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ABSTRACT

The orbital angular momentum carried by single photons reprents a promising resource in the quantum informa-
tion field. In this paper we report the complete characterization in the qunatum regime of a recently introduced
optical device, known as ¢-plate. Exploiting the spin-orbit coupling that takes place in the g-plate, it is pos-
sible to transfer coherently the information from the polarization to the orbital angular momentum degree of
freedom, and wviceversa. Hence we provide a reliable bi-directional interface between polarization and orbital
angular momentum. As a first paradigmatic demonstration of the g-plate properties, we have carried out the
first experimental Hong-Ou-mandel effect purely observed in the orbital angular momentum degree of freedom.
Such results open new perspectives for the implementation of quantum information protocols.
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1. INTRODUCTION

In the last few decades, quantum optics has allowed the implementation of a variety of quantum-information
protocols. However, the standard information encoding based on the two-dimensional quantum space of photon
polarizations (or “spin” angular momentum) imposes significant limitations to the protocols that may be imple-
mented. To overcome such limitations, more recently the orbital angular momentum (OAM) of light, related to
the photon’s transverse-mode spatial structure,! has been recognized as a new promising resource, allowing the
implementation of a higher-dimensional quantum space, or a “qu-dit”, encoded in a single photon.?® Related to
its higher dimensionality, the OAM can provide an elevated degree of security and higher information-density cod-
ing, with a major channel capacity in the field of quantum communication.*® Furthermore, it can be exploited
in quantum imaging, free-space communication, micromechanics, astrophysics and biophysics.? %8

Single photons carry angular momentum both with a spinoral and orbital contributions, which can be treated
independently in paraxial approssimation.® The wavefront of light carrying OAM shows a twisting around the
propagation direction (elicoidal wavefront), which causes a phase singularity known as optical vortex. The
handness and the number of twisting define the value of an integer number m that represents the eigenvalue of
the orbital angular momentum (in unit of %) carried by each photon of the light beam. One of the most popular
class of light field carrying OAM is the Laguerre-Gauss beam,! characterized by the dependence of the modes
on the azimuthal phase ¢ in the expression ¢/™?. Such dependence implies that the Laguerre-Gauss modes are
eigenmodes of the quantum orbital angular momentum operator L, |m) = mh|m) and form a complete basis in the
Hilbert space. This property suggested an employment of OAM states in quantum field. So far, the generation of
OAM-entangled photon pairs has been carried out by exploiting the process of parametric down-conversion!% 11
and has also been utilized in few quantum information protocols.'? 1819 Despite these successes, the optical tools
for generating and controlling the OAM photon states (computer-generated holograms, Dove’s prisms, cylindrical
lens mode converters, etc.) are rather limited and difficult to use. A convenient way to coherently “interface”
the OAM degree of freedom of photons with the more easily manipulated spin/polarization one has been missing
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Figure 1. Dynamic on single-photon states induced by the g-plate.

so far. In this context, the recent invention of an optical device, the so-called “g-plate” (QP), that couples the
photon spin to its orbital angular momentum opens up a number of new and unexplored possibilities.?° This
optical “spin-orbit” coupling can be exploited as an effective interface, completely reversible, between polarization
and orbital angular momentum in the quantum regime.??

In this paper we present the characterization of the g-plate properties in the quantum regime, enlightening
its reliability in transposing the quantum information from the spin to the OAM degree of freedom of photons
and vice versa.?®?” Finally, we demonstrate experimentally that photon-photon quantum correlations can be
transferred from the spin to the OAM degree of freedom of a photon pair, through the observation of a Hong-
Ou-Mandel effect in the OAM.

The ease of use, flexibility and good conversion efficiency demonstrated by this device makes it a very
promising tool for fully exploiting the OAM degree of freedom of photons, in combination with polarization, as
a new resource to implement high-dimensional quantum information protocols.

2. THE Q-PLATE DEVICE

A g-plate (QP) is a birefringent slab having a suitably patterned transverse optical axis, with a topological
singularity at its center.?) The “charge” of this singularity is given by an integer or half-integer number g,
which is determined by the (fixed) pattern of the optical axis. Q-plates working in the visible or near-infrared
domain can be manufactured with nematic liquid crystals, by means of a suitable treatment of the containing
substrates.?%2! The g-plate introduces a birefringent retardation § which is uniform across the device. For
60 = m, a QP modifies the OAM state m of a light beam crossing it, imposing a variation Am = +2¢ whose sign
depends on the input polarization, positive for left-circular and negative for right-circular.?? In other words, the
input polarization of the light controls the sign of the orbital helicity of the output wave front. We observe that
the total variation of the angular momentum of light is nil, and there is no net transfer of angular momentum to
the plate: the plate in this case acts only as a coupler of the two forms of optical angular momentum, allowing
their conversion into each other. In the present work, we use only QPs with charge ¢ = 1 and § ~ 7. Hence, an
input TEMyg mode (having m = 0) is converted into a beam with m = £2, as shown in Fig. 1. In the visible
domain, in particular ate A = 795nm, we have extimated the transmittivity of the g-plate to be T' ~ 0.90.23

Let us now describe the action of the g-plate adopting the quantum formalism between the input and output
modes. In a single-photon quantum formalism, the QP implements the following quantum transformations on
the single photon state:

|IL)xm)o — [R)xlm+2),
|R)x|m)o  — |L)x|m —2)o (1)



where |-), and |-), stand for the photon quantum state ‘kets’ in the polarization and OAM degrees of freedom,
and L and R denote the left and right circular polarization states, respectively. Since the previous relations hold
for single photon creation operators, it emerges the possibility to exploit the g-plate in the quantum regime. Let
us note that a single g-plate with ¢ = 1 allows to manipulate the OAM degree of freedom in the subspace 0z. In
the following, whenever there is no risk of ambiguity, the subscripts m, o and oy will be omitted for brevity.

Let us address how to optimize the efficiency of the g-plate. The birifringence retardation ¢ introduced by the
g-plate is function of %, where L is the QP thickness, A the wavelenght and An the liquid crystal birefringence.
Hence the efficiency 7 of the device, which can be expressed as 1 = sin® g, depends critically on the pressure
acting on the g-plate and on the working temperature, since these parameters can modify the thickness and the
birefringence, respectively. The g-plate conversion efficiency 7 from the input TEMyy to the m = +2 modes
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Figure 2. Experimental analysis of the conversion efficiency of the g-plate depending on the temperature. The optimal
tuning of the QP corresponds to a birefringence retardation 6 = m, hence the QP acts as a half waveplate on the
polarization. The data correspond to the intensity transmitted by a PBS placed after the QP, while varying the working
temperature. The input beam has been injected on the QP with horizontal polarization and decentralized respect to the
singularity. Lower the intensity transmitted, better is the tuning of the QP, that is the efficiency of conversion. The solid
line refers to the sinusoidal best fit.

can be estimated through the coupling efficiency with the single mode fiber. Experimentally we find n ~ 85%.
This is mainly ascribed to the fact that our g-plate has a birefringent retardation ¢ not exactly tuned to 7w and
the unconverted component remains m = 0 and is therefore filtered out. In order to optimize the QP efficiency,
we have estimated its temperature dependence. By mounting the g-plate on a termo-electric cooler connected
to a temperature controller, we have observed a sinusoidal efficiency behaviour depending on the temperature,
reported in Fig.2. The optimal tuning has been performed by changing also the pressure acting on the QP and
observing in the far field the quality of the Laguerre-Gauss modes generated. In this way it has been possible to
choose the optimal tuning for all devices, hence maximizing the efficiency of each QP.

3. EXPERIMENTAL SETUP

The experimental layout is shown in Fig. 2. The source of the experiment is a Ti:Sa mode-locked laser with
wavelength (wl) A = 795nm, pulse duration of 180 fs, and repetition rate 76 MHz. The main part of the
laser through a second harmonic generation (SHG) generates a UV laser beam with wave-vector k, and power
equal to 800mW. This field pump a 1.5mm thick non-linear crystal of S-barium borate (BBO) cut for type II
phase-matching that works in a collinear regime and generates polarization pairs with orthogonal polarization
{7y, Ty} with equal wavelength A\ = 795nm. The spatial and temporal walk-off is compensated through a
% waveplate and a 0.75 mm thick BBO. The photons are spectrally filtered adopting a broadband filter with
Av = 6nm. In order to work in the one or two photon regime, a polarizing beam-splitter (PBS) can be inserted
in order to transmit the horizontally-polarized photon of the pair and reflects the vertically-polarized one. In
the case of single-photon regime (PBS inserted), the vertically-polarized photon is coupled to a single-mode fiber

and revealed with a single-photon counter (SPCM) Dy, which therefore acts as a trigger of the one-photon state



generation. The transmitted photon in the |H) polarization state is coupled to another single-mode fiber, which
selects only a pure TEM, transverse mode, corresponding to OAM m = 0. The coincidence count rate of the
two outputs of the PBS, after coupling into the fibers, is of typically 16-18 kHz. After the output of the fiber,
two waveplates compensate the rotation of polarization introduced by the fiber.
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Figure 3. Experimental setup. The output signals of the single photon counter modules (SPCM) are sent to a coincidence
box interfaced with a computer, which collects the different coincidence rates.

Hitherto we have described the first part of the apparatus concerning the source of single photon states or
two photon states depending on the experiment to be implemented. The second part of the experimental setup
which has been changed depending on the different experiments (denoted as a, b, ¢) to be implemented, will be
described in the following Sections.

4. MANIPULATION OF OAM QUBIT VIA Q-PLATES

In the next subsections we will describe the experiments we have carried out in order to demonstrate the reliability
of the g-plate device on the manipulation of the orbital angular momentum. Hitherto different techniques have
been developed for generating and controlling the OAM photon states, however they seems to be too complex
and low efficient. In this work we adopted, beyond the g-plate, also the hologram devices. The holograms used
for generating or analyzing the above OAM states were manufactured from a computer-generated image by a
photographic technique followed by a chemical bleaching step, producing pure phase binary holographic optical
elements. The typical first-order diffraction efficiencies of these holograms were in the range 10-15%. Depending
on the OAM basis to be analysed, the hologram is characterized by a different pattern. However, a TEMgg input
mode is sent into the hologram and the first-order diffracted mode is used for output which depends on each
hologram pattern. For example, let us consider a double-fork hologram like the one we used in our experiments.
Such hologram separates the different values of the OAM, so that the first diffracted modes refer to Am = +2
respect to the value of OAM of the input beam, while the undiffracted beam is characterized by Am = 0.



A single g-plate (with ¢ = 1) can be used for coupling the polarization subspace 7 with the OAM subspace
02, spanned by the OAM eigenstates {| 4+ 2),,| — 2),}. Let us note that as the action of a single g-plate allows
to work in a bidimensional subspace of the orbital angular momentum, it is possible to construct a ”Poincaré”
sphere for an OAM qubit analogous to the one usually constructed for a polarization qubit.?® Being {|+2),|—2)}
the basis in the OAM subspace o0z, we define the following superposition states:

dr) = T(I +2)+[-2)
de) = 17(| +2)-1-2))
dy) = 7(|dR> +|dL))
[d-) = %(Idzxe) —ldr))

which enlighten the full analogy that can be drawn between the polarization SU(2) Hilbert space and each
subspace of OAM with a given |m/|, except for m = 0.

In the next subsections, we present two optical schemes based on the g-plate that enable a qubit of quantum
information to be transferred from the polarization to the OAM (setup a, transferrer m — o03), from OAM to
polarization (setup b, transferrer oo — 7). Moreover, we tested also the combination of these two schemes, thus
realizing the bidirectional transfer polarization-OAM-polarization (setup ¢, @ — 02 — 7). The latter demon-
stration is equivalent to demonstrating quantum communication using OAM for encoding the message. In other
words, the qubit is initially prepared in the polarization space, then passed to OAM in a transmitting unit (Alice),
sent to a receiving unit (Bob), where it is transferred back to polarization for further processing or detection. Let
us stress that here we demonstrate a probabilistic conversion (p = 50%) of these quantum transferrer. However
by extending the following scheme it is possible to achieve a complete deterministic information conversion.?”

4.1 Entanglement

The g-plate device allows to manipulate efficiently the OAM degree of freedom by coupling the OAM with the
polarization of single photons. Interestingly, observing the dynamics shown in eq.1, emerges a first property of
the QP that is to generate single particle entanglement between the m and o degrees of freedom:

R }QP 510l + 200 % R | = 2),) @)

Hence as a first experimental step in the single photon regime, we have demonstrated the realization of the states
in Eq.(2). A single-photon two-qubit quantum state tomography has been carried out, performing measurements
both in 7 and o degrees of freedom. In particular, different basis of the OAM have been analysed through six
holograms with different diffraction patterns.?® The experimental results are in very good agreement with theo-
retical predictions, as shown in Fig.(4-a,b).

4.2 Quantum transferrer m — o9

Let us consider as initial state the polarization-encoded qubit
[W)in = [@)x|0)o = ([ H)7 + BIV)x)|0)o (3)

where |0),, indicates the TEMyo mode. By passing it through a pair of suitably oriented quarter-waveplates, the
photon state is rotated into the L, R basis:

(a|L)x + BIR)x)[0)o (4)
After the QP the quantum state of the photon is then turned into the following:
a|R)| +2) + BIL)| - 2) (5)



If a polarizer along the horizontal direction is used, we then obtain the state
[W)out = [H)x(al +2)o + B] — 2)0) = [H)z[P)os (6)

which completes the conversion. We note that such conversion process is probabilistic, since the state |U),y¢
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Figure 4. (a-b)Experimental density matrices for the single photon entangled state. The computational values {0, 1} are
associated to the {|R),|L)} polarization states, and to {| 4+ 2),| —2)} for the orbital angular momentum [ for the first and
the second qubit, respectively. The incoming state on the QP is (a) |H)~|0);,and (b) |V)|0);. The average experimental
concurrence is C' = (0.95 4 0.02), while the average purity of the states is P = Trp? = (0.94 £ 0.02).(c-d)Poincaré sphere
both for the OAM (c) and ! (d) degrees of freedom. Experimentally we carried out single-qubit tomography in order to
determine the Stoke’s parameters for the 7 and their analogous for ! degrees of freedom. The mean fidelity values are (c)
F=(98+1)% and (d) F = (97 +1)%.

is obtained with a probability p = 50%, owing to the final polarizing step. Moreover, since we are using the
{|H),|V)} basis for the polarization encoding and the {| + 2),| — 2}} = {|I), |r)} for the OAM one, the transfer
is associated also with a rotation of the Poincaré sphere. The experimental layout of this scheme is shown in
Fig.3, dashed box a. The input arbitrary qubit is written in the polarization using two waveplates, as discussed
in Sec. ITI. The final state tomography has been realized by means of the six holograms properly patterned.
The experimental results for three specific choices of the input state are shown in Fig.(4-c). We find a good
agreement with theory as demonstrated by the fidelity parameter, defined as F' = (1|pesp|t)), where |¢) is the
theoretical state to be compared to the experimental one. Hence in this experiment the average fidelity value
between the experimental states and the theoretical predictions is F' = (97.7 £ 0.2)%.

Thus, we have demonstrated experimentally that the initial information encoded in an input TEMg, state
can be coherently transferred to the OAM degree of freedom, thanks to the m — o5 transferrer, giving rise to the
preparation of a qubit in the orbital angular momentum.

4.3 Quantum transferrer oo — 7

Let us now show that the reverse process can be realized as well, by transferring a qubit initially encoded in the
OAM subspace o5 into the polarization space. We therefore consider as initial quantum state of the photon the
following one:

[W)in = [H)xl0)o, = [H)(a] +2) + 5] - 2)) (7)

By injecting the state |¥);, in the g-plate device, and then rotating the output state by means of a pair of
waveplates, we obtain the following state:

%{OZIVH+4>+a|H>I0>+ﬂIV>I0>+ﬁ|H>|*4>} (8)



Now, by coupling the beam to a single mode fiber, only the states with m = 0 that is, the TEMgyy modes, will
be efficiently transmitted. Of course, this implies that a probabilistic process is obtained again, since we discard
all the contributions with m # 0 (ideally, again p = 50%). After the fiber, the output state reads:

(Wour = (alH) + BIV))|0) = |¢)x[0)o (9)

which demonstrates the successful conversion from the OAM degree of freedom to the polarization one.

The experimental layout of this “reverse” scheme is shown in Fig.3, dashed box b. The input qubit in OAM
is prepared using one of the six holograms, as explained in the previous subsection. The output state has been
analyzed by a standard polarization-state quantum tomography. The experimental results for three cases are
shown in Fig.(4-d). We find again a good agreement with theory, with an average fidelity F' = (97.3 £0.2)%

4.4 Bidirectional transfer 7 — 0y — 7

Having demonstrated polarization-to-OAM transfer and OAM-to-polarization transfer, it is natural to try both
schemes together, in a bidirectional transfer which starts and ends with polarization encoding, with OAM as an
intermediate state which can be used for example for communication. This is also the first quantum experiment
based on the combined use of two g-plates. Although this test in principle is not involving any new idea with
respect to the previous two experiments, it is important to verify that in practice the efficiency of the optical
manipulation is not strongly affected by the number of g-plate employed, for example due to alignment criticality.

The layout is shown in Fig.3, dashed box ¢, and corresponds to the sequence of the two schemes discussed
above. In Fig.5 we show some density matrices obtained by the quantum tomography technique in the polariza-
tion degree of freedom of the output state.
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Figure 5. Experimental density matrices measured in the polarization degree of freedom after the bidirectional 7 — 02 — 7
transferrer. In each box is reported the expression of the initial and final state, to be compared with the experimental
one described by the density matrix.

The experimental results are in good agreement with the theoretical predictions, with a mean fidelity value
equal to F = (95.9 4+ 0.2)%. We see that the overall fidelity is still quite good, so that there seem to be no
significant problem to the combined use of many g-plates in a cascaded configuration.



Let us now address the efficiency of the system based on two sequential g-plates, that is the transferrer
T — o0y followed by the analysing g-plate (QP3). The conversion efficiency n of the single QP is quite high,
around 85%, and can reach n ~ 90% if properly tuned. Hence one would expect a total efficiency close to 76%,
which however can be lowered by a factor a = (0.5 + 0.7) related to the mismatch in the alignment of the two
g-plates. As a matter of fact, if the topological singularities of the sequential g-plate are not perfectly matched,
the Laguerre-Gauss mode generated by the first QP can not be completely converted, hence analysed, by the
second QP. Experimentally, the total efficiency has been extimated to be tipically around (40 + 50)%.

5. HONG-OU-MANDEL EFFECT

We have demonstrated that the QP allows to manipulate efficiently the OAM degree of freedom, and represents a
reliable interface between polarization m and OAM o and viceversa. As a first demonstration of the QP quantum
properties in the two-photon regime, we address here the experimental observation of the two-photon coalescence,
the so-called Hong-Ou-Mandel (HOM) effect, in the OAM degree of freedom.

Quantum interference using a pair of correlated photons has played an important role in the recent de-
velopments of quantum information and fundamental studies of quantum nonlocality. Such phenomenon has
been exploited for quantum teleportation,?? 3! construction of quantum logic gates for processing of quantum
information,3? 34 optimal cloning of a quantum state3® 37 and various other applications.

The experimental setup adopted for the HOM experiment is shown in Fig.(6). As we carried out a two-photon
experiment, after the photon source reported in Fig.(3), we removed the PBS and Dy, which act as a trigger
of the one-photon state generation. After the single mode fiber we separeted the photons on two spatial modes
a and b through a polarizing beam splitter. Both on modes a and b we insert a transferrer 7 — 05. On the
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Figure 6. Experimental setup implemented for the Hong-Ou-Mandel experiment in the OAM degree of freedom.

Analysis
Setup

balanced beam splitter BS we let shine the two photons carrying the information in the OAM degree of freedom
after the m — 09 transferrer. The trombone device and the polarizing beam splitters guarantee the perfect
temporal match and the same polarization state of the two photons so they should yield the standard HOM
effect. However we manipulate also the OAM degree of freedom so we expect to observe the interference between
the two photons only if they are in the same OAM state. In order to analyse the quantum state encoded in the
OAM degree of freedom, we insert a oo — 7 transferrer based on QP3. The photons coupled in the single mode
fiber are separated through a fiber integrated BS and then analysed in polarization with a standard analysis
setup.

The first measure has been performed by preparing both on arms a and b the same OAM state. In particular
we have let interfere on the BS the state |H).| — 2),. As expected by theory, we have found a peak in the
coincidence counts. In order to demonstrate that the Hong-Ou-Mandel effect observed is related to a pure
quantum OAM effect, we have performed the same measurement by preparing two orthogonal states in the



OAM degree of freedom on arms a and b. The experimental results are shown in Fig.(7-a). Even though the
photons injected on the beam splitter have the same polarization and temporal delay, no interference occur,
since the orbital component of their wavefunction differs. Theoretically, the interference of the two photons
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Figure 7. Experimental results of the Hong-Ou-Mandel coalescence in the OAM degree of freedom. Injection on the BS
of the same LG state (black spots) and orthogonal LG states (empty spots). The solid curve represents the best fit based
on theoretical prediction.

should lead to a coincidence enhancement by a factor R = 2, and the coincidence counts enhancement observed
in this Hong-Ou-Mandel experiments reads R = (1.98 & 0.05). Such experiment is related to the factorization
of the input qubit wavefunction in three contributions: spatial, spinoarial and orbital. In particular we have
proved that the orbital wavefunction can be deterministically manipulated and contributes towards interference
phenomena like the spinorial one.

6. CONCLUSIONS AND PERSPECTIVES

The orbital angular momentum represents a promising resource for high dimensional quantum information pro-
tocols yet to be completely exploited. At the same time the development of new devices able to manipulate
efficiently and deterministically the OAM degree of freedom has opened new perpectives. Here we have pre-
sented a recently developed device known as ”q-plate”, which allows to easily manipulate the OAM degree of
freedom with an efficiency higher than the one usually associated to the more popular hologram tecnique. In
particular, we have demonstrated that the g-plate is a reliable interface between OAM and polarization, able
to coherently transfer the information from the polarization to the OAM degree of freedom and viceversa. Ex-
ploiting the ”spin-to-orbit” coupling that takes place in the g-plate, here we have also experimentally carried
out the observation of a two-photon Hong-Ou-Mandel coalescence related to the OAM properties of the photon’s
wavefunctions.

This work represents a first step towards the employment of the OAM in quantum information protocols,
enlightening the efficiency of the g-plate technique. Apart for the basic conceptual relevance of this demonstra-
tion, the reliability of our approach is expected to pave the way towards a complete, deterministic control of
the photon’s orbital angular momentum for quantum information applications. Specifically it would be possible
to implement logic gates as C-NOT gates, and different quantum information protocols like purification and
quantum cloning.
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