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The image illustrates the propagation of a spatiotemporal optical vortex wavepacket 
through an optical fiber. This article presents the first demonstration of spatiotemporal 
optical vortex pulse propagation through a few-mode optical fiber. The authors note 
that the wavepacket maintains its spatiotemporal phase structure well, demonstrating 
the new possibility of transmitting transverse orbital angular momentum inside fiber.
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Optical Orbital Angular Momentum: Thirty Years and Counting

Guixin Li
Southern University of Science and Technology
Shenzhen, China

Junsuk Rho
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POSCO-POSTECH-RIST Convergence Research Center for
Flat Optics and Metaphotonics
Pohang, Republic of Korea

Xiao-Cong Yuan
Shenzhen University
College of Optoelectronics, Nanophotonics Research Center
Shenzhen, China

In 1992, Professor Allen’s paper published in Physical Review A indi-
cated that laser light with a Laguerre-Gaussian amplitude distribution
has an orbital angular momentum (OAM). Since then, conceptual stud-
ies on OAM of photons have been attracting continual attention in
physics and optics communities. In recent years, we have witnessed
the birth and fast development of many break-through technologies
driven by the concept of OAM, from advanced light-field manipulation
to super-resolution imaging, classical and quantum optical communi-
cations, and many others.

In this connection, we are honored to organize a theme issue to pay
our respect to Professor Allen for his pioneering study on OAM, as well
as the great achievements by other scientists and scholars in this field.
This special collection focuses on optical orbital angular momentum
and its role in optical science and applications. One review article
and nine original ones are assembled in Advanced Photonics and its
sister journal Advanced Photonics Nexus. The topics of these contribu-
tions include torsion pendulum driven by OAM of light, time-varying
OAM, optical interconnects for OAM modes, retrieval of OAM spec-
trum, free-electron lasers for OAM generation, reconfigurable structured
light modes, OAM multiplexed optical holography, phase aperture for
transforming vortex beam, and OAM modes in a Janus optical para-
metric oscillator.

We hope the readers, whether early career or established scientists,
will enjoy the collection of articles in this joint theme issue and find
them helpful and inspiring.

A list of the articles is provided here:

• Torsion pendulum driven by the angular momentum of
light: Beth’s legacy continues, Etienne Brasselet, University
of Bordeaux, CNRS

• Generation of time-varying orbital angular momentum
beams with space-time-coding digital metasurface, Jensen
Li, Hong Kong University of Science and Technology

• Propagation of transverse photonic orbital angular
momentum through few-mode fiber, Qiwen Zhan, University
of Shanghai for Science and Technology

• Tailoring light on three-dimensional photonic chips: a
platform for versatile OAM mode optical interconnects,
Jian Wang, Huazhong University of Science and Technology

• Single-shot Kramers–Kronig complex orbital angular
momentum spectrum retrieval, Siyuan Yu, Sun Yat-sen
University

• Self-seeded free-electron lasers with orbital angular
momentum, Gianluca Geloni, European XFEL GmbH

• Reconfigurable structured light generation and its coupling
to air–core fiber, Jian Wang, Huazhong University of
Science and Technology

• Multiparameter encrypted orbital angular momentum
multiplexed holography based on multiramp helicoconical
beams, Xiao Yuan, Soochow University

• Characteristics of a Gaussian focus embedded within spiral
patterns in common-path interferometry with phase
apertures, Ying Gu, Chinese PLA General Hospital

• Generation of high-efficiency, high-purity, and broadband
Laguerre-Gaussian modes from a Janus optical parametric
oscillator, Yong Zhang, Nanjing University; Min Xiao,
Nanjing Univ./Univ. of Arkansas

© The Authors. Published by SPIE and CLP under a Creative Commons Attribution
4.0 International License. Distribution or reproduction of this work in whole or in part
requires full attribution of the original publication, including its DOI.
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Advent of torsional optomechanics from Beth’s legacy
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Torsional optomechanics, which involves the transfer of angular mo-
mentum from light to matter, has been a vibrant research area since
Beth’s pioneering contribution in 1935. Beth proposed a method to
measure the transfer of spin angular momentum using a torsional pen-
dulum,1 laying the foundation for classical and quantum optomechanics
related to particle levitation, trapping, and cooling in modern optics.2

In the article recently published in Advanced Photonics, Brasselet
reviewed the Beth’s discovery legacy and looked how this idea has
continued over the years.3 Beth successfully detected the spin angular
momentum of light using a torsion pendulum consisting of half-wave
plates and a mirror.1 Years later, Carrara proposed a modified configu-
ration making the detection easier by introducing the system in the mi-
crowave domain.4 In 1966, Allen devised an experimental setup with
a drop-suspended aluminum dipole hanging on a support, enclosed by
a circular waveguide.5 The rotation of the dipole was measured by
monitoring the rotational spectral shift of dipole radiation. This optically
induced rotation is now considered as a cornerstone of optical tweezers.
In 1992, Allen et al. conducted an orbital analog of the spin experiment
by Beth, measuring the mechanical torque induced by the transfer of
orbital angular momentum from a paraxial Laguerre-Gaussian beam
to a suspended pair of cylindrical lenses.6 In 2007, Battacharya and
Meystre achieved the quantization of a vibrational and rotational mode
of a classical oscillator through angular momentum transfer,7 which is
an important contribution to the field of quantum optomechanics.

Beth’s accomplishment a century ago has directly or indirectly influ-
enced various fields, including classical and quantum optomechanics,
spin-orbit interactions, as well as acoustomechanics (Fig. 1). Torsional
optomechanics, driven by the exchange of orbital angular momentum,
has been actively investigated in recent days, particularly with the advent
of the field of optical vortices.8 Cavity quantum optomechanics offers
a potential playground for exploring the fundamental principles of
quantum mechanics in macroscopic systems, with potential applica-
tions in highly sensitive devices for detecting forces, displacements,
and other physical quantities.9 With the advent of optical vortices with
orbital angular momentum,6,8 the spin and orbital parts of angular
momentum have been distinguished, and their interplay, or the optical
spin-orbit interactions, have been actively investigated10 for spin and
orbital Hall effect of light, spin-orbit conversion, and chiral sensing.
Similarly, exchanges of angular momentum were found in acoustics,11,12

and the spin part of angular momentum of acoustics has recently been
noted.13 Recently, there has been investigation into the torsional dynam-
ics driven by acoustic radiation torque.11 Wireless torsional mechanics
driven by acoustic fields has been applied to ultrasound elastography
and viscoelastic tensor imaging.12 Additionally, recent studies in
acoustomechanics hold promise for the development of new imaging
technologies in metrology and biomedical imaging.12 The detailed
overviews and perspectives on these fields can be found in Brasselet’s
article.3 In conclusion, we would like to quote Brasselet, who aptly

states that “Beth’s legacy is not yet over.” As such, Beth’s pioneering
contribution continues to bloom as it has for over a century.
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Torsion pendulum driven by the angular
momentum of light: Beth’s legacy continues
Etienne Brasselet *
University of Bordeaux, CNRS, Laboratoire Ondes et Matière d’Aquitaine, Talence, France

Abstract. The optical angular momentum is ubiquitous to the science of light, especially whenever the
polarization state and the spatial distribution of the phase are involved, which are most often associated with
the spin and orbital parts of the total angular momentum, respectively. Notably, the independent introduction of
these two contributions to the total optical angular momentum was accompanied by suggestions regarding the
possible detection of their mechanical effects using a torsion pendulum. Today, the classical and quantum
mechanical aspects of spin and orbital angular momentum of light and their mutual coupling remain active
research topics offering exciting perspectives for photonic technologies. Our brief historical overview shows
how the torsion pendulum has accompanied scientific advances on mechanical effects based on the angular
degrees of freedom of light since Beth’s pioneering contribution published in 1935.

Keywords: light; polarization; optical angular momentum; optomechanics.
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1 Historical Context
The present paper is dedicated to the 30th anniversary of Allen
et al.’s paper1 that kickstarted a fruitful research topic related to
the orbital angular momentum of light. Interestingly, the latter
work not only identified that a Laguerre–Gaussian paraxial field
with azimuthal integer order l carries lℏ angular momentum per
photon of an orbital nature, ℏ being the reduced Planck constant.
Inspired by Beth’s spin angular momentum experiment,2

it also suggested a way to detect and measure it using a torsion
pendulum equipped with a Laguerre–Gaussian mode converter.
This motivates the present aim at highlighting the place taken by
the torsion pendulum since the advent of the concept of angular
momentum associated with the polarization state of light, which
dates back to Sadovskiı̆’s work3 in the late 19th century, accord-
ing to Vulf’son.4 The previous motivation is further supported
by the fact that, a few years before Sadovskiı̆’s work, Righi5

mentioned an experimental attempt to detect the mechanical
effects of circularly polarized waves on matter using a torsion
pendulum, yet unsuccessful.

Independently from earlier works from Sadovskiı̆, Poynting
conjectured from a mechanical analogy that the torque per unit
surface exerted on an absorbing target by a circularly polarized

(CP) paraxial light field equals the optical energy per unit
volume multiplied by λ∕ð2πÞ with λ the optical wavelength
and is oriented along the propagation direction of light.6 Said
differently, noting that the optical energy per unit volume
corresponds to the optical pressure, Poynting suggested that the
optical torque and force surface densities are proportional with
a proportionality factor λ∕ð2πÞ, which highlights λ∕2π as the
intrinsic lever arm of light. Recalling that the optical energy per
unit volume in vacuum is I∕c, where I is the optical intensity
and c is the speed of light, Poynting thus stated that a paraxial
light beam with power P propagating along the z axis and im-
pinging on a perfectly absorbing target exerts on it a total torque
Γ ¼ ðσP∕ωÞz, where the σ ¼ �1 refers to the left/right-handed-
ness of the circular polarization state, ω is the optical angular
frequency, and z is the unit vector along the z axis. Since
Einstein extended Planck’s quantization of energy to the light by
stating that the quantum of optical energy is ℏω, Poynting’s sug-
gestion is reformulated at the level of a quantum of energy as the
fact that the projection of the photon spin angular momentum
associate to free space CP light field along its propagation
direction is σℏ, where the σ ¼ �1 defines the photon helicity.

In his paper,6 Poynting also suggested the use of a torsion
pendulum for the mechanical detection of the torque arising
from nondissipative rather than dissipative spin angular momen-
tum transfer from light to matter. This is done using a linearly*Address all correspondence to Etienne Brasselet, etienne.brasselet@u-bordeaux.fr
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polarized (LP) light beam passing through a quarter-wave plate
(QWP) whose neutral axes are oriented at �π∕4 from the inci-
dent polarization direction. Aware that the mechanical detection
is challenging, Poynting proposed to illuminate with an LP light
beam a series of QWPs suspended by a torsion wire, intercalat-
ing between each of them a fixed QWP hold by external means
to restore the initial linear polarization state before light passes
through the next suspended wave plate, as depicted in Fig. 1(a).
The use of N suspended QWPs and N − 1 fixed ones enables
the incident light to exert a total torque oriented along the tor-
sion wire with magnitude NP∕ω, provided that the optical axes
of two subsequent QWPs are mutually orthogonal, while the
sign of the torque depends on the �π∕4 orientation of the in-
cident linear polarization with respect to the slow axis of the first
QWP. Such a trick nevertheless left Poynting rather dubious
about a possible experimental success, as he reported “even with
such multiplication, my present experience of optical forces
does not give me much hope that the effect could be detected,
if it has the value suggested by the mechanical model.”6

It was not until 1935 that Beth announced the successful de-
tection of the (spin) angular momentum of light7 from a variant
of the latter approach. In fact, Beth used a circular instead linear
incident polarization state, a half-wave plate (HWP) instead of a
QWP as the suspended birefringent element, and a reflective
rather than transmissive multiplication approach owing to a
fixed set of a QWP and a mirror, as illustrated in Fig. 1(b).
In doing so, Beth obtained a multiplication factor N ¼ 4, and
the torque sign is controlled by the incident circular polarization
handedness. The added value of Beth’s apparatus is that both
wave plates do not require either absolute or relative orientation
of their optical axis, at least when using incident CP light. This
allowed Beth not only to detect the sought-after mechanical
effect7 but also to measure it in the near-infrared domain with
nominal wavelength of 1.2 μm. This was done by placing the

torsion pendulum apparatus in vacuum (10−9 bar) and assessing
the differential angular deviation of the pendulum around its
revolution axis obtained under in-phase and out-of-phase optical
forcing. This is thoroughly reported in Ref. 2, where the depend-
ence of the optical torque on wavelength and ellipticity of the
incident light is studied.

In short, using a torsion pendulum consisting essentially of a
25.4 mm diameter HWP suspended from a 25 cm long quartz
fiber, Beth demonstrated experimentally by mechanical means,
up to a few percents precision, that the angular momentum
carried by free space elliptically polarized paraxial light along
the direction of propagation is s3ℏ per photon, where s3 is the
reduced third Stokes parameter.8 Beth’s experiment, which was
quantitatively confirmed by Holbourn a few months later using
a transmission scheme associated with N ¼ 2,9 has entered the
history of sciences and is chosen as the starting experimental
milestone of the present contribution.

Remarkably, the experimental demonstration of spin angular
momentum transfer to matter was in fact achieved, albeit
unnoticed, by Righi in 1883 when he observed and analyzed
frequency shifts experienced by light as it passes through rotat-
ing optical elements.10 These frequency shifts, now known as
rotational Doppler frequency shifts, have been also identified in
the presence of orbital angular momentum transfer11 and in the
presence of both spin and orbital contributions.12 Rotational
Doppler frequency shifts are indeed the signature of the rota-
tional mechanical action of light on matter and are the angular
counterpart of Doppler frequency shifts associated with light-
matter linear momentum transfer. This was pointed out by
Henriot13 in 1934 and subsequently discussed by Atkinson14

shortly before Beth’s announcement.

2 Microwave and Radiowave Experiments
Several years after Beth’s and Holbourn’s experiments dealing
with nondissipative spin angular momentum transfer from light
to birefringent media, Carrara reported a dissipative variant
of it where the incident angular momentum from CP field is
absorbed by the suspended element, as depicted in Fig. 1(c),
which corresponds to N ¼ 1. The experiment was performed
in the microwave domain at 9.36 GHz frequency using an ab-
sorbing screen made of two subunits placed at the output of a
waveguide.15 The decrease in frequency by 6 orders of magni-
tude compared to Beth’s experiment implies an increase in the
applied torque by a factor of 106 for a given input power, which
makes a priori the detection of the effect much easier. Carrara
also reported on the nondissipative approach using a reflective
scheme. Indeed, by adapting the nature and the relative distance
between the two subunits, the suspended system behaved as an
effective suspended eighth-wave plate or QWP endowed with a
reflective output facet, which, respectively, corresponds to N ¼
1 for incident LP wave (provided an appropriate polarization
direction) and N ¼ 2 for incident CP wave. Nevertheless, even
though the mechanical detection of angular momentum transfer
was successful and the observed angular deviation of the torsion
pendulum corresponds to the expected order of magnitude, its
quantitative assessment remained an issue. In particular, the ra-
tio between the 3.2 cm wavelength and the transverse character-
istic size of the suspended element (in the shape of a disk or a
square) being near unity, the knowledge of the geometrical sec-
tion of the absorber is not sufficient to determine with precision
the amount of angular momentum transferred. This issue was
addressed analytically by Toraldo Di Francia, who also pointed

Fig. 1 Selection of a set of pioneering sketches of torsion
pendulum arrangements enabling mechanical detection of the
transfer of �Nℏ spin angular momentum per photon, N integer,
from fully polarized incident beam. (a) Poynting’s suggestion
based on the use of 2N − 1 QWPs and LP incident light within
a nondissipative process. Prefixes F and S hold for fixed and
suspended wave plates, respectively. (b) Beth’s experimental
approach providing N ¼ 4 using a CP incident beam within a
nondissipative process. (c) Carrara’s experimental approach
providing N ¼ 1 using a CP incident beam within a dissipative
process. W, torsion wire; M, mirror; AP, absorbing plate.
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out the potentially important consequences of even a small
deviation from the ideal circular polarization state on the applied
torque.16

The latter diffraction effects associated with finite beam size
effects can be avoided using waveguides, which attracted atten-
tion in the 1960s. According to Allen,17 the first experimental
demonstration of the mechanical effect of angular momentum
transfer using a torsional pendulum placed in a waveguide,
although not published, was made by Lahart. This experiment
consisted in measuring the angular displacement of a suspended
macroscopic dipole placed in the course of a CP microwave
propagating inside a metallic waveguide. An experimental dem-
onstration of it was reported by Steven and Cullen, who pro-
vided a precise measurement of the angular momentum σℏ
per photon carried by a CP transverse electric (TE) mode TE11

in a cylindrical waveguide.18 In addition to this fundamental
experimental demonstration, Steven and Cullen proposed an
application of it as a power meter based on electromagnetic
radiation torque at the frequency of ∼35 GHz. This extended
previous concept of power meters based on electromagnetic
radiation force.19

Independently from previously mentioned works, Lahart’s
early attempt was picked up by Allen, who reported a full study
at 9.3 GHz frequency.17 For his study, he replaced the torsion
wire with a needle pivot support or liquid drop suspension tech-
nique and used a 1.65 cm long (i.e., almost half-wavelength
long) dipole made of aluminum foil. It was thus a rotating rather
than an oscillating device, which appears today as a pioneering
work in the field of optically induced rotational dynamics of
objects, a subject that has blossomed with the advent of optical
tweezers.20 Allen adapted his apparatus to situations that
correspond to N ¼ 1 and N ¼ 2 by working in transmission
and reflection, respectively. However, the observed ratio 1/2.8
between the corresponding steady rotation frequencies under
constant irradiation power, assessed by monitoring the rota-
tional frequency shifts rather than the rotation of the dipole
itself, was surprisingly far from the expected value of 1/2.
Allen indeed reported that “the discrepancy, as yet unaccounted
for, is much too large to be attributable to experimental error.”17

This problem remained unresolved for almost three decades be-
fore Kristensen et al.21 revisited this experiment, this time with
a torsion pendulum.

The starting point was to notice the crucial role of the angular
momentum transfer cross section and possible mode conversion
processes, which alter the spin-only picture for CP light in free
space. In fact, in circular waveguides, TE modes labeled as
TEmn (or Hmn) with integers m and n referring to azimuthal
and radial indices, when CP, carry σmℏ total angular momentum
per quantum of energy for m > 0;18 see also Ref. 22 for detailed
calculation. Elaborating a carefully designed setup, Kristensen
et al.21 solved the problem faced by Allen and also extended
the experimental approach to higher-order modes (m > 1).
However, although this work highlighted the role of spin and
orbital contributions in the transfer of electromagnetic angular
momentum to matter, it was not until 2014 that a pure orbital
experiment was performed in the microwave domain. This was
done by Emile et al.23 at 870 MHz frequency based on an earlier
proposal by Vul’fson.4 This proposal results from the analysis of
the energy and angular momentum fluxes radiated by a rotating
dipole, which was carried out to illustrate that these fluxes may
not be collinear in the case of nonplanar waves and also to mo-
tivate their experimental evaluation.4 In particular, outside the

near-field zone, the spin and orbital angular momenta fluxes
radiated by a rotating dipole flow perpendicularly to the plane
of rotation and the in-plane angular momentum is purely
orbital in nature.23,24 The mechanical detection and measurement
of the latter was achieved according to the apparatus depicted in
Fig. 2(a), where a turnstile antenna is placed in the plane and in
the center of a suspended ring absorber. The turnstile antenna
radiates like an uniformly rotating dipole when the two
orthogonal dipoles radiate in phase quadrature.23 Alternatively,
a source radiating angular momentum experiences a torque,
as expected from angular momentum conservation.18,26 This
has been experimentally detected by Chute25 in the radiowave
domain at 14 MHz frequency, using a rotating dipole made
of two loop antennas [see Fig. 2(b), where a turnstile antenna
is depicted as an alternative option discussed in Ref. 25].
Noteworthy, beyond the fundamental aspect of the latter dem-
onstration, the concomitant reaction torque exerted on the radi-
ating antenna itself has been proposed to control the orientation
of space vehicles.25,27

To conclude this section, we recall that the principle and
realization of contactless mechanical torque induced by rotating
electromagnetic fields date back to the end of the 18th century
with the advent of the asynchronous electric motor. This was
noticed in a few works dealing with microwave experiments;
see, for instance, Refs. 26 and 28. The analogy is indeed strik-
ing, since a rotor absorbing a power P from rotating fields
generated by an m-pole pair machine experiences a radiation
torque mP∕ω.26 Recalling the quantum description of the latter
classical formulation, which states that the field energy quantum
carries an angular momentum of mℏ, this is an interesting op-
portunity to rethink the way we look at a photon—usually as-
sociated with the optical domain—when it comes to everyday
electric motors.

Fig. 2 Illustrative sketches of torsion pendulum experiments
dealing with the study of the mechanical effects of angular mo-
mentum radiation from a rotating dipole. (a) Apparatus to detect
and measure the in-plane orbital angular momentum of the field
from dissipative angular momentum transfer to matter in the mi-
crowave domain from a cotton wire pendulum.23 (b) Apparatus to
detect and measure the torque exerted on the source itself in
the radiowave domain from a steel wire pendulum.25 The electro-
magnetic angular momentum flux flows up or down depending
on the direction of rotation of the dipole; see the corresponding
mechanical motion indicated by solid/dashed arrow. TA, turnstile
antenna; EPS, electric power supply connected to the antenna
that is (a) fixed to a rigid post or (b) left free to rotate.
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3 Optical Experiments
Despite the advent of lasers in the 1960s, Beth’s and Holbourn’s
experiments were not replicated for decades in the field of op-
tics, although they inspired the development of rotational optical
manipulation of matter, as discussed in Section 4. This was done
by Delannoy et al.29 in the mid-infrared domain using a 10.6 μm
wavelength CO2 laser with a power of several tens of watts and
a HWP suspended by a spider silk thread acting as a torsion
wire. The obtained optical torque reached 10−12 N ·m level,
which corresponds to an increase by 3 orders of magnitude com-
pared to the original experiment.2 The observation of large
angular deviations, up to 1 deg, allowed direct real-time mon-
itoring and accurate measurement of the expected uniform
angular acceleration of the suspended macroscopic device as
a result of stationary spin angular momentum transfer from light
to matter. Recently, Yasuda and Hatakeyama30 reported a torque
sensitivity level of 2 × 10−17 N ·m close to the thermal noise
limit of the apparatus owing to the use of two torsion pendulum
in series, one of them acting as a vibration isolator. This device
was quantitatively tested by driving the pendulum at its reso-
nance frequency via the absorption of CP light beam at 852 nm
wavelength and ∼0.1 W optical power.

Besides these modern macroscopic experimental demonstra-
tions based on the original strategies depicted in Figs. 1(b) and
1(c), alternative torsion pendulum strategies have also been
developed at much smaller spatial scales both for nondissipative
and dissipative angular momentum transfer processes. This is
illustrated in Fig. 3 in two situations where the torsion wire itself
undergoes polarization-controlled mechanical effects driven at
resonance as a result of time-dependent angular momentum
transfer from light to matter. Figure 3(a) refers to the work
by He et al.,31 where the torsion wire is a birefringent wave-
guide. Optical torque sensing is mediated by the position-
dependent optical coupling between a static waveguide [not
shown in Fig. 3(a)] and a nanobeam fixed perpendicularly to
the suspended torsion waveguide. Indeed, as the nanobeam is
set into motion by light-induced torsion of the suspended

waveguide, the gap between the nanobeam and the static wave-
guide varies, which leads to intensity modulation detected at the
output of the static waveguide. Optical torque below 10−18 N ·
m at 0.1 mW power level and ∼1.5 μm wavelength is measured.
Such an optomechanical fully integrated approach was then ex-
tended to optical nanofibers by Fenton el al.32 where, according
to the authors, spin-based torsional optomechanics relies on
optical angular momentum transfer by absorption rather than
conversion. Torsional dynamics driven by near-infrared pump
light induces time-dependent strain-induced birefringence that
is monitored by analyzing the polarization state changes expe-
rienced by a probe light field guided through the nanofiber;
see Fig. 3(b). Experimental investigations of torsional optome-
chanics of suspended waveguides now go beyond the detection
and measurement of the mechanical effects of optical angular
momentum transfer, for instance toward the elaboration of
quantum experiments in the macroscopic world. This requires
preparing the system as close as possible to its motional ground
state, and one can mention very recent experimental attempts
using either passive33 or active34 feedback approaches.

Notably, spin-driven torsional optomechanics of waveguides
does not tell a priori about the spin or orbital nature of the trans-
ferred angular momentum from the propagating optical waves to
the waveguide through which it propagates. In fact, anisotropic
and/or inhomogeneous media can couple the polarization state
of light with its spatial degrees of freedom, thereby redistribut-
ing the total angular momentum into its spin and orbital parts.
This has been addressed numerically in the framework of
torsional optomechanics of suspended silicon waveguides.35

As far as the optical orbital angular momentum is concerned,
this brings us to the work of Allen et al.1 that formally extended
Beth’s torsion pendulum to the spatial degrees of freedom of
light, as discussed hereafter.

Allen et al.1 indeed proposed an orbital analog of the spin
Beth’s experiment to detect and measure the mechanical effect
of the nondissipative transfer of orbital angular momentum from
a paraxial Laguerre–Gaussian beam passing through a suspended
afocal pair of cylindrical lenses; see Fig. 4(a). Such a refractive
system reverses the sign of the azimuthal index l of the incident
paraxial Laguerre–Gaussian beam, hence depositing 2lℏ orbital
angular momentum per photon into the system.1 The total torque
exerted on the suspended system is thus oriented along the torsion
wire and has a magnitude 2jljP∕ω whatever the incident polari-
zation state. Interestingly, the question of where does the mechani-
cal effect occur for this two-part system was addressed a few
months later by several authors; see Refs. 38 and 39. Still, it
was not until 2005 that an experimental attempt in the visible do-
main was reported by Beijersbergen and Woerdman using the
original macroscopic proposal depicted in Fig. 4(a), however
unsuccessfully.36 The authors concluded that the lack of rotational
symmetry in the system makes it more sensitive to nonideal con-
ditions, which ultimately prevents systematic errors from being
overcome. The dissipative analog of this experiment allows recov-
ering axisymmetry, for instance, using a suspended disk-shaped
absorber plate and LP beams to cancel the contribution from spin
angular momentum. This is depicted in Fig. 4(b), and its imple-
mentation was reported by Emile and Emile.37

In the same way that Beth’s macroscopic spin-based experi-
ments have been transposed to the field of integrated photonics,
several orbital analogs have been discussed, but only theoreti-
cally so far to our knowledge. A recent example was reported by
Kaviani et al.,40 who discussed the expected optomechanical

Fig. 3 Illustration of two kinds of fully integrated optomechanical
torsional dynamics experiments driven by a waveguided pump
light exciting torsional motion of thewaveguide itself. (a) Suspended
birefringent silicon waveguide, for nondissipative angular mo-
mentum transfer demonstration. Scanning electron microscope
image from Ref. 31. (b) Suspended isotropic optical nanofiber
(subwavelength diameter) obtained by pulling a standard optical
fiber locally molten using a flame brushing technique, for dissipa-
tive angular momentum transfer demonstration.32 In both cases,
the torsional dynamics is monitored by optical means via
(a) nanobeam motion and (b) strain-induced birefringence; see
text for details.
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performances of a on-chip torsional pendulum driven by optical
orbital angular momentum transfer, be it of dissipative or non-
dissipative origin. Notably, an important contribution was made
by Battacharya and Meystre,41 who demonstrated the possible
trapping and cooling of the rotational motion of a massive sys-
tem to its ground state, considering the case of a 10 μm radius
mirror with 10 μg. This proposal relies on an optical cavity
made of two helical mirrors imparting orbital angular momen-
tum changes for the reflected light, one of them being suspended
to a torsion wire, as depicted in Fig. 5.

We note, however, that this approach left open the question of
the role of the spatial distribution of the intracavity field when
defining the nature and size of the helical mirror for a given
operating wavelength, which seems particularly relevant when
large values of l are involved. By further exploiting the same
cavity design, Battacharya et al.42 showed that the optical torque
exerted on the reflective orbital torsion pendulum can entangle
the latter with a cavity mode. Since then, several variants have
been discussed theoretically while exploring the manifestation
of quantum effects using macroscopic systems. For instance,
placing a ferrimagnetic sphere into the cavity, Cheng et al.43

reported the tripartite entanglement between a cavity mode,
the reflective orbital torsion pendulums, and a magnon, whereas
Chen et al.44 showed that replacing the static helical mirror of
the original design by a suspended one, light–matter orbital an-
gular momentum transfer can entangle the two reflective orbital
torsion pendulums.

4 Wireless Optical Approaches
Torsional distortions of material systems caused by the transfer
of optical angular momentum are of course not limited to the
torsional pendulum as such. In fact, it is sufficient to have a re-
storing torque, which opposes the optical torque at the origin of
the motion. Several experimental demonstrations of wireless
torsional optomechanics driven by the angular momentum of
light have been reported to date.

An illustrative example is the case of a thin film of liquid
crystals, usually a few tens of micrometers thick, interacting
with a focused laser beam. Indeed, the spin and orbital parts
of the total angular momentum of paraxial light can be trans-
ferred independently or simultaneously to liquid crystals by
nondissipative means. Liquid crystals, being birefringent visco-
elastic fluids, can be set into rotational motion from spin angular
momentum transfer as demonstrated by Santamato et al.45 and
Zolot’ko et al.,46 and torsional dynamics for the collective
molecular orientation can take place for incident elliptical
polarization state.47 Notably, the restoring torque can qualified
as not being of a purely material origin as it depends on the
light-matter interaction. The elastic restoring torque indeed
depends on the light-induced orientational state of the liquid
crystal. Torsional distortions of liquid crystals can also occur
due to orbital angular momentum transfer when the excitation
laser beam has a noncircular intensity cross section, as reported
by Piccirillo et al.48 Moreover, these authors also demonstrated
that torsional dynamics can also result from the competition
between spin and orbital optical angular momentum transfer.48

However, the orientational viscosity of liquid crystals causes
the system to be overdamped, preventing amplification of the
oscillatory motion by periodic forcing, which nevertheless en-
riches the spectral response of the system, which is intrinsically
nonlinear.49

Another example is that of transparent nanorods optically
trapped in liquid by a tightly focused LP laser beam whose
polarization azimuth rotates sufficiently faster. As shown by
Bonin et al.,50 this leads to the oscillatory motion of the nanorod

Fig. 4 Macroscopic torsion pendulum systems for the mechanical
demonstration of orbital angular momentum transfer from light to
matter. (a) Nondissipative approach consisting of a suspended pair
of cylindrical lenses distant by 2f with f the focal length, which was
proposed in Ref. 1 and implemented in Ref. 36, yet unsuccessfully.
(b) Dissipative approach implemented in Ref. 37. The blue rings
refer to the doughnut-shaped transverse intensity profile of a
Laguerre–Gaussian beam with azimuthal index �l , which carries
�lℏ per photon along the beam propagation direction.

Fig. 5 Revised illustration of the helical mode cavity design pro-
posed by Battacharya and Meystre41 (in Ref. 41, the displayed
handedness of the helical mirrors do not match the required
self-consistency for the building up of a cavity mode and here
we also provide the correct orbital angular momentum content
for the field inside and outside the optical cavity. Similar issues
appear in Ref. 42.) that opened up the prediction of various kinds
of entanglements involving light and matter and light–matter.42–44

All helical reflective surfaces have the same handedness and
nλ∕2 step height (n positive integer). The incident field is a
Gaussian beam and the colored arrows refer to contributions
of various kinds: purely extracavity (green), purely intracavity
(red), extracavity arising from intracavity (blue). In the sketched
example, on the one hand, the reflection on the oscillating helical
mirror removes nℏ orbital angular momentum per photon along z.
On the other hand, the static helical element, which is a partially
reflective split-disk mirror with a helical ramp, preserves the
orbital state in transmission while its extracavity (intracavity) side
removes (adds) nℏ orbital angular momentum per photon along z
upon reflection. Using helical mirrors with opposite handedness
reverses the sign of the orbital angular momentum changes.
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orientation in a plane perpendicular to the beam propagation
direction. The experimental demonstration of light-induced
torsional dynamics of transparent elongated nanoparticles in
vacuum came only more than one decade later; see, for instance,
Refs. 51 and 52. These works were an important step toward
the experimental realization of torsional cooling of nonspherical
objects based on the polarization state rather than the spatial
degrees of freedom, as had been proposed theoretically.53,54 The
most recent advances bring us even closer to the sought-after
ground-state cooling of all 6 degrees of freedom of a levitated
nonspherical nanoparticle.55

Finally, the wireless situation involving an optical torque that
results from the interaction between the spin and orbital degrees
of freedom has also been demonstrated experimentally. This was
reported in Ref. 56, where a piecewise space-variant anisotropic
plate with 6 mm diameter deposited at a bounded air–water
interface is shown to behave as a light-driven overdamped in-
plane torsional spring as CP light passes through it.

5 Beyond Electromagnetic Waves
A notable feature of scalar waves is that a paraxial field propa-
gating along the z axis (toward z > 0) and having an amplitude
proportional to exp½ið−ωtþ kzþ lφÞ�, where ω is the angular
frequency, k is the wave vector, and φ is the azimuthal angle,
carries orbital angular momentum. In particular, the ratio
l∕ω between the angular momentum and energy fluxes in
electromagnetism1 applies as well in acoustics.57 Accordingly,
the acoustic radiation torque exerted on a material system
absorbing a sound wave endowed with a phase singularity with
topological charge l according to the preceding expression is
Γ ¼ ðlP∕ωÞz. Its mechanical detection and measurement using
Beth’s torsion pendulum approach [see Fig. 6(a)] was reported
by Volke-Sepúlveda et al.59 and Skeldon et al.60 in the audible
domain, in the air. The demonstration of a resonant torsional
mechanical oscillator driven by acoustic orbital angular momen-
tum transfer was reported only recently.58 This was also done in
the air, however, via a nondissipative process, using an ultra-
sonic acoustic field carrying zero angular momentum that

reflects off a helical mirror imparting nonzero orbital angular
momentum to the reflected field, as illustrated in Fig. 6(b).

Interestingly, the wireless torsional dynamics driven by
acoustic radiation torque has also been studied for some years
in the context of ultrasound elastography, which is a technique
used for noncontact quantitative palpation in medical diagnosis.
The idea is to transiently twist a soft sound-absorbing medium
through irradiation with a focused ultrasonic pulse that gener-
ates an orthoradial shear wave.61,62 These works lay the founda-
tion for a new imaging technique capable of determining the
viscoelastic tensor of soft media in a way that goes beyond what
can be done by ultrasonic elastography based solely on acoustic
radiation forces.

6 Summary
Nearly 90 years after Beth’s experimental demonstration that
light can act mechanically on matter as a consequence of the
transfer of spin angular momentum from light to matter, tor-
sional optomechanics driven by the optical angular momen-
tum remains a lively research topic in many respects, as has
been discussed here. Notably, the transfer of angular momen-
tum can also be of orbital or spin-orbit origin, depending on
the nature of the light–matter interaction involved. In particu-
lar, angular momentum-based cavity optomechanics has paved
the way for a whole range of attractive quantum mechanical
experiments with material systems that are diversifying in
nature and size thanks to ever-improving instrumentation and
manufacturing technologies.63 Finally, the exploration of
mechanical torsional effects driven by the angular momentum
of waves beyond electromagnetic ones has begun with sound
waves, which already suggests interesting applications in met-
rology and biomedical imaging. Beth’s legacy is not yet over.
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Generation of time-varying orbital angular
momentum beams with space-time-coding
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Abstract. The recently proposed extreme-ultraviolet beams with time-varying orbital angular momentum
(OAM) realized by high-harmonic generation provide extraordinary tools for quantum excitation control
and particle manipulation. However, such an approach is not easily scalable to other frequency regimes.
We design a space-time-coding digital metasurface operating in the microwave regime to experimentally
generate time-varying OAM beams. Due to the flexible programmability of the metasurface, a higher-order
twist in the envelope wavefront structure of time-varying OAM beams can be further designed as an
additional degree of freedom. The time-varying OAM field patterns are dynamically mapped by developing a
two-probe measurement technique. Our approach in combining the programmability of space-time-coding
digital metasurfaces and the two-probe measurement technique provides a versatile platform for generating
and observing time-varying OAM and other spatiotemporal excitations in general. The proposed time-varying
OAM beams have application potentials in particle manipulation, time-division multiplexing, and information
encryption.
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1 Introduction
Electromagnetic waves carry both linear and angular momenta.
Specifically, the latter can be decomposed into spin angular
momentum (SAM) and orbital angular momentum (OAM).1

Although SAM is associated with polarization, OAM is associ-
ated with the helical wavefront expð−jlθÞ in azimuthal angle θ
with an integer topological charge l.2 OAM beams with distinct
topological charges are mutually orthogonal, allowing them to
carry information and to be multiplexed.3–7 The increased chan-
nel capacity and spectral efficiency with OAM multiplexing can
thus be useful in fiber-based and free-space communications,
with both prospects and challenges.8 Moreover, OAM beams
with nonzero topological charges have phase singularity with

vanished intensity at the beam center, which are useful for
optical trapping and lattices.9–12

To further unlock the full potential of OAM, there have been
persistent efforts in generalization of the concept. Spatiotemporal
optical vortex beams13–19 have been recently demonstrated with
phase singularities generally in space-time coordinates, forming
higher-order structures, such as a phase-singular ring. Rego
et al.20 proposed a kind of extreme-ultraviolet beam with time-
varying OAM arising from high-harmonic generation. The
topological charge varies in time periodically, giving a time-
dependent phase profile exp½−jlðtÞθ� and inducing a self-torque
of light. It can be potentially applied to various scenarios,
including particle manipulation,21–23 Bose–Einstein condensa-
tion,24,25 and Floquet topological dynamics.26,27 However, such
a high-harmonic approach in generating time-varying OAM
is not easily applicable to other frequency regimes, hindering
further demonstrations. Alternatively, Sedeh et al.28 proposed
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an optical metasurface with a spiral-staircase profile of modu-
lation frequencies to implement time-varying OAM. In fact,
such an approach can be feasible and generalized through a
space-time-coding digital metasurface with field-programmable-
gate-array (FPGA) technology, particularly in the microwave
regime.29–37 In such a case, different metasurface responses can
be digitized by controlling the bias voltages with the adoption of
FPGA, which offers the metasurface powerful programmability
for space-time modulation.

In this work, we experimentally construct and observe
time-varying OAM beams using a space-time-coding digital
metasurface in the microwave regime. We also introduce a
higher-order twist in the wavefront structure of time-varying
OAM beams, enabled by the flexible programmability of the
metasurface. To observe the complex field pattern being varied
in time, we use a two-probe measurement technique to dynami-
cally map the time-varying OAM field pattern. A space-time-
coding digital metasurface together with a two-probe field-
mapping technique provides a versatile platform to construct
and observe time-varying OAM and spatiotemporal excitations
in general. The proposed time-varying OAM beams can be
further used in particle manipulation, time-division multiplex-
ing, and information encryption.

2 Materials and Methods

2.1 Theory of Time-Varying OAM Beams Generation

To generate normal OAM beams with phase profile expð−jlθÞ
by a metasurface [time harmonic convention expðjωtÞ�, the di-
rect way is to create an azimuthal phase gradient of the scattered
field with topological charge l, while for the time-varying OAM
beams, the phase profile turns to be exp½−jlðtÞθ� with topologi-
cal charge lðtÞ varying linearly with time,20 manifesting a time-
dependent azimuthal phase gradient decided by lðtÞ. To realize
such properties, we consider a space-time-coding digital meta-
surface with active modulation of reflection phase depending on
both azimuthal angle θ and time t as

Φðθ; tÞ ¼ −lðtÞθ: (1)

When the lðtÞ ¼ Nt∕T is chosen to vary linearly in time with a
modulation period T, we obtain N consecutive integer l from
0 toN − 1 at time instants t ¼ lT∕N. The metasurface is divided
into finite N azimuthal sectors to implement the N different
OAM profiles. Due to the discretization of the metasurface,
the OAM phase profiles with l and l� N are in fact equivalent
to each other by assuming each sector can only give a particular
reflection phase at a particular time instance, so the value of
lðtÞ cannot increase to infinity but repeats from −N∕2 to
N∕2 in every period T.28 Under a monochromatic illumination
E0 expðjωtÞ at signal radial frequency ω on the metasurface
with spatiotemporal phase modulation Φðθ; tÞ, the reflected
field becomes

Erðρ; θ; tÞ ¼ E0Aðρ; θÞ expðjωtÞ exp
�
−jN t

T
θ
�
; (2)

when the modulation frequency is much lower than the signal
frequency. The Aðρ; θÞ describes the spatial dependency of the
scattered field in cylindrical coordinates ðρ; θÞ, and the coeffi-
cient of θ becomes lðtÞ asNt∕T, which denotes the time-varying
topological charge of the OAM beam.

With the flexible programmability of the metasurface, the
envelope wavefront structure of the above-mentioned time-
varying OAM beams can be further designed. We modify the
spatiotemporal phase modulation in Eq. (1) as

Φwðθ; tÞ ¼ −lðtÞðθ − ηðtÞÞ; (3)

where lðtÞ ¼ Nt∕T and ηðtÞ is defined as the time-dependent
twisting angle. As an example here, we design ηðtÞ as
2πwt∕T, a linear function in time, where w is defined as the
winding number of the time-varying OAM beam. Then the re-
flected field can be expressed as

Erðρ; θ; tÞ ¼ E0Aðρ; θÞ expðjωtÞ exp
�
−jN t

T

�
θ − 2πw

t
T

��
:

(4)

Here we consider the case of w ¼ −1, N ¼ 8 for illustration
purposes. As shown in Fig. 1(a), the envelope wavefront struc-
ture of the reflected beam has been plotted, where the constant
phase contour is only about the slowly varying modulation
phase envelope, and the much faster phase variation at signal
frequency is omitted in the drawing for brevity. As can be seen,
different time layers at t ¼ lT∕N show different OAM phase
profiles, taken as l ¼ 0, 1, 2, 3, 4 ð−4Þ, −3,−2, −1 periodically.
We remark that it is a superposition of two OAM modes: l ¼ 4
and l ¼ −4 at t ¼ T∕2. By “geometrically” joining up all the
zero phase (cyan color) and π phase (red color) at different time
instances, the wavefront structure shows up a higher-order twist
for a nonzero w (w ¼ −1 in this example) compared with w ¼ 0
case (see Fig. S1 in the Supplementary Material). In other
words, the envelope wavefront of the time-varying OAM beam
(w ¼ 0) is further twisted with w round in one period of T. Here
we only consider the integer case of w ¼ −1 as an example,
while the w can be other integers and fractional values (see
Sec. 4 for details). The winding number w can be seen as an
additional degree of freedom in constructing the time-varying
OAM beams. More information can be encoded by designing
the w to increase the channel capacity for data transmission.
And we provide an example of winding number implementation
and measurement with experimental demonstrations, as shown
in Sec. 3.2.

In our paper, we generate the time-varying OAM beams with
w ¼ 0 and w ¼ −1, respectively. The case of w ¼ −1 is illus-
trated in the main text, whereas the results of w ¼ 0 can be
found in Sec. 2 in the Supplementary Material for comparison.
To generate the time-varying OAM beam with w ¼ −1 by a
space-time-coding digital metasurface, as shown in Fig. 1(b),
we divide the metasurface into N ¼ 8 azimuthal sectors, and
each sector is dynamically controlled with 3-bit coding digits
“1” to “8,” representing the reflection phase from 0 deg to
315 deg in every 45 deg (in addition to reflection from a perfect
metal). The space-time-coding scheme is designed according to
the phase term exp½−jðNt∕TÞðθ − 2πwt∕TÞ� in Eq. (4), with
winding number w ¼ −1. For easier implementation, we only
adopt eight different time frames with eight coding states in
a period of T to generate the integer lðtÞ, whereas the fractional
OAM states are not considered for the implementation. The
details for the space-time modulation scheme can be found in
Tables S1 and S2 in the Supplementary Material. In Fig. 1(b),
the corresponding phase states represented by different colors
show an l-related distribution at each time layer, and the black
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stars mark the azimuthal positions of zero phase (coding digit
“1”) showing the higher-order twist in the envelope wavefront
structure of time-varying OAM with w ¼ −1. The location of
the zero phase takes a time of T∕jwj for one revolution. Here
we emphasize that the upper limit of the modulation frequency
of the space-time-coding digital metasurface is typically within
the megahertz range,29–34 which is much slower than the signal
frequency (gigahertz) in the microwave regime. Therefore, the
modulation mechanisms and the operation only focus on the
modulation envelope rather than the carrier signal. In our current
work, the time-varying control is achieved through adiabatic
field control at the fundamental frequency. It is also possible
to instruct the output beam to another m’th harmonic by adding
an additional phase m2πt∕T to the reflection phase.

2.2 Space-Time-Coding Digital Metasurface

To demonstrate the above-illustrated concept, as shown in
Fig. 2(a), we design and fabricate a space-time-coding digital
metasurface with 20 × 20 ¼ 400 elements operating at 11 GHz.
Each element is loaded with a varactor diode, whose capacitance

changes with the bias voltage, leading to the frequency shift of
the dipole resonance of the metasurface so that the reflection
phase can be varied in time. We note that we apply the commonly
used element structure embedded with a varactor diode for the
realization of digital-coding metasurface as previous work,30,31,33

but now with a biasing network design appropriate for generating
time-varying OAM in Fig. S3 in the Supplementary Material
and the digital coding scheme in space-time domain in Fig. 1(b).
The 3D structure of each element of the proposed metasurface is
illustrated in Fig. 2(b). The geometrical parameters of the element
are chosen as h1 ¼ 0.813 mm, h2 ¼ 0.1 mm, h3 ¼ 0.305 mm,
∅1 ¼ 1.2 mm, ∅2 ¼ 0.8 mm, s¼ 0.6 mm, a¼ 10 mm, b¼ 5 mm,
c ¼ 4 mm, and g ¼ 1 mm. The element is composed of three
copper layers printed on two substrate layers (Rogers 4003C,
εr ¼ 3.55, tan δ ¼ 0.0027) and a bonding layer (Rogers
4450F, εr ¼ 3.52, tan δ ¼ 0.004). On the top layer, two rectan-
gular metal patches are connected by a varactor diode (MAVR-
000120-14110P) soldered on the metasurface by the surface
mounting technology (SMT). One patch is connected to the
middle layer through metallic via −. Another patch is connected
to the bottom layer through via +, which is electrically isolated

(a) (b)

Fig. 1 Time-varying OAM beam generation. (a) Time-varying OAM beam with topological charge
lðtÞ varying from 0, 1, 2, 3, 4 ð−4Þ, −3, −2, and −1 periodically in time, with envelope phase profile
[omitting expðjωtÞ for brevity] shown at different layers in time. The cyan and red curved surfaces
geometrically join up the 0 and π phase on different layers, showing a twist completing one cycle in
the clockwise direction defined with winding number w ¼ −1. The beam is generated by a space-
time-coding digital metasurface controlled with FPGA. (b) Digital coding scheme of the metasur-
face with 3-bit coding digits “1” to “8” representing the 0 deg to 315 deg in every 45 deg for
the reflection phase profile (in addition to reflection from a perfect metal) at each time instance.
The black stars mark the twisted trajectory of zero phase position with coding digit “1.”
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Fig. 2 Metasurface design and reflection responses. (a) Photo of the fabricated space-time-
coding digital metasurface. (b) Detailed geometrical parameters of the element structure.
(c), (d) Simulated reflection amplitude and phase of the metasurface at different bias voltages,
where the vertical orange line indicates the operating frequency at 11 GHz. (e), (f) Measured
reflection amplitude and phase of the metasurface at different bias voltages.
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from the middle layer by a hollowed ring. The middle layer con-
nects to negative “−” electrode and the bottom layer connects to
positive “+” electrode, providing the bias voltage to the varactor
diode through the two metallic vias.

To characterize the reflection responses of the metasurface,
full-wave simulations are performed (CST Microwave Studio).
The simulated reflection amplitude and phase at eight bias
voltages from U1 to U8 are shown in Figs. 2(c) and 2(d).
As can be seen, we acquire eight different reflection phases at
11 GHz with a 45-deg gradient covering a range of 315 deg,
which can be used as 3-bit coding digits from “1” to “8.”
The corresponding amplitudes at 11 GHz are not uniform,
and their differences are controlled within −1.7 dB. The exper-
imental results agree well with the simulation results, as shown
in Figs. 2(e) and 2(f), which are obtained by measuring the re-
flection coefficient of the metasurface in setting the bias volt-
ages for all the elements to be the same one. In addition, we
simulate the near-field patterns of the time-varying OAM beam
at different time instances, which can be found in Fig. S2 in the
Supplementary Material.

3 Results

3.1 Dynamic Field Pattern Measurement of
the Time-Varying OAM Beams

For experimental demonstration of the time-varying OAM
beams generated by the space-time-coding digital metasurface,
we directly measure the time-varying field pattern, including
amplitude and phase information at various instants of time.
A vector network analyzer can be used in the continuous wave
(CW) time sweep mode to measure time-domain S-parameters.
However, as the measured S-parameters in the time domain can
start at any instant within one modulation cycle, the fields
scanned at different positions cannot be compared with each
other. Here in addition to the scanning probe S, we add a refer-
ence probe R whose position is fixed, and the two probes are
measured synchronously. Then the results from the probe R
do not vary against different probe S positions except for a time
shift, which can now be used to align the S-parameters between
signals probed at different positions (see the schematic in Figs.
S4 and S5 in the Supplementary Material for more details).
In our experiment, as shown in Fig. 3(a), the space-time-coding
digital metasurface is applied with 3-bit digital coding sequence
[Fig. 1(b)], to generate the time-varying OAM beam with
a modulation period around T ¼ 1 ms with winding number
w ¼ −1. The feed horn is placed 0.2 m away from the reflective
metasurface to give a monochromatic excitation signal at
11 GHz polarized in the y direction. Note that the feed horn
is located at the beam null of the reflected OAM beams to
minimize the block effect. Two open-ended waveguide probes
(WR-90) are placed 0.44 m away from the metasurface. The
stimulus condition of the vector network analyzer (Agilent
N5230A) is set as CW time sweep mode at 11 GHz, with a
sweep time of 10 ms. Then a time-domain S-parameter wave-
form (complex value) with a temporal resolution of 12.5 μs can
be measured. By simultaneously measuring the probe R and
probe S in the scanning range of 0.6 m × 0.6 m, with a step
size of 13.6 mm, 45 × 45 ¼ 2025 groups of data are obtained.
By performing data postprocessing for the received signals at all
scanning positions (see details in Sec. 4 in the Supplementary
Material), we can map the dynamic amplitude and phase field

pattern of the generated time-varying OAM beams at any
moment during a modulation cycle.

Figure 3(b) illustrates the measured near-field amplitude and
phase patterns of the time-varying OAM beams with w ¼ −1 at
different instants of time in one period of T, showing the time-
varying topological charge l in consecutive integer values. The
amplitude patterns with nonzero l show a dark area in the center
due to the phase singularity along the OAM beam axis. The non-
uniform intensity of the OAM along the azimuthal direction is
caused by the differences in reflection amplitude for different
coding states at 11 GHz, as shown in Fig. 2(e). In addition, for
these phase patterns, a multiannular structure can be observed
because the incident beam is seen as a spherical wave when the
feed horn is placed not far away enough from the metasurface.
The phase pattern of l ¼ 0 shows an almost homogeneous phase
in the central area and the other patterns with nonzero l show
different spiral fringes determined by the value of l. The change
of OAM is clearly observable as the spiral fringes vary in time.
We observe that these spiral fringes are disconnected from the
peripheral phase profile due to the finite size of the fabricated
metasurface. Some noise points can be found in the measured
field pattern, which is caused by the synchronization error when
using two-probe dynamic field mapping.

3.2 OAM Spectrum Analysis and Winding Number
Decoding

To further evaluate the OAM mode purity and decode the wind-
ing number w of the generated time-varying OAM beams, first
we calculate the OAM intensity spectrum Sl0 ðtÞ by decomposing
the field into different angular momenta,38,39

Sl0 ðtÞ ¼
����
Z

r2

r1

Z
2π

0

Eðρ; θ; tÞ expðjl0θÞρdθ dρ
����
2

; (5)

where Eðρ; θ; tÞ denotes the measured time-varying OAM field
in Fig. 3(b), r1 and r2 are the radial range of the electric field,
and l0 is the OAM component to check on the measured field.
The OAM intensity spectra for the measured field at different
instants of time are shown in Fig. 4(a). Each spectrum contains
different l0 components, and it is normalized to the maximum
component. At each time instant, the OAM field Eðρ; θ; tÞ
has a topological charge lðtÞ ¼ Nt∕T. As can be seen, the
OAM intensity spectrum at each time instant is relatively domi-
nated by the component l0 ¼ lðtÞ (marked by a red star), com-
pared with the parasitic ones, showing that the generated beam
contains time-varying OAM modes as the theoretical expecta-
tion shown in Fig. 1(a). Here we define OAM mode purity as
PðtÞ ¼ SlðtÞ∕

P
l0Sl0 and obtain the measured mode purity for

the dominant topological charges lðtÞ, as shown in the black bar
in Fig. 4(b). On the other hand, we can also calculate the theo-
retical results for the mode purity, as shown in the same figure.
We note that the theoretical mode purity is not 100% due to
the spatial discretization of the profile exp½−jlðtÞθ� into eight
sectors of constant reflection phases, so that the theoretical mode
purity deceases from 100% at l ¼ 0 to around 50% at l ¼ 4 ð−4Þ.
Nevertheless, the experimentally extracted mode purity agrees
well with the theoretical results. The difference between mea-
sured and theoretical results comes from the near-field pattern
measurement error, nonuniform azimuthal intensity, and the
feed-horn blocking effect. In addition, the insufficient scanning
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range of the field pattern also leads to the lower mode purity,
especially for the l ¼ 4 ð−4Þ case.

Next, we investigate the winding (or twisting) wavefront
structure of the time-varying OAM beam. We numerically ob-
tain the field arriving at the measurement plane for a metasur-
face with zero winding structure using the Fresnel diffraction
formula and denote it as Ebðρ; θ; tÞ at different time instants
(see Sec. 1 in the Supplementary Material for details). Then
the additional phase introduced by the twisting can be obtained
from the measured field Eðρ; θ; tÞ using

φðtÞ ¼ arg

�Z
r2

r1

Z
2π

0

Eðρ; θ; tÞEbðρ; θ; tÞ�ρdθ dρ
�
; (6)

which is called twisting phase here; it should be theoretically
introduced by Eq. (3), becoming N2πwðt∕TÞ2 (mod 2π).
In Fig. 4(c), we plot the twisting phase φðtÞ at the eight time
instances using open circles. They also agree well with the theo-
retical results (quadratic in time t, with w ¼ −1 and N ¼ 8),
plotted as the red line in the same figure. The results confirm

(b)

(a)

Fig. 3 Dynamic measurement of time-varying OAM field pattern (w ¼ −1) using the two-probe
technique. (a) Experimental scenario of dynamic electric field pattern measurement of the gen-
erated time-varying OAM beams. The probe S is movable to scan the field, and the reference
probe R is fixed for synchronization processing. (b) Measured near-field amplitude and phase
patterns of the time-varying OAM beams at different time instances in one period of T . The field
patterns consisted of 45 × 45 ¼ 2025 pixels with a range of 0.6 m × 0.6 m.
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the realization of the winding number. This also indicates the
winding number is a real degree of freedom of time-varying
OAM and can be used for information encoding, and it can be
decoded from the measured OAM field patterns. This additional
degree of freedom is enabled by the flexible programmability of
the space-time coding metasurface.

4 Discussion
The space-time-coding digital metasurfaces provide a powerful
and flexible platform to manipulate the electromagnetic waves
both in the spatial and temporal domains, which contributes to
the realization of time-varying OAM beam generation in the
current work. In fact, we have only considered the integer case
of winding number w ¼ −1 as a typical example. The extension
to other values, including fractional value, can also be realized
with an adjustment of the space-time-coding scheme. For
0 < jwj < 1, the azimuthal position of zero phase needs to take
a time of T∕jwj for a full cycle. Then the coding sequence needs
to be modified with a longer period of T∕jwj. For jwj > 1,
the zero phase rotates around jwj circles in one period of T.
The number N of OAMmodes varying in one period of T needs

to be added to acquire more frames of OAM patterns to char-
acterize the winding number w of time-varying OAM beams.

For experimental verification of the time-varying OAM beam
generation, one difficulty is the dynamic measurement of the
time-varying amplitude and phase field pattern. The traditional
microwave near-field scanning system (which conventionally
features one probe) cannot fulfill our demands. The usage of
a two-probe measurement technique can observe the OAM am-
plitude and phase pattern varying in the time domain, which en-
ables the time-varying OAM validation in this work. We note
that the S11 signal at the feed horn can also act as the second
probe, serving similar purpose of the probe R. Such a two-probe
technique might also be applied in other time-varying scenarios
to measure other spatiotemporal excitations.

Our proposed metasurface with space-time phase modulation
is implemented in the microwave regime. However, it can
be extended to other frequency regimes with higher frequencies
in terms of principle. From the perspective of implementation,
we will need a meta-atom response that can be controlled and
tunable in space and time in that frequency regime. For example,
in the terahertz regime, by dynamically exciting different meta-
material structures, a reconfigurable wavefront is possible.40

Fig. 4 Spectrum analysis of time-varying OAM. (a) OAM intensity and phase spectrum of the
measured time-varying OAM beams at different instants of time. (b) Measured and theoretical
OAM mode purity for the dominant lðtÞ. (c) Comparison of measured and theoretical twisting
phases for different time instants of dominant lðtÞ.
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In the optical regime, a space-time varying profile of indices can
be achieved by the nonlinear Kerr effect.41 As a brief picture,
a micromirror device or an spatial light modulator can be used
to excite different locations on metasurface to change the local
indices, e.g., using the nonlinear Kerr effect, so that the spatio-
temporal profile of the OAM in this work can be achieved based
on the elaborated principle. The advantages of introducing time
modulation can be twofold. An additional degree of freedom in
controlling OAM with a time-varying profile can be used to en-
hance communication capacity as an immediate application.42

Moreover, the inhomogeneous OAM profile in both the spatial
and temporal domains can also be potentially useful for
obtaining unconventional particle trapping, sorting dynamics,
and controlling particle trapping stability.43

In summary, we have experimentally generated time-varying
OAM beams by a space-time-coding digital metasurface in the
microwave regime. A higher-order twist described by winding
number w in the envelope wavefront structure of time-varying
OAM beams is proposed and demonstrated. We develop a two-
probe measurement technique to dynamically map the time-
varying OAM field patterns and perform the OAM spectrum
analysis. The proposed time-varying OAM beams provide
new routes in particle manipulation, time-division multiplexing,
and information encryption.
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Propagation of transverse photonic orbital
angular momentum through few-mode fiber
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Abstract. Spatiotemporal optical vortex (STOV) pulses can carry transverse orbital angular momentum (OAM)
that is perpendicular to the direction of pulse propagation. For a STOV pulse, its spatiotemporal profile can be
significantly distorted due to unbalanced dispersive and diffractive phases. This may limit its use in many
research applications, where a long interaction length and a tight confinement of the pulse are needed.
The first demonstration of STOV pulse propagation through a few-mode optical fiber is presented. Both
numerical and experimental analysis on the propagation of STOV pulse through a commercially available
SMF-28 standard telecommunication fiber is performed. The spatiotemporal phase feature of the pulse
can be well kept after the pulse propagates a few-meter length through the fiber even with bending.
Further propagation of the pulse will result in a breakup of its spatiotemporal spiral phase structure due to
an excessive amount of modal group delay dispersion. The stable and robust transmission of transverse
photonic OAM through optical fiber may open new opportunities for transverse photonic OAM studies in
telecommunications, OAM lasers, and nonlinear fiber-optical research.
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1 Introduction
Since Allen1 published his paper on discovering that higher-
order Laguerre–Gaussian beam with a spiral phase wavefront
expðilθx−yÞ carries photons with a longitudinal orbital angular
momentum (OAM) in 1992, great success has occurred in the
past three decades on utilizing optical vortex beam with OAM
in research fields such as optical manipulation,2 optical commu-
nication,3 quantum optics,4 superresolution microscopy,5 and
many others.6,7 Very recently, scientists have discovered, both
theoretically and experimentally, that photons can also carry a
transverse photonic OAM in the form of spatiotemporal optical
vortex (STOV) pulses.8–11 Differing from the vortex beam,
the STOV pulse has a spiral phase expðilθx−tÞ in the spatio-
temporal domain (x−t plane). The STOV pulse, therefore,
can carry a transverse photonic OAM of lℏ per photon.12–14

Since its discovery, much research has been done in studying
STOV pulse, including studying its propagation dynamics,15,16

developing novel characterization approaches,17–19 utilizing STOV
pulse in spatiotemporal imaging,20 and designing other types of
wave packets that also carry transverse photonic OAM.21–25

STOV pulse has a spatiotemporally coupled field distribu-
tion. Under an unbalanced dispersion and diffraction phase,
the STOV pulse can be significantly distorted,15,16 leading to a
breakup of the STOV charge and splitting the STOV pulse into
multiple lobes in the spatiotemporal domain. This limits the
use of the STOV pulse in many applications where a long in-
teraction length and a tight confinement of the pulse are needed.
One solution for overcoming this limitation is to generate a
STOV pulse in a Bessel form in the spatiotemporal domain
so the STOV charge is confined within a tight space-time cross
section and the STOV pulse can be nonspreading when it prop-
agates in a dispersive medium.26,27 However, this Bessel STOV
approach requires the pulse to be engineered to accommodate*Address all correspondence to Qiwen Zhan, qwzhan@usst.edu.cn
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the dispersion relationship of the medium, and the resulting
nonspreading propagation distance is still limited by the finite
spatial and spectral width of the pulse.

Another approach for achieving a long-distance, stable
propagation of the STOV pulse is to use a few-mode optical
fiber to guide the STOV pulse. A step-index fiber can support
multiple guiding modes if the V-number, defined as V ¼
k0a · NA, is larger than 2.405,28 which forms the fundamental
basis for propagating the STOV pulse. Till now, no study on
transmitting a STOV pulse through optical fiber or waveguide
has been demonstrated. Questions such as how the STOV pulse is
going to evolve spatiotemporally after propagating through the
fiber, what the maximum transmission length is, and whether
it can propagate forever inside the fiber are yet to be explored.

To answer these questions, we present here what we believe
is the first demonstration of STOV pulse propagation through
a few-mode optical fiber. We choose a commercially available,
standard telecommunication fiber, SMF-28, as our platform
to perform all the studies. We implement both numerical and
experimental analysis on propagating the STOV pulse through
the fiber. The spatiotemporal spiral phase structure of STOV

pulses can be kept well for a considerable length of a few
meters. Further propagating the pulse inside the fiber will result
in a breakup of its phase structure due to an excessive amount of
group delay difference. Nevertheless, our experiment achieved a
long-distance, stable, and robust transmission of transverse pho-
tonic OAM through the fiber. This will bring new opportunities
in utilizing transverse photonic OAM in optical telecommuni-
cation, building novel transverse OAM lasers, and studying non-
linear fiber optical phenomena that involve transverse OAM.

2 Theoretical Analysis and Numerical
Simulations

The STOV pulse has an annular intensity profile with a spiral
phase of expðilθx−tÞ in the spatiotemporal (x−t) domain.
Figure 1(a) shows the spatiotemporal intensity and phase profile
of a STOV pulse with a topological charge of l ¼ þ1. The
analytical expression for the STOV pulse (including chirped
STOV pulse) can be found in Eqs. (6) and (7) in Ref. [15].
As the spatiotemporal phase is whirling inside the pulse, the
spatial mode of the STOV pulse varies significantly over time.

Fig. 1 Modal decomposition of STOV pulse and focused STOV pulse in LP modes.
(a) Spatiotemporal intensity and phase profile of a STOV pulse (l ¼ þ1); (b) spatial intensity profile
of LP01 and LP11 modes in SMF-28; (c) STOVpulse (l ¼ þ1) synthesized by LPmodes; (d) complex
coefficient for LP modes for synthesizing a STOV pulse. (e) spatiotemporal intensity and phase
profile of a focused STOV pulse (l ¼ þ1); (f) focused STOV pulse (l ¼ þ1) synthesized by
LP modes; (g) complex coefficient for LP modes for synthesizing a focused STOV pulse.
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To transmit it inside the optical fiber, the fiber must support
multiple guiding modes. We choose a standard commercially
available telecommunication fiber, Corning SMF-28, as our
platform to study STOV pulse propagation. SMF-28 has a cutoff
wavelength at 1260 nm.29 Assuming that the input STOV pulse
is linearly polarized (LP) with a center wavelength of 1030 nm,
under weakly guiding approximation, the STOV pulse can be
coupled into two LP modes of SMF-28, LP01 and LP11 mode.
Figure 1(b) plots the spatial intensity profile of LP01 and LP11
mode with their spatial phase captioned in the figure. To
simplify the calculation process, we choose the field along the
horizontal dashed line shown in Fig. 1(b) as the eigen function
for the LP modes. An LP STOV pulse can be thus decomposed
into the combination of LP01 and LP11 mode, written as

ESTOVðx; t; zÞ ¼ c̃1ðt; zÞE01ðxÞ þ c̃2ðt; zÞE11ðxÞ; (1)

where c̃1ðt; zÞ and c̃2ðt; zÞ are the complex coefficient for LP01
and LP11 mode. t is the localized time coordinate for character-
izing the STOV pulse and z is the longitudinal coordinate for
the fiber length. E01ðxÞ and E11ðxÞ are the normalized eigen
function for LP01 and LP11 mode.

Figure 1(c) shows the spatiotemporal profile of the STOV
pulse with a topological charge of l ¼ þ1 synthesized by
LP01 and LP11 mode. Compared with the STOV pulse in free
space [Fig. 1(a)], the STOV pulse in a few-mode fiber is
more confined spatially in the x direction due to the waveguide
structure. Nevertheless, the spatiotemporal phase feature of the
STOV pulse can be kept in this modal decomposition. The com-
plex coefficients c̃1 and c̃2 in Eq. (1) are obtained by calculating
the overlapping integral between the STOV pulse and the eigen
function. Figure 1(d) plots the real part and the imaginary part of
c̃1 and c̃2 over time, respectively. There is a π∕2 phase differ-
ence between c̃1 and c̃2.

In the STOV pulses shown in Figs. 1(a) and 1(c), we have
assumed that the STOV pulse is already propagating inside the
fiber. In practice, a free-space STOV pulse is normally focused
into the fiber by an aspherical lens. Figure 1(e) shows the spa-
tiotemporal intensity and phase profile when the STOV pulse is
focused. Differing from its free-space form, a focused STOV
pulse has two lobes with a π-phase difference between them.
Assuming this focused STOV pulse can be perfectly coupled
into the fiber, it can be then decomposed into LP modes,
as shown in Fig. 1(f). The phase feature is still well kept.
Figure 1(g) plots the complex coefficients of the LP modes.
Differing from previous modal decomposition, c̃1 and c̃2 are
now in phase with each other.

To simulate the STOV pulse propagation inside the fiber, we
need to make two assumptions: (1) the STOV pulse is propa-
gating linearly inside the fiber without any loss and (2) there
is no cross talk between different LP modes. With these assump-
tions, the evolution of the STOV pulse is dictated by the propa-
gation constant β, including its dispersion relationship. These
parameters can be numerically calculated by solving the para-
xial Helmholtz equation. 27 Table 1 lists the calculated effective
refractive index neff , effective group index ng, and the group
velocity dispersion (GVD) coefficient β2 at 1030 nm. ΔT is
the group delay difference between the LP01 and LP11 modes.
After propagation, 1 m length inside the fiber, LP01-mode pulse
will lead LP11-mode pulse by 170 fs.

We now perform numerical simulation of the focused STOV
pulse propagation in SMF-28 by setting the virtual fiber length
at 100, 200, and 300 cm. The STOV pulse has a topological
charge of l ¼ þ1. Figure 2(a) shows the results when an un-
chirped focused STOV pulse is propagating. Due to the GVD
and group velocity mismatch (GVM), a focused STOV pulse
is distorted during pulse propagations. However, at 100 and
200 cm, the spatiotemporal spiral phase of the STOV pulse
is still well preserved, showing a spiral phase with a topological
charge of l ¼ þ1. Further propagating the pulse to 300 cm will
merge the spatiotemporal phase singularity with other spatio-
temporal phase singularity (note here we plot the phase only
for a field whose intensity is >1% of the peak intensity). We
consider this as a breakup of the STOV charge. These additional
phase singularities are formed by the interference between the
LP01-mode pulse and the LP11-mode pulse. To elucidate the
cause of this STOV breakup, we perform two more simulations
by turning off the GVM and GVD effect separately. The results
are shown in Figs. 2(b) and 2(c). When the GVM effect is off
[Fig. 2(b)], the pulse will expand symmetrically in space time as
it propagates. The spatiotemporal spiral phase is always pre-
served in the process. When GVD effect is off, the LP01-mode
pulse and the LP11-mode pulse propagate in different group
velocities. They are temporally walked off for all three propa-
gation distances, and there is no spatiotemporal spiral phase
structure anymore. We conclude that the GVM effect is the
cause of the STOV charge breakup in the fiber propagation.
Changing SMF-28 to an optical fiber with less GVM, for exam-
ple, a graded-index few-mode fiber, may achieve a longer trans-
mission length for the STOV pulse.

In practice, the input STOV pulse may be chirped. Here, we
perform another set of simulations by sending a positively
chirped STOV pulse into the fiber. It is positively chirped to
have 7 times the pulse duration of its transform-limited form.

Table 1 Propagation parameters for LP01 and LP11 modes of SMF-28.

Parameter Brief Description Mode Value Unit

neff Effective refractive index, neff ¼ β∕k0
LP01 1.446191

LP11 1.443798

ng Effective group index, ng ¼ c∕vg , vg ¼ ðβ1Þ−1 ¼ ð∂β∕∂ωÞ−1 LP01 1.463457
LP11 1.463508

β2 GVD coefficient, β2 ¼ ∂2β∕∂ω2 LP01 18.99
fs2∕mm

LP11 28.61

ΔT Group delay difference between LP01 and LP11 −170 fs/m
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The results are shown in Fig. 2(d). Similar to the unchirped
STOV pulse situation [Fig. 2(a)], an initially chirped STOV
pulse can preserve its spatiotemporal spiral phase feature for
a propagation distance of 100 and 200 cm. Further propagating,
the pulse will cause its phase singularity to merge with other
singularities, resulting in the breakup of the STOV charge.

3 Experimental Results and Discussions
In the laboratory, we use a home-built Yb:fiber laser system
as our master laser to perform all the experiments. Figure 3

illustrates the schematic of the experimental setup for generat-
ing, transmitting, and measuring the STOV pulse through a
few-mode optical fiber. The setup has a Mach–Zehnder interfer-
ometer configuration. The output of the mode-locked Yb:fiber
laser is split into two replicas. (1) One replica that goes in the
upper direction in Fig. 3 is phase modulated in its spatial-spec-
tral (x −Ω) domain to form the STOV pulse.10 The STOV pulse
is then coupled into a 100-cm-long few-mode fiber (Corning
SMF-28) using an aspherical lens (Thorlabs A280TM-B)
mounted on a 3D translation stage (Thorlabs NanoMax 300).
It is noteworthy that the fiber is bent 270 deg in the laboratory

Fig. 2 Numerical propagation of focused STOV pulse in few-mode fiber. (a) Unchirped focused
STOV pulse; (b) unchirped focused STOV pulse with GVM between LP modes set at zero;
(c) unchirped focused STOV pulse with GVD of each LP mode set at zero; (d) chirped focused
STOV pulse.
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to save lab space. After the fiber, the STOV pulse is collimated
and sent into a CCD camera (Ophir SP932U). (2) The other
replica of the laser output that goes in the right direction in
Fig. 3 is compressed by a grating-pair pulse compressor. The
compressed pulse has a pulse duration of 160 fs, and it is close
to the transform limit. This pulse serves as the probe pulse for
measuring the STOV pulse. The probe pulse is recombined with
the transmitted STOV in both the spatial and temporal domains
at the CCD. Their relative time delay is controlled by an optical
delay line placed in the probe arm. The captured CCD images
with interference fringes between the STOV pulse and the probe
pulse can be used to reconstruct the 3D intensity and phase pro-
file of the STOV pulse.10

The STOV pulse is generated by applying a spatial–spectral
spiral phase expðilθx−ΩÞ. The topological charge l is selected to
beþ1 and −1. For both situations, the STOV pulse is chirped to
a group delay dispersion (GDD) of þ36,000 fs2 before it is
coupled into the fiber. The chirp of the STOV pulse is controlled
by a quadratic spectral phase using a liquid crystal spatial light
modulator (LC-SLM, Holoeye GAEA-2-NIR-069) in our setup.
Figure 4 shows the measurement results of the STOV pulse after
it propagates through the few-mode optical fiber. The results
have confirmed that the STOV pulse’s phase singular structure
is well kept after the pulse propagates 100 cm through the few-
mode fiber. At the tail of the pulse (t > 0), the interference pat-
tern caused by GVM between LP modes also is in good agree-
ment with the simulation results. Our current experimental
platform achieves transmission of a STOV pulse with a charge

of l ¼ �1. Achieving the transmission of a STOV pulse with a
higher order requires the fiber to support more guiding modes
and may also require the STOV pulse to be well engineered,
especially in the spatial domain, before it is coupled into
the fiber.

4 Conclusions and Outlook
We present the first demonstration of STOV pulse propagation
through a step-index, few-mode optical fiber. We perform both
numerical and experimental analysis on the propagation dynam-
ics of the STOV pulse inside the fiber. The spatiotemporal spiral
phase feature of the pulse can be well kept for a few-meter
propagation distance inside the fiber. Further propagating the
pulse will break up the STOV phase singularity structure due
to an excessive amount of modal group delay difference accu-
mulated from the GVM between LP modes. Changing the fiber
to a graded-index fiber with less GVM may extend the maxi-
mum transmission length of the STOV pulse. In addition, the
interference between LP modes inside the fiber may generate
spatiotemporal structures that greatly resemble STOV pulses
generated by a partially temporally coherent source,22 which
may be a new approach for producing transverse photonic OAM
sources. Further investigation of transmission of transverse
photonic OAM through optical fiber may open new avenues
for optical telecommunication, building novel transverse OAM
lasers, and studying nonlinear fiber optical phenomena that
involve transverse OAM.

Fig. 3 Schematic for transmitting and measuring STOV pulse through few-mode optical fiber.
The system is pumped by a home-built Yb:fiber laser system. One replica of the laser output is
spatiotemporally modulated to a STOV pulse. It is then coupled into a few-mode fiber (SMF-28)
by a high-NA aspherical lens mounted on a 3D translation stage. Another replica of the laser
output is compressed and delay-controlled to serve as a probe pulse to measure the transmitted
STOV pulse.
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Tailoring light on three-dimensional photonic
chips: a platform for versatile OAM mode
optical interconnects
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Abstract. Explosive growth in demand for data traffic has prompted exploration of the spatial dimension of light
waves, which provides a degree of freedom to expand data transmission capacity. Various techniques based
on bulky optical devices have been proposed to tailor light waves in the spatial dimension. However, their
inherent large size, extra loss, and precise alignment requirements make these techniques relatively
difficult to implement in a compact and flexible way. In contrast, three-dimensional (3D) photonic chips with
compact size and low loss provide a promising miniaturized candidate for tailoring light in the spatial
dimension. Significantly, they are attractive for chip-assisted short-distance spatial mode optical interconnects
that are challenging to bulky optics. Here, we propose and fabricate femtosecond laser-inscribed 3D photonic
chips to tailor orbital angular momentum (OAM) modes in the spatial dimension. Various functions on the
platform of 3D photonic chips are experimentally demonstrated, including the generation, (de)multiplexing,
and exchange of OAM modes. Moreover, chip-chip and chip–fiber–chip short-distance optical interconnects
using OAM modes are demonstrated in the experiment with favorable performance. This work paves the way
to flexibly tailor light waves on 3D photonic chips and offers a compact solution for versatile optical
interconnects and other emerging applications with spatial modes.
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chip–fiber–chip; optical interconnects.
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1 Introduction
Increasing data transmission capacity is a persistent demand for
optical interconnects. Recently, different physical dimensions
of light waves, including time,1 amplitude,2 phase,3 wave-
length,4 and polarization,5 have been fully utilized to scale
the data traffic. Even though various multiplexing techniques
exploiting these physical dimensions have been developed,
it is becoming rather difficult to follow the demand of a global
network that is growing by 40% annually.6 To keep pace with
the ever-increasing demand, a new physical dimension of light

is urgently needed. Fortunately, space-division multiplexing
technology that transmits orthogonal spatial modes loaded with
different signals in an optical interconnect system has further
improved the transmission capacity, providing a new degree
of freedom for capacity scaling of optical interconnects7–9

[Fig. 1(a)]. The utilization of the spatial modes in optical inter-
connects systems requires the development of key optical
devices, including spatial mode generators, (de)multiplexers,
and exchangers. Traditional optical devices manipulating the
spatial modes rely on bulky optics, such as phase plates10,11

or spatial light modulators,12,13 which take up too much space
and are unscalable. To meet the requirement of a compact
solution, the miniaturization of these key optical devices is of
great importance.
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Integrated photonic chips with a small footprint, high
efficiency, and low cost are emerging with the rapid develop-
ment of silicon photonics. Remarkably, most optical devices
based on silicon photonics, including lasers,14–16 modulators,17,18

switches,19,20 filters,21,22 and (de)multiplexers,23,24 have been
widely implemented. Moreover, to further increase the density
of integration, three-dimensional (3D) photonic chips have also
been demonstrated with the advent of multilayer photonic
structures.25,26 However, these state-of-the-art integration technol-
ogies are typically implemented in a modified complementary-
metal-oxide-semiconductor process, with the disadvantages of
inflexibility and complex process. Thus, flexible fabrication of
3D photonic chips is still a challenge. Fortunately, femtosecond
laser writing (FSLW) has been an emerging technique capable
of fabricating 3D structures with microscale resolution. The
FSLW induces a localized change of the refractive index near
the laser foci in the silica substrate (see Appendix). By design-
ing the 3D trajectory of the foci, we can create various photonic
devices. Several 3D photonic integrated devices have been dem-
onstrated using the FSLW, such as splitters,27 mode selective cou-
plers,28 photonic lanterns,29–31 and space-division multiplexers.32–35

In this work, we propose and demonstrate FSLW-based 3D
photonic chips for orbital angular momentum (OAM) mode-36–40

enabled optical interconnects. Two kinds of 3D photonic chips
based on the trench waveguides are designed and fabricated to
tailor the spatial modes, realizing the generation, multiplexing,
demultiplexing, and exchange of OAM modes [Fig. 1(b)]. We
use the setup illustrated in Fig. 1(c) for FSLW to fabricate
these 3D photonic chips. We also deploy the fabricated 3D pho-
tonic chips in mode-division multiplexing (MDM) systems,

characterizing their performance in chip-chip and chip–fiber–
chip optical interconnects.

2 Results

2.1 On-Chip OAM Mode Generation

In this work, the first 3D photonic chip for spatial mode tailoring
is an on-chip OAM mode generator; its concept and principle
are illustrated in Fig. 2(a). The chip is fabricated using the
FSLW technique. The detailed fabrication process can be seen
in the Appendix. The on-chip OAM mode generator consists of
an input waveguide, a Mach–Zehnder interferometer (MZI), and
a trench waveguide. The input waveguide and the trench wave-
guide are designed to support the fundamental and higher-order
modes. The principle of the on-chip OAM mode generator is as
follows. First, the light launched into the input waveguide ex-
cites the fundamental mode. Then the MZI structure (colored by
red) that introduces a phase shift in one arm converts the funda-
mental mode to the first-order quasi-transverse electric mode
(TE10) (see Note 1 in the Supplementary Material). The gener-
ation of the OAMmode is based on the specially designed trench
waveguide. The TE10 mode can be considered as the in-phase
combination of the diagonally and anti-diagonally distributed
linearly polarized (LP)-like modes. When the phase difference
between these two LP-like modes is π∕2 or −π∕2, the OAM
mode with a topological charge of −1 or þ1 is generated.

The trench waveguide and its supported eigenmodes are
shown in Fig. 2(b). Four parameters define the geometry, which
are the waveguide width (W1), waveguide height (H1), trench
width (w1), and trench height (h1). The trench waveguide

Fig. 1 (a) Multiple physical dimensions of light waves: from traditional ones to the spatial domain
(e.g., OAM modes). (b) Concept of 3D photonic chips fabricated by FSLW for tailoring spatial
modes (OAM generation/multiplexing/exchange). (c) Fabrication setup for FSLW.
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supports two orthogonal LP-like modes at 1550 nm, which are
diagonally and antidiagonally distributed by choosing the
proper geometry (see Note 2 in the Supplementary Material).
Here, the W1 and H1 are set to 17 and 15 μm, respectively.
w1 and h2 are set to 3 and 9 μm, respectively. These two LP-
like modes are nondegenerate due to the asymmetrical structure.
Thus, the TE10 mode can simultaneously excite two orthogo-
nal LP-like modes with different propagation constants.
Further, as depicted in Fig. 2(c), they can be synthesized to
OAM modes with topological charges of −1 and þ1 after
propagating through different distances, corresponding to
phase differences of π∕2 and −π∕2, respectively. Except
for changing the length of the trench waveguide, one can also
swap the sign of the topological charge of OAM modes by
altering the trench location.

The experimental results for the OAM generation with differ-
ent trench locations are shown in Fig. 2(d), where ðd1Þ ∼ ðd3Þ
are the facet images of the trench waveguides, output mode pro-
files, and corresponding interferograms (by interference with a
reference Gaussian beam), respectively. These four OAM

generators are entirely the same, except for the location of
the trench structure. We characterize these OAM modes by re-
trieving their phase profiles and calculating their OAM spectra
(see Note 3 in the Supplementary Material). The OAM phase
purities for each case are >92%. The details of phase retrieving
and mode purity calculation can be found in the Appendix. The
measured mode profiles in Fig. 2(d2) show slight defects in the
experiment, which are mainly caused by the slight fabrication
error of waveguide structures, i.e. inaccurate phase difference
(derivation from π) between the two arms of the MZI as well as
inaccurate phase difference (derivation from �π∕2) between the
two eigenmodes of the trench waveguide. However, they still
show a high OAM phase purity over 92%. The mode quality
might be improved by further reducing the fabrication error
with optimized fabrication parameters, such as the laser power,
scanning speed, and scanning spacing.

In the experiment, when the polarization state of the input
beam changes, the output OAM mode profile keeps almost
unchanged, and the polarization state of the output OAM
mode almost remains the same as the input beam. That is

Fig. 2 On-chip OAM mode generator. (a) Concept and principle of the trench-based OAM gen-
erator. (b) Structure of trench waveguide and its supporting higher-order modes. (c) Simulated
LP-like modes and their synthesized OAMmodes. (d) Experimental results of OAM generator with
different trench locations: (d1) trench facet images captured by an optical microscope, (d2) mea-
sured mode profiles, and (d3) measured interferograms (interference with a reference Gaussian
beam). Scale bar, 20 μm.
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because, according to our characterization in the experiment,
the birefringence induced by FSLW is estimated to be lower
than 1 × 10−5. Meanwhile, the waveguide structures of the
3D photonic chip are relatively symmetrical and short in
length.

2.2 On-Chip OAM Mode (De)Multiplexer and Exchanger

Other typical functions for spatial mode tailoring are mode
(de)multiplexing and exchange. We propose an on-chip OAM
mode multiplexer based on the variation of the trench wave-
guide; its concept and principle are illustrated in Fig. 3(a).
The OAM mode multiplexer consists of two input waveguides,
two MZIs, and a specially designed trench waveguide. The an-
gle between the planes (colored cyan and yellow) where the two
MZIs are located is 90 deg. At port 1, the fundamental mode is
converted to an LP-like mode with the diagonal distribution by

the MZI. Before the trench waveguide, the LP-like mode excites
two higher-order TE01 and TE10 modes equal in phase. Then
when the phase difference of these two modes is π∕2, the
OAM mode with the topological charge of −1 is generated
at the output. The same principle is applied to port 2, except
for the opposite sign of phase difference (−π∕2) and topological
charge number (þ1) of the OAM mode.

Figure 3(b) shows the detailed structure of the trench wave-
guide and the higher-order eigenmodes (TE01 and TE10) that
the waveguide supports. Unlike the former, the trench here is
located at the middle top of the waveguide rather than the cor-
ners. W2 and H2 are the waveguide width and height, respec-
tively. w2 and h2 are the trench width and height, respectively.
By introducing a small trench structure, the degeneracy of TE01

and TE10 modes is lifted, which means they have different
effective refractive indices. The length of the trench waveguide
L can be expressed by

Fig. 3 On-chip OAM mode multiplexer. (a) Concept and principle of the trench-based OAM mode
multiplexer. (b) Structure of the trench waveguide and the supported higher-order eigenmodes
(TE01 and TE10). (c) Simulation results of OAM mode multiplexer and exchanger. (d) Experimental
results of OAM mode multiplexer and exchanger. Scale bar, 20 μm.
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L ¼ λΔφ
2πΔneff

; (1)

where Δφ and Δneff are the phase difference and effective re-
fractive index difference between the two eigenmodes (TE01

and TE10), and λ is the wavelength in vacuum. When the trench
becomes large, the effective refractive index difference Δneff
between the two eigenmodes also increases [see Fig. S4(b)
in the Supplementary Material]. So, according to Eq. (1), a
larger Δneff results in a shorter L for Δφ ¼ �π∕2 (e.g. required
phase difference for the synthesis of OAM modes). However,
the increasing trench size may degrade the uniformity of the
TE01 mode, resulting in the reduced mode purity of the output
OAM mode [see Fig. S4(a) in the Supplementary Material].
Therefore, an optimized trench size should be considered to
achieve high mode quality with a relatively short device.
Once the optimized size of the trench structure is chosen,
the Δneff is determined. Thus we can produce OAM modes
by propagating through a proper length of the trench waveguide
with the accumulated phase difference of Δφ ¼ �π∕2. The de-
tailed analyses on how to balance the length of the trench wave-
guide and output mode quality can be seen in Note 4 in the
Supplementary Material.

Simulation results of the OAM mode multiplexer for input
from ports 1 and 2 with phase differences of 0, π∕2, π, 3π∕2,
and 2π between TE01 and TE10 modes in the trench waveguide
are depicted in Fig. 3(c). When the phase difference is 0 ðπÞ,
the outputs are diagonally and anti-diagonally (anti-diagonally
and diagonally) distributed LP-like modes for input from ports
1 and 2. When the phase difference is π∕2 ð3π∕2Þ, the outputs
are OAM modes with the topological charge of −1 and þ1
(þ1 and −1) for input from ports 1 and 2, verified by their
phase profiles. Also, it can be seen that the mode exchange
happens when the phase difference changes from π∕2 to 3π∕2.

We experimentally demonstrate the OAM mode multiplexing
and exchange in our fabricated 3D photonic chip. Figure 3(d)
shows a similar mode evolution with our simulation results in
Fig. 3(c). When the trench length is 0 or 5.00 mm, corresponding
to the phase difference of 0 or 2π, the mode profiles are diagonally
and anti-diagonally distributed LP-like modes for input from ports
1 and 2. When the trench length is 2.50 mm, corresponding to the
phase difference of π, the mode profiles rotate 90 deg for input
from ports 1 and 2, which are anti-diagonally and diagonally dis-
tributed LP-like modes. The OAM mode multiplexing happens
when the trench length is 1.25 mm. OAM−1 and OAMþ1 modes
are generated under this condition; this is verified by their inter-
ferograms. By extending the trench length to 3.75 mm, OAM
modes swap with each other, where OAM−1 is converted to
OAMþ1 for input from port 1, and OAMþ1 is converted to
OAM−1 for input from port 2 simultaneously.

Furthermore, we characterize all four OAM modes, retriev-
ing their phase profiles and calculating their OAM spectra (see
Note 5 in the Supplementary Material). The OAM phase purities
are >92%. The details of phase retrieving and mode purity
calculation can be found in the Appendix. Similar to the
OAM mode multiplexer, we can also realize the OAM mode
demultiplexer simply by using it in an opposite way.

2.3 Chip–Chip Optical Interconnects

Using the designed and fabricated 3D photonic chips for
MDM with OAM modes, we demonstrate the chip–chip optical

interconnects. The fabricated 3D photonic chips are packaged
with single-mode fibers (SMFs) first, as shown in Fig. 4(a).
The detailed packaging procedure can be found in Note 6 in
the Supplementary Material. The experimental setup for chip–
chip optical interconnects is shown in Fig. 4(b). A 1550-nm la-
ser is modulated by an optical I/Q modulator driven by an
arbitrary waveform generator (AWG) to generate the 30 Gbit∕s
8-ary quadrature amplitude modulation (8-QAM) signal at the
transmitter side. A polarization controller (PC) is used to opti-
mize the state of polarization. The amplified optical signal by an
erbium-doped fiber amplifier (EDFA) is divided into two chan-
nels by an optical coupler (OC), and one of them is transmitted
through an additional 1-km SMF for decoherence. Two channel
optical signals carried by Gaussian modes are first coupled into
an OAMmode multiplexer from inputs 1 and 2, which are trans-
formed into OAM−1 and OAMþ1 modes through the 1.25-mm
trench waveguide. These two OAMmodes are then coupled into
an OAM mode demultiplexer with a trench of the same length
and are converted back to Gaussian modes at outputs 1 and 2.
The output optical signals are amplified by another EDFA on
the receiver side. Then a coherent receiver followed by a local
oscillator is used to analyze 8-QAM signals for the performance
evaluation. Variable optical attenuators (VOAs) and the follow-
ing EDFAs are used to adjust the received optical signal-to-
noise ratio (OSNR). The measured crosstalk matrix for two
inputs and two outputs is plotted in Fig. 4(c), which is
< − 14.1 dB. The measured bit-error rate (BER) curves for
OAM modes transmission are plotted in Fig. 4(d). Compared
to the back-to-back case, the measured OSNR penalties at
a BER of 3.8 × 10−3 [7% overhead hard-decision forward-error
correction (HD-FEC) threshold] for multiplexing transmission
of OAM−1 and OAMþ1 modes are less than 1.3 and 3.5 dB,
respectively. The insets in Fig. 4(d) are their typical constel-
lations.

2.4 Chip–Fiber–Chip Optical Interconnects

Using the designed and fabricated 3D photonic chips for MDM
with OAM modes, we also demonstrate the chip–fiber–chip
optical interconnects. Here, we use two individual OAMmodes
(de)multiplexers interconnected by a 2-km OAM fiber that sup-
ports OAM modes. Similarly, the OAM mode (de)multiplexers
are packaged first, as shown in Fig. 5(a). The experimental
setup for chip–fiber–chip optical interconnects is shown in
Fig. 5(b), which is similar to the setup in Fig. 4(b). The differ-
ence is that the multiplexed OAM modes are transmitted
through an additional 2-km-long OAM fiber. In addition, the
transmitted laser is modulated with a 20 Gbit∕s quadrature
phase-shift keying (QPSK) signal. At the receiver side, the out-
put optical signals are amplified and then a coherent receiver
followed by a local oscillator is used to analyze QPSK signals
for the performance evaluation. Figure 5(c) shows the measured
intensity profiles of the generated OAM−1 mode, OAMþ1

mode, and their multiplexing after propagating through the
OAM fiber. The measured crosstalk matrix for two inputs
and two outputs is plotted in Fig. 5(d), which is < − 10.1 dB.
The measured BER curves for OAM multiplexing transmission
are plotted in Fig. 5(e). Compared to the back-to-back case, the
measured OSNR penalties at a BER of the 7% overhead HD-
FEC threshold (3.8 × 10−3) for multiplexing transmission of
OAM−1 and OAMþ1 are less than 4.6 and 5.7 dB, respectively.
The insets in Fig. 5(e) are their typical constellations.
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3 Discussion
In summary, we propose and demonstrate a 3D photonic chip
platform for versatile spatial mode optical interconnects. Two
kinds of 3D photonic chips based on the trench waveguides
are designed and fabricated for manipulating the OAM modes,
including the OAM mode generation, (de)multiplexing, and
exchange. The OAM spectra of the generated OAM modes
output from the on-chip multiplexers are analyzed, showing
a high mode purity >92%. We also demonstrate chip–chip and
chip–fiber–chip optical interconnects with OAMmodes using the
fabricated 3D photonic chips. OAM modes multiplexing trans-
mission carrying 8-QAM and QPSK signals are successfully
demonstrated in the experiment with favorable performance.

Two OAM mode channels are employed in the experiment.
There are several potential approaches that might be considered

to further increase the number of mode channels. Firstly, reduc-
ing the waveguide size and rearranging them in a proper way
may provide extra space for more mode channels. Secondly,
a photonic lantern structure using special geometrical arrange-
ment might be used for a large number of spatial modes,41 and
OAM modes could be obtained by using a complex trench
waveguide structure. Thirdly, a free propagation region employ-
ing a Rowland circle might be used, and circular patterned
apertures of 3D structures could sample and retrieve spatially
overlapped multiple OAM modes.32

In the designed and fabricated 3D photonic chip, the bending
radii of the bend waveguides are large enough (over 30 mm
radius) with negligible bending loss. The propagation loss of
single-mode waveguides is about 1 dB/cm. The extra loss
caused by the beam splitting and combining is about 0.5 dB.
The propagation loss of the trench waveguide is about

Fig. 4 (a) Middle, photo of the packaged on-chip OAM mode multiplexer and demultiplexer. Left,
zoom-in view of the OAM mode multiplexer. Right, zoom-in view of the OAM mode demultiplexer.
(b) Experimental setup for chip–chip optical interconnects with OAM modes. PC, polarization
controller; EDFA, erbium-doped fiber amplifier; AWG, arbitrary waveform generator; OC, optical
coupler; SMF, single-mode fiber; and VOA, variable optical attenuator. (c) Measured crosstalk
matrix. (d) Measured BER performance and constellations.
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1.5 dB/cm. The coupling loss between the waveguide and fiber
after packaging is about 1 dB/facet. The overall insertion loss of
the OAM mode multiplexer is less than 5 dB. With future im-
provement, the propagation loss and extra loss might be reduced
by optimizing the structure design and fabrication parameters.
Moreover, the coupling loss might be reduced by matching the
mode fields between the 3D photonic chip and fiber.

This work demonstrates a compact, multi-functional and
flexible platform for tailoring the spatial structure of lightwaves
and enabling chip-assisted spatial mode optical interconnects.
The 3D photonic chips fabricated by the FSLW technique may
find more and more exciting applications with spatial modes.

4 Appendix: Methods

4.1 3D FSLW Technique

The 3D FSLW technique is based on the laser-induced refractive
index change in transparent materials. When a femtosecond

laser beam is ultrafocused inside the glass, nonlinear absorption
occurs. Under the proper conditions (the pulse duration, pulse
energy, and focusing numerical aperture), it will produce a
localized refractive index change in the focal volume, which
can reach the submicrometer scale.42

The setup for FSLW is depicted in Fig. 1(c). A well-
polished silica substrate is mounted on the 2D stages
(Aerotech), linearly moving along the x and z directions. A
femtosecond laser beam reflected by a dichroic mirror prop-
agates through an objective. The objective translating along
the y direction controls the depth of the foci in the substrate
during fabrication. In addition, an LED illumination propa-
gates through a mirror, beam splitter, dichroic mirror, objec-
tive, and lightens the fabricated sample. The sample image is
then reflected through the objective, dichroic mirror, beam
splitter, and finally captured by a CCD. In this way, we can
achieve real-time observation of fabrication. According to the
tracks we program, arbitrary structures can be processed.

Fig. 5 (a) Photos of the packaged on-chip OAM mode multiplexer (left), OAM mode demultiplexer
(middle), and unpackagedOAMmode (de)multiplexers (right) in the silica substrate. (b) Experimental
setup for chip–fiber–chip optical interconnects with OAM modes. (c) Measured intensity profiles of
OAM modes after propagating through the 2-km OAM fiber. (d) Measured crosstalk matrix.
(e) Measured BER performance and constellations.
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A femtosecond laser (PHAROS, 200 kHz repetition rate,
515 nm wavelength, and 340 fs pulse width) is focused by a
0.42 NA objective (Mitutoyo long working distance objective)
at 0.2 mm below the surface of silica. The cross section of foci
perpendicular to the scanning direction (z direction) is elliptical.
Therefore, a mechanical slit (along the z direction) is mounted
before the objective.43,44 By adjusting the width of the slit, the
Gaussian beam becomes elliptical with an ellipticity of 0.19
(defined by the ratio of the major axis and minor axis). The de-
sired foci with a symmetric cross section can be produced. In the
experiment, the pulse energy before the objective with a slit is
355 nJ. The multiscan technique is used with a scanning speed
of 10 mm∕s. The scanning spacing is 1.0 μm in the x direction
and 0.679 μm in the y direction (considering the refractive
index). The refractive index contrast is estimated to be about 3 ×
10−3 to 5 × 10−3. Additionally, the birefringence is estimated to
be lower than 1 × 10−5.

4.2 Phase Retrieving and Mode Purity Calculation

We use the off-axis digital holography technology45,46 to recon-
struct the wavefront of generated OAM beams for mode purity
characterization. Off-axis digital holography allows a single-
exposure acquisition of a beam wavefront by introducing a slight
angle between the generated OAM beam and reference beam as
they interfere at the digital camera plane. An off-axis hologram
containing linear interference fringes is recorded in the experiment.
We utilize a two-dimensional Fourier transform to separate the
autocorrelation terms and cross-correlation terms of these linear
interference fringes in the spatial-frequency domain. Since the
cross-correlation terms act as a carrier for the wavefront of the
OAM beam, one can retrieve the wavefront of the OAM beam
by applying inverse Fourier transform to separated cross-
correlation terms. Then the mode purity of the generated
OAM beam can be calculated as the normalized power weight
coefficient47 using

jClj ¼
����
ZZ

expðiφðx; yÞÞE�
l ðx; yÞdx dy

����
2

; (2)

where φðx; yÞ is the measured wavefront of the generated OAM
beam and Elðx; yÞ corresponds to the phase distribution of the
conventional lth OAM beam, with the center overlapping with
the generated beam. For example, to calculate the mode purity
of an OAM beam with a topological charge of þ1, Elðx; yÞ
should be expðþiθÞ, where θ is the azimuthal angle.
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Single-shot Kramers–Kronig complex orbital
angular momentum spectrum retrieval
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Abstract. Orbital angular momentum (OAM) spectrum diagnosis is a fundamental building block for diverse
OAM-based systems. Among others, the simple on-axis interferometric measurement can retrieve the
amplitude and phase information of complex OAM spectra in a few shots. Yet, its single-shot retrieval
remains elusive, due to the signal–signal beat interference inherent in the measurement. Here, we
introduce the concept of Kramers–Kronig (KK) receiver in coherent communications to the OAM domain,
enabling rigorous, single-shot OAM spectrum measurement. We explain in detail the working principle and
the requirement of the KK method and then apply the technique to precisely measure various
characteristic OAM states. In addition, we discuss the effects of the carrier-to-signal power ratio and the
number of sampling points essential for rigorous retrieval and evaluate the performance on a large set of
random OAM spectra and high-dimensional spaces. Single-shot KK interferometry shows enormous
potential for characterizing complex OAM states in real time.
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1 Introduction
Structured light waves with spiral phase fronts carry orbital an-
gular momentum (OAM). Such helical optical beams, either nat-
urally emitted from laser cavities1 or externally sculpted,2 have
recently attracted significant attention and have been widely
used in communication, sensing, imaging, as well as classical
and quantum information processing.3–7 For many of these ap-
plications, the ability to diagnose an arbitrary OAM state is es-
sential, so its complex structure can be unveiled and
decomposed into an orthogonal OAM basis. Various methods
have been explored for the task. Perhaps the most straightfor-
ward approach is using vortex phase plates together with a mode
filter to obtain the power of each OAM order sequentially.2,8 The
number of measurements required by this approach, however,
scales fast with the measurement space. Techniques based on

the far-field diffraction patterns through certain types of
apertures9 or gratings10,11 generally only identify pure OAM or-
ders rather than superimposed states. In that sense, mode sorters
are efficient in separating the superposition of OAM modes by
mapping different OAM orders into different spatial positions.
They have been implemented based on cascaded Mach–Zehnder
interferometers with Dove prisms,12 log-polar transforma-
tion,13,14 and its improvement by means of beam copying,15 or
spiral transformation16 that increases the mode separation.
Moreover, multi-plane light conversion is also employed for
sorting OAM modes with enhanced functionalities.17–19 Yet,
mode sorters generally lose the relative phase information
among OAM modes, which may be required in many scenarios
to unambiguously reconstruct the complex OAM states. For this
purpose, the interference measurement techniques are appealing
for OAM full-field (amplitude and phase) retrieval.20–24

Typical OAM interference measurements are performed by
recording the interferograms of a complex signal field and a
reference OAM mode (or Gaussian beam) with a camera.21–23

Since the camera records the light intensity, the complex signal
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field cannot be directly retrieved from the intensity-only mea-
surement. The measured interferogram intensity, however, con-
sists of not only the desired interference between the signal and
reference beams but also the self-beating of both of them. While
the power of the reference is constant across the azimuthal an-
gle, the existence of the signal–signal beat interference (SSBI)
complicates the signal retrieval process. Multiple interferograms
are thus required to remove the SSBI by adjusting the power21,22

and/or phase23 of the reference light. Single-shot interferometric
measurement has been demonstrated in the context of partially
coherent fields, but only for symmetric OAM spectra, while two
shots are still needed for generalized spectral shapes.24 Although
the SSBI contribution may be omitted when the reference beam
is sufficiently strong,21 rigorous, single-shot retrieval remains
elusive for conventional on-axis interferometry.

Notably, the interference measurement of the complex OAM
spectrum resembles the detection of complex modulated signals
in coherent optical communications, where the reference beam is
the counterpart of the local oscillator. A phase-diverse coherent
receiver is generally used to retrieve both the amplitude and
phase of the modulated signal.25 In recent years, considerable
efforts have been made to reduce the receiver complexity in
coherent communication systems, ideally by using only one
single-ended photodetector.26–31 The Kramers–Kronig (KK)
receiver is an effective solution for direct detection of complex-
valued signals.28–31 In this case, the receiver works in a
heterodyne scheme and requires that the frequency of the local
oscillator be outside the signal’s spectrum.When the interference
waveform satisfies the minimum-phase condition,31 the signal
can be rigorously reconstructed from the intensity measurement
via the KK relation. This greatly simplifies the receiver architec-
ture into the straightforward direct detection. In addition, similar
KK-based full-field retrieval has also been applied for holo-
graphic imaging exploring the space–time duality.32,33

In this work, by drawing a close analogy between the time-
frequency and azimuth-OAM domains, we extend the KK
retrieval concept into the OAM space, for the first time to
our knowledge. Such an approach enables the readout of both
the amplitude and phase relation of an arbitrary OAM state in a
single-shot manner without increasing the system complexity.
We describe in detail the retrieval procedure, which is experi-
mentally validated in a high-dimensional OAM space. In
particular, we demonstrate the diagnosis of a number of char-
acteristic OAM states,34–37 including fractional OAM modes38

that slightly violate the KK retrieval criteria. The typical param-
eters essential for a KK receiver,31 i.e., the carrier-to-signal
power ratio (CSPR) and the number of sampling points, are dis-
cussed in the context of OAM fields. Furthermore, we compare
the performance of the proposed KK approach and the conven-
tional Fourier approach for a large set of arbitrary OAM states,
where the superiority of the KK approach is clearly shown.
The single-shot nature of the KK method may find useful
applications for characterizing OAM-based systems in real
time.

2 Results

2.1 Principle of Operation

A complex OAM field can be described by the controlled super-
position in discrete OAM mode basis:34

EsðϕÞ ¼
Xl0þN

l¼l0þ1

aleilϕþiθl ; (1)

where ϕ is the azimuthal angle; al and θl are the amplitude and
phase of the lth OAM mode, respectively. Here, we consider the
modal decomposition of the OAM field in the interval of
½l0 þ 1; l0 þ N�, spanning an N-dimensional space. Without
loss of generality, we assume l0 ¼ 0 hereafter, as we can always
use a phase mask with helical phase e−il0ϕ to shift the OAM
spectrum entirely above the zeroth order. In this study, the
OAM fields are constructed based on perfect vortex modes39

with identical radial distributions (see Note 1 in the
Supplemental Material), such that we are only interested in field
extraction in the azimuthal angle. As shown in Fig. 1(a), the
complex signal field interferes with a reference beam with plane
wave front ErðϕÞ ¼ Aeiθr , where A is the amplitude of the refer-
ence mode, and θr is the relative phase between the reference
and signal fields. The CSPR value is defined as the ratio
between the power of reference and signal beams averaged

in the azimuthal angle, i.e., CSPR ¼ 10 log
hjErðϕÞj2i
hjEsðϕÞj2i. Similar

to the single-sideband modulation for a KK receiver in commu-
nications,28 no guard band is needed in between the reference
and the signal OAM spectra. Then, the interferogram is imaged
with a camera, and its intensity in the azimuthal angle is propor-
tional to

(a)

(b)

Fig. 1 Conceptual setup and the requirement for the KK retrieval.
(a) The signal field with a complex OAM spectrum is co-axially
combined with a reference Gaussian beam. The intensity of their
interferogram is recorded with a camera and is used for the spec-
trum retrieval. (b) The azimuthal trajectories of the signal (left)
and the interferogram (right) in the complex plane. In order to
meet the minimum phase condition, the trajectory must not en-
circle the origin. With the addition of a sufficiently large reference
field (denoted by the dashed arrow), the interferogram satisfies
the requirement, and thus the KK method can rigorously recon-
struct the complex signal OAM spectrum.
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jEiðϕÞj2 ¼ jEsðϕÞþErðϕÞj2
¼A2þjEsðϕÞj2þ2ARefEsðϕÞe−iθrg

¼A2þ
����
XN
l¼1

aleilϕþiθl

����
2

þ2A
XN
l¼1

al cosðlϕþθl−θrÞ:

(2)

The third term in the last equality of Eq. (2) contains all the
Fourier coefficients aleiθl required to reconstruct the signal
field, apart from scaling and a constant phase shift, while the
second term corresponds to the SSBI.

To extract the phase information from a single intensity mea-
surement, the amplitude and phase of the interferogram EiðϕÞ
must be uniquely linked. A way to look at this is using the
Z-extension as formulated in Ref. 31. By replacing the eiϕ in
EiðϕÞ with a variable Z, the interferogram becomes a polyno-
mial function,

ZEi
ðZÞ ¼ Aeiθr þ

XN
l¼1

aleiθlZl ¼ AeiθrQ
N
l¼1ð−zlÞ

YN
l¼1

ðZ − zlÞ; (3)

where zl (l ¼ 1, 2;…; N) are the roots of ZEi
ðZÞ ¼ 0, when

aN ≠ 0. The second equality of Eq. (3) shows that ZEi
ðZÞ

can be equivalently described by its zeros. Since the interfero-
gram is under square-law detection, the zeros of jEiðϕÞj2 are
found using properties of Z-extension,31

ZjEij2ðZÞ ¼ ZEi
ðZÞZE�

i
ðZÞ

¼ jAj2
ZN

Q
N
l¼1ð−zlÞ

YN
l¼1

ðZ − zlÞ
�
Z − 1

z�l

�
; (4)

where � represents the complex conjugate. In Eq. (4), we obtain
the zeros of ZE�

i
ðZÞ by conjugating Eq. (3).31 As such, the zeros

of ZjEij2ðZÞ are in N pairs, comprising the zeros of ZEi
ðZÞ and

the inverse of their complex conjugates. It is noted that replacing
the zeros of ZEi

ðZÞ with their inverse conjugates would not
modify the function ZjEij2ðZÞ. This implies multiple different
interferograms are mapped to the same intensity profile, thus
causing ambiguity for the retrieval. If the interferogram is con-
structed such that all its zeros are outside or on the unit circle,
also known as the minimum phase waveform,31 one-to-one map-
ping between ZEi

ðZÞ and ZjEij2ðZÞ is established. Evidently, a
necessary and sufficient condition to be of a minimum phase
waveform is that its trajectory does not encircle the origin of
the complex plane.40 This is visualized in Fig. 1(b). The left
panel illustrates the azimuthal trajectory of a general OAM sig-
nal field EsðϕÞ, which does not meet the minimum phase re-
quirement. With a sufficiently large reference field Aeiθr
(indicated by the dashed arrow), the azimuthal trajectory can
be translated to match the minimum phase condition, as shown
in the right panel of Fig. 1(b). Consequently, the amplitude and
phase of the interferogram EiðϕÞ are uniquely related. It is worth
mentioning that, for a given signal OAM field, the required
reference intensity for the minimum phase condition varies with
the relative angle θr. Nevertheless, since no prior knowledge of
the signal field is known, the reference amplitude needs to be
greater than the signal’s peak amplitude in the azimuthal angle,
i.e., A > jEsðϕÞj for ϕ ∈ ½0, 2πÞ, thereby not encircling the

origin. With this we can calculate the minimum CSPR required
for rigorous retrieval, which is set by the peak-to-average power
ratio of the signal field.

Once the minimum phase condition is reached, for an inter-
ference field EiðϕÞ ¼ jEiðϕÞjei argðEiðϕÞÞ (arg denotes the argu-
ment), the logarithm of its amplitude logðjEiðϕÞjÞ and phase
argðEiðϕÞÞ are related by the Hilbert transform,31

argðEiðϕÞÞ ¼
1

2π
p:v:

Z
2π

0

cot

�
ϕ − ϕ0

2

�
logðjEiðϕ0ÞjÞdϕ0;

(5)

where p:v: is the principal value. Note that due to the periodic
nature of the azimuthal space, the kernel here in the Hilbert
transform is in the cotangent form rather than the inverse,
and the integration is over one circle.41 From Eq. (5), we can
reconstruct the full field of the interferogram EiðϕÞ, and thus
also the signal full field EsðϕÞ by removing the constant refer-
ence term. Based on the Fourier relation, this equivalently gives
the amplitude and phase of the OAM spectrum of EsðϕÞ.

2.2 Experimental KK Retrieval Procedure

In the experiment, the complex signal OAM fields are syn-
thesized using computer-generated holograms and an optical
4-f system.42 They consist of arbitrary superpositions of ring-
shaped OAM modes with topological charges spanning 1 to
20. The OAM fields under test are then co-axially combined
with a reference Gaussian beam, and their interferograms are
recorded with a camera. The detailed experimental setup is de-
scribed in the Note S1 in the Supplemental Material. To satisfy
the minimum phase condition, we tune the reference light power
slightly above the power threshold set by the minimum required
CSPR. Due to the signal preparation method we used,42 the ex-
perimental and minimum required CSPR difference is kept con-
stant (∼1 dB) for different measurement instances (see Note S2
in the Supplemental Material). In the following, we demonstrate
the KK retrieval procedure on a random complex OAM spec-
trum as an example. The top panel of Fig. 2(a) shows the mea-
sured camera images of the reference and the interference
beams. Their azimuthal intensity distributions are extracted
by sampling around the interfering regions (indicated by the
dashed circles) and unwrapped as shown in the bottom panel
of Fig. 2(a). It can be seen that the measured reference
jErðϕÞj2 shows small intensity fluctuations in the azimuthal di-
rection. Such a reference intensity pattern is unchanged while
characterizing different signal OAM fields, so only their inter-
ferogram jEiðϕÞj2 needs to be measured each time, suggesting
that the retrieval process is a single shot.

Similar to the KK full-field retrieval in space and time,28,32

digital upsampling may also be required in our case if the
number of physical sampling points is not sufficiently large
to cover the spectrum expended by the logarithmic operation.31

The effect of upsampling is discussed in Note S3 in the
Supplemental Material. Throughout the paper, we take 71 azi-
muthal sampling points in the experiment, and then we digitally
upsample the normalized interferogram jEiðϕÞj2∕jErðϕÞj2 by 11
times for the subsequent processing. The top panel of the
Fig. 2(b) shows the logarithm of the upsampled interferogram
logðjEiðϕÞj∕jErðϕÞjÞ as well as its Hilbert transform
argðEiðϕÞ∕ErðϕÞÞ. Instead of taking the convolution as defined
in Eq. (5), the actual implementation of the Hilbert transform is
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realized in the spectral domain using the fast Fourier transform
and the sign function.28 The full field of the interferogram
EiðϕÞ∕ErðϕÞ is thus derived, from which the full signal field
can be easily calculated by EsðϕÞ ≈ jErðϕÞjðEiðϕÞ∕ErðϕÞ − 1Þ.
Here, we omit the negligible phase nonuniformity of the exper-
imental reference beam. The retrieved signal field is then down-
sampled, whose normalized amplitude jEsðϕÞj and phase
argðEsðϕÞÞ are plotted in the bottom panel of Fig. 2(b).
Finally, the complex signal OAM spectrum is retrieved by tak-
ing the Fourier transform of EsðϕÞ. The step-by-step workflow
for KK retrieval is described in Note S4 in the Supplemental
Material, and the code is also provided therein. Figure 2(c)
shows the retrieved amplitude (top) and phase (bottom) profile
of the OAM spectrum compared to the ground truth. It can be
seen that they are in excellent agreement. To quantitatively as-
sess the performance of the KK retrieval, we introduce the fol-
lowing metric based on the overlap integral of the target and the
retrieved OAM spectra,

η ¼

���P∞−∞ ala0le
iθl−iθ0l

���2�P∞−∞ jalj2
��P∞−∞ ja0lj2

� ; (6)

where a0l and θ0l are the amplitude and phase of the lth
order OAM mode of the retrieved OAM spectrum,
respectively. In Fig. 2(c), the retrieval accuracy η is found to
be 97.6%.

To further test the validity of the proposed method, we apply
the KK retrieval to diagnose a series of OAM spectra shown
in Figs. 2(d) and 2(e). The first scenario is the rectangular
OAM spectra EsðϕÞ ¼

P
n
l¼1 e

ilϕ of different widths
(n ¼ 1, 2;…; 20), where the constituent OAM modes are of
equal amplitudes and in-phase relations. Figure 2(d) shows
the real and imaginary parts of the measured OAM spectra
for these cases in a complex two-dimensional (2D) bar chart.
As expected, the retrieved OAM spectra are approximately of
rectangular shapes and are mainly populated in the real part
of the bar chart due to their in-phase features. An average ac-
curacy of 98.9% is achieved for these measurements. For the
second scenario, the OAM spectra are structured by
EsðϕÞ ¼ einϕ þ ieið21−nÞϕ, where n ¼ 1, 2;…; 20. In this case,
the bar chart should be diagonal in its real part but antidiagonal
in its imaginary part. This is clearly observed in the measure-
ments shown in Fig. 2(e), with an average retrieval accuracy
reaching 96.0%.

(a) (b) (c)

(d) (e)

Fig. 2 Experimental single-shot KK retrieval. (a)–(c) Retrieval process of an arbitrary OAM spec-
trum. (a) The intensity images of the reference (top left) and the interferogram (top right) are cap-
tured by a camera. By sampling along the dashed circles in the images, their azimuthal
distributions are extracted (bottom). (b) The interferogram is then normalized and digitally up-
sampled, whose phase is extracted from the Hilbert transform of the logarithm of its amplitude
(top). From the full field of the interferogram, the amplitude and phase of the signal are obtained
and downsampled to the original sampling points (bottom). (c) Taking the Fourier transform of the
signal field derives the normalized amplitude (top) and relative phase relation (bottom) of the OAM
spectrum. An accuracy of 97.6% is achieved by comparing the retrieved and the target OAM spec-
tra. (d), (e) Measured 2D bar charts of the OAM states for (d) the superpositions of mode indices
from 1 to n (n ¼ 1, 2;…; 20) with equal amplitudes and in-phase relations; (e) the superpositions of
mode indices n and 21 − n (n ¼ 1, 2;…; 20) with equal amplitudes and a π∕2 phase shift. The
average retrieval accuracies in (d) and (e) are 98.9% and 96.0%, respectively.
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2.3 Measurement of Characteristic OAM States

The single-shot KK full-field retrieval allows for the simple
characterization of complex OAM states. In the following,
we study various characteristic OAM spectra displayed in
Fig. 3. Figure 3(a) demonstrates the measurement of a signal
field with a Gaussian-shaped, in-phase OAM spectrum centered

at the 10th order, i.e., EsðϕÞ ¼
P

20
l¼1 e

−ðl−10Þ2
30 eilϕ, which corre-

sponds to a bright petal horizontally aligned in the azimuthal
angle.34 From only a single interferogram, we can reconstruct
the signal’s OAM spectrum, which matches the ground truth
well. As a single-shot retrieval method, we only use the inter-
ferograms to reconstruct the complex OAM fields. Note that all
the measured images of the signal beams in Fig. 3 are displayed
only as the ground truth and to help visualization of the signal
fields, but they are not used for their OAM spectra retrieval.
Figure 3(b) shows the condition for the same petal field as in
Fig. 3(a) except being rotated by 2π∕3 counterclockwise. A lin-
ear phase ramp is thus imparted to the OAM spectrum due to the
rotation, with a phase slope of 2π∕3. This feature is well cap-
tured by the KK approach in a single-shot fashion, simplifying

the previously used schemes, such as the sequential weak and
strong measurements35 or the phase-shifting holograms.43

In addition, it is known that increasing the mode spacing in
the OAM spectrum will lead to the multiplication of petals in the
azimuthal angle.34 This is shown in Fig. 3(c), where a three-petal
field under test is constructed from in-phase OAM modes with
an order spacing of 3 and the same envelope as in Figs. 3(a) and
3(b). The interferogram could accurately retrieve its equidistant
OAM structure as well as its in-phase relation. Notice that the
large phase error in Fig. 3(c) is only associated with void OAM
modes or at small modal amplitudes. Furthermore, we investi-
gate the complex OAM spectrum of the petal field in Fig. 3(c)
being subjected to phase modulation. Specifically, when the
three petals are modulated with the Talbot phase sequence of
½0;−2π∕3;−2π∕3�, the initial OAM spectrum is self-imaged
to create new OAM modes while preserving its overall
envelope.37 The measurement results are shown in Fig. 3(d).
Although the signal intensity patterns in Figs. 3(c) and 3(d)
are identical, the phenomenon of the OAM spectral self-imaging
is clearly observed from the KK retrieval. More interestingly,
the approach also provides a direct phase measurement of all

(a)

(b)

(c)

(d)

(e)

Fig. 3 Measurements of complex OAM spectra. Left, the measured intensity images of the signal
and the interferogram; right, the normalized amplitude and relative phase of the target and exper-
imentally retrieved OAM spectrum. (a)–(d) Gaussian-shaped OAM spectra centered at 10th order
with versatile OAMmode spacings and relative phase relations. (a) In-phase OAM spectrum with a
mode spacing of 1. (b) Linear-phase OAM spectrum with a phase slope of 2π∕3 and a mode spac-
ing of 1. (c) In-phase OAM spectrum with a mode spacing of 3. (d) OAM spectrum with periodic
Talbot phase ½0, 2π∕3, 2π∕3� and a mode spacing of 1. (e) Fractional OAMmode with a topological
charge of 9.5. The retrieval accuracy is also indicated for each case.
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the OAM modes. It can be seen that the relative phases of OAM
self-images again follow the Talbot relation of ½0, 2π∕3, 2π∕3�,
apart from a constant phase [subtracted thus not shown in
Fig. 3(d) for better representability]. Notably, such a phase
structure of Talbot self-images has only been recently deter-
mined in space44 and time,45 while here we measure it for the
first time in the OAM basis. The measured quadratic phase re-
lation suggests that the origin of self-imaging here is different
from the Gouy-phase-mediated revivals of spatial fields.46–48

We also use the KK method to characterize the complex
spectra of fractional OAM modes. A fractional OAM order
can be viewed as the weighted superposition of integer OAM
modes.49 In Fig. 3(e), we show the measurement of the fractional
OAM field with a topological charge of 9.5, i.e., EsðϕÞ ¼ ei9.5ϕ.
The field intrinsically exhibits around 1% power leakage to the
negative OAM orders, thus not rigorously satisfying the single-
sideband requirement. Nevertheless, since the leakage is small,
the KK retrieval still works effectively with an accuracy of
95.6%. We can see that the fractional OAM field in Fig. 3(e)
is mainly composed of the 9th and 10th OAM modes, together
with the other OAM orders slowly decaying when moving away
from the center modes. Moreover, we are able to identify the
phase relation of its constituent OAM modes, which is rarely
explored for the fractional OAM states. It is found that the or-
ders at the left and right parts of the fractional OAM spectrum
are approximately out of phase. The phase deviation between
the measured and theoretical fractional OAM spectra may come
in part from the finite sampling in the azimuthal angle.

2.4 Effect of CSPR Levels

Figure 4 shows the KK retrieval performance at different CSPR
levels. As an example, the same OAM state in Fig. 3(a) is used
as the signal field for the study, whose complex amplitude field
is displayed in Fig. 4(a). From this we can plot in Fig. 4(b) the
trajectory of its azimuthal distribution in the complex plane. As
mentioned previously, to guarantee rigorous KK retrieval, the
trajectory of the signal field after interfering with the reference
light must not encircle the origin of the complex plane. The min-
imum required reference intensity for such a criterion is highly
dependent on the relative angle between the reference and the
signal fields. In Fig. 4(b), the minimum required CSPR varies in
a range between 5.1 and 11.3 dB, where the lower and upper
bounds correspond to the reference field being added in-phase
(θr ¼ 0) and out-of-phase (θr ¼ π) with the signal field, respec-
tively. The minimum required CSPR value valid for all these
relative angles is thus set by the upper bound, i.e., 11.3 dB.

Figure 4(c) presents the experimental results for the retrieval
accuracy at different CSPR levels and various relative phases
between the signal and reference fields. In the experiment,
the control of the CSPR and its relative phase are realized
via the computer-generated holograms. The phases shown in
Fig. 4(c) are varied in steps of π∕4. We emphasize here that they
do not correspond to the actual θr but are offset from a constant
unknown phase due to experimental constraints. In Fig. 4(c),
when the experimental CSPR is well below the 11.3 dB thresh-
old (marked by the dashed line), the retrieval performance
changes significantly with the phase, although for some angles
the retrieval accuracy is acceptable. Once the CSPR exceeds the
threshold, decent retrieval is achieved for arbitrary relative
phases between the reference and signal fields. The experimental

results in Fig. 4(c) are in accordance with the theoretical analysis
carried out above.

2.5 Performance Evaluation

In this part, we evaluate the performance of the KK retrieval on a
large set of OAM spectra generated with random complex mode
coefficients. As in the previous measurements, the difference
between the experimental and minimum required CSPRs is
automatically maintained around 1 dB, which is experimentally
confirmed in Note S2 in the Supplemental Material for 100 ran-
dom OAM spectra. Figure 5(a) shows the histogram of the KK
retrieval accuracy for 1000 spectrum samples on the same di-
mensional space as before. An average retrieval accuracy of
95.6% is obtained, with a standard deviation of 1.2%. The per-
formance of the KK retrieval is also compared with the conven-
tional Fourier method,21,50 computed by the Fourier transform
disregarding the SSBI in Eq. (2). A clear advantage of using
the KK method is shown in Fig. 5(a), suggesting that the
SSBI cannot be neglected under such a CSPR level.
Nevertheless, the field retrieved by the Fourier method does
gradually approach the ground truth with the increase of
CSPR values. The detailed discussion of the Fourier method
can be found in Note S5 in the Supplemental Material. Next,
we further push the measurement dimensionality up to the
30th OAM order while keeping the azimuthal sampling points
and the digital upsampling unchanged. Figure 5(b) shows the

(a) (b)

(c)

Fig. 4 KK retrieval at different CSPR levels. (a) The complex am-
plitude field of the signal used for the study [the same as the sig-
nal field in Fig. 3(a)]. (b) The azimuthal trajectories of the signal
field and interferograms with in-phase and out-of-phase addition
of the reference field. The trajectories of interferograms are ex-
actly at the limit of the minimum phase condition, which corre-
spond to the minimum required CSPRs of 5.1 dB (in-phase)
and 11.3 dB (out-of-phase), respectively. (c) The accuracy of
the KK retrieval at different CSPR levels and varying phases be-
tween the signal and reference fields. Below the CSPR threshold
for arbitrary phases (11.3 dB, indicated by the dashed line), the
retrieval performance varies with the phase, while above, the
retrieval accuracy is approximately close to the unity for all the
phases.
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corresponding experimental results. The average KK retrieval
accuracy in this case still reaches 91.1% with a standard
deviation of 1.4%, outperforming the conventional Fourier
method by a large margin. Although the performance of the
Fourier method may be improved by increasing the reference
power, keeping relatively low CSPR values is favored to avoid
large DC components in detection, thus maximally utilizing the
dynamic range of the camera.

3 Discussion
The experimental setup used in this work is a conventional on-
axis interferometer equivalent to the configurations in Refs. 21–
23. However, contrary to all the past demonstrations that require
a few shots to diagnose a complex OAM spectrum, our method
provides single-shot retrieval mediated by the famous KK rela-
tion. This greatly accelerates the measurement, as it bypasses
the need to adjust the amplitude and/or phase of the reference
when characterizing each superimposed state.21–23 In our system,
the speed of the measurement is defined by the frame rate of the
camera. On the other hand, off-axis holography is also capable
of retrieving full fields in a single shot and has been used to
measure OAM beams.18 While the conventional off-axis method
requires separating SSBI and signals in the Fourier space, KK
off-axis holography recovers the signal beam with a smaller
off-axis angle.32 In our work, the measurement is on-axis and
thus different from KK off-axis holography. Further, the KK
conditions in the off-axis method and our approach are also
different, with the former in the wave vector space and the latter
in the OAM space (see Note S6 in the Supplemental Material).
To visualize the difference, we present in Note S6 in the

Supplemental Material an example that can be rigorously re-
trieved by our OAM KK method, using a reference beam whose
wave vector component lies within the signal field in the wave
vector space, while violating the condition for spatial KK
retrieval. In addition, our approach demonstrates advantages
when characterizing perfect vortex fields of narrow ring widths,
as these beams take up a large space in the wave vector domain
that requires high sampling resolution in off-axis holography. In
addition, we discuss the choice of the sampling radius for
retrieval in Note S7 in the Supplemental Material. Recently,
complex OAM spectrum analyzers have also been demonstrated
using machine learning but require either dense layers of deep
neural network51 or a multitude of diffractive phase masks in
cascade,52 as well as being sensitive to the parameters of input
fields, while our method can be easily extended to measuring
multiple concentric OAM states as well as the superposition
of Laguerre–Gaussian modes (see Note S8 in the Supplemental
Material). Since in this study we are mainly dealing with only
the azimuthal field distribution, the detection can be seamlessly
connected to the rotational Doppler effect.53 In this scenario, the
camera is replaced by a fast photodetector with a spinning phase
mask performing the azimuth-to-time mapping.21

To sum up this work, we propose and experimentally dem-
onstrate a high-dimensional OAM analyzer that can measure
complex OAM states in one single shot. The idea is inspired
by the KK receiver in optical communications, while here we
introduce the same concept to the OAM spectrum analysis
and represent a new application scenario of KK phase retrieval.
As demonstrated here, the proposed single-shot KK interferom-
etry can be readily employed for state measurements in OAM-
based information processing, sensing, and communication
systems. This work also implies the general duality between
azimuth-OAM and time-frequency, suggesting that their
processing techniques may be borrowed interchangeably.

Data, Materials, and Code Availability
Data underlying the results presented in this paper are not pub-
licly available at this time but may be obtained from the authors
upon reasonable request. A sample code for KK retrieval of
OAM fields is provided at https://github.com/GeorgeCravis/
OAM-KK.
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Abstract. Engineering single-photon states endowed with orbital angular momentum (OAM) is a powerful tool
for quantum information photonic implementations. Indeed, due to its unbounded nature, OAM is suitable for
encoding qudits, allowing a single carrier to transport a large amount of information. Most of the experimental
platforms employ spontaneous parametric down-conversion processes to generate single photons, even
if this approach is intrinsically probabilistic, leading to scalability issues for an increasing number of qudits.
Semiconductor quantum dots (QDs) have been used to get over these limitations by producing on-
demand pure and indistinguishable single-photon states, although only recently they have been exploited
to create OAM modes. Our work employs a bright QD single-photon source to generate a complete set of
quantum states for information processing with OAM-endowed photons. We first study hybrid intraparticle
entanglement between OAM and polarization degrees of freedom of a single photon whose preparation
was certified by means of Hong–Ou–Mandel visibility. Then, we investigate hybrid interparticle OAM-
based entanglement by exploiting a probabilistic entangling gate. The performance of our approach is
assessed by performing quantum state tomography and violating Bell inequalities. Our results pave the
way for the use of deterministic sources for the on-demand generation of photonic high-dimensional
quantum states.

Keywords: orbital angular momentum; quantum dot; intraparticle entanglement; interparticle entanglement; Bell violation.
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1 Introduction
In the last few decades, structured light states characterized by
an on-demand distribution for both field amplitude and phase
have gained great interest.1 Among them, twisted beams carry-
ing orbital angular momentum (OAM) have been the focus of
several studies, due to their wide range of applications. As
pointed out by Allen et al.,2 OAM is carried by all the beams
that present a phase term of the form eilϕ, where ϕ is the azi-
muthal angle in cylindrical coordinates and l is an unbounded

integer. This phase term is responsible for the typical helicoidal
wavefront, and each photon shows an OAM equal to lℏ.

In the classical domain, the nontrivial phase structure of
OAM states is used in several protocols covering a wide number
of fields, such as metrology,3 imaging,4–6 particle trapping,7 and
communication.8–14 The unbounded nature of the OAM is instead
the basis of its employment in quantum information. There-
fore, OAM modes are used in quantum communication,15–20

cryptography,21–23 simulation,24–26 computation, and information
processing.27–29 In particular, OAM-based encoding enlarges the
amount of information that a single photon can support, leading
to increased security in the communication protocols.30,31 When*Address all correspondence to Fabio Sciarrino, fabio.sciarrino@uniroma1.it
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the helicoidal wavefront is coupled with a nontrivial distribution
of the spin angular momentum (SAM), also known as polariza-
tion, a new class of states called vector vortices (VVs) are
introduced. Given this peculiar coupling, VV beams turn out
to be intrasystem maximally entangled in the OAM and polari-
zation degrees of freedom.32 As for the OAM modes, VV beams
are applied in several areas, both in the classical and quantum
regime, such as optical trapping,33,34 communication,35,36 com-
puting,37–45 sensing, and metrology.46–50 Moreover, knowing
the importance of the Hong–Ou–Mandel (HOM) effect51 and its
applicability in quantum information science,52 the interference
behavior between structured photons has also been studied in
order to perform increasingly complex tasks.53–55

Despite the large number of applications, sources that pro-
duce single photons carrying OAM deterministically and with
high brightness are still under development.56 In fact, most of
the experimental implementations leverage the production of
single photons through spontaneous parametric down-conver-
sion (SPDC) in nonlinear crystals and modulating their states
using bulk systems, such as spatial light modulators57,58 and
q-plates,22,59,60 employing metasurfaces also for generating
entangled states in the OAM and polarization degrees of
freedom.61 However, SPDC is intrinsically probabilistic and
suffers from a trade-off between the brightness and the purity
of the produced single photons. Moreover, since in each pro-
cess, it is always possible to generate more than one photon,
these kinds of sources undermine the security of quantum cryp-
tography schemes.62 Semiconductor quantum dots (QDs) have
emerged as a platform to overcome these limitations. Acting as
artificial atoms when resonantly pumped with pulsed lasers,
QDs are capable of generating indistinguishable single photons
with high brightness in a nearly deterministic fashion.63–66

However, most of the efforts have been concentrated on the gen-
eration of single or entangled states encoding the information in
the photons polarization67–72 or in the temporal domain.73 Only
recently, works exploiting QDs to engineer OAM modes56

within a prepare-and-measure framework have appeared. In
particular, integrated sources based on microring resonators
embedded with QDs56 have been implemented, in which the
OAM states encoded in the generated single photons could not
be easily manipulated.

At variance with Ref. 56, we exploit commercial QD-based
single-photon sources and focus on the development of quantum
information processing protocols with VV beams. Specifically,
well-known OAM manipulation technologies have been exten-
sively used to develop high-dimensional quantum communica-
tion protocols,18,22 to reach a high flexibility in engineering
arbitrary qudit states,74,75 and to develop simulated processes
based on the quantum walk dynamics.24,25 Here, we combine
these technologies with an innovative and nearly deterministic
single-photon source, opening the way for further developments
of quantum information protocols that take advantage of high-
dimensional resources and of the benefits introduced by using
QDs. In particular, besides focusing on interfacing between
these two kinds of technologies, we go a step forward and study
the hybrid entanglement in high-dimensional Hilbert spaces im-
plementing a quantum gate both in the intra- and interparticle
regime (Fig. 1). Previously, states characterized by hybrid intra-
photon entanglement between the OAM and polarization degree
of freedom have been generated via SPDC processes.18,38,76,77

However, since this kind of source is probabilistic, the state
is certified in a heralded configuration that drastically decreases

the generation rate. On the contrary, the employment of a deter-
ministic single-photon source allows us to certify the state di-
rectly on the single counts, increasing the generation rate.
Moving toward the interparticle regime, QD sources have been
proved capable of generating on-demand photons pair entangled
in polarization encoding.78 However, the production of en-
tangled states in different degrees of freedom, such as OAM
and radial structure, easily obtained with SPDC sources,79–81

is still under development. Here, we show a probabilistic ap-
proach implementing a gate for an engineer-entangled state
in the OAM space. The versatility and flexibility in the gener-
ation and manipulation of indistinguishable photons are crucial
features for gate implementation. We then move a step forward
with respect to Ref. 56 by investigating the indistinguishability
of the generated photons and employing a versatile approach. In
our platform, the combination of QD-based single-photon
sources and well-known OAM manipulation devices allows
us to satisfy the aforementioned requirements.

This work is organized as follows. We start by studying the
single-photon intraparticle entanglement generation in VV
states. By means of q-plate devices,59,60 we couple the two com-
ponents of the angular momentum degree of freedom and gen-
erate VV beams [Fig. 1(a)]. Then, we move to the multi-photon
scenario. Preliminarily, we certify the efficiency of encoding

(a)

(b)

(a)

Fig. 1 Entanglement generation. (a) In the intraparticle entangle-
ment, the polarization and OAM subsystems are made to interact
using a q-plate. The two-dimensional state jψi1 is initialized with
the right polarization jRi ¼ j0i, while the qudit jψi2 is prepared
with a null OAM value j0i. The action of the unitary operator
consists of increasing or decreasing the OAM value in a polariza-
tion-dependent way. (b) In the interparticle regime, two photons
characterized by defined states in the hybrid space composed
of polarization and OAM interfere using a beam splitter. Fixing
the elements of the computational basis as j0i ¼ jL;−2i and
j1i ¼ jR ; 2i, both jψi1 and jψi2 are initialized with the qubit
state j0i, and after postselecting on the coincidence counts
a probabilistic entangling quantum gate is implemented. It is
worth noting that considering separately the polarization and
OAM Hilbert spaces of both photons, the proposed apparatus
implements a four-qubit gate.
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OAM states on single photons emitted by the QD in different
pulses of the pump beam through the evaluation of HOM inter-
ference visibility. Thus, we implement a two-photon probabi-
listic quantum gate, first introduced in Ref. 82, that is able to
generate OAM-based entangled photon pairs involving up to
four subsystems [Fig. 1(b)]. We verify both the single-photon
intraparticle and the two-photon entanglement by performing
quantum state tomography and evaluating the Bell inequality
in the Clauser–Horne–Shimony–Holt (CHSH) fashion.

2 Experimental Platform
In this section, we preliminarily describe the employed quasi-
deterministic single-photon source, by evaluating the intensity
autocorrelation and indistinguishability of the generated pho-
tons. Subsequently, we present the implemented scalable plat-
form in which, by interfacing well-known OAM manipulation
devices with the QD source, entangled intra- and interparticle
states are generated in the hybrid Hilbert space composed of
OAM and polarization.

2.1 Single-Photon Source

The single-photon source is a quantum-dot-based emitter em-
bedded in an electrically controlled cavity on a commercially
available Quandela e-Delight-LA photonic chip. A single
self-assembled InGaAs QD is surrounded by a two Bragg reflec-
tors made of GaAs∕Al0.95Ga0.05As λ∕4 layers with 36 (16)
pairs for the bottom (top) and positioned in the center of a
micropillar.63 The micropillar is connected to a larger circular
structure that is electrically contacted, enabling the tuning of
the emission frequency of the QD via the Stark effect. The sam-
ple is kept at 4 K in a low-vibration closed-cycle He cryostat
Attocube - Attodry800. The QD source is pumped with a
79 MHz-pulsed laser shaped with a QShaper (Quandela) 4f
pulse shaper to select a specific wavelength and achieve a band-
width of ∼100 pm. The optical excitation of the QD is achieved
in an LA phonon-assisted configuration with a laser at 927.2 nm
blue-detuned from the transition,83 which enables single-photon
generation by exciton emission at ð927.8� 0.2Þ nm [Fig. 2(a)].
The emitted photons are directly coupled in single-mode fiber
(SMF) and spectrally separated from the residual pumping laser
with bandpass filters. At the output of the e-Delight-LA system,
we measure a single-photon count rate of Rdet ¼ 4 MHz. The
fibered brightness of the single-photon source depends mainly
on the coupling efficiency into the SMF, the spectral separation
transmission of the single-photon stream from the pump
laser—whose effects we estimate in an overall efficiency of
ηsetup ∼ 52%—and the detector efficiency, estimated to be
around ηdet ∼ 38%. Using these figures, we estimate a first lens
brightness of B ¼ Rdet

Rexcηdetηsetup
∼ 26%, where Rexc is the pump

frequency. The overall quality of the single-photon generation
can be characterized by measuring the multi-photon emission
and indistinguishability. Using a standard Hanbury Brown and
Twiss setup, we measured a second-order autocorrelation of
gð2Þð0Þ ¼ ð1.26� 0.05Þ%. Such a figure is computed by nor-
malizing the zero-time delay coincidences to the side peaks co-
incidences between two consecutive near-resonant excitations
[Fig. 2(b)]. We also measured the indistinguishability between
photons successively emitted by the QD, through an HOM in-
terference experiment.51 Two consecutively emitted photons are
split by a beam splitter (BS) and coupled in SMFs, whose length

is chosen to delay one of them by ≈12.5 ns to ensure temporal
overlap on a second BS. At its outputs, photons are collected in
avalanche photodiode detectors (APDs) to record photon coinci-
dence counts. Therefore, we evaluate a two-photon interference

(a)

(b)

(c)

Fig. 2 Source HOM interference and second-order correlation
function. (a) (Left) The single-photon source is a commercial
device (Quandela): InGaAs quantum-dot based bright emitters
are embedded in (right) electrically contacted micropillars. The
source is pumped with a near-resonant (Δλ ¼ −0.6 nm) FWHM
10 ps 79 MHz-pulsed laser (red arrow). The single photons (red
dots) are emitted at a wavelength of 927.8 nm and are directly
coupled to an SMF. (b) Through a standard Hanbury Brown
and Twiss setup, we measure the second-order autocorrelation
histogram of our QD-based source as a function of the delay.
We obtain a single-photon purity of gð2Þð0Þ ¼ ð1.26� 0.05Þ%.
(c) Normalized correlation histogram, obtained via an HOM inter-
ference experiment, through which we measure a two-photon
interference fringe visibility between subsequent single photons
emitted by the QD source of VHOM ¼ ð93.05� 0.06Þ%. Moreover,
following Ref. 84, we obtain an indistinguishability value of
Ms ¼ ð95.5� 0.1Þ%.
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visibility derived from the correlation histogram [Fig. 2(c)] as
VHOM ¼ 1 − 2 C0

hCit→∞
, where C0 is the counts when the two pho-

tons are synchronized and hCit→∞ is the average peak counts for
relative temporal delays larger than one repetition rate of the
laser. We measure an interference visibility VHOM ¼ ð93.05�
0.06Þ%, which can be corrected to account for unwanted
multi-photon components,84 resulting in a photon indistinguish-
ability equal to Ms ¼ ð95.5� 0.1Þ%.

2.2 Experimental Implementation of OAM-Based
Platform

We experimentally implemented a flexible platform for the
study of single and multi-photon properties capable of imple-
menting a probabilistic entangling quantum gate. A visual
scheme of the setup is shown in Fig. 3.

For this purpose, the stream of single photons generated by
the QD is preliminarily split through a fiber BS, and OAM en-
coding is performed separately on the two outputs. In particular,
the input state, jH; 0i, having horizontal polarization and null
OAM value, is selected through single mode fibers and polar-
izing beam splitters (PBSs). In the engineering stage, by placing
a set of wave plates together with a q-plate on each arm, we are
able to independently generate two distinct OAM-encoded
single-photon states. In particular, a q-plate is a thin film of bi-
refringent material (in our case, nematic liquid crystals) charac-
terized by a nonuniform distribution of the optic axis across the
plane transverse to the light propagation direction. The angle
between the optic axis and the horizontal axis x of the device

follows the relation αðϕÞ ¼ α0 þ qϕ, where ϕ is the azimuthal
angle in the transverse plane, α0 is the optic axis orientation for
ϕ ¼ 0, and q is the topological charge, i.e., the winding number
of the optic axis for ϕ ∈ ½0,2π�. Owing to the inhomogeneity of
its optic axis distribution and to the resulting Pancharatnam–

Berry geometric phases, the q-plate develops on the OAM de-
gree of freedom of single photons an action that depends on
their polarization, according to the following expression:59,60

Q̂ ¼
X
m

e−i2α0 jm − 2qihmj ⊗ jLihRj þ ei2α0 jmþ 2qihmj

⊗ jRihLj; (1)

where jRi and jLi indicate right and left circular polarization
states, respectively, and jmi represents the OAM value. The
q-plates employed in the experiment are electrically tunable,
i.e., they implement the operation Q̂expðδÞ ¼ sin δ

2
Q̂þ cos δ

2
Î,

where Î is the identity operator and δ is the plate retardance that
is controlled by applying an external voltage to the device. In the
experiment, all the q-plates have δ ¼ π in order to maximize the
OAM-SAM conversion.

Therefore, an optical setup consisting of a quarter-wave plate
(QWP), a half-wave plate (HWP), and a q-plate with q ¼ 1,
acting on the input state jH; 0i, is able to engineer arbitrary
superpositions of jL;−2i and jR; 2i as given by

jΦi ¼ cosðθ∕2ÞjL;−2i þ eiψ sinðθ∕2ÞjR; 2i; (2)

Fig. 3 Experimental setup. Single-photon states at a wavelength of 927.8� 0.2 nm are generated
using a QD source pumped with a shaped 79 MHz-pulsed laser at 927.2 nm. Then, a fiber BS
splits the photons between the two arms of the setup, and after passing through a PBS, the input
states have horizontal polarization and OAM eigenvalue m ¼ 0. In both paths, a series of QWP,
HWP, and q-plate are used to produce OAM modes of the form reported in Eq. (2), while in one of
the arms, a delay line (τ) is inserted in order to synchronize on the BS the photons emitted in
different pulses of the pump beam. The intraparticle regime is investigated removing the fiber
BS and performing all the experiment on a single line, involving the first input and output of
the BS, as shown in the below panel. On the other hand, in the interparticle experiment, the pho-
tons are sent to the fiber BS, and the gate is implemented interfering on the second BS. After
passing through the BS, the state of the photons is analyzed, coupled to SMFs and detected
by APDs. The measurement setup consists in two different stages, a series of q-plate, QWP,
HWP, and PBS are used to study the OAM states of the photons coupled with the polarization,
while a QWP, an HWP, and a PBS compose the polarization analysis setup. In the interparticle
regime, only OAM analysis is performed on the photon pairs, while in the intraparticle regime both
analysis setups are used to separately investigate the polarization and OAM content of single
photons, as shown in the lower panel.
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where θ ∈ ½0; π� and ψ ∈ ½0, 2π� can be set by properly orienting
the optic axes of QWP and HWP. In this way, intrasystem
entanglement between OAM and SAM degrees of freedom
of single photons can be easily achieved. In particular, for
θ ¼ π∕2, the superpositions given in Eq. (2) correspond to
the above mentioned VV states.

Subsequently, the two arms are synchronized by introducing
a fixed delay in fiber and a tunable delay in air and then sent to
a bulk BS used to probabilistically generate an entangled state
between the two photons in the hybrid space of OAM and SAM
by a postselection on the measured events.

Finally, in both single- and two-photon experiment, the state
reconstruction is performed by using q-plates and polarization
tomography setups comprising a QWP and an HWP followed
by a PBS. In fact, the OAM tomography setup is implemented
by adding a q-plate in front of the polarization tomography setup
to convert the correlations present in the OAM degree of free-
dom on the polarization space [Eq. (1)]. The efficacy of this ap-
proach was demonstrated in Ref. 85 by exploiting pure-phase
holograms displayed on photographic plates. In particular, in
the intraparticle regime, the fiber BS is removed, and the en-
tangled state is generated along the lower arm of the interferom-
eter. Both the polarization and OAM analysis of such states is
performed along one BS output by inserting the polarization
tomography setups followed by the OAM tomography one.
Instead, the analysis of the interparticle entangled state is per-
formed by placing only the OAM tomography setups on each
BS output. After the projection, the photons are collected in
SMFs and detected using APDs. This scheme is used both to
study the entanglement content of the states through Bell in-
equalities violation and to perform quantum state tomographies.

3 Entanglement Certification
In this section, we provide the theoretical description and report
the results obtained studying the intraparticle and interparticle
hybrid entanglement generated with the experimentally imple-
mented platform. In all cases of interest, entanglement is

certified through a violation of a CHSH Bell inequality and
complete state tomography.

3.1 Vector Vortex Beam: Intrasystem Entanglement

The first investigation regards the generation of VV beams en-
coded into the single-photon states generated by the QD source.
The VV beams are superpositions of two different OAM beams
associated with orthogonal circular polarizations [see, for exam-
ple, Eq. (2)]. Here, the two systems individuated by the OAM
eigenstates fj − 2i; j2ig and the polarization states fjRi; jLig
can be exploited for encoding two qubits. In this way, it is pos-
sible to define a complete basis of maximally entangled states
between these two degrees of freedom. The set of Bell-like
states is reported in Fig. 4, in which the nonuniform polarization
distribution in the transverse plane is highlighted.

In our setup, to increase the generation rate, the signal is sent
only in one of the two arms of the interferometer by removing
the first fiber BS (see Fig. 3). The VV beams are prepared by
making horizontally polarized photons passing subsequently
through a QWP, an HWP, and a q-plate with q ¼ 1. In this
way, the state produced by the device is described by θ ¼ π∕2
in Eq. (2) and a value of ψ which depends on the α0 of the
q-plate optic axis. This additional phase term is compensated
by a further HWP (not shown in Fig. 3) in order to have
ψ ¼ 0. The final entangled state between OAM and polarization
will be

jΦþi ¼ 1ffiffiffi
2

p ðjL;−2i þ jR; 2iÞ: (3)

Although such an entanglement structure is not associated
with nonlocal properties (since it is encoded in a single carrier),
these correlations can be detected using Bell-like inequalities.
We refer to such type of quantum correlations as intraparticle
entanglement.

The adoption of a nearly deterministic single-photon source
allows us to perform the intraparticle analysis without the need
of heralding measurements or postselection. The latter are

(a) (b) (c)

Fig. 4 Intraparticle entangled state: (a) intensity and polarization patterns of the Bell states basis
in the combined OAM and polarization space. As highlighted by the red box, we focused our
attention on the jΦþi state. (b) Real and (c) imaginary parts of the measured density matrix
for the jΦþi state reconstructed via quantum state tomography. The fidelity between the recon-
structed state and the theoretical one is equal to F ¼ 0.9714� 0.0007, where the standard
deviations are estimated through a Monte Carlo approach assuming a Poissonian statistics.
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unavoidable procedures for generating single-photon states with
high purity via probabilistic sources. This reduces drastically the
losses allowing to reach a rate of ≃99 kHz of VV states gen-
eration (see the Supplementary Material for further details).
The quality of the state and of its entanglement structure has
been certified by the measurement stage setup shown and de-
scribed in Sec. 2. In particular, we performed a quantum state
tomography by analyzing the OAM and the polarization inde-
pendently via cascaded measurement stages as in the lower
panel of Fig. 3. The resulting density matrix is reported in Fig. 4,
and the relative fidelity, computed by subtracting for dark
counts, is F ¼ 0.9714� 0.0007. Moreover, we also certified
the intraparticle entanglement by evaluating a CHSH-like in-
equality. Collecting data for 20 s, we obtained a raw violation
of SðrawÞ ¼ 2.736� 0.008, which exceeds the separable bound
by 92 standard deviations, while the value obtained by sub-
tracting the background signal is S ¼ 2.792� 0.008, which
exceeds the classical bound by 99 standard deviations. The
results are summarized in Table 1.

3.2 Certification of Photon States Generation

In quantum information processes, an important computational
resource relies on the capability of manipulating multiple pho-
tons and making them interact. Therefore, in this section, we
assess the capacity of codifying specific OAM states on photons
generated by subsequent pulsed pumping of the QD. This is per-
formed by evaluating the visibility of HOM interference in a BS,
which is equivalent to a pairwise overlap estimation in a SWAP
test.86 There are some previous examples of HOM experiments
with single-photon states carrying OAM,39,87 but our tests are
among the first to be applied to vector beams generated by a
deterministic single-photon source.

Let us first briefly review the effect of an unbiased BS on
the field annihilation and creation operators, â; â† and b̂; b̂†.
The relation between input modes fa; bg and output modes
fc; dg can be expressed as (Fig. 2)

â†↦
1ffiffiffi
2

p ðĉ† − d̂†Þ; b̂†↦ 1ffiffiffi
2

p ðĉ† þ d̂†Þ: (4)

By considering two photons at the two inputs of the BS, the
signature of the interference is a change in the probability to
detect photons in different outputs (see the Supplementary
Material). In particular, two photons are indistinguishable if
their states, associated with each degree of freedom, are the

same from the point of view of the observer. To approach this
condition in our setup, a delay line is used to synchronize the
photons in the temporal domain. This is mandatory because the
two single photons are emitted by the QD at different times.
However, when the photons are characterized by an OAM value
different from zero and superposed polarizations, it is necessary
to take into account the effect of reflections. Indeed, in a physi-
cal BS, the semireflective mirror flips the elicity of both OAM
and polarization. In other words, after one reflection, we have
fjRi; jLig → fjLi; jRig and j � 2i → j � 2i, while horizontal
and vertical polarizations are eigenstates of this operation with
eigenvalues of opposite signs. Then, we have that the creation
operators are changed as follows:

â†R; b̂
†

R↦
1ffiffiffi
2

p ðĉ†R − d̂†LÞ;
1ffiffiffi
2

p ðĉ†L þ d̂†RÞ;

â†L; b̂
†

L↦
1ffiffiffi
2

p ðĉ†L − d̂†RÞ;
1ffiffiffi
2

p ðĉ†R þ d̂†LÞ;

â†m; b̂†m↦
1ffiffiffi
2

p ðĉ†m − d̂†−mÞ;
1ffiffiffi
2

p ðĉ†−m þ d̂†mÞ: (5)

Since the indistinguishability of photons generated by the
source has already been checked in Sec. 2.1, here we are inter-
ested in computing the overlap between VV states encoded in
different photons. As for the previous analysis, the OAM and
polarization degrees of freedom are controlled through a series
of QWP, HWP, and q-plate placed in each arm of the inter-
ferometer. This allows us to prepare the desired state for each
photon.

Considering the BS action in Eq. (5), we expect no interfer-
ence when the two photons are prepared as jR; 2iajR; 2ib, since
the reflected beam and the transmitted one in the outputs c and d
will display orthogonal states. Conversely, the HOM effect oc-
curs when the initial state is jR; 2iajL;−2ib. The correlation his-
tograms, obtained via an HOM interference experiment, for both
input states jR; 2iajR; 2ib and jR; 2iajL;−2ib are reported in
Figs. 5(a) and 5(b). The visibility of such HOM experiments
quantifies the variation, from the maximum to minimum over-
lapping between the wave functions, of the probability of
detecting photons in different outputs. The obtained visibilities
are V jR;2i;jR;2i ¼ −4%� 1% and V jR;2i;jL;−2i ¼ 90.1%� 0.3%,
respectively. We repeat the same interference scheme with VV
states, such as jΦþi and jΦ−i (see Fig. 4). For these classes
of states, we note that they are symmetric with respect to the
BS operation. This means that the reflected photon and the
transmitted one always display the same state if they are indis-
tinguishable at the input faces of the BS (see the Supplementary
Material). The resulting HOM correlations for the input state
jΦþiajΦ−ib are reported in Fig. 5(c) and the achieved visibility
is equal to V jΦþi;jΦ−i ¼ 0.70%� 0.10%, as expected. On the
contrary, when the two photons are prepared in the same VV
states such as jΦþiajΦþib, the theoretical HOM visibility is
1. We measured V jΦþi;jΦþi ¼ 88.2%� 0.3%, as reported
in Fig. 5(d).

A further peculiar configuration is when the interfering input
states are neither equal nor orthogonal, for which we expect
a V ¼ 1

2
. This is the case of two photons prepared in the

input ports as jΦþiajR; 2ib. The measured visibility is
V jΦþi;jR;2i ¼ 44.5%� 0.6% [Fig. 5(e)].

Table 1 Experimental results. The results are obtained both for
the intraparticle and interparticle regimes. The measurement ac-
quisition time T , the generation rate, the values for the Bell
parameter (S), and the fidelity are reported. In particular, the vio-
lation SðrawÞ is computed using raw data, while the parameter S is
obtained by subtracting the background signal or the accidental
coincidence. The fidelity value is computed by comparing the re-
constructed density matrix with the triplet Bell state.

State T (s) Rate (Hz) SðrawÞ S F

Intra 20 99,000 2.736(8) 2.792(8) 0.9714(7)

Inter 400 146 2.516(6) 2.779(6) 0.935(2)
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3.3 Two-Photon Quantum Gate: Intersystem
Entanglement

The configuration described in the previous section can be ex-
ploited to implement a multi-qubit probabilistic quantum gate
able to generate an entangled state in the hybrid space composed
by OAM and polarization. In particular, by postselecting on the
two-photon coincidence events resulting from the preparation
jR; 2iajR; 2ib, and noticing that one of the outputs is affected
by a further reflection that introduces a phase π between hori-
zontal and vertical polarization, and inverts the OAM value, the
following state is generated:

jΦi ¼ jL;−2icjR; 2id þ jR; 2icjL;−2idffiffiffi
2

p

¼ j1,0ij0,1i þ j0,1ij1,0iffiffiffi
2

p ; (6)

where we took off the direction subscript fc; dg and we iden-
tified jL;−2i ¼ j1,0i and jR; 2i ¼ j0,1i. Therefore, the gener-
ated state is entangled in the space spanned by the tensor
product of the four-dimensional (4D) qudits encoded in the
combined OAM and polarization degrees of freedom for each
photon. However, in the hybrid OAM-SAM space, this state

can also be considered equivalent to a two-dimensional (2D)
maximally entangled state. Indeed, relabeling the state jL;−2i
as qubit j0i and the state jR; 2i as qubit j1i, the state in Eq. (6)
turns out to be equivalent to a triplet Bell state,

jΦi ¼ jL;−2icjR; 2id þ jR; 2icjL;−2idffiffiffi
2

p ¼ j0ij1i þ j1ij0iffiffiffi
2

p :

(7)

Therefore, this state exhibits quantum correlations that could
be detected by performing a Bell-like test that is used as an
entanglement witness. In particular, we evaluated a CHSH-like
inequality performing the projective measurements placing the
OAM measurement stage, shown in Fig. 3, on both BS outputs.
Collecting data for 400 s and with a coincidence rate of 146 Hz,
we obtained a raw violation of SðrawÞ ¼ 2.516� 0.006, which
exceeds the classical bound by 86 standard deviations. The
value obtained by subtracting the accidental coincidences,
mainly due to background noise and quantified measuring co-
incidences between signals in the region between two consecu-
tive peaks (with a relative delay of ∼6 ns), is S ¼ 2.779�
0.006, which exceeds the separable bound by 130 standard
deviations.
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Fig. 5 HOM interference for OAM states: measured coincidences at the output of the final BS, see
Fig. 3, for different input states in the hybrid space of OAM and polarization. A perfect HOM in-
terference can be obtained only when the photon states are indistinguishable from the point of
view of the observer. By knowing the BS action on circular polarization and OAM (see the
Supplementary Material), we observe a near-unitary visibility when the photons are prepared
in the same eigenstate of the BS reflection operation jΦþia jΦþib (panel d), or when the initial
states have opposite circular polarization and OAM value [panel (b)]; while near-zero visibility
is reported in panels (a) and (c) for initial states jR ; 2ia jR; 2ib and jΦþia jΦ−ib , respectively.
Moreover, we also analyze the hybrid configuration in which one photon is prepared in the state
jR ; 2i and the other in the VV state jΦþi. In the latter case, the expected number of coincidences is
half of the one obtained for distinguishable photons [panel (e)]. The reported intensity patterns are
associated to constructive and destructive interference for both initial states jR; 2ia jL;−2ib and
jΦþia jΦþib .
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Moreover, we also performed a quantum state tomography
of the state using the same experimental configuration.
The measurement apparatus selects on the 4D subspace
fjR; 2i1; jL;−2i1g ⊗ fjR; 2i2; jL;−2i2g in which the interpar-
ticle entangled state lives. In fact, it contains the significantly
nonzero elements of the whole density matrix of the states.
Other terms outside such a subspace come from the imperfect
conversion of the OAM by the q-plates. The probability of such
components in the state can be kept very low, and thus can be
neglected, by tuning the δ parameters of the q-plates toward the
π value. Subtracting for accidental coincidences, the estimated
fidelity changes from F ðrawÞ ¼ 0.869� 0.002 to F ¼ 0.935�
0.002. The retrieved density matrix is shown in Fig. 6. The re-
sults are summarized in Table 1. It is worth noting that the de-
crease in the coincidence rate is mainly due to the coupling
efficiency into SMFs in the detection stage of about 45%
(see the Supplementary Material for further details). This lower
value depends on both the limited conversion efficiency of the
QPs and on the higher divergence to which beams endowed with
OAM are subjected. Other loss effects that need to be included
are the q-plate transmission of about 75% acting on each pho-
ton. Therefore, looking toward gates with more than two pho-
tons, where the weight of the losses increases exponentially in
the number of photons, the rate could be improved by compen-
sating for losses due to the divergence and adopting experimen-
tal devices with limited losses.

4 Conclusions
In this paper, we experimentally implemented a platform
capable of generating on-demand photonic quantum states in
high-dimensional Hilbert spaces. This was achieved by combin-
ing a bright QD source with q-plates, devices capable of cou-
pling OAM and polarization of single photons, placed in an
interferometric configuration. After assessing the properties
of the source, such as the multi-photon component, and the in-
distinguishability of the emitted photons, we focused on the

generation and analysis of entangled states in the hybrid space
composed of OAM and polarization. The setup allows us to
study both the intra- and interparticle entanglement. For the
former, we generated a VV state using only the engineering
stage placed in one arm of the interferometer, while for the
latter we exploited the interference between modulated single
photons generated by the QD in two consecutive excitations
to implement a probabilistic quantum gate capable of producing
entangled two-photon states. The characterization of the inter-
ferometer scheme was preliminarily performed by evaluating
the overlap between quantum states of single photons encoded
in the hybrid Hilbert space. In particular, we observed high
HOM visibilities for single photons that turn out to be indistin-
guishable in the detection stage, while very low visibility was
observed for orthogonal quantum states. The qualities of both
intra- and interparticle hybrid entangled states were evaluated
by performing quantum state tomography and using Bell tests
to estimate the CHSH inequality. The high values of fidelities
and inequality violations highlight the performance of the pro-
posed setup for the engineering of high-dimensional entangled
states.

In summary, we proposed and implemented experimentally
a flexible platform able to generate both nearly deterministic
single-photon states that exhibit entanglement between OAM
and SAM degrees of freedom and two-photon entangled states.
The employed simple and effective scheme could be extended to
the multi-photon regime, opening the way to high-dimensional
multi-photon experiments, whose scalability is extremely
demanding for platforms based on probabilistic sources. In
conclusion, the results demonstrated in the present paper can
provide advances both for fundamental investigations and
quantum photonic applications.

Code, Data, and Materials Availability
Data underlying the results presented in this paper may be
obtained from the authors upon reasonable request.

(a) (b) 

Fig. 6 Interparticle entangled state. (a) Real and (b) imaginary parts of the measured density ma-
trix for the two-photon state in the hybrid OAM-polarization space reported in Eq. (7), these are
reconstructed via quantum state tomography. The fidelity between the reconstructed state and
the theoretical one is equal to F ¼ 0.935� 0.002, where the standard deviation is estimated
through a Monte Carlo approach assuming a Poissonian statistics.
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Self-seeded free-electron lasers with orbital
angular momentum
Jiawei Yan * and Gianluca Geloni *
European XFEL, Schenefeld, Germany

Abstract. X-ray beams carrying orbital angular momentum (OAM) are an emerging tool for probing matter.
Optical elements, such as spiral phase plates and zone plates, have been widely used to generate OAM light.
However, due to the high impinging intensities, these optics are challenging to use at X-ray free-electron lasers
(XFELs). Here, we propose a self-seeded free-electron laser (FEL) method to produce intense X-ray vortices.
Unlike passive filtering after amplification, an optical element will be used to introduce the helical phase to the
radiation pulse in the linear regime, significantly reducing thermal load on the optical element. The generated
OAM pulse is then used as a seed and significantly amplified. Theoretical analysis and numerical simulations
demonstrate that the power of the OAM seed pulse can be amplified by more than two orders of magnitude,
reaching peak powers of several tens of gigawatts. The proposed method paves the way for high-power and
high-repetition-rate OAM pulses of XFEL light.
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1 Introduction
Structured light could provide new perspectives on numerous
physical phenomena. In particular, optical vortices carrying
orbital angular momentum (OAM),1 characterized by a helical
phase-front expðilϕÞ, where ϕ is the azimuthal coordinate and l
is the topological charge, are intensively studied. OAM light at
visible and infrared wavelengths has been used in a wide range
of fields.2–7 In the short wavelength range, optical vortices are
promising means to trigger new phenomena through light–
matter interaction.8–10 X-ray beams carrying OAM have been
proposed for research in quadrupolar X-ray dichroism experi-
ments,11 photoionization experiments,12 resonant inelastic X-ray
scattering,13 and magnetic helicoidal dichroism.14,15 Most re-
cently, a new type of phase dichroism has been demonstrated
to probe the real-space configuration of the antiferromagnetic
ground state with X-ray beams carrying OAM.16 Moreover,
the hard X-ray helical dichroism of disordered molecular media
has been demonstrated.17 At present, X-ray OAM light is pro-
vided by synchrotron radiation facilities. The generation of

high-intensity X-ray OAM beams by X-ray free-electron lasers
(XFELs) could open new possibilities for studies requiring well-
defined spatial intensity and phase variations.

Modern XFELs deliver high-brightness pulses with durations
spanning from tens of femtoseconds down to the attosecond
range, enabling new research in a variety of scientific fields.18,19

The majority of XFEL facilities worldwide20–24 employ the
mechanism of self-amplified spontaneous emission (SASE).25

The SASE process starts from the initial electron-beam shot
noise and allows operation over a wide spectral range, reaching
sub-angstrom wavelengths. Self-seeding schemes26,27 are used at
several facilities to enhance the temporal coherence of free-elec-
tron laser (FEL) pulses while increasing their spectral density.
However, the transverse radiation profile of FELs operating at
saturation is restricted to the fundamental FEL mode, which can
usually be approximated by a Gaussian mode with no azimuthal
phase dependence.

The generation of OAM light at XFELs can be realized by
using helical undulators or forming electron bunches with hel-
ical shapes. In the first case, the harmonic radiation in helical
undulators has long been theoretically shown to carry a helical
phase,28–30 but which was experimentally demonstrated only
recently.31–33 However, the intensity of the harmonic emission
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is much weaker than that of the fundamental.29 In order to deal
with this issue, harmonic interaction between a seed laser and an
electron beam in a helical undulator34,35 was further proposed to
generate OAM radiation at the fundamental wavelength. In ad-
dition, schemes to generate OAM radiation by using an external
seed laser with a proper transverse phase structure to form the
electron bunches into a helical pattern36,37 have been proposed.
However, these methods are limited by the availability of exter-
nal seed lasers, or by the harmonic conversion number, espe-
cially at the shortest wavelengths. Also, a transverse-mode
selection method using Bragg reflectors and longitudinal trans-
verse-mode coupling38 has been proposed, but it requires an
XFEL oscillator configuration.

A more straightforward approach to generate X-ray OAM
light is to employ optical elements, such as spiral phase plates
(SPPs),39,40 spiral Fresnel zone plates (SZPs),41,42 and other
diffractive optics43 behind an undulator. In recent years, these
optical elements have been well developed and have been ex-
perimentally demonstrated to produce soft and hard X-ray OAM
light at synchrotron light sources. The design of an SPP typi-
cally features a rotating step with increasing thickness in the
azimuthal direction. As the light beam passes through the
SPP, it collects an azimuthally varying phase, transforming it
into a beam with a helical phase.44 Recently, SPPs made from
fused silica40 have been successfully used to shape synchrotron
radiation at photon energies of 8.2 keV, and are considered for
potential use at XFELs. In addition, the SZP is a unique class of
diffractive optics that not only imparts a spiral phase to the in-
coming beam but also exhibits focusing properties. SZPs with
silicon membranes have been successfully used at an FEL in the
extreme-ultraviolet wavelength range with an efficiency of 17%
and a pulse energy of around 10 μJ.33 However, for obtaining
X-ray OAM radiation with high pulse energies, the efficiency
and thermal loading of these optics can constitute a significant
challenge, especially considering the development of high-
repetition-rate XFELs based on superconducting accelerators.

In this work, we propose a new scheme to generate intense
X-ray vortices that is free from the previous issues. The method
is based on the widely used SASE mode of operation and does
not require helical undulators or external seed laser systems;
thus it can in principle be applied to all existing XFEL user fa-
cilities with minimal hardware additions, especially when in
synergy with self-seeding setups.

2 Principles and Methods
The schematic layout of the proposed method, referred to as
self-seeded FEL with OAM (SSOAM), is shown in Fig. 1.
Several undulator segments are employed as the first stage to
generate an SASE FEL pulse in the linear regime. Then, an
optical element, such as an SPP or SZP, is used to imprint
the helical phase of a low-order OAMmode onto the FEL beam,
generating an OAM seed pulse. Finally, the OAM seed pulse is
significantly amplified in the second-stage undulator. A small
magnetic chicane located between the first stage and the second
stage is needed to detour the electron bunch, removing the mi-
crobunching introduced in the first stage, and resulting in a
small delay below ten femtoseconds between the OAM seed
and the electron bunch. Therefore, a relatively long electron
bunch is requested in this scheme to ensure the amplification
of the OAM seed in the second stage. In addition, fresh
slice45 or twin bunch operation46 can also be employed to obtain
better performance. The drift section between the first stage and
the optical element can be increased to make the transverse size
of the FEL pulses hitting the optics larger, which further reduces
the impinging intensity and therefore minimizes heat-loading
effects. In this case, utilizing an SZP or additional focusing op-
tics may be necessary before entering the second stage.

Previous theoretical analyses indicated that an OAM seed can
be amplified by the FEL process.47,48 In the SSOAM scheme,
however, the SASE pulse filtered by the optical element is not
a pure OAM pulse. We can theoretically analyze how FELmodes
evolve in this scheme. First, we expand the slowly varying
envelope of the electric field in the frequency domain into a
Fourier series in the azimuthal angle ϕ according to Ref. 49,

Ẽðz; r;ϕÞ ¼
X∞
n¼−∞

ẼðnÞðz; rÞ expð−inϕÞ; (1)

Where z and r are the longitudinal and transverse coordinates
with respect to the undulator axis. −n indicates the topological
charge. Each of the azimuthal harmonics is then decomposed into
“self-reproducing” modes,

ẼðnÞðẑ; r̂Þ ¼
X
j

aðnÞj Φnjðr̂Þ expðλðnÞj ẑÞ; (2)

I stage II stage
Chicane

Optical element

Output FEL

FEL pulse in 1st stage Seed pulse in 2nd stage

Fig. 1 Schematic layout of the self-seeded FEL with OAM.
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with r̂ ¼ r∕r0 and ẑ ¼ Γz. r̂ and ẑ are normalized versions of r
and z according to the definition in Ref. 49, where Γ is the gain

parameter. λðnÞj and Φnjðr̂Þ are eigenvalues and eigenfunctions of
the guiding modes, respectively. Assuming no changes in the
transverse profile and typical dimension r0 of the electron beam,
and the same gain parameter during the entire process, the nor-
malization parameters will remain constant during all the steps,
and the FEL eigenmodes obey the eigenvalue equation 49,

½Δn þ gðr̂; λðnÞj Þ�Φnjðr̂Þ þ 2iBλðnÞj Φnjðr̂Þ ¼ 0; (3)

where we recognize that

Δn ≡
� ∂2

∂r̂2 þ
1

r̂
∂
∂r̂ −

n2

r̂2

�
; (4)

is the Bessel differential operator. Here, g is a function of r̂ and

λðnÞj defined in Ref. 49 and B ¼ r20Γω∕c.
Instead, during free-space propagation, the azimuthal har-

monics of the electric field do not evolve in self-reproducing
modes. Since

�
∇2 þ 2iω

c
∂
∂z

�
Ẽ ¼ 0; (5)

after expansion in azimuthal harmonics, we have

�
Δn þ 2iB

∂
∂ẑ

�
Φnjðr̂; ẑÞ ¼ 0: (6)

In the first stage, we have a first azimuthal series of

FEL modes ΦðIÞ
nj satisfying Eq. (3). The modes evolve in

free space before filtering. For simplicity, here we assume that
filtering happens directly at the exit of the first undulator. The
filtering amounts to a change in the phase. A phase of expðilϕÞ
is introduced to the radiation field, which is a reasonable
assumption when using a finely stepped phase plate. We
can therefore write the filtered self-reproducing modes as

ΦðIbÞ
n−l;jðr̂Þ ¼ ΦðIÞ

nj .

The modes ΦðIbÞ
n−l;j need now to be propagated in free space

for a distance δẑ. We call with ΦðIcÞ
n−l;jðẑ; r̂Þ the free-space propa-

gated version of ΦðIbÞ
n−l;j, which obeys

�
Δn−l þ 2iB

∂
∂ẑ

�
ΦðIcÞ

n−l;jðr̂; ẑÞ ¼ 0: (7)

Solving this equation for a propagation distance δẑ, we
obtain

ΦðIcÞ
n−l;jðr̂; δẑÞ ¼

iB
2πδẑ

Z
∞

0

dr̂0r̂0
Z

2π

0

dδϕ0

exp

�
iB
2δẑ

½r̂2 − 2r̂r̂0 cosðδϕ0Þ þ r̂02�
�

×ΦðIÞ
nj ðr̂0Þ exp½−iðn − lÞδϕ0�: (8)

Performing first the integral over the phase, we find

ΦðIcÞ
n−l;jðr̂; δẑÞ ¼

in−lþ1B
δẑ

exp

�
iBr̂2

2δẑ

�Z
∞

0

dr̂0r̂0

exp

�
iBr̂02

2δẑ

�
ΦðIÞ

nj ðr̂0ÞJn−l
�
− r̂r̂0B

δẑ

�
: (9)

To summarize, the field at the entrance of the second stage
amounts to

Ẽðr̂;ϕÞ ¼
X∞
n¼−∞

X
j

aðnÞj expðλðnÞj ẑ1ÞΦðIcÞ
n−l;jðr̂Þ exp½−iðn − lÞϕ�;

(10)

where ẑ1 indicates the normalized position in the first stage. One
may approximate j ¼ 1 as fixed because we assume good mode
selection in the first stage. Then, the contribution to the field at
the entrance of the second stage can be approximated to

Ẽðr̂;ϕÞ ¼
X∞
n¼−∞

aðnÞ1 expðλðnÞ1 ẑ1ÞΦðIcÞ
n−l;1ðr̂Þ exp½−iðn − lÞϕ�

≡
X∞
n¼−∞

AðnÞΦðIcÞ
n−l;1ðr̂Þ exp½−iðn − lÞϕ�: (11)

All the contributions for all values of n will enter the second
stage with a topological charge h ¼ −ðn − lÞ.

Now, the FEL eigenmodes in the second stage obey

½Δm þ gðr̂; λðII;mÞ
k Þ�ΦðIIÞ

m;kðr̂Þ þ 2iBλðII;mÞ
k ΦðIIÞ

m;kðr̂Þ ¼ 0; (12)

and we can decompose

ΦðIcÞ
n−l;1ðr̂; δẑÞ ¼

X
k

αkΦ
ðIIÞ
n−l;k: (13)

Since the orbital momentum should be conserved, each of the

components ΦðIIÞ
n−l;k carries a fraction of the total OAM with

topological charge −ðn − lÞ. Each mode will be amplified at
different rates for different values of k. Assuming good mode
selection, the mode for k ¼ 1 will be dominant for the topologi-
cal charge −ðn − lÞ. However, all the FEL modes with fixed
−ðn − lÞ and different k will contribute to an OAM field distri-
bution with the same topological charge given as

Ẽðn−lÞðr̂;ϕÞ ¼ AðnÞX
k

αkΦ
ðIIÞ
n−l;k exp½−iðn − lÞϕ�

expðλðII;n−lÞk ẑ2Þ; (14)

where ẑ2 indicates the normalized position in the second stage.
In this sense, these modes will not be in competition. The com-
petition will come from modes with different topological
charges.

The contribution for n ¼ 0 corresponds to the fundamental
FEL mode and will be dominant in the first stage. As a result,
the seed pulse in the second stage is mainly composed of the
h ¼ l mode. In particular, the component of the h ¼ 0 mode
of the seed pulse is transformed from the −l mode in the first
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stage. Therefore, it is important for the proposed method to
properly optimize the undulator settings of both stages to ensure
a good amplification of the h ¼ l mode at the second stage.

3 Results
To further illustrate the proposed scheme, a detailed example
based on the parameters of European XFEL23 is studied with
GENESIS50 simulations. A 14 GeV electron beam with a nor-
malized emittance of 0.5 mm.mrad, a bunch length of 20 fs, and
a current flattop profile of 5000 A is assumed here to produce
nine keV FEL pulses. The electron beam is sent to the first stage
and generates SASE pulses with energies of a few microjoules
or less. Then, an SPP is used to impart a helical phase of
expðiϕÞ, corresponding to l ¼ 1, on the SASE pulse. We as-
sume the intensity of the pulse is unchanged by the SPP. The
distance between the SPP and both undulator sections is set
to 2 m. For simplicity, the SASE pulse interacts with a fresh
electron beam with an unchanged bunch length in the second
stage.

As indicated by the theoretical analysis, the h ¼ 0 mode of
the SASE pulse is transformed to the h ¼ 1 OAM mode while
the the h ¼ −1 mode is transformed to the h ¼ 0 mode after the
filtering. Therefore, the resonance and taper of the first stage
undulator need to be optimized to achieve the largest possible
ratio of the h ¼ 0 mode while keeping the pulse energy small.
Meanwhile, the undulator of the second stage needs to be opti-
mized to achieve the strongest possible amplification of the
h ¼ 1 mode.

In the simulation, nine undulator segments with a length of
5 m and a 40 mm period are employed as the first stage. The
optimization of the first-stage undulator suggests a slight reverse
taper withΔK∕K ¼ −0.18%. In this case, an SASE pulse with a

pulse energy of 9.58 μJ is obtained at the end of the first stage.
The mode decomposition of the pulse shows that the relative
weight of the h ¼ 0, h ¼ −1, and h ¼ 1 modes are 91%,
3%, and 3%, respectively. The temporal power profile and trans-
verse profile of the pulse are shown in Figs. 2(a) and 2(b), re-
spectively. The FEL pulse is then propagated sequentially
through the free-space section, the SPP, and the second free-
space section, before being amplified as a seed in the second
stage. As shown in Figs. 2(c) and 2(d), the seed pulse mainly
consists of the h ¼ 1 mode, with a ratio of 91%. The ratio of the
h ¼ 0 mode of the seed pulse is 3%.

The OAM seed pulse is amplified in the second stage, which
consists of seven undulator segments. To ensure optimal gain for
the h ¼ 1mode, the undulator taper is optimized to a strength of
ΔK∕K ¼ −0.06%. The gain curves of pulse and different OAM
modes are shown in Fig. 3. The pulse energy reaches 430.17 μJ
at the end of the undulator. The modes h ¼ 0 and h ¼ 2, which
transform from h ¼ −1 and h ¼ 1 in the first stage, respectively,
have similar initial components in the second stage but grow at
very different rates. At the exit of the second stage, the h ¼ 1
mode is amplified 43.5-fold and approaches saturation. The ra-
tio of the h ¼ 1 mode is first increased to 95% and then slowly
decreased to 88%. The ratio of the h ¼ 0 mode reaches 9% at
the end of the second stage. Figures 4(a) and 4(b) show the
transverse profiles of the pulse at the exit of the fifth undulator
cell, where the pulse energy is 184.44 μJ and the ratio of the h ¼
1 mode is 93%, and the end of the seventh cell, respectively.
Figure 4(c) presents the transverse phase distribution at the po-
sition in the pulse with a peak power of 92 GW, located at
1.58 μm in Fig. 4(d).

Figure 5(a) presents the variation of the different OAM
modes contained in the FEL pulse at the exit of the fifth

(a) (b)

(c) (d)

Fig. 2 Temporal power of the FEL pulse at (a) the end of the first stage and (c) the entrance of the
second stage decomposed into OAM modes. The corresponding transverse profiles of the pulse
at these two positions are shown in (b) and (d), respectively.
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undulator cell of the second stage as the total phase shift, i.e.
2πl, imprinted by the SPP changes. The results show that the
proposed scheme can tolerate relatively large phase shift varia-
tions due to imperfections in optical element fabrication or
changes in photon energy. With the introduction of phase shifts
from 1.7π to 2.4π, corresponding to l ¼ 0.85 to l ¼ 1.2, pulses
with h ¼ 1 mode ratio exceeding 80% can be obtained.
Moreover, the results also indicate that the proposed method
can be used to effectively amplify the h ¼ 2 mode. FEL pulses
with 84% of h ¼ 2 mode and pulse energy of 52 μJ can be ob-
tained when the introduced phase shift is 4π. High-order OAM
modes with topological charge larger than 2 cannot be well am-
plified due to stronger diffraction.36,47

To simulate the effects of a weaker seed power, we assume
that the use of an optical element still introduces expðiϕÞ into
the SASE pulse but with an efficiency of only 10%, while
the undulator settings remain unchanged. In comparison to
Fig. 2(c), the pulse energy of this seed pulse is reduced to

(a) (b)

(c) (d)

Fig. 4 Transverse profile of the FEL pulse at the end of (a) the fifth cell and (b) the second stage.
(c) Transverse phase distribution at the position of maximum power in the pulse. (d) Temporal
power profile of the pulse at the end of the second stage.

(a) (b)

Fig. 5 (a) Variation of the different OAM modes with the change of the imprinted total phase shift.
(b) Gain curves of different OAM modes at the second stage starting from a weaker seed pulse.

Fig. 3 Gain curves of different OAM modes along the second
stage.
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0.96 μJ. As shown in Fig. 5(b), the h ¼ 1 mode can be ampli-
fied 107-fold in the second stage even if it starts with a much
weaker seed pulse. At the exit of the seventh undulator cell, the
pulse energy reaches 107.16 μJ, where the ratios of the h ¼ 1
and h ¼ 0 modes are 87% and 9%, respectively. The FEL pulse
can be further amplified to 307.94 μJ when nine undulator cells
are employed. In this case, the ratios of the h ¼ 1 and h ¼ 0
modes are 78% and 17%, respectively.

4 Conclusion
We proposed a scheme to produce high-intensity short-
wavelength vortices. Theoretical analysis and simulations dem-
onstrate that the introduction of an OAM mode to an FEL beam
using an optical element leads to changes in multiple transverse
modes of the FEL beam, where the dominant OAMmode can be
amplified by more than two orders of magnitude. Since the
SSOAM scheme is based on the SASE operation, it can be
enabled in a wide range of wavelengths, including extreme
ultraviolet, soft, and hard X-rays. In combination with the self-
seeding scheme, introducing OAM to a weak and monochro-
matic seed pulse and further amplifying it, narrow bandwidth
X-ray vortices can be generated. The proposed method paves
the way for the realization of high-power and high-repetition-
rate X-ray vortices and promises to open up new ways for prob-
ing matter with such light, such as time-resolved twisted X-ray
diffraction techniques.51
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Abstract. Laguerre-Gaussian (LG) modes, carrying the orbital angular momentum of light, are critical for
important applications, such as high-capacity optical communications, superresolution imaging, and
multidimensional quantum entanglement. Advanced developments in these applications demand reliable
and tunable LG mode laser sources, which, however, do not yet exist. Here, we experimentally
demonstrate highly efficient, highly pure, broadly tunable, and topological-charge-controllable LG modes
from a Janus optical parametric oscillator (OPO). The Janus OPO featuring a two-faced cavity mode is
designed to guarantee an efficient evolution from a Gaussian-shaped fundamental pump mode to a
desired LG parametric mode. The output LG mode has a tunable wavelength between 1.5 and 1.6 μm with
a conversion efficiency >15%, a controllable topological charge up to 4, and a mode purity as high as
97%, which provides a high-performance solid-state light source for high-end demands in multidimensional
multiplexing/demultiplexing, control of spin-orbital coupling between light and atoms, and so on.
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1 Introduction
Laguerre-Gaussian (LG) modes with unique spiral wavefronts are
the paraxial solutions of the scalar Helmholtz equation in cylin-
drical coordinates, which can be distinguished by an azimuthal
index l and a radial index p, i.e., LGðl; pÞ. In 1992, Allen et al.
demonstrated that an LG mode carries an orbital angular momen-
tum (OAM) of lℏ per photon,1 where l is called the topological
charge (TC). Their pioneering work has significantly boosted the
applications of LG modes from optical trapping and optical
tweezer to optical communications, superresolution imaging,
precision measurement, quantum information processing, and
so on.2–9 In turn, these high-end demands have triggered the

developments of LG-mode laser sources in recent years.10–17

Almost all the applications benefit from the high purity of an
LG laser source, such as improved signal-to-noise ratio in rotation
measurement, enhanced resolution in fluorescence imaging, and
optimized coupling with an OAM photonic chip.18–20 High-power
laser output of LG mode could provide an effective way to
decrease thermal noises in gravitational-wave detection.21 In par-
ticular, LG laser sources are expected to bewavelength-tunable for
wavelength division multiplexing in OAM-based high-capacity
optical communication, investigation of spin-orbital coupling with
various atoms in quantum storage and isolation, and excitations of
versatile fluorescence in superresolution imaging.19,22–25 However,
these advanced applications are severely hampered by the limited
wavelength bandwidth and mode purity in previous LG mode la-
sers. A reliable and broadband-tunable LGmode laser source does
not yet exist.
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The optical parametric oscillator (OPO) has been recognized as
one of the most popular tunable sources.26–29 A pump wave with
frequency of ωp generates two parametric waves,30 i.e., signal
and idler waves at the frequencies of ωs and ωi, respectively,
through the second-order nonlinear downconversion process.
It satisfies the energy conservation of ωp ¼ ωi þ ωs. By con-
trolling the phase-matching condition for momentum conserva-
tion, one can obtain wavelength-tunable output of the generated
parametric waves.31 An OPO system is capable of outputting
broad wavelengths covering ultraviolet (UV), visible, and infra-
red bands, which makes it an excellent candidate for broadband
output of high-quality LG modes. There are two reported con-
figurations. One is to build a traditional OPO outputting a

Gaussian mode, and then convert it to an LGmode using a spiral
phase plate, a fork grating, a Q-plate, a vector vortex waveplate
(VVW), or a spatial light modulator [Fig. 1(a)].6,32–35 Because
these devices only introduce a spatial phase modulation, the
generated beam is actually a superposition of various higher-
order LG modes with the same azimuthal index l but a different
radial index p, i.e.,

P
pLGðl; pÞ. Although the conversion effi-

ciency of a commercial device reaches 95%, it suffers from poor
mode purity,36,37 and generally, the higher the TC is, the lower
mode purity becomes (typically 80% and 60% for LG(1, 0) and
LG(2, 0) modes, respectively). See Note 1 in the Supplementary
Material for details. The other approach is to oscillate an LG
mode inside the OPO cavity [Fig. 1(b)] by utilizing the fact that

Fig. 1 Different cavity modes in OPO and Janus OPO designs. (a) A Gaussian-pumped OPO
oscillating in a fundamental Gaussian mode. (b) An LG-pumped OPO with an LG cavity mode
and an LG output mode. (c) A specially designed Janus OPO that is pumped by a Gaussian mode
but outputs an LG mode. (d) A one-round-trip mode conversion without an imaging system. An LG
mode passing through a VVW produces a hollow Gaussian beam, which evolves into a Gaussian-
like mode after a certain propagation. However, the hollow Gaussian beam cannot recover itself
without the equivalent lens as in panel (e) and neither can the LGmode. (e) A one-round-trip mode
conversion inside a Janus OPO. The input coupler with a radius curvature of R1 can be seen as an
equivalent lens with a focusing length of 2f ¼ R1. Therefore, the light field after the VVW, which is
set at the curvature center, will recover itself at the same position after being reflected by the input
coupler.
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LG modes are Eigen cavity modes,38,39 which could also extend
the output wavelength.40 In comparison to a Gaussian-mode
OPO system, the frequency conversion of an LG mode is less
efficient because its donut-shaped profile has a much lower
power density. In addition, the output mode quality is not as
good as had been hoped. The fiber laser is another potential
platform for broadband output of LG mode, but it suffers from
low mode purity as well.41,42

Here, we propose and experimentally demonstrate a Janus
OPO based on quasi-phase-matching (QPM) configuration43–47

for highly efficient output of highly pure, broadly tunable,
and TC-controllable LG modes [Fig. 1(c)]. The Janus cavity that
we have previously studied features two-faced transverse-mode
structures (like the god Janus in ancient Roman mythology),
which combines the advantages of both Gaussian and LG cavity
modes.48 The nonlinear crystal, i.e., a periodically poled lithium
niobate (PPLN) crystal, is set next to the front mirror to fully
utilize the Gaussian-like front face of Janus cavity mode for high
conversion efficiency. Most importantly, due to the introduction
of an intracavity imaging system, the generated parametric light
is naturally converted into a designed LGmode at the output port
of the cavity. The cavity loss is significantly reduced because no
additional spatial mode filter is used inside the cavity. The
experimental results present a high-performance LG mode
source beyond the existing methods. For the generated signal
LG beam, the wavelength is tunable between 1.5 and 1.6 μm,
the conversion efficiency is >15%, the TC is controllable up
to 4, and most importantly, the mode purity can reach 97%.

2 Janus Cavity Theory
As shown in Fig. 1(c), the Janus cavity has a two-faced cavity
mode, distinguishing itself from the traditional cavity mode con-
figuration [Figs. 1(a) and 1(b)]. The front face at the input mirror
has a Gaussian profile to achieve a better conversion efficiency
because of its higher power density relative to the LG mode. The
back face at the end mirror is a donut-shaped LG profile, which
guarantees the direct output of a high-purity LG mode. The key
question is how to smoothly evolve the cavity mode from a
Gaussian profile to an LG profile, and vice versa, without break-
ing the cavity mode reversibility. The general idea is to directly
put a spatial phase modulator, such as a VVW, into the cavity to
complete the mode conversion.14,49 However, phase modulation
alone is not sufficient to perform a perfect spatial mode conver-
sion due to lack of necessary amplitude modulation. Let us
consider an ideal LG mode at the output mirror. As shown in
Fig. 1(d), it propagates through the VVW, which produces a
beam superimposed by multiple modes in Part I of the Janus
OPO rather than a single mode, as in a traditional cavity.50

This superimposed beam of multiple spatial modes hardly keeps
its profile during free propagation. Therefore, the VVW alone
cannot convert it back into the same LG mode as the initial one
[Fig. 1(d)], which breaks the spatial mode reversibility inside the
cavity. Under this situation, previous reports used an iris to filter
out the unwanted high-order mode, which introduces a substan-
tial cavity loss and severely limits laser performance.14,49

To realize an ideal Janus OPO [Fig. 1(c)], the mode revers-
ibility has to be simultaneously satisfied for multiple modes in
Part I of the cavity.48 The key is to introduce an imaging system
into the cavity. In our experiment, we use a concave front (input)
mirror as an equivalent imaging lens for the compact Janus OPO
design [Fig. 1(c)]. Figure 1(e) shows the transformation of Janus
cavity mode in a round trip. When the imaging system works

properly, the multiple spatial modes will repeat themselves after
passing through the equivalent lens (i.e., being reflected back at
the concave front mirror). Then, the VVW can convert them
back into an ideal LG mode in Part II of the Janus OPO,
and the reversibility condition inside the cavity can therefore
be perfectly fulfilled in principle. In addition, the cavity mode
profile near the front mirror is required to match the pump
Gaussian mode. In our Janus cavity design, the multiple modes
after an LGmode passing through the VVW compose a so-called
hollow-Gaussian beam,50 which naturally evolves into a spatial
profile very close to a Gaussian mode after a certain propagation
distance [Fig. 1(d)]. See Note 3 in the Supplementary Material
for the detailed mathematics in designing a Janus cavity. In com-
parison to previous designs, all the spatial modes during mode
conversion are fully utilized in such a Janus cavity. Therefore, the
cavity loss greatly decreased and the output performance signifi-
cantly improved.

3 Results

3.1 Experimental Setup of the Janus OPO

Figure 2(a) shows the experimental setup of a Janus OPO for
generation of an LG-mode signal beam. Its output wavelength
is designed to be tunable within the optical communication
band. Two concave mirrors form the input and output couplers,
which are coated for high reflectivity at the signal wavelength. A
PPLN crystal serves as the nonlinear medium, which has multi-
ple channels to extend the QPM bandwidth. The pump beam is
generated by a 1064-nm pulsed nanosecond laser and focused
into the crystal with a spot size of 200 μm in diameter, which
matches the size of signal Gaussian-like face inside the crystal
(see Note 4 in the Supplementary Material). Besides the Janus
cavity mode as discussed above, the polarization of the field in
the cavity is also precisely controlled to facilitate the parametric
downconversion and mode conversion. In the PPLN crystal,
both the pump and signal waves polarize vertically to utilize
the biggest nonlinear coefficient d33 of the PPLN crystal for
high conversion efficiency. By changing the temperature and
selecting a channel of the PPLN crystal, the output wavelength
of signal wave can range from 1480 to 1650 nm (see Note 2 in
the Supplementary Material for the details). The next mode
conversion subsystem includes a Faraday rotator (FR), a quarter-
wave plate (QWP), and a VVW (the system has a work band-
width of 1550 nm� 50 nm). The VVW has a distinct q factor,
with its value being a positive multiple of 1/2. In the forward
propagation direction, a TC of l ¼ �2q is loaded onto the signal
wave, which will be canceled when it passes through the VVW
again on its way back. To generate a high-purity LG mode at the
output, the cavity mode in Part I should be reconfigured to form a
superposition of multiple spatial modes, which is automatically
achieved by the Janus cavity design. Here, we use a concave
input coupler and set the VVW at its curvature center, which
composes a symmetric imaging system to satisfy the condition
of multimode reversibility in Part I of the Janus OPO [Fig. 1(e)].
In principle, an ideal LG mode propagates in Part II of the cavity.
Such a stable Janus cavity mode is confirmed by numerical cal-
culations based on the Fox–Li simulating process [Fig. 2(b)].
The cross sections of the Janus modes for different TCs show
how a Gaussian-like mode is naturally transformed to a desired
LG mode (See Appendix A and Note 4 in the Supplementary
Material for the details). It should be noted that the mode
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conversion process requires a circularly polarized signal wave on
the VVW. To fulfill the polarization reversibility in the cavity, we
add an FR and a QWP to accomplish the polarization control (see
Note 5 in the Supplementary Material for the details).

3.2 Performance of the Janus OPO

First, we demonstrate the generation of high-purity LG(1, 0) and
LGð−1,0Þ modes. AVVW with q ¼ 1∕2 is used to introduce a
TC of l ¼ �1. The sign is controlled by the orientation of the
QWP. Under QPM configuration, the vertically polarized pump
beam produces a vertically polarized signal beam in the PPLN
crystal. After passing through the FR, the signal beam has a
45 deg linear polarization. When the fast axis of the QWP ori-
ents vertically (or horizontally), the signal polarization is further
changed to a left- (or right-) circularly polarized one, resulting in
l ¼ 1 (or −1) after the VVW (Fig. 2) (see Note 5 in the
Supplementary Material). The intensity patterns of the output

LG(1, 0) and LGð−1,0Þ modes at 1550 nm showed in Figs. 3(a)
and 3(b) exhibit high-quality donut intensity distribution without
observable sidelobes. Clearly, the undesired higher-order LG
modes (p > 0) are significantly suppressed by the Janus OPO
cavity. Further modal analyses in Figs. 3(a) and 3(b) show that
the generated LG(1, 0) and LGð−1,0Þ modes have mode
purities of 96.6% and 97.0%, respectively (see Note 6 in the
Supplementary Material for the modal analysis process). The
mode purity is greatly enhanced in comparison to the typical
value of ∼80% using a VVW outside the cavity.37 Our specially
designed Janus OPO is also suitable for generating high-order,
high-purity LG modes [Fig. 2(b)]. As a demonstration, VVWs
of q ¼ 1 and q ¼ 2 are used to generate LGð�2,0Þ and
LGð�4,0Þmodes. Since LGð�l; 0Þmodes experience the similar
transverse-mode evolution in the OPO, we only show the results
of LG(2, 0) and LG(4, 0) modes [Figs. 3(c) and 3(d)]. The mode
purities of 95.2% for the output LG(2, 0) mode and 93.7% for the
LG(4, 0) mode are much superior to the 60% and 50% values

Fig. 2 Experimental setup and Janus mode simulation. (a) The PPLN crystal, as the nonlinear
medium, transforms one pump photon into a signal photon and an idle photon through the QPM
parametric downconversion process. The input/output couplers are coated for high reflectivity at
the signal wavelength. The FR, QWP, and VVW form a mode conversion setup inside the cavity.
The QWP alters the vertical polarization of the signal beam to circular polarization so that the
spin-OAM conversion can happen on the VVW to achieve the desired Gaussian-to-LG mode con-
version. The output LG mode can be changed by rotating the QWP or replacing the VVW. FR is
used to keep the signal wave to be vertically polarized inside the PPLN crystal. (b) Janus cavity
modes for l ¼ 1, 2, and 4 and their cross sections at different distances of 0, 25, 50, 75, and
130 mm away from the input coupler.
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using VVWs outside the cavity.37 It should be noted that the
VVWs should be precisely collimated with the optical axis of
the cavity to realize a high-purity output of LG modes. See
Note 7 in the Supplementary Material for details.

In our experiment, the output wavelength of the Janus OPO
can be tuned by changing the QPM channel and the temperature
of the PPLN crystal. The Janus OPO shows excellent perfor-
mance within the designed wavelengths ranging from 1500
to 1600 nm. As shown in Fig. 4(a), the conversion efficiency
of the signal LG mode surpasses 10% in most of the working
wavelengths. Under a pump power of 4.2 W, the conversion
efficiencies for LG(1,0), LG(2, 0), and LG(4, 0) modes at
1550 nm reach 15.3%, 15.8%, and 15.6%, respectively. Notably,
the Janus OPO maintains a high conversion efficiency for
high-order LG modes. In comparison to the output performance
of the signal Gaussian mode in a traditional OPO system
[Fig. 4(a)], the slightly decreasing conversion efficiencies for
the outputs of LG modes can be mainly attributed to the limited
mode conversion efficiency of VVWs shown in Table S1 in the
Supplementary Material and the reflection losses from the FR
and QWP. Figure 4(b) compares the power dependence of the
output LG(1,0) mode on the pump power at 1525, 1550, 1575,
and 1600 nm, respectively, whose thresholds are 1.6, 1.1, 1.2,
and 1.5 W, respectively. The differences in the threshold and
conversion efficiency for different wavelengths can be attributed
to the fact that the intracavity optical components are not
uniformly optimized at all the wavelengths. Figure 4(c) depicts
the modal analysis results of the output LG(1, 0) mode at the

wavelengths of 1525 and 1575 nm, which show high mode
purities of 97.1% and 95.9%, respectively. The bandwidth of
this Janus OPO can be further extended using ultrawideband
optical components as intracavity elements.

4 Discussion
We have proposed and experimentally demonstrated a Janus
OPO system for generating highly efficient, highly pure,
broadly tunable, and TC-controllable LG modes. Such a Janus
OPO distinguishes itself by possessing a two-faced cavity
mode, which makes use of the distinct advantages of both
the Gaussian and LG cavity modes. The front (input) face
has a Gaussian profile to achieve the high-efficiency nonlinear
frequency conversion, while its back (output) face is a donut-
shaped LG profile that guarantees the direct output of a desired
high-purity LG mode from the cavity. The key to realizing such
a Janus OPO is the introduction of an imaging system to facili-
tate the perfect intracavity mode conversion. In this work, the
Janus OPO is designed for the Gaussian-to-LG mode conver-
sion of the signal light, which can be easily adjusted to output
an LG mode at the idler wavelength. The conversion efficiency
of the Janus OPO could be further enhanced by use of a double-
pass pump configuration.47 In addition, by selecting proper
optical components, our experimental configuration can be
readily extended to visible and UV wavelength bands, as well
as to generate tunable vector beams and multidimensional
quantum entangled sources. The excellent features of the LG
modes from our Janus OPO (e.g., wavelength tunable between

Fig. 3 TC-controllable generation of high-purity LGðl ; 0Þ modes at the wavelength of 1550 nm.
Modal analyses show high mode purities of 96.6%, 97.0%, 95.2%, and 93.7% for (a) LG(1, 0),
(b) LG(–1, 0), (c) LG(2, 0), and (d) LG(4, 0) modes, respectively. The insets are the intensity
patterns of the corresponding LG modes.
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1.5 and 1.6 μm, conversion efficiency >15%, and mode purity
>97%) can meet the critical requirements of high-level appli-
cations such as high-capacity optical communications, high-
precision sensing and measurements, and superresolution
imaging. In addition, the linewidth of LG modes could be
narrowed using a continuous wave (CW) pump laser, enabling
potential investigation of spin-orbital coupling with various
atoms in quantum applications.

5 Appendix A: Experimental Setup
As shown in Fig. 2(a), a PPLN crystal with dimensions of
25ðxÞ × 12.3ðyÞ × 1ðzÞ mm3 serves as the nonlinear medium.
Both of its end faces have a transmittance >99% in the
1380- to 1800-nm wavelength range. It is mounted inside an
oven with the temperature tunability up to 150°C. The input
coupler (with a radius of curvature of 75 mm) is coated with
a high transmittance (>99%) at 1064 nm and a high reflectivity
(>99%) at 1450 to 1650 nm, while the output coupler (with a
radius of curvature of 125 mm) is coated with a transmittance of
30% at 1450 to 1650 nm. The cavity length is 140 mm, satisfy-
ing the stability condition of a resonator. A pump beam (wave-
length of 1064 nm, repetition rate of 22 kHz, pulse width of
45 ns, linewidth of 5 nm) is generated by a nanosecond-pulsed
fiber laser (YDFLP-M7-3-PM, JPT Co.). It is focused by a lens
into a 200-μm-in-diameter spot inside the crystal. The PPLN
crystal has 10 channels. In the experiment, we use four channels

with periods of 31.02, 30.49, 29.98, and 29.52 μm, respectively.
Under the pumping wavelength of 1064 nm, the output signal
wave with a wavelength bandwidth of 1.4 nm (see Notes 2 and 8
in the Supplementary Material for details) can be tuned from
1480 to 1650 nm in the temperature range from 25°C to
138°C. An FR, a QWP, and a VVW are inserted into the cavity
to achieve the reversible mode conversion inside the cavity.
VVW is a spatially variant half-wave plate whose optical axis
rotates continuously around a singularity point. All their work-
ing wavelength bandwidths are from 1500 to 1600 nm. The
VVW is placed at a distance of 90 mm away from the input
coupler, where the curvature center of the input coupler is, con-
sidering the effective length due to the high refractive index of
the PPLN crystal. VVWs of q ¼ 0.5, 1, 2 have been used to
generate LGðl; 0Þ modes with different TCs. The output inten-
sity patterns are recorded by a laser beam profiler (LBP,
Newport Corp.).

6 Appendix B: Cavity Mode Simulations
The numerical simulations have been carried out based on the
Fox–Li method. A one-round-trip transition of the cavity mode
can be described in what follows. A parametric wave starting
from the input coupler travels a distance of LA and passes
through the VVW with a TC of l (or −l). After traveling a
distance of LB, the parametric wave is reflected by the output
coupler and propagates backward. The TC is canceled when the

Fig. 4 Wavelength tunable high-purity LG modes. (a) Dependence of the conversion efficiencies
of LG modes (l ¼ 1, 2, 4) on the wavelength ranging from 1500 to 1600 nm at a pump power of
4.2 W, showing high conversion efficiencies at the designed bandwidth. (b) Dependences of
output powers of LG(1, 0) mode on the pump power at 1525, 1550, 1575, and 1600 nm, respec-
tively, showing high-quality OPO output performances. (c) Modal analysis for the output LG(1, 0)
mode at the wavelengths of 1525 and 1575 nm, showing the mode purity up to 97.1%.
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parametric wave passes through the VVW along the opposite
direction. Finally, the parametric wave reaches the input mirror
to finish its one-round-trip transition. The parametric wave re-
peats the cycle until a stable cavity mode is formed. Base on
angular spectrum theory, the iterative procedure described above
is calculated step by step using MATLAB programming.
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Characteristics of a Gaussian focus embedded
within spiral patterns in common-path
interferometry with phase apertures
Yizhou Tana,b and Ying Gua,b,*
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Abstract. A phase-only method is proposed to transform an optical vortex field into desired spiral diffraction–
interference patterns. Double-ring phase apertures are designed to produce a concentric high-order
vortex beam and a zeroth-order vortex beam, and the diffracted intensity ratio of two beams is adjustable
between 0 and 1. The coherent superposition of the two diffracted beams generates a brighter Airy spot
(or Poisson spot) in the middle of the spiral pattern, where the singularity for typical vortex beam is
located. Experiments employing circular, triangular, and rectangular phase apertures with topological
charges from 3 to 16 demonstrate a stable, compact, and flexible apparatus for vortex beam conversion.
By adjusting the parameters of the phase aperture, the proposed method can realize the optical Gaussian
tweezer function and the optical vortex tweezer function simultaneously along the same axis or switch the
experimental setup between the two functions. It also has potential applications in light communication
through turbulent air by transmitting an orbital angular momentum-coded signal with a concentric beacon laser.

Keywords: finite aperture diffraction; phase-only beam transformation; orbital angular momentum; common-path interferometry;
optical manipulation; light transmission through turbulent air.
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1 Introduction
Optical waves carrying orbital angular momentums (OAMs)
have been applied in optical manipulation, microscopy, quan-
tum optics, and information encoding1 since its first discovery
by Allen et al. 30 years ago.2 To expand the controllability of
optical vortices, efforts have been made to modify the doughnut-
shaped intensity distribution of the vortex beams, such as using
the interference of Laguerre–Gaussian (LG) beams in a Mach–
Zehnder interferometer to rotate optically trapped particles,3

generating tiny dark spot diffraction of nonzero LG laser beams
by an opaque disk,4 generating continuously adjustable vortex
beams by coaxial or small-angle interference,5 using laser beams
of different wavelengths incoherently overlaid to produce a sub-
diffraction dark spot,6 or generating concentric multirings by
compound spiral phase plates.7

An important feature of the optical vortex beams is that
the beam axis marks a singularity in the optical phase, and
the amplitude of light becomes zero. Therefore, generating a
bright Gaussian focus embedded with a spiral pattern remains
challenging. Existing technology, such as computer-generated
holograms, can generate a vortex beam of arbitrary patterns,
including the diffraction–interference patterns studied in this
work.8,9 However, optical elements have to be carefully aligned
in the holographic off-axis optical system, which makes it
infeasible in long-term optical trapping with high positioning
accuracy. Meanwhile, although a metasurface plate allows con-
version of a polarized input beam into an arbitrary vortex mode,
it is not possible to modify the operating parameters dynami-
cally in a prefabricated metasurface.10,11

The generalized phase contrast (GPC) method converts a
pattern of phase modulation into the corresponding intensity
distribution.12,13 Inspired by GPC, we propose a method for
transforming an optical vortex field into the desired spiral*Address all correspondence to Ying Gu, guyinglaser@sina.com
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interferograms. Amplitude aperture is referred to as the hole on
an optically opaque screen, and its diameter determines the
diameter of the bundle of rays traversing through. Different from
a triangular amplitude aperture, which produces a triangular lat-
tice correlated with the topological charge of the vortex beam in
the far-field plane,14,15 we designed double-ring phase apertures
to generate a concentric diffraction field. Based on the interfer-
ence of the two diffraction fields, a sharp focus laser spot can be
embedded into the middle of the spiral fringes.

Our experimental results have potential applications for
micromanipulation: the measurements of torque, angle, and dis-
placement of small objects such as enzymes link, protein bind-
ing, and DNA molecules require central trapping with rotation
controls.11,16 Verification of quantum entanglement needs the
petal-like fringes containing a brighter reference point for the
rotation angle identification, and twisted light transmission at
long distances will need a concentric brighter beacon laser
inside the encoded vortex beams to resolve the atmospheric
turbulence problems.17,18

2 Principle
In this work, the experimental principle includes three main is-
sues: the design of the double-ring phase-aperture, the diffrac-
tion theory for phase element, and the coherent combination
between the vortex beam and Gaussian beam.19–21

2.1 Phase Only Transform

The double-ring phase-aperture is made of a transparent element
which is divided into two parts: the inner circle zone of radius
r1 and the ring zone between r1 and out radius r2 , as shown
in Fig. 1.

The double-ring phase-aperture is specially designed to
realize three functions: (1) The element splits incident light
at a designated ratio into two separate subbeams with phase dif-
ference. (2) The helical phase modulation profile, covered on
the local zone, is able to generate a subbeam carrying OAM.
(3) Diffraction patterns in the far-field are created by finite aper-
ture diffraction. In the rest of this work, the double-ring phase-
aperture element is frequently referred to as “phase aperture”
for short.

The beam conversion process is shown in Fig. 1. In the far-
field, the diffracted intensity distribution Ipðx; yÞ ¼ jEpðx; yÞj2.

The diffracted electric field distributions Epðx; yÞ for the circu-
lar aperture (annular and polygon aperture) are expressed by
Eqs. (S1)–(S4) in the Supplemental Material. Full details of
the diffraction-interference calculation for vortex beams are
given in the Supplemental Material.

2.2 Common-Path Interference Scheme

In our experiments, one zone of the double-ring phase-aperture
element is covered with the helical phase modulated profile
expðilθÞ with the topological charge l and the azimuthal angle
θ, and the other zone has a uniform phase profile.

When a plane wave beam passes through the double-ring
phase apertures, the incident beam is split into high-order vortex
beam A and zeroth-order vortex beam B. A simple and compact
optical interference setup is shown in Fig. 1 and Fig. S1 in the
Supplemental Material, in which the subbeam A and concentric
subbeam B travel along essentially the same path.20,22,23

2.3 Interference between Two Diffraction Fields

The compound patterns, such as the Gaussian laser focus em-
bedded with spiral petal-like fringes, are observed. We explain
the physical reasons behind this result based on the theoretical
model: (1) Both the vortex beam and the plane wave (or
Gaussian laser) beam are converted into Fraunhofer diffraction
fields through a finite aperture. (2) The coherent superposition
of two diffraction fields generates interference fringes in the
far-field.

Case I: The inner circle zone outputs a vortex beam, and the
circular phase aperture generates the diffraction electric distri-
bution Ecircularðx; yÞ in the far-field. The ring zone without phase
modulation outputs a Gaussian beam. The annular phase
aperture generates the diffraction electric field Eannularðx; yÞ
in the far-field, which creates the Poisson diffraction spot on
the optic axis, as shown in Fig. S1(e) in the Supplemental
Material.4,24 In Fig. 1(a), when the coherent superposition be-
tween Ecircularðx; yÞ and Eannularðx; yÞ occurs in the far-field,
the resulting compound pattern is a spiral petal-like fringe with
the brighter Poisson spot in the middle.
Case II: The circular inner zone outputs a Gaussian beam,
which generates the diffraction electric distribution Ecircularðx; yÞ
with a brighter spot on the optic axis, called an Airy spot

Fig. 1 Interference between diffracted vortex beam and diffracted plane wave beam through a
phase aperture in common-path interferometry. (a) Case I: the inner circle zone (≤ r1) is covered
with the helical phase-modulated profile expði lθÞ with the topological charge l ¼ 3. The ring zone
(≥ r1;≤ r2) is without phase modulation and outputs a Gaussian beam. (b) Case II: the circle zone
(≤ r1) is without phase modulation. The ring zone (≥ r 1;≤ r 2) is covered with the helical phase-
modulated profile expði lθÞ with the topological charge l ¼ 3.
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in Fig. S1(i) in the Supplemental Material. The ring zone
outputs a vortex beam, which generates the diffraction electric
field Eannularðx; yÞ in the far-field. The coherent superposition
between Ecircularðx; yÞ and Eannularðx; yÞ results in a compound
pattern in the far-field, which has propeller-like fringes with the
brighter Airy spot in the middle in Fig. 1(b).20,21,25

A noticeable feature in our method is that a brighter Airy spot
(Poisson spot) can automatically align with the center of the vor-
tex beam all the time, which is attributed to the coherent com-
bination of the vortex beam and the concentric Gaussian beam.

In this section, we analyze the theory and method for shaping
the light optical wavefront by employing a transmissive spatial
light modulator (SLM). The transmission-mode SLM is a nec-
essary condition for realization of common-path interference in
Fig. 1 and Fig. S1 in the Supplemental Material.

In following experimental study, we employ the reflection-
mode SLM to demonstrate the diffraction-interference theory
for vortex beams.

3 Experimental Setup
The experimental arrangement is shown in Fig. 2. The light beam
from an He–Ne laser (λ ¼ 632.8 nm) passes through a λ∕2 plate
that changes its polarization direction. The beam is then expanded
by lenses L1 and L2 to fulfill the reflection area of the SLM
(resolution, 1920 × 1080; effective area, 15.36 mm × 8.86 mm).
A pinhole (P) is inserted to remove any other higher-order dif-
fracted term. The incident light is redirected to illuminate the
SLM vertically. The designed circular phase aperture is loaded
onto the SLM. The modulated beam is recorded by a CCD cam-
era, which is placed on the image plane.

4 Results

4.1 Beam Transformation through a Circular Phase
Aperture in Common-Path Interferometry

To verify the feasibility of generating spiral petal-like fringes
with a Gaussian focus in the middle, two experiments have been
carried out. The experimental conditions correspond to Case I
and Case II in Sec. 2.

In Experiment I, a transparent phase-aperture element is de-
signed. The internal circle zone has an expðilθÞ-modulated
phase profile of l ¼ 3, and the ring zone has a uniform phase
profile. The combination of the two profiles, which is loaded
onto the SLM, is shown in Fig. 3(a).

The phase-modulated SLM produces a concentric beam in
the Fresnel region: the inner is a vortex beam with a circular
cross section, and the outer beam is a plane-wave beam with
an annular cross section.

The interference between the diffraction fields of the vortex
beam and the plane wave occurs in the far-field. Numerical
calculations of the interference fringe are performed according
to the theoretical model in Sec. 2 and Eqs. (A1)–(A4) in
the Supplemental Material. The simulated intensity two-
dimensional (2D)-distribution is shown in Fig. 3(b). A three-
lobe spiral pattern with a brighter spot in the middle was ob-
served in Fig. 3(c). The experimentally recorded interference
fringe is in agreement with the numerical calculation result.

In Experiment II, a transparent phase-aperture element is de-
signed. The internal circle zone has a uniform phase profile, and
the ring zone has an expðilθÞ-modulated phase profile of l ¼ 3.
The combination of the two profiles is shown in Fig. 3(d). In the
Fresnel region, the inner plane-wave beam has a circular cross
section, and the outer vortex beam has an annular cross section.
The diffraction–interference pattern is shown in Fig. 3(e) for the
calculation result, and in Fig. 3(f) for the experimental result.
We observed a three-arm propeller-like pattern with a strong
light focus in the middle.

4.2 Beam Transformation through a Triangular Phase
Aperture in Common-Path Interferometry

To verify the diffraction–interference effect of the triangular
phase aperture, two experiments have been carried out.

In Experiment I, a transparent phase-aperture element is de-
signed: the inner triangle zone has an expðilθÞ-modulated phase
profile of l ¼ 3, and the zone between the inner triangle and the
outer ring has a uniform phase profile. The combination of two
profiles, which is loaded onto the SLM, is shown in Fig. 4(a).
The phase-modulated SLM produces a concentric beam in the
Fresnel region: the inner is a vortex beam with a triangular cross
section, and the outer is a dark hollow plane-wave beam. The
interference between the diffraction fields of the vortex beam
and the plane wave occurs in the far-field. The 2D distributions
of the diffraction–interference pattern is numerically simulated;
the result is shown in Fig. 4(b). The experimental result is shown
in Fig. 4(c). A three-lobe spiral pattern with a brighter spot in the
middle was observed.

In Experiment II, a transparent phase-aperture element is de-
signed: the inner circle zone has a uniform phase profile, and the
zone between the inner triangle and the outer ring has an
expðilθÞ-modulated phase profile of l ¼ 3. The combination
of the two profiles is shown in Fig. 4(d).

In the Fresnel region, the inner plane-wave beam has a
triangular cross section, and the outer beam is dark hollow
vortex beam. Numerically simulated 2D distributions of the
diffraction–interference pattern is shown in Fig. 4(e) and the
experimentally recorded intensity distribution is shown in
Fig. 4(f). A three-arm Y-shaped pattern with a brighter spot
in the center of the interference fringe was observed.

Fig. 2 Experimental setup of common-path interferometry with a
phase aperture. λ∕2, half-wavelength plate; L1, L2, lens; P,
pinhole; BS, beam splitter; SLM, spatial light modulator; CCD,
charge-coupled device. r 1 is the inner radius of the phase aper-
ture, r2 is the outer radius of the phase aperture indicated by red
dashed line.
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4.3 Effect of Phase Aperture Size on the Diffraction–
Interference Pattern

Next, we study the effect of the size of the phase aperture on the
diffraction–interference pattern. The side length d of the tri-
angular phase aperture is set to 100, 300, 600, and 900 pixels
(the SLM width is 1080 pixels in our experiment). By adjusting
the side length d, we observed the revolving of the diffraction–
interference patterns from a Gaussian spot to a doughnut-shaped
intensity pattern; results are shown in Fig. 5.

The effect of the size of the circular and rectangular phase
apertures on the diffraction–interference pattern is plotted in
Fig. S2 in the Supplemental Material.

4.4 Rotating the Diffraction–Interference Pattern

The orientation of diffraction–interference pattern is turned by
the following methods.

In the first experiment, the helically modulated phase profile
stays constant. Meanwhile, the direction of the triangular phase

Fig. 4 (a) Triangular phase-aperture element with a helical phase-modulated profile in the inner
zone. The inner equilateral triangle has the side length d . (b) Numerically simulated intensity dis-
tribution modulated by (a). (c) Experimentally recorded intensity distribution modulated by (a).
(d) Circular phase-aperture element with a helical phase-modulated profile in the zone between
the inner triangle and outer ring. (e) Numerically simulated intensity distribution modulated by (d).
(f) Experimentally recorded intensity distribution modulated by (d). The red-dashed circle indicates
the outer radius r 2 of the phase aperture.

Fig. 3 (a) Circular phase-aperture element with a helical phase-modulated profile in the inner circle
zone. (b) Numerically simulated light intensity distribution modulated by (a). (c) Experimentally re-
corded intensity distribution modulated by (a). (d) Circular phase-aperture element with a helical
phase-modulated profile in the ring zone. (e) Numerically simulated light intensity distributionmodu-
lated by (d). (f) Experimentally recorded intensity distribution modulated by (d). The red dashed
circle indicates the outer radius r2 of the phase aperture.
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aperture is rotated around the optical axis of the phase-aperture
element, as shown in Figs. 6(a), 6(d), 6(g), and 6(j). The numeri-
cally simulated intensity 2D distribution and recorded intensity
distribution demonstrated that the diffraction–interference pat-
tern rotates in a clockwise direction. Results are shown in Fig. 6.

In the previous experiment, the phase shift in the outer zone
of the phase aperture is set to 2π. In the following experiments,
the phase shift of the outer area of the triangular phase aperture
equals 0, as shown in Fig. 7(a). The interference fringe is shown
in Fig. 7(b) for calculation and in Fig. 7(c) for the experiment.
To test the effect of the phase shift on the orientation of the dif-
fraction–interference pattern, the phase shift is set to π in the
outer zone, represented by the gray area in Fig. 7(d). We found
that the orientation of interference fringe tilted 60 deg. The cal-
culation and experimental results are shown in Figs. 7(e) and
7(f), respectively.

4.5 Effect of Phase Aperture Shape and Topological
Charge on the Diffraction–Interference Pattern

The relationship between the shape of the phase aperture and the
topological charge l is studied. A phase aperture with an inner

triangular zone containing l ¼ 4 and l ¼ 8 is loaded onto
the SLM, as shown in Figs. 8(a1) and 8(b1). Spiral petal-like
diffraction shapes with four and eight lobes were observed
with asymmetric energy distribution; the results are shown
in Figs. 8(a2) and 8(a3) and Figs. 8(b2) and 8(b3), and the
Gaussian spot was not observed in the middle of the pattern.
A phase aperture with an inner rectangular zone containing
l ¼ 4; 8; 16 is loaded onto the SLM separately. Spiral petal-like
diffraction–interference patterns of 4, 8, and 16 lobes with
a bright spot in the center were observed and are shown in
Figs. 8(c), 8(d), and 8(e), respectively.

5 Discussion

5.1 Integration of Optical Trapping Function and
Controllable Rotation Function

In optical Gaussian tweezers, a tightly focused Gaussian laser
beam generates a trapping force that can capture and move small
particles under a microscope.26,27 In an optical tweezers em-
ployed vortex beam, micrometer particles can be rotated by
the twisting force originating from OAM.3,28,29

Fig. 5 (a), (d), (g), (j) Triangular phase-aperture element with a helical phase-modulated profile in
the inner zone. The triangular phase aperture has a different side length, d . (b), (e), (h),
(k) Numerically simulated intensity distribution and (c), (f), (i), (l) experimental intensity distribution
in the far-field. The red dashed circle indicates the outer radius r2 of the phase aperture.
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Owing to the different roles of optical Gaussian tweezers and
optical vortex tweezers, each of them could not be replaced by
another.3,30 To investigate and control rotational motion of small
particles, it is necessary to develop a compact device that com-
bines an optical trapping function with a controllable rotation
function.30–32

We demonstrated that our experimental setup is able to gen-
erate three kinds of light intensity distributions: a tightly focused
spot, a spiral petal-like fringe, and a doughnut-shaped fringe,
which stay at the same center line. The phase-only transform
method in our work supports a concept of optical tweezers that
integrates the optical Gaussian tweezers and optical vortex
tweezers in a single optical system.

By adjusting the inner size of the phase aperture, the light
intensity distributions gradually evolve from a tightly focused
spot to a doughnut-shaped fringe, as shown in Fig. 5 and Fig. S2

in the Supplemental Material. The experimental results are in
good agreement with the theoretical calculation results.

For the side length of a triangular phase aperture d ¼ 100
pixel, the helical phase-modulated pattern occupies about
10% of the effective modulation area, and the intensity distri-
bution at the far-field is closed to a Gaussian focal spot, as
shown in Figs. 5(b) and 5(c). While the side length d increases,
more light carries OAM information and a three-armed spiral
fringe appears, as shown in Figs. 5(e) and 5(f) and Figs. 5(h)
and 5(i). When d ¼ 900 pixel, which occupies nearly 90% of
the phase modulation area due to the dominant contribution
of the vortex beam, the light intensity distribution is expanded
to a doughnut-shaped pattern, as shown in Figs. 5(k) and
5(l).

To achieve symmetric energy distribution with a bright
center, a triangular phase aperture with even topological charges

Fig. 6 (a), (d), (g), (j) Triangular phase-aperture element with a helical phase-modulated profile
inside. The orientation of the triangular phase aperture tilts with different angle θ; the angle
θ ¼ 10 deg, 30 deg, 60 deg. (b), (e), (h), (k) Numerically simulated intensity distribution and
(c), (f), (i), (l) experimentally generated intensity pattern. *The white dots indicate the changed
direction of the interference fringes. The red dashed circle indicates the outer radius r2 of the
phase aperture.
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or a rectangular phase aperture with odd topological charges
is necessary.14,15 When an even topological charges phase-
modulated profile is loaded inside a triangular phase aperture,
the interference fringe is asymmetric, and the central bright spot
is either missing or weak, as shown in Figs. 8(a) and 8(b).33

While the circular phase aperture generates symmetric energy
distribution in every lobe, it is difficult to distinguish the rota-
tion, which will be discussed in the following section.

5.2 Rotate the Orientation of Diffraction–Interference
Pattern by Adjusting the Phase Aperture

This work studies two strategies to rotate the orientation of
diffraction–interference pattern. First, we explore the possibility
of controlling rotation by turning the orientation of the triangu-
lar phase aperture. As shown in Fig. 6, the orientation of the
triangular phase aperture is rotated by steps, with the orientation
of the diffraction–interference pattern rotated accordingly.

The existing method rotates the orientation of the pattern by
changing the optical path.3,16 By comparison, our approach real-
ized concentric rotation of the diffraction–interference pattern of
the optical vortex by adjusting the geometric variable only.3,16

Second, we show that the phase shift of a triangular phase
aperture affects the orientation of the diffraction-interference
pattern. By comparison, the phase shift of 0 [Figs. 4(b) and
4(c)] and 2π [Figs. 7(b) and 7(c)] generates exactly same light
intensity distributions. However, the phase shift π rotates the
direction of the diffraction-interference pattern around the optic
axis in Figs. 7(e) and 7(f). A φ phase change in the wavefront
will cause the diffraction–interference pattern to rotate by φ∕l,
which is 60 deg in Figs. 7(e) and 7(f). The effect is similar to a
Guoy phase shift observed in a Mach–Zehnder interferometer
(MZI).1,16,34

5.3 Potential Application in Optical Communication

To compensate for small perturbations in optical communication,
a vortex beam carrying encoded OAM has been transformed

into a 3 × 3 grid with l ¼ 0 component in the center as the
measurement.35 We demonstrates optical transmission with a
topological charge values l ¼ 4; 8; 16 using a rectangular phase
aperture, which automatically embedded the diffraction fringe
with a Gaussian spot for reference in Figs. 8(c)–8(e).

Long-distance twisted light transmission experiments have
been realized, and the transmission quality of the OAM modes
was primarily reduced due to atmospheric turbulence near the
sender.17,18 The literature18 proposed employing a second laser
beam to create a guide star.18 Our method is able to generate
a Gaussian spot that can be used as the beacon laser with
OAM-encoded information simultaneously in a simple optical
setting.

5.4 Comparison between Optical Conversion Methods

Both computer-generated holograms and conventional MZIs are
able to generate spiral petal-like patterns, which are similar to
the patterns reported in this work.3,8,9,34 A holographic system is
able to generate arbitrary patterns, but the zero-order diffracted
beam is not used, which inevitably wastes incident optical
power. Meanwhile, the holographic optical elements need to
be carefully aligned due to the shortcomings of the off-axis
optical system, making it unfeasible in long-time stable optical
trapping.8,9

The MZI is the most common way to modulate intensity pat-
terns of an optical vortex field. However, misalignment during
interference may cause unsatisfactory interference fringes. And
50:50 splitting incident beam decreases its light conversion
efficiency.3,20,21,34

In terms of fulfilling the special requirement, such as new
concepts of optical tweezers and laser beacon in turbulent air
(or as a reference point for OAM-coded pattern recognition), the
common-path interferometer with a double ring phase aperture
has advantages in various applications. For instance, it can work
in a vibrating or noisy environment with relatively simple and
compact optical setups. The transmissive phase-only element
has high conversion efficiency. The double ring phase-aperture

Fig. 7 (a) Triangular phase-aperture element with a helical phase-modulated profile inside. The
outer zone of the phase aperture has 0 phase shift. (b) Numerically simulated intensity distribution.
(c) Experimental recording. (d) The outer zone of the phase aperture has π phase shift.
(e) Numerically simulated intensity distribution. (f) Experimental recording. The white dots indicate
the changed direction of the interference fringes. The red dashed circle indicates the outer radius
r2 of the phase aperture.
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element produces concentric beams, which allow dynamical
parameter adjustment of optical vortex fringes along the same
axis; details are given in Sec. 4.36–38

6 Conclusion
This work proposes a phase-only method for transforming an
optical vortex field into a desired spiral interference fringe.
By employing double ring phase-aperture elements to realize
common-path interference, a brighter spot is embedded with
the optical vortex fringe. The embedded spot is located the

singularity of the typical vortex beam is. In theory, this type
of brighter spot originates from an Airy spot (or Poisson spot)
due to the zeroth-order vortex beam diffracted at the phase aper-
ture. A noticeable feature is that the brighter spot is automati-
cally aligned with the central axis of the vortex beam because it
is attributed to the coherent combination of vortex beam and
concentric Gaussian beam. The theoretical calculated patterns
are in excellent agreement with diffraction–interference fringes
in experiment. Our experimental setup offers a method to imple-
ment optical tweezers that can trap and twist a particle (or bio-
logical sample) spatially and angularly. By controlling the phase

Fig. 8 (a), (b) Triangular phase aperture with a helical phase-modulated profile inside (l ¼ 4 and
l ¼ 8). (c)–(e) Rectangular phase aperture with a helical phase-modulated profile inside
(l ¼ 4; 8; 16). The red dashed circle indicates the outer radius r 2 of the phase aperture. The first
column illustrates the phase modulation profile; the second column shows the calculated light
intensity distribution, and the third column shows the experimental results.
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shift and the size of the circular or polygonal phase aperture, the
intensity distributions in the far field are able to evolve from a
doughnut shape to a Gaussian focus, and the orientation of the
diffraction–interference pattern can be rotated and controlled.
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Abstract. Optical orbital angular momentum (OAM) multiplexed holography has been implemented as an
effective method for information encryption and storage. Multiramp helicoconical-OAMmultiplexed holography
is proposed and experimentally implemented. The mode selectivity of the multiramp mixed screw-edge dis-
locations, constant parameter K , and normalized factor are investigated, respectively, which demonstrates
that those parameters can be used as additional coding degrees of freedom for holographic multiplexing.
The combination of the topological charge and the other three parameters can provide a four-dimensional
multiplexed holography and can enhance information capacity.
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1 Introduction
Optical holography is one of the promising technologies for in-
formation encryption and storage.1 In traditional holography, the
different physical dimensions of light, such as phase, polariza-
tion, and wavelength, have been implemented for multiplexing
multiple data in a single multiplexed hologram to improve the
capability of security encryption.2–5 However, the multiplexing
capability is still limited, and the decoding process is compli-
cated. The orbital angular momentum (OAM) carried by the vor-
tex beam has been investigated due to its unique spiral phase
structure and physically unconstrained orthogonal mode, which
is an approach to enhancing classical and quantum communica-
tions.6–8 OAM is represented as a spiral phase expðilφÞ, where l
and φ are the topological charge (TC) and the azimuthal angle,
respectively.9 In the past three decades, different types of OAM
beams, such as the Airy vortex beam, the Bessel vortex beam,
and Pearcy vortex beam, have had vast applications in optical
tweezers, optical images, and so on.10–12 In addition, the OAM

can be used as an additional degree of freedom to improve the
information capacity due to the orthogonality of OAM
modes.13,14

Recently, OAM multiplexed holography has been demon-
strated and experimentally implemented as an independent
information channel that can preserve the OAM property and
achieve the OAM selectivity in the reconstructed images.15–17

After that, different OAM holography has been developed
rapidly. The polarization-encrypted OAM holography was
implemented based on a birefringent metasurface, which can
obtain the reconstruction information in both TC and polariza-
tion channels.18 The ultradense perfect OAMmultiplexed holog-
raphy with integer and fractional TCs was investigated, which
can achieve two-dimensional spatial division multiplexing in
both radial and angular dimensions.19 Partial OAM holography
was proposed in the angular space by dividing an integer OAM
mode into several partial phase modes, which can enhance
information capacity.20 The modulated OAM holography was
investigated based on the cosine-modulated OAM beams.21

The multiple-image and multiple-dimensional encrypted OAM
multiplexed holography based on the OAM beam with phase*Address all correspondence to Xiao Yuan, xyuan@suda.edu.cn
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jump factor and the modulated chiro-optical beams were
implemented.22,23 By introducing the multiple parameters into
the OAM holography, a four-dimensional spatial multiplexing
can be achieved. In the ellipticity-encrypted OAM holography,
the multiple images can be encoded into the ellipticity channel.24

However, the encoded information capacity is still limited. The
additional degree of freedom is needed to improve information
security and capacity. A new kind of vortex beam has been stud-
ied, namely, the helicoconical beam (HCB), which has both
helical and conical phases.25–27 Note that the HCBs have the ad-
ditional conical phase modulation compared to the conventional
OAM beam, which can provide a new way to boost information
capacity. In addition, the multiramp helical-conical (MHC)
beam was proposed by Wen et al.28 and its focusing properties
were investigated. However, to the best of our knowledge, the
MHC beams have not been implemented to enhance the holo-
graphic information capacity. We find that the phase modulated
by the conical parameter and the number of multiramp mixed
screw-edge dislocations of the MHC beam also have similar
holographic preservation and selectivity like the helical phase.
In holography, the use of an MHC beam not only increases the
degree of coding freedom, but also improves the security of the
information.

In this work, multiramp helical-conical orbital angular mo-
mentum (MHC-OAM) multiplexed holography is proposed and
implemented. The four parameters of the MHC beam can be
independently modulated, namely, TC, the number of multi-
ramp mixed screw-edge dislocations m, the constant K, and
the normalized factor r0. The MHC-OAM mode selectivity
has been investigated based on the number of multiramp mixed
screw-edge dislocations m, the constant K, and the normalized
factor r0. According to these parameters, the multidimensional
multiplexed holography can be obtained. The feasibility of the
MHC-OAM multiplexed holography in different dimensions is
verified in experiments. This method shows the huge applica-
tion possibilities in information encryption and storage.

2 Principle and Methods

2.1 Principle of MHC-OAM Multiplexed Holography

The phase function of the MHC beams is written as28

Eðx; yÞ ¼ exp

�
iα

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
r0

− K

��
θ − 2πn

m

��
; (1)

where ðx; yÞ represents the Cartesian coordinates in the holo-
graphic plane, α is the TC of the MHC beams, and
θ ¼ tan−1ðy∕xÞ is the azimuthal angle. m represents the number
of multiramp mixed screw-edge dislocations, which is an inte-
ger. Here n ¼ ½mθ∕ð2πÞ� and [·] denotes the floor function. K is
a constant that takes the values of 1 or 0, and r0 represents the
normalized factor of the radial coordinate r2 ¼ x2 þ y2.

The spatial frequency distribution of the MHC beams based
on the Fourier integral theorem is expressed as29

E1ðX; YÞ ¼
k

i2πf

ZZ þ∞

−∞
Eðx; yÞ exp

�
−i k

f
ðXxþ YyÞ

�
dx dy;

(2)

where ðX; YÞ indicates the Cartesian coordinates in the image
plane, k ¼ 2π∕λ is the wavenumber, λ is the wavelength, and

f is the focal length. Figures 1(a1)–1(a3) show the phase dis-
tribution with α ¼ 6 and r0 ¼ 1 mm, and different values of K
and m. The simulation of the spatial frequency distribution of
the MHC beam is shown in Figs. 1(b1)–1(b3). When m ¼ 1,
it is a traditional HCB, as shown in Figs. 1(a1) and 1(b1).
However, whenm ¼ 3, the phase distribution of the MHC beam
is divided into three parts, as shown in Figs. 1(a2) and 1(a3), and
each part can be used to generate HCBs [Figs. 1(b2) and 1(b3)].
Notice that the distance between the three subbeams will get
closer because K ¼ 1. It can be explained that for K ¼ 1, the
phase in Eq. (1) introduces an azimuthally varying phase shift,
resulting in a beam with a greater degree of spiral, which is not
present in K ¼ 0.

In a computer-generated hologram (CGH), a Fourier pair is
formed between the electric field of the image plane and holo-
graphic plane, so the electric field of the reconstructed image is16

EOAMðX; YÞ ¼ I½EOAM
h ðx; yÞ� ¼ I½Ehðx; yÞ · EOAMðx; yÞ�

¼ I½Ehðx; yÞ� � I½EOAMðx; yÞ�; (3)

where Ehð·Þ and EOAMð·Þ are the complex amplitudes of the
hologram and the MHC beam, respectively. The operators I
and * are the Fourier transform and convolution, respectively.
If the sampling array of the target image is correlated with
the spatial frequency of the MHC-OAM beam, the OAM prop-
erties will be preserved in the reconstructed image. Therefore,
the sampling constant d of sampling array is a key issue. The
sampling constant as a function of TC is shown in Fig. 1(c).
It can be seen that the constant d increases linearly with the
increase of TC, and the larger value of m is, the smaller the
value of d under the same TC is. Note that the sampling constant
d is also related to the normalized factor r0 (Note S1 and Fig. S1
in the Supplementary Material).

The design principle of the MHC-OAM holography is shown
in Fig. 1(d). According to the adaptive weighted Gerchberg–
Saxton (AWGS) algorithm, an OAM-preserved hologram is
obtained, as depicted in the middle part of Fig. 1(d). Notice that
the MHC beam is preserved in each pixel of the reconstructed
image. From the right part in Fig. 1(d), the phase function
ϕðα; m; K; r0Þ of an MHC beam is superimposed into the OAM-
preserved hologram, resulting in the generation of an OAM-
selective hologram. Due to OAM conservation, the Gaussian
spots with a stronger intensity distribution in the desired holo-
graphic image are obtained only for a given incident MHC
phase mode with ϕð−α; m; K; r0Þ. Finally, the multiplexed
hologram can be obtained from the superposition of multiple
selective holograms.

2.2 MHC-OAM Mode Selectivity

The mode selectivity of MHC beams with the constant K, the
number of multiramp mixed screw-edge dislocations m, and the
normalized factor r0 in image reconstruction are illustrated in
Fig. 2. The encoded phase parameters of the hologram are fixed
as α ¼ 6, m ¼ 3, K ¼ 0, and r0 ¼ 1 mm. First, we demonstrate
the MHC mode selectivity under the constant K, as shown in
Fig. 2(a). When the decoded phase mode with α ¼ −6, m ¼ 3,
K ¼ 0, r0 ¼ 1 mm illuminates the hologram, the Gaussian spot
with stronger intensity is obtained. However, the reconstructed
light field with lower intensity is formed when the incident
decoded MHC beam with K ¼ 1, which can be regarded as
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Fig. 1 (a1)–(a3) Phase distributions of the MHC beams. (b1)–(b3) Simulation of the spatial fre-
quency distributions of the MHC beams. (c) Relationship between the TC and sampling constant
d . (d) Principle of the MHC-OAM holography.

Fig. 2 MHC-OAM mode selectivity. (a) Mode selectivity of the constant K . (b) Mode selectivity of
the multiramp mixed screw-edge dislocations. (c) Relationship between the reconstructed normal-
ized peak intensity and normalized factor r 0. (d) Interference field distribution of the encoded MHC
beam with r 0 ¼ 1 mm and decoded MHC beams with r 0 ¼ 0.8 mm, r0 ¼ 0.95 mm, r0 ¼ 1 mm,
and r 0 ¼ 1.5 mm, respectively.
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background intensity and ignored. Figure 2(b) shows the effect
of the number of multiramp mixed screw-edge dislocations m
on the mode selectivity. Similarly, when the hologram is illumi-
nated by the decoded phase mode with ϕð−6; 3; 0; 1 mmÞ, the
desired Gaussian spot is obtained. Otherwise, the peak intensity
of the mode with m ¼ 2 or 4 is lower than that of the mode with
m ¼ 3. The relationship between the reconstructed peak inten-
sity and the normalized factor is shown in Fig. 2(c). It can be
seen that the peak intensity is influenced by the decoded phase
with different normalized factors r0. If the difference between
decoding r0-de and encoding r0-encod is more than 0.1 mm, the
reconstructed peak intensity can be neglected. In this case, the
multiplexing interval of r0 can be set to Δr0 ≥ 0.1 mm. The
reconstructed intensity distributions with different r0 are shown
in Fig. 2(d).

In order to select the appropriate parameters m and r0 for the
multiplexed holograms and to ensure that the multiplexed re-
sults have a good signal-to-noise ratio (SNR), the corresponding
OAM-selective holograms are designed using OAM selectivity.
The effect of the number of multiramp mixed screw-edge dis-
locations m on the SNR is shown in Fig. 3(a). The MHC phase
with mencode ¼ 3 is superposed on the MHC-OAM-preserved
hologram, resulting in the generation of an MHC-OAM-selec-
tive hologram, andmdecode ¼ 1, 2, 3, 4, 5 are the decoding phase
parameters of incident MHC beams. When the incident MHC
beam with parameter mdecode ¼ 3 illuminates the hologram,
we can decode the target image with a relatively high SNR,
as the parameter mdecode of the incident MHC beam can match
better with the design value of mencode. On the contrary, we get
the reconstructed image with poor SNR, and the reconstructed
image will be hidden. Under the promise of obtaining a high
SNR, the difference of m in holographic multiplexing can be
chosen as 1. The SNR as a continuous function of the decoded
normalized factor is depicted in Fig. 3(b). When the decoded
normalized factor is close to the encoded normalized factor,
the reconstructed result with a relatively high SNR is obtained.
Under the promise of a high SNR, the difference between the
normalized factors of the encoded and the decoded MHC phase
modes is required to exceed 0.1 mm.

3 Results and Discussion
The schematic diagram of the experimental setup of MHC-
OAM holography is shown in Fig. 4. An He–Ne laser

(Research Electro-Optics, R-31007) with a wavelength of
633 nm and a power of 0.8 mW is used as the light source.
The laser beam is expanded and collimated by a 20× objective
and a lens L1 with a focal length of 400 mm. An aperture is used
to adjust the size of the incident beam matching the phase-only
spatial light modulator (SLM, Hamamatsu-X13138 series-07,
1272 pixels × 1024 pixels, pixel pitch of 12.5 μm). Since the
SLM is only sensitive to the horizontal polarized component
of the incident beam, a polarizer is inserted between the aperture
and the SLM to generate a horizontal polarized beam. The beam
is modulated by the SLM and passes through a lens L2 with
the focal length of 100 mm to a CCD (GS3-PGE-91S6M-C,
3376 pixels × 2704 pixels, pixel pitch of 3.69 μm) used to
capture the reconstructed holographic image. In this work, the
experimental system is simplified, since we have only one SLM.
The hologram pattern is not directly illuminated by an MHC
beam. Alternatively, the decoded MHC phase distribution is

Fig. 3 (a) SNR as a function of the number of multiramp mixed screw-edge dislocations. (b) SNR
as a function of the normalized factor.

Fig. 4 (a) Schematic diagram of the experimental setup of MHC-
OAM holography. L1 and L2, lens; A, aperture; P, polarizer; BS,
beam splitter; and SLM, spatial light modulator. (b) The hologram
loaded into the SLM contains the decoded phase and OAM
hologram.
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superimposed into the hologram, which is illuminated by a
planar beam, as shown in Fig. 4(a). In the decrypted process,
the hologram used is represented as the superposition of the
decoded MHC phase and the MHC-OAM hologram, so the
mathematical phase-only hologram can be described as

P ¼ arg

�XN
i¼1

expðiϕiÞ expðiψ i-deÞ
�
; (4)

where ϕi, ψ i-de, and N represent the phase information of each
image channel, the decoded MHC phase distribution, and the
number of multiplexing channels, respectively. The design
principle of the hologram loaded into the SLM is shown in
Fig. 4(b).

3.1 m- or r0-Encrypted MHC-OAM Multiplexed
Holography

According to the results in Sec. 2, the number of multiramp
mixed screw-edge dislocations m and the normalized factor
r0 can be used as independent channels for multiplexed holog-
raphy. The MHC-OAM multiplexed holography with m- and
r0-encryption is implemented in the experiment. Figure 5 shows
the schematic diagram of the m-encrypted MHC-OAM multi-
plexed holography. The four Arabic numbers “1,” “2,” “3,”
and “4” are set as target images and encoded into four OAM
preserved holograms using the AWGS algorithm, respectively.
Then the four MHC phase modes with the TC of 8, the constant
K ¼ 0, the normalized factor of 1 mm, and the number of
multiramp mixed screw-edge dislocations of 4, 5, 6, and 7 are

superimposed into the OAM-preserved hologram, leading to
the four OAM selective holograms, respectively. These four
OAM selective holograms can be superimposed into one OAM-
multiplexed hologram, as shown in Fig. 5(a). The feasibility of
the m-multiplexed holography is numerically simulated (Note
S2 and Fig. S2 in the Supplementary Material). The experimen-
tal results are shown in Figs. 5(b)–5(e). When the MHC-OAM
multiplexed hologram with the key m is illuminated by the
different incident MHC beams with ϕð−8; 4; 0; 1 mmÞ,
ϕð−8; 5; 0; 1 mmÞ, ϕð−8; 6; 0; 1 mmÞ, and ϕð−8; 7; 0; 1 mmÞ,
four distinct images are reconstructed, respectively. The pixel
intensity fluctuations in the reconstructed images may originate
from three factors: inadequate phase modulation of the SLM,
the uniformity of the incident beam, and nonuniform photon
sensitivity of the pixelated CCD camera. When the multiplexed
hologram is illuminated by a planar beam, four images appear
simultaneously and are indistinguishable from each other, as
shown in Fig. 5(f). The results exhibit that four images can
be encrypted and decrypted from one multiplexed hologram
under the same TC of the MHC beams.

In order to enhance the capacity of holographic multiplexa-
tion, the normalized factor r0 is used in OAM-multiplexed
holography. The design process of the r0-encrypted MHC-
OAM-multiplexed holography is shown in Fig. 6(a). Four im-
ages with the letters “C,” “O,” “P,” and “E” are encrypted into
a single MHC-OAM-multiplexed hologram, where the normal-
ized factors of r0 ¼ 0.5, 0.6, 0.7, and 0.8 mm are adopted to
decrypt each image, respectively. The other coding parameters
are fixed as α ¼ 5, m ¼ 3, and K ¼ 0. In the decryption pro-
cess, each image can be reconstructed when the incident
MHC beam with ϕð−α; m; K; r0Þ. The influence of parameter

Fig. 5 Schematic diagram of MHC-OAM-multiplexed holography designed with keym. (a) Design
process. (b)–(e) Experimental reconstruction results based on the m-dependence of the incident
MHC beams with m ¼ 4, 5, 6, and 7, respectively. (f) Reconstruction holographic image by
a planar wave.
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r0 on MHC-OAM-multiplexed holography is numerically
investigated (Note S3 and Fig. S3 in the Supplementary
Material). It is clear to see that the reconstructed target images
have a relatively low SNR due to the spatial overlap of MHC
modes (Table S1 in the Supplementary Material). In order to
reduce the overlap between MHC modes, the target images with
larger sampling constants are numerically simulated (Table S2
and Fig. S4 in the Supplementary Material). The experimental
results are shown in Figs. 6(b)–6(e). In this case, the MHC-
OAM-multiplexed holography with the r0-encryption is imple-
mented, demonstrating that the normalized factor can be used
as an independent information channel. The multiplexing cross-
talk is analyzed in the holographic reconstruction (Note S4
and Fig. S5 in the Supplementary Material). In addition, the
crosstalk can have originated from the noise of the CCD,
the uniformity of the incident beam, or the limitation of the
sampling point. In CGH, the MHC-OAM hologram and target
image are discretely sampled, which is limited by the pixel pitch
of the SLM and the spatial frequency of the MHC beam.
Although the iteration algorithm can optimize the intensity
value of each sampling point, the area between the sampling
points is completely unrestricted. If the phase difference be-
tween the adjacent sampling points is chose to π, the noise may
appear.

On the other hand, the impact of TC α on the MHC-OAM-
multiplexed holography is numerically characterized (Note S5
and Fig. S6 in the Supplementary Material). Our numerical
results show that the use of MHC beams with a larger TC differ-
ence in the holographic multiplexing can yield a lower crosstalk.
Moreover, it should be mentioned that the effect of constant K
on the reconstruction of MHC-OAM-multiplexed holography

exhibits a good SNR (Note S6 and Fig. S7 in the
Supplementary Material). The above results show that using
MHC modes with a smaller TC difference or a smaller normal-
ized factor difference produces a higher crosstalk. Therefore, the
selection of TC and the normalized factor needs special consid-
eration in the design of holographic multiplexing. Meanwhile,
our results suggest that the selection of larger sampling con-
stants is beneficial to improve the SNR.

3.2 X-K-Encrypted MHC-OAM-Multiplexed Holography

In this section, the combination of the parameter X and the con-
stant K will be demonstrated in different multiplexing channels.
Three modulation parameters of the MHC beams, namely,
TC, m, and r0 can be used as independent degrees of freedom,
so the parameter X is chosen as any one of the above three
parameters.

The α-K-encrypted MHC-OAM-multiplexed holography is
shown in Fig. 7. Two different TCs (α ¼ −5 and 5) and two
different constants K (K ¼ 0 and 1) are used to encode the four
images with the letters “D,” “A,” “T,” and “E.” One α-K-
encrypted MHC-OAM-multiplexed hologram can be obtained
by superimposing the four OAM selective holograms generated
from the OAM-preserved holograms and four MHC phase modes
with ϕð−5; 3; 0; 1 mmÞ, ϕð−5; 3; 1; 1 mmÞ, ϕð5; 3; 0; 1 mmÞ,
and ϕð5; 3; 1; 1 mmÞ. Here the TC and the constant K together
determine the encrypted and decrypted images. The four images
can be reconstructed when the multiplexed hologram is
illuminated by different MHC beams with ϕð5; 3; 0; 1 mmÞ,
ϕð5; 3; 1; 1 mmÞ, ϕð−5; 3; 0; 1 mmÞ, and ϕð−5; 3; 1; 1 mmÞ,
respectively, as shown in Figs. 7(b)–7(e).

Fig. 6 Schematic diagram of MHC-OAM-multiplexed holography designed with key r0. (a) Design
process. (b)–(e) Experimental reconstruction results based on the r0-dependence of the incident
MHC beams with r0 ¼ 0.5, 0.6, 0.7, and 0.8 mm, respectively.
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The MHC-OAM-multiplexed holography based on the
number of multiramp mixed screw-edge dislocations m and
the constant K is implemented under the same TC and the same
normalized factor. The design process is shown in Fig. 8(a).
The four images with the letters “W,” “O,” “R,” and “D” are
encrypted by the different number of multiramp mixed screw-
edge dislocations m (m ¼ 3 and 5) and the different constants
K (K ¼ 0 and 1). The reconstructed results are shown in
Figs. 8(b)–8(e). The encoded images can be reconstructed when
the incident MHC beams with inverse TC, and the specific
number of multiramp mixed screw-edge dislocations, the
constant, and the normalized factor are used. Furthermore,
the r0-K-encrypted MHC-OAM-multiplexed hologram is de-
signed, as shown in Fig. 9(a). The four letters “L,” “I,” “F,”
and “E” are encoded by the four different MHC phase modes
with the same TC (α ¼ 5), the same number of multiramp mixed
screw-edge dislocations m (m ¼ 3), two different normalized
factors r0 (r0 ¼ 0.5 and 1 mm), and two different constants
K (K ¼ 0 and 1). The experimental results are shown in
Figs. 9(b)–9(e), where each image is reconstructed from the
suitable incident MHC beam.

In addition, the m-α-encrypted MHC-OAM-multiplexed
holography is further investigated. Four images with Arabic
numbers “5,” “6,” “7,” and “8” are used and encrypted into
four OAM holograms. The four MHC phase modes with
ϕð2; 3; 0; 1 mmÞ, ϕð3; 4; 0; 1 mmÞ, ϕð4; 5; 0; 1 mmÞ, and
ϕð5; 6; 0; 1 mmÞ are superimposed into the above four OAM
holograms, resulting in four OAM selective holograms. The
MHC-OAM-multiplexed hologram with the m-α-encryption
is designed in Fig. 10(a). Each image can only be reconstructed
by the incident MHC beam with ϕð−α; m; K; r0Þ, as shown in
Figs. 10(b)–10(e).

3.3 α-m-Y-Encrypted MHC-OAM-Multiplexed
Holography

Here the parameter Y is chosen as the normalized factor r0 and
the constant K. First, the principle of α-m-r0-encrypted OAM-
multiplexed holography is illustrated in Fig. 11(a). The nine
images with Arabic numbers 1 to 9 are encoded into nine
holograms, then nine different MHC phase modes with the
constant K ¼ 0, TC values of −6, 6, and 12, m values from
3 to 5 with the interval of 1, and r0 values from 0.5 to
0.7 mm with the interval of 0.1 mm are added to the above nine
holograms, resulting in the nine OAM selective holograms.
The α-m-r0-encrypted MHC-OAM-multiplexed hologram is
obtained by superimposing all selective holograms. In the
decryption process, the encrypted images can be reconstructed
by the suitable incident MHC beams with ϕð−α; m; K; r0Þ, as
shown in Fig. 11(b). Thus the combination of these parameters
provides a high level of information security.

The TC α, the number of multiramp mixed screw-edge dis-
locations m, and the constant K are used to increase the number
of multiplexed channels. The 12 images from 1 to 6 and A to F
are encrypted into different OAM-preserved holograms. Four dif-
ferent TCs ðα ¼ −12;−6; 6; 12Þ, three multiramp mixed screw-
edge dislocations (m ¼ 3, 4, 5) and two constants (K ¼ 1, 0) are
used to encrypt the above 12 images. The encoded phase mode
of each image is shown in Fig. 12(a), and the experimental
reconstruction results are shown in Fig. 12(b).

3.4 α-m-r0-K-Encrypted MHC-OAM-Multiplexed
Holography

The four parameters of the MHC beam are independent of
each other and can potentially be used for holographic

Fig. 7 Experimental reconstruction results of the α-K -encrypted MHC-OAM multiplexed hologra-
phy. (a) The design process and (b)–(e) experimental reconstruction results.
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Fig. 9 Experimental reconstruction results of the r0-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b)–(e) experimental reconstruction results.

Fig. 8 The experimental reconstruction results of the m-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b)–(e) experimental reconstruction results.
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multiplexing in four dimensions. A four-parameter dimen-
sional multiplexed holography can be achieved by encrypting
16 images in different channels with these parameters. Four
different TCs ðα ¼ −12;−8; 8; 12Þ, four different multiramp
mixed screw-edge dislocations from 4 to 7 with the step of
1, four different normalized factors from 0.6 to 0.9 mm with
the interval of 0.1 mm, and two different constants (K ¼ 0, 1)
are used to encode these 16 images. The 16 images are chosen
from 0 to 9 and A to F. Here the parameters of each encoded

image are shown in Fig. 13. The 16 OAM-selective holograms
can be generated by encoding the different MHC phase
modes into the corresponding OAM-preserved holograms.
The α-m-r0-K-encrypted MHC-OAM-multiplexed hologra-
phy can be obtained by superposing those 16 selective holo-
grams. Each target image can be reconstructed when the
suitable MHC beams with ϕð−α; m; K; r0Þ illuminate the
multiplexed hologram. The experimental results are presented
in Fig. 14.

Fig. 10 Experimental reconstruction results of the α-m-encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b)–(e) experimental reconstruction results.

Fig. 11 Experimental reconstruction results of the α-m-r0-K -encrypted MHC-OAM-multiplexed
holography. (a) Design process and (b) experimental reconstruction results.
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4 Conclusion
In summary, the MHC-OAMmultiplexed holography is pro-
posed and experimentally implemented by introducing the num-
ber of multiramp mixed screw-edge dislocations, the normalized
factor, and the constant K as new degrees of freedom. The MHC
beams modulated with different parameters can be utilized as
information encryption or decryption channels, which enhance
the capability of holographic multiplexation. In the experiments,
we have successfully realized 4-, 9-, 12- and 16-channel multi-
plexing by the combination of the four parameters of MHC
beam. The results show that the encrypted image can be cor-
rectly reconstructed when the MHC-OAM hologram is illumi-
nated by the incident MHC beam with an inverse TC, a
customized number of multiramp mixed screw-edge disloca-
tions, the normalized factor, and the constant K, while there is
no image reconstructed with false MHC beam. The multiplexed
holography proposed in this work can significantly improve the
capability of the information encryption and storage and has
potential applications in communication, 3D display, etc.
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Reconfigurable structured light generation and
its coupling to air–core fiber
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Abstract. Recently, structured light beams have attracted substantial attention in many applications, including
optical communications, imaging, optical tweezers, and quantum optics. We propose and experimentally
demonstrate a reconfigurable structured light beam generator in order to generate diverse structured light
beams with adjustable beam types, beam orders, and beam sizes. By controlling the sizes of generated
free-space structured light beams, free-space orbital angular momentum (OAM) beams and vector beams
are coupled into an air–core fiber. To verify that our structured light generator enables generating structured
light with high beam quality, polarization distributions and mode purity of generated OAM beams and vector
beams in both free space and air–core fiber are characterized. Such a structured light generator may pave the
way for future applications based on higher-order structured light beams.
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1 Introduction
The explosive growth of global data traffic is driving an ever-
increasing demand for higher data capacity and more efficient
spectral usage in transmission links.1–3 To address the coming
capacity crunch, it is highly desirable not only to make full
use of already well-known physical dimensions (e.g., amplitude,
phase, frequency/wavelength, polarization, and time) but also to
exploit additional degrees of freedom (e.g., spatial structure) of
light waves. As a result, space-division multiplexing (SDM) ex-
ploiting the transverse spatial structure dimension of light waves
has attracted more and more attention.4,5 SDM technology em-
ploying orthogonal higher-order light modes multiplexing can
be divided into two different application scenarios, including
the free space6,7 and the optical fiber.8–11 Among them, the ap-
plication scenario in optical fiber has the advantages of flexibil-
ity and long-distance transmission. Therefore, in recent years,

optical fibers supporting high-order modes have been widely
designed, fabricated, and used in SDM applications, such
as few-mode fiber,12,13 traditional multimode fiber,14 ring–core
fiber,15,16 and air–core fiber.17,18

Traditional higher-order modes in fiber, also known as struc-
tured light beams due to their different transverse structures,19–23

can be divided into three types: orbital angular momentum
(OAM) beams, linearly polarized (LP) beams, and vector
beams. Due to the low loss and flexibility of optical fiber trans-
mission, such diverse structured light beams in optical fibers are
widely used in optical communications,24 optical tweezers,25 ro-
tating Doppler sensing,26–29 superresolution imaging,30,31 and
quantum optics.32,33 Therefore, generating various structured
light beams in fiber are required in many applications. There
are several approaches to producing structured light beams in
fiber, such as mode-selective couplers (MSCs),34 long-period
fiber gratings (LPFGs),35,36 fiber Bragg gratings,37 and free-
space-to-fiber coupling.14–16 However, for generation of the
fourth, fifth, and much higher-order structured light beams in*Address all correspondence to Jian Wang, jwang@hust.edu.cn
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optical fiber, the MSCs and LPFGs suffer from a greatly high
intensity loss. Thus the method of producing high-order struc-
tured light beams in free space and then coupling them into op-
tical fiber is the main way to generate structured light beams
with orders higher than fourth in fiber. Remarkably, reconfigur-
able generation of these structured lights in free space requires a
reconfigurable phase-modulation device, such as spatial light
modulator (SLM). Different from LP beams and OAM beams,
vector beams possess inhomogeneous polarization distributions.
Thus approaches for reconfigurable generation of vector beams
usually use such steps: splitting a Gaussian beam into two
orthogonally polarized beams, modulating them into two
OAM beams with opposite topological charges, and then recom-
bining them. There are many experimental setups for generating
vector beams based on this principle. In general, these setups
can be divided into two categories: one is conventional inter-
ferometric setup,38,39 the other is common-path interferometric
loops.40–43 For conventional interferometric setups, since the
two OAM beams propagate along different optical paths, their
relative phase difference may alter with time, which will cause
the rotation of polarization distributions of a combined vector
beam. Such an instability limits applications based on vector
beams, including coupling them into optical fiber. In this article,
we demonstrate that a common-path interferometric loop will
lead to a higher robustness of generated vector beams compared
to conventional interferometric setups.

We propose and experimentally demonstrate a reconfigurable
structured light beams generator with adjustable beam types,
beam orders, and beam sizes. OAM beams, LP beams, and
cylindrical vector beams are produced by our scheme in free
space. Since beams in the proposed scheme share a common
optical path, generated vector beams feature more robustness
compared to conventional approach. We measure the Stokes
parameters to reconstruct the polarization distributions of beams
for verifications. Then OAM beams and vector beams with fifth
to seventh mode orders are coupled into a 5-m air–core fiber. At
the fiber output, high beam quality and low coupling loss of
output higher-order beams are demonstrated, showing that
our scheme enables pure high-order structured light generation
in optical fiber.

2 Results

2.1 Scheme of Reconfigurable Structured Light Beams
Generator

We propose and experimentally demonstrate a single SLM loop
for reconfigurable structured light beams generation. Figure 1(a)
illustrates the concept of generating cylindrical vector beams in
such a loop. As displayed in Fig. 1(a), the red lines show the
track of spatial light, whereas the green and purple arrows re-
present the transmitting directions of orthogonally polarized
beams. In order to produce vector beams, the input Gaussian
beam should be 45 deg or −45 deg polarized. Half of the
45 deg polarized beam straightly propagates through the beam
splitter (BS), and then it is divided into two orthogonal polarized
beams by a polarization beam splitter (PBS). An x-polarized
beam straightly propagates through PBS and transmits in clock-
wise direction, whereas the y-polarized beam reflects at PBS
and transmits in counterclockwise direction. Gaussian beams
are converted into OAM beams by hologram loaded onto
SLM, expressed as

mod½ðlφþ ng · x − a · rÞ∕2π�; (1)

where the first two components are referred to as a forked phase
hologram, which is generally used for generating a pure OAM
mode. The lφ term consists of the topological charge l, and azi-
muthal angle φ denotes the phase mask of an lth OAM beam,
whereas the ng · x term corresponds to the phase mask of an x
direction grating that separates the modulated OAM beam from
the unmodulated beam. In addition, the radial grating compo-
nent −a · r is applied to form perfect OAM modes with adjust-
able size44 (see S3 in the Supplementary Material). Noting that
the phase-only SLM only works on x-polarized light, a half-
wave plate (HWP) is inserted into this loop so as to match
the polarization requirement of the SLM and the PBS. At the
output of the BS, an x-polarized OAM beam and a y-polarized
OAM beam are generated with opposite topological charges as a
result of different reflected times. Propagating through a quarter-
wave plate (QWP), x- and y-polarized OAM beams are con-
verted into right-circularly and left-ircularly polarized OAM
beams. The vector beam is obtained by superposition of these
two OAM beams,

A1 · expðilφÞ
�
1

�i

�
þ A2 · expð−ilφÞ

�
1

�i

�
· expð−iΔΦÞ; (2)

where absðA1Þ equals to absðA2Þ when generating a vector
beam, as mentioned above. ΔΦ describes the phase difference
of two circularly polarized OAM beams. To further illustrate the
relationship between different beam modes, we display the con-
cept of the higher-order Poincaré sphere (HOPS) with l ¼ 1, as
displayed in Fig. 1(b). The poles of the HOPS represent scalar
OAM beams (having helical wavefronts) with a uniform circular
polarization (right circular at the north pole and left circular at
the south pole). The superposition of two poles forms different
vector beams with different polarization distributions due to di-
verse phase difference ΔΦ of two circularly polarized OAM
beams, as shown in Fig. 1 (b). In Eq. (2), the type of synthetic
vector beams can be changed by adjusting the sign of A1 and A2.
Changing the polarization of input Gaussian beam (e.g.,
þ45 deg to −45 deg) means changing the sign of A1 and
A2. Rotating the QWP enables the changing of circular polari-
zation state. Therefore, four vector beams on the equator can be
generated (see S1 in the Supplementary Material for details).
When generating OAM beams employing this single SLM loop,
one can just adjust the incident Gaussian beam to x or y polari-
zation. Loading a �OAM superposition phase hologram onto
the SLM, LP beams are also generated. In addition, to generate
arbitrary vector beams based on this single SLM loop, control of
the phase difference of two OAM beams is requested. Many
approaches can be utilized to arbitrarily control the phase differ-
ence of two OAM beams, including using another SLM or some
polarization optics to adjust their phase delay (see S3 in the
Supplementary Material for details). Furthermore, letting the
x-polarized and y-polarized beams have a slight offset on
SLM and then separately modulating them may be another ap-
proach to controlling the phase delay of two OAM beams.

A conventional interferometric setup for generation of vector
beams obey the rules: splitting a Gaussian beam into two
orthogonally polarized beams, modulating them into two
OAM beams with opposite topological charges via two phase
holograms, and then recombining them. In such a conventional
setup, ΔΦ alters, since the two OAM beams propagate along
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different paths. Such a rapid change ofΔΦmay lead to vibration
and rotation of the polarization distributions of vector beams,
which may be a fundamental disadvantage of conventional ap-
proaches. In our approach, the two orthogonal OAM beams
share the common optical path so that the polarization distribu-
tion of the generated vector beam is robust. An experiment is
carried out to demonstrate this point. First, we use two different
setups to generate higher-order vector beams. Let the generated
vector beams propagate through a polarizer, and the LP-like in-
tensity profiles of vector beams are recorded using a CCD run at
10 frames per second. For a conventional interferometric setup,
the lobe jitters and rotates (see Video 1). For common-path in-
terferometric loop in this work, the lobe are stable (Video 2).

Taking the intensity profile of the first frame of recorded video
as a reference, the overlapping degree between intensity profiles
in other frames and the reference is calculated. As shown in
Fig. 1(c), vector beams generated using the proposed approach
are stable and robust.

After finishing the construction of reconfigurable structured
light beam generator with adjustable beam types, beam orders,
and beam sizes, we couple these diverse structured light beams
into air–core fiber for testing. The specific experimental setup is
shown in Fig. 1(d), with the red line describing the track of spa-
tial light. A polarizer (Pol.) is used to adjust the polarization of
the input Gaussian beam. After propagating through the single
SLM loop mentioned above, a structured light beam is

Fig. 1 (a) Concept of reconfigurable structured light beams generator employing a single SLM
loop. (b) HOPS with l ¼ 1. (c) Overlapping degree between polarization distributions of vector
beams in initial frames and vector beams in subsequent frames. (d) Experimental setup of recon-
figurable structured light beams generator and fiber-coupling system. PC, polarization controller;
Col, collimator; BS, beam splitter; PBS, polarization beam splitter; HWP, half-wave plate; QWP,
quarter-wave plate; OL, objective lens; CCD, charge-coupled device (Video 1, mp4, 12.2 MB
[URL: https://doi.org/10.1117/1.APN.2.3.036015.s1; Video 2, mp4, 12.1 MB [URL: https://
doi.org/10.1117/1.APN.2.3.036015.s2).
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generated at the output of the QWP. Then the beam passes
through BS2 and is coupled into the air–core fiber by an objec-
tive lens (OL1). After the transmission in the air–core fiber, the
structured light beam is collimated by OL2. CCD1 and CCD2
capture the intensity profiles of generated structured light beams
before and after fiber transmission, respectively. Remarkably,
BS2 is used for capturing the free-space structured light,
whereas BS1 applied due to the SLM is a polarization-sensitive
device. Such two BSs lead to a 9-dB loss, which is a disadvant-
age for power-limited structured light beam applications. Thus
one can further improve the transmission efficiency of this setup
by removing the two BSs (see S7 in the Supplementary Material
for details).

2.2 Polarization Reconstruction of Structured Light
Beams

To verify the generated structured light beams, an approach is
developed to measure the polarization distributions of structured
light beams, especially for vector beams. Figs. 2(a)–2(g) illus-
trate the polarization reconstruction process of vector beam with
mode order l ¼ 1, whereas Figs. 2(h)–2(n) correspond to mode
order l ¼ 10.

Noting that the polarization of the uniform polarized beam
can be described by Stokes parameters, we achieve the

polarization measurement of the vector beams by calculating
the Stokes parameters of each point at the transverse plane.
Stokes parameters are known to be calculated as

8>>><
>>>:

S0 ¼ IX þ IY
S1 ¼ IX − IY
S2 ¼ Iþ45 − I−45
S3 ¼ IR − IL

; (3)

where S0 − S3 represent four Stokes parameters. IX, IY , Iþ45,
and I−45 correspond to the intensity of light passing through
a polarizer whose direction is adjusted to x, y, þ45 deg, and
−45 deg, respectively. IR corresponds to the intensity of light
passing through a þ45 deg directional QWP and an x-direc-
tional polarizer, representing the right-circularly polarized com-
ponent. IL corresponds to the intensity of light passing through a
þ45 deg directional QWP and a y directional polarizer, repre-
senting the left-circularly polarized component. For cylindrical
vector beams, by recording six different intensity profiles, one
can easily calculate the Stokes parameters of each point at the
beam transverse plane. Thus the function of the light field can be
calculated employing the known Stokes parameters of each
point, which can be written as

Fig. 2 Polarization reconstruction of cylindrical vector beams. Measured intensity profiles of a
vector beam with mode order l ¼ 1 after propagating through (a) an x -polarized polarizer;
(b) a y -polarized polarizer; (c) a þ45 deg directional QWP and an x -polarized polarizer; (d) a
þ45 deg polarizer; (e) a −45 deg polarizer; (f) a þ45 deg directional QWP and a y -polarized
polarizer; (g) intensity profile and polarization distribution of the vector beam with mode order
l ¼ 1. Measured intensity profiles of a vector beam with mode order l ¼ 10 after propagating
through (h) an x -polarized polarizer; (i) a y -polarized polarizer; (j) a þ45 deg directional QWP
and an x -polarized polarizer; (k) a þ45 deg polarizer; (l) a −45 deg polarizer; (m) a þ45 deg
directional QWP and a y -polarized polarizer; (n) intensity profile and polarization distribution of
the vector beam with mode order l ¼ 10.

Liang et al.: Reconfigurable structured light generation and its coupling to air–core fiber

Advanced Photonics Nexus 036015-4 May∕Jun 2023 • Vol. 2(3)

95

https://doi.org/10.1117/1.APN.2.3.036015.s01


�
EX ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1þ S1∕S0Þ∕2

p
· cos φ

EY ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 − S3∕S2Þ∕2
p

· cos½φþ tan−1ðS3∕S2Þ�
; (4)

where EX and EY describe the simple harmonic vibration func-
tions of light in two orthogonal directions. φ represents the
transmission and vibration phase of light, usually described
as φ ¼ k · z − ω · tþ φ0. Thus the trajectory of the beam vector
determined by EX and EY can be calculated by taking the value
of φ from 0 to 2π in the parameter equation system about φ.

By capturing the intensity profiles of IX , IY , Iþ45, I−45, IR,
and IL, as shown in Figs. 2(a)–2(f) or Figs. 2(h)–2(m), respec-
tively, we calculate the Stokes parameters and then give the
polarization of each point. It is worth mentioning that all the
intensity profiles are divided into many small matrices in order
to facilitate the final marking of the polarization in the
reconstruction figure, such as in Figs. 2(g) and 2(n).

2.3 Reconfigurable Structured Light Beams Generated
in Free Space

Loading the seventh order hologram (l ¼ 7) onto the SLM, by
adjusting the polarization devices in the experimental setup, we
obtain diverse structured light beams, such as x-polarized OAM
beams, x-polarized LP beams, circularly polarized OAM beams,
and vector beams in free space. CCD1 in Fig. 1(d) is used to
capture the intensity profiles of the generated beams.

Figure 3 displays all types of structured light beams with the
seventh order generated in our setup. We record the intensity
profiles and reconstruct the polarization distributions of x-polar-
ized OAM beams with opposite topological charges (i.e., þ7
and −7), as shown in Figs. 3(a) and 3(b). Moreover, we record
the intensity profiles of OAM beams interfering with Gaussian
beams in order to verify the topological charge of OAM beams,
as inserted into the right side of Fig. 3(b). The upper one denotes
the interference intensity profile of OAM mode in Fig. 3(a),

Fig. 3 Intensity profiles and polarization distributions of diverse seventh-order structured light
beams generated in free space. (a), (b) x -polarized OAM beams, insets are interference intensity
profiles of them. (c), (d) x -polarized LP beams. (e), (f) Circularly polarized OAM beams, insets are
interference intensity profiles of them. (g), (h) Vector beams. (i)–(l) Four different vector beams;
insets are intensity profiles of vector beams passing through different directional polarizers.
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whereas the bottom one corresponds to the interference intensity
profile of OAM mode in Fig. 3(b). Figures 3(c) and 3(d) illus-
trate the obtained x-polarized LP beams, with orange vertical
lines marked to distinguish different LP modes. Circularly po-
larized OAM beams with opposite topological charges, men-
tioned as poles on HOPS, are shown in Figs. 3(e) and 3(f).
For circularly polarized OAM beams, green lines indicate the
right circular polarizations, whereas red lines indicate the left
circular polarizations. Similarly, interference intensity profiles
are also inserted into the right side of Fig. 3(f). The upper
one denotes the interference intensity profile of the OAM mode
in Fig. 3(e), whereas the bottom one corresponds to the inter-
ference intensity profile of the OAM mode in Fig. 3(f).

Figures 3(g) and 3(h) display the intensity profiles and polari-
zation distributions of two different seventh-order vector beams.

Four vector beams with different polarization distributions
are generated in this experimental setup by adjusting the polari-
zation devices, as illustrated in Figs. 3(i)–3(l). They possess a
measured average polarization purity of 94.0% (94.2%, 93.3%,
94.3%, and 94.3%) for four different vector beams, respectively
(see S9 in the Supplementary Material for details).45,46 Intensity
profiles of four different vector beams passing through different
directional polarizers are also displayed, as shown in Figs. 3(i)–
3(l). Orange vertical lines are marked to distinguish these LP-
like intensity profiles. With the rotation of polarizer (from hori-
zontal to 45 deg, vertical, −45 deg), lobes in Figs. 3(i) and 3(k)
rotate clockwise, whereas lobes in Figs. 3(j) and 3(l) rotate
counterclockwise.

2.4 Diverse Structured Light Beams after Transmission
through Air–Core Fiber

Noting that the air–core fiber is a strongly guiding fiber (LP
beams are not supported in air–core fiber), only free-space vec-
tor beams and OAM beams are coupled into the air–core fiber.
By adjusting the divergence of such free-space structured light,
the size match between focused structured light and ring-shaped
fiber core can be accomplished. Hence, fifth to seventh OAM
beams and vector beams can be coupled into the air–core fiber
with losses <5 dB, as displayed in Fig. 4. Vector 1 to vector 4
represent four different vector beams generated in the interfero-
metric loop (see S1 in the Supplementary Material for details).

The quality of output beam is another way to prove that ac-
curate coupling of higher-order modes is accomplished in our
scheme. We accordingly capture the intensity profiles of
OAM beams and vector beams output from the 5-m air–core
fiber using CCD2, as shown in Fig. 5. It can be seen from
Figs. 5(a)–5(d) that x-polarized and circularly polarized

Fig. 4 Coupling losses of the fourth to seventh OAM and vector
beams. RCP, right circular polarization; LCP, left circular polari-
zation; and XP, x polarization.

Fig. 5 Diverse seventh-order structured light beams after 5-m air–core fiber transmission, insets
above figures (a)–(d) are their interference intensity profiles, respectively. (a), (b) x -polarized OAM
beams; (c), (d) circularly polarized OAM beams; and (e)–(h) vector beams.
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OAM beams still possess the same uniform polarization distri-
butions after transmission of air–core fiber. In addition, all the
interference intensity profiles of OAM beams and fundamental
Gaussian beams are recorded, demonstrating the high purity of
output OAM beams (see S8 in the Supplementary Material). For
output vector beams, they still remain periodic polarization dis-
tributions, as shown in Figs. 5(e)–5(h). Polarization purity of the
fiber-guided vector beams are also calculated, possessing an
average polarization purity of 91.6% (92.9%, 90.8%, 91.1%,
and 91.5%) for four different vector modes, respectively (see
S9 in the Supplementary Material for details).

3 Conclusion
In summary, we propose and experimentally demonstrate a re-
configurable structured light beam generator. Diverse structured
light beams, such as OAM beams, LP beams, and vector beams
with controllable mode orders and sizes are generated in free
space. For ring-shaped uniformly polarized OAM beams and
ring-shaped nonuniformly polarized cylindrical vector beams,
we measure the Stokes parameters of each point at the transverse
plane to reconstruct the polarization distributions for distin-
guishing these two beams. In order to produce and transmit
higher-order structured light beams in optical fiber, we couple
the generated fifth- to seventh-order OAM beams and vector
beams into 5-m air–core fiber. Low coupling loss (<5 dB for
all supported modes) and high purity of structured light beams
are obtained, further proving that we have produced and trans-
mitted stable structured light beams in fiber.

There are already some other devices to generate structured
light beams, including digital micromirror devices,47 metasurfa-
ces,48 Q-plates,49 and J-plates.50 Digital micromirror devices are
another kind of free-space device to tailor the spatial transverse
structure of light beams, which might be used to replace the SLM
in the interferometric loop. Although metasurfaces, Q-plates, and
J-plates can also generate structured light with high robustness,
they are usually not reconfigurable. Hence, the single-SLM
Sagnac loop approach in this study takes advantage of both high
robustness and reconfiguration. Such reconfigurable structured
light beams generator may act as a useful scheme for various
free-space and fiber-optic applications based on structured light
beams, such as SDM communications, optical tweezers, optical
sensing, superresolution imaging, and quantum optics.
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