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D1.8) Fast-switchable OAM-beam source based on q-plate technology: 
Excerpt from Annex I: Fast-switchable q-plate-based OAM source: Fast-switchable OAM-beam 
source based on q-plate technology in combination with electro-optical devices for controlling the 
polarization. A multi-valued switching will be achieved by a cascaded approach. The prototype 
quality and the extent to which its performances reach our target goals will be assessed and validated 
by the steering committee. The device will be also illustrated in a short report and/or in scientific 
publications. [month 36] 

 
The subtask (T1.2.2) leading to this deliverable has started at month 18 of the project and is ending at month 
36 (end of the project). As planned, the work in this task has proceeded mainly along two lines: (i) 
development of new or improved q-plates; (ii) development of OAM sources and photonic devices based on 
sequential application of multiple q-plates, with the main purpose of multiplexing and controlling the 
generated OAM. In addition, some initially unplanned investigations have been carried out following new 
ideas, although starting from the main concepts of the q-plate technology. 

I. Development of new q-plates 

Within the first line, in order to further extend the flexibility and potential of q-plate technology, several new 
devices based on the same working principle were introduced [0]. The first two are a “mode generator”, 
which is able to create an equal-weight superposition of the two OAM modes l and –l starting from a TEM00 
beam, and a “mode converter”, which is able to convert an input OAM eigenstate l in the mentioned OAM 
superposition. These devices was analyzed and tested, showing good behavior and high quality beam 
generation. The action of these devices however is polarization dependent and, same as phase holograms 
performs the state transformation in an approximate way. Both devices are electrically switchable and have 
same generation efficiencies as normal q-plates. This work was carried out in collaboration with Prof. 
Chigrinov, of Hong Kong University of Science and Technology, who provided the photo-alignment 
material for manufacturing the new devices. 

 

 
Figure 1. Top row - optical axis alignment for and bottow row – devices images between crossed polarizers under 
oblique illumination for: (a) mode generator for l=1, (b) mode converter for l=1, (c) mode generator for l=2 and (d) 
mode converter for l=2. 

 

Another device, developed in collaboration with the Rochester Institute of Technology (Rochester, USA), is 
an asymmetrical q-plate with topological charge q = 1 and aspect ratio a/b = 2, able to generate elliptical 
vortex beams. Such structures, together with the above-mentioned mode generator have promising 
applications in optical vortex coronagraphy1. 

 

                                                
1 G. J. Ruane, S. Slussarenko, L. Marrucci, G. A. Swartzlander, Jr., manuscript submitted (2013). 
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Figure 2. Images of q-plates with very high topological charge. (a) Microscope photo of a non-centered sector of a q-
plate with q = 25, imaged between crossed polarizers. (b) Microscope photo of a non-centered sector of a q-plate with q 
= 150, imaged between crossed polarizers. 

 

Finally, q-plates with extremely high charge q, ranging up to q = 150 (see Fig. 2), have been manufactured 
for the first time within a collaboration with UROM, URIO, ICFO and a group from Singapore. They have 
been applied to the demonstration of novel photonic devices named “polarization gears”, useful for ultra-
sensitive angular measurements [2]. The photonic gear requires the cascaded application of two q-plates, one 
fixed and one rotating together with the object whose rotation is to be measured. A patent has been also filed 
on this result. Besides the attached manuscript, this result is mainly described in deliverable D2.10, while 
here we give additional details on the q-plate preparation. The q-plate is realized by illuminating the empty 
cell with a thin line of light, ‘writing’ sector by sector the desired angular structure, while constantly 
controlling the polarization direction of the writing beam and rotating the sample at the same time. The 
liquid crystal is inserted in the cell after writing the alignment pattern. The cell glasses also include a thin 
conducting transparent layer of indium tin oxide, in order to apply an electric field and fine-tune the q-plate 
to the desired total retardation of half-wave. The output OAM state quality is defined by the smoothness of 
the q-plate and the size of central defect. The first one is defined by the sample rotation step, laser line 
thickness and the choice of the aligning surfactant material. The central defect size is also very sensitive to 
the alignment of the sample with respect to the writing beam. For low topological charges q < 10, a step of 
1° and corresponding laser line thickness provides good quality of the final structure. With the increase of 
topological charge, finer q-plate structures required smaller rotation steps (up to 0.1° for q > 25) and 
particular attention to rotation error compensation. In combination with suitable azo-dyes selected as high-
resolution aligning surfactants, it was possible to achieve a high quality of the liquid crystal alignment and a 
low size, with respect to the total aligned area, of the central defect. 

II. Development of OAM sources and photonic devices based on sequential application of q-plates 

In respect to this second line of activity, we have already mentioned the photonic gear device that is also 
based on the sequential application of two q-plates with high charge q and that exploits the generation of 
light having very large values of OAM. Further details are given in Deliverable 2.10 and in the attached 
paper [2]. 

Furthemore, a device for time-division multiplexing of OAM was developed initially (already during subtask 
T1.2.1), but it is reported here because it is consistent with the goals of this deliverable [3]. In this case the 
sequential application of a q-plate is carried out by exploiting an optical loop or ring resonator, as shown in 
Fig. 3. The resulting optical setup can be used for generating a sequence of light pulses in which the orbital 
angular momentum (OAM) degree of freedom is correlated with the temporal one. By this approach, we 
demonstrated the generation of a train of pulses carrying increasing values of OAM, or, alternatively, of a 
controlled temporal sequence of pulses having prescribed OAM superposition states. Finally, we exhibit an 
“OAM-to-time conversion” apparatus that sorts different input OAM states into different time bins. The 
latter application provides a simple approach to digital spiral spectroscopy of pulsed light. 
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Figure 3. Schematic of the setup for time-division multiplexing of OAM. PBS, polarizing beam splitter; H1, half-wave 
plate; Q1 and Q2, quarter-wave plates; M, mirror; f1, lens. In addition to the main ring cavity setup, an SLM followed 
by detection in a single-mode fiber have been used to verify the OAM content of output pulses for the OAM sequence 
generation experiments. The inset shows a typical time sequence of pulses obtained at the output. 

 

A second device that was demonstrated within this task is an “OAM-quantum walk” apparatus, realized by 
cascading four q-plates alternated with suitable wave-plates (see Fig. 4). The output of this apparatus is an 
OAM coherent superposition state that can be controlled by adjusting the orientations of the wave-plates and 
the birefringent retardation of the q-plates. 

 

 
Figure 4. Schematic representation of the OAM quantum walk apparatus. The photons are prepared in the initial 
polarization state and then made to propagate through a cascade of q-plates. Each q-plate acts as a single quantum walk 
step. The output state is finally analyzed by the standard combination of SLM and single mode optical fiber. 

 

Where needed, motorized or electro-optical devices could also be used to make this control fast and entirely 
automatic. Although the final goal is that of demonstrating peculiar quantum interference effects in single 
photons and two-photon states, analogous to the quantum walk processes already studied in different degrees 
of freedom, when used with coherent light this photonic setup is a classical one and can be used to generate 
controlled OAM superposition states. The experimental results (still unpublished) are in excellent agreement 
with the theoretical predictions. 

A cascade of two q-plates with topological charges q = 0.5 and q = 1, separated by wave-plates was used for 
controllable and efficient multiplexing within OAM eigenstates from m = –3 to m = +3. In order to achieve 
full control of the output OAM state, both q-plates electric tuning and the polarization input (at each q-plate) 
was used. In addition, the potential to generate OAM and hybrid polarization-OAM states superpositions 
with such cascade were investigated. While the eigenstate generation required electric switching of the q-
plates from full conversion to no conversion only, the generation of spin-OAM superpositions required 
partial detuning of the q-plates. The generated states OAM purity and crosstalk in the detection stage was 
investigated by using the OAM sorter previously developed by UGLAS (see deliverables D3.1 and D3.3). 
The polarization state of hybrid superpositions was measured by point-per-point polarimetry with a CCD 
camera. The results showed very high quality of generated modes and low crosstalk between adjacent 
channels of the measuring sorter, as shown in figure 5. 
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We present an optical setup for generating a sequence of light pulses in which the orbital angular momentum (OAM)
degree of freedom is correlated with the temporal one. The setup is based on a single q plate within a ring optical
resonator. By this approach, we demonstrate the generation of a train of pulses carrying increasing values of OAM,
or, alternatively, of a controlled temporal sequence of pulses having prescribed OAM superposition states. Finally,
we exhibit an “OAM-to-time conversion” apparatus that divides different input OAM states into different time bins.
The latter application provides a simple approach to digital spiral spectroscopy of pulsed light. © 2012 Optical
Society of America
OCIS codes: 050.4865, 270.5585, 230.6120.

The orbital angular momentum (OAM) of light has been
attracting increasing interest in the past years, owing
both to fundamental reasons and to its potential for mul-
tivalued encoding of information, both in a classical and
quantum regime [1,2]. One key step in fully unreleasing
this potential is to develop a convenient photonic tech-
nology for OAM generation, manipulation, and detection.
The current OAM technology, including holograms and
spatial light modulators (SLMs) [3], spiral phase plates
[4], Dove prisms in suitable interferometers [5], has im-
portant limitations in terms of ease of use, switching
speed, cost, etc., so that the need for new solutions re-
mains strong (see, e.g., [6]). In this Letter, we propose
a novel approach to OAM generation and detection based
on setting up a correlation between this degree of free-
dom and the temporal one, for example, within a regular
sequence of optical pulses. This correlation can, in turn,
be exploited to generate a time-to-OAM transfer of the
information encoded in the optical field, or vice versa,
depending on the details of the scheme.
Central to our approach is the q plate, a device allow-

ing control of OAM by the light polarization (or photon
“spin”) [7,8]. A single q plate, however, couples the polar-
ization with only two values of OAM. To address multiple
OAM values, one needs to cascade several q plates in se-
quence [9,10]. Here, we consider an alternative scheme,
as shown in Fig. 1, in which a single q plate is inserted in a
ring optical cavity, so that a light pulse may undergo mul-
tiple passages through the same q plate, thus addressing
multiple OAM values at different times. In our experi-
ments, a titanium-sapphire laser operating at 1 kHz repe-
tition rate generated pulses having a duration of about
130 fs. The ring cavity round-trip time was about 4 ns.
A fast photodiode connected to a 500 MHz oscilloscope
was used for time-domain detection (see inset of Fig. 1).
To analyze the setup workings, let us denote with jP; !i
an arbitrary polarization–OAM spin-orbit state, where P
indicates the polarization, namely, L, R, H, and V for left-
circular, right-circular, horizontal, and vertical polariza-
tions, respectively, and ! is an integer specifying the
OAM eigenvalue. For simplicity we ignore in the follow-

ing the radial mode profile. However, a lens imaging the q
plate on itself after a round trip is needed to erase the
radial profile transformations arising from propagation
after the OAM is changed [10]. For so-called “optimal
tuning” [11,12], a q plate induces the following trans-
formations in an optical mode having circular input
polarization:

jL; !i ! jR; !! 2qi; jR; !i ! jL; ! ! 2qi; (1)

where q is the (integer or half-integer) q-plate topological
charge. In our experiments, we had q " 1, but we will
keep the theoretical discussion general. Equations (1)
show that each passage through the q plate can be used
to shift the OAM value by #2q, where the sign depends
on the input polarization handedness (note that a spiral

Fig. 1. (Color online) Schematic of our setup. PBS, polarizing
beam splitter; H1, half-wave plate (HWP); Q1 and Q2, quarter-
wave plates; M, mirror; f 1, lens. In addition to the main ring
cavity setup, an SLM followed by detection in a single-mode fi-
ber have been used to verify the OAM content of output pulses
for the OAM sequence generation experiments [as in Figs. 2(a)
and (b)]. In the OAM-to-time conversion experiment, we moved
the SLM at the input of the ring cavity, to generate a given input
OAM, while in the output the single-mode fiber detector was
used for selecting the vanishing OAM output [as in Fig. 2(c)].
The inset shows a typical time sequence of pulses obtained
at the output.

January 15, 2012 / Vol. 37, No. 2 / OPTICS LETTERS 127
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Figure 5. On the left: OAM spectra obtained by the sorter, for each of the input OAM eigenmodes generated by the q-
plate cascade. Low crosstalk signal is present only in adjacent channels for each analyzed OAM mode. On the right: 
intensity (first row), polarization structure (middle row) and polarization and OAM modes decomposition for four 
different SAM-OAM generated sates (OAM;SAM) : (a) – (0;1), (b) – (-3;1), (c) – equal weight superposition of (-3;1) 
and (3;-1), (d) – equal weight superposition of (-3;1), (0;1), (1;-1) and (-2;-1). 
 
 

OAM multiplexing based on q-plate cascading has a potential application in optical and fiber 
communication, particularly for the so-called space-division multiplexing, that is recently attracting a 
growing attention, so its compatibility with other standard communication techniques, such as wavelength-
division multiplexing, would be very useful. With this aim, the ability of a q-plate to generate polychromatic 
optical vortices was investigated, in collaboration with the City College of New York (USA).2 A photonic 
crystal based super-continuum laser (generating at 612 nm, 585 nm and 540nm) was used as the input to a q 
= 1 q-plate. The output state as a function of the q-plate tuning voltage was analyzed in intensity and 
polarization for each wavelength channel. Experiments showed that by controlling the q-plate phase 
retardation with electric field it is possible to selectively convert separate wavelengths, while leaving others 
unaffected or to generate high-purity polychromatic donut beams, by converting all three input wavelengths 
at the same time. It is worth noting that such task is not realizable with usual OAM generation devices, such 
as spiral phase plates and holograms. A combination of a q-plate and single mode optical fiber was also 
proposed as a color filter. With such device, all unnecessary color components if the input beam are 
converted into donut mode and then filtered out by the single mode optical fiber, leaving the non-converted 
part as the only output. 

 

                                                
2 “Tunable supercontinuum light vector vortex beam generator using a q-plate”, Y. S. Rumala, S. Pratavieira, G. 
Milione, T. A. Nguyen, Z. Hossain, D. Nolan, E. Karimi, S. Slussarenko, L. Marrucci, R. R. Alfano, paper submitted. 
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Figure 6. Intensity images and polarization structure of multi-colored vector beams generated by q=1 q-plate. (a)-(c) 
represent three filtered color channels that correspond to the input wavelengths from the supercontinuun laser, (d) – 
actual multi-colored beam and (e) – its wavelenght spectrum. 

 

The investigation of the q-plate cascade for the communication purposes and polychromatic vortices 
generation ability was carried out in collaboration with Giovanni Milione, Yisa Rumala, Robert Alfano and 
co-workers from City College of the City University of New York (New York, USA). 

III. New ideas and related work 

A related work exploiting the q-plate action has been the first generation of polarization-singular beams, by 
exploiting a half-detuned q-plate [4]. Further details about this work can be found in the attached paper. 

The q-plate technology exploits thin films of azo-polymers as photosensitive elements to write the prescribed 
patterns using the optical polarization. The azo-polymers then impose the prescribed orientation to the 
central film of liquid crystal. However, besides the photo-induced alignment, azo-polymers also show other 
optical effects which may be relevant for future q-plate technology and other applications. In particular, the 
still mysterious photo-induced mass transport effect, leading to permanent relief patterns on the azo-polymer 
surface, is perhaps the most fascinating one. We have investigated this phenomenon by using vortex light to 
induce peculiar spiral-shaped reliefs that respond to the optical-vortex handedness [5]. This observation was 
largely unexpected and pushed us to carry out a theoretical work which successfully explained the 
observations, thus pushing forward our general understanding of this phenomenon [5,6]. 

 
PHORBITECH*contribution*to*this*deliverable*
PHORBITECH*in*this*work*has*supported*the*cost*of*the*post;doc*positions*of*Sergei*Slussarenko*and*
Nicolò* Spagnolo,* a* fraction* of* the* salaries* of* the* senior* scientists* and* the* purchase* of* some* lab*
materials.*
*
PHORBITECH*contributors*to*this*deliverable*
UNAP:*Sergei*Slussarenko,*Filippo*Cardano,*Bruno*Piccirillo,*Lorenzo*Marrucci,*Enrico*Santamato*
UROM:*Vincenzo*D'Ambrosio,*Nicolò*Spagnolo,*Fabio*Sciarrino*
*

PROTOTYPE VALIDATION. Various prototype devices have been developed for this deliverable, including 
systems for the fast multiplexing in OAM, but the validation has been focused in particular on the photonic-
gear device, exploiting the high-charge q-plates, because this device was judged to be the most promising 
one in terms of application prospects and still entirely consistent with the task goals. The quality of this 
prototype has been assessed by the PHORBITECH steering committee in its meeting held in Glasgow on 
June 6, 2013, after a detailed presentation of the device features and performances. The committee 
unanimously judged that the prototype performances meet the requirements for the planned applications. 
These include for example the potential for resolving an angular rotation as small as 0.01 arcsec. 
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Abstract

We present a tunable liquid crystal device that converts pure orbital angular momentum
eigenmodes of a light beam into equal-weight superpositions of opposite-handed eigenmodes
and vice versa. For specific input states, the device may thus simulate the behavior of a ⇡/2
phase retarder in a given two-dimensional orbital angular momentum subspace, analogous to a
quarter-wave plate for optical polarization. A variant of the same device generates the same
final modes starting from a Gaussian input.

Keywords: liquid crystal devices, light orbital angular momentum, geometrical phases

(Some figures may appear in colour only in the online journal)

1. Introduction

During the last 20 years, the orbital angular momentum
of light (OAM) has attracted growing attention in the
scientific world and is finding more and more applications
in various fields of optics [1]. It is particularly interesting
for quantum information applications since, in contrast to
the two-dimensional (2D) photon spin angular momentum
(SAM) space, the OAM space is inherently multidimensional
and thus can be used for the implementation (separately
or together with the spin space) of photonic ‘qudits’,
i.e. multilevel quantum states used as elemental information
carriers [2–4], and of decoherence-free photonic qubits,
e.g. for alignment-free quantum communication [5].

The eigenstates of the Hilbert space associated with SAM
correspond to left and right circular polarization states, here
denoted as |Lip and |Rip, respectively. OAM Hilbert space
eigenstates, denoted as |`io, correspond to a paraxial beam
having an azimuthal phase dependence exp(i`'), with integer
`, where ' is the azimuthal angle around the beam axis. While
the main interest in OAM ultimately arises from its higher
dimensionality [6], a 2D OAM subspace is often adopted
to implement qubit based quantum information protocols or

fundamental tests of quantum mechanics [7, 8]. In these
cases a close analogy with the spin Hilbert space can be
made, mapping the circular polarization states |Lip and |Rip
onto OAM eigenstates | ± `io and linear polarization states
|✓ip = 1p

2
(|Lip + ei✓ |Rip) onto superposition states |✓`io =

1p
2
(|`io + ei✓ | � `io), where ✓/2 is the angle between the

polarization orientation and a fixed reference axis [9, 10].
While the polarization state of the photon can be easily

controlled by polarizers, wave plates and electro-optical
phase retarders, for the OAM space there are not yet
such convenient devices. Various techniques of OAM
state generation have been introduced so far, such as
holograms [11, 12] (including reconfigurable ones, made
using spatial light modulators), spiral phase plates [13],
q-plates [14, 15], various interferometric setups [16, 17], and
others. Several setups were proposed and demonstrated for
the manipulation of a hybrid spin–orbit 4D space, where the
2D OAM space is used along with 2D SAM space [17, 18].
Fewer are the existing methods for manipulating the already
generated pure OAM states. To achieve full control of a 2D
quantum state, that is to be able to perform an arbitrary
path on the Poincaré (or Bloch) sphere that represents the

12040-8978/13/025406+06$33.00 c� 2013 IOP Publishing Ltd Printed in the UK & the USA
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2D Hilbert space, both a ⇡ and a ⇡/2 phase retarder
are required [19]. In SAM space such tools are provided
by half- and quarter-wave birefringent retardation plates,
respectively. In the case of 2D OAM space, ⇡ phase retarders
changing |`io into | � `io and ⇡/2 phase retarders for ` =
1 space are already available, e.g. image rotation devices
such as Dove prisms and cylindrical-lens ⇡ -converters [20].
Convenient OAM ⇡/2 phase retarders, that change |`io
into |✓`io for any `, are instead still missing. A currently
feasible—though rather complex—scheme to this purpose
may exploit the SAM-to-OAM (STO) state transferers [10,
21], which can convert any polarization state ↵|Lip + �|Rip
into a corresponding OAM state ↵|`io + �| � `io and
vice versa. Such devices perform the transformation in a
deterministic way with theoretical 100% efficiency and are
realized through a combination of a q-plate, which interfaces
OAM and SAM spaces of the photon, and a polarizing Sagnac
interferometer with a Dove prism (PSI) [17]. Therefore, in
order to implement the desired OAM state transformation,
a transferer should be first used to transfer the OAM state
into the SAM space. Then, a quarter-wave plate induces
the desired ⇡/2 phase transformation and, finally, a second
transferer is used to return to the OAM space. This approach
is shown schematically in figure 1. The same scheme can
be used to give rise to any other unitary transformation in
the OAM space, as the quarter-wave plate can be replaced
by a suitable set of wave plates (e.g. a half-wave plate,
sandwiched between two quarter-wave plates) that together
can perform any unitary transformation in the SAM Hilbert
space [19]. The realization of STO and STO based unitary
`-OAM gates is only possible due to the q-plates that
introduce a controlled coupling between SAM and OAM. A
simplified probabilistic scheme, where PSIs are replaced by
filtering devices (a polarizer or coupling into a single-mode
optical fiber, depending on the transformation direction),
can be used for the same goal, however, decreasing the
efficiency of the whole apparatus to a theoretical maximum
of 25% [22]. It is worth noting that, by combining several
STO based interferometers with q-plates having different
topological charges q, an OAM state manipulation beyond
a single 2D subspace would also be possible. In this paper,
we demonstrate a liquid crystal Pancharatnam–Berry optical
element (PBOE) able to change in a single pass the OAM
state of the beam from an eigenstate |`io into a superposition
state |✓`io and vice versa, so as to partly mimic the behavior
of a ⇡/2 phase transformation in OAM space. Moreover, we
present a similar PBOE device able to generate the |✓`io state
directly from a Gaussian input.

2. Theoretical background

A Pancharatnam–Berry optical element is a space-variant
phase element that exploits the geometrical phase arising
in polarization manipulations for reshaping the optical
wavefront [15, 19, 23]. This should not be confused with the
analogous geometrical phase arising in the manipulation of
OAM modes [24, 25]. Our PBOE is realized as a birefringent
wave plate of uniform phase retardation �, whose angle ↵

Figure 1. Bottom: OAM-space arbitrary state transformer setup
scheme based on SAM–OAM transferer devices. QP—q-plate,
H—half-wave plate, Q—quarter-wave plate, DP—Dove prism,
C—phase compensator. QHQ represents a unitary SAM gate. The
quantity given after the @ symbol is the azimuthal angle at which
the device axis must be oriented (in radians). Top: schematic
representation of the setup action in terms of SAM and OAM
Poincaré spheres.

between the slow optical axis and the x axis of the fixed
laboratory reference frame is not constant, but is described
by a prescribed function ↵ = f (⇢, '), where ⇢ and ' are
the polar coordinates in the wave plate transverse plane. It
can be easily demonstrated with the Jones matrix approach
that the corresponding transformation matrix in the circular
polarization basis {|Lip, |Rip} is given by

T(⇢, �) = cos(�/2)

 
1 0
0 1

!

+ i sin(�/2)

 
0 e�2if (⇢,')

e2if (⇢,') 0

!

. (1)

In other words, a fraction of the incident circularly polarized
light undergoes a helicity inversion and gains an additional
phase factor of ±2f (⇢, '), where the sign depends on the
input polarization helicity. This additional phase factor is not
due to refractive index change or non-uniform thickness of
the optical element, but to the geometrical phase arising from
the space-variant polarization manipulation. The efficiency
of the beam conversion depends on the phase retardation
� and is maximum for the half-wave � = ⇡ condition. To
calculate the pattern f (⇢, ') needed to perform a desired state
transformation, one should use the phase difference between
the output and input beam states. To transform the eigenstate
|`1io into an equal-weight superposition |✓`io (with ✓ = 0)
and vice versa the corresponding pattern is given by:

fc(', `, `1) = 1
2 (�`1' + Arg(ei`' + e�i`')). (2)

Setting `1 = ±` yields a ⇡/2 mode converter (MC) device,
while setting `1 = 0 and arbitrary ` yields a mode generator
(MG) device that can generate a |✓`io state from the Gaussian
` = 0 input directly. Setting ` 6= `1 or tuning the phase
retardation of the device (and thus its conversion efficiency)
allows more complex state manipulations even beyond the
original 2D OAM subspace. Some examples of these optical
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Figure 2. Top row: optical axis orientation patterns for (a) ⇡/2 MC
for ` = 1, (b) ⇡/2 MC for ` = 2, (c) MG for ` = 1, and (d) MG for
` = 2. Bottom row: corresponding fabricated samples seen between
crossed polarizers under oblique illumination. Different colors
correspond to different optical axis orientations, with dark areas
corresponding to the zones where the optical axis is oriented
parallel to one of the polarizers.

axis patterns are given in figure 2, together with images of
corresponding fabricated samples.

The phase factor ✓ of the output state |✓`io can be
controlled by a physical rotation of the device and is given
by ✓ = 2`⇠ + ⇡ , where ⇠ is the angle between one of
the ⇡/2 jump lines of the device pattern and the x-axis of
the fixed reference frame. Since the phase transformation
is polarization dependent, the correct output, in general,
will be obtained only for one circular input polarization.
Nevertheless, the MGs will give the same output, up to a
global phase factor, for any input polarization. In the case of
the MCs, the correct converted output |✓`io will be obtained
only for |L, `i and |R, �`i input spin–orbit states. For the
other two basis states |L, �`i and |R, `i of the spin–orbit
combined space, the converted state will not correspond to
a combination of | ± `io states and will be brought outside
the initial 2D Hilbert space. In the case of the inverse
transformation, one obtains |`io as the output state for a |L, ✓`i
input, and | � `io for the |R, ✓`i input. This polarization
dependence is a limitation of our MC device, as at fixed input
polarization it mimics the ⇡/2 phase transformation in the
OAM 2D subspace only for specific input states. Yet the ease
of use and compactness of our device makes it still interesting
and suitable for certain OAM manipulation applications.

3. Fabrication and characterization

We used nematic liquid crystals (LCs) to fabricate our PBOE
devices. The desired planar alignment of the LC was induced
using a photoalignment technique [26]. The scheme of our
fabrication setup is shown in figure 3(a). The sample was
made from two glass substrates, spin-coated with 1% solution
of sulfonic azo-dye SD1 (Dainippon Ink and Chemicals)
in dimethylformamide (DMF) for 30 s at 3000 rpm. We
used glass windows with conducting indium-tin-oxide (ITO)
coating so to have the possibility of applying an external
electrical field to the LC film. After the evaporation of the
solvent, by soft-baking at 120 �C for 5 min, the glasses
were assembled together and 6 µm glass spacers were used

Figure 3. (a) The LC PBOE fabrication setup scheme:
H—half-wave plate, CL—cylindrical lens. (b) Mach–Zehnder
interferometer setup used to analyze the fabricated samples:
Q—quarter-wave plate, BS—beam splitter, M—mirror,
PBS—polarizing beam splitter, CCD—CCD camera. The
‘generation’ and ‘conversion’ blocks represent different
combinations of quarter-wave plate and various PBOEs, such as
q-plates, MGs and MCs that were used for both generation of the
desired input state and its subsequent conversion by the tested
device.

to define the cell gap. The SD1 surfactant provides planar
alignment for the LC in the direction perpendicular to the
incident light polarization, with anchoring energy comparable
with the polyimide rubbing based alignment [26]. A He–Cd
325 nm laser of 10 mW power (from VM-TIM) was used
as a collimated UV light source. The polarized laser beam
was expanded by a set of two confocal lenses, sent through
a half-wave plate and focused on a sample with a cylindrical
lens of 75 mm focal length. Both the wave plate and
the sample were attached to rotating mounts controlled by
computer through step-motors. By programming the relative
step size of two motorized mounts it is possible to impress
any orientation pattern with an angular dependence. After the
exposure, the cell was filled with nematic liquid crystal (E7
from Merck) and sealed with epoxy glue. A total exposure of
1.5 h was enough to provide high quality LC alignment. PBOE
devices working with |`| = 1, |`| = 2 (see figure 2) and others
were realized in this work.

As in the case of q-plates, or other LC cells, the
birefringence, and thus the phase retardation � appearing
in (1) was controlled by applying an external AC electric
field. Typical maximum and minimum efficiencies, switching
times and overall tuning behavior of our devices were found
to be identical to those of q-plates and have been reported
elsewhere [27, 28].

As a main test of our PBOEs, we studied the wavefront
transformation of a laser beam passing through the sample. To
this purpose, we assembled a Mach–Zehnder interferometer
(MZI), as shown in figure 3(b). In one of the arms of the MZI
the input linearly polarized beam was manipulated by means
of quarter-wave plates, q-plates, MGs and MCs. The other
arm was used as a reference TEM00 beam. The interference
patterns were then recorded by a CCD camera (Hamamatsu
C5405). By blocking the reference arm it was possible to
record the intensity pattern of the analyzed beam, too.
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Figure 4. Intensity and interference images for four different
configurations of ‘generation’ (top section) and ‘conversion’
(bottom section) blocks shown in figure 3(b). (a) q-plate for ` = 1
as generator and MC for ` = 1 as converter, (b) q-plate for ` = 2 as
generator and MC for ` = 2 as converter, (c) MG for ` = 1 as
generator and MC for ` = 1 as inverse converter, (d) MG for ` = 2
as generator and MC for ` = 2 as inverse converter.

In the case of the |`io state, an optical vortex for the
intensity distribution and a fork-like grating pattern with a
fringe disclination at the vortex location are expected. In the
case of |✓`io states, a set of 2` light lobes or a set of 2`

sectors with gratings shifted by a half-period with respect to
the adjacent ones are expected for the intensity and phase
distributions, respectively.

For the MC characterization we used a circularly
polarized TEM00 beam and a q-plate with q = 0.5 and q = 1
to prepare |`io modes with ` = 1 and 2, respectively. The
generated modes were then transformed by a corresponding
MC converter into |✓`io modes that have two and four
intensity lobes, respectively. The registered |`io input and
|✓`io output interference and intensity images are shown
in figure 4(a) for ` = 1 and (b) for ` = 2. For the MG
characterization, the q-plate was replaced by an MG for ` = 1
and 2, so as to generate a |✓`io beam from a TEM00 input
directly. Then the inverse |✓`io ! | � `io transformation
was performed with the corresponding MC converters. The
recorded intensity and interference images for the generated
input and converted states are shown in figure 4(c) for ` = 1
and (d) for ` = 2.

Our converters, in the same way as binary holograms or
any other phase-only transforming device, can only change
the phase of the input beam. In this case, the angular depen-
dence of the output state after the MC will have the phase
factor exp(iArg(ei`' + e�i✓ e�i`')) which is different from

Figure 5. Power spiral spectrum of an output from the MC with
` = 2.

the desired amplitude factor (ei`' + e�i✓ e�i`')/
p

2 [29, 30].
A straightforward calculation shows that such a state does not
correspond to the sum of the two eigenmodes with helical
phases exp(±i`'), but to an infinite sum of helical modes
exp(im') with intensity coefficients given by

|C(`, m)|2 =
(

4`2/(⇡2m2) m = (2k + 1)`, k✏Z
0 m 6= (2k + 1)`, k✏Z.

(3)

An example of |C(`, m)|2 for ` = 2 is shown in figure 5. As
can be calculated from (3), over 80% of the output intensity
belongs to the subspace of interest | ± `io. The remaining
intensity is distributed among higher OAM orders where
non-zero coefficients correspond to m = (2k + 1)` (where
k is an integer). While the ` value defines what modes are
present in the spectrum, the intensity distribution among these
non-zero high-order components does not depend on `. For
example, the ratio between the intensity of the nearest higher
mode m = 3` and the mode m = ` is equal to 1/9. In terms
of efficiency and state fidelity, such higher modes are usually
treated as intensity or photon losses that do not influence the
state fidelity within the subspace {|`io, |�`io} and are usually
filtered out at the detection phase.

Another feature of phase-only devices is in the way they
affect the radial intensity distribution. If the input beam state
is described in terms of Laguerre–Gauss modes LG`,p (where
` and p are the azimuthal and radial indices, respectively),
the phase-only transformations such as those induced by our
PBOEs do not preserve the p number, creating an output
that has an intensity profile that varies during propagation
below the Rayleigh range [31, 32]. Indeed, as can be seen, the
intensity structure of the output beam in figures 4(c) and (d)
(bottom section), even if an optical vortex is clearly visible,
does not have the typical ‘donut’ shape. This is due both
to the excitation of several p modes and to the presence of
additional higher order ` modes, as mentioned above. An
additional image was taken in the far field of the output beam,
by placing a lens and a microscope objective at the lens back
focal plane. In the far field, owing to a spatial filtering of all
higher p modes, the converted |✓`io beams appear to be made
by a single set of 2` lobes around the beam axis, as shown in
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Figure 6. Far field intensity images of output beams after analyzed
PBOEs. (a) and (b) MGs for ` = 1 and ` = 2 that correspond to the
near field distributions shown in figures 4(c) and (d) top rows,
respectively; (c) and (d) for inverse conversions by MC for ` = 1
and ` = 2 that correspond to the near field distributions shown in
figures 4(c) and (d) bottom rows, respectively.

figures 6(a) and (b), and |`io beams have clear optical vortex
shapes with a single ring, as shown in figures 6(c) and (d).

4. Conclusions

In conclusion, we have introduced a liquid crystal optical
element (MC) that can perform a |`io ! |✓`io operation
on the beam OAM state or its inverse, thus mimicking the
behavior of a ⇡/2-phase shifter for specific input states.
Moreover, we have also introduced an LC element (MG)
that can be used for generating a |✓`io state directly from a
TEM00 Gaussian input. Both devices operate by introducing a
polarization-dependent phase-only transformation of the input
beam. It is worth noting that the devices introduced here can
be also used in the single photon quantum regime. We think
that the MC and MG devices may find application in all
fields in which a complete manipulation of the light OAM is
needed, such as, for instance, optical communication, optical
computing and quantum cryptography.
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The precise estimation of a physical quantity is a relevant
problem in many research areas. Classical estimation
theory asserts that by repeating an experiment N times, the

precision of a measurement, defined by the inverse statistical
error of its outcome, can be increased at most by a factor of

!!!!
N
p

.
In quantum physics, this scaling is known as the standard
quantum or shot-noise limit, and it holds for all measurement
procedures that do not exploit quantum effects such as
entanglement. Remarkably, using certain N-particle entangled
states it could be possible to attain a precision that scales as N.
This is known as the Heisenberg limit, and is the ultimate bound
set by the laws of quantum mechanics1. Proof-of-principle
demonstrations of these quantum-metrology concepts have
been given in recent experiments of optical-phase estimation,
magnetic-field sensing and frequency spectroscopy2–9. In
photonic approaches, the optimal measurement strategy
typically relies on the preparation of ‘NOON’ states10, in which
all N photons propagate in one arm or the other of an
interferometer. However, the experimental preparation of
NOON states with large N is extremely challenging, and to date
only N! 3, 4 and 5 photonic NOON states have been reported2–5.
Moreover, as N grows, N-photon entangled states become
increasingly sensitive to losses, as the loss of a single photon is
enough to destroy all the phase information11. It has been proved
that, in the presence of losses or other types of noise, no two-mode
quantum state can beat the standard limit by more than just a
constant factor in the limit of large N12–15.

Here we demonstrate the preparation of single-photon
NOON-like quantum states that are superpositions of eigenstates
of light with opposite total angular momentum quantum
numbers. By total angular momentum, we refer here to the
sum of the spin-like angular momentum (SAM), associated with
left and right circular polarization states, and of the orbital
angular momentum (OAM) that characterizes helical modes of
light16,17. Although SAM can have only two values ±:, where :
is the reduced Planck constant, the OAM per photon can
generally be given by l:, where l is an arbitrarily large positive or
negative integer. The SAM–OAM superposition states that we
generate involve m! l" 1 quanta of angular momentum :,
oriented either parallel or anti-parallel to the propagation axis of
each photon. By exploiting such states in the single-photon
regime, mechanical rotations can be measured with a precision
scaling as m times the square root of the number of probes
used. Such enhanced sensitivity can be seen as resulting from
a ‘super-resolving’ interference between the two m-quanta
angular momentum orientations appearing in the superposition,
analogously to the two arms of the NOON-state interferometers.
Notably, in this regime every photon is disentangled from all
others and hence the loss of a photon does not affect the overall
phase coherence, making the scheme loss-robust. Moreover, the
experimental state production and detection are exponentially
more efficient than for N-photon entangled states. We notice that
algorithms for photonic phase estimation without multi-photon
entanglement have already been realized18. However, these rely
on repeated applications of the unknown phase shift to be
measured, and remotely coordinated (between Alice and Bob)
adaptive measurements. Furthermore, these approaches are
exponentially (in the number of applications) sensitive to losses.
Although quantum-inspired, our approach is essentially classical
because the enhancement does not come from quantum
entanglement but results instead from the rotational sensitivity
of large angular momentum eigenmodes. In fact, our photonic
gears can operate also in the fully classical regime, as described by
coherent states. The sensitivity enhancement for a given
mechanical rotation is obtained in the form of an ‘amplified’
rotation of the uniform polarization state of the light, that is the

mentioned ‘polarization gears’ effect. Rotation sensors based on
OAM have been reported before19–23, but our approach is
qualitatively different from all other OAM-related proposals in
that we use SAM–OAM combined states that allow us to ‘read’
the rotation by a simple polarization measurement, thus without
introducing the large photon losses arising from diffraction or
transmission in the angular masks usually needed to read
the OAM state. When inserting the photonic gears between
polarizers, we observe a ‘super-resolving’ Malus’ law, reminiscent
of the polarization correlations visible with multi-photon
quantum states2,3, but which appears in both the classical light
or single photon regimes. In this work, we test our photonic gears
in three different regimes: classical intense laser light; the single-
photon regime, that we adopt to quantitatively compare the
achieved angular sensitivity with the shot-noise and Heisenberg
limits; and the quantum regime of entangled photons, in which
we demonstrate that the photonic gears can be combined with
quantum correlations, leading to different kinds of ‘super-
resolving’ rotational correlations between the two measurement
stages receiving the two photons. In particular, we produce a
quantum state that is metrologically equivalent to a NOON state,
leading to a hybrid quantum-classical enhancement of the
angular sensitivity. The precision attained in this case scales as
mN times the square root of the number of probes used, the m
originating from the gear ratio and the N (instead of the classical!!!!

N
p

) from quantum entanglement. We perform a proof-of-
principle demonstration with N! 2 and total angular momentum
up to 18.

Results
Photonic gear concept. The key element for our photon state
manipulations is the q-plate, a novel liquid crystal (LC) device
that efficiently maps pure polarization states into hybrid SAM–
OAM states and vice versa24–26 (see Methods and Supplementary
Fig. S1 for details). For a linearly polarized input, the photonic
states generated are superpositions of m! 2q±1 quanta in
opposite total angular momentum eigenmodes, where q is an
integer or semi-integer ‘topological charge’ characterizing the
device. Previous achievements were limited to q-plates with low q
(up to 3)27. In particular, rotational-invariant states with m! 0
(q! 1/2) were recently used to demonstrate alignment-free
quantum communication28. Here, we introduce a new family of
devices with q ranging up to 50, producing angular momentum
values as large as m! 101. These photonic states can be also
classically visualized as space-variant polarization states29. When
these SAM–OAM superposition states are passed through a
second q-plate, they are converted back into pure polarization
states with zero OAM and a uniform polarization. However, a
relative rotation of the transmitting and reading stages by a given
angle y is converted into a rotation of the light optical
polarization by the angle my, which in our case can be as high
as 101y. It is this ‘gear ratio’ m that gives rise to the angular
sensitivity enhancement.

In the following, we explain in greater detail the photonic gears
concept by adopting a quantum language, with the purpose of
comparing our sensitivity enhancement with the shot-noise and
Heisenberg limits and to allow an easier generalization to the
hybrid case in which there is both a classical and a quantum
effect. Let us then consider the scenario where a sender Alice
and a receiver Bob wish to measure a relative misalignment
angle y between their reference frames around the optical axis
(see Fig. 1a). A classical strategy for this task consists of Alice
sending N photons (see Fig. 1b), each one in state
j CCi _! j 1iH # $1=

!!!
2
p
%$j 1iR" j 1iL%, where |nSx denotes a

state of n photons in mode x, with x!H, R or L, representing
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the horizontal-linear, right- and left-circular polarization modes,
respectively. All modes in the vacuum state are omitted for
brevity. Bob fixes a polarizer in the H direction in his coordinate
system, where the misalignment corresponds to a rotation by -y
of the photons’ state. In turn, the L and R polarization states are
eigenstates of rotation, so that in Bob’s frame |CCS becomes
j CC!y"i # !1=

!!!
2
p
"!eiy j 1iR$ e% iy j 1iL". The conditional prob-

ability that he detects a photon in the H-polarization (of his
reference frame) given that the phase is y is given by Malus’
law: pC!H j y" # cos2y. By measuring this probability, Alice and
Bob can estimate y. To strengthen their statistics, they repeat
the procedure n times, consuming a total of n&N photons, and
average all the outcomes. Their final statistical error is bounded as
follows:

DyC ' (2
!!!!!!
nN
p

)% 1: !1"
The right-hand side is the standard quantum limit, and can

always be reached in the asymptotic limit of large nN (ref. 1). Our

error estimators Dy are standard root-mean-squared variances. In
general, for phases, a cyclic error cost-function would be more
appropriate, as for instance, the Holevo variance30. However,
both types of variances coincide in the small-error limit, so for
our purposes the standard variance is adequate.

Using quantum resources, the optimal strategy consists of Alice
sending n probes, each one composed of the N-photon-entangled
NOON state j CQi # !1=

!!!
2
p
"!j NiR$ j NiL". In Bob’s frame,

this state is expressed as j CQ!y"i # !1=
!!!
2
p
"!eiNy j NiR$

e% iNy j NiL". The conditional probability that he detects the
unrotated state |CQS is pQ!CQ j y" _# j hCQ j CQ!y"i j2#
cos2!Ny", which resolves values of y that are N times smaller
than pC(H|y). Their uncertainty is then bounded as follows:

DyQ ' (2
!!!
n
p

N)% 1: !2"

The right-hand side is now the Heisenberg limit, which can
always be reached in the asymptotic limit of large n (ref. 1).
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Figure 1 | Photonic gear concept. (a) A sender Alice prepares and sends to a receiver Bob photonic probes to measure the relative angle y between their
reference frames. (b–d) Equivalent interferometric scheme. The action of the physical rotation can be schematically represented as an interferometer,
where the two arms correspond to the right- and left-circular components of the photon. (b) Polarization-only states are used. The physical rotation
introduces a relative phase between the right- and left-circular components of the photon, corresponding to a rotation of the final photon polarization by

the same angle y. The measurement is repeated n times, and polarization fringes pC!p j y" # cos2y are recorded (with p#H,V), from which the angle y is
retrieved with a statistical error Dy (represented as a blurred arrow pointing to a goniometer). (c–d) Hybrid SAM%OAM photon states are generated
by exploiting q-plates [(c) q# 1, (d) q# 10] and are used to estimate the angle y. The physical rotation introduces a relative phase between the two
components which varies m# 2q$ 1 times faster than the polarization-only case, so that the output photon polarization rotates m times faster (photonic

gear effect). The recorded polarization fringes pC
G!p j y" after decoding with a second q-plate now present a periodicity p 1/m, leading to an improved

angular sensitivity Dy/m. The intensity (squared blue contour plots) and phase patterns (squared contour plots in false colours) of the linear and circular
polarization components of the employed SAM-OAM states are also shown. (e) Experimental setup. In the single-photon regime, Alice uses photons
generated by a parametric down-conversion heralded source. In the classical regime, Alice uses coherent laser pulses. The quantum regime, in turn, uses
entangled photons and is described in Fig. 4. Bob’s detection apparatus is mounted in a compact and robust stage which can be freely rotated around the
light propagation axis28. QWP, quarter-wave plate; PBS, polarizing beam-splitter; APD, fibre-coupled single-photon detector.
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In our photonic gear approach, Alice and Bob exchange
photons in SAM–OAM superposition states (see Fig. 1c,d). Alice
initially prepares N horizontally polarized photons, as in the
classical strategy. However, before sending them to Bob, she first
has them pass through a q-plate of charge q. The q-plate
implements the bidirectional (unitary) mode transformations
fayR;0 $ ayL;! 2q; ayL;0 $ ayR;2qg, where the subscripts 0 and ±2q

refer to the OAM values, and ayp;l denotes the creation operator of
a photon with polarization p and OAM component l25. This
results in the following transformation of Alice’s photons:

j 1iH;0 !
q-plate

"1=
!!!
2
p
#"j 1iL;! 2q$ j 1iR;2q#. Next, a half-wave plate

(HWP) is used to invert the polarization, to obtain the
transmitted states:

j CC
Gi %

1!!!
2
p "j 1iR;! 2q$ j 1iL;2q#: "3#

This single-photon state represents a superposition of m% 2q$ 1
quanta in opposite total (spin$ orbital) angular momentum
eigenmodes. Likewise, if the HWP is removed, the case
m% 2q! 1 is obtained.

In Bob’s frame, the photons arrive as j CC
G"y#i % "1=

!!!
2
p
#

"eimy j 1iR;! 2q$ e! imy j 1iL;2q#. To detect them, he first undoes
Alice’s polarization flip with another HWP, and undoes her OAM
encoding with another q-plate of the same charge q, so that

j CC
G"y#i !

1!!!
2
p "eimy j 1iR;0$ e! imy j 1iL;0#: "4#

This state corresponds to a uniform linear polarization, but with
the polarization direction forming an angle my with respect to
Bob’s H axis, resulting in the photonic gear effect. Finally, Bob
measures the probability of detecting the H linear polarization
conditioned on y as in the classical strategy. This is again given by
Malus’ law:

pC
G"H j y# % cos2"my#; "5#

but shows now the m-fold resolution enhancement over the
polarization-only strategy.

As usual, Alice and Bob repeat the procedure a total of n times.
Their statistical error is now bounded as follows:

DyC
G & '2m

!!!!!!
nN
p

(! 1; "6#

and can always saturate the bound in the asymptotic limit of large
nN, as shown in Supplementary Note 1. This represents an
improvement over the standard limit (1) for polarization-only
strategies by a factor of m. This enhancement is not quantum but
due exclusively to the coherent rotational sensitivity of high-order
angular momentum eigenmodes.

Remarkably, already for m4
!!!!
N
p

the scaling (6) becomes better
than the best precision (2) attainable with polarization-only
NOON states. Furthermore, the photonic-gear strategies, both in
the single-photon and classical regimes, greatly outperform the
latter in realistic scenarios with large N. First, the production and
detection of our SAM–OAM photon states is exponentially more
efficient in N than those of NOON states. Second, as state (3)
does not bear any multi-photon coherences, losses reduce the
total number of photons, but leave the remaining ones unaltered.
That is, total losses characterized by an overall transmissivity 0r
Z r1 enter as a constant multiplicative factor, simply rescaling
in equation (6) the total number of photons to nNZ (see
Supplementary Note 1), in striking contrast to NOON states11.
Furthermore, one could also consider to exploit the OAM of light
to mimic the behaviour of other quantum states such us spin-
squeezed states, requiring the superposition of many angular-
momentum eigenstates.

Combining photonic gears and quantum enhancement. The
last type of strategy we consider is a hybrid classical-quantum
one, which exploits both entanglement and high angular
momenta through the photonic gear. In its simplest version,
each probe may consist of a N-photon-entangled NOON state
j CQ

Gi % "1=
!!!
2
p
#"j NiR;! 2q$ j NiL;2q#. Following the same steps

as above, one finds this time that pQ
G"C

Q
G j y# _% j hCQ

G j C
Q
G"y#i j2

% cos2"mNy# and

DyQ
G & '2m

!!!
n
p

N(! 1: "7#

Thus, ideally, this strategy features the Heisenberg precision
scaling for hybrid SAM–OAM approaches, but it bears in practice
the same loss-sensitivity problems as the polarization-only
quantum strategy. However, for small N, these problems can still
be efficiently dealt with and interesting applications can be
achieved, as we demonstrate below.

Moreover, multi-photon quantum states other than NOON
states can also be combined with the photonic gears, obtaining
other interesting effects. For example, let us consider two-photon
polarization-entangled states, where one photon is sent to Alice
and the other to Bob. Alice and Bob make local H/V-polarization
analysis in their own rotating stages, which can be set at arbitrary
angles yA and yB. When yA% yB% y, the system can model two
photons travelling in the same mode, subject to the same rotation,
and hence yield results analogous to the NOON-state case
discussed above for N% 2.

When yA a yB, one can instead align two distant frames
remotely with two-photon probes produced by an unrelated
common source, which sends one photon to each frame, by
exploiting the quantum correlations among the two photons.
More in detail, let us assume that the photons are generated
in the maximally entangled polarization Bell state
j c! i % "1=

!!!
2
p
#"j 1iAR;0 j 1iBL;0! j 1iAL;0 j 1iBR;0#. The photons,

before transmission, are sent through two q-plates with
topological charges qA and qB, respectively, and a HWP, as
shown in Fig. 1a. Thus, the following state is distributed to Alice
and Bob:

j c!G i %
1!!!
2
p "j 1iAR;! 2qA

j 1iBL;2qB
! j 1iAL;2qA

j 1iBR;! 2qB
#: "8#

Alice and Bob, in their rotated frames, apply the same
transformations to the photons, thus converting them back to
pure polarization states. The probability that Alice and Bob both
detect H-polarized photons in their local frames is then
pc!G "HH j yAyB# % "1=2#sin2'"2qA$ 1#yA!"2qB$ 1#yB(, show-
ing ‘amplified’ polarization correlations. Choosing qA% qB, one
can, for example, use these correlations (in combination with
classical communication channels) to precisely estimate the
relative misalignment yA–yB and remotely align the two distant
frames. If a HWP with the optical axis parallel to H is now
inserted in Bob’s photon path after generation of the polarization-
entangled state (which corresponds to acting with a sx Pauli
operator in the R/L basis), one obtains the entangled
state j f!G i % "1=

!!!
2
p
#"j 1iAL;2qA

j 1iBL;2qB
! j 1iAR;! 2qA

j 1iBR;! 2qB
#,

instead of j c!G i. Alice’s and Bob’s HH-photon correlations have
now probability pf

!

G "HH j yAyB# % "1=2#sin2'"2qA$ 1#yA
$"2qB$ 1#yB(. So, in this case, for yA% yB% y, the system is
metrologically equivalent to NOON-state probes j CQ

Gi for N% 2
and m % "mA$mB#=2 % qA$ qB$ 1. In particular, for N% 2
photons, y can be estimated from the HH-correlation measure-
ments with just half the efficiency as from pQ

G"C
Q
G j y#,

which would require two-photon interference detection. Full
efficiency in the estimation process can be recovered by simply
registering and considering the four possible two-photon
polarization correlations (HH,HV,VH,VV), which requires no
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extra measurements. The same result can be generalized to
N-photon entangled states.

Experimental single-photon gear enhancement. Our theoretical
predictions were experimentally tested by exploiting a series of
q-plates with increasing charge q. We focus first on the single-
photon regime. The experimental setup is shown in Fig. 1e.
Figure 2 shows the polarization fringes obtained for several values
of q, corresponding to the ‘super-resolving’ Malus’ law (5). The
red curves correspond to the polarization-only approach (q! 0),
shown for comparison. The oscillation frequency p m! (2q±1)
highlights the improving angular resolution for increasing q. In
Supplementary Fig. S2, we also show that the initial phase of the
oscillation can be tuned by choosing the appropriate input
polarization state, and that this allows one in turn to optimize the
sensitivity for any angle y.

Experimental imperfections lead to a non-unitary fringe
visibility. As shown in Supplementary Note 1, the loss of visibility
increases the statistical error as follows:

Dym " #2mVm
!!!!!!
Zm
p !!!!!!

nN
p

$% 1 ! Dym
min; &9'

where Vm is the visibility of the oscillation pattern and Zm the
efficiency of the detection system. In our case, all curves show a
visibility greater than 0.73. As a figure of merit for the

enhancement in precision, we consider the ratio between the
statistical error of the polarization-only strategy and of the
photonic gear: Dy0=Dym / mVm

!!!!!!!!!!!!
Zm=Z0

p
. Figure 3a,b shows

Dy0/Dym as a function of m obtained from the interference
curves. We obtain a maximum enhancement over the polariza-
tion-only strategy by E55. To obtain the same precision Dy with
the polarization-only classical strategy, one would have to
increase the number of trials by a factor of 552! 3,025, whereas
for the polarization-only quantum NOON-state strategy, one
would require entangled states of N E55 photons each. As shown
in Fig. 3c,d, our estimation protocol gives an estimate !y which
converges to the true value y in a limited number of trials nB300,
where n is the number of single photons sent through the system.
Furthermore, in Supplementary Fig. S2 and Supplementary Note
2, we discuss a three-step adaptive protocol which permits
efficient and unambiguous estimation of such y even when it is a
completely unknown rotation in the full [0, 2p] interval.

In Supplementary Fig. S3, we show that the rotational
sensitivity enhancement due to the photonic gears effect can also
be achieved in the classical regime with an intense laser, making it
immediately applicable to real-world optical measurements,
which we will now briefly discuss. There, the most common
problem is to perform precise non-contact and/or remote optical
measurements of roll angles. These are mechanical rotations of an
object around one of its symmetry axes31,32. Polarization-based
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Figure 2 | Single-photon experimental fringes. Experimental results for single photons and q-plate charges (a) q! 1/2 (l! 1), (b) q! 3 (l! 6), (c) q! 5
(l! 10), (d) q! 25 (l! 50) and (e) q! 50 (l! 100). For each case (a% e), we report: the q-plate axis pattern, corresponding to the distribution
of the liquid crystal molecular director (top row, left panels); the calculated intensity and phase profiles of the generated OAM fields (top row, middle and
right panels); the theoretical and experimental intensities after projection on the H-polarization state (middle panels); the measured fringe patterns
(blue dots) as a function of the mechanical rotation angle y, accompanied by sinusoidal best-fit curves (blue lines) and by the polarization-only case (red
dots and lines) (bottom panels). The fringe patterns reported for cases (a,d,e) correspond to m! 2q( 1 [(a) m! 2, (d) m! 51 and (e) m! 101].
Fringe patterns with m! 2q–1 (without the HWPs, left plots) and m! 2q( 1 (with the HWPs, right plots) are shown in (b) (m! 5 and 7) and (c) (m!9
and 11). In (d,e), an inset with a zoomed-in region of the fringes is also shown. Error bars in the polarization fringes are due to the Poissonian statistics of
the recorded events, whereas error bars in the set value of the angle y are due to the mechanical resolution of the rotation stage.
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methods, essentially relying on the Malus’ law combined with
suitable polarization manipulations, are among the most
convenient approaches. Depending on the details of the
scheme, this typically leads to a sensitivity of about 10! 2

degrees for a dynamical range of 30–360!, or about 10! 4 degrees
when restricting the range to B1!. All these polarization-based
methods, irrespective of the details, can be combined with our
photonic gear tool without changes. Their sensitivity is therefore
predicted to be improved approximately by the factor m"Vm,
which we have shown can be made larger than 50. For example,
the method reported in Liu et al.31 combined with our photonic-
gear enhancement is expected to achieve a maximal sensitivity of
10! 6 degrees, or about 0.01 arcsec. The dynamical range is also
reduced by a similar factor, but the full dynamical range can be
recovered by the adaptive protocol discussed in Supplementary
Note 2.

Experimental photonic gears on two-photon entangled states.
We consider at last the quantum regime of entangled photons,
using the setup shown in Fig. 4a. We demonstrate two-photon
entangled states where each photon has a different total angular
momentum, m1 and m2, with a maximum of m1#m2$ 18. We
carried out two types of experiments. In the first, we generated
photon pairs in the ‘entangled photonic gear state’ j c!G i, given in
equation (8). We then measured the HH correlations for two

different sets of q-plates. The results are reported in Fig. 4b–d as a
function of the angles yA and yB of Alice’s and Bob’s stages. The
enhancement in oscillation frequency in both the yA and the yB
directions with respect to the polarization-only case is clearly
observed and matches our theoretical predictions. Next, we
generated the entangled state j f!G i and rotated the two stages by
the same angle yA$ yB$ y, thus creating a situation analogous to
the case of NOON-state probes. The measurement results are
shown in Fig. 4d. The hybrid quantum-classical sensitivity
enhancement by the factor mN$mA#mB$ 2qA# 2qB# 2 is
clearly observed, confirming again our predictions. In particular,
the experimental comparison between the two-photon quantum
case with j f!G i and the single-photon case with j CC

Gi shows that
in the former case a quantum enhancement by a factor 2 is
superimposed to the classical photonic gear effect.

Discussion
In summary, we have reported a photonic scheme to measure
rotation angles with greatly enhanced precision. In the regime
of single-photon probes, a precision of % 55

!!!!!!
nN
p

has been
demonstrated experimentally, with nN the total number of
photons. Notably, rather than in an asymptotic limit, this
precision was attained already for total photon numbers as small
as nN E102 to 104. To our knowledge, this constitutes the highest
precision per-particle reported so far4,7,9,18. In addition, we
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Figure 3 | Estimation of a rotation angle with photonic gears in the single-photon regime. Ratio between the statistical errors Dy0/Dym for the
polarization-only strategy versus the gears strategy in the single-photon regime for qo10 (a) and for all the implemented values of q (b). In (a) for each
point the pattern of the corresponding q-plate is also shown. We obtain a maximum precision enhancement of E55 for q$ 50, corresponding to the
generation of optical states with an OAM component with l$ 100. Red dashed line: theoretical prediction for the ideal case. Blue solid line: model taking
into account experimental imperfections (see equation (9) and Supplementary Note 1 for more details). Black horizontal dashed line: experimental
maximum enhancement. (c,d) Convergence of the angle estimation procedure as a function of the number of repeated experiments n for m$ 7 (q$ 3).

(c) Measured angle !y versus the number of incident single photons n (the red area corresponds to the true angle set in the apparatus, up to mechanical
resolution). Error bars correspond to the statistical error in the estimation process. (d) Ratio Dym=Dym

min showing the convergence to the Cramér–Rao
bound (see Supplementary Note 1).
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demonstrated ultra-sensitive two-photon entangled probes
tailored for different target estimations. We anticipate that
immediate application of the photonic-gear concept in a
classical regime can improve current polarization-based
methods for measuring roll angles to a sensitivity of less than
0.01 arcsec. These values provide substantial progress over the
current state of the art. In addition to metrological applications,
the capability we have demonstrated to efficiently generate and
detect hybrid polarization!OAM quantum states with very
large OAM creates interesting prospects for high-rate classical
communication33, coupling with atomic systems34, quantum
information processing35 and fundamental tests of quantum
mechanics36,37.

Methods
Q-plate fabrication. A q-plate is essentially a HWP whose optical axis orientation
angle is not uniform, but changes from point to point in the transverse plane. The
optical axis orientation at each point can be given as y" qj# a, where y is the
angle the optical axis forms with a reference axis x in the transverse plane xy, j is
the azimuthal angle coordinate, q is called the topological charge and a is a con-
stant. When a circularly polarized photon passes through a q-plate, its helicity is
switched to the opposite one, like in the case of standard HWPs. Such polarization
transformation, although having the same initial and final states, occurs in a

different way in different points of the transverse plane, giving rise to a non-
uniform geometrical (or Pancharantam!Berry) phase retardation. The phase shift
is coordinate dependent and equal to the double of y, which is equivalent to an
OAM state change of ±2q. The sign of the phase shift depends on the initial
polarization state: for the circular |1SL,m input, the output OAM state is changed
by # 2q and for the circular |1SR,m one, the output OAM state is changed by ! 2q.
The same applies to all the superposition states that correspond to an elliptically
polarized input photons, producing hybrid SAM–OAM states in the output.
This way, with a single q-plate of charge q and linearly polarized Gaussian input
it is possible to generate a hybrid state $1=

!!!
2
p
%$j 1iL;! 2q # j 1iR;2q%.

In our experiment, the q-plates are realized using a nematic LC. A q-plate is a
LC cell, in which a thin layer of LC is sandwiched between two glass windows,
previously covered with a suitable surface coating for inducing the desired
orientational order to the LC layer. For generating the q-plate pattern, we adopted a
photoalignment method38, which consists in exposing the aligning layer, which
contains suitable photosensitive dyes, with linearly polarized UV light. The
polarization direction of the light defines the local anisotropy direction of the
aligning coating (the latter is actually orthogonal or parallel to the polarization,
depending on the choice of materials), which in turn, induces the orientation
direction of the LC layer. Hence, the q-plate is realized by illuminating the empty
cell with a thin line of light, ‘writing’ sector by sector the desired angular structure,
while constantly controlling the polarization direction of the writing beam and
rotating the sample at the same time. The LC is inserted in the cell after writing the
alignment pattern. The cell glasses also include a thin conducting transparent layer
of indium tin oxide, in order to apply an electric field and fine-tune the q-plate to
the desired total retardation of half-wave. The output OAM state quality is defined
by the smoothness of the q-plate and the size of central defect. The first one is
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Figure 4 | Entangled photonic gears. (a) Experimental setup. An entangled photon pair in the polarization state |c!S is generated by type-II spontaneous
parametric down conversion. The state can be converted to the |f!S state by inserting a HWP in the path of Bob’s photon. Each photon is then
converted into SAM!OAM hybrid states by the q-plates qA and qB and a HWP, as before, and is sent to a different rotation stage for the analysis.

(b) Normalized experimental correlations pc!G $pp j yA; yB% (blue points), with pp"HH, obtained with the |c!S state by measuring the two-fold

coincidences in the H-polarization bases on both modes for different values of the rotation angles yA and yB. We observe the gear enhancement with
respect to the polarization-only case (red surface, theory) in the oscillation frequencies in both directions yA (with mA" 2qA! 1" 2) and yB (with
mB" 2qB# 1" 11). (c) Normalized experimental correlations again with |c!S (blue points) but for mA" 2qA# 1" 7 and mB" 2qB# 1" 11. (d) Normalized
experimental correlations obtained with the |c!S and |f!S states when rotating the two stages by the same angle yA" yB" y, for mA" 2qA# 1" 7 and
mB" 2qB# 1" 11. The polarization correlations (blue points: data for |c!S, red points: data for |f!S) now present an oscillation pattern with a periodicity
enhancement of (mA#mB) for |f!S and mA–mB for |c!S, due to quantum entanglement combined with the gear effect. The theoretical polarization-only
HH correlation (without the gear enhancement) is also shown, for reference, as a red solid curve in the |f!S state case, oscillating as 2y, and as a blue
solid curve in the |c!S state case, which is constant and vanishing. Yellow points: experimental data for single-photon gear with m" (mA#mB)/2" 9,
oscillating at half the frequency of j f!G i. Dashed curves: best fit of the experimental data. The visibility of the pattern for |f!S state is

Vf!G " 0:826 & 0:011. In all plots, error bars in the correlations are due to the Poissonian statistics of the recorded events, whereas error bars in
the set value of the angle y are due to the mechanical resolution of the rotation stage.
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defined by the sample rotation step, laser line thickness and the choice of the
aligning surfactant material. The central defect size is also very sensitive to the
alignment of the sample with respect to the writing beam. For low topological
charges qo10, a step of 1! and corresponding laser line thickness provides good
quality of the final structure. With the increase of topological charge, finer q-plate
structures required smaller rotation steps (up to 0.1! for q Z25) and particular
attention to rotation error compensation. In combination with suitable azodyes
selected as high-resolution aligning surfactants38, it was possible to achieve a high
quality of the LC alignment and a low size, with respect to the total aligned area, of
the central defect.

Experimental details. The optical source of single photons (not shown) is pro-
vided by a Ti:sapphire mode-locked laser, which generates pulses of Dt! 120 fs
with repetition rate of 76 MHz at l! 795 nm. The source is then doubled in
frequency via a second harmonic generation process to obtain the pump beam of
the experiment of l! 397.5 nm and P! 700 mW. The single photon is con-
ditionally generated through a type-II spontaneous parametric down conversion
process in a l! 1.5 mm beta-barium-borate crystal. The output field is then filtered
in frequency with a Dl! 3 mm filter and coupled in a single-mode fibre. Photons
at the output of this fibre are then injected into Alice’s preparation device.
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We present an optical setup for generating a sequence of light pulses in which the orbital angular momentum (OAM)
degree of freedom is correlated with the temporal one. The setup is based on a single q plate within a ring optical
resonator. By this approach, we demonstrate the generation of a train of pulses carrying increasing values of OAM,
or, alternatively, of a controlled temporal sequence of pulses having prescribed OAM superposition states. Finally,
we exhibit an “OAM-to-time conversion” apparatus that divides different input OAM states into different time bins.
The latter application provides a simple approach to digital spiral spectroscopy of pulsed light. © 2012 Optical
Society of America
OCIS codes: 050.4865, 270.5585, 230.6120.

The orbital angular momentum (OAM) of light has been
attracting increasing interest in the past years, owing
both to fundamental reasons and to its potential for mul-
tivalued encoding of information, both in a classical and
quantum regime [1,2]. One key step in fully unreleasing
this potential is to develop a convenient photonic tech-
nology for OAM generation, manipulation, and detection.
The current OAM technology, including holograms and
spatial light modulators (SLMs) [3], spiral phase plates
[4], Dove prisms in suitable interferometers [5], has im-
portant limitations in terms of ease of use, switching
speed, cost, etc., so that the need for new solutions re-
mains strong (see, e.g., [6]). In this Letter, we propose
a novel approach to OAM generation and detection based
on setting up a correlation between this degree of free-
dom and the temporal one, for example, within a regular
sequence of optical pulses. This correlation can, in turn,
be exploited to generate a time-to-OAM transfer of the
information encoded in the optical field, or vice versa,
depending on the details of the scheme.
Central to our approach is the q plate, a device allow-

ing control of OAM by the light polarization (or photon
“spin”) [7,8]. A single q plate, however, couples the polar-
ization with only two values of OAM. To address multiple
OAM values, one needs to cascade several q plates in se-
quence [9,10]. Here, we consider an alternative scheme,
as shown in Fig. 1, in which a single q plate is inserted in a
ring optical cavity, so that a light pulse may undergo mul-
tiple passages through the same q plate, thus addressing
multiple OAM values at different times. In our experi-
ments, a titanium-sapphire laser operating at 1 kHz repe-
tition rate generated pulses having a duration of about
130 fs. The ring cavity round-trip time was about 4 ns.
A fast photodiode connected to a 500 MHz oscilloscope
was used for time-domain detection (see inset of Fig. 1).
To analyze the setup workings, let us denote with jP; !i
an arbitrary polarization–OAM spin-orbit state, where P
indicates the polarization, namely, L, R, H, and V for left-
circular, right-circular, horizontal, and vertical polariza-
tions, respectively, and ! is an integer specifying the
OAM eigenvalue. For simplicity we ignore in the follow-

ing the radial mode profile. However, a lens imaging the q
plate on itself after a round trip is needed to erase the
radial profile transformations arising from propagation
after the OAM is changed [10]. For so-called “optimal
tuning” [11,12], a q plate induces the following trans-
formations in an optical mode having circular input
polarization:

jL; !i ! jR; !! 2qi; jR; !i ! jL; ! ! 2qi; (1)

where q is the (integer or half-integer) q-plate topological
charge. In our experiments, we had q " 1, but we will
keep the theoretical discussion general. Equations (1)
show that each passage through the q plate can be used
to shift the OAM value by #2q, where the sign depends
on the input polarization handedness (note that a spiral

Fig. 1. (Color online) Schematic of our setup. PBS, polarizing
beam splitter; H1, half-wave plate (HWP); Q1 and Q2, quarter-
wave plates; M, mirror; f 1, lens. In addition to the main ring
cavity setup, an SLM followed by detection in a single-mode fi-
ber have been used to verify the OAM content of output pulses
for the OAM sequence generation experiments [as in Figs. 2(a)
and (b)]. In the OAM-to-time conversion experiment, we moved
the SLM at the input of the ring cavity, to generate a given input
OAM, while in the output the single-mode fiber detector was
used for selecting the vanishing OAM output [as in Fig. 2(c)].
The inset shows a typical time sequence of pulses obtained
at the output.
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phase plate could similarly shift the OAM at each pas-
sage, but in a fixed direction). If linear or elliptical polar-
izations are used at the q-plate input, each passage will
give rise to a superposition state of both the!2q and !2q
shifted OAM values.
Let us first discuss the main loop occurring inside the

ring cavity. Consider a pulse with OAM ! traveling inside
the cavity, which has been just reflected by the polarizing
beam splitter (PBS) used as input/output port. The PBS is
assumed to transmit the H polarization and reflect the V
polarization, so we take the pulse to be in state jV; !i. The
OAM is sign inverted at each reflection, but we will
ignore this effect, which is finally compensated if the to-
tal number of reflections is even. The first quarter-wave
plate (QWP) changes the input pulse into the superposi-
tion αjL; !i! βjR; !i, where α " #e!i2θ ! i$∕2 and β "
!#ei2θ ! i$∕2, θ being the angle at which the QWP optical
axis is rotated with respect to the H axis. After the q
plate, the pulse is then cast in the spin-orbit entangled
state αjR; !! 2qi! βjL; ! ! 2qi. The second QWP is or-
iented at an angle of !π∕4, so that the pulse state at
the end of the round trip, just before the PBS, is the fol-
lowing: !iαjV; !! 2qi! βjH; ! ! 2qi. At the PBS, the V
component is reflected and starts a new cycle, while
the H component is coupled out of the cavity. The frac-
tion of energy coupled out at each round trip is given by
ϵ " jβj2 " %1! sin#2θ$&∕2, which can be adjusted by ro-
tating the first QWP. In our experiments we set ϵ " 0.5,
by taking θ " 0. The pulse reflected at the PBS now has a
shifted OAM ! ! !! 2q and starts a new cycle, which can
be analyzed as the previous one. The output component
has OAM ! ! 2q. Let us now consider the first cycle after
the input pulse has entered the cavity through the PBS, as
this requires a distinct treatment. In this case, indeed, the
pulse polarization is H. Therefore, the coefficients α and
β after the first QWP will be swapped (with a sign change
for one), so that, at the end of the first round trip, the
fraction of energy coupled out is jαj2 " 1 ! ϵ. The second

cycle starts with V polarization and can be analyzed as
discussed above.

We consider now some specific applications of our set-
up. The first is for generating a sequence of pulses with
increasing OAM, so that OAM and the time bin of the
pulse are correlated. This is obtained by entering the ring
cavity with a first pulse with a given OAM, for example
zero (i.e., a normal TEM00 Gaussian beam). We will then
obtain at the output the increasing OAM sequence
! " !2q; 0; 2q; 4q; 6q;…. The first output pulse (with
! " !2q) will have a fraction p1 " 1 ! ϵ of the input pulse
energy, while the subsequent ones will have an energy
fraction pn " ϵ2#1 ! ϵ$#n!2$, where n " 2; 3;… is the
pulse number (or time bin) in the sequence. An example
of this behavior is shown in Fig. 2(a).

The OAM sequence also can be turned into decreasing,
instead of increasing, by setting the second QWP at angle
!π∕4. In this case, the output OAM sequence (for a Gaus-
sian input) will be ! " !2q; 0;!2q;!4q;!6q;…. Another
possibility is to set the second QWP to an intermediate
angle, which gives rise to the following sequence of
OAM superposition states (the polarization is omitted):

jψi1"α
!2qj!2qi!α2qj!2qi;

jψi2"α
!4qj!4qi!α0j0i!α4qj!4qi;

jψi3"α
!6qj!6qi!α

!2qj!2qi!α2qj!2qi !α6qj!6qi;….

The superposition coefficients αi can be partially con-
trolled using the second QWP and the half-wave plate
(HWP). For example, the OAM distribution can be made
symmetric (jα

!ij " jαij) by setting the second QWP and
the HWP to an angle of zero. An example of this working
regime of our setup is shown in Fig. 2(b).

Another possible application of our apparatus is for
converting the input information encoded in OAM into
time-bin encoding. The setup is essentially the same as

Fig. 2. (Color online) Time traces detected in our experiments. The top row of (a)–(c) shows pulse sequences detected at the exit
of the ring cavity when no OAM filtering is applied. Lower panels, column (a), generation of a sequence of pulses carrying increasing
OAM eigenstates ! " !2; 0; 2;…. The individual pulses detected at different times after diffraction on the SLM with the displayed
hologram patterns and single-mode optical fiber detection, used for OAM selection. Lower panels, column (b), generation of a
sequence of pulses with superposition states of the following OAM values: #!2; 2$; #!4; 0; 4$; …. The detection is as in column
(a), and, in this case, different shown hologram patterns measuring the various OAM eigenstates included in the same superposition
return the same pulse timing. Lower panels, column (c), OAM-to-time conversion of the input pulse. The individual pulses detected
after selecting only zero OAM at the output are shown for different values of the input OAM.
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before, but, in the output of the PBS, we add an OAM
filter to detect selectively ! ! 0, for example, by coupling
the outgoing light into a single-mode fiber (without an
intermediate SLM in this case). Then we operate the loop
so as to decrease the OAM at each round trip. If the num-
ber of round-trips needed to observe a pulse in the output
is n, then the input OAM is given by ! ! 2"n ! 2#q. In
other words, the time delay of the detected pulse is pro-
portional to the input OAM value. This method is illu-
strated in Fig. 2(c). We note that this method requires
prior knowledge of the sign of the input OAM, so as to
operate the shifter in the correct direction. An alternative
possibility, when the OAM sign is unknown, is to operate
the setup with the second QWP rotated at angle zero. In
this way, the loop will create superposition states that
include both increasing and decreasing ! values at each
iteration, and the time bin n of the first pulse giving a
nonvanishing signal after the OAM filter will return the
absolute value of the input OAM.
The detection efficiency of our setup for a given ! input

is given by the same energy fraction pn given above for
the generation case (not including the OAM filter effi-
ciency). In our experiment, we addressed only a few
OAM values because we set ϵ ! 0.5, giving rise to a rapid
exponential decrease of the output energy, as pn ! 0.5n.
Higher OAM values, e.g., corresponding to pulse number
n, can be reached, however, by adjusting the output cou-
pling factor to the optimal value ϵ ! 2∕n (for n " 2). This
returns the optimized efficiency pn ! 4"n ! 2#n!2∕nn,
which, for high n, decreases only as n!2. When the input
pulse is in a superposition of different OAM components,
more pulses are obtained at the output, with amplitudes
corresponding to the input OAM power spectrum except
for a rescaling by the detection efficiency pn. Therefore,
the input OAM spiral spectrum can be visualized by a
common oscilloscope. The same approach may be ap-
plied to single photons, although in its present form it
would be a low-efficiency method. The efficiency of
our setup could, however, be substantially increased
by adopting a fast Pockel cell to couple the light in
and out, and, for the OAM-to-time conversion case, by
replacing the PBS and subsequent OAM filter with a sui-
table hollow mirror, so as to let only the vanishing OAM
state out of the cavity.

In conclusion, we reported a novel method for addres-
sing multiple OAM values by coupling with the time
degree of freedom. This approach may find applications
in OAM-based quantum information schemes [13,14] or in
digital spiral imaging and microscopy [15,16].
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Abstract: We present a convenient method to generate vector beams
of light having polarization singularities on their axis, via partial spin-to-
orbital angular momentum conversion in a suitably patterned liquid crystal
cell. The resulting polarization patterns exhibit a C-point on the beam axis
and an L-line loop around it, and may have different geometrical structures
such as “lemon”, “star”, and “spiral”. Our generation method allows us to
control the radius of L-line loop around the central C-point. Moreover, we
investigate the free-air propagation of these fields across a Rayleigh range.
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with different polarization states,” Opt. Express 20, 26755–26765 (2012).
15. T. A. Fadeyeva, C. N. Alexeyev, P. M. Anischenko, and A. V. Volyar, “Engineering of the space-variant linear

polarization of vortex-beams in biaxially induced crystals,” Appl. Opt. 51, C224-C230 (2012).
16. L. Marrucci, C. Manzo, and D. Paparo, “Optical Spin-to-Orbital Angular Momentum Conversion in Inhomoge-

neous Anisotropic Media,” Phys. Rev. Lett. 96, 163905 (2006).

�����������������86' 5HFHLYHG����1RY�������UHYLVHG����'HF�������DFFHSWHG����'HF�������SXEOLVKHG���$SU�����
(C) 2013 OSA 8 April 2013 | Vol. 21,  No. 7 | DOI:10.1364/OE.21.008815 | OPTICS EXPRESS  8815



17. F. Cardano, E. Karimi, S. Slussarenko, L. Marrucci, C. de Lisio, and E. Santamato, “Polarization pattern of vector
vortex beams generated by q-plates with different topological charges,” Appl. Opt. 51, C1–C6 (2012).

18. L. Marrucci, E. Karimi, S. Slussarenko, B. Piccirillo, E. Santamato, E. Nagali, and F. Sciarrino, “Spin-to-orbital
conversion of the angular momentum of light and its classical and quantum applications,” J. Opt. 13, 064001
(2011).

19. E. Karimi, B. Piccirillo, E. Nagali, L. Marrucci, and E. Santamato, “Efficient generation and sorting of orbital
angular momentum eigenmodes of light by thermally tuned q-plates,” Appl. Phys. Lett. 94, 231124 (2009).

20. S. Slussarenko, A. Murauski, T. Du, V. Chigrinov, L. Marrucci, and E. Santamato, “Tunable liquid crystal q-plates
with arbitrary topological charge,” Opt. Express 19, 4085-4090 (2011).

21. E. Karimi, G. Zito, B. Piccirillo, L. Marrucci, and E. Santamato, “Hypergeometric-Gaussian modes,” Opt. Lett.
32, 3053–3055 (2007).

22. E. Karimi, B. Piccirillo, L. Marrucci, and E. Santamato, “Light propagation in a birefringent plate with topolog-
ical charge,” Opt. Lett. 34, 1225–1227 (2009).

23. C. Hnatovsky, V. Shvedov, W. Krolikowski, and A. Rode, “Revealing Local Field Structure of Focused Ultrashort
Pulses,” Phys. Rev. Lett. 106, 123901 (2011).

24. A. Ambrosio, L. Marrucci, F. Borbone, A. Roviello, and P. Maddalena, “Light-induced spiral mass transport in
azo-polymer films under vortex-beam illumination,” Nat. Commun. 3, 989 (2012).

1. Introduction

It has been widely studied and directly observed that both longitudinal and transverse waves
may have structures rich of singular points [1, 2]. Optical light beams with singular scalar and
vectorial features received a particular attention [2]. In the scalar case, these singularities in
the beam transverse plane are known as “wave dislocations” or “optical vortices” [1, 3]. They
correspond to points where the optical field amplitude vanishes and the optical phase becomes
undefined. Near the singular point, the optical phase changes continuously with a specific topo-
logical charge, given by the phase change in units of 2! along a closed path surrounding the
singularity [3]. Beams with optical vortices carry orbital angular momentum (OAM), which is
simply proportional to the topological charge when the vortex is located on the beam axis [4].
When also the vectorial nature of the optical field is taken into account, the variety of pos-

sible singular points in the transverse plane is increased [5–11]. In the paraxial approxima-
tion, the optical field is purely transverse, i.e. orthogonal to the propagation direction. In each
point of the transverse plane, the direction of the electric field changes in time tracing an el-
lipse, whose ellipticity and orientation define the local “polarization” state of the field. The
polarization can be also parametrized by introducing the three reduced Stokes parameters, s1,
s2 and s3, or the polar and azimuthal angles on the Poincaré sphere. The vector-field singu-
larities form points or lines in the transverse plane where one of the polarization parameters
is undefined. Examples are the so-called C-points and L-lines, where the orientation and the
handedness of the polarization ellipse are undefined, respectively [6,7]. Optical beams exhibit-
ing vector singularities of this kind have been given various names in the literature, such as
for example (full)-Poincaré beams [12, 13]. Here, we simply call them “polarization-singular
beams” (PSB). The PSB may have different transverse polarization patterns, characterized by a
different integer or half-integer topological index " as defined by the variation of the polariza-
tion ellipse orientation for a closed path around a C-point, such as “star”, “monstar”, “lemon”,
“spiral” (with a central “source/sink” singularity), “hyperbolic” (with a central “saddle” singu-
larity), etc. Some examples are shown in Fig. 1. Optical PSB possessing high values of positive
and negative topological charge form so-called “polarization flowers” and “hyperbolic webs”,
respectively [8].
Polarization singularities are typically generated either by interferometric methods (see,

e.g., [14]), which is usually very delicate and unstable, or by propagation through suitable
birefringent solid crystals (see, e.g., [15] and references therein), a method which does not lend
itself to a flexible control of the output. In this paper, we study the generation and propagation
dynamics of vectorial polarization singular beams generated by “q-plates” [16], i.e. birefrin-
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Fig. 1. Polarization patterns of three different polarization singular beams: “star” (index
! = !1/2), “lemon” (! = 1/2) and “spiral” (! = 1). The central point at the origin in-
dicates the C-point, while dashed blue lines show the L-line circles with radius "0. The
handednesses of the polarization ellipses in the outer region, " > "0, and in the inner one,
" < "0, are opposite.

gent liquid crystal cells having a singular pattern of the optical axis. In a recent work, we have
reported the generation of singular vortex beams with uniform polarization ellipticity and a
central vortex singularity with vanishing intensity, as generated by “tuned” q-plates [17]. Here,
by exploiting “untuned” q-plates, we conveniently generate and control beams having a space-
variant polarization ellipticity, with a central C-point singularity, and a lemon, star or spiral
ellipse-orientation pattern. Finally, we analyze the varying polarization structures in different
longitudinal positions along the beam, so as to investigate the effect of propagation.

2. Polarization singular beams

A class of polarization singular beams can be generated by the superposition of two optical
fields bearing orthogonal polarization states and different OAM values. Here, we consider in
particular a beam described by the following expression:

|PSB"= cos
!

#
2

"
LG0,0(" ,$ ,z) |L"+ ei% sin

!
#
2

"
LG0,m(" ,$ ,z) |R" (1)

where " ,$ ,z are cylindrical coordinates, # is a tuning parameter, |L" and |R" stand for left- and
right-circular polarizations, respectively, % is a phase, and LGp,m denotes a Laguerre-Gauss
mode of radial index p and OAM index m, with a given waist location (z= 0) and radius w0.
The LG modes with m #= 0 have a doughnut shape, with vanishing intensity at the center.

The PSB resulting from Eq. (1) then have a polarization pattern, shown in Fig. 1, characterized
by the following four elements: (i) at the center (that is the beam axis), the polarization is left-
circular (C-point), since the last term in Eq. (1) vanishes here; (ii) as the radius increases, the
second term contributes and changes the circular polarizations into left-hand elliptical; (iii) at a
certain radius " = "0(# ), where the two waves in Eq. (1) have equal amplitude, the polarization
becomes exactly linear (L-lines); (iv) at larger radii, that is for " > "0, the second term in Eq. (1)
prevails and the polarization state changes into right-handed elliptical. It is worth noting that,
in this case, the polarization pattern has a topological index ! = m/2. The initial angle at
azimuthal location $ = 0 of the polarization ellipse major axis is fixed by the relative phase %
in Eq. (1). Of course, the |L" and |R" polarizations in Eq. (1) can also be swapped, leading to
an inverted polarization ellipticitiy everywhere.
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Fig. 2. Experimental setup. A He-Ne laser beam is first spatial-mode filtered by focusing
via a microscope objective (4X) into a 50 µm pinhole and recollimating by a lens (f). Its
polarization is then prepared in a left (right) circular state by a polarizing beam-splitter
(PBS) and a quarter-wave plate (Q). An untuned q-plate then transforms the beam into
a PSB. The PSB polarization pattern was analyzed by a quarter-wave plate, a half-wave-
plate (H) and another polarizer, followed by imaging on a CCD camera. The ! parameter of
the PSB was adjusted by electrically tuning the q-plate. In order to study the propagation
dynamics of the PSB, the CCD camera was mounted on a translation stage and moved
around the focal plane of an output lens. Upper insets show the intensity and reconstructed
polarization patterns, in the near field, of the lemon, star, and spiral beams generated by
q-plates with q= 1/2,!1/2,1, respectively.

We generate PSB by exploiting partial spin-to-orbital angular momentum conversion in q-
plates. The optical action of q-plates is described in [16, 18–20]. Depending on its birefringent
retardation ! , the q-plate converts a varying fraction of the spin angular momentum change
suffered by the light passing through the device into OAM withm=±2q, where q is the q-plate
topological charge and the sign is determined by the input circular polarization handedness. The
conversion is full when the q-plate optical phase retardation is ! = " (or any odd multiple of ").
For other values of ! , the q-plate is said to be untuned and the spin-to-orbital conversion is only
partial. In the untuned q-plate a fraction of the incoming beam passes through unchanged. The
field at the exit plane of an untuned q-plate for a Gaussian left-circular polarized input beam is
given by the following expression:

!U · |L"= HyGG!|q|
#

2,q
#

2 (# ,d/  n)
"

cos
#

!
2

$
|L"+ ei$ sin

#
!
2

$
|R"e2iq%

%
, (2)

where HyGG!|q|
#

2,q
#

2 denotes the amplitude profile of a hypergeometric-Gaussian beam [21],
describing with good approximation the output mode profile of a q-plate of charge q, thickness
d and average refractive index  n for a Gaussian input (see Ref. [22] for more details), and the
phase $ in the second term depends on the initial angle (on the x axis) of the q-plate optical-
axis pattern [16,18]. The converted and non-converted terms in Eq. (2), that is in the near field,
have a common amplitude profile, which can therefore be factorized. The far-field profiles
produced by the converted and non-converted parts of the beam are different, however, because
the different OAM values affect the beam propagation. The HyGG term appearing in Eq. (2),
after multiplication by the phase factor exp(2iq%), can be expanded in a series of LG modes
[21]. Truncating this expansion to the first useful order (which is a good approximation in the
far field), Eq. (2) is reduced to Eq. (1) with m = 2q. The optical retardation ! of the q-plate,
that is the q-plate tuning, can be adjusted continuously by applying an appropriate voltage [20].
Different polarization topologies can be obtained by using q-plates with different topological
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Fig. 3. Intensity distribution and reconstructed polarization patterns of beam generated by a
q-plate with q= 1/2 for seven different optical retardations: (a) ! = 0 (or 2"), (b) ! = "/4,
(c) ! = "/2, (d) ! = 3"/4, (e) ! = " , (f) ! = 5"/4, and (g) ! = 3"/2. The corresponding
L-line radii relative to the beam waist w0 are the following: (a) undefined (b) #0 = 2.0w0,
(c) #0 = 1.4w0, (d) #0 = 1.1w0, (e) undefined, (f) #0 = 1.0w0, and (g) #0 = 1.5w0.

charges. In this work, we used q = !1/2,+1/2, and +1, generating correspondingly equal
indices of the polarization patterns.

3. Experiment

The experiment layout is shown in Fig. 2. The generated PSB polarization distribution was stud-
ied both in the near and far fields generated in the image and focal planes of a lens. The polar-
ization distribution was analyzed by polarization tomography: the local Stokes parameter maps
have been calculated from the intensity images taken by a CCD camera (Sony AS-638CL), after
projection onto horizontal (H), vertical (V ), anti-diagonal (A), diagonal (D), L and R polariza-
tion states, respectively. The polarization pattern was thus entirely reconstructed, as shown in
form of little ellipses in Fig. 2 and subsequent figures. In order to reduce noise and experimen-
tal errors, the average intensity was recorded in a grid of 20"20 pixel square area [17]. The
missing ellipses in the experimentally reconstructed polarization patterns (e.g., in Fig. 3) cor-
respond to regions with low intensity, so that the polarization reconstruction was too affected
by stray light. The superposition coefficients in Eq. (2) have been adjusted by changing the
q-plate optical retardation ! with the applied voltage. The radius where the L-line forms in the
polarization pattern depends on the ratio between the absolute value of the two coefficients in
Eq. (2) and, hence, on the voltage applied to the q-plate. In particular, for optical retardation
! = 0 and ! = " the beam profile is Gaussian fully left-circular and doughnut-shaped fully
right-circular, respectively. In the intermediate case, the pattern is a superposition and a circular
L-line appears in the polarization pattern, whose radius #0 depends on ! . From Eq. (1) one finds
#0 =w0/(

#
2tan!/2). Figure (3) shows the intensity and reconstructed polarization pattern for

different q-plate retardations in steps $! = "/4, and the corresponding measured L-lines radii.
As shown in the figure, also the intensity profile changes from a Gaussian (left-circular) to a
doughnut (right-circular) shape. In Fig. 3 (c) and (g), the optical retardations are "/2 and 3"/2,
respectively; the " difference in the relative phases results into a 180$ rotation of the polariza-
tion patterns. The topological index of the polarization pattern, however, depends only on the
q-value of the q-plate, and in the case of Fig. 3 we have % = q= 1/2.
In a second experiment, we studied the dynamics of different PSBs with % = !1/2, +1/2

and +1 topologies under free-air propagation for fixed parameter ! = "/2. To this purpose,
we moved the CCD camera along the propagation axis around the imaging-lens focal plane.
We recorded the beam polarization patterns at six different planes in the range !zR % z % zR,
where zR is the lens Rayleigh parameter and z= 0 corresponds to the beam waist location. The
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Fig. 4. Reconstructed experimental polarization patterns of different PSB beams. (a)
! =m/2=+1/2, (b) ! =m/2=!1/2 and (c) ! =m/2=+1. Patterns have been recon-
structed by measuring the maps of reduced Stokes parameters in six different longitudinal
planes within the beam Rayleigh range, from !zR to +zR. The corresponding rotation of
polarization patterns for (a) and (b) are 90" and 88" = (30+30+28)", respectively.

experimental results are shown in Fig. 4. As it can be seen, the polarization pattern evolves
during propagation. Indeed LG00 and LG0,m modes of Eq. (1) have different z dependences of
their Gouy phases; the relative Gouy phase between them is given by " = |m|arctan(z/z0),
which in the explored region varies in the range |m|[!#/4,#/4]. In the case m = ±1 (i.e.
! = 1/2) the phase evolution leads to a rigid rotation of the whole polarization structure by an
angle equal to " [as shown in Fig. 4 (a) and (b)], while when m= 2 (i.e. ! = 1), this dephasing
leads to a more complex pattern dynamics, in which the polarization structure changes from
radial to spiral and then to azimuthal (Fig. 4 (c)).

4. Conclusion

We reported a non-interferometric technique to generate beams carrying a polarization singu-
larity on their axis, based on a partial spin-to-orbital angular momentum conversion in a de-
tuned q-plate device. By this approach, we generated beams with C-points on their optical axis,
surrounded by a circular L-line whose radius can be controlled by the voltage applied to the
q-plate. We demonstrated different patterns such as stars, lemons, and spirals, corresponding to
vector topological indices of !1/2, 1/2 and +1, respectively. We have also studied the pattern
evolution in free-space propagation. Such polarization patterns could find practical application
in lithographic optical techniques, as for the examples discussed in Refs. [23, 24].
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