waveplates to generate an arbitrary polarization state;
PR—polarization rotator; PBS—polarizing beam-splitter; DP—Dove
prism; M—mirror [78].

OAM basis states. This is just the same as for the polarizations,
which in general are not associated with well defined values
of the photon SAM, but can always be decomposed into
a superposition of the two circularly polarized waves with
opposite handedness.

Now, a q-plate in combination with other optical devices
allows one to physically implement just this mapping. There
are both unitary and non-unitary schemes. The non-unitary
schemes waste a fraction of the input optical energy (i.e., they
are ‘probabilistic’, in the language of quantum information,
because a fraction of the photons are lost). However they
can be very simple. For example, a single q-plate followed
by a linear polarizer allows one to transfer the polarization
input state into the corresponding OAM subspace o$ with
$ = 2q [77]. This scheme, however, has a 50% efficiency
(or success probability). The opposite transfer, from OAM to
SAM, can be obtained by combining a q-plate with a single-
mode fiber, used for filtering m = 0 states [77]. This is again a
scheme with 50% efficiency.

A 100% efficient mapping, that is a unitary scheme, can be
obtained by combining a q-plate and one or two Dove prisms
inserted into an interferometer, such as a Mach–Zehnder
or (more conveniently) a Sagnac [77, 78]. This scheme,
illustrated in figure 7, is fully reciprocal and can therefore
work in both directions (see also [79] for another proposed
optical scheme, not based on the q-plate, in which the OAM
state is controlled by polarization via a Sagnac interferometer).
This scheme was demonstrated experimentally in the classical
regime [78]. An additional feature of this setup is that also
the geometrical Pancharatnam–Berry phase arising from the
polarization manipulations is transferred to the OAM output
beam. Examples of the resulting modes on the OAM-Poincaré
sphere for $ = 2 are given in figure 8. The interference fringes
with a reference beam, also shown, were used to analyze the
output mode phase structure and to measure the geometric
phase.

It must be emphasized that this setup can generate a class
of azimuthal transverse modes, including all modes that have
the same azimuthal structure as the Hermite–Gaussian modes,
with a theoretical efficiency of 100%. The choice of the
generated mode is entirely controlled by the input polarization,
which can be manipulated at very fast rates. This should be
contrasted with the more limited efficiency of the spatial light
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FIG. 2. (Color online) Trajectory along the equator of the
Poincaré sphere. H is the starting and ending point of the closed path.
(a) Intensity profiles of generated beams corresponding to differently
rotated HG2 modes. (b) Corresponding interference patterns with a
D-polarized TEM00 reference beam. As the state travels along the
equator both the intensity and interferogram patterns rotate through
an angle between 0◦ and 90◦.

and the pattern obtained by interference with a D-polarized
TEM00 mode as reference beam. For the sake of brevity, the
interferometric apparatus adopted to record such interference
patterns has not been reported in Fig. 1. The results are shown
in Figs. 2–5.

In the measurements we used a 532-nm TEM00 H -polarized
laser beam and a home-made LC q plate thermally tuned
to optimum STOC. The details about the q plate and the
tuning system have been reported elsewhere [13]. Figure 2
shows the intensity profiles and interferograms of the HG2
modes represented by the points located on the equator of
the OAM Poincaré sphere. The modes shown in Fig. 2 were
generated by fixing the axis of the first HW plate in the
QHQH device to 0◦ and rotating the axis of the second HW
plate from 90◦ to 180◦. The input polarization state circulated
along the equator of the SAM Poincaré sphere starting from
|H 〉, i.e., γ = 0 and 0 ! δ ! 2π , denoted by the point H on
the sphere. The rest of the apparatus, implementing Eq. (1),
mapped the equator of the SAM sphere into the equator of
the OAM sphere, which represents a continuous sequence of
HG2 modes whose transverse intensity and phase distributions
linearly rotate clockwise from 0◦ to 90◦ [Figs. 2(a) and 2(b)
respectively], the global phase being π shifted over the closed

FIG. 3. (Color online) Trajectory along a meridian of the Poincaré
sphere. (a) Intensity profiles of generated beams corresponding to
different linear combinations of LG±2 modes. (b) Corresponding
interference patterns with a D-polarized TEM00 reference beam.

FIG. 4. (Color online) A possible closed path over the OAM-
Poincaré sphere. The path L → H → A → L starts and ends at the
north pole, which associates to | + 2〉. H is the point associated to
|h〉 and A is the point associated to |a〉. (a) Intensity profiles of the
generated beam at different points of the path. (b) Corresponding
interference patterns with a TEM00 D-polarized reference beam.

path [see Fig. 5(a)]. Such a phase shift over the cycle was
inferred comparing the intensity profiles of the fringe patterns
along the transverse direction of both the initial and the final
states, represented in Fig. 5(a) by a dashed and a continuous
line, respectively. Of course, when the initial state of the input
beam is represented by a point located outside the equator,
i.e., γ $= 0 on the Poincaré sphere, the rotation of the axis of
the second HW plate in the device QHQH from 90◦ to 180◦

will yield into a variation of δ from 0 to 2π . This amounts
to drive the OAM state along a parallel on the Poincaré
sphere. Analogously, the modes represented by the points
located along a meridian trajectory on the OAM Poincaré
sphere were produced fixing δ = 0 and driving γ from −π/2
to +π/2 in the QHQH device, i.e., rotating the axis of the
first HW plate in the QHQH device from +22.5◦ to −22.5◦.
Figure 3 shows the continuous passage from the LG2 mode,
i.e., doughnut intensity and down-fork interferogram, to the
HG2 mode rotated by 45◦, crossing the equator, up to the LG−2
mode, i.e., doughnut intensity again and up-fork interferogram.
The field distributions of the modes corresponding to points
located along a meridian at intermediate positions between the
poles and the equator are also shown.

On the grounds of the previous two experiments, it is
clearly possible to move between two arbitrary OAM states
passing through a continuous series of states represented
by the points of suitable arcs of parallels and meridians.
Furthermore, in principle, any path connecting two arbitrary
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FIG. 5. Interference patterns for two different closed trajectories
on the Poincaré sphere. (a) Circular path along the equator, as shown
in Fig. 2. In this case, there is a π change in the phase when the path
is closed. (b) Path shown in Fig. 4. In this case there is a π/4 change
in the phase when the path is closed. Dashed and continuous lines
show the fringes of the initial and final states, respectively.
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FIG. 2. (Color online) Trajectory along the equator of the
Poincaré sphere. H is the starting and ending point of the closed path.
(a) Intensity profiles of generated beams corresponding to differently
rotated HG2 modes. (b) Corresponding interference patterns with a
D-polarized TEM00 reference beam. As the state travels along the
equator both the intensity and interferogram patterns rotate through
an angle between 0◦ and 90◦.

and the pattern obtained by interference with a D-polarized
TEM00 mode as reference beam. For the sake of brevity, the
interferometric apparatus adopted to record such interference
patterns has not been reported in Fig. 1. The results are shown
in Figs. 2–5.

In the measurements we used a 532-nm TEM00 H -polarized
laser beam and a home-made LC q plate thermally tuned
to optimum STOC. The details about the q plate and the
tuning system have been reported elsewhere [13]. Figure 2
shows the intensity profiles and interferograms of the HG2
modes represented by the points located on the equator of
the OAM Poincaré sphere. The modes shown in Fig. 2 were
generated by fixing the axis of the first HW plate in the
QHQH device to 0◦ and rotating the axis of the second HW
plate from 90◦ to 180◦. The input polarization state circulated
along the equator of the SAM Poincaré sphere starting from
|H 〉, i.e., γ = 0 and 0 ! δ ! 2π , denoted by the point H on
the sphere. The rest of the apparatus, implementing Eq. (1),
mapped the equator of the SAM sphere into the equator of
the OAM sphere, which represents a continuous sequence of
HG2 modes whose transverse intensity and phase distributions
linearly rotate clockwise from 0◦ to 90◦ [Figs. 2(a) and 2(b)
respectively], the global phase being π shifted over the closed

FIG. 3. (Color online) Trajectory along a meridian of the Poincaré
sphere. (a) Intensity profiles of generated beams corresponding to
different linear combinations of LG±2 modes. (b) Corresponding
interference patterns with a D-polarized TEM00 reference beam.

FIG. 4. (Color online) A possible closed path over the OAM-
Poincaré sphere. The path L → H → A → L starts and ends at the
north pole, which associates to | + 2〉. H is the point associated to
|h〉 and A is the point associated to |a〉. (a) Intensity profiles of the
generated beam at different points of the path. (b) Corresponding
interference patterns with a TEM00 D-polarized reference beam.

path [see Fig. 5(a)]. Such a phase shift over the cycle was
inferred comparing the intensity profiles of the fringe patterns
along the transverse direction of both the initial and the final
states, represented in Fig. 5(a) by a dashed and a continuous
line, respectively. Of course, when the initial state of the input
beam is represented by a point located outside the equator,
i.e., γ $= 0 on the Poincaré sphere, the rotation of the axis of
the second HW plate in the device QHQH from 90◦ to 180◦

will yield into a variation of δ from 0 to 2π . This amounts
to drive the OAM state along a parallel on the Poincaré
sphere. Analogously, the modes represented by the points
located along a meridian trajectory on the OAM Poincaré
sphere were produced fixing δ = 0 and driving γ from −π/2
to +π/2 in the QHQH device, i.e., rotating the axis of the
first HW plate in the QHQH device from +22.5◦ to −22.5◦.
Figure 3 shows the continuous passage from the LG2 mode,
i.e., doughnut intensity and down-fork interferogram, to the
HG2 mode rotated by 45◦, crossing the equator, up to the LG−2
mode, i.e., doughnut intensity again and up-fork interferogram.
The field distributions of the modes corresponding to points
located along a meridian at intermediate positions between the
poles and the equator are also shown.

On the grounds of the previous two experiments, it is
clearly possible to move between two arbitrary OAM states
passing through a continuous series of states represented
by the points of suitable arcs of parallels and meridians.
Furthermore, in principle, any path connecting two arbitrary
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FIG. 5. Interference patterns for two different closed trajectories
on the Poincaré sphere. (a) Circular path along the equator, as shown
in Fig. 2. In this case, there is a π change in the phase when the path
is closed. (b) Path shown in Fig. 4. In this case there is a π/4 change
in the phase when the path is closed. Dashed and continuous lines
show the fringes of the initial and final states, respectively.
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FIG. 2. (Color online) Trajectory along the equator of the
Poincaré sphere. H is the starting and ending point of the closed path.
(a) Intensity profiles of generated beams corresponding to differently
rotated HG2 modes. (b) Corresponding interference patterns with a
D-polarized TEM00 reference beam. As the state travels along the
equator both the intensity and interferogram patterns rotate through
an angle between 0◦ and 90◦.

and the pattern obtained by interference with a D-polarized
TEM00 mode as reference beam. For the sake of brevity, the
interferometric apparatus adopted to record such interference
patterns has not been reported in Fig. 1. The results are shown
in Figs. 2–5.

In the measurements we used a 532-nm TEM00 H -polarized
laser beam and a home-made LC q plate thermally tuned
to optimum STOC. The details about the q plate and the
tuning system have been reported elsewhere [13]. Figure 2
shows the intensity profiles and interferograms of the HG2
modes represented by the points located on the equator of
the OAM Poincaré sphere. The modes shown in Fig. 2 were
generated by fixing the axis of the first HW plate in the
QHQH device to 0◦ and rotating the axis of the second HW
plate from 90◦ to 180◦. The input polarization state circulated
along the equator of the SAM Poincaré sphere starting from
|H 〉, i.e., γ = 0 and 0 ! δ ! 2π , denoted by the point H on
the sphere. The rest of the apparatus, implementing Eq. (1),
mapped the equator of the SAM sphere into the equator of
the OAM sphere, which represents a continuous sequence of
HG2 modes whose transverse intensity and phase distributions
linearly rotate clockwise from 0◦ to 90◦ [Figs. 2(a) and 2(b)
respectively], the global phase being π shifted over the closed

FIG. 3. (Color online) Trajectory along a meridian of the Poincaré
sphere. (a) Intensity profiles of generated beams corresponding to
different linear combinations of LG±2 modes. (b) Corresponding
interference patterns with a D-polarized TEM00 reference beam.

FIG. 4. (Color online) A possible closed path over the OAM-
Poincaré sphere. The path L → H → A → L starts and ends at the
north pole, which associates to | + 2〉. H is the point associated to
|h〉 and A is the point associated to |a〉. (a) Intensity profiles of the
generated beam at different points of the path. (b) Corresponding
interference patterns with a TEM00 D-polarized reference beam.

path [see Fig. 5(a)]. Such a phase shift over the cycle was
inferred comparing the intensity profiles of the fringe patterns
along the transverse direction of both the initial and the final
states, represented in Fig. 5(a) by a dashed and a continuous
line, respectively. Of course, when the initial state of the input
beam is represented by a point located outside the equator,
i.e., γ $= 0 on the Poincaré sphere, the rotation of the axis of
the second HW plate in the device QHQH from 90◦ to 180◦

will yield into a variation of δ from 0 to 2π . This amounts
to drive the OAM state along a parallel on the Poincaré
sphere. Analogously, the modes represented by the points
located along a meridian trajectory on the OAM Poincaré
sphere were produced fixing δ = 0 and driving γ from −π/2
to +π/2 in the QHQH device, i.e., rotating the axis of the
first HW plate in the QHQH device from +22.5◦ to −22.5◦.
Figure 3 shows the continuous passage from the LG2 mode,
i.e., doughnut intensity and down-fork interferogram, to the
HG2 mode rotated by 45◦, crossing the equator, up to the LG−2
mode, i.e., doughnut intensity again and up-fork interferogram.
The field distributions of the modes corresponding to points
located along a meridian at intermediate positions between the
poles and the equator are also shown.

On the grounds of the previous two experiments, it is
clearly possible to move between two arbitrary OAM states
passing through a continuous series of states represented
by the points of suitable arcs of parallels and meridians.
Furthermore, in principle, any path connecting two arbitrary
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FIG. 5. Interference patterns for two different closed trajectories
on the Poincaré sphere. (a) Circular path along the equator, as shown
in Fig. 2. In this case, there is a π change in the phase when the path
is closed. (b) Path shown in Fig. 4. In this case there is a π/4 change
in the phase when the path is closed. Dashed and continuous lines
show the fringes of the initial and final states, respectively.
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FIG. 2. (Color online) Trajectory along the equator of the
Poincaré sphere. H is the starting and ending point of the closed path.
(a) Intensity profiles of generated beams corresponding to differently
rotated HG2 modes. (b) Corresponding interference patterns with a
D-polarized TEM00 reference beam. As the state travels along the
equator both the intensity and interferogram patterns rotate through
an angle between 0◦ and 90◦.

and the pattern obtained by interference with a D-polarized
TEM00 mode as reference beam. For the sake of brevity, the
interferometric apparatus adopted to record such interference
patterns has not been reported in Fig. 1. The results are shown
in Figs. 2–5.

In the measurements we used a 532-nm TEM00 H -polarized
laser beam and a home-made LC q plate thermally tuned
to optimum STOC. The details about the q plate and the
tuning system have been reported elsewhere [13]. Figure 2
shows the intensity profiles and interferograms of the HG2
modes represented by the points located on the equator of
the OAM Poincaré sphere. The modes shown in Fig. 2 were
generated by fixing the axis of the first HW plate in the
QHQH device to 0◦ and rotating the axis of the second HW
plate from 90◦ to 180◦. The input polarization state circulated
along the equator of the SAM Poincaré sphere starting from
|H 〉, i.e., γ = 0 and 0 ! δ ! 2π , denoted by the point H on
the sphere. The rest of the apparatus, implementing Eq. (1),
mapped the equator of the SAM sphere into the equator of
the OAM sphere, which represents a continuous sequence of
HG2 modes whose transverse intensity and phase distributions
linearly rotate clockwise from 0◦ to 90◦ [Figs. 2(a) and 2(b)
respectively], the global phase being π shifted over the closed

FIG. 3. (Color online) Trajectory along a meridian of the Poincaré
sphere. (a) Intensity profiles of generated beams corresponding to
different linear combinations of LG±2 modes. (b) Corresponding
interference patterns with a D-polarized TEM00 reference beam.

FIG. 4. (Color online) A possible closed path over the OAM-
Poincaré sphere. The path L → H → A → L starts and ends at the
north pole, which associates to | + 2〉. H is the point associated to
|h〉 and A is the point associated to |a〉. (a) Intensity profiles of the
generated beam at different points of the path. (b) Corresponding
interference patterns with a TEM00 D-polarized reference beam.

path [see Fig. 5(a)]. Such a phase shift over the cycle was
inferred comparing the intensity profiles of the fringe patterns
along the transverse direction of both the initial and the final
states, represented in Fig. 5(a) by a dashed and a continuous
line, respectively. Of course, when the initial state of the input
beam is represented by a point located outside the equator,
i.e., γ $= 0 on the Poincaré sphere, the rotation of the axis of
the second HW plate in the device QHQH from 90◦ to 180◦

will yield into a variation of δ from 0 to 2π . This amounts
to drive the OAM state along a parallel on the Poincaré
sphere. Analogously, the modes represented by the points
located along a meridian trajectory on the OAM Poincaré
sphere were produced fixing δ = 0 and driving γ from −π/2
to +π/2 in the QHQH device, i.e., rotating the axis of the
first HW plate in the QHQH device from +22.5◦ to −22.5◦.
Figure 3 shows the continuous passage from the LG2 mode,
i.e., doughnut intensity and down-fork interferogram, to the
HG2 mode rotated by 45◦, crossing the equator, up to the LG−2
mode, i.e., doughnut intensity again and up-fork interferogram.
The field distributions of the modes corresponding to points
located along a meridian at intermediate positions between the
poles and the equator are also shown.

On the grounds of the previous two experiments, it is
clearly possible to move between two arbitrary OAM states
passing through a continuous series of states represented
by the points of suitable arcs of parallels and meridians.
Furthermore, in principle, any path connecting two arbitrary
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FIG. 5. Interference patterns for two different closed trajectories
on the Poincaré sphere. (a) Circular path along the equator, as shown
in Fig. 2. In this case, there is a π change in the phase when the path
is closed. (b) Path shown in Fig. 4. In this case there is a π/4 change
in the phase when the path is closed. Dashed and continuous lines
show the fringes of the initial and final states, respectively.
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FIG. 2. (Color online) Trajectory along the equator of the
Poincaré sphere. H is the starting and ending point of the closed path.
(a) Intensity profiles of generated beams corresponding to differently
rotated HG2 modes. (b) Corresponding interference patterns with a
D-polarized TEM00 reference beam. As the state travels along the
equator both the intensity and interferogram patterns rotate through
an angle between 0◦ and 90◦.

and the pattern obtained by interference with a D-polarized
TEM00 mode as reference beam. For the sake of brevity, the
interferometric apparatus adopted to record such interference
patterns has not been reported in Fig. 1. The results are shown
in Figs. 2–5.

In the measurements we used a 532-nm TEM00 H -polarized
laser beam and a home-made LC q plate thermally tuned
to optimum STOC. The details about the q plate and the
tuning system have been reported elsewhere [13]. Figure 2
shows the intensity profiles and interferograms of the HG2
modes represented by the points located on the equator of
the OAM Poincaré sphere. The modes shown in Fig. 2 were
generated by fixing the axis of the first HW plate in the
QHQH device to 0◦ and rotating the axis of the second HW
plate from 90◦ to 180◦. The input polarization state circulated
along the equator of the SAM Poincaré sphere starting from
|H 〉, i.e., γ = 0 and 0 ! δ ! 2π , denoted by the point H on
the sphere. The rest of the apparatus, implementing Eq. (1),
mapped the equator of the SAM sphere into the equator of
the OAM sphere, which represents a continuous sequence of
HG2 modes whose transverse intensity and phase distributions
linearly rotate clockwise from 0◦ to 90◦ [Figs. 2(a) and 2(b)
respectively], the global phase being π shifted over the closed

FIG. 3. (Color online) Trajectory along a meridian of the Poincaré
sphere. (a) Intensity profiles of generated beams corresponding to
different linear combinations of LG±2 modes. (b) Corresponding
interference patterns with a D-polarized TEM00 reference beam.

FIG. 4. (Color online) A possible closed path over the OAM-
Poincaré sphere. The path L → H → A → L starts and ends at the
north pole, which associates to | + 2〉. H is the point associated to
|h〉 and A is the point associated to |a〉. (a) Intensity profiles of the
generated beam at different points of the path. (b) Corresponding
interference patterns with a TEM00 D-polarized reference beam.

path [see Fig. 5(a)]. Such a phase shift over the cycle was
inferred comparing the intensity profiles of the fringe patterns
along the transverse direction of both the initial and the final
states, represented in Fig. 5(a) by a dashed and a continuous
line, respectively. Of course, when the initial state of the input
beam is represented by a point located outside the equator,
i.e., γ $= 0 on the Poincaré sphere, the rotation of the axis of
the second HW plate in the device QHQH from 90◦ to 180◦

will yield into a variation of δ from 0 to 2π . This amounts
to drive the OAM state along a parallel on the Poincaré
sphere. Analogously, the modes represented by the points
located along a meridian trajectory on the OAM Poincaré
sphere were produced fixing δ = 0 and driving γ from −π/2
to +π/2 in the QHQH device, i.e., rotating the axis of the
first HW plate in the QHQH device from +22.5◦ to −22.5◦.
Figure 3 shows the continuous passage from the LG2 mode,
i.e., doughnut intensity and down-fork interferogram, to the
HG2 mode rotated by 45◦, crossing the equator, up to the LG−2
mode, i.e., doughnut intensity again and up-fork interferogram.
The field distributions of the modes corresponding to points
located along a meridian at intermediate positions between the
poles and the equator are also shown.

On the grounds of the previous two experiments, it is
clearly possible to move between two arbitrary OAM states
passing through a continuous series of states represented
by the points of suitable arcs of parallels and meridians.
Furthermore, in principle, any path connecting two arbitrary
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FIG. 5. Interference patterns for two different closed trajectories
on the Poincaré sphere. (a) Circular path along the equator, as shown
in Fig. 2. In this case, there is a π change in the phase when the path
is closed. (b) Path shown in Fig. 4. In this case there is a π/4 change
in the phase when the path is closed. Dashed and continuous lines
show the fringes of the initial and final states, respectively.
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FIG. 2. (Color online) Trajectory along the equator of the
Poincaré sphere. H is the starting and ending point of the closed path.
(a) Intensity profiles of generated beams corresponding to differently
rotated HG2 modes. (b) Corresponding interference patterns with a
D-polarized TEM00 reference beam. As the state travels along the
equator both the intensity and interferogram patterns rotate through
an angle between 0◦ and 90◦.

and the pattern obtained by interference with a D-polarized
TEM00 mode as reference beam. For the sake of brevity, the
interferometric apparatus adopted to record such interference
patterns has not been reported in Fig. 1. The results are shown
in Figs. 2–5.

In the measurements we used a 532-nm TEM00 H -polarized
laser beam and a home-made LC q plate thermally tuned
to optimum STOC. The details about the q plate and the
tuning system have been reported elsewhere [13]. Figure 2
shows the intensity profiles and interferograms of the HG2
modes represented by the points located on the equator of
the OAM Poincaré sphere. The modes shown in Fig. 2 were
generated by fixing the axis of the first HW plate in the
QHQH device to 0◦ and rotating the axis of the second HW
plate from 90◦ to 180◦. The input polarization state circulated
along the equator of the SAM Poincaré sphere starting from
|H 〉, i.e., γ = 0 and 0 ! δ ! 2π , denoted by the point H on
the sphere. The rest of the apparatus, implementing Eq. (1),
mapped the equator of the SAM sphere into the equator of
the OAM sphere, which represents a continuous sequence of
HG2 modes whose transverse intensity and phase distributions
linearly rotate clockwise from 0◦ to 90◦ [Figs. 2(a) and 2(b)
respectively], the global phase being π shifted over the closed

FIG. 3. (Color online) Trajectory along a meridian of the Poincaré
sphere. (a) Intensity profiles of generated beams corresponding to
different linear combinations of LG±2 modes. (b) Corresponding
interference patterns with a D-polarized TEM00 reference beam.

FIG. 4. (Color online) A possible closed path over the OAM-
Poincaré sphere. The path L → H → A → L starts and ends at the
north pole, which associates to | + 2〉. H is the point associated to
|h〉 and A is the point associated to |a〉. (a) Intensity profiles of the
generated beam at different points of the path. (b) Corresponding
interference patterns with a TEM00 D-polarized reference beam.

path [see Fig. 5(a)]. Such a phase shift over the cycle was
inferred comparing the intensity profiles of the fringe patterns
along the transverse direction of both the initial and the final
states, represented in Fig. 5(a) by a dashed and a continuous
line, respectively. Of course, when the initial state of the input
beam is represented by a point located outside the equator,
i.e., γ $= 0 on the Poincaré sphere, the rotation of the axis of
the second HW plate in the device QHQH from 90◦ to 180◦

will yield into a variation of δ from 0 to 2π . This amounts
to drive the OAM state along a parallel on the Poincaré
sphere. Analogously, the modes represented by the points
located along a meridian trajectory on the OAM Poincaré
sphere were produced fixing δ = 0 and driving γ from −π/2
to +π/2 in the QHQH device, i.e., rotating the axis of the
first HW plate in the QHQH device from +22.5◦ to −22.5◦.
Figure 3 shows the continuous passage from the LG2 mode,
i.e., doughnut intensity and down-fork interferogram, to the
HG2 mode rotated by 45◦, crossing the equator, up to the LG−2
mode, i.e., doughnut intensity again and up-fork interferogram.
The field distributions of the modes corresponding to points
located along a meridian at intermediate positions between the
poles and the equator are also shown.

On the grounds of the previous two experiments, it is
clearly possible to move between two arbitrary OAM states
passing through a continuous series of states represented
by the points of suitable arcs of parallels and meridians.
Furthermore, in principle, any path connecting two arbitrary
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FIG. 5. Interference patterns for two different closed trajectories
on the Poincaré sphere. (a) Circular path along the equator, as shown
in Fig. 2. In this case, there is a π change in the phase when the path
is closed. (b) Path shown in Fig. 4. In this case there is a π/4 change
in the phase when the path is closed. Dashed and continuous lines
show the fringes of the initial and final states, respectively.
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possibility of using its high-dimensionality for encoding a
large amount of information in single photons and from the
robustness of such encoded information due to the angular
momentum conservation law [2, 83]. The standard unit of
quantum information is the qubit, a two-dimensional quantum
state. OAM allows the encoding of qubits by exploiting any
two-dimensional subspace, such as the o! ones or others.
However, many quantum information protocols benefit from
the use of so-called ‘qudits’, that are higher-dimensional
quantum states, for encoding the information. OAM provides
an obvious possibility for qudit optical implementation, by
exploiting a larger subspace. Moreover, OAM can be readily
combined with other degrees of freedom of the photon in
order to further expand the Hilbert space or to realize the so-
called hyper-entanglement, where different degrees of freedom
of two particles are simultaneously entangled [84, 85]. In
particular, the combination of OAM with SAM is of special
interest here, given the similar nature of the two degrees of
freedom and given the possibility, offered by devices such as
the q-plate, of coupling and manipulating the two degrees of
freedom together. Another interesting potential application
of combining SAM and OAM is to create a frame-invariant
encoding of quantum information [86, 87].

The action of a q-plate on a single photon quantum state is
essentially the same as for the fields of classical coherent light.
Let us introduce the ket notation |P, m〉 = |P〉π |m〉o for the
single photon states, where P stands for the polarization state
(e.g., P = L, R, H, V for left- and right-circular polarizations
and horizontal and vertical linear polarizations) and m is the
OAM value in units of h̄. The radial state is omitted for brevity
(this is possible when the radial state can be factorized out).
The q-plate action (here, and in the following, optimal tuning
is assumed), which can be associated to a quantum evolution
operator Q̂P, is then described by the following rules:

Q̂P|L〉π |m〉o = |R〉π |m + 2q〉o

Q̂P|R〉π |m〉o = |L〉π |m − 2q〉o.
(1)

When applied to an input linearly polarized light (e.g.,
horizontal) having m = 0, we obtain the following output state:

Q̂P|H 〉π |0〉o = 1√
2

(|L〉π | − 2q〉o + |R〉π |2q〉o) . (2)

The right-hand-side expression can be interpreted as an
entangled state of the SAM (or polarization) and OAM degrees
of freedom of the same photon (of course this kind of single-
particle entanglement does not involve non-locality effects).
These predictions have been tested experimentally on heralded
single photon states obtained by spontaneous parametric down-
conversion (SPDC) [26].

An interesting application of the q-plate is for realizing
optical devices that can transfer the quantum information
initially stored in the polarization degree of freedom of the
photon into the OAM degree of freedom, or vice versa.
In other words, these devices may implement the following
transformations (in both directions):

|ψ〉π |0〉o ! |H 〉π |ψ〉o (3)

Figure 10. The schematic of the biphoton OAM coalescence setup.
The SPDC source generates pairs of correlated photons having H
and V polarizations. The q-plate converts this correlation in the
OAM space. The correlations can then be tested by the vanishing
coincidence measurements on opposite OAM states, as filtered using
a fork hologram. A quartz plate can be used to introduce a delay
between the two input photons, thus destroying the quantum
correlations [26].

where |ψ〉 here stands for an arbitrary qubit state and we have
chosen to use |H 〉π as the ‘blank’ state of polarization and
|0〉o as the blank state of OAM (other choices are obviously
possible). These quantum information transfer devices can be
implemented either probabilistically or deterministically, by
adopting the optical schemes presented in [26, 77, 88] and
experimentally verified in the simpler probabilistic schemes
within the heralded single photon regime. These experiments
showed a quantum fidelity of 97% or higher. Multiple SAM →
OAM → SAM and cascaded SAM → OAM m = |2| →
OAM m = |4| transfers were also demonstrated [77].

The single photon manipulations discussed above,
although performed in the heralded mode ensuring the
presence of one and only one photon at a time, are not
truly different from classical optics experiments (such as those
discussed in section 4). Uniquely quantum effects that cannot
be explained with classical theories only arise when dealing
with more than one particle. The generation of a biphoton state
with nontrivial OAM quantum correlations was demonstrated
in [26], again using a q-plate. The experiment is illustrated
in figure 10. A biphoton state is a single optical mode
having exactly two photons. In the reported experiment, a
biphoton state having polarization correlations was initially
generated by SPDC, and the SAM–OAM transfer device was
then used to generate the final state with OAM correlations.
It must be noted that the q-plate acted on the two photons
simultaneously in this experiment. Such action cannot be
described in classical terms. After erasing the polarization
degree of freedom, the biphoton state finally generated can be
described as follows [26]:

1√
2

(| + 2〉o| + 2〉o + | − 2〉o| − 2〉o) (4)

where the OAM values were in the subspace with ! =
2 because the employed q-plate had q = 1. The
successful generation of this state can be verified by testing
for OAM correlations occurring when detecting two-photon
coincidences. In particular, a vanishing number of counts
is expected when testing for coincidences between opposite
values of the OAM. The coincidence counts are instead
restored if the two photons are delayed, e.g. by inserting a
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vanishing in the state outcoming from the QP. In order to
study the transition from the case of classical behavior
(independent photons) to the case of full quantum interfer-
ence, a variable temporal delay td between the H and V
polarizations in the state j!ini has been introduced (Q in
Fig. 1). The experimental visibility of the quantum inter-
ference shown in Fig. 4(a) is Vexpt ¼ ð0:95# 0:02Þ. As a
further confirmation, we have measured the contribution of
two photons with l ¼ þ2 by recording the coincidence
counts between two detectors ½DA;D

0
A' placed on the out-

put modes of a fiber-based beam splitter inserted on the
same kA diffracted mode (not shown in the figure).
Theoretically, the coalescence of the two photons should
lead to a coincidence enhancement by a factor " ¼ 2, and
experimentally we found "expt ¼ ð1:94# 0:02Þ. For the
sake of completeness, we verified that even after erasing
all information still contained in the polarization degree of
freedom, the final state is still coherent and exhibits the
same nonclassical photon correlations in OAM. In order to
do so, we let both of the two photons pass through a
horizontal linear polarizer set in a common state H. We
verified again the coalescence of the photons by a mea-
surement similar to the previous one; Fig. 4(c). To verify
that we really obtain a coherent state and not a statistical
mixture having similar OAM correlation properties, we
measured the coherence between the two contributions
with opposite OAM states. This was accomplished by
analyzing the photons in the other OAM bases already
discussed above. Therefore, our coherence verification is
actually turned into a measurement of two photons in the
same OAM state (jdþi, jd(i, jdRi, jdLi). As expected, for
ðjdþi; jd(iÞ the events of two photons with the same orbital
states are strongly suppressed, while for ðjdRi; jdLiÞ they

are doubled, with an overall correlation visibility V ¼
ð0:86# 0:02Þ [Fig. 4(d)]. This shows that QPs transfer
not only single-photon information between polarization
and OAM, but also multiphoton-encoded information (e.g.,
biphotons).
In conclusion, we have shown that the q-plate device can

be used as a coherent and bidirectional quantum interface
allowing the transfer of quantum information between the
polarization and the orbital angular momentum degrees of
freedom of the photon, both in the case of single-photon
states and of two-photon correlated states. The results
reported here show that this can be a useful tool for
exploiting the OAM degree of freedom of photons, in
combination with polarization, as a new resource to imple-
ment high-dimensional quantum-information protocols.
We thank G. Maiello for assistance in preparing the q

plates and P. Mataloni, G. Vallone, and M. Barbieri for
useful discussions.
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FIG. 1. (Color online) Setup used for the two quantum-regime
experiments. A Nd:YAG laser with average power of 150 mW
at 355 nm pumps a nonlinear crystal of β-barium borate (BBO)
cut for degenerate type I noncollinear phase matching which emits
OAM-entangled H -polarized photon pairs at 710 nm (see Ref. [19]
for details). The photons of each pair are split in arms A and
B, respectively. Legend of the main components (see also graphic
symbol legend in the upper left inset): f1, f2, lenses for beam
control; QP, q plate; HWP, half-wave plate; PBS, polarizer; M,
mirror; SLM A and SLM B, spatial light modulators; IF, interference
filter for bandwidth definition; 100×, microscope objectives for
fiber coupling; DA, DB , photon detectors. In the classical-regime
experiment, the optical line is the same as arm A. (Top-right inset)
Computer-generated hologram patterns displayed on the two SLMs
in the three experiments.

postselect photon pairs having m = 0, i.e., in state |ψ〉 =
c0|0〉Ao |0〉Bo |H 〉Aπ |H 〉Bπ , by coupling photon B into a single-
mode optical fiber. Photon A is thus also projected into m = 0.
Spatial light modulator SLM B in this case is patterned as
a uniform grating, deflecting the beam but not affecting its
transverse spatial mode (see the upper right inset of Fig. 1).
Photon A is sent first through a q plate [20,21] to generate the
maximally entangled SAM-OAM state [22]

|$+〉A = 1√
2

(
|R〉Aπ |+2〉Ao + |L〉Aπ |−2〉Ao

)
, (2)

where L and R denote left-circular and right-circular polar-
ization states, respectively. The polarization state of photon A
emerging from the q plate is then measured by a half-wave
plate (HWP) oriented at a variable angle θ/2 and a fixed
linear polarizer, restoring the horizontal polarization. This
HWP-polarizer combination filters incoming photons having
linear polarization at angle θ with respect to the horizontal
direction. In the circular polarization basis, the state of the
filtered photons is written as |θ〉π = 1√

2
(eiθ |L〉π + e−iθ |R〉π ).

The SAM measurement does not affect the OAM degree
of freedom. Noncontextuality can be assumed between the
z component of photon SAM and OAM, because, in the
paraxial approximation, the SAM operator Ŝz commutes with
the OAM operator L̂z. After SAM filtering, the photon’s OAM
is also measured by a suitable computer-generated hologram,
displayed on SLM A, followed by coupling into a single-mode
fiber. The hologram pattern is defined by the four-sector
alternated π -shift phase structure shown in the upper-right

inset of Fig. 1, with the four sectors rotated at a variable
angle χ (the grating fringes are not rotated). On diffraction,
this hologram transforms the photons arriving in the OAM
superposition state |χ〉o = 1√

2
(e2iχ |+2〉o + e−2iχ |−2〉o) back

into the m = 0 state, which is then filtered by coupling in fiber.
The OAM superposition state |χ〉o is the spatial mode analog
of the linear polarization, and we may refer to its angle χ as
to its “orientation” [23]. The overall effect of our apparatus is
therefore to perform a joint measurement of the polarization
and spatial mode orientations of A photons at angles θ and
χ , respectively. When photon A is in the entangled Bell state
described by Eq. (2), we expect that the final probability to
detect it (in coincidence with the B trigger photon) is given by

P (θ,χ ) =
∣∣A〈$+| · |θ〉Aπ |χ〉Ao

∣∣2 ∝ cos2 (θ − 2χ ). (3)

To test entanglement we adopt the Clauser-Horne-Shimony-
Holt (CHSH) inequality, given by [24]

S = |E(θ,χ ) − E(θ,χ ′) + E(θ ′,χ ) + E(θ ′,χ ′)| ! 2, (4)

where E(θ,χ ) is calculated from the A-B photon coincidence
counts C(θ,χ ) according to

E(θ,χ )

=
C(θ,χ) + C

(
θ + π

2 ,χ + π
4

)
− C

(
θ + π

2 ,χ
)
− C

(
θ,χ + π

4

)

C(θ,χ) + C
(
θ + π

2 ,χ + π
4

)
+ C

(
θ + π

2 ,χ
)
+ C

(
θ,χ + π

4

).

(5)

While the CHSH inequality is commonly applied to nonlocal
measurements on two spatially separated entangled photons,
testing for hidden variable theories, here we apply it to single-
photon entanglement to test for contextuality. In Fig. 2(a)
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FIG. 2. (Color online) The experimental coincidence counts as
a function of orientation of the sector hologram for different values
of polarization direction, for (a) heralded single photons, (b) photon
pairs, and (c) coherent-states. Black dots respresent θ = 0, dark gray
dots θ = π/4, gray dots θ = 2π/4, and light gray dots θ = 3π/4.
The solid lines are the best theoretical fit over the experimental data.
The fringe contrast is about 90%, which is much larger than 70.7%,
as required for Bell’s inequality verification. (d) Simulated intensity
and polarization distribution patterns of the optical field for the beam
emerging from the q plate in the case of horizontal polarization input
beam.
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FIG. 1. (Color online) Setup used for the two quantum-regime
experiments. A Nd:YAG laser with average power of 150 mW
at 355 nm pumps a nonlinear crystal of β-barium borate (BBO)
cut for degenerate type I noncollinear phase matching which emits
OAM-entangled H -polarized photon pairs at 710 nm (see Ref. [19]
for details). The photons of each pair are split in arms A and
B, respectively. Legend of the main components (see also graphic
symbol legend in the upper left inset): f1, f2, lenses for beam
control; QP, q plate; HWP, half-wave plate; PBS, polarizer; M,
mirror; SLM A and SLM B, spatial light modulators; IF, interference
filter for bandwidth definition; 100×, microscope objectives for
fiber coupling; DA, DB , photon detectors. In the classical-regime
experiment, the optical line is the same as arm A. (Top-right inset)
Computer-generated hologram patterns displayed on the two SLMs
in the three experiments.

postselect photon pairs having m = 0, i.e., in state |ψ〉 =
c0|0〉Ao |0〉Bo |H 〉Aπ |H 〉Bπ , by coupling photon B into a single-
mode optical fiber. Photon A is thus also projected into m = 0.
Spatial light modulator SLM B in this case is patterned as
a uniform grating, deflecting the beam but not affecting its
transverse spatial mode (see the upper right inset of Fig. 1).
Photon A is sent first through a q plate [20,21] to generate the
maximally entangled SAM-OAM state [22]

|$+〉A = 1√
2

(
|R〉Aπ |+2〉Ao + |L〉Aπ |−2〉Ao

)
, (2)

where L and R denote left-circular and right-circular polar-
ization states, respectively. The polarization state of photon A
emerging from the q plate is then measured by a half-wave
plate (HWP) oriented at a variable angle θ/2 and a fixed
linear polarizer, restoring the horizontal polarization. This
HWP-polarizer combination filters incoming photons having
linear polarization at angle θ with respect to the horizontal
direction. In the circular polarization basis, the state of the
filtered photons is written as |θ〉π = 1√

2
(eiθ |L〉π + e−iθ |R〉π ).

The SAM measurement does not affect the OAM degree
of freedom. Noncontextuality can be assumed between the
z component of photon SAM and OAM, because, in the
paraxial approximation, the SAM operator Ŝz commutes with
the OAM operator L̂z. After SAM filtering, the photon’s OAM
is also measured by a suitable computer-generated hologram,
displayed on SLM A, followed by coupling into a single-mode
fiber. The hologram pattern is defined by the four-sector
alternated π -shift phase structure shown in the upper-right

inset of Fig. 1, with the four sectors rotated at a variable
angle χ (the grating fringes are not rotated). On diffraction,
this hologram transforms the photons arriving in the OAM
superposition state |χ〉o = 1√

2
(e2iχ |+2〉o + e−2iχ |−2〉o) back

into the m = 0 state, which is then filtered by coupling in fiber.
The OAM superposition state |χ〉o is the spatial mode analog
of the linear polarization, and we may refer to its angle χ as
to its “orientation” [23]. The overall effect of our apparatus is
therefore to perform a joint measurement of the polarization
and spatial mode orientations of A photons at angles θ and
χ , respectively. When photon A is in the entangled Bell state
described by Eq. (2), we expect that the final probability to
detect it (in coincidence with the B trigger photon) is given by

P (θ,χ ) =
∣∣A〈$+| · |θ〉Aπ |χ〉Ao

∣∣2 ∝ cos2 (θ − 2χ ). (3)

To test entanglement we adopt the Clauser-Horne-Shimony-
Holt (CHSH) inequality, given by [24]

S = |E(θ,χ ) − E(θ,χ ′) + E(θ ′,χ ) + E(θ ′,χ ′)| ! 2, (4)

where E(θ,χ ) is calculated from the A-B photon coincidence
counts C(θ,χ ) according to
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While the CHSH inequality is commonly applied to nonlocal
measurements on two spatially separated entangled photons,
testing for hidden variable theories, here we apply it to single-
photon entanglement to test for contextuality. In Fig. 2(a)
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FIG. 2. (Color online) The experimental coincidence counts as
a function of orientation of the sector hologram for different values
of polarization direction, for (a) heralded single photons, (b) photon
pairs, and (c) coherent-states. Black dots respresent θ = 0, dark gray
dots θ = π/4, gray dots θ = 2π/4, and light gray dots θ = 3π/4.
The solid lines are the best theoretical fit over the experimental data.
The fringe contrast is about 90%, which is much larger than 70.7%,
as required for Bell’s inequality verification. (d) Simulated intensity
and polarization distribution patterns of the optical field for the beam
emerging from the q plate in the case of horizontal polarization input
beam.
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the quantum mechanical ideal prediction. In the two cases (a) and
(b), at χ = π/16, the CHSH inequality is violated respectively by
17 and 10 standard deviations. The classical case (c) is plotted for
comparison

the coincidence counts are shown as a function of spatial
mode orientation χ for different values of polarization an-
gles θ . The occurrence of high-visibility fringes indicates
(single-particle) entanglement in the SAM-OAM spaces. The
CHSH S value calculated from these data is shown in
Fig. 3 (gray dots). A violation of the CHSH inequality is
clearly obtained, in good agreement with quantum theory
predictions, confirming the entanglement and providing a
demonstration of quantum SAM-OAM contextuality for single
photons.

B. Two-photon experiment

In this case, we generate and verify entanglement between
the SAM of one photon and the OAM of the other, i.e.,
we demonstrate nonlocal hybrid entanglement in these two
degrees of freedom. To this purpose, the four-sector and
uniform holograms of arms A and B were swapped, as
displayed in the upper right inset of Fig. 1. The q plate in
arm A and the sector hologram in arm B of the apparatus,
together with subsequent coupling into the single-mode fiber
before detection, act to postselect the photons with m = ±2
in Eq. (1), i.e., the postselected initial two-photon state is
|ψ〉 = 1√

2
c2(|2〉Ao |−2〉Bo + |−2〉Ao |2〉Bo )|H 〉Aπ |H 〉Bπ . The photon

A passes through the q plate, acting in this case as a OAM-
to-SAM transferrer [22], so the OAM eigenstates m = ±2
are mapped into L and R polarized photons with m = 0,
respectively. After this process, the photon pair is projected
into the nonlocal state

|φ〉nl = 1√
2

(
|L〉Aπ |+2〉Bo + |R〉Aπ |−2〉Bo

)
|0〉Ao |H 〉Bπ , (6)

where the SAM of one photon is maximally entangled with
the OAM of the other. Next, the polarization of the A photon
is measured by the HWP rotated at angle θ/2 followed by
the polarizer, and the spatial mode of the B photon by the
sector hologram rotated at angle χ followed by coupling
in fiber. Well-defined coincidence fringes with visibility up
to 90% are obtained, as shown in Fig. 2(b). Repeating the

measurements for different angles θ and χ , the quantity S
was evaluated from Eqs. (4) and (5) and the violation of the
CHSH inequality was verified, as shown in Fig. 3 (light gray
dots). This violation provides a demonstration of SAM-OAM
hybrid entanglement and nonlocality for separated photon
pairs.

C. Classical light experiment

In our final experiment, we move to a classical regime of
nonseparable optical modes occupied by many photons, corre-
sponding to coherent quantum states. A 100-mW frequency-
doubled linearly polarized continuous wave Nd:YVO4 laser
beam is sent in an optical line equal to arm A of our quantum
apparatus to obtain, after the q plate, a coherent state in the
SAM-OAM nonseparable mode |&+〉 given by Eq. (2) [26].
The calculated structure of this mode is shown in Fig. 2(d)
for a given input polarization. The mode nonseparability
is evident, as the polarization is spatially nonuniform [17].
The beam polarization is then filtered by the combination of
the HWP at angle θ and polarizer and its spatial mode by the
sector hologram rotated at angle χ , as in the single-photon
experiment (Fig. 1). In this case, no trigger is used and the
count rates C(θ,χ ) in Eq. (5) are replaced by average power
measurements, corresponding to photon fluxes. When the
angles θ and χ are changed, high-contrast sinusoidal fringes
proportional to cos2(θ − 2χ ) were observed in the overall
transmitted power fraction, as shown in Fig. 2(c). As shown in
Fig. 3 (black dots) we note that the classical experiment mimics
the results of the single-photon experiment. However, the
experiment can of course also be interpreted without assuming
the existence of photons. In this case, SAM and OAM mea-
surements can be understood just as wave filtering procedures,
and no conclusion can be drawn about discrepancies be-
tween classical-realistic and quantum behavior. Nevertheless,
providing a classical analog of single-particle entanglement
is interesting in itself and may offer the basis for some
entirely classical implementations of quantum computational
tasks [27].

III. CONCLUSIONS

In conclusion, we have demonstrated hybrid entanglement
between the spin and the orbital angular momentum of
light in two different regimes: single photons and entangled
photon pairs. We have reported an additional classical ex-
periment which mimics the quantum result and although the
experimental results appear very similar in the three cases,
they provide different and complementary insight into the
contextual quantum nature of light.
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Optimal quantum cloning of orbital angular
momentum photon qubits through
Hong–Ou–Mandel coalescence
Eleonora Nagali1, Linda Sansoni1, Fabio Sciarrino1,2*, Francesco De Martini1,3, Lorenzo Marrucci4,5*,
Bruno Piccirillo4,6, Ebrahim Karimi4 and Enrico Santamato4,6

The orbital angular momentum (OAM) of light, associated with
a helical structure of the wavefunction, has great potential in
quantum photonics, as it allows a higher dimensional
quantum space to be attached to each photon1,2. Hitherto,
however, the use of OAM has been hindered by difficulties in
its manipulation. Here, by making use of the recently demon-
strated spin-OAM information transfer tools3,4, we report the
first observation of the Hong–Ou–Mandel coalescence5 of two
incoming photons having non-zero OAM into the same out-
going mode of a beamsplitter. The coalescence can be switched
on and off by varying the input OAM state of the photons. Such
an effect has then been used to carry out the 1! 2 universal
optimal quantum cloning of OAM-encoded qubits6–8, using
the symmetrization technique already developed for polariz-
ation9,10. These results are shown to be scalable to quantum
spaces of arbitrary dimensions, even combining different
degrees of freedom of the photons.

The orbital angular momentum (OAM) of photons lies in an
infinitely dimensional Hilbert space, so it is a natural choice for
implementing single-photon qudits, the units of quantum infor-
mation in a higher dimensional space. This can be important
practically, as it allows the information content per photon to be
increased, and this, in turn, may cut down substantially the noise
and losses arising from imperfect generation and detection effi-
ciency by reducing the total number of photons needed in a given
process. Qudit-based quantum information protocols may also
offer better theoretical performances than their qubit equiva-
lents11,12, and the combined use of the different degrees of
freedom of a photon, such as OAM and spin, enables the implemen-
tation of entirely new quantum tasks13–15. Finally, an OAM state of
light can also be regarded as an elementary form of optical image, so
that OAM manipulation is related to quantum image processing16.

All these applications are presently hindered by the technical dif-
ficulties associated with OAM manipulation. Despite important
successes, particularly in the generation and application of
OAM-entangled17–19 and OAM/polarization hyperentangled
photons13,14, a classic two-photon quantum interference process
such as the Hong–Ou–Mandel (HOM) effect5 has not been demon-
strated yet for photons carrying non-zero OAM. In the case of the
polarization degree of freedom, this phenomenon has played a
crucial role in many recent developments of quantum information,
as well as in fundamental studies of quantum non-locality. For
example, it has been exploited for the implementation of
quantum teleportation20,21, the construction of quantum logic

gates for quantum information processing22, the optimal cloning
of a quantum state9,10, and various other applications23. Hitherto,
none of these applications has been demonstrated with OAM
quantum states.

Quantum cloning—making copies of unknown input quantum
states—represents a particularly important and interesting
example of an application. The impossibility of making perfect
copies, dictated by the ‘no-cloning’ theorem24, is a fundamental
piece of modern quantum theory and guarantees the security of
quantum cryptography25. Even though perfect cloning cannot be
realized, it is still possible to single out a complete positive map
that yields an optimal quantum cloning8 working for any input
state, that is, universal. With this map, an arbitrary, unknown
quantum state can be experimentally copied, but only with a
cloning fidelity F (the overlap between the copy and the original
quantum state) less than unity. Implementing quantum cloning is
useful whenever there is the need to distribute quantum information
among several parties. The concept also finds application in the
security assessment of quantum cryptography, the realization of
minimal disturbance measurements, in enhancing the transmission
fidelity over a lossy quantum channel, and in separating classical
and quantum information8,26. Optimal quantum cloning machines,
although working probabilistically, have been demonstrated exper-
imentally for polarization-encoded photon qubits by stimulated
emission6,7 and by the symmetrization technique9,10,27. In the
latter method, the bosonic nature of photons (that is, the symmetry
of their overall wavefunction) is used within a two-photon HOM
coalescence effect. In this process, two photons impinging simul-
taneously on a beamsplitter from two different input modes have
an enhanced probability of emerging along the same output mode
(that is, coalescing), as long as they are indistinguishable. If the
two photons are made distinguishable by their internal quantum
state, for example encoded in the polarization p or in other
degrees of freedom, the coalescence effect vanishes. Now, if one of
the two photons involved in the process is in a given input state
to be cloned and the other in a random one, the HOM effect will
enhance the probability that the two photons emerge from the
beamsplitter with the same quantum state, that is, with successful
cloning, when they emerge together along the same output mode
of the beamsplitter. For qubit states, the ideal success probability
of this scheme is p¼ 3/4 (when using both beamsplitter exit
ports), and the cloning fidelity for successful events is F¼ 5/6, cor-
responding to the optimal value27. The probabilistic feature of this
implementation does not spoil its optimality, as it has been
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Optimal quantum cloning is the process of making one or more copies of an arbitrary unknown input

quantum state with the highest possible fidelity. All reported demonstrations of quantum cloning have so

far been limited to copying two-dimensional quantum states, or qubits. We report the experimental

realization of the optimal quantum cloning of four-dimensional quantum states, or ququarts, encoded in

the polarization and orbital angular momentum degrees of freedom of photons. Our procedure, based on

the symmetrization method, is also shown to be generally applicable to quantum states of arbitrarily high

dimension—or qudits—and to be scalable to an arbitrary number of copies, in all cases remaining optimal.

Furthermore, we report the bosonic coalescence of two single-particle entangled states.

DOI: 10.1103/PhysRevLett.105.073602 PACS numbers: 42.50.Ex, 03.67.!a, 42.50.Dv

Classical information can be freely measured, perfectly
copied on demand, and broadcast without fundamental
limitations. The handling of quantum information, which
is encoded in the quantum states of physical systems, is
instead subject to several fundamental restrictions. For
example, an unknown quantum state of an individual sys-
tem cannot be measured completely, unless we have infi-
nite identical copies at our disposal. For a finite number of
copiesN, the state estimation can only be partial, and it can
be characterized by an average ‘‘fidelity’’ lower than one
(where one corresponds to perfect state identification). It
has been proven that the optimal value of such state-
estimation fidelity is given by Fd

estðNÞ ¼ ðN þ 1Þ=ðN þ
dÞ, where d is the dimension of the quantum space [1]. A
similar restriction is posed by the quantum no-cloning
theorem, stating that an unknown quantum state cannot
be copied perfectly [2]. It is, however, possible to make
imperfect copies, characterized by a cloning fidelity lower
than one [3]. Starting with N identical copies of the input
state and generating M>N output optimal copies, the

optimal copying fidelity is given by Fd
clonðN;MÞ ¼

M!NþNðMþdÞ
MðNþdÞ , for the case of ‘‘symmetric’’ cloning, that

is, for a uniform fidelity of all copies [4]. It is important to
note that, for a given input, the optimal cloning fidelity is
always higher than the corresponding optimal state-
estimation fidelity, reducing to the latter in the limit M !
1 [5]. Therefore, the optimal quantum cloning process is
useful whenever one needs to broadcast quantum informa-
tion among several parties without measuring it in the
process. Quantum cloning thus represents an important
multipurpose tool of the emerging quantum information
technology. Let us stress that the advantage of quantum
cloning over state estimation grows for an increasing di-
mension d of the quantum state. More specific applications

of quantum cloning are found in the security assessment of
quantum cryptography, the realization of minimal distur-
bance measurements, the enhancement of the transmission
fidelity over a lossy quantum channel, and the separation of
classical and quantum information [6,7].
It is well known that all tasks of quantum information

can be performed by using only two-dimensional quantum
states, or qubits. However, it has been recently recognized
that significant fundamental and practical advantages can
be gained by employing higher-dimensional quantum
states instead, or qudits. For example, quantum crypto-
graphic protocols based on qudits may achieve improved
security, entangled qudits can show increased resistance to
noise, a qudit-based quantum computation may require
less resources for its implementation, and the use of quan-
tum computing as physics simulators can be facilitated by
using qudits [8–14].
Light quantum states can be used for implementing

qudits, either by exploiting many-photon systems [15–
17] or by combining different degrees of freedom of the
same photon (‘‘hybrid’’ states) such as linear momentum,
arrival time, and orbital angular momentum (OAM) or
other transverse modes [18–21]. In particular, we have
recently reported the first experimental generation and
tomography of hybrid qudits with dimension d ¼ 4, also

dubbed ququarts, that were encoded in the polarization and
OAM of single photons [22].
In this Letter, we report the realization of the optimal

quantum cloning 1 ! 2 (i.e., N ¼ 1, M ¼ 2) of ququarts

(d ¼ 4) encoded in the polarization and OAM of single
photons. The cloning process is based on the symmetriza-
tion technique [23–25] that has been recently proven theo-
retically to be optimal for arbitrary dimension d [26]. The
simultaneous control of polarization and OAM was made
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!12–15". In Sec. IV we introduce the so-called “q box” #QB$,
which is the main component of our SO-UUG. The descrip-
tion of the whole SO-UUG is given in Sec. V. In Sec. VI
some simple, yet important, examples of ideal SO-UUGs are
given. In Sec. VII we discuss the problem of transverse-
mode crosstalk in a real SO-UUG, and, finally, in Sec. VIII
our conclusions are drawn.

II. SPIN UNITARY GATE

It is well known that the photon polarization may be eas-
ily manipulated by inserting suitable birefringent plates
along the beam. A SAM-UUG for the photon spin is realized
by an isotropic retardation plate followed by a birefringent
half-wave plate #HWP$ sandwiched between two birefringent
quarter-wave plates #QWPs$ as shown in the inset of Fig. 1.
Changing the retardation ! of the isotropic plate and the
optical axis angles " ,# ,$ of the three birefringent wave
plates allows one to realize any unitary transformation
V̂s#" ,# ,$ ,!$!U#2$ in the photon polarization space !16".
For example, Pauli’s operators, %̂x, %̂y, and %̂z, in the circular
polarization basis of the spin space may be realized by set-
ting #" ,# ,$ ,!$= #0,& ,& /2,& /2$→ %̂x, #" ,# ,$ ,!$= #0,
& /4,0 ,& /2$→ %̂y, and #" ,# ,$ ,!$= #0,−& /4,& /2,& /2$
→ %̂z #this choice is by no means unique$. Denoting as
%1Ŝ ,mL̂& and %−1Ŝ ,mL̂& the photon states with left and right
circular polarizations and OAM value m, respectively, the
action of the SAM-UUG is defined by its action on the cir-
cular polarization basis states according to

#%1Ŝ,mL̂&, %− 1Ŝ,mL̂&$→
V̂s

#%1Ŝ,mL̂&, %− 1Ŝ,mL̂&$Vs, #1$

where Vs is a 2'2 unitary matrix.

III. q PLATE

Recently, a device has been introduced, named QP, ca-
pable of producing entanglement between the spin and the
OAM degrees of freedom of a photon !12–15". The QP is
essentially a retardation wave plate whose optical axis is
aligned nonhomogeneously in the transverse plane in order
to create a topological charge q in its orientation. An ex-
ample of q plate with topological charge q=1 is provided by
the azimuthal alignment of the local optical axis, as shown in
Fig. 1. QPs may be realized using liquid crystals or other
suitably patterned birefringent materials. The optical behav-
ior of the QP is characterized by its birefringent retardation !
and its topological charge q. We say that the QP is “tuned”
when its optical retardation is & !13,14". A tuned QP with
charge q=1 performs a complete spin-to-OAM conversion of
the photon state: left- #right-$ circularly polarized photons
are converted into right-#left-$ handed photons and, simulta-
neously, the photon OAM value m is changed into m+2
#m−2$, thus preserving the photon total spin-orbit angular
momentum !12,14". The tuned QP acts as a polarization-
controlled OAM mode shifter and can induce entanglement
between the spin and the OAM degrees of freedom !17". The
action of a tuned QP of charge q=1 on the states %1Ŝ ,mL̂& and
%−1Ŝ ,mL̂& can be summarized as follows:

#%1Ŝ,mL̂&, %− 1Ŝ,mL̂&$→
QP
̂

#%− 1Ŝ,#m + 2$L̂&, %1Ŝ,#m − 2$L̂&$ .

#2$

In this way, a beam in an OAM state m= (2 is transformed
into a beam with m= (4 or m=0, depending on the polar-
ization. The QP, in fact, cannot be considered a gate in our
SO space with m= (2, because it brings photon states out of
this space. For this reason, any gate acting in SO space must
contain a second cascaded QP, which restores the photon into
the original OAM subspace.

An important issue that must be taken into account with
all photon OAM shifters as QPs #as well as fork holograms$
is the transverse-mode nonstationarity under free propaga-
tion, due to the beam radial profile arising at the output of
these devices. In fact, we should have properly described our
photon states by %sŜ ,mL&%)m&, where %)m& is the radial state,
whose evolution during propagation depends on the OAM
eigenvalue m. The transverse beam profile associated with
the radial state %)m& is given by the radial function )m#r$
= 'r %)m&, where %r& denotes the state of a photon localized at
radial distance r from the optical axis. In general, the profile
)m#r$ is a linear combination of infinite Laguerre-Gauss
#LG$ radial profiles LGpm#r$ with given m and different ra-
dial numbers p. During free propagation, the Gouy phases of
the different LG-mode components change relative to each
other, so that the total radial profile )m#r$ resulting from the
superposition is not stationary. In most quantum computation
experiments, where OAM is not involved, the transverse pro-
files are ignored since they are the same for every state and
can be factorized out. We assumed such a factorization of
radial mode in writing Eq. #2$, which is justified when the
QP is optically thin and the radial mode is already factorized
in the input beam. But the right-hand side of Eq. #2$ shows

FIG. 1. #Color online$ The scheme of the q box. The structure of
the birefringent plate is shown in the inset. QWP, HWP, and RP are
the quarter-wave, the half-wave, and the retardation plates, respec-
tively. ", #, and $ indicate rotations of the QWP, the HWP, and the
QWP and ! is the retardation of the isotropic plate. The birefringent
plate realizes a SAM-UUG affecting the OAM m=0 part of the
beam only and it is placed in the common focal plane of the two
lenses #L$. The local optical axis of both q plates is tangent to the
concentric circles so that q=1. The optical retardation of both q
plates is * /2.
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!1,0" = !− 1Ŝ,2L̂", !1,1" = !− 1Ŝ,− 2L̂" . #15$

In this “natural” set of basis states, the action of our SO-
UUG is different. For example, the matrix Qn associated
with a single QB in the natural state basis assumes the form

Qn#Vs$ =%1 0 0 0

0 v11 v12 0

0 v21 v22 0

0 0 0 1
& #16$

in place of Eq. #11$. In this way, the single QB which realizes
the CNOT operation in the logical state basis #3$ on states #15$
performs the swapping operation #!00"→ !00" , !01"
→ !10" , !10"→ !01" , !11"→ !11"$. Since the choice #15$ of
states is the most used in the literature, we will use this
natural basis hereafter. Among the gates that can be realized
by the UUG, some are more important than the others. Here,
we list some of these useful gates indicating how they can be
implemented. It is worth noting, however, that the implemen-
tation of a gate is not unique, and the gates presented here
can be realized, in some cases, in simpler ways.

VI. EXAMPLES

All examples shown in this section have been worked out
in the natural basis of logical states #15$. We have already
seen that the swapping gate is made of one QB with a HWP
#i.e., Vs=!x$ semibirefringent plate. The swapping gate is
very useful because it allows one to transfer any unitary ac-
tion made on the spin qubit to the OAM qubit. For example,
a gate mapping basis states into equal-weight maximally en-
tangled orthogonal superpositions #called Hadamard gate$,
for the single qubit in the spin degree of freedom, is simply
realized by a QWP oriented at 45°. Insertion of the swapping
gate after the QWP yields a Hadamard gate acting onto the
OAM qubit, leaving the spin qubit unchanged for future ma-
nipulation. A Hadamard gate for general four-dimensional
states can be realized with three QBs by setting V1=!y, V2
= i!z, VL=!x, and VR=1.

Another useful gate is the controlled-NOT #CNOT$ gate.
The CNOT gate, realized by UUG, can be either a spin-
controlled or an OAM-controlled NOT gate. The difference
between them is whether the control bit is encoded in the
SAM qubit or in the OAM qubit, respectively. These two
gates are given by Eqs. #13$ and #14$ with V1=−i!x, V2
= i!x, VL=!z, and VR=1 for the spin CNOT gate and V1=−i,
V2= i, VL=!z, and VR=1 for the OAM CNOT gate, respec-
tively. These gates are very useful in most quantum optics
applications because of their universality.

A measurement of Bell states can be performed with a
gate, which transforms Bell state basis in the natural one,
where each state can be separated by common devices. The
Bell state measurement gate is provided by V1=1, V2= i!y,
and VL=VR=1 /'2#1− i!y$. This gate unties the entanglement
between the photon SAM and OAM allowing one to measure
the two degrees of freedom separately.

VII. RADIAL MODE CROSSTALK

A final issue to be addressed to is the crosstalk among
radial modes taking place in our device. This effect lowers,
in general, the overall quality of the QB #and hence of the
SO-UUG$ and must be maintained at tolerable levels. As it
can be seen from Eq. #10$, when some overlap of m=0 and
m= "4 modes is present, crosstalk terms appear in the QB.

We made an evaluation of the effects due to the radial
crosstalk in the case of the swapping gate #one QB with
half-wave semibirefringent plate$, using the radial Laguerre-
Gauss mode LG02 profile as input (18). The radial field pro-
files of the m=0 and the m= "4 OAM components of the
beam in the back focal plane of the first lens are shown in
Fig. 2. We notice that, although the main part of the power of
the m=0 component is concentrated at the beam center,
where the m= "4 component vanishes, a small crosstalk is
present due to the Airy secondary maxima of the m=0 mode.
As an indication of the quality of the QB as an element of the
unitary gate, we used the “fidelity” of the photon state !#real"
produced by the swapping QB with respect to the state
!#ideal" that an ideal QB would have produced. The fidelity F
is defined here by F= !*#real !#ideal"!. The input photon state
and the expected state from an ideal swapping gate are given
by

!#in" = #a!0,0" + b!0,1" + c!1,0" + d!1,1"$!LG02" , #17$

!#ideal" = #a!0,0" + c!0,1" + b!1,0" + d!1,1"$!LG02" ,

#18$

respectively. The ideal QB given by Eq. #16$ with Vs=!x has
100% fidelity with respect to the output state #ideal. How-
ever, the action of a real swapping gate on the input state
#17$ is described by

#a!0,0" + b!0,1" + c!1,0" + d!1,1"$!LG02" →
SWAP

#a!0,0"

+ c!0,1" + b!1,0" + d!1,1"$!LG02" − (#c − b$#!1,0"

+ !0,1"$Ĵ0(Î − Û#R$)Ĵ0 − (a#!0,0" − !− 1Ŝ,6L̂"$ + d#!1,1"

− !1Ŝ,− 6L̂"$)Ĵ4Û#R$Ĵ4)!LG02" . #19$

!6 !4 !2 0 2 4 6
0.0

0.5

1.0

1.5

2.0

r !w0

I
"a.u#

semi birefringent plate

m"0

m"#4

FIG. 2. #Color online$ The transverse intensity profiles produced
by an incident LG0,2 beam at the back focal plane of the first lens in
Fig. 1, where the semibirefringent plate is inserted. The two curves
have been normalized to unit area, for better showing the mode
crosstalk.
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QWPs. Table 1 shows the four possible combinations of QWP
angles and the corresponding OAM values of the output beam
[20]. In particular, the sign of the output OAM value is fixed by
the orientation of the second QWP. It should be noticed, final-
ly, that other OAM eigenstates can be generated by changing
the topological charge q of the q plate. More precisely, for a
given q, our loop scheme can switch among the four OAM ei-
genstates −4q, −2q, þ2q, þ4q. One may replace the QWP with
electro-optical devices to encode the information in the light
beam OAM with switching time of the order of a few nanose-
conds. The optical loop setup proposed in this work can be
used for classical communications in eight-dimensional
SAM–OAM space. As we have already mentioned, an addi-
tional classical bit can be encoded in the SAM of the output
beam by inserting a further QWP at the exit of the optical loop.
So, Alice can transmit to Bob the eight spin-orbit photon
states, ðjLi; jRiÞ ⊗ ðj − 4i; j − 2i; jþ 2i; jþ 4iÞ, corresponding
to 3 bits of information per photon. Bob can use, for example,
a QWP at 45° followed by a PBS to select the SAM state of the
received photons and the holograms shown in Fig. 2 to discri-
minate the photon OAM [4]. The communication transmitter
and receiver scheme shown in Fig. 2 can be fully realized by
the available technology. Its main advantage is that 3 bits are
encoded in each photonmanipulating only the polarization de-
gree of freedom, which can be achieved by very fast and
efficient electro-optical switching. The overall efficiency of
the system shown in Fig. 2 is very low, however, due to the
use of holograms in the detection stage. However, a very effi-
cient transmitter/receiver system can be achieved by repla-
cing the holograms with log-polar phase projectors [21].
The apparatus in Fig. 2 has been intended for classical tele-
communication, but it can be applied for single-photon quan-
tum communication too, since the q plate can act as a
quantum device [22–24].

4. OAM QUBIT GENERATION
When the orientation angles of the QWPs are set to values dif-
ferent from those reported in Table 1, a superposition of OAM
states is generated, in general. In this case, the light is trapped

inside the cavity, making an infinite number of loops. The out-
put state is then given by a superposition of different OAM
eigenstates made by the portions of horizontally polarized
light exiting the cavity at each loop. In the quantum regime,
the superposition is among the probability amplitudes αN that
the photon exits the optical loop afterN round trips. When the
angle of one of the QWPs inside the cavity is fixed at 45° (or
−45°), four different qubits are produced made of any two of
the four OAM states j$ 2i, j$ 4i.

More precisely, if the first (second) QWP is fixed at angle
45° the generated output state up to a global phase factor is
given by

jψ1i ¼ C1ðθ;ψÞ½2ðcosð2θ þ ψÞ − sinψÞj2i − ið1 − sin 2θÞj∓4i';
ð5Þ

where C1ðθ;ψÞ is a normalization factor depending on the
round trip phase delay ψ and on the orientation angle θ of
the free QWP. If the first (second) QWP is fixed at −45°, in-
stead, the output state is given by

jψ2i ¼ C2ðθ;ψÞ½2ðcosð2θ − ψÞ − sinψÞj − 2i

− ið1þ sin 2θÞj$ 4i'; ð6Þ

where C2ðθ;ψÞ is a new normalization factor. It is worth not-
ing that the relative phase of the two OAM eigenstates forming
the qubit is fixed to be $90°, so that only the relative ampli-
tude can be changed by the control parameters θ and ψ . Full
control of the relative phase in the qubit could be achieved
by inserting in the loop a Dove prism at a variable angle.
Equations (5) and (6) have been derived by assuming a laser

Fig. 2. (Color online) Alice apparatus is similar to what is shown in
Fig. 1. In order to encode another information bit, a third QWP ðQ3Þ is
located at the exit face of the optical loop. Alice is able to generate
ðjL;−4i; jL;−2i; jL;þ2i; jL;þ4i; jR;−4i; jR;−2i; jR;þ2iandjR;þ4iÞ by
setting her QWPs at $45°. Bob measures the photon SAM state by a
suitable QWP and a PBS and measures the photon OAM state by sui-
table holograms, as shown..

Fig. 3. (Color online) Calculated OAM power spectrum In ¼ jc2nj2 of
the beam emerging form the loop device for different angles θ1 and θ2
of the two QWPs for loop delay ψ ¼ 0. The power spectrum can be
either (a) symmetric or (b), (c), (d) not symmetric, and (b), (d) the
fundamental m ¼ 0 component can be suppressed..

Table 1. Four Possible Combinations of QWP
Angles and Their Corresponding Beam’s OAM

Values

Logical bit Q1 Q2 OAM value

00 þ45° þ45° þ2
01 −45° −45° −2
10 þ45° −45° −4
11 −45° þ45° þ4
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QWPs. Table 1 shows the four possible combinations of QWP
angles and the corresponding OAM values of the output beam
[20]. In particular, the sign of the output OAM value is fixed by
the orientation of the second QWP. It should be noticed, final-
ly, that other OAM eigenstates can be generated by changing
the topological charge q of the q plate. More precisely, for a
given q, our loop scheme can switch among the four OAM ei-
genstates −4q, −2q, þ2q, þ4q. One may replace the QWP with
electro-optical devices to encode the information in the light
beam OAM with switching time of the order of a few nanose-
conds. The optical loop setup proposed in this work can be
used for classical communications in eight-dimensional
SAM–OAM space. As we have already mentioned, an addi-
tional classical bit can be encoded in the SAM of the output
beam by inserting a further QWP at the exit of the optical loop.
So, Alice can transmit to Bob the eight spin-orbit photon
states, ðjLi; jRiÞ ⊗ ðj − 4i; j − 2i; jþ 2i; jþ 4iÞ, corresponding
to 3 bits of information per photon. Bob can use, for example,
a QWP at 45° followed by a PBS to select the SAM state of the
received photons and the holograms shown in Fig. 2 to discri-
minate the photon OAM [4]. The communication transmitter
and receiver scheme shown in Fig. 2 can be fully realized by
the available technology. Its main advantage is that 3 bits are
encoded in each photonmanipulating only the polarization de-
gree of freedom, which can be achieved by very fast and
efficient electro-optical switching. The overall efficiency of
the system shown in Fig. 2 is very low, however, due to the
use of holograms in the detection stage. However, a very effi-
cient transmitter/receiver system can be achieved by repla-
cing the holograms with log-polar phase projectors [21].
The apparatus in Fig. 2 has been intended for classical tele-
communication, but it can be applied for single-photon quan-
tum communication too, since the q plate can act as a
quantum device [22–24].

4. OAM QUBIT GENERATION
When the orientation angles of the QWPs are set to values dif-
ferent from those reported in Table 1, a superposition of OAM
states is generated, in general. In this case, the light is trapped

inside the cavity, making an infinite number of loops. The out-
put state is then given by a superposition of different OAM
eigenstates made by the portions of horizontally polarized
light exiting the cavity at each loop. In the quantum regime,
the superposition is among the probability amplitudes αN that
the photon exits the optical loop afterN round trips. When the
angle of one of the QWPs inside the cavity is fixed at 45° (or
−45°), four different qubits are produced made of any two of
the four OAM states j$ 2i, j$ 4i.

More precisely, if the first (second) QWP is fixed at angle
45° the generated output state up to a global phase factor is
given by

jψ1i ¼ C1ðθ;ψÞ½2ðcosð2θ þ ψÞ − sinψÞj2i − ið1 − sin 2θÞj∓4i';
ð5Þ

where C1ðθ;ψÞ is a normalization factor depending on the
round trip phase delay ψ and on the orientation angle θ of
the free QWP. If the first (second) QWP is fixed at −45°, in-
stead, the output state is given by

jψ2i ¼ C2ðθ;ψÞ½2ðcosð2θ − ψÞ − sinψÞj − 2i

− ið1þ sin 2θÞj$ 4i'; ð6Þ

where C2ðθ;ψÞ is a new normalization factor. It is worth not-
ing that the relative phase of the two OAM eigenstates forming
the qubit is fixed to be $90°, so that only the relative ampli-
tude can be changed by the control parameters θ and ψ . Full
control of the relative phase in the qubit could be achieved
by inserting in the loop a Dove prism at a variable angle.
Equations (5) and (6) have been derived by assuming a laser

Fig. 2. (Color online) Alice apparatus is similar to what is shown in
Fig. 1. In order to encode another information bit, a third QWP ðQ3Þ is
located at the exit face of the optical loop. Alice is able to generate
ðjL;−4i; jL;−2i; jL;þ2i; jL;þ4i; jR;−4i; jR;−2i; jR;þ2iandjR;þ4iÞ by
setting her QWPs at $45°. Bob measures the photon SAM state by a
suitable QWP and a PBS and measures the photon OAM state by sui-
table holograms, as shown..

Fig. 3. (Color online) Calculated OAM power spectrum In ¼ jc2nj2 of
the beam emerging form the loop device for different angles θ1 and θ2
of the two QWPs for loop delay ψ ¼ 0. The power spectrum can be
either (a) symmetric or (b), (c), (d) not symmetric, and (b), (d) the
fundamental m ¼ 0 component can be suppressed..

Table 1. Four Possible Combinations of QWP
Angles and Their Corresponding Beam’s OAM

Values

Logical bit Q1 Q2 OAM value

00 þ45° þ45° þ2
01 −45° −45° −2
10 þ45° −45° −4
11 −45° þ45° þ4
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coherence length much longer than the loop optical path. The
behavior of our loop system with partially coherent light and
in the single-photon regime will be the object of future study.
However, we think that the possibility of exploiting the photon
polarization to control qubits formed by two OAM eigenstates
with different m may be useful for quantum computing or
other quantum applications.

5. MULTIPLE OAM GENERATION
When both the angles of the QWPs are different from !45°, a
complex superposition of even OAM eigenstates is generated,
having the general form

Pþ∞

n¼−∞

c2nj2ni, where c2n depend on
the angles θ1 and θ2 of the two QWPs and on the loop delay ψ .
Figure 3 shows some examples of infinite OAM state super-
position obtained for different orientations θ1 and θ2 of the
two QWPs and for ψ ¼ 0. Notice how the symmetry of the
OAM power spectrum of the output beam is strongly affected
by θ1 and θ2. The odd OAM components are missing because
we used a q ¼ 1 q plate. A full OAM spectrum can be gener-
ated by using a q ¼ 1=2 q plate, but even in this case the OAM
spectrum control is limited, because only a two-parameter
subfamily of OAM spectra can be obtained. The possibility
of exploiting the light polarization to control full spectra of

OAM eigenstates may be useful for future, yet not identified,
applications.

6. EXPERIMENT
In our first experiment, we used a cwTEM00 laser source at λ ¼
532nm and measured the output beam phase front by making
an interferencewith a planelike phase front of same frequency.
We used an azimuthally oriented liquid crystal homemade q
plate. The optical retardation of the q plate was tuned by tem-
perature controller [18] in such a way that it acted as a half-
wave plate (δ ¼ π). Figure 4 shows the recorded interference
pattern of the beam exiting the optical loop for different angles
of the QWPs. The absolute value of the OAM is deduced from
the number of prongs of the interference fork and the sign from
the prongs up or down direction. In our second experiment, we
fixed the first QWP at 45° and rotated the second one to gen-
erate the qubit formed by the OAM eigenstates 2 and −4 as de-
scribed before. The alignment of the loop was adjusted by
moving the two mirrors to obtain a good symmetric interfer-
ence pattern [25]. For each angle θ of the secondQWP,wemea-
sured the power flow associated to the m ¼ 2 and m ¼ −4
components of the beam exiting the loop device by suitable
computer-generated fork holograms displayed onto an SLM.
Beyond the hologram, the m ¼ 0 component was selected
by a pinhole posed in the focal plane of a convergent lens.
Finally, the measured power flows were normalized to unity
maximum value, and then the normalized power fraction car-
ried by the two modes were compared with the square moduli
of the coefficients in Eq. (5). The result is shown in Fig. 5. .The
full curve is from Eq. (6). To fit the data, we used the loop
retardation ψ as best fit parameter.

7. CONCLUSIONS
We presented a loop device based on a q plate to generate and
encode 2 bits of information into the OAM of a single photon.
The encoding process is very efficient (nominal efficiency is
100%) and very fast, because it can be fully implemented by
electro-optical devices. The encoded information can be read
with a computer-generated hologram properly designed to de-
tect all four OAM states simultaneously [4]. The generation
process is deterministic, and the setup is suitable for both
classical and quantum regimes of light. Furthermore, the op-
tical loop can be easily modified to encode 3 bits of informa-
tion in a single photon by adding an additional polarization bit.
The same setup allows also the generation of qubits made of
two different OAM orders or qudits with infinite number of
OAM eigenstates. The generation process of single OAM ei-
genstates, OAM qubits, and OAM qudits with d ¼ ∞ is deter-
ministic, has nominal 100% efficiency, and the output OAM
state can be switched by very fast electro-optical devices.
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Fig. 4. The interference of the output beam from the loop device and
TEM00 beam for the four QWP angles shown in Table 1.

Fig. 5. (Color online) The normalized powers of the m ¼ 2 (blue)
and m ¼ −4 (red) components of the loop output beam as functions
of the orientation angle θ of the second QWP. The first QWP was held
fixed at 45°. The continuous curve is the fit to the square moduli of the
coefficients of modes m ¼ 2 and m ¼ −4 in Eq. (5). The optical retar-
dation ψ of the loop was used as fitting parameter. In this case , we
found a best-fit value ψ ¼ 0..
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