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Hybrid entangled states exhibit entanglement between different degrees of freedom of a particle
pair and thus could be useful for asymmetric optical quantum network where the communication
channels are characterized by different properties.

In Reference [1] UNAP and UGLAS have reported quantum states of single photons and of
correlated photon pairs exhibiting “hybrid” entanglement between spin and orbital angular
momentum. These states are obtained from entangled photon pairs emitted by spontaneous
parametric down conversion by employing a q plate for coupling the spin and orbital degrees of
freedom of a photon. Entanglement and contextual quantum behavior (that is also nonlocal, in the
case of photon pairs) has been demonstrated by the reported violation of the Clauser-Horne-
Shimony-Holt inequality. In addition, a classical analog of the hybrid spin-orbit photonic
entanglement is reported and discussed.

In Reference [2] UROM has reported the first experimental realization of hybrid polarization-orbital
angular momentum (OAM) entangled states by adopting a spontaneous parametric down
conversion source of polarization entangled states and a polarization-OAM transferrer. The
generated quantum states have been characterized through quantum state tomography. Finally, the
violation of Bell’s inequalities with the hybrid two photon system has been observed.

In Reference [3] UROM and UNAP have exploited hybrid entangled states to investigate the
resilience of OAM. In order to characterize the degradation undergone by the information content
of qubits encoded in a bidimensional subspace of the orbital angular momentum degree of freedom
of photons, UROM and UNAP investigated how the state fidelity is affected by a transverse
obstruction placed along the propagation direction of the light beam. Emphasis is placed on the
effects of planar and radial hard-edged aperture functions on the state fidelity of Laguerre-Gaussian
transverse modes and the entanglement properties of polarization-OAM hybrid-entangled photon
pairs.
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We demonstrate electromagnetic quantum states of single photons and of correlated photon pairs exhibiting
“hybrid” entanglement between spin and orbital angular momentum. These states are obtained from entangled
photon pairs emitted by spontaneous parametric down conversion by employing a ¢ plate for coupling the spin and
orbital degrees of freedom of a photon. Entanglement and contextual quantum behavior (that is also nonlocal, in
the case of photon pairs) is demonstrated by the reported violation of the Clauser-Horne-Shimony-Holt inequality.
In addition, a classical analog of the hybrid spin-orbit photonic entanglement is reported and discussed.

DOI: 10.1103/PhysRevA.82.022115

I. INTRODUCTION

Entangled states are at the heart of most quantum paradoxes
and provide the main tool for quantum information processing,
including applications such as teleportation, cryptography,
superdense coding, and so on. Entangled quantum states are
also the basis of Bell’s inequality violations, which ruled
out classical hidden-variable theories in favor of quantum
mechanics [1]. Bell’s inequalities were originally derived for
two particles, as a consequence of locality and realism. In
almost all experimental demonstrations of these inequalities
to date, the same degree of freedom of two particles has
been used, e.g., the spin of a photon. Very recently, however,
the case of so-called hybrid entanglement, occurring when
the involved degrees of freedom of the two particles are not the
same, has attracted a certain interest, and the first experimental
demonstrations with spin and spatial-mode degrees of freedom
have been reported [2—4]. Using different degrees of freedom
also opens up another opportunity, i.e., that of realizing
entanglement between different degrees of freedom of a single
particle. In this case, no role is played by nonlocality, but
Bell-type inequalities can still be formulated by assuming
realism and the so-called non-contextuality of the two involved
commuting observables, i.e., the assumption that the result
of a particular measurement of one observable is determined
independently of any simultaneous measurement of the other
one [5-7]. Noncontextual hidden variable models have been
excluded by recent experiments where the violation of suitable
inequalities was observed using neutrons [8], ions [9], and
single photons prepared in entangled spin-path states [10]. Fi-
nally, single-particle entanglement, in the case of bosons such
as photons, has a classical analog that is obtained by replacing
single-photon states with multiphoton coherent states realized
within the same field mode [11]. Such a classical analog helps
visualizing the nature of the single-particle entanglement.

A particularly convenient framework in which to explore
these concepts is provided by photons carrying both spin
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angular momentum (SAM) and orbital angular momentum
(OAM). While the former is the most widely employed internal
degree of freedom of photons for quantum manipulations,
the latter is becoming an interesting additional resource for
quantum applications (see, e.g., Refs. [12—15]). In this work,
we study three conceptually related experimental situations.
First, heralded single photons are prepared in a state where
SAM and OAM are entangled (as proposed in Refs. [16,17])
and are then used for testing the contextuality of different
degrees of freedom of the same particle. Second, correlated
photon pairs, where the SAM of one photon is entangled with
the OAM of the other, i.e., photon pairs exhibiting SAM-OAM
hybrid entanglement, are generated and used for testing the
contextuality and nonlocality of these degrees of freedom
when they are spatially separated. Finally, optical coherent
states involving many photons are used to demonstrate a
classical analog of SAM-OAM hybrid entanglement.

II. EXPERIMENTAL SETUP

The experimental layout we used in the quantum regime
(the first two experiments) is presented in Fig. 1. Our down-
conversion source generates photon pairs that are entangled
in the OAM degree of freedom [18,19], each photon being
horizontally polarized, as described by

oo

W)=Y comlm)i|—m)S I H)2 H)E. (1)

m=—0o0

Here A and B denote the signal and idler photons traveling
along the two corresponding arms of the setup shown in
Fig. 1 and 7, o denote SAM and OAM degrees of freedom,
respectively. The integer m is the photon OAM in units of 7
and H denotes horizontal linear polarization.

A. Single-photon experiment

In this case we use photon B to herald a single photon
A which we convert into an OAM-SAM maximally entan-
gled state. Starting from state |y) given in Eq. (1), we

©2010 The American Physical Society
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FIG. 1. (Color online) Setup used for the two quantum-regime
experiments. A Nd:YAG laser with average power of 150 mW
at 355 nm pumps a nonlinear crystal of B-barium borate (BBO)
cut for degenerate type I noncollinear phase matching which emits
OAM-entangled H-polarized photon pairs at 710 nm (see Ref. [19]
for details). The photons of each pair are split in arms A and
B, respectively. Legend of the main components (see also graphic
symbol legend in the upper left inset): fi, f>, lenses for beam
control; QP, ¢ plate; HWP, half-wave plate; PBS, polarizer; M,
mirror; SLM A and SLM B, spatial light modulators; IF, interference
filter for bandwidth definition; 100x, microscope objectives for
fiber coupling; D4, Dg, photon detectors. In the classical-regime
experiment, the optical line is the same as arm A. (Top-right inset)
Computer-generated hologram patterns displayed on the two SLMs
in the three experiments.

postselect photon pairs having m = 0, i.e., in state |Y) =
c0l0)210)B1H)2|H)B, by coupling photon B into a single-
mode optical fiber. Photon A is thus also projected into m = 0.
Spatial light modulator SLM B in this case is patterned as
a uniform grating, deflecting the beam but not affecting its
transverse spatial mode (see the upper right inset of Fig. 1).
Photon A is sent first through a g plate [20,21] to generate the
maximally entangled SAM-OAM state [22]

1
N = — (IRVA1+2)4 + |LYA1-2)4), 2
|DT) ﬁ(| YAl+2)2 + L) 21—-2)2) 2)

where L and R denote left-circular and right-circular polar-
ization states, respectively. The polarization state of photon A
emerging from the g plate is then measured by a half-wave
plate (HWP) oriented at a variable angle 6/2 and a fixed
linear polarizer, restoring the horizontal polarization. This
HWP-polarizer combination filters incoming photons having
linear polarization at angle 6 with respect to the horizontal
direction. In the circular polarization basis, the state of the
filtered photons is written as |6), = \/%(eiﬂL)n + e |R),).
The SAM measurement does not affect the OAM degree
of freedom. Noncontextuality can be assumed between the
z component of photon SAM and OAM, because, in the
paraxial approximation, the SAM operator S, commutes with
the OAM operator L. After SAM filtering, the photon’s OAM
is also measured by a suitable computer-generated hologram,
displayed on SLM A, followed by coupling into a single-mode
fiber. The hologram pattern is defined by the four-sector
alternated mw-shift phase structure shown in the upper-right
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inset of Fig. 1, with the four sectors rotated at a variable
angle y (the grating fringes are not rotated). On diffraction,
this hologram transforms the photons arriving in the OAM
superposition state | ), = \/%(ez"" [4+2), 4+ e7%X|=2),) back
into the m = 0 state, which is then filtered by coupling in fiber.
The OAM superposition state |x ), is the spatial mode analog
of the linear polarization, and we may refer to its angle x as
to its “orientation” [23]. The overall effect of our apparatus is
therefore to perform a joint measurement of the polarization
and spatial mode orientations of A photons at angles 6 and
X, respectively. When photon A is in the entangled Bell state
described by Eq. (2), we expect that the final probability to
detect it (in coincidence with the B trigger photon) is given by

A 2

P@O.x) = | (®7]-10)71x)5 | occos® (@ —2x0.  (3)

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

S=1E®@.x)—EO@.x)+EO ., x0)+E@ X <2, 4

where E(0, x) is calculated from the A-B photon coincidence
counts C (0, x) according to

E®©.x)
_CO0+CO+5x+5)-ClO+5.0)—-CO.x+7)
CON+CO+Zx+Z)+CO+Z.0)+CO.x+%)
4)
While the CHSH inequality is commonly applied to nonlocal
measurements on two spatially separated entangled photons,

testing for hidden variable theories, here we apply it to single-
photon entanglement to test for contextuality. In Fig. 2(a)
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FIG. 2. (Color online) The experimental coincidence counts as
a function of orientation of the sector hologram for different values
of polarization direction, for (a) heralded single photons, (b) photon
pairs, and (c) coherent-states. Black dots respresent § = 0, dark gray
dots 0 = m /4, gray dots 6 = 2w /4, and light gray dots 0 = 37 /4.
The solid lines are the best theoretical fit over the experimental data.
The fringe contrast is about 90%, which is much larger than 70.7%,
as required for Bell’s inequality verification. (d) Simulated intensity
and polarization distribution patterns of the optical field for the beam
emerging from the ¢ plate in the case of horizontal polarization input
beam.
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FIG. 3. The CHSH S value in a region where it is larger than the
classical limit 2. The choice of the variables appearing in Eq. (4) is
the following: 0 = 0,60’ = 7 /4, x is the plot abscissa, x' = x + 7/8.
The light gray, gray, and black dots correspond to the experimental
data in the case of single-photon (a), photon-pairs (b), and classical-
wave (¢) SAM-OAM experiments, respectively. The dashed line is
the quantum mechanical ideal prediction. In the two cases (a) and
(b), at x = /16, the CHSH inequality is violated respectively by
17 and 10 standard deviations. The classical case (c) is plotted for
comparison

the coincidence counts are shown as a function of spatial
mode orientation y for different values of polarization an-
gles 8. The occurrence of high-visibility fringes indicates
(single-particle) entanglement in the SAM-OAM spaces. The
CHSH S value calculated from these data is shown in
Fig. 3 (gray dots). A violation of the CHSH inequality is
clearly obtained, in good agreement with quantum theory
predictions, confirming the entanglement and providing a
demonstration of quantum SAM-OAM contextuality for single
photons.

B. Two-photon experiment

In this case, we generate and verify entanglement between
the SAM of one photon and the OAM of the other, i.e.,
we demonstrate nonlocal hybrid entanglement in these two
degrees of freedom. To this purpose, the four-sector and
uniform holograms of arms A and B were swapped, as
displayed in the upper right inset of Fig. 1. The ¢ plate in
arm A and the sector hologram in arm B of the apparatus,
together with subsequent coupling into the single-mode fiber
before detection, act to postselect the photons with m = £2
in Eq. (1), i.e., the postselected initial two-photon state is
V) = (12)51-2)7 + 1=2)712)))| H)7 |H) . The photon
A passes through the g plate, acting in this case as a OAM-
to-SAM transferrer [22], so the OAM eigenstates m = £2
are mapped into L and R polarized photons with m =0,
respectively. After this process, the photon pair is projected
into the nonlocal state

1
|¢>nl \/5
where the SAM of one photon is maximally entangled with
the OAM of the other. Next, the polarization of the A photon
is measured by the HWP rotated at angle 6/2 followed by
the polarizer, and the spatial mode of the B photon by the
sector hologram rotated at angle x followed by coupling
in fiber. Well-defined coincidence fringes with visibility up
to 90% are obtained, as shown in Fig. 2(b). Repeating the

(IL)A14+2)8 + |RYA1-2)B) |0)A 1 H)E,  (6)
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measurements for different angles 0 and x, the quantity S
was evaluated from Eqgs. (4) and (5) and the violation of the
CHSH inequality was verified, as shown in Fig. 3 (light gray
dots). This violation provides a demonstration of SAM-OAM
hybrid entanglement and nonlocality for separated photon
pairs.

C. Classical light experiment

In our final experiment, we move to a classical regime of
nonseparable optical modes occupied by many photons, corre-
sponding to coherent quantum states. A 100-mW frequency-
doubled linearly polarized continuous wave Nd:Y VO, laser
beam is sent in an optical line equal to arm A of our quantum
apparatus to obtain, after the g plate, a coherent state in the
SAM-OAM nonseparable mode |®*) given by Eq. (2) [26].
The calculated structure of this mode is shown in Fig. 2(d)
for a given input polarization. The mode nonseparability
is evident, as the polarization is spatially nonuniform [17].
The beam polarization is then filtered by the combination of
the HWP at angle 6 and polarizer and its spatial mode by the
sector hologram rotated at angle y, as in the single-photon
experiment (Fig. 1). In this case, no trigger is used and the
count rates C(6, x) in Eq. (5) are replaced by average power
measurements, corresponding to photon fluxes. When the
angles 0 and x are changed, high-contrast sinusoidal fringes
proportional to cos?(§ —2y) were observed in the overall
transmitted power fraction, as shown in Fig. 2(c). As shown in
Fig. 3 (black dots) we note that the classical experiment mimics
the results of the single-photon experiment. However, the
experiment can of course also be interpreted without assuming
the existence of photons. In this case, SAM and OAM mea-
surements can be understood just as wave filtering procedures,
and no conclusion can be drawn about discrepancies be-
tween classical-realistic and quantum behavior. Nevertheless,
providing a classical analog of single-particle entanglement
is interesting in itself and may offer the basis for some
entirely classical implementations of quantum computational
tasks [27].

III. CONCLUSIONS

In conclusion, we have demonstrated hybrid entanglement
between the spin and the orbital angular momentum of
light in two different regimes: single photons and entangled
photon pairs. We have reported an additional classical ex-
periment which mimics the quantum result and although the
experimental results appear very similar in the three cases,
they provide different and complementary insight into the
contextual quantum nature of light.
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Abstract: Hybrid entangled states exhibit entanglement between dif-
ferent degrees of freedom of a particle pair and thus could be useful for
asymmetric optical quantum network where the communication channels
are characterized by different properties. We report the first experimental
realization of hybrid polarization-orbital angular momentum (OAM) entan-
gled states by adopting a spontaneous parametric down conversion source
of polarization entangled states and a polarization-OAM transferrer. The
generated quantum states have been characterized through quantum state
tomography. Finally, the violation of Bell’s inequalities with the hybrid two
photon system has been observed.
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1. Introduction

The development of tailored photonic sources suitable to produce entanglement represents a
crucial resource for quantum information applications like quantum communication schemes,
quantum cryptographic protocols, and for fundamental tests of quantum theory [1]. Paramet-
ric down conversion has been proven to be the best source of entangled photon pairs so far
in an ever increasing number of experiments on the foundations of quantum mechanics and
in the new field of quantum communication [2]. Optical implementation of quantum infor-
mation processing have been realized by several, different approaches, each one with its own
advantages and limitations concerning the generation, manipulation, transmission, detection,
robustness of the information carriers. While initially most of the effort has been devoted to the
implementation of polarization entangled states [3-5], in the last few years entangling differ-
ent degrees of freedom has attracted much attention. Within this scenario, the orbital angular
momentum (OAM), the degree of freedom of light associated with rotationally structured trans-
verse spatial modes, has been recently exploited to encode quantum states [6-9]. Generation
of OAM-entangled pairs of photons has been demonstrated mainly by spontaneous parametric
down-conversion [10-18]. By merging different techniques, it is possible to exploit the power
and the advantages of each method and hence overcome the present technological limitations.
Hybrid entangled states exhibit entanglement between different degrees of freedom of a par-
ticle pair. The generation of such states can be useful for asymmetric optical quantum network
where the different communication channels adopted for transmitting quantum information ex-
hibit different properties. In such a way one could adopt the suitable degree of freedom with
larger robustness along the channel. From a fundamental point of view, the observation of non-
locality with hybrid systems proves the fundamental independence of entanglement from the
physical realization of the adopted Hilbert space. Very recently the hybrid entanglement of pho-
ton pairs between the path (linear momentum) of one photon and the polarization of the other
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Hybrid Entangled state Generation

OAM Analysis

Fig. 1. Experimental setup adopted for the generation and characterization of hybrid 7-
OAM entangled states.(A)Generation of polarization entangled photons on modes k4 and
kp .(B)Projection on the OAM state with m = 0 through the coupling on a single mode fiber
(SMF).(C)Encoding of the state in the OAM subspace o0, through the © — o0, transferrer.

photon has been reported by two different techniques [19,20]. Nevertheless, the capability of
generating hybrid-entangled state encoded in the polarization and OAM of single photons could
be advantageous since it could allow the engineering of qubit-qudit entangled states, related to
the different Hilbert space dimensionality of the two degrees of freedom. It has been pointed
out that such states are desiderable for quantum information and communication protocols, as
quantum teleportation, and for the possibility to send quantum information through an optical
quantum network composed by optical fiber channels and free-space [20,21].

In this paper, we report the experimental realization of hybrid polarization-OAM entangled
states, by adopting the deterministic polarization-OAM transferrer introduced in Ref. [22,23].
Polarization entangled photon pairs are created by spontaneous parametric down conversion,
the spatial profile of the twin photons is filtered through single mode fibers and finally the
polarization is coherently transferred to OAM state for one photon. A complete characterization
of the hybrid entangled quantum states has been carried out by adopting the quantum state
tomography technique. This result, together with the achieved generation rate, the easiness of
alignment and the high quality of the generated state, can make this optical source a powerful
tool for advanced quantum information tasks. For instance the OAM features can be more
appropriate for mapping single photon states in atomic systems.

2. Experimental apparaturs and generation of hybrid states

Let us now describe the experimental layout shown in Fig. 1. A 1.5mm thick -barium borate
crystal (BBO) cut for type-II phase matching [3], is pumped by the second harmonic of a Ti:Sa
mode-locked laser beam, and generates via spontaneous parametric fluorescence polarization
entangled photon pairs on modes k4 and kg with wavelength A = 795 nm, and pulse bandwidth
AL = 4.5 nm, as determined by two interference filters (IF). The spatial and temporal walk-off
is compensated by inserting a % waveplate and a 0.75 mm thick BBO crystal (SC) on each
output mode k4 and kp [3]. Thus the source generates photon pair in the singlet entangled state
encoded in the polarization, i.e. \%(|H YA|V)B —|V)A|H)B). The photon generated on mode k4

is sent through a standard polarization analysis setup and then coupled to a single mode fiber
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Fig. 2. Experimental density matrix of the hybrid entangled state generated after the trans-
ferrer transformation on photons on kg mode. Each measurement setting lasted 15s.

connected to the single-photon counter modules (SPCM) D4. The photon generated on mode
kp is coupled to a single mode fiber, in order to collapse its transverse spatial mode into a pure
TEMyy, corresponding to OAM m = 0. After the fiber output, two waveplates compensate (CP)
the polarization rotation introduced by the fiber. To transform the polarization entangled pairs
into an hybrid entangled state the photon B is sent through the quantum transferrer 7 — o3,
which transfers the polarization quantum states in the OAM degree of freedom.

The quantum transferrers have been extensively described in [22,23]. To sum up, the trans-
formation |@)z|0), — |H)z|®),, carried out by the transferrer, is achieved through a g-plate
device, which couples the spinorial (polarization) and orbital contributions of the angular mo-
mentum of photons [22,24]. Here and after, we will denote the bidimensional OAM subspace
with m = £2, where m denotes here the OAM per photon along the beam axis in units of 7, as
02 ={|+2),] —2)}. According to the nomenclature |@)z|¢),,, the |-) and |-),, stand for the
photon quantum state ‘kets’ in the polarization and OAM degrees of freedom. Following the
same convention, the OAM equivalent of the two basis linear polarizations |H) and |V') are then
defined as [h) = (27 Y/2)(|+2) + | —2)):|v) = (27 V/2)(| +2) — | — 2)). Finally, the +45° an-
gle “anti-diagonal” and “diagonal” linear polarizations will be hereafter denoted with the kets
[4+) = (272)(|H) +|V)) and |-) = (27'/?)(|H) — |V')), and the corresponding OAM states are
defined analogously: |a) = e~ /*(| +2) +i| — 2))(27"/2);|d) = ™/*(| +-2) —i| —2))(2'/?).
The transformation established by a g-plate with ¢ = 1, as the one adopted in our experiment,
can be described as:

L)210)0 & R) ] +2),
R)20)0 £ |L) x| = 2)0, (1)

where L and R denote the left and right circular polarization states, respectively. Any coher-
ent superposition of the two input states given in Eq. (1) is preserved by the QP transforma-
tion, leading to the equivalent superposition of the corresponding output states [22]. Thus by
combining the transformation induced by the g-plate and a polarizing beamsplitter the map
|9)z]0)o — |H)z|®),, can be achieved with an efficiency of conversion equal to 50%. It is
possible to realize a fully deterministic transferrer T — o5 at the price of a more complex opti-
cal layout, based on a g-plate and a Mach-Zehnder interferometer, as shown in [23]. After the
transferrer operation the polarization entangled state is transformed into the hybrid entangled

state: |
7(|H>ﬁ| +2)g, = V)2l = 2)0)I0)5 1H)7 @)
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Fig. 3. Coincidence rate [D4,Dp| measured as a function of the angle 6 of the half wave
plate on the arm k4 for OAM detected state (a) |+ 2) and (b) |i),, .

In order to analyze with high efficiency the OAM degree of freedom, we exploited the o) —
r transferrer, as shown in [9,23]. By this approach any measurement on the OAM state is
achieved by measuring the polarization after the transferrer device, as shown in Fig. 1. Finally
the photon has been coupled to a single mode fiber and then detected by Dp connected to the
coincidence box (CB), which records the coincidence counts between [D4,Dp|. We observed
a final coincidence rate equal to C = 100coinc/s within a coincidence window of 3 ns. This
experimental data is in agreement with the expected value, determined from Cyyypee = 6kHzZ
after taking into account two main loss factors: hybrid state preparation probability p,.p, and
detection probability pges. pprep depends on the conversion efficiency of the g-plate (0.80 &
0.05) and on the probabilistic efficiency of the quantum transferrer T — 0, (0.5), thus leading
to pprep =0.4040.03. The detection efficiency includes the g-plate conversion efficiency (0.8),
the transferrer 0, — 7 (0.5), and the single mode fiber coupling (0.2). Hence py.; = 0.08. The
observed experimental rate includes a reduction factor ~ 8 due to the adoption of probabilistic
transferrers [23], and by achieving a higher single mode fiber coupling efficiency. Hence, by
modifying the transferrers, we expect to achieve a detection rate equal to about 800coinc/s.

3. Characterization of the state

To completely characterize the state in Eq. 2 we reconstructed the density matrix of the quantum
state. The tomography reconstruction requires the estimation of 16 operators [25] through 36
separable measurements on the polarization-OAM subspaces. We carried out the reconstruction
of the density matrix pﬁ_’g; after the polarization-OAM conversion. The experimental results are
reported in Fig. 2, with the elements of the density matrices expressed in the polarization and
OAM basis {|H,+2),|H,—2),|V,+2),|V,—2)}. The fidelity with the singlet states |¥~) has
been evaluated to be F (|¥ ), p,?jfz) = (0.957+0.009), while the experimental linear entropy of
the state reads S;, = (0.0124+0.002). A more quantitative parameter associated to the generated
polarization-entangled states is given by the concurrence C = (0.957 £0.002). These values
demonstrate the high degree of hybrid entanglement generation.

To further characterize the hybrid quantum states, the violation of Bell’s inequalities with
the two photon system have been addressed. First, we measured the photon coincidence rate as
a function of the orientation of the half-wave plate on Alice arm for two different OAM basis
analysis, namely {|+2),,,| —2)o,} and {|A)o,, V)0, }. The variation of the number of coin-
cidences N(0) with the angle 0 is in agreement with the one expected for entangled states
such as N(6) = No(1 + cos0): Fig. 3. The coincidence fringe visibility reaches the values
V =(0.966+0.001) and V = (0.930 4+-0.007). Hence, a non-locality test, the CHSH one [26],
has been carried out. Each of two partners, A (Alice) and B (Bob) measures a dichotomic
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observable among two possible ones, i.e. Alice randomly measures either a or a’ while Bob
measures b or b’, where the outcomes of each measurement are either +1 or —1. For any cou-
ple of measured observables (A = {a,a’},B = {b,b’}), we define the following correlation

function E(A,B) = xgiigixt:;;xgi:;;xti; where N (i, j) stands for the number of events
in which the observables A and B have been found equal to the dichotomic outcomes i and j.
Finally we define the parameter S which takes into account the correlations for the different

observables

S=E(a,b)+E(a’,b)+E(a,b’)—E(a’,b’) (3)

Assuming a local realistic theory, the relation |S| < Scysy = 2 holds. To carry out a
non-locality test in the hybrid regime, we define the two sets of dichotomic observables
for A and B. For Alice the basis a and a’ correspond, respectively, to the linear polariza-
tion basis {|H)x,|V)z} and {|+)z,|—)x}. For Bob the basis b and b’ correspond, respec-
tively, to the OAM basis {cos(§)| +2) — sin(g)| —2), —sin(g)| +2) + cos(§)| —2)} and
{cos(Z)|+2) +sin(5)| —2),sin(g)| +2) —cos(F)| —2)}. Experimentally we obtained the
following value by carrying out a measurement with a duration of 60s and an average statis-
tics per setting equal to about 1500 events: S = (2.51 £0.02). Hence a violation by more
than 25 standard deviation over the value Scysy = 2 is obtained. This experimental value is
in good agreement with an experimental visibility of V = (0.930 =0.007) which should lead to
S=(2.574+0.02).

4. Conclusion

In conclusion, we presented a source of polarization-OAM hybrid entanglement based on SPDC
source and m — o, transferrer. We have shown that this system provides quantum states with
high fidelity and with a bright generation rate. Moreover by adopting several concatenated
g-plates the generation of hybrid states with higher OAM value could be obtained. Hybrid
entangled states could be adopted to carry out quantum state teleportation between different
degrees of freedom of light. Furthermore by inserting a quantum transferrer ¥ — 0, also on
mode ky4, a controllable source of OAM entangled states could be achieved.
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The orbital angular momentum of light (OAM) provides a promising approach for the implementation of
multidimensional states (qudits) for quantum-information purposes. In order to characterize the degradation
undergone by the information content of qubits encoded in a bidimensional subspace of the orbital angular
momentum degree of freedom of photons, we study how the state fidelity is affected by a transverse obstruction
placed along the propagation direction of the light beam. Emphasis is placed on the effects of planar and radial
hard-edged aperture functions on the state fidelity of Laguerre-Gaussian transverse modes and the entanglement
properties of polarization-OAM hybrid-entangled photon pairs.

DOI: 10.1103/PhysRevA.83.042338

I. INTRODUCTION

In quantum-information theory the fundamental unit of
information is a two-level quantum system, the qubit. As
in classical information science with bits, all quantum-
information tasks can at least in theory be performed through
just qubits and quantum gates operating on qubits [1-3]. For
quantum-information purposes and the effective production
and processing of robust qubits, as well as that of mul-
tidimensional quantum states or qudits [4,5], considerable
interest has been recently focused on the generation and
manipulation of helical laser beams. These optical waves,
which have been shown to carry well-defined values of orbital
angular momentum (OAM), are well described in terms
of Laguerre-Gaussian (LG) modes, containing an {¢-charged
optical phase singularity (or optical vortex) at their beam
axis [6-8]. Any two of such OAM modes with opposite
values of ¢ and a common radial profile, here denoted as
| +¢) and | — ¢), define a basis of a bidimensional OAM
subspace, oy, in which one can encode a generic qubit.
These specific OAM subspaces are particularly convenient to
this purpose as they are not affected by propagation-induced
decoherence, because the radial profile factorizes and can be
usually ignored [9]. Experimentally, single-photon qubits in
the OAM subspace 0, can be efficiently encoded and readout
by means of “polarization-OAM transferrers” [10,11], which
are devices based on a recently introduced optical element
called the “q-plate” [12].

The growing number of works demonstrating simple
quantum-information protocols based on OAM-encoded
qubits raise questions about how practical such an approach
is, as compared, for instance, with the standard polarization
encoding. For example, one can ask how sensitive are these
OAM-encoded qubits to small optical misalignments or other
nonideality of typical setups. More in general, studies of the
resilience of OAM-encoded qubits or qudits in free-space
propagation under the effect of perturbations and of imperfect
detection are pivotal for the use of the OAM of light for
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quantum communication tasks. Previous works on LG modes
in the classical regime showed, for example, the spread of
measured transverse modes when planar restrictions spanning
an angular range of less than 27 are placed along the beam
[13,14], the consequences of noncoaxial mode detection [15],
and the effect of turbulence on OAM-encoded information
[16-21].

The purpose of this paper is to characterize the degradation
undergone by the information encoded in 0, OAM qubits when
transverse hard-edged optical apertures are placed along the
propagation direction of the beam, both in the classical and
quantum regimes. The apertures considered in this work have
one of the two shapes shown in Fig. 1, which are here taken
to mimic the typical effect of optical misalignments or of the
finite numerical aperture of optical components.

This paper is organized as follows: Section II introduces
a classical theoretical model, based on the functional shape
of LG modes, used to assess the degradation undergone by
states belonging to three different o, bases as a consequence
of the perturbation introduced during propagation by the
two kinds of optical apertures. In Sec. IIl, we compare
the theoretical predictions with the results of experiments
performed in the classical regime. In Sec. IV, we finally
present the experimental results concerning the effects of
the previously introduced obstructions on the entanglement
properties of a hybrid polarization-OAM entangled pair of
twin photons [22,23], that is, a pair of entangled photons whose
entanglement is encoded in two different degrees of freedom.

II. THEORY

An OAM eigenstate, |£), is here taken to denote a pure
LG mode, corresponding to the wave function A(x,y,z) =
A(r,¢,2) = Ag(r,z) ¢ with azimuthal index ¢, where z is
the propagation axis; x,y are the Cartesian coordinates for
the transverse plane; and r,¢ are the corresponding polar
coordinates. LG modes are characterized also by another
index, p, determining the radial profile. In the following,
except where explicitly stated otherwise, this radial index is
understood to be p = 0 and is omitted.

©2011 American Physical Society
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FIG. 1. (Color online) Aperture functions: (a) planar transverse
obstruction B(xg,x;y) (knife), and (b) radial obstruction I1(ro,r; ¢)
(iris).

Generic OAM qubits are described by superpositions |¢) =
o| +2) + B| — 2), where « and B are complex coefficients.
We consider, in particular, the following six representative
states, belonging to three mutually unbiased bases of the
OAM subspace 0;: |I) =|+2), |r)=1|—2); |h) =) +
IM/N2, vy = —i(ll) = Ir))/~/2; and |d) = (1 —i)(|l) +
ilr)/2, lay = (1 +i)(|l) —i|r))/2 [24]. The wave functions
A(x,y,z) of these states are given by the corresponding
superpositions of pure LG modes. All input wave functions are
normalized for integration in any given (arbitrary) transverse
plane z of the beam, i.e., [ [ |[A[’dxdy = 1.

As mentioned in the Introduction, we consider two sets
of optical apertures: (i) a half-plane obstruction with its
edge located at the variable abscissa xy, described by the
transmittance function B(xg,x;y) = 08(xo — x), where 0(x) is
the Heaviside step function [see Fig. 1(a)]; and (ii) an iris
with variable aperture radius ry, described by the transmittance
function I1(ry,r; ¢) = O(ro — r) [see Fig. 1(b)]. The first kind
of aperture is meant to mimic the perturbations arising from
small transverse optical misalignments, while the second
corresponds to introducing optical elements having a small
numerical aperture.

Now, given an arbitrary input qubit, [i), as described
by the wave function A, the perturbed state |¢/') obtained
immediately after the aperture is given by the (not normalized)
wave function A’ = AB or A’ = ATI, respectively [see, e.g.,
Figs. 2(a) and 2(b)]. Given the normalization of the input

@  (b)

() (d)

FIG. 2. (Color online) Propagation of an LGy, beam (basis
state |/)) through a B(x,) aperture function with 7" = 0.5. Profiles are
drawn to the same scale. From left to right: (a) unperturbed transverse
intensity profile; (b) intensity profile immediately after the aperture
function (0.01 nm from the obstruction); (c) calculated profile after
free-space propagation of the perturbed mode for d = 30 cm after
the obstruction; (d) calculated profile after the insertion of a g-plate
optical element (see Ref. [12]), used for the conversion into a TEMy,
mode after the propagation of d = 30 cm.
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wave function, the transmitted fraction of photons after the
aperture is given by T = [ [ |A’|*dx dy. We then introduce
the following two projections:

Ky = /oodx/oody A*(x,y) A'(x,y) (1a)
Kyt = / dx / dy[At @ I*A'(xy),  (1b)

where AL is the wave function of the orthogonal state
within the 0, OAM subspace (with p = 0). We take the final
detection probability of states ¥ and ¥+ to be given by
P(y) = |K¢,|2 and P(y+) = |KwL|2, respectively. Therefore,
Py, = |ky |7+ Kyt |? represents the probability of information
preservation in the OAM subspace o0, (with p = 0) after
the initial mode has been transmitted through the aperture.
The complementary fraction 1 — P,, of photons is lost either
because they are absorbed in the aperture (as given by the
fraction 1 — T') or because they are transferred out of the
0,p = 0 subspace and therefore are finally filtered out by
the measurement process (note that this implies that the
detection optics is assumed to have a small numerical aperture,
thus strongly favoring p = 0 over higher radial modes). The
computed OAM spectrum broadening induced by the planar
aperture (function B) is shown in Fig. 3, for different positions
of the aperture as specified by the resulting transmittance 7 .

The detected photons, however, will transport a partially
degraded OAM qubit. The amount of quantum-information
content that can be reconstructed by a receiver by means of
projective measurements can be described through a fidelity
parameter F defined as F = P(y)/[P(¥) + P(yH)].

For each OAM state |¢) and each position x( (or radius r()
of the obstruction, the probabilities P(y) and P(y*) were
computed using numerical integration. The corresponding
predictions for the information-preservation probability P,,
are shown in Fig. 4, together with the corresponding mode
profiles.
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FIG. 3. (Color online) Spread in the measurement probabilities of
OAM modes with ¢ = —2, ... ,12 for various positions x, of a B(x)
aperture inserted into the path of an £ = 2 beam (i.e., for decreasing
values of transmittance 7).
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FIG. 4. (Color online) Theoretical curves of P,, for aperture
function B(x() for input states |/) (|r) exhibits the same curve), |h),
[v), and |d) (or |a)). The aperture edge position x, is given in units
of the beam waist wy). The mode intensity profile of each state is
also shown in the inset of each panel. The aperture edge is vertically
oriented in the inset frames.

The computed mean-information-preservation probability
P,, and fidelity F' for the aperture function B(x(), averaged
over the six OAM states, are shown in Fig. 5 as solid lines. The
mean P,, relative to the aperture function P(rp) is shown in
Fig. 6. The theoretical fidelity in this second case is constantly
unitary, because the rotational symmetry is not broken by the
aperture.

III. CLASSICAL EXPERIMENTS

Classical measurements were performed on coherent beams
by generating the OAM modes in 0, corresponding to the six

1.0 —
0.8 e0®
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FIG. 5. (Color online) Average information-preservation prob-
ability P,, (a) and fidelity (b) for planar aperture function B(x):
lines are theoretical predictions, circles are data obtained in classical
measurements (average over states |d) and |a)), and experimental
errors are negligible. The aperture edge position x, is given in units
of the beam waist wy).
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FIG. 6. (Color online) Average information-preservation proba-
bility P,, (a) and fidelity (b) for circular aperture function I1(ry): lines
are theoretical predictions, and circles are data obtained in classical

measurements, as a function of the aperture radius r( in units of the
beam waist wy.

states (|1}, |7)), (|h), |v), |d), |a)) and then placing either a knife
(aperture function B) or an iris (function IT) along the beam
path. The perturbed modes [/') were then projected onto |r)
and |*) by the analysis setup. We assumed that no significant
degradation (except possibly for some additional small losses)
occurs to the quantum information in the analysis setup.

In the experimental implementation, a continuous laser
beam was coupled to a single-mode fiber in order to collapse
its transverse spatial mode into a pure TEMy, corresponding
to OAM ¢ = 0. After the fiber, a polarization set was used
to prepare the input polarization state as one of the six
qubits. The beam was then sent through a quantum transferrer,
T — 0,, which transferred the polarization quantum state to
the OAM degree of freedom, thus obtaining one of the input
OAM state to be studied [9,10]. In order to analyze with
high efficiency the OAM state after the aperture, we then
exploited an inverse 0, — m transferrer and a polarization
analysis set [9]. The inverse transferrer includes the coupling
to a single-mode fiber, which in our case was achieved with
a typical efficiency n = 14.8%. Although the g-plate device
used in the transferrers is known to generate a radial profile
more complex than a pure LG mode [25], only the p = Oradial
modes will be efficiently coupled to the final single-mode fiber
used in our analysis setup, so that the p = 0 assumption used
in our theory appears to be well justified.

The experimental average data for aperture B and states |d)
and |a) are shown in Fig. 5, and those for IT and all o, basis
states are shown in Fig. 6.

A comparison between the theoretical curves and the
experimental points in Figs. 5, 6, and 7 shows a good
quantitative agreement. Indeed, as highlighted in Fig. 7, even
when the position of the obstruction causes a significant
decrease of the transmittance, the state fidelity remains always
above 90%. This demonstrates that, even in a high-loss regime,
the initial information content encoded in the unperturbed state
is preserved in the given OAM subspace even if a significant
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FIG. 7. (Color online) Fidelities versus transmittance in the clas-
sical regime for the two aperture geometries: theoretical predictions
(solid lines) and experimental data (circles).

spread of the initial OAM spectrum takes place (see Fig. 3).
Any discrepancies may be explained by an imperfect mode
generation and, more appreciably, by a higher sensitivity to
small fluctuations of the fidelity parameter when T approaches
zero. This result shows that the information content of OAM
qubits exhibits a remarkable resilience to perturbations such
as those examined here.

In particular, the reported high fidelities correspond to the
experimental fact that after the aperture one still has |k |* <
|K¢|2. This result is tied to the moderate spread of the OAM
spectrum of the perturbed state even for low values of 7" and the
progressive shift of the central spectral state when the initial
mode is almost completely blocked, as shown in Fig. 3.

The present work focuses on qubits encoded in the
bidimensional 0, subspace. However, it is worth noting that
higher-order subspaces oy, with LG basis states {| + k),| — k)},
are likely to offer higher and higher resilience, the higher
the OAM winding number k (while we may expect a lower
resilience in the o; subspace). Indeed, as shown in Fig. 3
for the |£| = 2 case, the increased distance A¢ between the
two orthogonal basis states causes the spread of the detection
probabilities around a perturbed basis state | + k) to have a
decreasing overlap with | — k) as k increases. Therefore, while
the information-preservation probability is strongly affected,
the fidelity is expected to remain high even for very low
transmittance. Of course, these results do not apply to other
subspaces of OAM not involving opposite values of the OAM
eigenvalue, so it remains to be seen whether the same resilience
can be achieved for OAM qudits. Our results are also in
qualitative agreement with former investigations on the OAM
spectrum broadening occurring for LG beams passing through
variable angular optical apertures [26,27].

IV. RESILIENCE OF HYBRID POLARIZATION-OAM
ENTANGLEMENT

After the classical regime experiments, we moved to a
quantum regime. We are specifically interested in evaluating
the resilience of the entanglement involving the OAM degree
of freedom of a photon, under the effect of an optical
aperture. In particular, we have considered the case of a
planar aperture [function B(x()] inserted in the path of a
photon belonging to photon pair that is initially prepared in
a hybrid-entangled state of OAM and polarization. The choice
of using hybrid entanglement is mainly practical, as we start
from a polarization-entangled pair of photons and then the

ka
BEO LY e

FIG. 8. (Color online) Experimental setup for the generation
of hybrid polarization-OAM entangled photon pairs, with the appli-
cation of the aperture function F. (a) Generation of polarization-
entangled photons on modes k4 and k. (b) Encoding of the state of
one photon in the OAM subspace o, through the m — o0, transferrer.
(c) OAM analysis. (d) Polarization analysis.

quantum state of one of the two photons is transferred into
the OAM by using a polarization-OAM transferrer, as recently
reported in [22].

Polarization-entangled photon pairs were created by spon-
taneous parametric down-conversion; the spatial profile of
the twin photons was filtered through single-mode fibers,
and the polarization state of one of them was coherently
transferred to the corresponding OAM state. The aperture was
then used to perturb the photon carrying the OAM entangled
information and, finally, the two-photon quantum state was
analyzed and the fidelity with the initially prepared state was
computed. The experimental arrangement, shown in Fig. 8,
is analogous to that adopted in the high-quality generation of
hybrid polarization-OAM entangled photon pairs in [22], and
it extends to the case of entangled photon pairs in the setup
used in the previous section. A 1.5-mm-thick B-barium borate
crystal (BBO) cut for type-1I phase matching was pumped by
the second harmonic of a Ti:sapphire mode-locked laser beam.
Via spontaneous parametric fluorescence, the BBO generated
polarization-entangled photon pairs on modes k4 and kg with
wavelength A = 795 nm and pulse bandwidth AX = 4.5 nm,
as determined by two interference filters (IF). The spatial
and temporal walk-off was compensated by inserting a A/2
wave plate and a 0.75-mm-thick BBO crystal on each output
mode k4 and kp [28]. The source thus generated photon
pairs in the polarization-encoded singlet entangled state, i.e.,
\/%(|H>A|V)B —|V)alH)p).

The photon in mode k4 was sent through a standard
polarization analysis setup and then coupled to a single-mode
fiber connected to the single-photon counter modules Dg.
The photon in mode kp was coupled to a single-mode
fiber, in order to collapse its transverse spatial mode into
a pure TEMy, (£ =0). After the fiber output, two wave
plates compensated the polarization rotation introduced by
the fiber (CP). To transform the polarization-entangled pairs
into a hybrid-entangled state, photon B was sent through the
quantum transferrer 1 — 0,, which converted the polarization
quantum states into the corresponding OAM states. After
the transferrer operation the polarization-entangled state was
transformed into the hybrid entangled state \%(U‘I ) 7/?| + 2) fz —

V)2 —2)8). After the aperture F, the inverse 0, — 7
transferrer and a polarization analysis set was used to analyze
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FIG. 9. (Color online) Information-preservation probability P,,
(a) and fidelity (b) of the polarization-OAM hybrid-entangled pair of
photons as a function of the planar aperture edge position x,, given in
units of the beam waist wy: theoretical predictions (continuous line)
and the one rescaled by the maximum value of measured fidelity
(dashed line) compared to experimental data (squares).

the OAM photon state. Ultimately, the photon was coupled to
a single-mode fiber and then detected by D, connected to the
coincidence box (CB), which recorded the coincidence counts
{DA ,Dp } .

The experimental results for the probability P,, and the
fidelity F are shown in Fig. 9. We observed that the state
fidelity achieves somewhat lower values than what was
predicted (and than what was obtained for the classical
experiment case), particularly when the aperture blocked more
than half of the beam. It is clear from the figure that the fidelity

PHYSICAL REVIEW A 83, 042338 (2011)

reduction cannot be entirely ascribed to the aperture, as it
remains constant even when the aperture is moved completely
off the beam. The maximum fidelity of the two-photon state
is presumably decreased by imperfections in the source,
preparation, and measurement stages, to which it is typically
more sensitive than in the single photon state. To account for
this effect, we plotted the expected theoretical curves rescaled
by the maximum value of measured fidelity. This rescaled
curve exhibits a reasonable agreement with the experimental
data [dashed line in Fig. 9(b)].

V. CONCLUSIONS

In this paper we tested the robustness of OAM-encoded
qubits, which provide a useful and versatile quantum-
communication resource. In the classical case, we first
demonstrated that the information encoded in a bidimensional
subspace of the OAM can be retrieved probabilistically in
the same subspace even if the state is highly perturbed in
such a way as to block a significant fraction of the transverse
extension of the mode. The experimental results are in good
agreement with the theoretical model.

We then proceeded to demonstrate also in the single-photon
regime, by using polarization-OAM entangled photon pairs,
the high resilience of single-photon bidimensional OAM
states. We verified that hybrid entanglement correlations
persist even in high-loss conditions.
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