Enhancing the modal purity of orbital angular
momentum photons

Cite as: APL Photon. 5, 070802 (2020); doi: 10.1063/5.0005597
Submitted: 23 February 2020 « Accepted: 17 June 2020 -
Published Online: 13 July 2020

Yao-Wei Huang,”* Adam Vallés,'“ "' Cheng-Wei Qiu,’

and Andrew Forbes'?

Isaac Nape,' Bereneice Sephton,’
Antonio Ambrosio,” Federico Capasso,”

AFFILIATIONS

'School of Physics, University of the Witwatersrand, Private Bag 3, Wits, Johannesburg 2050, South Africa

2Harvard John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138, USA
*Department of Electrical and Computer Engineering, National University of Singapore, 117583, Singapore

“Molecular Chirality Research Center, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

SCNST - Fondazione Istituto Italiano di Tecnologia, Via Giovanni Pascoli, 70, 20133 Milano M, Italy

2 Author to whom correspondence should be addressed: andrew.forbes@wits.ac.za

ABSTRACT

Orbital angular momentum (OAM) beams with topological charge ¢ are commonly generated and detected by modulating an incoming field
with an azimuthal phase profile of the form exp(i¢¢) by a variety of approaches. This results in unwanted radial modes and reduced power
in the desired OAM mode. Here, we show how to enhance the modal purity in the creation and detection of classical OAM beams and in
the quantum detection of OAM photons. Classically, we combine holographic and metasurface control to produce high purity OAM modes
and show how to detect them with high efficiency, extending the demonstration to the quantum realm with spatial light modulators. We
demonstrate ultra-high purity OAM modes in orders as high as £ = 100 and a doubling of dimensionality in the quantum OAM spectrum
from a spontaneous parametric downconversion source. Our work offers a simple route to increase the channel capacity in classical and
quantum communication using OAM modes as a basis.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0005597

I. INTRODUCTION

It has been known for at least a century that photons could carry
both a spin angular momentum and an orbital angular momentum
(OAM), but the “creation” of the latter required rare quadrupole
transitions in atoms to occur and so remained largely unstudied. Just
over 25 years ago, Allen and co-workers' realized that OAM car-
rying beams could be created in the laboratory using conventional
optics in a deterministic manner. They noticed that a phase vortex
of the form exp(i¢¢) would give each photon a “twist” in wavefront,
resulting in OAM of ¢h per photon. Here, ¢ is the azimuthal angle,
and £ is the helicity or topological charge (an integer), suggesting
an optical element with a transmission function in the form of an
azimuthally varying phase. Indeed, this was exactly how such beams
were first created and detected in both the classical”’ and quantum’
regimes. Since then, the use of azimuthal phase elements for the
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creation of such vortex beams has become ubiquitous, implemented
by dynamic phase approaches on spatial light modulators (SLMs),
as well as by geometric phase approaches using liquid crystals’
or metasurfaces (MSs),'’ and has been pioneered to harness the
radial degree of freedom by merging these approaches in a single
element.'"'” These phase-only vortex beams have found a myriad
of applilcations, making them highly topical forms of structured
light."” "

Although OAM modes can be detected by a suitable confor-
mal mapping in so-called mode sorters, ° the standard approach is
to exploit the reciprocity of light and run the creation step in reverse,
e.g., by intensity or phase flattening approaches.'” Both work on
the idea of unraveling the twisted wavefront of the OAM mode
and then coupling the Gaussian-like beam into a single mode fiber
(SMF) or measuring with a single pixel. Now, although the early
successes with these approaches set the stage for further study and
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application of OAM beams, the azimuthal phase approach to their
creation and detection has some inherent inefficiencies: transverse
solutions to the wave equation are 2D structures (in the paraxial
limit) so that two indices are needed to describe them, both requir-
ing control in the creation and detection steps. A consequence of
using the azimuthal phase alone is that the radial mode content
has been ignored, resulting in hypergeometric modes'® with the
desired p = 0 OAM mode having its power distributed across many
radial modes."” This has deleterious effects for both radial mode
purity as well as creation and detection efficiency. While the cre-
ation can be dealt with by intra-cavity OAM approaches, which
result in pure modes,””?!" this does not address the detection issue
nor the application to quantum states. It may be noted that ref-
erence to purity throughout this paper refers to the radial mode
purity, i.e., how much power is in, or detected in, the p = 0 OAM
mode.

While the effects of radial purity are low for small OAM
charges, it becomes increasingly prominent for higher values with
several approaches readily achieving high charges of ¢ = 100 and
beyond using liquid crystal q-plates,” spiral phase plate mirrors,”’
anisotropic diffractive waveplates,” and others in the phase-only
regime. Moreover, due to applications such as working toward test-
ing quantum foundations”>”’ and creating sensitive photonic polar-
ization gears”” now require higher OAM modes, it follows that the
consequential purity is no longer negligible. Here, we pay atten-
tion to complex amplitude detection of these modes and show that
adjusting the scale in the detection step can be used for enhanced
detection efficiencies. Advantages are shown both classically and
quantum mechanically. Reciprocally, we also demonstrate the cre-
ation of high purity OAM modes with complete azimuthal phase
and radial mode control, thus creating a comprehensive approach
to working with phase-only generation devices.

To make clear that the solution is not device specific, we employ
two fundamentally different phase-only devices with a metasur-
face enhanced with holographically programmed dynamic phase to
produce ultra-high purity classical OAM modes and a SLM-only
solution in the quantum realm. The metasurface comprises nano-
structured rods patterned for complete control of the OAM state of
light, vector and scalar, while the hologram written to a spatial light
modulator uses a dynamic phase to introduce complex amplitude
modulation, thus engineering all degrees of freedom of the field.
Moreover, the scheme is extendable to any OAM encoding device,
not limited to SLMs or metasurfaces. Our results will be of particu-
lar benefit to both the classical and quantum communication where
a large alphabet with a good signal-to-noise ratio is essential.

Il. BACKGROUD

Here, we illustrate the concept of enhancing the creation and
detection of high purity OAM modes external to a laser, having
already shown that it is possible directly from the source.”’ Impor-
tantly, we provide the full details for the classical case and intro-
duce a new quantum case for the enhanced purity of single photons
and quantum states. The objective is to reduce the contribution of
unwanted radial modes and to concentrate all the energy into the
zero order radial mode, both at the creation and detection steps.
But how to achieve this in a generic manner? To demonstrate this,
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we create high purity OAM modes in the Laguerre-Gaussian basis
(natural OAM basis). Such transverse modes, ¥, ¢(7, ¢; wo), of radial
order p and azimuthal index ¢ are solutions to the wave equation
in quadratic index media, including free-space and graded index
fiber. The OAM content of the beam is associated with the azimuthal
phase, exp(i¢¢), while w is a scale parameter, sometimes referred to
as the embedded Gaussian beam size. A pure OAM mode in this
basis, the mode we desire, would have no radial modes (p = 0) and is
described by

2
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Note that ¢ appears in both the amplitude and phase terms so that
both the amplitude and phase modulation are required to produce a
true OAM mode in this basis. In fact, it is the amplitude term that
results in the intensity null so often associated with such modes. Yet,
the conventional approach to producing OAM modes is to approxi-
mate this by phase-only azimuthal modulation of a Gaussian beam,
as shown in Fig. 1(a), resulting in
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This vortex beam results in the generation of many radial modes,
shown in Fig. 1(b), with low power content in the desired p = 0 mode.
In fact, the modal powers for all p and a given ¢ can be expressed as
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Here, we propose how to overcome this in two approaches: one
for creation and the other for detection.

For detection, we observe that the OAM mode scales with the
embedded Gaussian beam size (wy). It has been traditional to use this
scale in the detection since, by reciprocity, this is the scale at which
the vortex beam was initially created. However, ideal (p = 0) OAM
modes would have a second moment radius of wy = wo+/|¢| + 1 that
corresponds to an intensity ring of radius wo\/m. This highlights
that while the scale of the final OAM mode will certainly depend
on wy, it will not be equal to it. We select an optimal scale for the
detection in order to maximize modal power in the desired p = 0
mode when the initial mode is not amplitude modulated [shown in
Eq. (2) and depicted in Fig. 1(a)]. In the case where a mode gener-
ated without amplitude modulation is detected with a system that
assumes a scale of wy, the measured power in the desired p = 0
mode approaches zero as the azimuthal index increases (see the sup-
plementary material). This case would represent the usual method
of detection, particularly in quantum experiments with OAM. For
example, an input vortex mode of £ = 1 at this scale has only about
80% of its energy in the yo,1 mode, with the rest spread across higher
radial modes. Furthermore, an input vortex mode of £ = 10 has less
than 1% of its energy in the yo,10 mode. This places severe limits on
the available alphabet using OAM as a basis. We ask what should the
£ dependent scale parameter be such that the expansion has the min-
imum power in the unwanted radial modes, p#0. The salient point
is that higher modal power is physically available, but the detection
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FIG. 1. (a) A Gaussian beam modulated by an azimuthal phase, shown here as a metasurface, results in an OAM mode with many radial orders, shown in (b) as the
sum of beams with several intensity rings. By combining phase control using holograms and metasurfaces, high purity OAM modes can be produced, as seen in (c). For
detection of the modal composition of a beam, conjugate modulation of the mode being evaluated is applied, and the Fourier plane on-axis intensity is measured, as shown

in (d).

system needs to be optimized to recover it. Accordingly, we exploit
the fact that changing the scale in size-dependent bases can alter the
detected modal content.”® Here, the correct scale to achieve this can
be expressed analytically as

Wo
Vig+1

leading to an optimized modal power content in the p = 0 mode
given by
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The implication of this is best visualized in a quantum exper-
iment where the experimenter has full control over the detection
steps but often little control over the creation steps. Rather than
detecting for an incoming mode size of wy, the detection system
should be adjusted to a scale of wopt. The prediction is a signal
enhancement for a larger available alphabet of OAM modes.

While detection is enhanced by optimizing the available sig-
nal with wopt, one cannot recover it to 100% as the vortex beam in
Eq. (2) is not the desired mode. Amplitude modulation is needed.
To illustrate this, we use metasurfaces to create OAM modes of very
high order and then circumvent the spread of power into higher
order radial modes by employing holographically encoded complex
amplitude modulation to correct for the missing amplitude term.
By combining a metasurface for azimuthal phase control with high
fidelity (since the vortex can be very well defined at the nano-scale)
with holographic complex amplitude modulation, we are able to
demonstrate ultra-high purity OAM states, even at very high OAM,
as given by Eq. (1), with all the power in the p = 0 mode, illustrated in
Fig. 1(c). Here, the creation step is summarized that, when reversed,

(6)
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allows a detection route for the enhanced signal over conventional
approaches, as illustrated in Fig. 1(d).

Finally, in the quantum case, the situation is a little different.
There is no “initial” beam but only what one detects, which is related
to a pseudo initial beam in the form of the pump mode at the crystal.
Assuming that the pump is Gaussian and the detection includes sin-
gle mode fibers (the ubiquitous case), we derive the modal powers to
be given by
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where 1 = Z—: is the pump field and fiber mode size ratio. This
equation can easily be generalized to other pump geometries and
detection modalities.

I1l. EXPERIMENTAL
A. The dielectric metasurface

The metasurface device used for the creation of the clas-
sical OAM modes was a dielectric metasurface made of amor-
phous TiO, nano-posts with a rectangular section [the inset
of Fig. 2(a)] on a quartz substrate. Each post has a height of
600 nm, while the width and length (w., w),) change in order
to impart a different phase delay to the propagating visible light
at 532 nm. More specifically, each nano-post imparts an over-
all phase delay § to the propagating light and a phase delay
difference Ay between the field x and y components. This last
term only depends upon the shape of the post and is called the
form birefringence: symmetric sections such as squares or circles
do not show the form birefringence. Note that amorphous TiO,
used for these nano-structures is not optically birefringent at this
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generate a beam with the orbital angular momentum 100, a 27
azimuthal phase variation must be accumulated in an angle of just
271/100 (3.6°).

It is worth noting that the high azimuthal gradient necessary
to impart a topological charge (100) to a propagating beam can
be realized by means of SLMs. However, the typical pitch of such
device is about 8 ym. In our metasurfaces, the unit cell dimen-
sion is 420 nm that represents a 20 times increase in resolution
with respect to a SLM, crucial for high quality vortices. Moreover,
a SLM does not affect the light polarization and cannot be used
alone to encode spin-to-orbital angular momentum devices. Thus,
we elect to use this metasurface approach because the azimuthal
phase is well defined down to nano-meter scales for high quality
azimuthal OAM modes. This allows us to emphasis the point that
while the creation element is as ideal as can be, the purity of the
resulting modes is nevertheless very low. It follows that while this
work could be implemented with any phase-only device such as
spiral phase plates or only a SLM (which is the case in the quan-
tum experiment), we elect to employ the metasurface in the classical

FIG. 2. (a) Schematic of a J-plate design. The J-plate imprints two kinds of helical
phase profiles for x- and y-incident polarization, resulting in output beams with the
orbital angular momentum m# and nh, where m and n can be any independent
integers. The metasurface elements are rectangular nano-posts made of amor-
phous TiO, with a fixed height of h = 600 nm. By changing the width along the x-
and y-direction (wy and wy), the nano-posts impart phase delays given by &y and
dy. Optical micrographs (b) and scanning electron micrographs (SEMs) [(c) and
(d)] of a representative J-plate with the OAM number (m, n) = (10, 100). The SEMs
show a top view (c) and angled view (d) of the device center.

wavelength. Our metasurface combines both the propagation phase g p—
and PB-phase to convert any two orthogonal polarization states of Ompﬁsi' § §\\
the incident light into the conjugate helical modes with any arbi iy

ght into the conjugate helical modes with any arbitrary L
value of orbital angular momentum m and n, not just opposite val- (b)

ues. This is possible by controlling the PB-phase, the overall phase,
and the form birefringence of each element.

Figure 2(a) shows the schematic image of the central part of
a representative J-plate that converts two orthogonal linear polar-
ization states (with the field oriented along x and y, respectively)
into helical modes with the same polarization state and orbital angu-
lar momentum (m, n) = (10, 100). Figure 2(b) shows an optical
microscope image of a J-plate producing helical modes with the
orbital angular momentum 10 and 100 for the x- and y-linearly
polarized incident light, respectively. Figures 2(c) and 2(d) show
the scanning electron micrographs (SEMs) of the realized device.
Note that the nano-posts have different shapes and orientations to
implement the necessary phase gradient. The J-plate is fabricated

using electron-beam lithography, followed by atomic layer deposi- C.C

tion and etching. Note that the implemented azimuthal phase gra- FIG. 3. lllustrations of the (a) classical and (b) quantum experimental setups. SLM:
dient is visible in the optical image of the device as color varia- spatial light modulator functioning in the reflective mode but drawn here as trans-
tion. In fact, nano-posts with different shapes have different scat- missive; F, L: lens; CCD: charge-coupled device; NC: nonlinear crystal; BS: beam
tering resonance frequencies, resulting in a colorful optical image. splitter; M: mirror; SMF: single mode fiber; APD: avalanche photodiode; BPF:
For instance, in Fig. 2(b), it is easy to distinguish 10 sectors, bandpass filter; s: signal; i: idler; C.C.: coincidence counter, and MS: metasur-

face. Overhead insets show representative phase maps for the respective beam

each made of 10 inner sectors. This means that for the helical e > .
manipulations carried out at each point.

mode resulting from the incident y-polarized light, in order to
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case. The issue here is in the physics of the situation and not its
implementation.

B. Enhanced generation scheme

To test the concept of enhanced purity in the creation and
the enhanced signal in the detection, we used the experimental
setups shown in Figs. 3(a) and 3(b) for classical and quantum
light, respectively. In the classical experiment, a 532 nm wave-
length horizontally polarized laser beam was generated through the
phase and amplitude modulation on a HOLOEYE PLUTO spa-
tial light modulator (SLM), allowing one to obtain any desired
beam size and phase. The resulting mode traversed the metasur-
face (MS), which was further relayed with a 4f system (F; and F,
with focal lengths of 200 mm) onto another SLM for analysis. The
measurement was performed by detecting the on-axis intensity in
the Fourier plane of the second SLM (F; with a focal length of
300 mm), yielding the modal spectrum (see modal decomposition in
the supplementary material). Phase plots above the optical elements
in Fig. 3(a) exemplify the phase transformations imparted to the
beam for amplitude correction of the MS and subsequent analysis
thereof.

C. Enhanced two photon detection scheme

The setup used for measurements on the entangled photons
is illustrated in Fig. 3(b). Our type I PPKTP crystals produced
collinearly propagating photon pairs entangled in the OAM degree
of freedom at 810 nm (see the supplementary material). The photon
pairs were separated, in path, using a 50:50 beam splitter (BS). From
the crystal plane, each pair was imaged onto a SLM with a 4f sys-
tem (L; and L, having focal lengths of 100 mm and 500 mm each)

5

P-my, ‘
de 10 0.0

and subsequently imaged (L3 and L4 having focal lengths of 750 mm
and 2 mm each) into single mode fibers (SMF) for detection with
APDs. The photons from each arm were correlated in time using
a coincidence counter (C.C.) with a 25 ns coincidence window. All
measurements were obtained by recording the photons with an inte-
gration time of 5 s. A fixed ratio between the mode fiber radius (wo)
of the SMF and the pump photon of # = 1.5 was used during the
experiment.

IV. RESULTS
A. Enhanced generation of OAM modes

In Figs. 4(a) and 4(b), we compute the predicted radial modal
power weighing (|c,|*) for £ = 10 and £ = 1 beams, respectively, as a
function of ratio, & = wy/wy. Accordingly, in each case, the beam
waist size is varied on the projection hologram for the detection
of each radial mode ranging from p = 0 to p = 10. Our aim is to
engineer the mode by the metasurface and holographic control to
produce |co|* = 1, i.e., 100% of the power in the desired OAM mode
in order to emphasize the effect of amplitude control in the gener-
ation process. We observe that if no initial amplitude control of the
mode is performed and the traditional scale is used (w, = wp) in the
detection, then |co|2 ~ 0.8 (/=1) and |c0|2 ~ 1073 (¢ = 10). This is
confirmed by the experiment: the panels shown in (i) for both £ =1
and ¢ = 10 modes show that the measured power in the radial modes
is as predicted by theory. The blue bars represent the experimen-
tal data, and the black dots represent the theory. For example, the
cross section highlighted by the gray panel at w; = wy in the theory
plot of Fig. 4(a) is shown again in associated panel (i) as black dots
(theory) with experimental data as blue bars. The measured power
is spread across many unwanted radial modes, as predicted. There is

FIG. 4. Normalized detection probabilities with variation in the p-mode index and « = w,/w; for (a) £ = 10 and (b) £ = 1. Measured p-mode spectra (blue bars) are given for
detection with (i) the unadjusted mode size (w, = wo) and (ii) the optimal encoded mode size (w, = wqp) shown with the theoretical predictions (black dots). The normalization
was performed with respect to the p-mode distribution. False color map images of an £ = 100 generated beam with (c) phase-only modulation and (d) amplitude corrected

phase modulation are shown.
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a second cross section highlighted by the gray panel at wop, corre-
sponding to the peak in the theory plot of Fig. 4(a). The associated
panel is in part (ii), again shown as black dots (theory) with exper-
imental data as blue bars. Now, the power in the p = 0 mode has
substantially increased from <1% to about 50%. This confirms that
optimizing the scale at the detection results in significant signal-to-
noise enhancements, crucial for optical communication with OAM
modes. The same trend is seen in (b) with its associated panels (i)
and (ii), again with excellent agreement between theory and exper-
iment. A decrease in the ratio « also results in an oscillation in the
modal power as a function of radial index, with no power in the odd
p modes. This truncated radial mode expansion becomes more evi-
dent as the scale outdistances wy due to the p parameter restriction
(p/2 € N) when describing the resulting mode in the LG basis, as
theoretically predicted.”

So far, only the detection step has been optimized. Next, we
wish to apply full amplitude and phase control with our holograph-
ically enhanced metasurfaces. To do so, we structure the ampli-
tude only and pass the modified profile through the metasurface to
impart the phase profile, akin to the method used by Ref. 28 and
in a similar concept in the considerations of Refs. 29 and 30. The
results for the two beams are discussed here and shown in Fig. 5(a)

(a)

Cl)“V

0 5 10
p-mode

L])‘
(=
.JI

0 5 10
p-mode

FIG. 5. The p-mode spectrum when full amplitude and phase control is applied for
(@) £=10and (b) £ = 1. The bars represent the theory, while the points represent
the experiment. Insets show the processed transverse spatial distributions. The
small intensity oscillations are due to the metasurface fins.
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for ¢ = 10 and Fig. 5(b) for £ = 1. The modal purity is as close
to 100% as we can determine within experimental uncertainty: all
the power is now in the desired ¢ with the p = 0 mode, quantita-
tively characterized by |co|%. Using £ = 10 as an example, the initial
modal power following traditional schemes was |co|* ~ 4 x 107,
becoming |co|* = 0.5 after detection optimization, and |co|* = 1 after
full mode control. This represents about a 125x and 250x signal
enhancement. The impact of our approach becomes more enhanced
with an increase in £. To illustrate this, we perform these experi-
ments with a metasurface to produce ¢ = 100 modes (the highest
reported to date by metasurface and metamaterials). Figure. 4(c)
shows such a beam created by only modulating the phase, while
(d) shows the same beam but produced by our metasurface together
with complex amplitude modulation. Even visually, one can see the
numerous rings in (c), which “collapse” into a single ring in (d): a
high purity OAM mode with an astonishing power enhancement
in the desired mode. It is pertinent to point out that all phase-only
approaches that only modulate a Gaussian beam by an azimuthal
phase will produce the rings seen in (c) and is not a factor of the
device efficiency. In most reports, the rings are removed by opti-
cal filtering prior to recording and hence resulting in unwanted
losses.

B. Enhanced quantum detection of OAM modes

The aforementioned tests modulated and detected classical
light fields. To complement the classical results, we also perform a
quantum experiment, as shown in Fig. 3(b). It may be noted that
while the modes (¢, p) are discrete, surface plots were used as a guide
so that the trend is easily seen [similar to the lines in Fig. 6(f)], and
thus, the discrete values are interpolated to yield the graphs. Here,
entangled photons were created using a PPKTP crystal via sponta-
neous parametric down-conversion (SPDC). Each of the entangled
bi-photons were relay imaged to projective optics, with one set pro-
jecting onto a vortex state by an azimuthal phase profile, and the
other performing full £ control of both the amplitude and the phase.
This is the quantum equivalent of the classical prepare and measure
experiment already reported in Sec. IV A. However, as is custom-
ary in such quantum experiments, the detection system includes
a single mode fiber so that only the p = 0 mode can be filtered
out. Figure 6(a) shows the experimental results for measuring the
OAM spiral bandwidth as a function of the scale in the detection
(a = we/wp), with the corresponding theoretical plot shown in (b).
Clearly, they are in excellent agreement. Cross sections of the power
in a specific £ mode, quantified by |c¢|%, as a function of changing
the scale &, are shown in (c)-(e) for £ = 1, 2, and 5, respectively.
The theory (black dots) is in good agreement with the experimental
data (blue bars). This confirms that the concept we have outlined is
equally impactful with quantum light. We predict and observe that
the coincidence rate can be dramatically increased by our approach,
resulting in a visible spiral bandwidth beyond that possible with-
out scale adjustment: the Schmidt number more than doubles from
K =3 to K =7, as shown in Fig. 6(f), demonstrating more than a
doubling of the quantum dimensionality. This represents a signifi-
cant increase in the available dimensions in our OAM Hilbert space
and is a consequence of transferring power into the desired mode,
thus lifting it from the noise. This experiment also serves to illus-
trate that it is not the manner of implementing the azimuthal phase
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FIG. 6. (a) Experimental and (b) simulated coincidence measurements based on the detection probabilities of OAM photons measured with the encoded holograms. (c) The
normalized coincidences as a function of a = w,/w; for (c) £ =1, (d) £ =2, and (e) £ = 5. The bars represent the experimental data, while the points represent the simulation.
(f) Spiral-bandwidth plots obtained from the diagonal of the inset mode projections for (left) wq and (right) wey. Insets are density plots representing measured coincidences
for OAM projections on the SLMs when the encoded LG beam size is w (black squares) and the optimal mode size is (W) (blue triangles). Each data point was measured

over a 5 s time interval.

pattern that matters—here, only SLMs were used due to the unsuit-
ability of the metasurface for the quantum photon wavelengths. For
completeness, we point out that we have not tested the quantum
correlations in the new subspaces and so make no statements on
the entanglement. However, since the SPDC process produces pure
states,”” the full quantum toolkit can be applied to the new sub-
spaces revealed from the noise, including testing for entanglement in
high-dimensions.”

V. DISCUSSION AND CONCLUSION

In many applications, the detection of OAM modes implicitly
assumes a projection onto a Gaussian-like mode (p ~ 0), by coupling
into single mode fibers, by OAM mode sorting, or by the match
filters used in MUX/DEMUX optical communication systems. In
such cases, the detection approach we outlined here will yield an
improved signal-to-noise ratio and thus a larger available alphabet,
as we have demonstrated with both the classical and quantum states.
For completeness, we point out that if the application and/or detec-
tion simply integrates out the radial modes, e.g., accumulates all
power from a particular azimuthal mode, then there will be neither
a gain nor a loss from our approach.

APL Photon. 5, 070802 (2020); doi: 10.1063/5.0005597
© Author(s) 2020

We employed the metasurface in the classical experiment as
an example of a phase-only device, which we note could have been
replaced with any equivalent element to illustrate our concept. For
example, a second SLM could have achieved the same outcome,
and this, in fact, was demonstrated with the quantum experiment.
Here, a contrast in features between these two devices explicitly
emphasizes the generality of the effect and thus universality of how
our optimization may be of benefit. The choice of the metasurface
allowed us to simply demonstrate a high OAM charge (¢ = 100) with
a good purity, which was easily achievable with the greater resolu-
tion. Additionally, due to the asymmetrical nature of the coupling
in the device paired with the amplitude and phase control, which
were achieved in separate steps, it would be possible to extend this
to easily produce arbitrary high purity vector modes in line with Ref.
28. It may also be interesting to consider the combination of both
techniques into a single integrated device in future studies, simi-
lar to that achieved by Refs. 11 and 12 or potentially employing
phase correction approaches’”** for enhanced purity in all degrees
of freedom.

In conclusion, we have outlined a simple approach for increas-
ing the detection efficiency of classical and quantum experiments
with OAM modes by a simple adjustment of the scale at which
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the measurements are made. In the quantum case, this is all that is
needed since there is no “initial” mode: the state is determined by the
measurement and has no reality prior to that. In the classical case, to
truly maximize the signal requires very high purity initial modes.
We used metasurfaces that are holographically enhanced to control
both the azimuthal and radial profiles of OAM modes to create high
purity OAM beams up to £ = 100. This applied research paper will be
important to applications that seek to exploit OAM as a basis in the
classical and quantum experiments, particularly those pertaining to
communication.

SUPPLEMENTARY MATERIAL

See the supplementary material for supporting information.
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