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The orbital angular momentum (OAM) of light has attracted a great amount of interest in recent times,
due to the wide variety of applications it has made possible. Generally, the OAM spectrum is produced by
coaxial superposition of several vortex beams, which might increase the complexity of the system. Here,
we propose and experimentally demonstrate a simple way to produce a state of light with a controllable
OAM spectrum using a binary array of pinholes. More specifically, we show that a spiral structure can
convert a plane wave into a beam with a wide OAM spectrum, which can be easily tuned to pure or multiple
OAM modes by adapting the structure of the pinhole plate. Furthermore, we show that a simple pinhole
plate can produce structured beams with particular OAM states, such as photonic gears (superposition of
OAM modes with opposite topological charges +-¢) and OAM combs (an optical mode formed by a series
of discrete and equally spaced OAM modes, akin to an optical frequency comb). It is worth noting that we
demonstrate the OAM comb experimentally. This study provides an avenue for the flexible generation of
OAM spectra and the simplicity of the setup could make this approach convenient for many applications,

such as optical communications and quantum information.
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I. INTRODUCTION

Vortices are inherent to any wave phenomena and
denote singular (zero intensity) points in the plane perpen-
dicular to the propagation axis where the phase becomes
indeterminate; these occur in multiples of 27 [1,2]. In gen-
eral, phase singularities can be expressed mathematically
as an exponential function of the form exp(i£0), where 0 is
the azimuthal index of the cylindrical coordinates and ¢,
known as the topological charge, is associated with an
orbital angular momentum (OAM) of £% per photon, with 7
denoting the reduced Plank constant [3,4]. The on-demand
generation of optical fields embedded with OAM [5,6] has
triggered a wide variety of applications [7,8], spanning
fields as diverse as optical manipulation [9], classical and
quantum communications [10—14], optical metrology [15—
18], and imaging [19], to mention but a few. Besides opti-
cal vortices, recent studies have shown that electron [20],
neutron [21], atom [22], plasmonic [23], and radio [24-27]
vortices can carry OAM, leading to a wide range of appli-
cations in fields such as the manipulation of nanoparticles,
memory devices, or imaging [28,29].
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Over the past 20 years, a wide variety of techniques
to produce vortex beam have been elucidated. Besides
classic methods, based on spiral phase plates [30] or
computer-generated holograms [31], the recent introduc-
tion alternative methods, namely, photon sieves [32,33]
and Vogel spiral arrays [34,35], have paved the way
towards the generation of OAM-carrying matter waves
with electrons, atoms, or neutrons. However, most of
these aforementioned methods are only able to produce
modes with a unique OAM value or simple superposi-
tions of the same. Crucially, OAM-based applications will
greatly benefit from beams carrying a high-dimensional
OAM spectrum [27,28], especially if this spectrum can be
tailored. Recently, the applications of tailored OAM spec-
tra have drawn much attention, for instance, to measure
object parameters [36] or to perform geometric operations
on images, such as rotations and reflections [37]. More
recently, a quadratic phase plate has been proposed theo-
retically and may expand the initial single OAM mode into
a comblike OAM spectrum [38].

Here, we propose a technique based on the use of a struc-
tured pinhole plate for generating structured beams with a
particular OAM spectrum. We first simulate these struc-
tures and then experimentally corroborate the quality of
the generated beams. More specifically, we measure the
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OAM spectrum using a modal decomposition technique
[39], which confirms that the experimental results agree
well with our simulations. We demonstrate our technique
with two examples, namely, a photonic gear and an OAM
comb. Further, it is worth noting that our technique not
only applies to light waves, but it can also apply to matter
waves, such as electron and neutron beams.

II. THOERY

A. Generation of OAM spectra: From a wide spectrum
to a single mode

To explain our method, let us analyze the case of a plane
wave u(x, y, z) passing through a ring slit represented by an
aperture function 7'(xg, »o), as shown in Fig. 1(a). Fresnel
diffraction theory provides a powerful method to find the
complex optical field at a given observation plane along
the propagation direction, for example, the z axis [40],

ek o0 ik 2 2
u(xayaz) = // T(x09 yo)ez[(X—X()) +o=v0) ]dedJ’O,
ilz oo
(1)

where A is the wavelength and & is the wave number.
The intensity pattern of the field diffracted by the ring slit

[Fig. 1(a)] is shown in Fig. 1(b). To measure its OAM spec-
trum, remember that any light beam can be expressed as a

weighted superposition of Laguerre-Gaussian (LG) modes
as [41,42]

o0 o0
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where ¢, ((x,y,z) represents the set of LG modes. More-
over, ¢, ¢ are weighting coefficients that can be computed
as

oo = [[ ey it )
where * denotes the complex conjugate.

This method enables the OAM spectrum of any field
u(x,y,z) to be computed. In particular, the OAM spec-
trum of a ring slit is illustrated in Fig. 1(c) and features
aunique peak at £ = 0. Clearly, a ring slit adds no OAM to
a diffracted plane wave. In fact, it is not difficult to under-
stand this, since we know that when a plane wave passes
through a ring slit it generates a zero-order Bessel beam
of topological charge £ = 0. However, if we change the
ring aperture to a spiral aperture [see Figs. 1(d) and 1(g)],

(a) (b) (e) , FIG. 1. Schematics of the
binary slits. (a) Ring slit and
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the diffracted beam, the intensity of which is shown in
Figs. 1(e) and 1(h), respectively, acquires a wider OAM
spectrum [see Figs. 1(f) and 1(i)]. Importantly, the OAM
spectrum can be tuned by tuning the shape of the spiral
slit [see Figs. 1(g)—1(i)]. That is, the shape of the spiral slit
induces a redistribution of the azimuthal phase, giving rise
to a beam with a spiral phase profile and a wider OAM
spectrum centered at a particular £ value. More specif-
ically, the spiral shown in Fig. 1(d) produces an OAM
spectrum centered at £ = —1, while the spiral shown in
Fig. 1(g) features an OAM spectrum centered at £ = —5.
The relationship between the shape of the slit and the cen-
tral topological ¢ is governed by ry = (€zAa /7 + 13!/,
where 7, indicates the radius of the slit at angle «, ry is
the minimum radius of the slit, and z is the distance of the
observation plane [40]. As shown below, similar results are
obtained with a discretized version of the spiral slit; this
is an array of pinholes that follow the same trend. How-
ever, this type of pinhole mask enables the generation of
more complicated structures, giving rise to a wide variety
of structured beams of light or matter [36].

The discretized version of the spiral slit consists of
a number of pinholes located at a specific position [see
Fig. 2(a)], the azimuthal angle and radius of the nth pin-
hole, measured from the center, are given by «,, = 2nn/N

(b)
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'

Power weight

(d)

(9) (h)
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Power weight

[T T = T ]
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and r, = (€zha,/m + 13)'/2, respectively. Here, N is the
number of pinholes, A is the wavelength, ry is the distance
from the center to the first pinhole, and z is the distance
from the slit to the observation plane [40,43]. By compar-
ing Figs. 1(g)-1(i) and 2(a)-2(c), it is easy to see that not
only the intensity [Figs. 1(h) and 2(b)], but also the OAM
spectra [Figs. 1(i) and 2(c)] for both the continuous and
discretized spiral slits are almost identical. Hence, this sim-
ple technique enables a continuous or discrete spiral slit to
reshape, as desired, the OAM spectrum of a plane wave,
thus allowing full control of the OAM spectrum.

Tuning of the OAM spectrum to a specific value can
be achieved by adding several copies of identical spirals
equally distributed along the azimuthal direction, as illus-
trated in Figs. 2(d) and 2(g). For example, there are five
and six spirals in Figs. 1(d) and 1(g), respectively; accord-
ingly, beams with specific OAM values of £ = —5 and —6
are generated, respectively, as shown in Figs. 2(f) and 2(i)
This technique can be explained by the OAM selection
principle of rotationally symmetric structures [36], which
states that an m-order rotationally symmetric structure can
select the OAM modes that are multiples of m, depleting
the rest. This is why the OAM spectra shown in Figs. 2(f)
and 2(i) clearly show unique OAM values at £ = —5 and
—6, respectively.

FIG. 2. Schematics of the

discretized binary slits. (a) Sin-
gle spiral, (d) five spirals, and
(g) six spirals; (b),(e),(h) the
corresponding simulated inten-
sity profiles; and (c),(),(i) the
OAM spectra of the diffracted
beam at z=1 m, when the
plates are illuminated with
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B. Generation of petal-like structures with opposite
OAM modes

Recently, the superposition of two vortex beams with
topological charge +¢, namely, photonic gears, have
attracted significant attention [44—46]. D’ Ambrosio et al.
demonstrated that photonic gears greatly enhanced the
angular measurement precision [44]. Lavery et al. demon-
strated that photonics gears could be used to detect the
angular speed of a spinning object [45]. Now, we show
how to produce photonic gears using our method. To gen-
erate such a pair of OAM modes, we need to combine two
spiral masks with opposite £ values. The azimuthal and
radial distributions of the nth pinhole in the mth spiral are

2nn 2mm
mn::': e — 4
m, (N + M> “)
and
tzha, 172
rn=i(”‘ +r02) , 5)
b4

respectively. Figures 3(a), 3(d), and 3(g) show the binary
mask that generates the superposition of modes ¢ = 42,
£ = %4 and € = £5, respectively. It is known the super-
position of two vortex beams of opposite topological

charges (4¢) generate an intensity pattern consisting of
2¢ petal-like structures [47,48]. This is clearly shown in
the simulated intensity pattern of the diffracted wave [see
Figs. 3(b), 3(e) and 3(h)]. Traditionally, petal-like beams
are generated, for example, by a coaxial superposition of
two vortex beams; here, we show that a simpler method
consisting of a plate with properly arranged pinholes can
produce the same effect. The corresponding OAM mode
spectra shown in Figs. 3(c), 3(f), and 3(i) demonstrate that
the generated OAM modes are highly pure.

C. Generation of OAM comb

It is well known that an optical frequency comb, which
is a laser spectrum consisting of a series of discrete and
equally spaced frequency lines, are widely used in optical
metrology, optical atomic clocks, precise GPS technology,
etc. [49,50]. Now, we want to show that we can produce
an OAM comb in a very simple way, which consists of a
series of discrete equally spaced OAM modes. Figure 4(a)
shows a simple diffraction screen with two pinholes, and
Fig. 4(b) shows the intensity pattern when a plane wave
illuminates such a screen; this is the famous Young’s inter-
ference experiment. Interestingly, as shown in Fig. 4(c),
the OAM spectrum of the diffracted field features a series
of discrete equally spaced OAM modes, which we refer

(c) FIG. 3. Schematics of the
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) Simulated mask for ¢ = £2;
ELE (b),(c) the corresponding sim-
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FIG. 4. Schematics of the
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to as the OAM comb. Crucially, this OAM spectrum only ~ generates an OAM comb consisting of modes that multi-
contains OAM modes that are in the form £ = £2, +4,  ply the number of pinholes. If, instead of a plane wave,
46, ... Figures 4(d)4(f) show a similar phenomenon for =~ we use a vortex beam to illuminate the two-pinhole plate,
a three-pinhole plate. Again, the OAM spectrum con-  the OAM comb will shift in proportion to the OAM value
tains only OAM modes of the form £ = £3, +6, £9,...  on the incident field. Figure 4(i) shows the OAM spec-
That is, a plane wave diffracted by a simple pinhole plate  trum for the specific case £ = 1, where we can see that

FIG. 5. Schematic of the experimental
setup. NA denotes neutral attenuators, BE
denotes the beam expander, AS denotes the
aperture slot, BS denotes the beam split-
ter, and CCD denotes the charge-coupled
device. The sum of distances L; and L, is
equal to the distance of z in Eq. (5).
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(a)

(d)

the OAM modes have shifted to £y = 1. Therefore, the
OAM modes in an OAM comb are given by ¢, = nf, + £,
where 7 is a integer, ¢, is the comb repetition rate, and £, is
the offset of the comb, which is dependent on the incident
beam.

III. EXPERIMENTAL RESULTS AND DISCUSSION

To validate our simulations described above, an exper-
imental proof-of-concept corroboration was carried out
and presented next. In our experiments we used a mul-
tipinhole plate, which we generated with a spatial light

a
(@) D cCD

Analyzer

[ 4
Analyzer Lens % ;

SLM,

‘ Polarizer

NA A
Laser N
‘;;;52 BE  AS

\\ ‘ hY//

FIG. 6. Experimental results
of generated structured beams
with OAM modes. (a)—(c) The
corresponding  experimental
results to those in Figs. 2(b),
2(e) and 2(h). (d)(f) The
corresponding  experimental
results to those in Figs. 3(b),
3(e) and 3(h).

modulator (SLM), but it can also be generated with a
digital micromirror device (DMD) or a physical plate with
pinholes. A sketch of the experimental setup is depicted
in Fig. 5. A He-Ne laser beam properly expanded and
collimated by a BE, illuminates a reflective SLM (Holo-
eye, LC-R 1080), where the binary structured sieve is
displayed. A beam splitter placed before the SLM redirects
the shaped beam, coming from the SLM, towards a CCD
camera (pixel size 3.45 x 3.45 um?, 1920 x 1080 pixels),
where the generated beam is recorded. Since the SLM
only modulates horizontally polarized light, a polarizer
is inserted before the SLM to match its polarization.

FIG. 7. (a) Experimental setup used to
measure OAM spectra of photonic gears.
f is the focal length of the lens, BS; and
BS, are beam splitters, SLM, denotes the
phase-only spatial light modulator, CCD,
is the image sensor used to detect the
mode decomposition by SLM,. (b) Far-
field intensity of multiplexed set of modes
projected by topological input modes of £
==£5.
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Additionally, a second polarizer is placed before the CCD
to filter out a coherent optical background [51].

The experimental results of the intensity profiles mea-
sured on the CCD are shown in Fig. 6, which correspond
to the simulations shown in Figs. 2 and 3. From the com-
parison, we can see that the experimental results are in high
concordance with the simulations, which demonstrate that
the structured pinhole plates are practical for generating
photonic gears.

To measure experimentally the OAM spectra of the gen-
erated beams, we perform a modal decomposition [39,52].
Without the loss of generality, we measure only the OAM
spectrum of photonic gears, namely, the superposition of
two OAM modes with topological charge £¢£. It is known
that the composite OAM spectrum of the generated beams
can be determined by measuring the far-field intensity
when we project the input beams into a set of orthogonal
OAM modes [39]. Even though, in principle, we have to
project the input field into an infinite set of OAM modes,
in practice we only require a small subset, which, in our
experiments, is £ € [—9,10]. Figure 7(a) shows a schematic
representation of the implemented experimental setup that
allows us to measure the OAM spectrum. The generated
photonic gears after SLM, are projected onto phase-only
SLM; (Holoeye, PLUTO VIS) using a second beam split-
ter (BS;). The light modulated by SLM; is Fourier trans-
formed using a lens with a focal length of /3 = 500 mm and
imaged onto CCD,. As an example, the far-field intensity
pattern of the generated beam (£ = £5), projected onto the
multiplexed subset of modes encoded on SLM,, is shown
in Fig. 7(b). The on-axis intensity spots at £ = £5, shown
in Fig 7(b), indicate their topological charges.

The experimental results of the OAM spectrum mea-
sured on CCD, are shown in Fig. 8, which correspond to
the simulations in Figs. 3(c), 3(f), and 3(i). From the com-
parison, we can see that the experimental results are in high
concordance with the simulations; this demonstrates that
the structured photon sieves are practical for the generation
of photonic gears.

IV. CONCLUSIONS

Here, we provide a technique to manipulate the OAM
spectrum based on the use of pinhole plates, and the

0
-10

-5 0 S

S 10
OAM mode

concept OAM comb is proposed. Our study provides an
alternative view for understanding OAM and the genera-
tion of the superposition of OAM modes. The ability to
generate a light beam with a specifically tailored spec-
trum is crucial for OAM applications, and our study may
find potential applications in many OAM-based systems.
In particular, the OAM comb, which is a kind of tailored
OAM spectrum, may find applications in many fields,
such as a field analyzer for determining the dimension-
ality of multimode fields [53]. Although the concept is
tested with optical vortex beams, this is not confined to the
optical regime and can be used for the generation of any
other composite scalar vortices, such as electron, neutron,
acoustic, and radio vortices.
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