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Editorial on the Research Topic

Optical vortices: Generation and detection

Vortices are typically characterized by singularities and represent an interesting

phenomenon that occurs widely in nature, such as tornadoes, fluid eddies, spiral galaxies

and even in black holes, etc. Like other types of vortices, optical vortices share the property

of carrying orbital angular momentum (OAM), as proved by the seminal paper of Allen

and coworkers in 1992 [1], which ignited the flourishing research field of structured light.

As one of the most prominent candidates for structured light, optical vortices are arousing

ever-increasing interest among both scientific and engineering communities due to their

disruptive applications in an amazing variety of realms, ranging from stimulated emission

depletion (STED) nanoscopy [2, 3] to both quantum and classical OAM-multiplexed

optical communications [4–6] and more recently high-intensity vortex physics [7, 8]. In

this Research Topic, different schemes and techniques, including complex reconstruction,

metasurfaces, integrated log-polar mode sorters, etc., were proposed for the generation,

modulation, and detection of various vortex fields. Also, some novel vortex fields, such as

asymmetric vortex beams, perfect vortex beams, and anomalous vortex beams, etc., were

also demonstrated. In addition, more exciting and promising applications were explored

further, including OAM-based optical communications, optical manipulation, and

remote sensing of rotating objects, etc.

Although vortex beams have been intensively studied during the past decades, a full

knowledge of the basic physical mechanism, especially clear spatial and temporal

dynamics, is still missing to some extent. By using the ray-tracing method based on

geometric optics, Cai et al. analyzed and established an intuitive mathematical model for

giving an explanation of the physical picture underlying the propagation and evolution of

the dark fields of focused vortices. The results are helpful to intuitively understand the
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propagation behaviour of this special vortex beam. In addition,

the method can be extended to other specific vortex beams.

Among different families of beams carrying OAM, perfect

optical vortices [9] have gained increasing interest during the last

decade due to the independence of their ring-like intensity profile

from the carried amount of OAM. Jiang et al. reported a novel

multi-foci integration method to overcome the critical limits of

standard techniques for perfect vortices generation and produce

beams without focus deviation, showing controllable spot arrays

with custom phase distributions for intriguing applications in

optical trapping and manipulation.

The paraxial local topological charge of anomalous vortex

beam varies with propagation, which provides an additional

degree of freedom. Therefore, the beams have potential

applications in fields such as quantum information and laser

shaping. However, the lack of optical devices to efficiently

generate those beams hinders their applications. Huang et al.

proposed a phase-only device called spiral axicons to efficiently

generate anomalous vortex beams. The relationship between the

spiral axicon parameters and the topological charge of

anomalous vortex beams is given theoretically and

experimentally. This will promote the application of

anomalous vortex beams. Zhang et al. proposed a theoretical

model of the partially coherent power exponential phase vortex

beam, which enriches the variety of vortex beams. This work

opens up opportunities for applications in beam shaping, optical

trapping, and particle manipulation because of the asymmetric

vortex beam. In addition, partially coherent beams have some

unique advantages in applications.

Metasurfaces [10] represent the latest evolution of optical

elements in terms of design and materials [11], and suggest new

optical architectures and techniques for the advanced generation

of optical vortices. Vogliardi et al. reported the design and

simulation of new silicon metaoptics for the spin-controlled

generation and focusing of beams carrying OAM. The

combined control of dynamic and geometric phases via

rotated nanopillars with different cross-sections allows

encoding different functionalities on the two orthogonal

circular polarizations, enabling the focusing of beams carrying

different values of OAM at distinct points in space. Song et al.

demonstrated an evolution of the previous metasurfaces with

further engineered meta-atoms for generating achromatic

focused optical vortex beams through a single germanium

metasurface in the longwave infrared with high efficiency and

high mode purity, where the chromatic aberration and

polarization sensitivity are eliminated by superimposing a

polarization-insensitive geometric phase and a dispersion-

engineered dynamic phase. It has been shown that the

longwave infrared corresponds to an atmospheric transparent

window, which makes it an ideal range for optical wireless

communications. Thus, this work makes a great significance

for promoting the application of chip-level optical

communications in infrared range based on OAM-multiplexing.

It has been well known that vortex beams, which are

endowed with OAM, can be used as information carriers to

increase the information capacity of optical communication

channels at the same frequency, which requires mode sorters

that can effectively distinguish among different vortex beam

patterns. However, none of the currently known solutions can

provide direct integration to other optical elements, or provide

simple lithography procedures for various functionalities.

Lightman et al. proposed a fabrication method that can

provide high-quality and integrated log-polar mode sorters.

This lays the foundation for construction of an optical fiber-

based communication system. Conformal transformations

represent an efficient and versatile method for the compact

manipulation of OAM beams by using a cascade of two

confocal phase elements [12, 13]. Li et al. presented a

numerical study on the generation of OAM beams by using

the so-called log-polar transformation [14] to wrap a rectangular

intensity profile with a linear phase into a ring of light carrying an

azimuthal phase gradient, proving the efficient generation and

also mode detection of integer and fractional OAM beams with

continuous tunability.

Since the seminal paper of Bozinovic et al. in 2013 [6], the

stable propagation of OAM modes has been widely exploited

both in commercial and special optical fibers. The review of Ma

et al. summarizes the state-of-the-art in the generation,

transmission, and exploitation of guided OAM beams,

considering several types of optical fibers, as photonic crystal

fibers, ring core fibers, fiber gratings and other all-fiber systems

supporting OAM, and giving a final outlook on applications of

OAM in cutting-edge disciplines, such as nonlinear optics,

optical communication, particle manipulation and imaging.

Zhao et al. proposed a method to reconstruct both the

amplitude and phase profiles of OAM beams by collecting

their interference patterns with two reference waves of

different phases in a coherent detection scheme, proving the

feasibility of the technique both numerically and experimentally

and its robustness even under the presence of atmospheric

turbulence.

In addition, vortex light had been utilized for remote sensing of

rotating objects, bothmicroscopic particles andmacroscopic objects,

based on the rotational Doppler effect (RDE). Qiu et al. presented an

overview on the technical progress in measuring the rotating

Doppler effect associated with OAM, giving the basic mechanism

of RDE, the recent developments in rotational speed measurement

ranging from macro-objects and molecular motion to quantum

optical realms, and a summary of challenges and prospects. Recent

years have witnessed a growing interest in vector vortex beams [15,

16]. Qiu et al. reported a flexible and robust scheme to generate the

symmetric and asymmetric vector structured beams instead of

conventional interferometer configuration, and they further

demonstrated the spectrum observation of the rotational Doppler

effect based on the coherent interaction between atoms and

structured light in an atomic vapor.
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In summary, vortex beams bring new degrees of freedom for

photons due to their carried OAM and also complex spatial mode

profiles. Also, various novel vortex fields and advanced control over

vortex fields with more degrees of flexibility are explored.

Furthermore, more and more exciting applications are expected in

the future, with the advance of compact and integrated devices. This

Research Topic collects the works of the large community working in

those fields, showing the prominent role played by optical vortices

and the still vivid and inspiring action of OAM beams 30 years later.
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Generation and Propagation of
Partially Coherent
Power-Exponent-Phase Vortex Beam
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Chengliang Zhao1* and Yangjian Cai1,3,4*
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Engineering and Technical Center of Light Manipulation & Shandong Provincial Key Laboratory of Optics and Photonic Devices,
School of Physics and Electronics, Shandong Normal University, Jinan, China

We report on a partially coherent power-exponent-phase vortex beam (PC-PEPV), whose
spatial coherence is controllable and the initial phase exhibits a periodic power exponential
change. The PC-PEPV beamwas generated experimentally with various spatial coherence
widths, and its propagation properties were studied both numerically and experimentally.
By modulating the topological charge (TC) and power order of the PC-PEPV beam, the
structure of the vortex beam can be adjusted from circular to elliptic, triangular,
quadrangle, and pentagon. When the power order is odd, the PC-PEPV beam with a
negative TC can be generated, and the profiles of the PC-PEPV beam can be precisely
controlled via adjusting the value of the power order. For the case of high spatial coherence
width, the number of the dark cores in the polygonal intensity array of the PC-PEPV beam
equals the magnitude of the TC. However, when decreasing the spatial coherence width,
the dark cores vanish and the intensity gradually transforms into a polygonal light spot.
Fortunately, from the modulus and phase distributions of the cross-spectral density (CSD),
both the magnitude and sign of the TC can be determined. In the experiment, the modulus
and phase distribution of the CSD are verified by the phase perturbation method. This
study has potential applications in beam shaping, micro-particle trapping, and optical
tweezers.

Keywords: singular optics, vortex beam, partially coherent, power-exponent-phase, beam shaping

INTRODUCTION

Since it was verified that the optical vortex can carry orbital angular momentum (OAM) [1], it
became a research hot spot in the field of light manipulation. It is well known that the optical vortex
possesses a helical phase term of exp(imθ), where m is the topological charge (TC) and θ is the
azimuthal angle. At the center of the optical vortex, the phase is undetermined and the intensity is
zero. Optical vortices are widely investigated in many fields, such as micro-particle manipulation
[2–5], free-space optical communications [6–8], optical measurements [9, 10], and super-resolution
imaging [11].

The conventional optical vortex has a circular intensity profile, which limits its applications. To
address this problem, various asymmetric and non-canonical models for optical vortices are
proposed, providing higher freedom of control, for example, the optical vortex with a 3D free-
style structure [12], the asymmetric Bessel beam [13], remainder-phase optical vortex [14],
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anomalous optical vortex [15], and power-exponent-phase vortex
(PEPV) [16]. It is worth noting that, compared with the classical
vortex, the PEPV beam has a non-uniform phase and a spiral-
shaped intensity distribution. Specifically, the phase on a
closed path around the center point will increase
exponentially. Soon afterward, the propagation properties of
the PEPV beam was investigated [17], and this kind of vortex
shows more advantages in particle manipulation [18–20].
Recently, a new kind of PEPV (NPEPV) beam was
proposed, where each part of the spiral phase increases
from 0 to 2π, showing exponential growth [21]. In addition,
the phase and intensity patterns both show rotational
symmetry. However, these excellent studies are only focused
on the field of fully coherent light.

Coherence is one of the most important characteristics of
the laser beam. Compared with the fully coherent beam, the
partially coherent beam [22, 23] is more ubiquitous and has
some unique advantages in practical applications. For
instance, the partially coherent beam can increase the
transfer efficiency in the process of non-linear optics [24],
enhance the signal to noise ratio [25], decrease the bit error
ratio [26], and realize particle trapping [27, 28] and ghost
imaging [29, 30]. The partially coherent vortex beam was first
proposed by Gori et.al., which is expressed by the incoherent
superposition of a series of coherent Laguerre–Gaussian
modes [31]. Subsequently, the study of the vortex beam has
expanded from fully coherent to partially coherent and
attracted enormous attention during the past decades
[32–38]. The partially coherent vortex beam has several
advantages over the fully coherent vortex beam. For
instance, it is less disturbed when propagating through a
turbulent atmosphere [39] as high-freedom beam shaping
is possible [40], and it has remarkable self-reconstruction
properties [41]. Different from fully coherent vortex beam
with dark hollow intensity distribution, the central dark core
in the partially coherent vortex beam will gradually vanish as
the spatial coherence width decreases [42]. To describe the
singularity of the partially coherent vortex beam, the concept
of a coherence vortex, named as coherence singularity, is
proposed. It reveals that the singularity of the partially
coherent vortex will be hidden in the distribution of the
cross-spectral density (CSD), instead of intensity [43, 44].
Meanwhile, the TC of the partially coherent beam can be
determined by measuring the modulus and phase of the CSD
function [45, 46]. However, the aforementioned conventional
partially coherent vortex beams only carry the common
helical phase term exp(imθ), where the structure of the
beams can only be reshaped from a doughnut-like intensity
pattern to a circular intensity spot, limiting its practical
applications. It inspires us to explore a
special partially coherent vortex beam with a controllable
structure.

To address this problem, in this study, we propose the
theoretical model of a partially coherent power-exponent-
phase vortex (PC-PEPV) beam, and its propagation properties
are studied by numerical simulations. Different from the
conventional partially coherent vortex beam, the PC-PEPV

beam can realize a polygonal-structured intensity distribution
and be shaped freely and precisely via varying the initial spatial
coherence width, power order, and topological charge. In
addition, we experimentally generated the PC-PEPV beam
and measured the modulus and phase distributions of its CSD
function via the phase perturbation method. The coherence
singularities are observed in the phase distributions, which
helps the determination of magnitude and sign of the TC.
Compared with the partially coherent conventional vortex
beam, our study enriches the mode distributions and realizes a
controllable beam shaping, which have potential applications
in particle manipulation.

METHODS

Principle of Generating the PC-PEPV Beam
Compared with a conventional vortex beam with a uniformly
varying phase, that is, exp(imθ), the electric field of a NPEPV
beam with Gaussian-distributed amplitude in the source plane
(z � 0) can be written as [21]:

E(r, θ) � exp( − r2

w2
0

) exp(i2π[rem(mθ, 2π)
2π ]

n

), (1)

where (r, θ) denotes the polar coordinates in the source plane,
r is the radial coordinate, θ is the azimuthal coordinate, w0 is
the beam width, rem(.) means the remainder function [14], m
is the TC number, and n represents the power order of the
spiral phase. Note that the power order n can be an integer or a
fraction. It should be noted that the NPEPV beam will
reduce to the conventional vortex beam if the parameters
are n � 1.

To distinguish the difference between the conventional
vortex beam and NPEPV beam, according to Eq. 1, the
initial phases of them are depicted in Figure 1. Here, the
value of TC is fixed as m � 3. As shown in Figures 1A,B, the
initial phases with power order n � 1 and 2 can be regard as the
initial phase of conventional vortex and NPEPV beam,
respectively. Furthermore, the relationship between the
initial phases and azimuth of the two phases is shown in
Figure 1C. In contrast to the initial phase of the conventional
vortex beam, which has a linear variation from 0 to 2π, the
initial phase of the NPEPV beam shows a periodic power
exponential change. However, the Eq.1 is only suitable for
perfectly coherent cases which neglected the significance of
coherence of the light. Hence, in the following study, we
extend this fully coherent NPEPV beam to a partially
coherent field.

For a partially coherent beam, the CSD function in the
space–frequency domain [23, 47] can be used to express its
statistical characteristics as follows:

W(r1, θ1, r2, θ2,ω) � 〈Ep(r1, θ1,ω)E(r2, θ2,ω)〉, (2)

where (r1, θ1) and (r2, θ2) represent the coordinates of two
random points in the source plane, denotes the ensemble
average, and * represents the complex conjugate. In the
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following derivation, for brevity, we only consider a
monochromatic beam and omit the frequency ω [42, 48]. By
substituting Eq. 1 into Eq. 2, we find that for a Schell model PC-
PEPV beam carrying the distinct power-exponent-phase shown
in Figure 1B, the CSD function can be written as follows (see
Supplementary Material):

W(r1, θ1, r2, θ2) � exp( − r21 + r22
w2

0

) × exp[
− r21 − 2r1r2 cos(θ1 − θ2) + r22

2σ2
]

× exp(i2π{[rem(mθ1, 2π)
2π ]

n

− [rem(mθ2, 2π)
2π

]
n

}), (3)

where σ denotes the initial spatial coherence width of the beam.
Generally, the propagation properties through a paraxial ABCD
optical system can be studied via the generalized Collins formula.
The CSD function in the observation plane can be written as
follows:

W(ρ1,φ1, ρ2,φ2, z) �( 1
λ|B|)

2

∫∞

0
∫∞

0
∫2π

0
∫2π

0

r1r2dr1dr2dθ1dθ2W(r1, θ1, r2, θ2)
× exp{ − ik

2Bp
[Apr21 − 2r1ρ1 cos(θ1 − φ1)

+Dpρ21]} × exp{ ik
2B

[Ar22
− 2r2ρ2 cos(θ2 − φ2) +Dρ22]}.

(4)

Here, ρ and φ are the radial and azimuthal coordinates of
the observation plane, respectively. A, B, C, and D are the
transfer matrix elements of the optical system. For a focused
optical system, we can set A � 0, B � f, C � −1/f, and D � 1,
where f is the focal length of the lens.

OAM Spectrum of the PC-PEPV Beam
Due to the introduction of the power order, the characteristics of
the PC-PEPV beam differ from the conventional partially
coherent vortex, which is closely related to the OAM
spectrum. In Figure 2, we calculated the OAM spectrum of
the PC-PEPV beam with different initial spatial coherence and
power order in the source plane. Here, TCm � 3 and w0 � 1 mm.
Any vortex beam can be expressed as an orthogonal
superposition of a series of integer OAM beams [49, 50].
Hence, the Eq. 1 can be rewritten as follows:

E(r, θ) � 1
2π

√ ∑∞
l�−∞

al(r) exp(ilθ), (5)

where l is an integer and the mode coefficients are given by:

al(r) � 1
2π

√ ∫2π

0
E(r, θ) exp(−ilθ)dθ, (6)

and the power weight is defined as |al(r)|2. Likewise, the power
weight of the PC-PEPV beam can be written as follows:

〈|al(r)|2〉 � 1
2π exp[ − 2r2

w2
0

]∫2π

0
∫2π

0
exp[i2π(rem(mθ1, 2π)

2π )
n

]
× exp[ − i2π(rem(mθ2, 2π)

2π
)

n

]
×exp[ − il(θ1 − θ2)] × exp[ − r2

σ2
(1 − cos(θ1 − θ2))]dθ1dθ2.

(7)

Here, the normalized power weight for each OAMmode can then
be defined as follows:

Pl �
∫∞

0
〈|al(r)|2〉rdr

∑l ∫∞

0
〈|al(r)|2〉rdr

. (8)

As depicted in Figures 2A–C, the power order n � 1, which
corresponds to a conventional vortex beam. Clearly, the OAM
spectrum of the conventional vortex beam with high spatial
coherence is shown in Figure 2A and features a unique peak
at l � 3. When the spatial coherence decreases, the OAM
spectrum tends to a Gaussian distribution, and the main peak

FIGURE 1 | Numerical simulation initial phases of the conventional vortex (CV) and NPEPV. (A) is the initial phase of the conventional vortex beam with TC m � 3,
and power order n � 1, (B) is the initial phase of the NPEPV beamwith TCm � 3 and power order n � 3, and (C) is the relationship between the initial phases and azimuth
in a closed path marked by the white circular dashed line in Figure 1A; Figure 1B.
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is located at l � 3. As the power order increases, that is, n � 2 and
3, the conventional vortex beam transforms into the PC-PEPV
beam, and the OAM spectra with high spatial coherence are
depicted in Figures 2D,G, respectively. By contrast, the OAM

spectrum increases at l � 0 and 6 but decreases at l � 3 due to the
power order in the spiral phase. Similarly, the OAM spectrum
tends to a Gaussian distribution as the spatial coherence
decreases.

FIGURE 2 |OAM spectrum of the PC-PEPV beamwith beamwaistw0 � 1 mm and TC m � 3, under different spatial coherence σ and power order n. (A–C) σ � 20,
1, 0.5 mm, and power order n � 1; (D–F) σ � 20, 1, 0.5 mm, and power order n � 2; and (G–I) σ � 20, 1, 0.5 mm, and power order n � 3.

FIGURE 3 | Experimental setup for generating a PC-PEPV beam andmeasuring the amplitude and phase distribution of its CSD. (A) Fork grating written into SLM1

and (B) phase mask written into SLM2. BE, beam expander; L1–L5, lenses; RGGD, rotating ground-glass disk; M, mirror; A1, A2, apertures; SLM1, SLM2, spatial light
modulators; BS, beam splitter; and CCD1, CCD2, charge-coupled device.
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Experimental Setup
The schematic of the experimental setup is depicted in Figure 3,
which is used for generating a PC-PEPV beam and measuring
the modulus and phase distribution of its CSD function. The
coherent laser beam with a wavelength of λ � 532 nm is emitted
from a solid-state laser and then expanded by the beam
expander. The expanded beam is focused on the rotating
ground-glass disk (with 400 Grit and 20 Hz rotational
frequency) by the lens L1 (f1 � 100 mm), and then collimated
by the lens L2 (f2 � 100 mm) to get a partially coherent Gaussian
Schell model beam with controllable spatial coherence. The
initial spatial coherence width can be controlled via adjusting
the focused beam spot size on the rotating ground-glass disk
[47]. The aperture A1 is used to get the central area of the
partially coherent Gaussian Schell model beam. Then it is
reflected to the first spatial light modulator (SLM1) via a
mirror M. As shown in Figure 3A, the fork grating loaded
on SLM1 is designed via the method of computer-generated
holograms [10]. Then the lenses L3 and L4 and aperture A2 are
used to form a 4-f system and filter the +1 order of the output
beam, named as the PC-PEPV beam. The PC-PEPV beam is
focused by the lens L5. One path is reflected via the beam splitter,
and the intensity is recorded by the charge-coupled device
(CCD1), which is located at the focal plane of L5. To verify
the CSD distribution and measure the coherence singularities of
the PC-PEPV beam, the other path is transmitted through the
beam splitter and focused onto SLM2. The phase written into
SLM2 is shown in Figure 3B, containing a central square
window with displacement grating, spherical wave phase for
focusing, and an additional central phase perturbation [51, 52].
Note that the focused input PC-PEPV beam and the center of
SLM2 need to be aligned. Finally, the output beam from SLM2 is
reflected by the beam splitter and recorded by the CCD2 located
at the Fourier plane.

Method to Measure the CSD Function of the
PC-PEPV Beam
The Fourier transformation intensity recorded by the
CCD2 with no additional phase perturbation can be written
as follows:

I0(k) � ∫∫W(ρ1, ρ2) exp[ − i2πk(ρ1 − ρ2)]dρ1dρ2, (9)

whereW(ρ1, ρ2) is the CSD function of the PC-PEPV beam on the
plane of SLM2 and k represents the coordinate vector in the plane
of CCD2. Then we introduce an on-axis phase perturbation at ρ2
� ρ0 � (0, 0) of SLM2. The complex-valued phase perturbation
can be expressed as C � [exp(iφ) – 1]δ(ρ – ρ0), where δ(ρ)
represents the Dirac function. Thus, the perturbed Fourier
transformation intensity will change as follows:

I(k) � I0(k) + CCpW(ρ0, ρ0) + C∫W(ρ1, ρ0)
exp[ − i2πk(ρ1 − ρ0)]dρ1 + Cp ∫W(ρ0, ρ2)

exp[ − i2πk(ρ0 − ρ2)]dρ2. (10)

Performing an inverse Fourier transform of this intensity gives
the following equation:

FT−1[I(k)](ρ) � FT−1[I0(k)](ρ) + CCpW(ρ0, ρ0)δ(ρ)
+ CW(ρ0 + ρ, ρ0) + CpW(ρ0, ρ0 − ρ). (11)

To measure the CSD function of the PC-PEPV beam, the phase
assignments φ need to be assigned three times to get three
equations, and the CSD function can be calculated via the
following equation:

W(ρ, 0) � FT−1{ (C3 − C1)[I2 − I1] − (C2 − C1)[I3 − I1]
(C3 − C1)(Cp

2 − Cp
1) − (Cp

3 − Cp
1)(C2 − C1)}.

(12)

Here, C1, C2, and C3 represent three different phase
perturbations with φ equal to φ1, φ2, and φ3, which should be
chosen as far away as possible within 2π (i.e., phase working range
of SLM2 with wavelength equal to 532 nm). It can help obtain
three intensities with maximum difference and enhance the signal
to noise ratio of the retrieval. Here, we set φ1 � 0, φ2 � −2π/3, and
φ3 � 2π/3.

RESULTS AND DISCUSSION

Numerical Simulation Results With Different
Coherence Width and TC
In this section, we investigate the properties of the PC-PEPV
beam focused by a thin Fourier lens via numerical calculation
based on the complex random screen decomposition [53–55].
Figure 4 illustrates the initial phase patterns of PC-PEPV
beams on the source plane and the simulated distributions of
PC-PEPV beams on the focal plane with high initial spatial
coherence width (σ � 20 mm), including the intensity, and the
modulus and phase of the CSD function with on-axis
reference (r2 � 0, θ2 � 0). The initial spatial coherence
width means the transverse width between the maximum
value to the point with e−1/2 the maximum value of the
modulus of the degree of coherence [23]. Here, λ � 532
nm, w0 � 1 mm, f � 300 mm, power order n � 2, and TCs
m � 2, 3, 4, and 5. The simulated initial phase patterns and
intensity patterns are shown in the first and second rows of
Figure 4, respectively. It is observed that the initial phase
exhibits a periodic power exponential change and the
polygonal optical vortex arrays are generated, respectively.
The number of the dark cores are N � 2, 3, 4, and 5, which are
equal to the absolute value of the TC. Note that each dark core
is a unit vortex with TC � +1 so that they are separated
imperfect doughnut-like dark core. Moreover, the geometry of
the generated PC-PEPV beam are elliptic, triangular,
quadrangle, and pentagon, respectively, which is specific
compared with the conventional vortex beam that has a
“doughnut-like” profile. In this case where we have a high
initial spatial coherence width, the number of vortices and the
geometry of the PC-PEPV beam can be freely modulated via
adjusting the values of the TC.
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However, as the TC increases, the intensity becomes higher for
the central spot and lower for the outer region. The reason is that
radius of a vortex beam will increase with the TC increase, which
causes the total energy to disperse in the outer region. As a
consequence, the dark cores in the intensity gradually become
indistinguishable and the value of the TC becomes difficult to
determine. To solve this problem, we calculated the modulus and
the phase of the CSD function, as shown in the third and bottom
rows of Figure 4, respectively. The structure of the modulus is
similar to the intensity pattern when the initial spatial coherence
width σ is much larger than the beam waist w0. Furthermore, the
number of the dark cores in the modulus of the CSD function also
equals themagnitude of the TC. To verify the sign of the vortex, the
corresponding phase patterns are shown in Figures 4A4–D4. The
phase rotation of coherence singularities is marked by the white
circular arrow. Anticlockwise corresponds to a positive sign of TC
and clockwise indicates that the TC is negative [56]. The locations
of these phase singularities correspond to those of the dark cores in
themodulus of the CSD function. Furthermore, it can be seen from
the phases that a light spot appeared in the center of intensity
owing to the split of the singularities.

Then we studied the characteristic of the PC-PEPV beam with a
medium spatial coherence width, which is equal to the beam waist (σ
� 1mm). The intensity patterns of the PC-PEPV beam are depicted
in Figures 5A1–D1, which show that the focusing properties are very

different between the PC-PEPVbeamwith different spatial coherence
widths. The dark cores in the PC-PEPV beam at the focal plane
disappear gradually as the coherencewidth σ decreases.When the TC
is equal to 2 and 3, the zero-intensity dark cores in the high coherence
case become low-intensity cores, as shown in Figures 5A1,B1. As the
TC became larger, as shown in Figures 5C1,D1, the dark cores nearly
disappeared, and the geometric structure of the vortex array
disappeared at the same time. In this case, we could not
determine the magnitude of the TC from its intensity. However,
the modulus of the CSD function distribution in Figures 5A2–D2
remains the same as that inFigure 4 for high coherence case. Even for
TC equals 5, one can also clearly tell that the number of the dark cores
is equal to the number of the TC.Meanwhile, themagnitude and sign
of the TC also can be determined via the phase distribution, as
depicted in the bottom row of Figure 5.

In Figure 6, we consider a low spatial coherence (σ � 0.5 mm)
to investigate the properties of the PC-PEPV beam. The dark
cores in the intensity have completely vanished due to the modes
overlapping for the partially coherent beam with lower coherence
width [37]. The intensity is Gaussian distributed, and the
geometry of the PC-PEPV beam becomes elliptic, triangular,
quadrangle, and pentagon light spots which is specific
compared with the conventional partially coherent vortex
beam (show a circular intensity spot with Gaussian
distribution) [32]. If the coherence width decreases further, the

FIGURE 4 | Numerical simulation initial phases, intensities, and CSD distributions of the PC-PEPV with high spatial coherence (σ � 20 mm) and power order n � 2.
(A1–D1) are the initial phases on the source plane, (A2–D2) are the intensity patterns, (A3–D3) are the modulus of the CSD function, and (A4–D4) are the phase patterns
of the CSD function. All results are calculated on the focal plane, except the initial phase. White circular arrows represent the anticlockwise direction of the phase winding
which indicates the positive TC.
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PC-PEPV beam will degenerate to a circularly symmetric
Gaussian distribution [57]. From the low coherence intensity
patterns, we could not find any information about the TC.
However, we can still find the magnitude and sign of the TC
from the modulus and phase of the CSD function, as shown in the
middle and bottom rows of Figure 6.

Regulation Characteristics of the Power
Order
As well known, the TC can be negative. In the aforementioned
discussion of Figures 4–6, the sign of the TC m must be
positive due to the power order n � 2. However, with the
power order n � 3, the TC of the PC-PEPV beam can be both

FIGURE 5 | Numerical simulation intensities and CSD distributions of the PC-PEPV beams on the focal plane with medium spatial coherence equal to the beam
waist (σ � 1 mm) and power order n � 2. (A1–D1) are the intensity patterns, (A2–D2) are the modulus of the CSD function, and (A3–D3) are the phase patterns of the
CSD function. White circular arrows represent the anticlockwise direction of the phase winding which indicates the positive TC.

FIGURE 6 | Numerical simulation intensities and CSD distributions of the PC-PEPV beams on the focal plane with low spatial coherence (σ � 0.5 mm) and power
order n � 2. (A1–D1) are the intensity patterns, (A2–D2) are the modulus of the CSD function, and (A3–D3) are the phase patterns of the CSD function. White circular
arrows represent the anticlockwise direction of the phase winding which indicates the positive TC.
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positive and negative, as shown in Figure 7. The intensity,
modulus, and phase of the CSD function of the PC-PEPV
beam with high coherence width (σ � 20mm) and TC (m � 3 and
−3) are depicted in Figures 7A1–A3; Figures 7B1–B3, respectively.
Meanwhile, the PC-PEPV beam with low coherence width (σ �

0.5mm) and TC (m � 3 and −3) are demonstrated in Figures
7C1–C3 and Figures 7D1–D3, respectively. Compared with n � 2,
the intensity of the central light spot increases and the intensities of
the dark cores decrease. This is because the larger power order value
makes the zeroth component of the spiral phase higher [21]. In

FIGURE 7 |Numerical simulation intensities and CSD distributions of the PC-PEPV beams on the focal plane with positive and negative TCs and power order n � 3
under high and low spatial coherence (σ � 20 and 0.5 mm). (A1–D1) are the intensity patterns, (A2–D2) are the modulus of the CSD function, and (A3–D3) are the phase
patterns of the CSD function. White circular arrows represent the anticlockwise direction of the phase winding which indicates the positive TC.

FIGURE 8 | Numerical simulation of intensities and CSD distributions of the PC-PEPV beams on the focal plane with TC m � 3 and low spatial coherence (σ �
0.5 mm). (A1–D1) are the intensity patterns, (A2–D2) are the modulus of the CSD function, and (A3–D3) are the phase patterns of the CSD function.
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addition, the magnitude and sign of the TC can be determined by the
modulus and phase of the CSD function patterns. As depicted in
Figures 7A3–D3, the anticlockwise phase winding (positive TC) and
clockwise phase winding (negative TC) of coherence singularities are
marked by the white and black circle arrows, respectively. The
positive and negative of TC is relative, which is based on the
theoretical model of the vortex phase, that is, Equation 1.

To further study the influence of the power order n, the
numerical simulation intensities and CSD distributions of the
PC-PEPV beam with power order n increase from 4 to 10
with step 2 are shown in Figure 8. Here, the TCm equals 3
and low spatial coherence σ is equal to 0.5 mm. In contrast to the
aforementioned PC-PEPV beam with small power order n, the
intensity transforms from triangular to approximately a Gaussian
form with the increase of power order n, as shown in Figures
8A1–D1 The reason is that the initial phase of the PC-PEPV
beam is approaching to a constant with an increase power order n
[21]. In addition, as shown in Figures 8A2–D2 the modulus of
the CSD function remains the same structure but decreases
intensity in the outer region. It is interesting to note that the
three positive singularities split to three positive and negative
singularity pairs, which cause the total TC approach to 0 owing to
annihilate between the singularity pairs, as depicted in Figures
8A3–D3.

Corresponding Experimental Results of the
PC-PEPV Beam
Figure 9 shows the experimental measurements of the PC-PEPV
beam with high coherence width (σ � 20 mm), and the other
parameters are the same as that in Figure 4. The first row of

Figure 9 depicts the experimental intensity patterns of the PC-
PEPV beam captured with CCD1, which agree well with the
numerical simulation results in Figure 4. The middle row
demonstrates the experimental modulus of the CSD function
of the PC-PEPV beam. The green spots represent the
perturbation point located in the center. For TC equals 2, 3, 4,
and 5, we can observe 2, 3, 4, 5 dark cores in the modulus of the
CSD function, respectively, whose location correspond to the
intensity dark cores. The number of the dark cores in the intensity
and modulus of the CSD function both indicate the magnitude of
the TC. Furthermore, based on Eq. 12, we can also get the phase
distributions of CSD function of the PC-PEPV beam, as shown in
Figures 9A3–D3. When TC is positive, the phase winding is
anticlockwise and consistent for all the coherence singularities.
The number of coherence singularities indicates the magnitude of
TC and the orientation reveals the sign of the TC.

Figures 10, 11 show the experimental results of the PC-PEPV
beam with medium (σ � 1 mm in Figure 10) and low spatial
coherences (σ � 0.5 mm in Figure 11). The other parameters are
the same as those in Figures 5, 6, respectively. As shown in the
first row of Figures 10, 11, the dark cores in the intensity
patterns fade away when the coherence width decreases, and the
magnitude of the TC can no longer be determined from the
intensity distributions. However, we can also obtain the
magnitude of the TC from its retrieved modulus of the CSD
function, as shown in the middle row of Figures 10, 11.
Similarly, both the sign and magnitude of the TC can be
determined from the phase patterns, as shown in the bottom
row of Figures 10, 11. In the case with low coherence, the PC-
PEPV beam with elliptic, triangular, quadrangle, and pentagon
structures can be generated experimentally. The results may be
useful in the field of beam shaping and optical trapping.

FIGURE 9 | Experimental intensity on CCD1 and CSD distributions of the PC-PEPV beam with high spatial coherence width (σ � 20 mm). (A1–D1) are intensity
patterns, (A2–D2) are modulus of the CSD function, and (A3–D3) are phase patterns of the CSD function.
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In addition, with odd power order (n � 3), the PC-PEPV beam
with positive and negative TC are generated experimentally, as
depicted in Figure 12. All parameters of the PC-PEPV beam are
same as those in Figure 7. The intensity and the modulus and
phase of the CSD function are in agreement with the simulation
results in Figure 7. Based on the aforementioned discussion, we
know that the TC can adjust the polygonal structure of the PC-

PEPV beam. Furthermore, the power order can also help realize a
precise manipulation of the structure from circle to polygonal.
The details of the numerical simulations and experimental
intensities of the PC-PEPV beam (m � 3) with high and low
spatial coherence are shown in Videos 1 and 2 (mmc 1 mmc 2 of
the Supplementary Material), respectively, where the power order
n increase from 1 to 3 with step 0.1.

FIGURE 10 | Experimental intensity on CCD1 and CSD distributions of the PC-PEPV beamwith medium spatial coherence width (σ � 1 mm). (A1–D1) are intensity
patterns, (A2–D2) are modulus of the CSD function, and (A3–D3) are phase patterns of the CSD function.

FIGURE 11 | Experimental intensity on CCD1 and CSD distributions of the PC-PEPV beam with low spatial coherence width (σ � 0.5 mm). (A1–D1) are intensity
patterns, (A2–D2) are modulus of the CSD function, and (A3-D3) are phase patterns of the CSD function.
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CONCLUSION

In conclusion, we have introduced the theoretical model of a
PC-PEPV beam and studied its propagation properties
numerically and experimentally. Different from the
conventional partially coherent vortex beam where only a
circular intensity distribution remains, the polygonal-
structured intensity distribution of the PC-PEPV beam is
manipulated by the value of the TC, and the polygonal
vortex array is transformed into a polygonal light spot by
decreasing the spatial coherence width. Furthermore, the
value of the power order is used to control the details of the
structure. For a PC-PEPV beam, the magnitude and sign of the
TC can be determined by the coherence singularities in modulus
and phase of CSD function, even when the optical array
structure in the intensity fades away as the spatial coherence
decreases. Moreover, when the power order is even, the sign of
the TC is always positive. Our experimental results agree well
with the numerical simulation results. We believe that the
results will be useful for beam shaping and optical trapping.
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Generation, Transmission and
Application of Orbital Angular
Momentum in Optical Fiber: A Review
Minghao Ma1,2, Yudong Lian1,2*, Yulei Wang1,2 and Zhiwei Lu1,2

1Center for Advanced Laser Technology, Hebei University of Technology, Tianjin, China, 2Hebei Key Laboratory of Advanced
Laser Technology and Equiment, Tianjin, China

Optical orbital angular momentum (OAM) has become a hot research topic because of its
unique properties due to its spiral distribution of phases. The production and transmission
of OAM has also become a necessary condition for effective use of OAM. As an optical
waveguide with good propagation properties, optical fibers are used in optical systems
supporting OAM. This paper introduces the OAM generation and transmission system
based on fiber, summarizes the current photonic crystal fiber, ring core fiber, fiber grating
and other all-fiber systems that can support OAMmodes, and explains some experimental
principles. Finally, an outlook on OAM generation or transmission devices for all-fiber
systems is presented, providing a useful reference for future related research.

Keywords: orbital angular momentum, photonic crystal fiber, ring core fiber, fiber grating, mode selective coupler

INTRODUCTION

Since Allen et al. [1] discovered the orbital angular momentum (OAM) contained in the vortex beam,
OAM has been widely used. Because the vortex beam has a phase factor of eilφ, its phase distribution
presents a spiral shape. Due to the unique properties, OAM beams have a wide range of applications
in microscopy [2, 3], micromanipulation [4, 5], optical tweezers [6, 7], nonlinear optics [8, 9],
quantum communication [10, 11], and so on. In the traditional optical communication, the
multiplexing technology improves the communication capacity by multiplexing the optical wave
from the aspects of wavelength, frequency and space, but the communication capacity is close to the
Shannon limit [12]. OAM has a spirally distributed phase, and different OAMmodes are orthogonal
to each other. Theoretically, it provides an infinite set of orthogonal bases, which provides a new
research direction for optical communication and information transmission [13–15]. Among them,
the OAM-based modular multiplexing communication technology has received widespread
attention. mode-division multiplexing (MDM) technology increases the efficiency of data
transmission by simultaneously transmitting beams of different modes in the same transmission
channel. The orthogonal property of OAM provides a degree of freedom for the multiplexing
technique, increasing the capacity of the transmitted data. Moreover, the experiments of multiple-
input multiple-output (MIMO) communication system based on OAMmultiplexing technology are
also gradually improved [16, 17]. In addition, OAM is also considered as a potential communication
method of 6G technology [18].

The effective use of the OAM beam cannot be achieved without the generation and stable
transmission of OAM. At present, OAM beam can be generated and propagated by optical fiber or
spatial optical device. Commonly used spatial optical devices include cylindrical lens [19], spatial
light modulator [20], Q plate [21], etc. Compared with spatial optical devices, optical fiber provides a
binding transmission medium for OAM transmission, which can reduce external interference and
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increase transmission distance and efficiency [22]. In recent years,
ring core fiber (RCF) and photonic crystal fiber (PCF) have
become the main optical fibers for transmitting OAM. At
present, the use of optical fiber transmission can achieve the
stable propagation of thousands of OAMmodes [23]. In addition,
as the eigensolution of the optical fiber, OAMmode is formed by
the coupling of the vector mode or scalar mode of the optical
fiber, so the phase purity of OAM generated by the optical fiber is
higher and the optical path complexity is lower. When OAM
beam is generated in optical fiber, the vector mode or scalar mode
of optical fiber is usually obtained first, and then the mode
coupling is carried out with stress action or polarization
controller (PC), etc. Therefore, fiber gratings and fiber mode
selective couplers (MSCs) have attracted attention in the
generation of OAM [24, 25]. The all-fiber OAM generation
and transmission system provides a good carrier for OAM,
which also provides a necessary condition for the effective use
of OAM beam.

This review article discusses the principle, transmission,
generation in optical fiber comprehensively, and introduces
application of OAM. It’s expected to be of great significance
for OAM fiber design and application.

THE PRINCIPLE OF OAM GENERATION

Vortex Beam
Optical vortex is divided into polarization vortex and phase
vortex. The former corresponds to the cylindrical vector beam
(CVB) with polarization vortex characteristics, and the latter
corresponds to the optical orbital angular momentum (OAM)
with phase vortex characteristics [26].

Polarization Vortex
CVB corresponds to the polarization characteristics of vortex
light. Polarized vortex light is generated by polarization
singularities, and is also called vector beam [27], which is the
solution of vector Maxwell’s equations. For general linearly
polarized light, circularly polarized light, and elliptically
polarized light, the polarization state is the same everywhere
in the cross section of the beam propagation, but for CVB, the
polarization state of the light changes as the azimuth angle [28].

For CVB, there are two mutually orthogonal modes, namely
radial polarization and angular polarization, which correspond
exactly to the TMmode and TEmode in the fiber vector mode. In
addtion, the two CVBs mentioned above live in a four
dimensional space spanned by the basis formed by the
Cartesian product of the mode bases and the polarization
vectors, this also means that in addition to the TM and TE
modes, there are two bases with different dimensions. By applying
a unitary transformation to TM and TEmodes, we can obtain two
other basis vectors. These two basis vectors correspond exactly to
the odd and even modes of HE21 in the fiber vector mode [29].
The intensity and polarization of these four basis vectors are
shown schematically in Figure 1.

Phase Vortex
Since the OAM has a phase factor of eilφ, the phase distribution of
the OAM is also related to the azimuth angle. l represents the
topological charge carried by the photon, the value is an integer,
and each photon carries the OAM of lZ. The positive and negative
values of lwill affect the vortex direction and phase distribution of
OAM beam respectively. According to the direction of the vortex,
the OAM beam is divided into left-handed vortex light ( l is
positive) and right-handed vortex light ( l is negative), and the
phase change of one circle is 2lπ on the cross section of the beam
propagation.

The Coupling Theory of OAM
The OAM beam can be formed by the coupling of the vector
mode or the scalar mode in the optical fiber. The OAM formed by
the two coupling methods contains different spin angular
momentum, so the polarization characteristics of the OAM
formed by the different coupling methods are different.

For OAM beam formed by vector mode coupling, its coupling
principle is as follows:

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
σ+OAM+l
σ−OAM−l
σ−OAM+l
σ+OAM−l

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ � Fl,m

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
1 i 0 0
1 −i 0 0
0 0 1 i
0 0 1 −i

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

HEe]en
l+1,1

HEodd
l+1,1

EHe]en
l−1,1

EHodd
l−1,1

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ (1)

Among them, Fl,m represents the radial amplitude
distribution, even and odd represent even mode and odd

FIGURE 1 | Polarization and light intensity of the four basis vectors (A) TM mode (B) TE mode (C) HEeven
21 mode (D) HEodd

21 mode [29].

Frontiers in Physics | www.frontiersin.org November 2021 | Volume 9 | Article 7735052

Ma et al. Review of OAM in Fiber

21

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


mode. The positive and negative signs of σ indicate left-hand and
right-hand spin, correspondingly. l represents topological charge.
The spin of a photon is related to circular polarization, and the
OAM formed by vector mode coupling has spin angular
momentum, so it exhibits the characteristics of circular
polarization.

For the OAM beam formed by scalar mode coupling, the
corresponding relationship is [30]:

{ x̂L±l,m
ŷL±l,m

} � {LPc,x
l,m ± iLPs,x

l,m

LPc,y
l,m ± iLPs,y

l,m
} � Fl,m(r){ x̂e±ilφ

ŷe±ilφ
}, (l≥ 1) (2)

Among them, c and s represent the phase form of cosine or
sine contained in the scalar mode, and x̂ 、 ŷ represent the
polarization direction. At this time, the spin angular momentum
of the generated OAM is 0, and the beam exhibits linear
polarization.

For OAMwith different polarization states, they can be judged
by the phenomenon after the beam passes through the optical
element, as shown in Figure 2. A linearly polarized orbital
angular momentum (LP-OAM) can only pass through a
polarizer in the same direction as the light vector polarization.
However, when the circularly polarized orbital angular
momentum beam (CP-OAM) passes through the waveplate, it

can pass through any angle of polarization because of the
oscillating electromagnetic field at any angle of polarization,
and the intensity distribution of transmitted light is still
circular. When CP-OAM passes through the quarter-wave
plate (QWP), it becomes linear polarization mode, and when
it passes through the polarizer orthogonal to the light polarization
direction, the beam cannot pass through.

It is worth noting that both CP-OAM and LP-OAM are
formed by coupling after generating a phase difference of π/2
between the corresponding vector modes or between the scalar
modes. This also requires the system to be able to generate or
provide a suitable phase difference to form or support OAM.

OAM TRANSMISSION IN OPTICAL FIBER

The long-distance transmission of OAM and optical
communication multiplexing technology are inseparable from
the stable transmission of OAM. As an excellent optical
waveguide supporting beam transmission, optical fiber has
become a research hotspot for effective transmission of OAM,
but ordinary optical fiber is not suitable for OAM transmission
[32]. Optical fibers that can transmit OAM stably, such as PCFs

FIGURE 2 | (A) (B) Schematic diagram of the phenomenon of LP-OAM passing through the polarizer (C) (D) Schematic diagram of the phenomenon of CP-OAM
passing through the polarizer [31].
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[33], RCFs [34], and microstructure fibers (MSFs) [35, 36], have
received widespread attention.

Photonic Crystal Fiber
The PCF has attracted widespread attention due to its non-stop
single-mode transmission, large mode area, and adjustable
dispersion characteristics [37]. In 1996, Knight prepared the
world’s first photonic crystal fiber (PCF) and achieved the
property of having a single robust low-loss guiding mode over
a wide spectrum [38]. Yang et al. [39] first proposed the use of
PCF to transmit OAM. The proposed PCF supports two OAM
modes, but there are problems include a small number of

supported modes and large loss. Later, different structures of
PCFs, such as circular air holes PCF [40–48], rectangular air holes
PCF [49], and hybrid air hole PCF [50, 51], were proposed in
some studies, and the performance of the fiber was optimized by
changing the position and size of the air holes.

Circle Air-Hole Photonic Crystal Fiber
In 2015, Zhang et al. [40] proposed a four-ring cladding silicon
dioxide circular photonic crystal fiber (C-PCF). The fiber
supports 12 OAM modes. The cross-section structure,
dispersion curve and nonlinear coefficient of proposed fiber
are shown in Figure 3. It indicates the dispersion increases

FIGURE 3 | (A) Structure diagram of circular photonic crystal fiber made of silica material (B) Dispersion curve (C) Variation of the nonlinear coefficient with
wavelength [40].

FIGURE 4 | (A) and (B): Schematic diagram of some PCFs (A) Schematic diagram of spiral air pore arrangement [46] (B) Structure diagram of PCF with air holes of
different sizes [41] (C) and (D): Characteristic parameters of PCF with spiral air hole arrangement [46] (C) Nonlinear coefficients with wavelength (D) Dispersion curves.
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firstly and then decreases as wavelength, and the nonlinear
coefficient is too high. None of these features are conducive to
OAM lossless transmission.

In some studies, the properties of the circular air hole PCF
were changed by changing the position and size of holes [42–44],
as shown in Figures 4A,B. Nandam et al. [46] proposed a PCF
with spiral-shaped air holes and could support 14 OAM modes.
Some transmission characteristics are shown in Figures 4C,D. It
shows that the dispersion change is relatively gentle, and the
nonlinear coefficient is reduced by nearly one order of magnitude
compared with the C-PCF designed by Zhang et al. mentioned
above. Jia et al. [41] proposed a PCF with large round air holes,
whose diameter gradually increased. The fiber can transmit 38
OAM modes and has low confinement loss.

Non-circular Air-Hole Photonic Crystal Fiber
In recent years, with the improvement of optical fiber fabrication
technology, the design of PCF’s holes is not limited to be circular.
Several non-circular air-hole PCF are shown in Figure 5. Bai et al.
[49] proposed the PCF of rectangular air holes, which can support
up to 46 OAMmodes, and the effective refractive index difference
(ERID) between vector modes is all above 10−4. Figure 5B shows
two kinds of air hole whose shapes are Bessel polygon [52, 53],
which have very low confinement loss in the order of 10−10 dB/m.

Now some studies have proposed some PCF combining air
holes of different shapes [50, 51], which can support more OAM
modes and have excellent characteristics. Table 1 summarizes the

OAM transmission characteristics of several PCFs. Compared to
PCF with circular air holes, PCFs with new shaped air holes are
more complicated, but they provide a new direction for the study
of PCF.

In order to make the PCFmore suitable for transferring OAM,
the central air hole of the PCF is usually designed to be larger,
which allows the ring-shaped OAM to be transmitted outside the
central air hole. If the central air hole is too small, the number of
OAMs that PCF can support will decrease. In addition, the outer
air holes also need to be able to effectively restrict the light beam.
Too few air holes will cause beam leakage, resulting in higher loss.

At present, there are many research directions of OAM
propagation using PCF. Based on space division multiplexing,
some studies aim to improve the number of OAM mode in PCF
[54–56]. In terms of filling materials for PCF, Tao He [57] filled
the magnetic fluid into the large air hole of PCF. By changing the
intensity of the applied magnetic field, the refractive index of the
magnetic fluid changes correspondingly, and the nonlinear
coefficient of the PCF is also reduced compared to that with
no magnetic fluid.

Ring Core Fiber
In 2009, Ramachandran et al [58] demonstrated that the ERID is
maximum when there is a mirror relationship between the
refractive index distribution of the fiber and the intensity
distribution of the propagation mode. The high ERID between
modes will reduces the coupling, and different OAM mode

FIGURE 5 | (A) Schematic diagram of PCF structure with rectangular air holes [49] (B) Schematic diagram of PCF structures with Bessel polygon air holes [53].

TABLE 1 | OAM transmission characteristics of several PCFs.

Type Number of
OAM modes

Pulse width Nonlinear
coefficient

Confinement loss
(at 1550 nm)

Refs

Rectangular air holes 46 1.2∼2 μm <2.58 km−1 ·w−1 10−10∼10−8dB/m [49]
Circle air holes 30 1.5–1.6 μm <0.71 km−1 ·w−1 10−12∼10−10dB/m [43]

Mixed shape air holes 50 1.15–2.0 μm 0.6–1.5 km−1 · w−1 10−11∼10−9dB/m [51]
Polygon shaped air holes 38 0.8–1.2 μm 1.0444–4.3984 km−1 · w−1 10−8∼10−6dB/m [53]
Polygon shaped air holes 42 0.8–1.2 μm 1.5401–5.4390 km−1 · w−1 10−9∼10−6dB/m [53]

Circle air holes 50 + 30 1.52–1.58 μm <2.65 km−1 ·w−1 <3 × 10−8dB/m [54]
Circle air holes 30 1.25–1.9 μm <4.144 km−1 ·w−1 10−11∼10−8dB/m [45]
Circle air holes 38 1.25∼2 μm 250–600 km−1 ·w−1 1 × 10−9∼3 × 10−9dB/m [41]
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groups (MGs) can achieve good transmission. The ring structure
with high refractive index distribution restricts the OAM
transmission within the ring, and the fabrication process of
the RCF is simpler than that of other OAM fibers. By
changing the refractive index distribution and composition
materials of the fiber, the RCF can have different OAM
transmission properties. Typical RCF such as step-index ring
core fibers (SI-RCF) [59], graded index-ring core fiber (GI-RCF)
[60], refractive-index-profile-modulated RCF (RIPM-RCF) [61],
air core fiber(ACF) [62] are more widely used.

Step Index Ring Core Fiber
In 2014, Brunet et al. [63] conducted a theoretical analysis of the
vector and scalar modes of SI-RCF, and gave an analytical
expression for the cut-off conditions of SI-RCF. Based on this
theory, they designed a set of SI-RCFs [64]. The effective index
separation of the vector mode reaches above 10−4 and has a lower
dispersion parameter. The refractive index distribution of the SI-
RCF is shown in Figure 6. Wang et al. [65] has designed two SI-
RCF supporting |l| � 3 and |l| � 5 respectively. The ERID
between different modes reaches 10−3 magnitude, which
reduces cross-talk between groups. At the same time, the
transmission loss of the fiber is below 0.25 dB/km, which has
excellent transmission characteristics.

However, in the actual propagation process, high refractive
index materials will increase the transmission loss of the

propagation process [67], so it is particularly important to
balance the problem of mode degeneration and high refractive
index transmission loss. Huang et al. [66] improved the SI-RCF
by introducing a high refractive index material between the
cladding and the transmission layer. Since the high refractive
index material does not transmit OAM, the RCF can transmit the
OAM more effectively.

Graded Index Ring Core Fiber
In order to prevent the high loss caused by high refractive index
materials, it is effective to change the distribution pattern of
refractive index to enhance the transmission properties of OAM.
The graded index distribution of GI-RCF presents a gradual
change, as shown in Figure 7A. The GI-RCF designed by Zhu
et al. [68] supports 5 MGs with low coupling, and the average
attenuation any mode is about 1 dB/km. Zhu et al. [69] proposed
the GI-RCF, which suppressed the radial high-order mode
effectively. The ERID between the fourth and fifth order OAM
modes is 3.9 × 10−3, which greatly separates the high-order
OAM modes.

Refractive-Index-Profile-Modulated RCF
In the real multiplexing system of OAM, the coupling between
MGs can cause interference. In order to reduce the reference, Tan
et al. designed RIPM-RCF [70]. Its refractive index distribution is
shown in Figure 7B. The top of the ring core forms a numerical

FIGURE 6 | (A) Refractive index distribution of SI-RCF [65] (B) Refractive index distribution of modified SI-RCF [66].

FIGURE 7 | (A) Refractive index distribution of GI-RCF [69] (B) Refractive index distribution of RIPM-RCF [70].
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gap of effective refractive index. The optical fiber supports four
low-order MGs, and the ERID between the MGs is more than
0.8 × 10−3. Moreover, due to the large ERID between the mode
and the cladding and the presence of notch modulation, the mode
coupling from the guiding mode to the leaky cladding mode is
effectively suppressed with low fiber attenuation about 0.2 dB/
km. The RIPM-RCF proposed by Zhang et al. [71] can support
four low-orderMGs, and the ERID between the second and third-
order modules is 2.5 × 10−3. Group crosstalk is less than
−36 dB/km.

Air Core Fiber
Some studies proposedACF, one of which is shown in Figures 8A,B.
Due to the huge ERID between air and the annular transmission
layer, OAM can be confined to the transmission layer, so ACF has
received extensive attention [23, 72–76]. The ACF proposed by
Gregg et al. [72] can support up to three high-order MGs
(|l| � 7, 8, 9), and a large ERID is produced between different
OAM modes. To a certain extent, the multi-path interference is
reduced, and the purity of the transmission OAM is improved.
Brunet et al [73, 74] added a low refractive index layer to the
conventional ACF to increase the number of supported OAM
modes, which can support up to 28 OAM modes for transmission.

Wang et al. [23, 76] used As2S3 as the material of the ring
transmission layer in ACF, and the ERID between the
transmission ring and the air hole was higher than that of the
traditional ACF. Proposed fiber can support 1004 OAMmodes in
all O, E, S, C and L bands. The transmission characteristics of this

fiber is shown in Figures 8C,D. The ERIDs of high-order vector
modes keep is about 10−3 and the dispersion of the fiber changes
smoothly. By adjusting the radius of the air hole, a double-
frequency supercontinuum of 1,560–6,250 nm can be
generated for the OAM17,1 mode in the designed fiber.

In general, there are two design ideas that enable RCF to be
more suitable for transmitting OAM. One is to add a high
refractive index layer, and the other is to modulate the
refractive index. For the first idea, the higher the refractive
index and the smaller the width of the transmission layer
added to the fiber, the greater the number of OAMs supported
by the fiber. But this will cause higher losses. For the second idea,
modulating the refractive index of the fiber according to the
transmission characteristics can make the fiber obtain better
transmission properties. The next experiment can combine
idea one and idea two to modulate the refractive index of the
fiber doped with a high refractive index layer.

Other Vortex Fiber
By changing the refractive index distribution in the fiber, some
articles have also proposed other OAM fibers with good
transmission performance.

B. Ung [77] proposed the inverse-parabolic graded-index fiber
(IPGIF), and its refractive index profile is shown in Figure 9A. An
ERID of 2.1 × 10−4 is provided between the first-order mode, and
the propagation of the first-order OAM mode can reach 1.1 km.
Chen Yun [78] added a low refractive index layer between the
core and the cladding to increase the ERID. The refractive index

FIGURE 8 | (A) and (B): Refractive index distribution of several ACFs [23, 74] (C) and (D): Characteristic parameters of ACF proposed by Wang et al. [23] (C)
dispersion curve (D) effective refractive index variation curve with wavelength.
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distribution is shown in Figure 9B. The simulation proves that
the improved fiber can support the highest third-order OAM
mode for effective transmission. Zhang et al. [79] performed a
rotational twist on the designed IPGIF. Simulations show that the
twisted IPGIF requires an order of magnitude less twist than the
twisted air hole fiber. The twisted optical fiber can support 22
OAMmodes in the entire C-band, and has excellent transmission
characteristics with a small nonlinear coefficient.

The fibers mentioned above have different transmission
properties due to differences in fiber structure and refractive
index distribution. Taking into account the requirements of
existing fabrication technology, RCF and PCF are more suitable
for widespread production and use. From the perspective of optical
communications, Optical fiber needs to meet the characteristics of
low loss, large number of supported OAMs, and easy production.
Therefore, the RCFwithmultiple transmission rings is more suitable
for optical communications. The PCF is more suitable for
transmitting OAM with special properties, such as adjustable
dispersion and large mode field area. For the OAM fiber with a
high refractive layer, although the number of supported OAMs is
greatly increased, the loss is large. So this type of fiber is suitable for
fiber lasers that generate high-order OAM. In addition to RCF and
PCF, the manufacturing of some special structure optical fibers is
limited by the technological level, but they exhibit excellent
transmission characteristics, which provide a useful reference for
the design of special fibers transmitting OAM.

THE GENERATION OF OAM IN FIBER

OAMbeam can be generated by spatial optical devices and optical
fibers. Among them, OAM generated by spatial optical devices
can be generated by helical phase plate [85], spatial light
modulator [86], Q plate [87], etc. However, generating OAM
through a spatial optical device will increase the complexity of the
optical path. The vortex beam itself is an intrinsic solution of the
fiber, so the generation of the OAMmode in the fiber will simplify
the optical path and improve the phase purity of OAM [88]. The
main optical fibers used to generate OAMmodes in optical fibers
are fiber gratings [89, 90], fiber MSCs [91], and helically twisted
PCF (HT-PCF) [92–94].

Fiber Grating
Fiber gratings are divided into long-period fiber gratings and
short-period fiber gratings (Bragg gratings) according to the
length of their period. The fiber grating has a periodic
distribution of refractive index. When the input meets the
phase matching condition, mode coupling can be performed.

Long Period Fiber Grating
Long period fiber grating (LPFG) is a transmission grating [95].
The relationship between wavelength and grating period is [96]:

λ � (neff1 − neff2)Λ (3)

Among them, neff1 and neff2 are the effective indices of the
two coupled modes, respectively. λ represents the resonant
wavelength, and Λ represents the period of the fiber grating.
Due to the coupling and transmission characteristis of LPFG,
Modes that satisfy the coupling conditions can be coupled to form
LP modes or vector modes, thus further forming OAM. The
experimental device in Ref. [97] contains a fiber grating for mode
coupling, a vortex fiber for beam propagation, and a PC for
forming OAM. The positive and negative conversion of the
topological charge can be achieved by adjusting the pC. The
schematic diagram is shown in Figure 10. Mode coupling of the
input fundamental mode occurs within the fiber grating and
generate a high-order mode. However, since the effective
refractive index of the same order modes is approximately
equal, the distribution of the same order modes generated at
the same time is random and uneven. Therefore, PC or stress is
usually added to adjust the amplitude and phase distribution of
the same order mode, so the pure state vector mode or OAM
mode can be output [98, 99].

Zhao et al. [100] designed a tilted LPFG (T-LPFG). In the
T-LPFG, wave vector of the grating planes are tilted by angle θ
with the Z axis. Compared with uniform LPFG, the grating period
ΛT of T-LPFG is related to the tilt angle θ, and ΛT � Λ × cos θ is
the actual grating period. By changing θ, the grating period can be
changed, and it can be seen from Eq. 4 that the resonant
wavelength is related to the grating period, so the resonant
wavelength and other parameters of TLPFG are adjustable. In
the experiment, Zhao realized the mode coupling between LP01

FIGURE 9 | (A) Refractive index distribution of IPGIF [77] (B) Refractive index distribution of modified IPGIF [78].
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and LP11 by calculating the relationship between the effective
refractive index and the period of LP mode, and the coupling
efficiency was greater than 99%. After that, a first-order OAM
beam was generated by adjusting the PC in the optical path.

On the basis of the pattern coupling between LP01 and LP11,
some studies realized the pattern coupling between LP01 and LP21
by cascading two LPFGs with different cycles [101, 102], as shown
in Figure 11A. Through calculation, the designed two-stage
LPFG meets the phase matching conditions of LP01 and LP11,

LP11 and LP21 respectively, and the mode coupling is carried out.
At the output end of the second-order LPFG, by adjusting PC, the
vector mode of LP mode is degenerated and recombined to
generate the second-order OAM beam.

It is worth noting that the generation of OAM based on LPFG
above is all formed through the combination of vector modes. Some
studies use LPFG system to synthesize OAM through LP mode. Li
et al. [103] usedmechanical LPFG to couple the input LP01 into LP11,
and made the output of LP11 at an angle of 45° with the X-axis of

FIGURE 10 | Schematic diagram of the coupling process [98].

FIGURE 11 | (A) Schematic diagram of two-stage long-period grating cascade structure [102] (B) Schematic diagram of the LP mode formation process [103].
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optical fiber cross section by rotation. LP11 was decomposed into two
orthogonal LP11, and then the phase difference was generated
through the pressure action of the plate to form OAM, as shown
in Figure 11B. Wu et al. [104] used a four mode fiber-LPFG system
such that LP01 is coupled to form LP21 directly. Then, by rotating
LPFG, a phase difference of π∕2 was generated between the odd and
even modes of LP21 to produce a second-order OAM. Since the
phase difference of π∕2 is difficult to achieve in some cases, Li et al.
[105] proposed a scalar mode synthesis method and obtained OAM
by synthesizing multiple LP modes with phase differences much
smaller than π∕2. By distorting the few-mode fiber-LFPG (FMF-
LFPG), a series of LP11 modes with slight phase difference are
generated, and the mode conversion is finally achieved with a power
loss of 0.66 dB and a mode purity of 99%.

Both vector mode and LP mode coupling to OAM are based
on the idea of mode coupling. Some studies have shown that it is
possible to generate OAM patterns from a single CVB. Han et al.
[106] firstly coupled the input beam into a single first-order CVB
through the LPFG in tow mode fiber (TMF). After passing
through QWP and the polarizer, the first-order OAM beam is
generated by setting the angle of the polarizer. Compared to
OAM synthesized from beams of two modes, a single CVB
generates OAM with improved stability because it does not
require a specific phase relationship between the two modes.

Considering the helical phase properties of OAM beams,
helical long-period fiber gratings (HLPFG) are proposed
[107–109]. Due to the special structure of HLPFG, the vortex
phase can be directly excited without generating OAM beams
through PC, stress and other operations. Moreover, the resonant
wavelength of OAM can be adjusted when the HLPFG is twisted.
The introduction of HLPFG can reduce the complexity of optical
path, but the fabrication of grating is relatively complicated.

Fiber Bragg Grating
The fiber Bragg grating (FBG) is a reflective grating [95], and the
relationship between the Bragg wavelength and the grating period
is [96]:

λ � (neff1 + neff2)Λ (4)

Similar to LPFG, the research on FBG mainly focuses on
uniform period Bragg grating, tilted Bragg grating, and spiral
Bragg grating.

Wang et al. [110] used FBG to characterize OAM transmitted
in optical fibers. When the wavelength meets formula (4), the
OAM beam is reflected by the grating. Topological charge
reversal and circular polarization reversal can be observed.
Wang et al. also showed that the Bragg grating could be
applied to all fiber systems generating OAM.

Like TLPFG, the wavelength and period of the tilted FBG
are also related to the cosine of the tilt angle. By adjusting the
tilt angle, the resonant wavelength of the FBG can also be
changed. The FMF-TFBG designed by Zhao et al. [111]
realized the conversion of LP01 mode to LP11, LP21, LP02,
LP31 mode, and the conversion efficiency reached 90%. Then
by controlling the PC, a phase difference of π∕2 is generated
between the vector modes to form the corresponding OAM

mode. Yang [112] et al. designed a ring-shaped FMF system
containing TFBG. The ERID of the vector mode is very small,
and this method can form a stable LP-OAM (|l| � 1, 2, 3)
mode. When the four degenerate vector modes are reflected,
by adjusting the PC at the output end, the relative amplitude
and phase between the degenerate modes are changed to
generate a pure OAM mode.

The spiral FBG has the characteristic that the refractive index
of the spiral can be modulated, and the refractive index in the
lateral x direction and y direction has a phase shift of π∕2. Lin et al.
[113] fabricated a spiral FBG using a phase mask. Among them,
helical FBG is used for generating OAM beam, ytterbium-doped
fiber is used for beam gain amplification, and two FM-FBGs are
used to filter LP beams which cannot generate OAM mode.
Huang [114] believe that the mode propagation in ordinary
fiber will be degenerate, so they use RCF for transmission,
which improves the ERID of the vector modes and makes the
transmission of OAM more stable.

Mode Selective Coupler
The MSC is formed by splicing two kinds of fibers. The
principle is that the modes are coupled through the
evanescent wave between the fibers, and the fundamental
mode is transmitted in the single-mode fiber through the
MSC. High-order modes are coupled in the FMF. Similar to
the fiber grating, the fiber MSC also couples the low-order
mode to the high-order mode.

Due to the existence of degeneracy, at the output of some
mode selection couplers, PC or stress is usually added to change
the amplitude and phase relationship between high-order
degenerate modes to generate OAM beams [31, 115, 116].

The SMF-FMF mode selection coupler designed by Wang
et al. [115] realizes the coupling of LP01, LP11, and LP21, and
the principle is shown in Figure 12A. Based on this mode
selector, Wang et al. designed an all-fiber mode-locked fiber
femtosecond vortex beam laser, as shown in Figure 12B.
Zhang et al [31] demonstrated theoretically that the system
combined by SMF-FMF and squeezed PC can generate OAM
in arbitrary polarization states. They passed the resulting beam
through QWP and polarizing plates, demonstrating that the
system can selectively produce LP-OAM and CP-OAM. There
are other studies [116] that produced pure-state vector beams
by controlling the PC at the output of the SMF-FMF. The pure-
state vector beam was then passed through the QWP with the
polarizer and the OAM beam was output. Changing the
direction of the polarizer can obtain OAM with opposite
vortex direction.

There are also some studies that replace the FMF in the mode
selection coupler with other fibers which can generate the first-
order OAM directly at the output, such as SMF-ACF [117], SMF-
RCF [118], SMF-GIFMF [119] etc. The unique refractive index
distribution that these fibers have provides a high ERID.
Therefore it is possible to design MSCs so that the base mode
is coupled to generate OAM modes directly. The high-order
mode coupled out of the fundamental mode can be steadily
propagated in the fiber, and a higher purity OAM can be
produced without adding a PC at the output end.
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In terms of fiber splicing, there is also a different method
from the fiber splicing of the traditional mode selection
coupler. Jin et al. [120] used SMF spliced with lateral offset
to excite the HE21 mode in the RCF, and discussed the
relationship between the offset distance and the purity of
the mode. This method enables the first-order OAM beam
to be generated in a wide wavelength range of
1,540 nm–1580 nm. Li et al. [121] spliced SMF to TMF with
a specific offset and tilt angle, and realized high-order fiber
mode conversion through fundamental mode coupling.
However, the coupling efficiency of this splicing method is
only about 34%, and the structure needs to be optimized.

Helically Twisted PCF
Based on the three-dimensional structure of PCF, in 2012 Wong
et al. [122] proved for the first time that HT-PCF can excite OAM.
Due to the special structure of the helical twist, the loss, dispersion
and polarization state of the fiber can be controlled by changing
the twist rate and other parameters.

The HT-PCF designed by Fu et al. [93] stimulated OAM
modes with topological charges of +5 and +6 in the experiment.
They found that the leakage orbit resonance in the cladding is
closely related to the twist rate and length of the spiral PCF. The
fiber produced a high-quality OAM+6 at the resonant wavelength
with a coupling efficiency of −22.27 dB.

Yan et al. [123] designed HT-PCF for filtering. When the
distortion ratio reaches a certain value, the difference of
transmission loss between positive and negative OAM beams
will increase significantly. HT-PCF has the property of
transmitting vortex beams with the same chirality as the
hollow channels’, but dissipating vortex beams with opposite
chirality. They also implemented the filtering of OAMs with
different chirality in the experiment.

Acoustic-Induced Method
In 2006, Dashti et al. [124] studied the acousto-optic interaction
in optical fibers from the perspective of optical vortices and
acoustic vortices. The conversion of acoustic vortices and
optical vortices is:

AVnp + CVs
l−n,k5CVs

lm (5)

Among them, AV represents the OAM of the sound vortex. s
indicates the spin of the photon. l denotes the order of the
photon’s OAM. n indicates the order of the phonon’s OAM.
p,k and m indicate the radial mode order of the phonon or
photon. Based on this theory, Dashti conducted experiments to
generate AV∓ 1,0 by controlling the relative amplitude and phase
of the radio frequency. When the fundamental mode passes
through the acoustical driven generated AIFG, the
fundamental mode will couple into the first-order OAM mode
under acousto-optical conversion. However, due to the limitation
of the acoustic resonance frequency under the acousto-optic
phase matching, the device cannot generate high-order OAM
modes. Zhang et al. [125] completed the coupling of the
fundamental mode to the second-order OAM mode through
the cascaded sound drive method, as shown in Figure 13. Two
different frequencies of RF were used to induce two AIFGs
simultaneously in the fiber. when the fundamental mode
passed through, first-order and second-order OAM coupling
occurred in the first- and second-order AIFGs, respectively.

By changing the radio frequency, the mode conversion after
acousto-optic driving also shows wavelength tunability. Zhang
et al. [126] realized the generation of the first-order vortex beam
bymeans of acoustic drive in TMF, and achieved tunable wavelength
in the 1,540 nm–1560 nm wavelength range by changing the radio
frequency. In the entire wavelength tuning range, the mode
conversion efficiency is maintained at about 95%.

FIGURE 12 | (A) Schematic diagram of the LP mode coupling performed by MSC (B) The vortex beam laser designed by wang et al. [115].
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Multi-Coherent Beam Synthesis
Yan et al. [127, 128] proposed a method of synthesizing OAM using
input multiple coherent optical transmissions. As shown in
Figure 14A, the fiber coupler consists of a central ring and four
outer cores. The four coherent input lights pass through the four
outer cores and are coupled into OAMbeams, and the four coherent
lights need tomeet a certain phase difference.When the size of outer
core changes, the OAM mode will also change. The purity of the
OAM mode obtained by this coupling method is above 99%.

In the other way, multiple coherent Gaussian fundamental
modes are input to form OAM mode coupling, as shown in
Figure 14B. Yan et al. found that controlling the phase
relationship of multiple inputs can selectively generate OAM
modes of different states. Theoretically, it is proved that there is a
discrete Fourier transform relationship between the input
Gaussian mode channel and the output OAM channel, which
is suitable for OAM mode division multiplexing system.
However, this method of coherent optical coupling into OAM
mode requires high coherence for external light sources and
needs to meet the phase difference, so the practicality is less.

In addition to the methods mentioned above, there are some
other methods such as using a square-hole fiber to couple the
input fundamental mode into OAM [129], using a system
composed of a spiral symmetric fiber and a normal fiber to

generate OAM [130], and other special structured fibers.
However, the fabrication of these fibers is relatively
complicated, and therefore most of them are in the simulation
stage. Optical elements such as fiber gratings and MSCs can be
effective in generating OAM, and different studies have also
improved the ability of the system to generate OAM by
changing the properties of these optical elements. The existing
industrial level can manufacture fiber gratings and MSCs, and
both belong to fiber components, so they can be used to construct
fiber lasers for OAM. Besides, the acoustic-induced method
excites vortex light from the perspective of acousto-optical
interaction. The next experiment can start from the
perspective of acousto-optic conversion, cascading multiple
acoustic drivers to generate high-order OAM. In addition,
special optical fibers generating OAM usually has strict
requirements on fiber preparation and external light sources.
Although it is difficult to achieve, it provides a new idea for the
generation of OAM.

APPLICATION OF OAM

OAM has the characteristics of infinite orthogonal basis and
circular distribution of light intensity, which is different from

FIGURE 13 | (A) Schematic diagram of the principle of the secondary acoustic drive cascade (B) Schematic diagram of the experimental setup by Zhang
et al. [125].

FIGURE 14 | (A) Structure of the fiber coupler and the phase and polarization state of the input lights [127] (B) Generation of OAM modes of charge number l in a
ring fiber with N coherent Gaussian inputs [128].
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Gaussian beam. These characteristics make the OAM beam
closely related to cutting-edge disciplines, such as nonlinear
optics [131], optical communication [132, 133], particle
manipulation [134] and microscopic imaging [135].

Nonlinear Optics
The wavelength range of the OAM beam can be increased by
nonlinear frequency conversion, shifting the OAM carried by
fundamental frequency light to harmonics. In this process, both
the frequency and topological charge of the new OAM may
change [136]. Zhang et al. [8] proposed a method to generate
a high-order OAM vortex beam using relativistic harmonics on a
solid surface. And the first-order OAM beam was used to
irradiate and generate a high-intensity ninth-order vortex
beam. Wu [137] demonstrated theoretically and
experimentally that the OAM transformation is modulated by
a phase-matching mechanism for nonlinear effect. Fang et al
[138] demonstrated that the phase-matching conditions of the
OAM mode can be changed by varying the relative group
velocity, and proposed a new vortex fiber that can manipulate
the nonlinearity of the OAM beam.

In addition, Yang [139] proposed a novel OAM coding
technique. He used computational holography for the design
of nonlinear multiplexed holograms, which solved the multi-
channel multiplexing problem in nonlinear holography.

Optical Communication
The orthogonal basis contained in the OAM provides an
additional degree of freedom for communication coding, so
MIMO systems provide a suitable method for practical
information transmission. Based on MIMO, the transmission
capacity of OAM can be greatly increased by using multiplexing
methods such as space-division multiplexing (SDM) and wave-
division multiplexing (WDM).

During the transmission of SDM, inter-ring crosstalk affects
the transmission characteristics. Li et al. [140] designed an optical
fiber suitable for SDM transmission. This fiber consists of seven
uniformly arranged transmission rings, and each ring supports 18
OAM modes. The rings have high contrast ring structure, which
can not only improve the number of OAM support, but also well
limit the transmission of OAM crosstalk. The crosstalk between
rings is small to −30 dB through 100 km. Subsequently, Li et al.
[67] used a high contrast refractive index loop and groove design
to integrate 19 transmission rings in a single fiber and each ring
supports 18 OAM modes. The 100 km inter-ring crosstalk is less
than −45 dB. As with normal RCF, the high contrast refractive
index structure increases the ERID and constrains crosstalk, but
increases transmission loss.

During the MDM transmission process, inter-mode crosstalk
will occur, which will hinder the transmission of multi-mode
OAM. Using MIMO technology can solve the problem of inter-
mode crosstalk effectively [141]. By increasing the ERID between
mode groups, the cross-talk between modes and complexity of
MIMO technology can both be reduced. However, the use of
MIMO will further increase the complexity of the system.
Therefore, multiplexing systems without MIMO have become
a hot spot. By using optical fibers, the transmission of MDM

systems without MIMO can be realized, which simplifies the
complexity of the system [69, 142, 143].

Particle Manipulation
With a deeper understanding of the microscopic world, the
research on microorganism, single cell and other microscopic
levels requires the control technology of particles. The trapping
manipulation methods for particles include the traditional
mechanical tweezers and the modern optical tweezers.
Compared with mechanical tweezers, optical tweezers use non-
contact operation, and has the characteristics of small damage to
life and high repeatability. Gahagan et al. [144] used vortex beams
to trap and manipulate particles in a low refractive index
environment. Compared with traditional Gaussian beams,
vortex beams can support more kinds of particles to be
trapped and manipulated.

In the area of particle manipulation, there is also the optical
wrench technology that enables the rotation of particles. The
principle of conventional optical wrenches is to rotate the
particles by using the interactions that occur when the
particles absorb and reflect light and other processes. In
contrast, the OAM optical wrenches transfer spin angular
momentum and OAM to the captured particle directly,
enabling three-dimensional translation and one-dimensional
rotation of the particle [145]. Therefore, the OAM optical
tweezers are convenient to operate and suitable for more
particles. Gao et al. [146] realized the capture, translation and
rotation of particles using OAM beams. Lehmuskero et al. [147]
used a vortex beam to irradiate plasma gold particles, which
rotated rapidly along a circular orbit. It was measured that there
was a relationship between the particle rotation frequency and
OAM, and a transfer of both occurred during the action.

In addition, OAM exhibit unique quantum entanglement
properties due to the infinite dimensional Hilbert space
constituted by the orthogonal basis of the OAM. Therefore
OAM also has a wide range of applications in the quantum
field [148, 149]. OAM has an important role in the field of optical
microscopy because of its spiral phase feature that enhances the
imaging of objects and its unique interference fringes [150, 151].

CONCLUSION

There are many research directions of fiber-based OAM
transmission and generation systems, and some researches
continue to make changes in fiber structure and optical
devices to make the all-fiber system better support OAM
mode. At present, PCF and RCF have become the hotspots of
OAM fiber optic transmission system because of their good
transmission characteristics. The number of modes,
transmission efficiency and transmission distance of OAM
need to be further improved to meet the needs of the
information society.

For OAM fiber generation system, there are some
generation systems with high requirements for fiber
structure and external light source, which are not practical
due to insufficient preparation process. Therefore, the use of
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fiber grating, MSC and other fiber structures with relatively
mature preparation process is a hot research topic. The current
all-fiber OAM generation system still has some problems for
generating multiple OAM modes. A complete system for
generating multiple high-purity OAM modes is also
necessary to implement multiplexing technologies such as
MDM and SDM.

Overall, there is a lot of room for improvement in fiber-based
OAM transmission and generation systems. At the same time, the
fiber system has great potential for OAM mode support [80–84].
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Observation of the Rotational Doppler
Effect With Structured Beams in
Atomic Vapor
Shuwei Qiu1, Jinwen Wang1, Xin Yang1, Mingtao Cao2*, Shougang Zhang2, Hong Gao1* and
Fuli Li 1

1Ministry of Education Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter, Shaanxi Province Key
Laboratory of Quantum Information and Quantum Optoelectronic Devices, School of Physics, Xi’an Jiaotong University, Xi’an,
China, 2Key Laboratory of Time and Frequency Primary Standards, National Time Service Center, Chinese Academy of Science,
Xi’an, China

A vector beam with the spatial variation polarization has attracted keen interest and is
progressively applied in quantum information, quantum communication, precision
measurement, and so on. In this letter, the spectrum observation of the rotational
Doppler effect based on the coherent interaction between atoms and structured light
in an atomic vapor is realized. The geometric phase and polarization of the structured
beam are generated and manipulated by using a flexible and efficacious combination
optical elements, converting an initial linearly polarized Gaussian beam into a phase vortex
beam or an asymmetric or symmetric vector beam. These three representative types of
structured beam independently interact with atoms under a longitudinal magnetic field to
explore the rotational Doppler shift associated with the topological charge. We find that the
rotational Doppler broadening increases obviously with the topological charge of the
asymmetric and symmetric vector beam. There is no rotational Doppler broadening
observed from the spectrum of the phase vortex beam, although the topological
charge, and spatial profile of the beam change. This study can be applied to estimate
the rotational velocity of the atom-level or molecule-level objects, measure the intensity of
magnetic fields and study the quantum coherence in atomic ensembles.

Keywords: structured beam, vector beam, orbital angularmomentum, rotational Doppler effect, electromagnetically
induced transparency, spiral phase plate, retardation wave plate

1 INTRODUCTION

The quantum coherent interaction of light with an atomic system results in various fascinating
phenomena. For instance, Hanle effect [1], coherent population trapping (CPT) [2],
electromagnetically induced transparency (EIT) [3]and electromagnetically induced absorption
(EIA) [4]. In particular, coherent effects arise strong interest based on Hanle-effect configuration
for only needing a single light field such as Hanle-CPT, Hanle-EIT, and Hanle-EIA [5–7], which have
been utilized in sensitive atomic magnetometer and light storage [8–10].

In recent years, an optical field known as vector beam (VB) has materially enriched the study of
structured light interacting with atoms [11]. A VB with the spatial variation of polarization state can
be decomposed into two orthogonal circularly polarized components with different orbital angular
momentum (OAM) [12]. And then, it has been applied in a variety of realms over the last decades,
such as high-resolution imaging [13–15], optical communication [16, 17], optical manipulation [18]
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and quantum application [19–21]. Generally, there are two
methods for generating the VB. The first one is the intra-
cavity generation technique, which provides an efficient way to
generate the VB directly from the laser source [22]. The second
method is the extra-cavity technique, including using phase-
dependent optical elements [23] or an interferometer
associated with the spatial light modulator [24, 25]. Thus,
benefiting from the mature technology for generating the VB
allows us to explore vectorial light-matter interaction thoroughly.
Recently, some researches show that employing the VB in atomic
medium can realize manipulating spatial anisotropy [26–28],
spatially dependent EIT [29, 30], quantum memory [31, 32],
and non-linear optical propagation [33]. One of the most exciting
works is using symmetric beams to observe the rotational
Doppler effect (RDE) of atoms [34]. In their study, an
interferometer combined with the spiral phase plates (SPP) is
applied to generate experimental beams containing two phase
vortex beams (OAM beams) with equal but opposite of
topological charge (ℓ1 � − ℓ2). Nevertheless, the disadvantage
of this superposition approach to generating the VB is that the
alignment of two arms is an extremely difficult challenge,
especially utilizing OAM beams with different |ℓ|, since a tiny
misalignment can lead to undesired Doppler broadening in
atomic medium. For instance, a small angle β between the two
beams results in broadening the order of βΔDopp (ΔDopp ≃
500 MHz) and also decrease the EIT peak transmission.
Hence, in order to accurately study the RDE with atoms, an
approach to generating VBs in a more stable and convenient way
is imperative.

In this letter, instead of the interferometer configuration, a
more convenient procedure to generate the symmetric and
asymmetric VB is presented. The symmetric VB is that the
OAM topological charges of two orthogonal circularly
polarized components of VB are equivalent (|ℓ1| � |ℓ2|), and
the asymmetric VB is unequal (|ℓ1| ≠ |ℓ2|). By using a
combination of spiral phase plate and vortex retarder plate
(VRP), the geometric phase of initial linearly polarized beams
are manipulated and converted into VB in the experiment. The
advantage of our method is that generated VBs with varied OAM
topological charges (|ℓ1| � |ℓ2| or |ℓ1| ≠ |ℓ2|) are directly
produced without considering the misalignment or
mismatching when interacting with atoms. Furthermore,
asymmetric VBs, symmetric VBs and phase vortex beams
(OAM beams) are utilized to detect the RDE in atoms,
respectively. The experimental results show that RDE does not
have an impact on the resonance linewidths of single linearly
polarized OAM beams. However, the spectrum with rotational
Doppler broadening is increasingly apparent as the difference
(|ℓ1 − ℓ2|) of both asymmetric and symmetric VBs increases. One
thing should be noted is that any decoherent effects (or noise
effects) will dramatically decrease the peak transmission and large
width of the EIT signal [35, 36], same as other coherent
processions [37–39]. Thus, the broadened signal associated
with the RDE will be drowned in the background noise and
become too weak to be observed. However, we only change the
topological charge combination of vector beams and set other

parameters appropriately in the experiment, which make
linewidth narrow enough to study the influence of RED.

2 EXPERIMENTAL SETUP

The experimental setup is shown in Figure 1. The output of a
795 nm external cavity diode laser is split into two parts. One part
is sent to a saturated absorption spectroscopy setup to lock laser
frequency. The other part passes through a single-mode fiber
(SMF) to improve the mode quality of the laser beam. After the
fiber, the beam is adjusted by a half-wave plate and a polarizing
beam splitter (PBS) to control the intensity and also fix it with
horizontal polarization state. A telescope is applied to expand the
beam size and the achieved high-quality Gaussian beam’s waist is
4 mm. The VB is generated by sending the linearly polarized
beam through a setup composed of an SPP and a VRP. SPP is an
optical element with a helical surface where the optical thickness
of the component increases with azimuthal position according to
ℓλθ/2π(n − 1), where n is the refractive index of the medium [40].
Moreover, VRP is a liquid-crystal-based retardation wave plate
with an inhomogeneous optical axis that displays an
azimuthal topological charge [23]. The laser frequency is
locked to the 5S1/2, F � 2 → 5P1/2, F′ � 1 transition of the
87Rb D1-line. The Rb cell has a length of 50 mm. A three-
layer μ-metal magnetic shield is used to isolate the atoms
from the environmental magnetic fields. A solenoid coil
inside the inner layer offers a uniform longitudinal
magnetic field whose direction is parallel to the light
propagation direction, k. The temperature of the cell is set
at 40°C with a temperature controller. A neutral density filter
is used to control the power of the incident laser beam. In the
experiment, the beam intensity at the cell is approximately
17.98 μW/cm2. After the beam transmits through the cell, the
total intensity as a function of the applied longitudinal
magnetic field is recorded by a photodiode.

Next, we briefly present the process of generating the light field
we needed. It is known that a linear polarization Gaussian beam
can be represented by a superposition of right- (|R〉) and left-
circular (|L〉) polarized beams as

|Φ〉0 � 1�
2

√ (|L〉 + |R〉) (1)

A SPP can transform the linear polarization Gaussian beam
|Φ〉0 into an OAM mode with linear polarization state and an
azimuthal phase component eiℓθ, where ℓ is the OAM topological
charge and θ is the azimuthal angle, resulting in the beam
carrying the orbital angular momentum (ℓZ). Then the beam
can be expressed as:

|Φ〉1 � 1�
2

√ (|ℓ, L〉 + |ℓ,R〉) (2)

To convert a linear polarization OAM beam |Φ〉1 into an
asymmetric VB, a VRP is used, which couples OAM with spin
angular momentum. After passing through the VRP, the beam
|Φ〉1 is transformed into an asymmetric vector beam |Φ〉2 that
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has polarization variations along the azimuthal direction. Then
the asymmetric VB can be written as

|Φ〉2 � 1�
2

√ (|ℓ +m, L〉 + |ℓ −m,R〉) (3)

where m is the azimuthal charge induced by the VRP. As shown
in Eq. 3, the |Φ〉2 beam is turned into a superposition state with
different OAM (|ℓ + m, L〉, |ℓ − m, R〉).

For the generation of a symmetric VB, an initial linearly
polarized Gaussian beam directly runs through a VRP.
Thereby, the symmetric VB |Φ〉3 also has polarization
variations as the azimuth varies and can be expressed:

|Φ〉3 � 1�
2

√ (|m, L〉 + | −m,R〉) (4)

It’s seen that the symmetric VB |Φ〉3 possesses two OAMs with
equal absolute value but different sign ± m.

3 EXPERIMENTAL RESULTS AND
DISCUSSION

As is known, in addition to the usual axial Doppler and radial
shifts, moving atoms interacting with light beams carrying OAM
also experience an azimuthal frequency shift under the resonant

FIGURE 1 | Schematic of the experimental setup and atomic energy levels. HWP: half-wave plate; QWP: quarter-wave plate; PBS: polarization beam splitter; M:
mirror; SPP: spiral phase plate; VRP: vortex retarder plate; OI: optics isolator; SMF: single-mode fiber; MFS: magnetic field shielding; PD: photo-detector; Rb: rubidium
vapor; SAS: saturated absorption spectroscopy.

FIGURE 2 | Schematic of generating the experimental light beams. SPP: spiral phase plate; VRP: retardation wave plate. (B, F) the theoretical and experimental
Gaussian beam, respectively. (A, C, D) the generation of OAM beams, symmetric and asymmetric VBs in theory. (E, G, H) the generation of OAM beams, symmetric and
asymmetric vector beams in experiment. Linearly polarized Gaussian beam (F) directly passes through a VRP (or SPP) to generate a symmetric vector beam (E) [or a
linearly polarized OAM beam (G)]. For the generation of an asymmetric vector beam (H), the linearly polarized OAM beam (G) continues to run through a VRP.
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frequency. Thus, the total frequecy shift of an OAM beam is given
by [41, 42].

δℓOAM � κzVz + κrVr + κϕVϕ (5)

where κz � −k + kr2/2(z2 + z2R)[2z2/(z2 + z2R) − 1] − (|ℓ| + 1)zR/
(z2 + z2R), κr � −kr/�z, κϕ � − ℓ/r, and (r, z, ϕ) represents
the position in cylindrical coordinates. Vz, Vr, and Vϕ are the
axial, radial and azimuthal velocity components of the
atom. zR � πω2

0/λ is the Rayleigh range and ω0 is the beam
waist and �z � (z2R + z2)/z.

The axial Doppler shift, corresponding to the usual Doppler
shift, is the first term of Eq. 5, associated with motion (Vz)
along the beam vector k directed along z. The second term of
Eq. 5 is the radial Doppler shift induced by the wave front
curvature and proportional to the radial velocity Vr. The only
OAM related influence is the last term in Eq. 5 corresponding
to the azimutal Doppler shift, also known as rotational
Doppler effect (RDE). The RDE is directly proportional to
the OAM quantum number ℓ as (−ℓ

r)Vϕ. The only problem is
that this term is too small to be directly detected. However,
based on Hanle-EIT, the RDE can be easily observed
through the spectroscopy of atoms associated with two
light beams carrying OAM without being influenced by
other unnecessary Doppler shifts [34].

The Hanle-EIT, a well-known phenomenon, is that light
beams stimulate the atomic transitions between Zeeman
sublevels of two hyper-fine states (ground state and exited
state) to reach the condition of two-photon resonance. Thus,
the coherence between atomic energy levels (Figure 1) allows the
absorption of the light significantly reduced, leading to a
transparent peak when scanning the longitudinal magnetic
field B around zero and along the beam propagation direction
k [1]. However, when two orthogonally circular polarized beams
(σ+ and σ−) with different OAM (ℓ1 and ℓ2) simultaneously
couple transitions satisfying the selection rule ΔmF � ±1, the
frequency shift will occur due to the Doppler effect, leading to
broadening of the transparent peak. In the condition of the
moving atom, the two-photon resonance condition is:

�δOAM − δ � 0 (6)

where δ � ΔmFgFμBB (gF is the gyromagnetic factor of the
ground state, μB is the Bohr magneton) is the Zeeman shift
caused by the magnetic field B and

�δOAM � δℓ1OAM − δℓ2OAM (7)

Combined with Eqs 5, 7, the axial and radial Doppler shift are
eliminated, and the remaining shift only relates to the RDE as:

FIGURE 3 | FWHM depending on topological charge as a function of the total Zeeman shift δ � 2gμB|B|. (A) The transmission spectrum of Gaussian beam (GB)
and vector beam (VB) with ℓ1 � − 1 and ℓ2 � 1; (B) The transmission spectrum of vector beam with ℓ1 � 7 and ℓ2 � 9; (C) FWHM of different asymmetric VB. One
asymmetric VB brings two OAMs with unequal quantum number absolute value |ℓ1| ≠ |ℓ2|. And the difference (|ℓ2 − ℓ1|) of these asymmetric VBs are equal, namely
|ℓ2 − ℓ1| � 2.
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�δOAM � ℓ1 − ℓ2

r
( )Vϕ (8)

When the magnetic field is modulated around zero value, the
azimutal Doppler broadening will not happen in the Hanle-EIT
spectroscopic with the situation of ℓ1 � ℓ2. Under the condition of
ℓ1 ≠ ℓ2, there is a fascinating phenomenon that the Hanle

resonance spectroscopic presents the Doppler broadening
induced by the RDE.

Now we turn our attention to the experimental phenomena of
different light beams interacting with atoms. A horizontally
polarized Gaussian beam passes through a SPP or a VRP or
both two to produce a series of structured beams, as shown in
Figure 2. The beam transmission is recorded by a photodiode as a
function of applied longitude magnetic field modulated parallel to
the direction of the beam.

Firstly, asymmetric VBs generated by the combination of SPPs
and VRPs go through the vapor to interact with atoms. As shown
in Figures 2F–H, a horizontally polarized beam (Figure 2F) first
passes through the SPP to generate an OAM beam (Figure 2G).
After that, the beam runs through a VRP and transforms into an
asymmetric VB (Figure 2H). An asymmetric VB can be
considered as a superposition of two orthogonal circularly
polarized beams with different OAM absolute values |ℓ|,
i.e., |ℓ1, R〉 + |ℓ2, R〉. After passing through the vapor, the
transmission spectroscopy of the beam presents a Hanle
resonance curve with the magnetic field scanning. As shown
in Figure 3A, the resonance linewidth of the vector beam
(VB−1∩1) with m � 1 is wider than that of the Gaussian beam,
since the linearly polarized Gaussian beam can be considered as
two circular polarization beams without OAM. However, the
basis of VB−1∩1 carries different topological charge ℓ1 � − 1 and ℓ2
� 1, respectively. Thereby, the resonance linewidth of the VB−1∩1
is broaden by the RDE. Figure 3B shows the Hanle resonance
curve contains the RDE of asymmetric VB (ASVB7∩9) with two
circularly polarized orthogonal basis possessing different
topological charge ℓ1 � 7 and ℓ2 � 9, respectively. Compared
Figure 3Bwith Figure 3A, the resonance linewidth of ASVB7∩9 is
about equal to the VB−1∩1 due to the equivalent value of
|ℓ1 − ℓ2| � 2. In the case, two circularly polarized orthogonal
basis of different asymmetric VBs |ℓ1,R〉 and |ℓ2, L〉 has the

FIGURE 4 | The Hanle resonance signals of symmetric VBs as a function
of the total Zeeman shift δ � 2gμB|B|. m � 0 is the linearly polarized
Gaussian beam.

FIGURE 5 | Linewidths depend on the topological charge of the symmetric vector beam and the phase vortex beam. (A) FWHMs depend on the symmetric vector
beam topological charge m; (B) FWHMs depend on the phase vortex beam topological charge ℓ.
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same nonzero-difference |ℓ1 − ℓ2|, so the Hanle resonance
linewidths have the similar broadening with each other
induced by the RDE. The equivalent of linewidth FWHM (full
width at half maximum) of the different asymmetric VBs with the
equal difference |ℓ1 − ℓ2| � 2 is seen in Figure 3C.

Secondly, in order to observe the increase of Doppler
broadening due to the RDE along with the topological charge
m, symmetric VBs with different m generated by the VRP are
used to interact with atoms (Figure 2E). As shown in Figure 4, an
interesting phenomenon is that the Hanle resonance linewidths
are gradually broadened with m increasing. It should be noted
that in the case of m � 0, there is no RDE due to the beam without
carrying the OAM. As a result, the resonance linewidth of m � 0
beam exhibits the normal Hanle resonance linewidth without the
RDE related broadening. For normal Hanle resonance, the
linewidth is determined by few factors, such as the beam
intensity, the decay rate between ground states, the laser
linewidth itself and other decoherence effects. In the case of m
≠ 0, �δOAM � [(ℓ1 − ℓ2)/r]Vϕ � (2m/r)Vϕ, the transmission signal
broadens with m increasing and is broader than that of the case of
m � 0 induced by the RDE. Moreover, Figure 5A shows that the
spectral FWHM increases with the VB topological charge m.

Furthermore, a series of OAM beams (Figure 2G) are
produced by the SPP with different topological charges ℓ to
measure the Hanle resonance signal. A linearly polarized
OAM beam can be decomposed into a couple of orthogonal
circularly polarized beams with the same ℓ as |ℓ, R〉+|ℓ, L〉. In this
case, the resonance linewidth of any OAM beams coincides with
each other and is the same as that of the Gaussian beam with no
RDE as �δOAM � [(ℓ1 − ℓ2)/r]Vϕ � [(ℓ − ℓ)/r]Vϕ � 0. As shown in
Figure 5B, the FWHM of ℓ from 0 to 8 are about equal.

4 CONCLUSION

In conclusion, we invest a simple and efficient procedure for the
generation of the asymmetric and symmetric VB. A flexible and
efficacious combination of SPP and VRP is used to manipulate

the geometric phase of initial linearly polarized beams and
convert initial beams into VBs. Furthermore, asymmetric VBs,
symmetric VBs, and phase vortex beams interact with atoms
under the longitudinal magnetic field to observe the rotational
Doppler effect, respectively. We find that the rotational Doppler
broadening is increasingly obvious as the difference (|ℓ1 − ℓ2|) of
VB increase. The Hanle resonance of phase vortex beams are no
rotational Doppler broadening. These results may have
applications in estimating the rotational velocity of the atom-
level or molecule-level objects, measuring the intensity of
magnetic fields and studying the quantum coherence in
atomic ensembles. Furthermore, recent research also showed
that the Doppler effect induced nonreciprocity in coherent
media [43, 44], which opens up new possibilities for our system.
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Broadband Achromatic and
Polarization Insensitive Focused
Optical Vortex Generator Based on
Metasurface Consisting of Anisotropic
Nanostructures
Naitao Song1,2, Nianxi Xu1, Jinsong Gao2,3*, Xiaonan Jiang1, Dongzhi Shan1,2, Yang Tang1,
Qiao Sun1, Hai Liu1 and Xin Chen1

1Key laboratory of Optical System Advanced Manufacturing Technology, Changchun Institute of Optics, Fine Mechanics and
Physics, Chinese Academy of Sciences, Changchun, China, 2College of Da Heng, University of the Chinese Academy of
Sciences, Beijing, China, 3Jilin Provincial Key Laboratory of Advanced Optoelectronic Equipment, Instrument Manufacturing
Technology, Changchun, China

Optical vortex (OV) beams are ideal carriers for high-capacity optical communication, and
long-wave infrared (LWIR) is the ideal wavelength band for long-range optical
communication. Here, we propose a method for the achromatic generation of focused
optical vortex (FOV) beams with arbitrary homogenous polarization states in the LWIR
using a single all-germanium metasurface. The chromatic aberration and polarization
sensitivity are eliminated by superimposing a polarization-insensitive geometric phase and
a dispersion-engineered dynamic phase. The method is validated using two broadband
FOV generators with the same diameter and focal length but different topological charges.
The results indicate that the FOV generators are broadband achromatic and polarization
insensitive. The proposedmethod may pave the way for chip-scale optical communication
devices.

Keywords: broadband achromatism, optical vortex, germanium metasurface, polarization insensitive, orbital
angular momentum, modal purity, anisotropic nanostructure, longwave infrared

INTRODUCTION

Optical vortex (OV) beams characterized by the Hilbert factor exp(iℓθ) (ℓ is the topological
charge) can carry the orbital angular momentum (OAM) ℓZ per photon in addition to the spin
angular momentum (SAM) associated with photon spin. Unlike SAM, which is limited to ± 1Z
per photon, the OAM per photon is theoretically unbounded. Such properties make OV beams
an ideal carrier for high-capacity wireless communications [1, 2]. In addition to optical
communication, OV beams have important applications in manipulating nanoparticles [3],
high-security encryption [4], assembly of DNA biomolecules [5], quantum optics [6], and
diffraction limit imaging [7]. In conventional optical systems, spiral phase plates [8, 9],
q-waveplates [10], pitch-fork holograms [11] and spatial light modulators [12] are used to
generate helical wavefronts of OV beams. For most applications, the generated vortex beam also
needs to be focused by a lens to increase the light intensity. However, the bulky and high cost of
such optical systems severely hinders the development of integrated focused optical vortex
(FOV) generators.
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Metasurfaces are two-dimensional metamaterials that possess
powerful light modulation capabilities and can manipulate the
phase, amplitude, and polarization of light locally, making them
highly promising as a powerful platform for integrated optics. To
date, a wide range of metasurfaces with sophisticated features
have been demonstrated, such as beam deflector [13], metalens
[14–20], cloak [21–23], polarizer [24], information encryption
[25–29], analog computation [30–32], metasurface
interferometry [33], and meta-holograms [34], covering a wide
spectrum from visible to terahertz frequencies. Yu [35] et al. were
the first to demonstrate the generation of OV beams via a
metasurface consisting of a V-shaped plasmonic antenna.
Owing to the intrinsic absorption loss of metals in the visible
region, the efficiency of such metasurfaces is highly limited. To
overcome this, all-dielectric metasurfaces composed of high-
refractive-index materials have been proposed to achieve high
efficiency in generating OV beams [36, 37]. Zhan [38] et al.
proposed an OV generator based on a silicon nitride metasurface
with an efficiency much higher than its plasmonic counterparts.
By superimposing hyperbolic and helical phase profiles, Tang
[39] further reduced the bulk of the optical system by generating
FOV beams using only a single metasurface. Sroor et al. [40]
integrated the metasurface into the laser cavity, which increased
the mode purity of the generated OV beam to 92%. Although a
wide variety of FOV generator metasurfaces have been developed,
most of them are monochromatic. Considering the needs of
practical applications, it is clear that broadband achromatic
FOV generators are more desirable owing to their powerful
functionalities. Recently, Ou et al. [41, 42] proposed a
broadband achromatic FOV generator based on silicon
metasurface in the mid-infrared region. However, such silicon
metasurfaces are highly sensitive to the state of polarization
(SOP) of incident light. The longwave infrared (LWIR)
corresponds to an atmospheric transparent window, which
makes it an ideal spectrum for optical wireless
communications. However, to the best of our knowledge, no
achromatic flat FOV generator for LWIR has been reported
thus far.

In this study, we demonstrate a general method to
achromatically generate FOV beams via a single germanium
metasurface with high efficiency and high mode purity in the
LWIR band. It should be noted that our metasurface is
polarization-insensitive and can transform plane waves with
arbitrary SOP to FOV with an arbitrary OAM state. The
proposed metasurface is composed of anisotropic
nanostructures, and each nanostructure behaves as a quasi-
ideal half-wave plate that flips the chirality of the incident
circularly polarized (CP) light. A polarization-insensitive
geometric phase is imparted on the metasurface by limiting
the rotation angle of each nanostructure to 0° or 90° [43]. The
anisotropic geometry also allows us to finely regulate the
dispersion of the dynamic phase [44, 45]. By combining the
polarization-insensitive geometric phase and dispersion-
engineered dynamic phase, the desired group delay and
phase profile are simultaneously imparted on the
metasurface, resulting in good polarization insensitivity and
achromatic performance.

To validate our method, we designed and simulated two
broadband achromatic flat-FOV generators. The two FOV
generators have the same diameter of 200 μm, the same focal
length of 300 μm, and different topological charge numbers
(ℓ � 0 for metasurface Ⅰ and ℓ � −2 for metasurface Ⅱ). The
metasurface with ℓ � 0 behaves as a metalens. The metalens has
a stable focus from 9.6 to 11.6 µm, and the relative focal shift is less
than 4%, which indicates good achromatic performance. The
average focusing efficiency under right-handed circularly
polarized (RCP) incidence, left-hand circularly polarized (LCP)
incidence, and linear polarized incidence along the x-axis (XLP)
were 44%, 43%, and 45%, respectively, which confirms polarization-
insensitive performance. Further analysis of the Strehl ratio indicates
that the metalens show broadband diffraction-limited focusing
ability. The metasurface with ℓ � −2 shows a donut-shaped
intensity profile and spiral-shaped phase profile from 9.6 to
11.6 µm, indicating the existence of OV at the origin in the
broadband. The average efficiency of the FOV generator was 34%
under RCP, LCP, and XLP incidence, which confirms polarization-
insensitive functionality. The average modal purity of the desired
OAM eigenstate mode under RCP, LCP, and XLP incidence were
95.5%, 95.3%, and 92.9%, respectively. The high modal purity shows
that the FOV beams are of good quality, which indicates that the
FOV generator is both achromatic and polarization insensitive. We
believe that our results represent a substantial advance and would
pave the way for applications such as chip-scale optical
communication.

MATERIALS AND METHODS

For most applications, intrinsic divergence of the OV beam is not
preferred, and lenses are used to control the beam radius and
increase the light intensity. The functionality of generating and
focusing OV beams can be integrated on a single metasurface by
superimposing radially hyperbolic and azimuthally linear phase
profiles as follows:

φ � −ω
c
( ������

r2 + f2
√

− f) + ℓθ (1)

Where ω is the angular frequency, c is the speed of light in
vacuum, r is the radial coordinate, θ is the azimuthal coordinate,
f is the constant focal length, and ℓ is the topological charge.
Formula [1] can be Taylor expanded around the design frequency
as follows:

φ(r, θ,ω) � φ(r, θ,ωd) + zφ

zω

∣∣∣∣∣∣∣ω�ωd

(ω − ωd) + z2φ

zω2

∣∣∣∣∣∣∣∣ω�ωd

(ω − ωd)2

+ . . .

(2)
where φ(r, θ,ωd), zφzω|ω�ωd

, and z2φ
zω2|ω�ωd

are the phase, group delay,
and group delay dispersion that should be satisfied at the
corresponding polar coordinates (r, θ) at the design frequency
ωd, respectively. It is very difficult to satisfy all derivatives in
Formula [2] for the selected nanostructures at every coordinate
on the metasurface. To achieve achromatic dispersion, a simple
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and intuitive approach is to let group delay dispersion and other
higher-order derivative terms be zero; thus, the phase is linearly
related to the frequency at each coordinate. In this case, the
condition for achieving achromatism is simplified as follows:

zφ

zω

∣∣∣∣∣∣∣ω�ωd

� −1
c
( ������

r2 + f2
√

− f) (3)

φ(r, θ,ωd) � −ωd

c
( ������

r2 + f2
√

− f) + ℓθ (4)

Formula [3] and Formula [4] show the group delay condition
and phase condition, respectively, that need to be fulfilled by the
achromatic FOV generator.

To precisely modulate the dispersion of meta-atoms, anisotropic
nanopillar combinations were chosen as the archetypes of the meta-
atom, as shown in the inset of Figure 2A. Moreover, each
nanostructure on the metasurface is designed to be a miniature
half-wave plate, which can flip the chirality of the incident CP wave.
When RCP light is incident from the substrate, the metasurface
converts it into an LCP converged vortex beam with a topological
charge of ℓ and vice versa, as shown in Figure 1C. This process is
called spin-orbit angular conversion [46] and can be represented by
Jones calculus as follows:

exp(iφlens)|L, ℓ〉 � [Jmeta]|R〉 (5)

exp(iφlens)|R, ℓ〉 � [Jmeta]|L〉 (6)
where [Jmeta] is the Jones matrix of the metasurface, φlens �
−ω

c (
������
r2 + f2

√ − f) is the phase profile of a planar lens, |R〉
and |L〉 are the RCP and LCP bases, respectively. |L, ℓ〉 and
|R, ℓ〉 are the orthonormal high-order circular polarization basis
[47], which can be expressed as

|L, ℓ〉 � exp(iℓθ)(x̂ − iŷ)/ �
2

√
(7)

|R, ℓ〉 � exp(iℓθ)(x̂ + iŷ)/ �
2

√
(8)

For incident light with a more general SOP
Ein � ψL|L〉 + ψR|R〉, the corresponding outgoing light after
passing through the metasurface can be expressed as

Eout � exp(iφlens)[ψR|L, ℓ〉 + ψL|R, ℓ〉] (9)
The SOP corresponding to any point on the high-order

Poincaré sphere (HOP) can be decomposed into a linear
combination of the SOP corresponding to the north and south
poles, as shown in Figure 1B. For all possible scalar SOPs of the
vortex beam, we can find the corresponding points on the
corresponding HOPℓ,ℓ ; thus, Formula [9] shows that our
method can generate an FOV with an arbitrary
homogeneous SOP.

FIGURE 1 | Schematic of the flat FOV generator. (A) Schematic of the metasurface consisting of anisotropic nanostructures for generating FOV beams with
arbitrary SOP. (B) Schematic illustration of HOPℓ,ℓ . OV beams with any scalar SOP can be obtained by superimposing the SOP corresponding to the north and south
poles on the HOP sphere. (C) Spin-orbit angular momentum conversion when light passes through the proposed metasurface.
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In addition, the Jones matrix of the metasurface can be
expressed as

[Jmeta] � exp(iφlens) exp(iℓθ)[ 1 0
0 −1] (10)

Formula [10] implies that a metasurface with only one
wavelength thickness integrates the functions of a half-wave
plate, spiral phase plate, and lens. Considering that the
metasurface also has the ability to eliminate chromatic
aberration, we can see that the entire optical system is highly
integrated.

Although it is counterintuitive to utilize anisotropic
nanostructures to form polarization-insensitive metasurfaces,
this can be understood in terms of the geometric phase. For
the anisotropic meta-atom shown in Figure 2A, its transmittance
properties after a rotation angle α can be described by the Jones
matrix as follows:

Eout � R(α)T · ⎡⎣ tl 0

0 ts
⎤⎦ · R(α) · Ein

� 1
2
(tl + ts) · Ein + 1

2
(tl − ts) · (exp(i2α) · σ̂R + exp( − i2α) · σ̂L) · Ein

(11)

where R(α) � [ cos α sin α
−sin α cos α

] is the rotation matrix, and tl and

ts are the complex transmission coefficients for light polarized
along the long and short axes of the meta-atom, respectively. σ̂R �
1
2[ 1 −i

−i −1] and σ̂L � 1
2[ 1 i

i −1] are chirality flip operators, and

when the incident light is RCP or LCP, there exists σ̂R · |R〉 �
0(or σ̂L · |L〉 � 0) and σ̂R · |L〉 � |R〉(or σ̂L · |R〉 � |L〉). It can be
observed from Formula [11] that under CP illumination, the first
part represents the co-polarized component which causes
unwanted scattering and can be minimized when the meta-
atom is designed to be a half-wave plate, and the second part
represents the cross-polarized component whose phase can be
decomposed into two parts: the dynamic phase φd � arg(tl − ts)
and the geometric phase 2α (for LCP incident light) and −2α (for
RCP incident light). Generally, the geometric phase is
dispersionless and polarization-sensitive, since it is only
dependent on the rotation angle, and it is different for RCP
and LCP light incidence. However, if the rotation angle is limited
to 0° or 90°, the geometric phases of the RCP and LCP incident
light will be identical, as illustrated in Figure 2C. Therefore, both
the RCP and LCP incident light will experience the same phase
profile imparted by the metasurface. Because any incident light
can be decomposed into a combination of RCP and LCP, this
property implies that the metasurface is polarization-insensitive.

The properties of meta-atoms are also fundamentally
determined by the constituent materials. Due to mature
fabrication methods, silicon is widely used as the base material
for metasurfaces. However, in the LWIR band, germanium has
smaller absorption and higher refractive index than silicon, so the
nanostructures composed of germanium materials can modulate
light more efficiently. Therefore, germanium was selected as the

constituent material for the meta-atom. Currently, it is still very
challenging to deposit tens of microns of germanium on other
materials due to material stress, so we also chose germanium as a
substrate material so that in the future, we can inexpensively
process metasurfaces on a single germanium wafer. We built up a
meta-atoms library, and there were multiple mutually parallel
nanopillars in a single meta-atom. Figure 2A shows the case of
two nanopillars in one meta-atom, and a detailed discussion on
the meta-atoms library is included in Supplementary Material.
The nanopillars in every unit cell have the same height H = 10 μm
and the same gap g = 0.5 µm, and the finest structure size is forced
to be larger than 1 μm. The lattice constant P of the unit cell was
chosen to be 6.2 μm to satisfy both the Nyquist law and the
requirement to suppress higher-order diffraction [48].

To obtain the phase spectrum of each nanostructure, we
conducted simulations using a finite-difference time-domain
(FDTD) solver from Lumerical [49]. Periodic conditions were
applied in the transverse direction, and the perfect matched layer
(PML) condition was applied in the longitudinal direction with
respect to the propagation of light, and CP illumination was
applied from the substrate. After obtaining the phase spectra of all
meta-atoms, we screened the meta-atoms suitable for constituting
the achromatic FOV metasurface according to Formula [2]. We
used a homemade linear regression program to screen the meta-
atoms in the library, with an R-squared number greater than 0.98
and an avaverage conversion efficiency greater than 80%. The
phase spectra and conversion efficiency spectra of the five meta-
atoms meeting the above screening conditions are shown in
Figure 2B,C. As shown in Figure 2E, nanostructure rotation
does not affect the dispersion (group delay) of meta-atoms, but
nanostructures with 0° and 90° rotation angles have a phase
difference of π, which enriches the number of combinations of
phase and group delays that can be implemented in our library,
allowing us to meet the requirements of more achromatic FOV
metasurface designs.

RESULTS

Polarization-Insensitive and Achromatic
Metalens
When the topological charge ℓ of the FOV beam is 0, which is
considered as a special case, there is no helical component in the
phase profile, as indicated in Formula [1], and the flat FOV
generator behaves as a metalens.

To validate our method, we designed and simulated an
achromatic metalens with a diameter of 200 μm and a
numerical aperture (NA) of 0.32. We calculated the phase
distribution and group delay distribution required for the
achromatic metalens according to Formula [3] and Formula
[4], respectively. We then discretized the required phase
profile and group delay profile and selected the meta-atom in
the library that best matched the required phase and group delay
pairs, as shown in Figures 3B,C. Figure 3A shows the layout of a
quarter of the designed metalens. Figure 4A shows the simulated
intensity profile in the x-z plane under RCP, LCP, and XLP
illumination. The metalens can focus light over a wide range of

Frontiers in Physics | www.frontiersin.org February 2022 | Volume 10 | Article 8467184

Song et al. Achromatic Polarization-Insensitive FOV Metasurface

47

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


wavelengths, and the focal point does not shift with wavelength,
indicating good achromatic performance. The metalens has the
same intensity profile under three polarized incidences, which
indicates good polarization insensitivity performance. We
extracted the focal length of the metalens at the selected
wavelengths by analyzing the intensity distribution in the x–z
plane, where the focal point is defined as the position
corresponding to the maximum intensity on the z-axis.
Figure 5A shows the relative focal shift of the metalens, and
the relative focal shift is defined as Δf � f−f0

f0
× 100%, where f0 is

the focal length at the designed wavelength (λ � 10.6μm), andf is
the focal length at the sampled wavelength. The relative shift of

the focal length was less than 4% over the entire broadband range,
confirming the excellent achromatic properties of our metalens.

Figure 4B shows the point spread function (PSF) of the metalens
in the focal plane under RCP, LCP, and XLP illumination. The
symmetric focal spot was clear, and no focal spot diffusion caused by
defocusing and spherical aberration was evident at any wavelength
[50]. Based on the intensity distribution in the focal plane, we
extracted some metrics to quantify the performance of the
metalens, such as full width half maximum (FWHM), Strehl ratio,
and efficiency. Figure 5C shows the FWHM of the metalens, where
the black dashed line indicates the FWHMcorresponding to the ideal
Airy disk. Figure 5D shows the Strehl ratio of the metalens. The

FIGURE 2 | Numerical results of the meta-atoms. (A) Schematic of the five selected meta-atoms. (B,C) Phase and polarization conversion efficiency of the five
selected meta-atoms. The five meta-atoms with different geometrical dimensions satisfy the screening conditions mentioned in the text, i.e. linear phase versus
frequency and high polarization conversion efficiency within the designed bandwidth, but different group delays (the slope of phase with respect to the frequency). Each
color curve corresponds to a meta-atom in the same colored box in (A). The parameters in the colored boxes correspond to the geometric parameters (l1, w1, l2,
w2) of the nanopillars shown in the inset of (B) in microns, and the gap between nanopillars is g = 0.5 μm. (D)Geometric phase with respect to rotation angle for the same
meta-atom under LCP and RCP incidence. The meta-atom has the same geometrical parameters as that in the yellow box in (A). (E) The phase and group delay for all
meta-atoms in the library. Each meta-atom is represented by a blue and red point in the plot because a 90° rotation can impart a phase change of πwithout changing the
group delay.
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Strehl ratio is defined as in Ref. [51], and the black dashed line in
Figure 5D indicates the diffraction limit criterion referred to by
Marehal. From the FWHMand Strehl ratio, we can conclude that our
metalens is capable of diffraction-limited focusing in the continuous
wavelength band. Figure 5B illustrates the efficiency of the metalens,
which is defined as the power in the focal spot (circles of radius three
times the FWHM spanning the center of the focal spot) compared to
the power of the incident light. The efficiency of the metalens is
highest around the design wavelength λ � 10.6μm, and the decrease
in efficiency at other wavelengths is mainly due to the decrease in
polarization conversion efficiency of the selected meta-atoms. The
average efficiency of the metalens under RCP, LCP, and XLP
incidence were 44%, 43%, and 45%, respectively. It should be
emphasized that these efficiency values already exceed that of the
previously reported monochromatic metalens in LWIR [52]. It
should be noted that the average efficiency of the metalens is
much lower than the polarization conversion efficiency shown in
Figure 2C. This is mainly because the polarization conversion
efficiency reflects the proportion of transmitted light that is
focused to the focal point without considering the reflected light.
We believe that achromatic metalens will pave the way for broad
applications in LWIR, such as thermal imaging and wireless
communications.

Polarization-Insensitive and Achromatic
FOV Generator
We designed and simulated an FOV generator based on the
method proposed above. The FOV generator has a diameter of
200 μm, focal length of 300 μm, design wavelength of 10.6 μm,
topological number of −2, and design operating bandwidth of
2 μm. Figure 6A shows the layout of the metasurface, which
consists of mutually parallel or perpendicular nanopillars

arranged in a square lattice. The design process of the FOV
generator was the same as that of the metalens. First, we
calculated the desired phase and group delay profiles using
Formula [2] and Formula [3]. Then, we discretized the group
delay and phase profiles according to the lattice constant and
selected a meta-atom at each coordinate that provided the best
match to the desired group delay and phase pair in the library.
Figures 6B,C illustrate the group delay and phase required for the
ideal achromatic FOV generator, as well as the group delay and
phase that can be realized by the metasurface. The required group
delay and phase exhibit small inconsistencies with the
realized ones.

Figure 7A shows the intensity distribution in the x-z plane for the
FOV generator under LCP, RCP, and XLP illumination. The focal
length of the FOV generator is constant at all selected wavelengths,
which indicates that the FOV generator has good achromatic
performance, and a similar intensity distribution under LCP,
RCP, and XLP incidence confirms that the FOV generator is
polarization-insensitive. Figure 7B shows the intensity and phase
distributions of the FOV generator in the focal plane. The donut-
shaped intensity distribution and the spiral-shaped phase
distribution are clear in the focal plane, both of which confirm
the existence of OV at the origin. The phase distribution confirms
that the transmitted beams carry an OAM of −2Z according to the
branches stemming from the origin.

Figure 8D shows the efficiency of the FOV generator.
Efficiency is defined as the power inside the donut ring
divided by the power of the incident light, which can be
expressed as follows:

η �
1
2∫2π

0
∫r0+Δr
r0−Δr(Ex ·Hy − Ey ·Hx)drdθ

Pin
(12)

FIGURE 3 | Design result of the broadband achromatic metalens. (A) Layout of the quarter of the metalens. (B,C) Realized (red circles) and required (black curves)
phase and group delay at each radial coordinate on the metalens.
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where r0 is the radial coordinate corresponding to the peak
intensity, and Δr is the FWHM of the intensity profile. The
average efficiency of the FOV was 34% for RCP, LCP, and XLP
incidence, as shown in Figure 8D.

To quantitatively describe the modal purity of the OV beams,
we performed a modal decomposition analysis of the phase in the
focal plane [53]. The Fourier relationship between the OAM
mode and the phase distribution can be expressed as

Aℓ � 1
2π

∫2π

0
φ(θ) · e−iℓθdθ (13)

φ(θ) � ∑+∞
−∞

Aℓ · eiℓθ (14)

where φ(θ) is the phase distribution of the circle corresponding to
the intensity maximum in the focal plane, and eiℓθ is the harmonic
related to the OAM eigenstate. Figures 8A–C show the OAM

spectra of the FOV under LCP, RCP, and XLP incidence,
respectively. The average purity of the modes corresponding to
OAM = −2Z is 95.5%, 95.3%, and 92.9% for LCP, RCP, and XLP
incidence, respectively. The high percentage of the desired mode
indicates that our FOV generator can substantially preserve the
mode crosstalk at a relatively low level.

DISCUSSION

We proposed a general method to implement a metasurface for
generating FOV beams with arbitrary scalar SOPs in a broad
continuous wavelength range. Although the proposed FOV
generator works in the LWIR band, this design principle can
be applied to arbitrary regions of the electromagnetic spectrum.

The average efficiency of the metasurfaces demonstrated in the
main text is approximately 44% (metasurface Ⅰ with ℓ � 0) and 34%

FIGURE 4 | Intensity distribution of the broadband achromatic metalens. (A) Intensity profiles in the x-z plane at selected wavelengths. From left to right, each
column corresponds to LCP incidence, RCP incidence, and XLP incidence. (B) Intensity distribution at the focal plane at selected wavelengths. From top to bottom, each
column corresponds to LCP incidence, RCP incidence, and XLP incidence. Scale bar is 10 µm.
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(metasurface Ⅱ with ℓ � −2), respectively. The efficiency of
metasurface Ⅱ is lower than that of metasurface Ⅰ because the
phase distribution of metasurface Ⅱ is not rotationally symmetric,
while the phase distribution of metasurface Ⅰ is rotationally
symmetric. Therefore, it is more difficult to satisfy both the phase

and group delay conditions formetasurface Ⅱ, which eventually leads
to the selection of meta-atoms with low conversion efficiency.
Considering that the germanium–air interface causes a reflection
loss of 36%, the efficiency of themetasurface can be further enhanced
by replacing the substrate with a low-refractive-index material. For

FIGURE 5 | Performance characterization of the metalens. (A) Relative focal shift of the metalens. (B) Efficiency of the metalens. (C)Full-width-half-maximum of the
intensity at the focal plane. (D) Strehl ratio of the metalens. The black dashed lines in (C) and (D) represent the diffraction limit.

FIGURE 6 |Design of the broadband achromatic and polarization insensitive flat FOV generator. (A) Layout of the flat FOV generator. (B) Required group delay (left)
and realized group delay (right) of the flat FOV generator at each coordinate. (C) Required phase (left) and realized phase (right) of the flat FOV generator at each
coordinate.
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FIGURE 7 | Intensity and phase distributions for the FOV generator. (A) Intensity profiles in the x-z plane at selected wavelengths. From left to right, each column
corresponds to LCP incidence, RCP incidence, and XLP incidence. (B) Intensity profiles and phase profiles at the focal plane at selected wavelengths. From top to
bottom, each column corresponds to LCP incidence, RCP incidence, and XLP incidence. Scale bar is 10 µm.
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example, by replacing the substrate with zinc sulfide (n = 2.2), the
reflection loss at the interface will be reduced to 14%, which means
that in this case, the efficiencies of metasurfaces Ⅰ and Ⅱ can reach
59% and 46%, respectively. Another factor limiting the efficiency of
our metasurface is that the polarization conversion efficiency cannot
maintain high values over a wide bandwidth, as shown in Figure 2C.
This can be solved by using a three-dimensional structure such as a
stacked cross to form a broadband achromatic half-wave plate [54].

It should be noted that our results are based on simulations, and the
dimensional errors in the samples during fabricating can lead to
lower measured efficiency and mode purity than simulated results.

A comparison between this study and previously reported flat
FOV generators is presented in Table 1. Compared to previously
reported works, our metasurfaces have the advantage of
broadband achromatic, high mode purity and polarization
insensitivity.

FIGURE 8 | Efficiency and mode purity of the FOV generator. (A,B,C)Mode purity of the generated OV under LCP incidence, RCP incidence, and XLP incidence,
respectively. (D) Efficiency of the flat FOV generator under LCP, RCP, and XLP incidence.

TABLE 1 | Comparison between this work and previously reported flat FOV generators.

Ref Bandwidth Relative bandwidth Materials Polarization Efficiency Mode purity

[55] 780 nm N/A Gold Circular ~1% N/A
[56] 455 nm; 540 nm N/A Titanium Dioxide Insensitive ~34% N/A
[38] 633 nm N/A Silicon Nitride Insensitive ~10% N/A
[57] 0.695 THz N/A Silicon Circular ~28% N/A
[58] 9–11 GHz 20% Copper Circular ~80% ~90%
[42] 3.5–5 µm 35.3% Silicon Linear N/A N/A
This work 9.6–11.6 µm 18.9% Germanium Insensitive ~34% ~92.9%
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CONCLUSION

In summary, we theoretically proposed two broadband
achromatic polarization-insensitive FOV generators in the
LWIR range based on an all-germanium metasurface.
Metasurface Ⅰ with ℓ = 0 shows broadband achromatic
diffraction-limited focusing ability with an average efficiency
of 44%. Metasurface Ⅱ with ℓ = -2 can achromatically
transform a planewave with an arbitrary SOP to a high-purity
FOV beam with an average efficiency of 34%. We believe that the
metasurfaces demonstrated here will pave the way for a broad
range of applications, such as chip-scale optical communication
and quantum optics.
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Exploring for New Insights in the
Performance of a 3D Orbital Angular
Momentum Mode-Sorter
Shlomi Lightman1*, Jonathan M. Wengrowitcz2, Ayelet Teitelboim1, Raz Gvishi 1 and
Gilad Hurvitz1

1Applied Physics Division, Soreq NRC, Yavne, Israel, 2Physics Department, Weizmann Institute, Rehovot, Israel

Optical vortex beams are light beams that can carry orbital angular momentum (OAM).
Hence, such beams may serve as potential candidates for carriers of information in optical
communication and quantum optics applications. This is owing to their spatial
orthogonality, as these beams can be combined (multiplex) or separated
(demultiplexed). We recently demonstrated a new method to detect OAM states by
using a 3D-direct laser printing fabrication process. Measuring the mode-sorter
performance was challenging, mainly due to mechanical and optical sensitivities
originated from misalignments. In this work, this sensitivity was thoroughly examined.
Pure OAM states having lateral and angular misalignments relative to themode-sorter were
introduced, and cross-talk between resolved states was theoretically simulated. The
system is relatively vulnerable to small misalignments, which challenge its
implementations in free-space communication systems. However, this might be an
advantage for counseled communication, in which eavesdropping becomes more
challenging, due to the angle-dependent increased modal cross-talk.

Keywords: vortex beam, 3D printing, orbital angular moment, mode sorter, phase modulated

INTRODUCTION

Optical vortex beams are characterized by a winding azimuthal phase, exp (ilϕ), where l is the
topological charge and ϕ the azimuthal angle [2]. These beams can carry orbital angular momentum
(OAM). This unique property enables implementations of such beams in various applications,
including particle manipulation [3], microfabrication [4], astronomy [5], quantum optics [6], high-
resolution microscopy [7], and space-division multiplexed communication systems [8]. There are
several types of beams that can carry OAM. A commonly used type is the Laguerre-Gaussian (LG)
family of beams which is an example of a set of vortex beams that are also solutions of the paraxial
Helmholtz equation. In this case, beams with different OAM values are orthogonal; hence, they can
be spatially multiplexed and demultiplexed on the same physical channel. These beams can then be
used as carriers of information, thereby increasing the information capacity of an optical
communication channel [9]. An efficient way to separate OAM states is by applying a Cartesian
to log-polar transformation, based on two refractive optical elements [10]. This transformation maps
the azimuthal phase profile of an OAM mode into a tilted planar wavefront. As a result, linear
combination of OAM states can be simultaneously transformed into a set of planar waves with tilted
wavefronts, where the tilt angle depends on the topological charge. These tilted waves can therefore
be easily separated in the far field by a lens, enabling OAM analysis, as each mode is located at a
different location on a detector. The desired two refractive optical elements are characterized by a
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non-trivial 3D shapes. Hence, reaching small scale, 3D, and high
optical quality is a challenging task. Conventional
implementations of such transformation are based on spatial
light modulators (SLMs) [11], or large-scale (cm) diamond-
turned surfaces [10]. In general, fabrication or manufacturing
of small-scale (below hundreds of micrometers) high-quality
optical surfaces, characterized by tens of nanometer surface
roughness (RMS) is a challenging task. An innovative new
approach was able to minimize the two elements into only
one, along with 2D high-resolution diffractive surfaces using
electron beam lithography [12, 13]. Furthermore, the
generation of vortex beams (l ≤ 1) and mode analysis was
demonstrated in an all-fiber device [14]. However, all
mentioned approaches do not provide direct integration to
other optical elements (such as optical fiber), enable cost-
effective processes, or provide simple and straightforward
lithography procedures for various states. Our recent work
showed a new fabrication method that provides high-quality
and integrated mode-sorter, based on the two optical elements
[1]. This method used a 3D-Direct laser writing (3D-DLW) [15]
system, which is based on a nonlinear two-photon absorption
process [16]. This concept allows reaching accurate 3D elements
of complicated surfaces using the polymerization of a light-
sensitive material volume (Voxel). Although implementations
of 3D-DLW technology for micro-optics devices are widely
reported [15–20], we were able to harness, for the first time,
this platform for analyzing OAMmodes using the transformation
optics theory [21, 22]. This approach may induce new and
exciting opportunities for vortex beam detection and analysis
in integrated devices, in communication systems, or for quantum
optical applications. In our previous work [1], we demonstrated
that the two-element 3D-printed free-space mode sorter is
capable of handling both pure and mixed vortex beams with
topological charges l≤ |3|. These results were rather preliminary,
as further analysis was needed to explore its functionality and
performance. Some of the remaining open questions regard the
system capabilities upon lateral misalignment and optical
directionality (i.e. incoming tilted waves). Hence, in this work,
these issues are examined, as various calculations were performed
to study the sensitivity of this system.

PRINCIPLE OF THE OAM MODE-SORTER

The Cartesian to log-polar transformation is constructed by two
refractive optical elements [11]. These two elements map the
coordinates of the incoming beam (in the x-y plane) to an output
plane (u-v) using the following relations:

u � −a · ln(
������
x2 + y2

√
b

) (1)

v � a · tan−1(y
x
) (2)

The coordinates u and v describe the Cartesian coordinates at
the first element’s Fourier plane. The parameter a is a scaling
factor, equals to d/2π, as d is the width of the second element, and

b determines the beam location along the v axis. The elements’
surfaces are hereby described:

Z1(x, y) � −( a
f (nm − nair))[y · tan−1(y/x) − x · ln(

������
x2 + y2

√
b

)
+ x − 1

2a
(x2 + y2)]

(3)
Z2(u, v) � −( a · b

f (nm − nair))[cos(v/a) · exp(u/a)
− − 1

2a · b (u2 + v2) ] (4)

Z1 and Z2 describe the height profiles of the first and second
element, accordingly. The distance between the elements is
determined by f, and the material and air refractive indices are
denoted as nm and nair accordingly. Modes carrying OAM values
that pass through the second element are characterized by
rectangular shapes and tilted wave-fronts, dictated by 2πl.
Introducing a lens to the tilted waves will result in a focus
movement perpendicular to the elongated diffraction limited
spot size, by the following connection:

Δ � l · (λf
d
) (5)

THEORETICAL DESIGN AND
CALCULATIONS

In order to reach optimal phase elements, based on the two
surfaces provided in Eqs 3, 4, a simulation code based on a split-
step Fourier method [23] was used to study the OAM beam
propagation through those surfaces. In this way, the elements’
functionality was explored and tailored to the experimental
system, as the free parameters were determined. The

FIGURE 1 | The mode-sorter comprising two elements. 3D (A,C) and
2D (B,D) representations of the first (A,B) and second (C,D) elements are
presented. In 2D, both height and phase accumulation are described. Scale
bar, 50 μm.
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parameters a, b, and f were chosen to be 19, 25, and 800 μm,
accordingly. The final obtained elements are brought in Figure 1,
as 3D structural representation (top) and 2D surfaces and phase
modulations (bottom) can be seen. The lateral dimensions of the
first element were chosen to be 100 × 100 μm2 reaching 12.5 μm
at maximum height. The second element lateral size was 160 ×
100 μm2 with maximal height of 30 μm. Figure 2 provides a
schematic illustration of the operating principle. Here, an OAM
mode of l = 1, characterized by a ring-shaped intensity profile
passes through the first element, as the ring gradually becomes
open until reaching a rectangular shape at the second element
plane. The second element return the mode’s initial phase. Then,
a lens focuses the mode into an elongated shape at the detector.
Combined representations of the mode’s intensity and phase are
also provided before and after the elements, as brightness and
colors refer, respectively, to intensity and phase of each beam.
Figure 3 provides further understanding of the OAMmode sorter
operation, as front view intensity and phase calculations of l = 0
and l = 1 modes can be seen in the vicinity of Element 2 (surface
Z2). Here, the two modes possess unresolved phase distribution
prior entering the element. However, passing through the second
element reorganizes the phases according to the OAM values. It is
worth emphasizing that the intensity profile of all modes remains
the same before and after each element, as only the phase is

transformed, which enables a gradient phase change that is
manifested in the focused spot position variations on the detector.

NOMINAL PERFORMANCE OF THE
MODE-SORTER

The nominal performance of the OAM mode-sorter is hereby
described. This means that OAM states were injected to the mode-
sorter perpendicular to the elements, with no tilt or spherical
aberration. The detector that registered the incoming mode-
dependent spots was also located at the center of the beam’s axis
(for l = 0). This provides a reference point for further understanding
the sensitivity and misalignment issues. By using a measurement
system, consisting of a CW laser source (690 nm), phase-only spatial
light modulator (SLM), and additional optics, the mode-sorter
performance was examined, according to a previous work [1]. The
SLM provided various OAM modes, −3 ≤l ≤ 3, that propagated
toward the mode sorter two-element system, which were than
detected using a CCD. The element fabrication process, detailed
measurement system, and additional results and information are
further elaborated in a previous work [1]. Figure 4 provides the
experimental results along with predicted simulations of the mode-
sorter functionality for the mentioned OAM values at the detector
plane. The incoming modes are also provided for convenience. It can
be seen that the modes are clearly resolved, as various states are
introduced to the system. High l values may cause fringes that lower
the ability to determine the OAM state. In general, small beams have
short Reighley length. When working with longer distances, the beam

FIGURE 2 | Schematic illustration of the mode-sorter as incoming l = 1
OAM mode propagates through the elements. Additional phase and intensity
profiles are presented at certain locations with respect to the two elements.

FIGURE 3 | Combined representations of the intensities and phases of
modes l = 0, 1 are provided before and as after the elements, as brightness
and colors refer, respectively, to intensity and phase of each beam. Scale bar,
50 μm.

FIGURE 4 | Simulation results of a free-space OAM mode-sorter
followed by experimental results. Each OAM state propagates onto a different
location on the detector, with correlation to the state’s topological charge.
Scale bar, 100 μm.
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carries a spherical phase front rather a plane one. This induces fringes
and reduces the device performance to detect accurately OAM states.
Furthermore, the influence of production inaccuracies tends to
minimize as dimensions increase. The mode sorter consists of two
refractive phase elements. The coupling loss for an incoming LG10

mode in this system is 30%. The main cause for such losses is due to
Fresnel reflections. Additional losses such as absorption and
diffraction caused by the device itself are negligible. This is because
it is a phase-only device that is made of a transparent polymer.

SORTING SENSITIVITY

In this chapter, the system performance is investigated under lateral
misalignment of the incoming beam. Such misalignment often
happens in free optic applications. This was carried out by moving
the mode-sorter laterally to the beam propagation axis. Since the two-
phase structures consisting themode-sorter device have a complex 3D
surface, the performance and OAM spectral purity are expected to be
affected. It is convenient to describe the OAM of an LG light beam by
its optical axis. Hence, by choosing different axis, these light beams
could be represented by a span of various LGmodes, which also serve
as orthogonal states of the paraxial wave equation, providing discrete
OAM spectrum. A lateral displacement of a symmetric beam will not
alter its OAM value [24]. However, such a displacement may alter a
single photon OAM state, with respect to the reference axis. Meaning,
the pure OAM state of an individual photon will be represented by a
superposition of many OAM states in the new displaced coordinate
system [25]. In other words, by changing the observation axis, the
mode purity is disturbed and redistributed as a span of discrete states.
Hence, the ability to analyze theOAMstate of a certainmode becomes
more challenging due to this spectrum broadening. As shown here
and in [1], themode-sorter is capable of detecting variousOAMstates.
However, exploring the system’s performance upon displacements or
due to beam wondering effects should be further investigated. In this

work, we characterize theoretically the system ability to detect
incoming OAM states, when the whole mode-sorter system is
displaced from its center (x � 0, y � 0), and also when the mode-
sorter is not displaced but is introduced to tilted modes at different
angles. Figure 5 provides a schematic illustration of the calculation
principle. The mode-sorter, as one system, is displaced to various
(x,y) locations, with respect to the axis origin, and then introduced to
incoming LGmodes carrying different OAMvalues. As a first step, we
show an example that exhibits the challenging task to detect the OAM
spectrum solely from the incoming spiraling phase front. This is given
in Figure 6, where the phase of OAM state l = 2 (Figure 6, top left) is

FIGURE 5 | Schematic representation of the lateral displacement
calculative method. The entire two-element system moves together in each
direction (only the first element is shown).

FIGURE 6 | OAM attained spectrum, in the case of l = 2, when phase
analysis is carried out for different areas and locations in the phase distribution.
The pure state is screened, as modal spanning is formed.

FIGURE 7 | OAM modes of l � 0,± 2, ± 4 reaching the detector upon
various lateral displacements. Scale bars, 60 μm.
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redistributed to regions (a, b, c). Analysis of only partial areas of the
phase distribution will lead to mixed states rather than a pure OAM
determination. It can be seen that for different, smaller, and displaced
regions, the OAM spectrum is increased (a, b), compared to a pure
state (c). Figure 7 describes how the simulated beams appear on the
detector. Here, the system was introduced to l � 0,± 2, ± 4 OAM
states when also subjected to lateral displacements
(x � 0, 15μm; y � 0, 15μm). The top row of Figure 7 describes
a process without displacement, as center and bottom rows provide
shifts of 15 μm in y- and x-axis, accordingly. Movement in the y-axis
blurs the center spot, by broadening the lobes. Displacement in the
orthogonal dimension narrows the lobes, as more fringes appear.
Figure 8 provides spectrum analysis of l � ± 5 states, for Δy �
0, 15, 30 μm displacements. The focused spots are accompanied
with line scans (y-axis) that provide the spectral broadening. It
seems that there are no symmetrical effects for l � ± 5. As
expected, increasing the displacement up to 30 μm decreases the
modal purity, as the intensity of the peaks is rather similar.Meaning, it
would be difficult to differentiate algorithmically the desired mode
from the spectrum. To summarize these results, a light beam that has a
partial vortex phase, or only partially detected, would induce wider

OAM spectrum that interfere with the desired state sent. This is
without even using any sorting devices. Since the mentioned mode-
sorter is highly sensitive to misalignments, separating higher modes
becomes challenging. This is manifested in wider OAM spectrum and
additional fringes that screen the required specific state. It seems that
small displacements, even as 10% from the sorter dimensions, induce
sufficient disturbance to analyze the OAM states.

THE SYSTEM’S MODAL CROSS-TALK

Here, the cross-talk between various OAM states due to lateral
and angular misalignment is investigated. This provides a two
dimensional map of all modes there were sent and detected.

Another representation of the modal purity could be described as
the modal cross-talk. In this approach, the system misalignment
(x,y≤ 30μm) is analyzed, where the lateral size of each mode is
plotted with respect to themodes that were sent versus those that were
detected. By sending an OAM mode through the system and
calculating the intensities in each subsection, it is possible to
construct a 7 × 7 discrete cross-talk matrix for detecting all OAM
modes, with respect to the existence of additional signal. Figure 9
presents the cross-talk matrices for six cases of misalignments, for
l≤ |6|. It seems that displacement in y provides distinguishable
spectrum for 15 μm, as only positive states could be detected when
reaching 30 μm.There is a spectrumbroadening for displacement in x,
as could be seen in the case of (30 μm, 0) compared to (0, 30 μm).
So far, the cross talk was investigated upon lateral misalignment. Now
the mode-sorter performance is examined with correlation to the
angle of the incoming modes reaching the system’s center (0, 0). In
Figure 10, the cross-talk matrix is constructed by various incoming
beams, with directionalities that equal to phase tilts of 3–12mrad, at
each axis. For a small tilt of 3mrad, there is no clear symmetry in both

FIGURE 8 | Intensity profiles of the l � ± 5 modes on the detector when
displacements on y-axis are added. The OAM spectrum is analyzed for each
case. The OAM spectrum is obtained by line scanning the obtained modes in
the y-axis of the intensity distribution picture. Scale bars, 60 μm.

FIGURE 9 |Calculated cross-talk matrix for 13 modes, for various cases
of system displacements (15, 30 μm).
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directions, and there is a spectral blur that exists in the y-axis. This
effect further increases for stronger tilts in the y direction. For the
orthogonal (x) direction, there is a rather unchanged spectrum width,
as the tilt in x increased. Furthermore, a strong blur effect
disables the ability to analyze low-order modes. By analyzing the
cross talk maps, it is clear to comprehend the necessary
sensitivity requirements for such system. Small shifts and
phase gradients damage the ability to analyze currently the
OAM states. However, this sensitivity could be an advantage for
secure communication systems as any interference could be
noticed in the receiver plane. In any case, to eliminate their
effects, the system may need to be designed differently, for
example, printing the two elements as one for better accurate
alignment, or by adding a light-collecting term that collects the
shifted light to the elements, to reduce tilting issues.

CONCLUSION

The system is highly sensitive to misalignments, which is a
disadvantage in most cases. However, this might be an
advantage for private/secret communication, in which
“listening” is almost impossible. The operation of the 3D-
miniature mode-sorter system was examined. Two concerns
were theoretically investigated, shedding more light on the
system functionality to serve as a key element for future
OAM-based communication systems: first, the system
performance when misalignments (respect to the optical axis)
are introduced; second, the ability of the mode-sorter to
distinguish the OAM states as the beams arrive from various
directions, as each beam has a different tilt, but still reach the
center of the system. All calculations were based on a mode-
sorter that was experimentally capable to separate pure and

mixed OAM states, up to l≤ |3|; however, higher modes were
also being investigated here. The cause for achieving limited
experimental sorting capability (l≤ |3|) is investigated as the vast
calculation enabling shedding more light on this limitation. The
calculative approach displaced the mode sorter laterally, in
respect to the incoming beams as the performance was
examined. Displacements of 15 and 30 μm were chosen for
l≤ |5|. From the results, the sorting process is sensitive to
displacements of 15 μm and above, as the ability to analyze
the modes become challenging. Hence, a robust system should
be printed directly on the optical axis of the entire system, which
would limit misalignments to the printer precision lateral
ability. The printed 3D is equipped with a 3D-sensitive (nm)
piezo stage. Hence, a 3D-DLW process could be suitable for
robust systems. The mode-sorter performance is sensitive to
incoming beams, characterized with tilted phase fronts, except
for values down to 3mrad which do not affect the system
performance substantially. However, increasing the linear
phase gradient to 12mrad would damage the ability to
separate incoming OAM states. This effect is more dominant
for one angle (∅y), rather the perpendicular one (∅x). For
conclusion, the system can be operated for small OAM values, as
the measurement system is well aligned. The power of the 3D-
DLW method allows allocating the printed elements with high
precision according to the optical axis. This ability would
improve the system demultiplexing performance.

The conclusion of the carried out analysis of the mode-sorter
exhibits high sensitivity to optical and mechanical misalignments.
This is commonly conceived as a disadvantage in most cases.
However, this might be an advantage for secure communication,
where the eavesdropper encounters signal broadening and
impure states. Thus, our future goal is to construct a free-
space integrated communication system, based on the reported
insights. Furthermore, the mode-sorter could also be integrated
on top of a suitable optical vortex fibers [26–28], combined with a
collimating lens. This would enable precise alignment between
the fiber core and the mode-sorter center, with low-probability
for tilted modes, along with fiber-based communication system
foothold.
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Qiang Shi1,2* and Linwei Zhu1

1School of Physics and Optoelectronic Engineering, Ludong University, Yantai, China, 2Yantai Magie-Nano Technology Co. Ltd.,
Yantai, China

The perfect optical vortex has successfully aroused substantial interest from researchers
for its central dark hollow caused by spatial phase singularity in recent years. However, the
traditional methods of combining the axicon and helical phase to generate the perfect
optical vortex lead to an additional focus deviation in the tightly focused systems. Here, we
report a multi-foci integration (MFI) method to produce the perfect optical vortex by
accumulating a finite number of foci in the focal plane to overcome the additional focus
deviation. Furthermore, based on MFI, we superposed two perfect optical vortices to
obtain the spot array with controllable phase distribution and the number of spots. This
work deepens our knowledge about superposed vortices and facilitates new potential
applications. The micromanipulated experimental results agree well with our theoretical
simulation. The spot array field provides new opportunities in direct laser writing, optical
tweezers, optical communications, and optical storage.

Keywords: perfect optical vortex, orbital angular momentum, interference superposition, spatial light modulator,
optical manipulation

INTRODUCTION

Research on vortex beams has attracted increasing attention since L. Allen et al. proved that optical
vortex carried orbital angular momentum [1]. Owing to its special optical character and dynamic
property by phase gradient [2], vortex beams expanded their applications in various areas, including
optical communication [3, 4], micromanipulation [5–8], direct laser writing [9–13], multiple spot
arrays [14–19], and complicated optical vortex fields [20–22]. The concept of the perfect optical
vortex (POV) has been proposed among vortex beams, whose dark hollow radius does not depend on
the topological charge [2, 23, 24]. In 2015, Vaity et al. demonstrated that a POV is the Fourier
transform of a Bessel beam [25]. Since then, research has been performed on POV generation [26],
modulation [19, 27, 28], and measurements [29, 30]. Particularly, many complicated vortex
beam geometries can be obtained through the superposition of Bessel beams and were applied
in diverse research fields such as propagation property measurement [31, 32] and the
femtosecond two-photon polymerization [33]. In practice, an ideal Bessel beam cannot be
created due to the infinite lateral extent of the energy, while the bounded visions of the Bessel
beam can be generated by various methods, such as axicon lens [34–38], computer-generated
hologram [39–42], focusing of ring-shaped narrow aperture [43–45], and curved fork grating
[46, 47]. In addition, the ring-toric lens can also form the annular beam in the focal plane
[48–50]. Among the aforementioned methods, the versatile axicon phase hologram can
provide more flexibility for generating the Bessel beam. However, the focus deviation
caused by the axicon phase was aggravated in the focused field of the high-NA objectives.
The dispersive three-dimensional (3D) intensity distribution around the focal region may
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cause the loss of stability and accuracy in micromanipulation
and fabrication. Hence, this focus deviation issue remains in
the further superposition of POVs to generate more
complicated optical fields.

In this article, we reported a multi-foci integration (MFI)
method to overcome the focus deviation. A POV with tunable
radius and topological charge can be generated directly by
creating a large number of foci with a diffraction limit size at
the focal plane. In practice, a similar method to create the ring-
shaped field and the accumulation of multiple concentric rings
has been reported in [51]. These methods provide a new solution
for (de)multiplexing beams [52, 53]. Based on MFI, we also
superposed the complex field of two complete POVs to
produce the spot array. The multiple spots are equally spaced
arrangements in an annular region of the original POV, and the
different spot numbers and phase gradient distribution cannot
change the profile of the array. Here, we further investigate the
degrees of freedom of the array, including the radius, number of
spots, and the periods of phase gradient. The dynamic and static
trapping results yield good agreement with theoretical analysis,
and it significantly developed the orbital angular momentum and
intensity distribution structure controllability of the beam in the
tightly focused field.

METHODS

As previously reported in [25], the POV in the focusing field of an
objective lens can be described as a Dirac delta function δ(r) with
a helical phase, that is,

E(r,φ) � jl−1

kr
δ(r − R) exp(jlφ). (1)

Herein, (r, φ) are the polar coordinates of the focal plane, kr is
the radial wave vector, and l is the topological charge. The delta
function defines the annular amplitude range of POV, and R is the
radius of POV. It is clear from Eq. 1 that an ideal annular

amplitude (i.e., the delta function) is impossible to achieve in the
experiment. Generally, the axicon lens phase exp (jkαr) is
frequently utilized to generate the annular amplitude, where α
is the angle parameter of the axicon lens. Subsequently, the POV
can be produced via an axicon and helical phase, that is, exp (jkαr
+ jlφ). In some applications, such as micromanipulation and
microfabrication, the axicon and Fourier lens (or objective) must
be combined to realize the microscopic imaging, and then we can
obtain the annular intensity in the focal plane. Unfortunately, the
additional axicon phase of exp (jkαr) produces focus deviation
into the focal region of the focusing lens, which leads to the
maximum intensity deviating from the focal plane. The deviation
becomes more serious in a tightly focused system with a high-NA
objective.

To overcome the focus deviation caused by the axicon
phase, we proposed the MFI method, which is accumulated
by abundant foci to form the annular amplitude. In theory, the
premise of this method is that the annular intensity region is
decomposed to obtain an abundant number of diffraction limit
foci, and we reverse this process to reconstruct the annular
beam. As shown in Figure 1, 10 foci were generated in a
circular trajectory. Theoretically, the electric field distribution
in the focal region of an aberration-free high-NA objective can
be calculated by the Richards–Wolf vectorial diffraction
theory [52].

E(x, y, z) �
A∫β

0
∫2π

0

P(θ)Et(θ, ϕ0)
× exp{ − jk

������
x2 + y2

√
sin θ cos[tan−1(y/x)

−ϕ0]} exp(jkz cos θ) sin θdϕ0dθ , (2)

where A is a constant related to the focal length f and the
wavelength λ, k = 2π/λ is the wavenumber, (r0, ϕ0) are the polar
coordinates of the incident plane, and x, y, and z are the
Cartesian coordinates in the focal region. P(θ) is the
apodization function of the incident pupil, which can be
expressed as

FIGURE 1 | Schematic diagram of the MFI method in a tightly focused system.

Frontiers in Physics | www.frontiersin.org May 2022 | Volume 10 | Article 8796892

Jiang et al. Perfect Optical Vortex

64

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


P(θ) � { 1, θ ≤ β
0, otherwise

, (3)

where β = sin−1(NA/nt) is the maximum aperture angle of the
objective. θ is the deflection angle, which has the relationship
sinθ = r0NA/(R0nt), where R0 is the aperture stop radius, nt is
the refractive index behind the objective, and NA is the
numerical aperture of the objective lens. Et (θ, ϕ0) is the
transmitted field, which has a relationship of the input field,
that is

⎡⎢⎢⎢⎢⎢⎣Etx

Ety

Etz

⎤⎥⎥⎥⎥⎥⎦ � ����
cos θ

√ ⎡⎢⎢⎢⎢⎢⎣ 1 + (cos θ − 1)cos2ϕ0 (cos θ − 1) cos ϕ0 sinϕ0 −sin θ cos ϕ0

(cos θ − 1) cos ϕ0 sin ϕ0 1 + (cos θ − 1)sin2ϕ0 −sin θ sin ϕ0

sin θ cosϕ0 sin θ sin ϕ0 cos θ

⎤⎥⎥⎥⎥⎥⎦

× ⎡⎢⎢⎢⎢⎢⎣Eix

Eiy

Eiz

⎤⎥⎥⎥⎥⎥⎦.
(4)

Here, Etx, Ety, and Etz are the components of the Cartesian
coordinate system, that is, Et = Etxex + Etyey + Etzez, where ex, ey,
and ez are the unit vectors. Eix, Eiy, and Eiz are the polarized
components of the incident field Ei, Ei = Eixex + Eiyey + Eizez. In
the Debye approximation, the electric field of Eq. 2 can be further
expressed as the Fourier transform of the weighted field Et:

E(x, y, z) � F{P(θ)Et(θ, ϕ0)/cos θ × exp(jkzz)}, (5)
where F{·} denotes the Fourier transform (FT). Then, based on
the shift theorem of the FT, a phase-only analytical expression for
controlling the 2D lateral displacement of the highly focused spot
can be given as (17, 53)

ψ(x0, y0,Δxn,Δyn) � 2π
λf

(x0Δxn + y0Δyn), (6)

where (x0, y0) are the Cartesian coordinates of the incident plane,
f = R0nt/NA is the focal length of the objective, and Δxn and Δyn
are the shifted displacements of the nth deviated focus versus the
original focal center in the focal plane. Based on the phase-only
distribution calculated using Eq. 6, the position of the highly
focused spots can be controlled in the focal region of a high-NA
objective. As shown in Figure 1, the positions of the shifting spots
are set along a circular trajectory, the nth focus coordinates Δxn =
Rcosφn, Δyn = Rsinφn, φn = 2πn/N, and R is the radius of the circle
in the focal plane. Then, we can obtain a superposition field by
summing up the finite foci, that is,

Ui(x0, y0) � ∑N
n�1

exp[j 2π
λf

(x0R cosφn + y0R sinφn)]. (7)

Using Eq. 7, multifocal spots along the circular trajectory can be
generated. Furthermore, in theory, annular amplitude will be
achieved when the number of foci is infinite. After combining a
helical phase, a POV with an arbitrary topological charge can be
generated. Thus, Eq. 7 can be rewritten as an integral form, that is,

Ui(x0, y0) � ∫
2π

0

exp[j 2π
λf

(x0R cosφ + y0R sinφ)] × exp(jlφ)dφ,
(8)

where exp (jlφ) is the helical phase with a topological charge l. Eq.
8 is the key formula of the multi-foci integration (MFI) method to
produce the field of the POV. Consequently, when the incident
field of the objective lens is modulated by the optical distribution
of Eq. 8, the electric field of Eq. 5 in the focal plane can be
expressed as

F{Ui(x0, y0) × G(θ, ϕ0)} � F{Ui(x0, y0)}pF{G(θ, ϕ0)}, (9)
where G (θ, ϕ0) = P(θ) E0 (θ, ϕ0) exp (jkzcosθ)/cosθ, and E0 (θ, ϕ0)
indicates the transmitted field when the incident optical field is a
plane wave without any phase modulation. Therefore, in this case,
the focal field can be expressed as F{G (θ, ϕ0)} = EAiry, which
indicates an Airy spot with a diffraction limit size without
modulation. The symbol * denotes the convolution operation.
Based on the convolution theorem of the Fourier transform, Eq. 9
means that the focal field can be expressed as a convolution of the
Airy spot and the Fourier transform of the superposition field
calculated by Eq. 8. Then, based on the shift theorem of the
Fourier transform, the additional phase shift introduces a linear
displacement in the spatial domain, that is, the Fourier transform
of the superposition field is

F{Ui(x0, y0)} �
∫
2π

0

F{exp[j 2π
λf

(x0R cosφ + y0R sinφ)]}
× exp(jlφ)dφ � ∫2π

0
δ(x − R cosφ, y

− R sinφ) × exp(jlφ)dφ
� δ(r − R) × exp(jlφ). (10)

From Eq. 10, we can observe that an ideal annular amplitude
with helical phase can be produced when the incident field is
modulated by the superposition field. Finally, the electric field of
Eq. 9 in the focal plane can be given as

F{Ui(x0, y0) × G(θ, ϕ0)} � δ(r − R) exp(jlφ)pEAiry. (11)
Thus, from Eq. 11, we can observe that an annular amplitude

with diffraction limit width and helical phase has been generated
by theMFImethod. In the experiment, due to the diffraction limit
of the focal spot, an annular intensity distribution with a smooth
profile can be formed by finite valueN (for example,N = 100–200
corresponding to the radius R = 5–10 μm). According to Eq. 2
and Eq. 11, we can observe that a POV with a controllable radius
R and topological charge l can be generated in the tightly focused
plane through the MFI method.

To verify that the MFI method does not cause the focus
deviation, we theoretically simulated the POV intensity
distribution in the longitudinal and transverse plane using the
axicon phase method and MFI method generated phase pattern,
respectively. In this case, we supposed the incident beam is a
plane wave, and the simulation parameters are λ = 532 nm, NA =
1.4, nt = 1.518, R = 3.5 μm, and l = 5. When the incident beam is
modulated by the axicon phase, the optical field can be expressed
as Ui = exp (jkαr + jlφ). Figure 2A shows the simulated results of
the axicon phase method with α = 0.065. Thus, the incident field is
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only modulated by the axicon phase, so the amplitude
distribution is a constant, as shown in the top-left of
Figure 2A. From Figure 2A, we can observe that the
maximum intensity deviates from the focal plane, although the
radius of the POV is the same as designed.

Figure 2B shows the simulated results of the MFI method. It
should be noted that the MFI method generates a complex
field; thus, the incident field can be modulated by amplitude
and phase. As shown in the top-left of Figure 2B, a Bessel
amplitude can be generated by the MFI method. In the
experiment, we used the complex field encoding method to
obtain the phase-only patterns [54]. From Figure 2B, we can
observe that the modulated field produced by the MFI method
can lead to symmetrical intensity distribution in the focal
region. In addition, the desired radius and the maximum
intensity distribution of the POV are precisely located at
the focal plane. Thus, the MFI method provides an
alternative scheme to produce the POV in the tightly
focused plane.

Based on the aforementioned calculation, we obtain the
POV with the tunable parameter of radius and topological
charges in the tightly focused system. Then, we take the
superposition of two POVs calculated by the MFI method
to obtain the spot array field and possess a controllable phase
gradient. The number of spots and phase gradient periods
depends on the topological charges of two POVs. To describe
the character of the phase gradient of the spot array, we begin
with the definition of topological charge. It is defined as a
closed path integral of the gradient of the wavefield phase in
the transverse plane [21]:

l � 1
2π

∮
C
∇ζ(s)ds, (12)

where ζ(·), C, and ∇ are the wavefield phase, closed path around
the phase singularity, and vector differential operator,
respectively.

The superposition of two POVs can be considered as coaxial
interference. Then, the phase of the array at any position on the
annular region can be expressed as

PhArray(φ) � mod[Phl1(φ)+Phl2(φ), 2π]. (13)
Here, the Ph(φ) is the phase distribution in polar coordinate

(R, φ) of the focal plane, and mod [Ph(φ),2π] denotes the
remainder of the division of Ph(φ) by 2π. Then, the η can be
calculated by

η � 1
2π

∮
C
∇ζArray(s)ds. (14)

In practice, the η can be calculated directly by

η �
⎧⎪⎪⎨⎪⎪⎩

l1 + l2
2

, sgn(l1) � sgn(l2)
l1 + l2, sgn(l1) ≠ sgn(l2)

, (15)

where sgn (·) is the signum function, and zero is considered a
positive. In addition, the number of spots is γ, and it is
calculated by

γ � abs(l1 − l2). (16)
To generate the spot array field, we take the superposition

method using two complex amplitudes of POVs; the transmission
function for superposed POVs is

Tγ(x0, y0) � Ul1(x0, y0) + Ul2(x0, y0). (17)
According to Eq. 17, the spot array field can be generated in

the tightly focused plane using theMFImethod. In Figure 3A, the

FIGURE 2 | Phase pattern, amplitude, and intensity distribution of generated POV by different methods. (A) Axicon phase method. (B) MFI method. Scale
bar: 5 μm.
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two methods show similar intensity distribution in the focal
plane when there are fewer spots, but in the case of the beam
having dozens of spots, the generated array via the axicon

phase method is shown to be defocusing with inconstant
radius. In contrast, the MFI method maintains the superior
focusing property in all situations. In Figures 3B,C, the

FIGURE 3 | (A) Simulated intensity distribution of POV and spot array field in the focal plane produced by the axicon phase method and MFI method. (B,C)
Simulation result of the normalized 3D intensity distribution of 20 spots produced by different methods. Scale bar: 4 μm.

FIGURE 4 | Simulation results of decomposed phase distribution in 50 spots with different total phase gradient periods. (A) η = 0, (B) η = 10.
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normalized 3D intensity distribution of 20 spots produced by
different methods demonstrates this problem more intuitively.
As discussed previously, the issue of deviation caused by the
axicon phase still exists, demonstrating that the axicon phase

method is not suitable for generating high-order POVs, while
the MFI method shows a splendid capability to maintain the
focusing property in the tightly focused plane of the
superimposed POVs.

FIGURE 5 | (A) Superposition process diagram. (B) Corresponding intensity and phase distribution in the focal plane. Scale bar: 5 μm.

FIGURE 6 | Schematic of the experimental configuration. P: polarizer; BS: beam splitter; M: mirror; SLM: spatial light modulator; OL: objective lens.
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Except that perfect focusing property in the tightly focused plane,
the spot array field has a tunable phase gradient. We envision that
the intensity gradient and phase gradient forces are competitive [55],
that is, more spots lead to affect the orbital transport (driven by the
phase gradient). In the case that η < γ (meaning that the number of
spots is greater than the total phase gradient periods), it will show the
decomposition of phase gradient in the spot array field. As shown in
Figure 4A, when η = 0 and γ = 50, the phase is decomposed to 3π/2
and π/2, respectively.When the total periods of phase gradient η= 10
in Figure 4B (l1= 30 and l2= -20), each of the same phases of spots is
repeated 10 times, and the 10 periods of 0~2π will be evenly
decomposed into 50 spots. Each period occupies five spots, and
they were mutually crosswise; the phase distribution cannot be

continuous. However, the red dotted line in Figure 4B shows the
phase continuity of five spots, even though one period of the phase
gradient is decomposed. Suchmultiple spots with phase step profiles
is more beneficial to capture particles.

In addition, when there are few spots in the array, they will have
stripe-shaped profiles. Here, we demonstrate the diagram of the
superposition method and take γ = 2 as an example. In Figure 5A,
the figures with purple edges indicate that the topological charges of
superposed POVs are l1 = 1 and l2 = −1, and the red edge figures
mean l1 = 3 and l2 = 5. It shows that when η > γ, each stripe-shaped
focus carries more than one phase gradient period. Moreover, the
different phase gradients do not affect the intensity of the spot array.
We define m to represent the phase gradient periods carried by the

FIGURE 7 | (A) Experimental contrast of intensity distribution of POV and spot array. (B) Intensity distribution of high-order spot array with 100 spots.

FIGURE 8 | (A,C) Intensity and phase distribution of spot array in the focal region. (B,D) Corresponding trapping snapshots.
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spot array since the noncontinuous intensity distribution in the
original annular region cannot carry the total topological charge. In
Figure 5B, the intensity and phase distribution of the spot array are
given; the first and second columns show the phase distribution
corresponding to the procedure marked in purple, and the fourth
and fifth columns correspond to the red-marked procedure. ηL, ηR,
mL, andmR are the left and right half-section of η andm. The phase
in some positions is not jumped from 0 to 2π but from 3π/2 to π/2;
the phase jump location is marked by the red line in the line chart of
Figure 5B. Due to the phase start location of two superposed POVs
being in different azimuthal positions, the position difference is π (it
also can explain the line chart in Figure 4A). To obtain the designed
phase gradient of the spot array, appropriate topological charges
should be chosen. From the competition of intensity- and phase-
gradient forces, this has great significance for the arbitrary selection
of phase-gradient forces to manipulate micro-objects on stripe-
shaped spot fields.

EXPERIMENTAL RESULTS

We perform the optical imaging experiment with our homemade
setup shown schematically in Figure 6. The beamwith a wavelength
of 532 nm (LWGL532, Beijing Laserwave Optoelectronics
Technology Co., Ltd., China) is expanded and collimated onto a
spatial light modulator (Pluto2-NIR-011, HOLOEYE Photonics AG,
Germany) and then relayed to the back-aperture plane of a ×100
magnification, NA = 1.4 oil immersion objective (UPlanSApo ×100,
Olympus, Japan), using a 4f filter system. The LED lighting source is
used to illuminate the microparticle-trapping plane. A CCD (EO-
5012, EdmundOptics, US) camera is utilized to record the images of
the focal spots and the trapping particles.

The spot array field produced by the superposition of two
POVs maintains the focusing property in the tightly focused
plane as the spot number increases, as shown in Figure 7A. It has
an application value to improve the efficiency of optical imaging,
micromanipulation, direct laser writing, etc. In Figure 7B, we
produced 100 spots, and l1 and l2 were chosen to be ±50 (the
maximum spot number γmax is limited by the radius of the array,
see Supplementary Material). The experimental results
substantiate that the high order spot array can be achieved
and observed (here, the order of spot array is equal to the
spot number). It is one particular advantage of the spot array
based on the MFI method.

A spot array field carrying arbitrary orbital angular
momentum should have the capability to manipulate the
microparticle. In the following optical trapping experiment,
silica beads with a diameter of 1 μm, dispersed in deionized
water within a glass chamber (100 μm thickness), are applied as the
sample for trapping. As shown in Figure 8A, we can observe the
intensity and phase distribution of the spot array with 20 spots (R =
8μm, η = 0, topological charges of superposed POVs l1 = 10 and l2 =
−10) in the focal plane. This spot array field withmulti-spot intensity
distribution could capture the particles steadily; the corresponding
experiment snapshots are shown in Figure 8B.

As the spot number decreases, the phase gradient force
could contribute more to the time-averaged optical force

acting on a particle. The field with one spot (R = 3μm, η =
5.5, m = 4, l1 = 6 and l2 = 4) is chosen to achieve the orbital
transportation; the intensity and phase distribution in the focal
region are shown in Figure 8C. The snapshots of the
experiment in Figure 8D show that one silica particle was
moving along the orbital-shaped spot, which was then released
rapidly (see Video 2). This unique orbital-shaped spot may
have a significant contribution to the application of particle
sorting [56, 57]and optical storage [58, 59]. Moreover, more
types of spot array beams with different parameters were used
to investigate the effects of different experimental parameters
on trapping (for more experimental details, see
Supplementary Material). The stabilization and dynamic
manipulation in the tightly focused plane indicate that the
spot array field has independent controllable multiple
parameters with radius, number of spots, and phase
gradient, greatly expanding the degree of freedom of
focusing vortex beams.

DISCUSSION

In this study, we have presented and demonstrated the MFI
method for generating POV in the focal plane of tightly
focused systems. By creating a finite number of diffraction
limit foci at the focal plane, we formed the annular ring with
arbitrary radius and combined the helical phase to construct a
POV. Subsequently, we took the superposition procedure of
two POVs and created a spot array in the focal plane. The
independent multiple parameters of spot arrays include radius,
number of spots, and distribution of phase gradient. In
particular, in the superposition of high-order beams, we
also produced a 100-order array, which has no deviation
and maintains a clear profile in the focal region. In the
further trapping experiment, the behavior of trapped
particles showed that the spot array has more “perfect”
focusing properties than the traditional superposed Bessel
beams. Such a complicated vortex beam with a dynamically
controlled structure and phase gradient providing a novel
optical field deepened the research into the orbital angular
momentum communication, fast femtosecond two-photon
polymerization, micromanipulation, and optical momentum
measurement.
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Generation of the Anomalous Vortex
Beam by Spiral Axicon Implemented
on Spatial Light Modulator
Xiaoting Huang, Zehong Chang, Yuanyuan Zhao, Yunlong Wang, Xindong Zhu* and
Pei Zhang*

Ministry of Education Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter, Shaanxi Province Key
Laboratory of Quantum Information and Quantum Optoelectronic Devices, School of Physics, Xi’an Jiaotong University, Xi’an,
China

The anomalous vortex beam (AVB), whose paraxial local topological charge varies with
propagation, has potential applications in quantum information, laser beam shaping,
and other fields. However, there are currently no efficient optical devices to generate
AVBs. In this paper, we propose an efficient pure-phase device called spiral axicons.
We theoretically analyze the spiral axicon, and then experimentally verify its
performance by implementing a spiral axicon on spatial light modulator. Our work
provides an alternative method for generating AVB, which will facilitate its application in
different fields.

Keywords: vortex beam, orbital angular momentum, axicon, structured beam, beam shaping

1 INTRODUCTION

An axicon refers to a cone-shaped optical element with central rotational symmetry. It was first
proposed to generate a Bessel beam with quasi-non-diffraction properties [1–4]. Due to its excellent
properties, it is widely used in optical shaping [5], laser capture [6] and other fields [7, 8].

The vortex beam refers to the beam with the phase factor eilϕ, and carries lZ orbital angular
momentum per photon [9]. Here ϕ is the azimuthal angle and l is the topological charge. The vortex
beam has been extensively studied over the past 30 years [10–17], and has significant applications in
optical communications [18–20], optical micro-manipulation [21, 22], optical trapping [23, 24], and
so on. The most common vortex beams, such as Laguerre Gaussian beams [25–27], Bessel Gaussian
beams [28–30] and perfect optical vortex beams [31–33], have fixed paraxial local topological charge
(PLTC) during propagation.

Different from the above vortex beams, the PLTC of the AVB can vary with propagation.
Therefore, this beam has unique advantages in many fields including optical shaping, optical
communications, and optical micro-manipulation [5, 20, 22]. Research on AVBs started late thus the
method generated AVBs efficiently is still lacking. Recently, many efforts have been made on the
AVB [34–39]. Dorrah et al. [34] used nondiffracting frozen waves to control the sign and value of the
PLTC of the beam along the propagation direction. But the method can only non-continuously
change the PLTC of the beam in integer orders. Moreover, using a spiral slit to generate a vortex
beam whose PLTC continuously decreases with propagation has also been proposed [36]. Since only
the beam that passes through the spiral slit can be utilized, the generation efficiency is low. The lack of
efficient methods to generate the AVB limits its applications.

In this paper, we propose an efficient pure-phase device called spiral axicons to generate AVBs.
First, we introduce the structure and principle. Then we verify that spiral axicon can efficiently
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generate AVBs whose PLTC varies linearly and continuously with
propagation both in simulations and experiments. Furthermore,
we analyze how the generated AVB changes when the parameters
of the spiral axicon are changed.

2 SPIRAL AXICON

Themathematical form of the Bessel beam can be explained as the
superposition of plane waves, and the wave vectors of these plane
waves are distributed on a cone. Therefore, Graeme Scott et al. [2]
realized the efficient generation of Bessel beams through an
axicon for the first time. However, the Bessel beam generated
by the axicon does not have the property that the PLTC varies
with propagation. Inspired by Yang et al. [36], they turned a
circular slit that generates a Bessel beam into a spiral slit to
generate an anomalous Bessel beam, we propose the spiral axicon
to effectively generate the AVB. The AVB in cylindrical
coordinate can be expressed as:

E r,ϕ, z( ) � E0e
ilϕ, (1)

l � C
z

λ
, (2)

where r is used to refer to the radial coordinates and ϕ to the
azimuthal coordinates. E0 is the amplitude, and l is the PLTC, λ is
the wavelength. Eq. 2 indicates that for a certain wavelength, the l
increases linearly with the increase of propagation distance z, and
C is the device parameter that determines the l variation. In
addition, spiral axicon responds differently to beams of different

wavelengths. At the same propagation distance, the longer the
wavelength, the smaller the PLTC of the generated AVB.

We theoretically analyze how spiral axicon generates the AVB.
The structure of the spiral axicon is first described. As shown in
Figure 1A, the spiral axicon has a spiral bottom and a fixed
central height. On the spiral bottom surface, r0 is the initial radius
at azimuthal coordinate ϕ = 0° and rϕ is the radius at any angle ϕ.
In the spiral axicon, α0 is the initial base angle at ϕ = 0° and αϕ is
the base angle at ϕ. To convey the structure more clearly, a video
is also provided as supplementary material. And Figure 1B shows
the phase diagram of the spiral axicon. The fixed center height is
r0 tan α0, so that the spiral bottom surface radius can be
expressed as

rϕ � r0 tan α0

tan αϕ
. (3)

As long as the base angle αϕ is calculated, the structure of the
spiral axicon can be determined. The αϕ is obtained by calculating
the propagation of the plane wave through the spiral axicon to
generate the AVB.

As shown in Figure 1C, we analyze the propagation by
geometrical optics. Based on the propagation law of the
axicon, the angle of refraction after passing through the axicon
is θ = (n − 1)α for a given base angle α, where n is the refractive
index of the axicon. The maximum non-diffraction distance zmax

= r/(n − 1)α, where r is the radius of the axicon. Thus, in the spiral
axicon, the angle of refraction can be described as

θϕ � n − 1( )αϕ, (4)

FIGURE 1 | (A) Schematic diagram of the spiral axicon: it has a spiral bottom and a fixed central height, and a clearer structure is shown in the supplementary
material; (B) phase diagram of the spiral axicon; (C) analysis diagram of beam propagation through spiral axicon.
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where n is the refractive index of the spiral axicon. The maximum
effective propagation distance can be obtained as

zmax �
min rϕ( )

n − 1( )max αϕ( ). (5)

The spiral axicon lies in the plane z = 0, and a plane wave passes
through the spiral axicon as incident light. At any observation
plane z, the optical path in the small neighborhood (Δr, ϕ, z) of
the center of the plane is z/cos θϕ, where Δr tends to zero.
Therefore, the optical path difference between (Δr, ϕ, z) and
(Δr, 0, z) can be calculated as

∫ϕ

0

z

cos θϕ+Δϕ
− z

cos θϕ
dϕ � z

cos θϕ
− z

cos θ0
. (6)

The optical path difference can be written as lλ, where l is a
constant for the determined propagation position z. The phase
change of the vortex beam along with the azimuthal coordinates ϕ
should be uniform, so we can obtain

z

cos θϕ
− z

cos θ0
� ϕ

2π
lλ, (7)

when ϕ = 2π, the optical path difference of one circle change in
azimuthal coordinates is lλ with the phase change 2πl. Thus an
AVB, whose PLTC l related to the propagation distance z, is
generated in the paraxial region.

Based on the above analysis, bring Eq. 2 and Eq. 4 into Eq. 7
can obtain

αϕ � 1
n − 1

arccos
2π cos n − 1( )α0

2π + Cϕ cos n − 1( )α0, (8)
the structure of the spiral axicon is determined. Its three-
dimensional structure can be clearly expressed by the sag:

H r, ϕ( ) � rϕ − r( )tan αϕ 0≤ r≤ rϕ( )
0 r> rϕ( )

⎧⎨⎩ , (9)

where

rϕ � r0 tan α0
tan αϕ

, αϕ � 1
n − 1

arccos
2π cos n − 1( )α0

2π + Cϕ cos n − 1( )α0
.

To give the simulation results, diffraction theory is used to
calculate the propagation of a plane wave through a spiral axicon.
Under paraxial approximation, the complex amplitude of the
beam at z can be calculated through the Huygens-Fresnel
diffraction integral:

E r′, ϕ′, z( ) � eikz

iλz
ei

k
2zr

′2 ∫∞

0
∫2π

0
T r, ϕ( )ei k2z r2eikzr′r cos ϕ−ϕ′( )rdrdϕ,

(10)
where r′, ϕ′ are expressed as the radial coordinates and azimuthal
coordinates on the observation plane respectively. k = 2π/λ is the
wave vector. T (r, ϕ) is the transmission function of the spiral
axicon, for the thin spiral axicon:

T r,ϕ( ) � exp −ik n − 1( )rαϕ( ) 0≤ r≤ rϕ( )
0 r> rϕ( )

⎧⎨⎩ . (11)

3 EXPERIMENTS AND RESULTS

We conduct a proof-of-principle experimental
demonstration following the above analysis. The
experimental setup is shown in Figure 2. The laser source
is a He-Ne laser running at 632.8 nm. The Gaussian beam
from the laser passes through a half-wave plate (HWP) and a
polarized beam splitter (PBS), which are used to adjust the
intensity of the beam to avoid overexposure during
measurement. The beam then passes through a 4f system
composed of lens pair L1 (f1 = 100 mm) and L2 (f2 = 500 mm)
for beam expansion. The expanded beam has a beam radius of
5 mm, which can cover the screen of a reflective liquid crystal
pure phase spatial light modulator (SLM, UPOLabs,
HDSLM80 R). The inset shows the phase holograms of the
spiral axicon loaded on the SLM. Due to the reflectivity of the
SLM, the PLTC of the experimentally generated AVB is
opposite to that transmitted in the theoretical analysis. A
CMOS camera (Basler ace acA4112-20 μm, 4,096 × 3,000
pixels, pixel size of 3.45 μm × 3.45 μm) is used to detect
modulated beams at different distances, and the detecting
distance is calculated from the position of the SLM. We
measure the phase of the vortex beam by the interference
method mentioned in Ref. [40], the signal light interferes with
four reference plane waves Aeisπ/2 (where A is the amplitude,
s = 1, 2, 3, 4). The reference beam is also loaded on the SLM, so
the SLM is loaded with the phase hologram calculated by T (r,
ϕ) + Aeisπ/2. The phase-shifted interferogram is obtained by
changing the phase of the interference beam. Therefore, the
phase of the signal light is

φ r′, ϕ′( ) � arg ∑4
s�1

Aeisπ/2Is⎛⎝ ⎞⎠, (12)

where Is the interferograms measured.
The experimental parameters of the spiral axicon are set to α0

= 0.2°, r0 = 6 mm, C/632.8 nm = 2 m−1, n = 1.5, λ = 632.8 nm. In
the experiments, only the region with a radius of 3 mm in the
middle of the spiral axicon is used, so the maximum effective
propagation distance of the beam is

zmax � 0.003

n − 1( )max αϕ( ) � 1.71 m. (13)

Figure 3 shows the intensity and phase patterns at different
propagation distances z. The PLTC increases linearly with
propagation, and the intensity of the fractional-order beam
does not exhibit rotational symmetry. According to Eq. 2, it
can be calculated that l/z = C/λ = 2 m−1, so within the effective
propagation distance, the absolute value of the topological
charge is twice the propagation distance under the
International System of Units. When the propagation
distance increases from 0.5 m to 1.5 m, the absolute value
of the topological load of the AVB also increases from 1 to 3.
The plane wave passing through the clockwise spiral axicons
should generate an AVB with a positive topological charge, and
the negative topological charge is due to the SLM caused by
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reflection. Figure 3A shows the result of the experimental
measurement, and Figure 3B shows the result of the
simulation by Eqs. 10 and 11. The experimental results and
the simulation results are in good agreement.

Figure 4 shows the simulation and experimental results
corresponding to different experimental parameters at z =
1 m. According to Eq. 2, when the device parameter C or the
wavelength λ changes, the PLTC l changes. By comparing
Figure 4(C1) and Figure 4(C2), it can be seen that when λ is
fixed but C decreases, the l of the beam at the same position z
decreases. By comparing Figure 4(C1) and Figure 4(C3), it
can be known that when C is fixed but the wavelength
increases, the PLTC of the beam at the same position z
also decreases. It is consistent with the analysis result of

Eq. 2. In addition, it is obvious that when the spiral
direction of the bottom surface of the spiral axicon
changes, the PLTC sign of the corresponding beam also
changes. Using a plane wave as the incident light, when
the bottom surface spiral direction of the spiral axicon
load on the SLM is clockwise, the PLTC of the produced
AVB decreases with propagation. When the bottom surface
spiral direction of the spiral axicon is counterclockwise, the
PLTC of the produced AVB increases with propagation. This
can be demonstrated by comparing Figure 4(C4) with
Figure 4(C1). Figure 4(C4) shows the counterclockwise
spiral axicon situation. Compared with Figure 4(C1), the
absolute value of the AVB PLTC still conforms to the
theoretical analysis result, but its sign changes to plus.

FIGURE 2 | Schematic of the experimental setup. The inset is the phase hologram of the spiral axicon loaded on the SLM. HWP, half-wave plate; PBS, polarized
beam splitter; L, Lens; SLM, spatial light modulator. HWP, PBS, L1, and L2 are used to control the intensity and radius of the beam. The SLM implements a spiral axicon
to produce the AVB. The CMOS detects the generated AVB.

FIGURE 3 | Intensity and phase patterns of anomalous vortices generated by a beam of 632.8 nm through a clockwise spiral axicon at different distances z. (A)
Experimental results; (B) simulation results. The top of the figure is marked with the PLTC l of the corresponding propagation distance z calculated by Eq. 2.
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4 CONCLUSION

In summary, we have proposed an efficient pure-phase
device that can simply and efficiently generate AVB whose
PLTC increases linearly with propagation. Using a SLM, we
have experimentally demonstrated the performance of spiral
axicon. By changing the parameters of the spiral axicon, we
can control the PLTC variation of the AVB. Our
work provides a new method to generate AVB, which is
expected to promote its application in quantum information,
laser beam shaping, and other fields.
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The capability of multiple orbital angular momentum (OAM) modes generation with high
resolution and diversified functionalities in the visible and near-infrared regime is
challenging for flat and integrated optical devices. Additionally, having a static tiny
optical device capable of generating multiple structured spots in space reduces the
complexity of optical paths that typically use dynamic optical components and/or many
standard elements, leading to unprecedented miniaturization and compactness of optical
systems. In this regard, we propose dual-functional transmission dielectric metalenses
based on a set of Pancharatnam-Berry phase meta-atoms with different cross-sections,
for the combined manipulation of the dynamic and geometric phases. In particular, we
present and describe the numerical algorithms for the computation of dual-functional
metaoptics andwe apply those techniques to the design of optical elements which are able
to generate and focus different OAM modes at distinct points in space. In the specific, the
designed elements enable the independent or simultaneous manipulation of right-handed
and left-handed circularly polarized waves, by acting on the helicity of the input beam to
enable or disable a specific optical operation. The theoretical proof-of-concept results
highlight the capability of the designed metalenses to generate multiple high-resolution
focused OAM modes at different points in space by exploiting the polarization of the
incident beam as a degree of freedom, thus providing new integrated optics for
applications in the fields of high-resolution microscopy, optical manipulation, and
optical communications, both in the classical and single-photon regimes.

Keywords: dual function, metasurface, orbital angular momentum, metalens, Metaoptics

INTRODUCTION

Since the seminal paper of Allen and coworkers in 1992 [1], structured light ignited a flourishing
research area, paving the way for scientific milestones and disruptive applications in an amazing
variety of fields [2], including life science, soft and condensed matter, information and
communication technology. In particular, orbital angular momentum (OAM) beams [3], also
called optical vortices (OVs), offered a new degree of freedom to encode information in classical
communications [4] or increase the Hilbert state space in quantum applications [5, 6], while their
peculiar intensity and phase distributions enabled innovative and advanced techniques in
microscopy [7], micro-manipulation [8], and light-matter interaction [9]. Concurrently, the
necessity to tailor and control this spatial property of light inspired the design and engineering
of new techniques with different levels of complexity and integration [10–14]. Among all, spiral
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phase plates (SPPs) [15] represent one of the first optical elements
purposely introduced to impart orbital angular momentum to
common non-structured beams. Such optical elements are
characterized by 3D spiral staircase profiles [16], reproducing
the twisting wavefront to impart to the input beam. Their
fabrication with high-resolution lithographic techniques [17]
has proved the generation of OAM beams with high purity,
while the introduction of radial discontinuities [18] in their
design enabled the additional control on the radial number
and the excitation of higher-order modes. While providing a
stable, efficient, and compact method for OAM generation, a
strong limitation of SPPs is given by their reduced functionality,
which is basically limited to a specific OAM value. q-plates [19]
provided a first evolution of standard SPPs, acting on the
geometric phase to implement polarization-dependent OAM
generators. Instead of spatially changing the local thickness of
an isotropic material to tune the optical path, i.e., the dynamic
phase, q-plates rely on shaping the wavefront by acting on the
polarization state with a 2D birefringent medium. The imparted
phase, having a geometric nature, is equal to twice the local angle
formed by the extraordinary axis, with a sign depending on the
handedness of the circular polarization in input [20]. That is
achieved by structuring the optical element at the subwavelength
scale in the form of a spatially-variant half-wave plate, by
exploiting the inherent anisotropy of liquid crystals [21, 22],
or using properly-oriented digital gratings [23] or dielectric
resonators [24], the so-called metaunits, to induce an effective
form birefringence. Moreover, moving from 3D sculptured
surfaces to 2D digital optics, metasurfaces open to the
exploitation of semiconductor manufacturing [25], achieving
the actual merging between optics and silicon photonics [26].
The metasurface paradigm opens to polarization as an additional
degree of freedom, enabling the design of spin-dependent optical
elements for the generation of beams with opposite values of
OAM. However, it would be extremely advantageous to decouple
spin from phase reshaping in order to effectively extend the
optical functionality.

The solution is offered by the design of spin-decoupled dual-
functionalmetasurfaces [27–30], which locally combine the dynamic
phase from the refractive index profile with the geometric phase
from the induced form birefringence. That is achieved by using
anisotropic nanopillars with both different orientations and shapes.
While the dynamic phases along themain axes of the nanopillars can
be adjusted by tailoring their cross-section, an arbitrary geometric
phase can be realized by controlling the local fast-axis orientation.
The proper combination of the dynamic phase with the polarization-
dependent geometric one enables the encoding of two totally
different optical operations for the two circular polarization states.

In this work, we focus on the design of dual-functional
metasurfaces for the generation of OAM beams. In particular,
we provide a numerical recipe for the design of any dual-
functional optical element, showing its application to the
design of metaoptics enabling the spin-controlled generation
of beams with different values of OAM. Moreover, by
encoding different focal terms on the two contributions, we
show the possibility to control the positions of the two beams
independently. The design extends significantly the functionality

of standard SPPs and q-plates, providing advanced optical
elements for applications in microscopy, optical
micromanipulation, and classical and quantum information,
with unprecedented potential levels of compactness and
integration into today’s technology.

MATERIALS AND METHODS

In this work, we propose metaoptics which are able to generate
and manipulate optical vortices (OVs) with different OAM values
at distinct points in space. Mathematically, OVs are wavefront
dislocations, with peculiar topological properties, due to phase
singularities in the optical field. Light beams carrying OAM are
characterized by a dark central region that arises from the
destructive interference phenomena leading to the typical
doughnut-shaped intensity distribution [31]. In order to
generate an OV, the optical element is required to implement
an azimuthal phase profile:

Ω(r, θ) � ℓθ, (1)
where ℓ, in units of the reduced Planck constant, is the amount of
orbital angular momentum per photon transferred to the
impinging beam, (r, θ) are polar coordinates on the plane of
the optical element.

The metasurface proposed in this work is a dielectric dual-
functional metalens (DFML), made of a 2D array of birefringent
metaunits that exploit both the Pancharatnam-Berry (geometric)
phase and the dynamic one. Our DFML is constituted of
subwavelength metaunits (MUs), the so-called metaatoms
(MAs), arranged over a square lattice, represented by
amorphous silicon nanopillars on a silica substrate,
surrounded by air. Each pillar belongs to a subset of
nanostructures with different cross sections and orientations
but the same height (Figure 1A), and acts as a half-wave plate
in order to maximize the polarization conversion and, therefore,
the optical efficiency [32–34] .While the pillar orientation allows
controlling the geometric phase, by varying the cross section it is
possible to act on the dynamic phase. Combining these two
properties, the metalens is able to behave in two different
ways depending on whether the input beam is right-handed
(RCP) or left-handed circularly polarized (LCP) (Figure 1B).

In fact, while a variation on the dynamic phase has the same
effects both on LCP or RCP input beams, on the other hand a
change in the geometric phase implies symmetrical (opposite)
response on a LCP beam compared to on a RCP one. In this way,
controlling simultaneously both the shape of the pillars and their
rotations, it is possible to generate totally different behaviors
under LCP or RCP illumination in input [35, 36].

For the benefit of the reader, we provide in the following the
theory underlying the working principle of anisotropic metaunits.
As well known, in dual-functional MLs the incident beam is
supposed to be either left-handed circularly polarized |R〉 �
[ 1 −i ]T or right-handed circularly polarized |L〉 � [ 1 i ]T,
where the normalization factor 1/

�
2

√
has been omitted. Then, the

transmitted output waves are cross-polarized and carry the spatial
phase shifts ϕ−(x, y) or ϕ+(x, y), respectively.
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In particular, the Jones matrix J for the metaatom at the
coordinates (x, y) is:

J(x, y) � R(θ(x, y))[ eiδx(x,y) 0
0 eiδy(x,y) ]R(−θ(x, y)), (2)

where R(θ) is the unitary rotation matrix:

R(θ) � [ cos θ −sin θ
sin θ cos θ

], (3)

being θ the local orientation of the metaatom fast axis. After
straightforward calculations, Eq. 2 can be expressed in the form
(the spatial dependence has been omitted to simplify the
notation):

J � ei
δx+δy

2 R(θ)
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
e−i

δy−δx
2 0

0 e+i
δy−δx

2

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦R(−θ) �

� ei
δx+δy

2 R(θ)
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
cos(Δ

2
) − i sin(Δ

2
) 0

0 cos(Δ
2
) + i sin(Δ

2
)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦R(−θ) �,

� ei
δx+δy

2 cos(Δ
2
)⎡⎣ 1 0

0 1
⎤⎦ − iei

δx+δy
2 sin(Δ

2
)⎡⎣ cos(2θ) sin(2θ)

sin(2θ) −cos(2θ)
⎤⎦
(4)

where Δ � δy − δx is the phase retardation between the two
axes of the metaunit. It is worth noting from Eq. 4 that, under
the choice Δ � π, the optical behavior of the metaunit is that of
a rotated half-wave plate. Therefore, for circularly-polarized
light in input, each metaatom behaves as a polarization
converter:

J|L〉 � −iei(δx+δy)/2e+i2θ|R〉 (5)
J|R〉 � −iei(δx+δy)/2e−i2θ|L〉 (6)

imparting a polarization-independent dynamic phase term equal
to (δx + δy)/2, plus a polarization-sensitive geometric phase
equal to twice the orientation angle θ, and with sign
depending on the input handedness. Therefore, when the
condition Δ � π is satisfied, the cosine term in Eq. 4
representing the zero-order contribution is completely
suppressed. Thus, in conclusion, the metaunit acts as a pure
half-wave plate and, since the spurious zero-order component has
been erased, the diffraction efficiency is optimized.

Then, it is possible to define a spin-decoupled optical response
with the following definitions:

δx � ϕ+(x, y) + ϕ−(x, y)
2

(7)

δy � ϕ+(x, y) + ϕ−(x, y)
2

+ π (8)

θ � ϕ+(x, y) − ϕ−(x, y)
4

(9)

FIGURE 1 | (A) Schematic figure representing the 2D array of metaunits composing a metalens. (B)Working principle of a dual-functional metalens: two different
structured beams are generated at distinct points in space, depending on the handedness of the circular polarization in input. (C) 3D view of ametaunit. (D) Top view of a
metaunit illustrating its geometric features: length (L), width (W), and periods of the 2D array (in our case Ux = Uy = 400 nm). (E) Cross section of a pillar representing the
extraordinary and ordinary axes for our simulations. Being Ee the electric field along the extraordinary axis, Eo the electric field along the ordinary axis, Ex the electric
field along the x-axis, Ey the electric field along the y-axis, axis and E0i the input electric field, we consider a TE input polarization when Eo � Ex � E0i and Ee � Ey � 0.
Instead, we assume a TM input polarization when Eo � Ex � 0 and Ee � Ey � E0i . (F) Cross section of a pillar showing a rotation θ in order to transfer a geometric phase
term equal to 2θ.
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being ϕ+ and ϕ− the phase to impart to left-handed and right-
handed circular polarization, respectively. As a matter of fact, it is
straightforward to prove that:

J|L〉 � eiϕ
+ |R〉 (10)

J|R〉 � eiϕ
− |L〉 (11)

Hence, by accurately selecting a set of nanopillars with
different sizes, which satisfy the required phase delays,
i.e., (δx, δy), and rotating each nanopillar of an angle θ
with respect to the x-axis positive direction, it is possible to
design a metalens that imparts a phase delay ϕ+(x, y) to an
LCP input light and a phase delay ϕ−(x, y) to an RCP
input light.

We exploit these properties to design and test DFMLs which
are able to generate and focus different orbital angular
momentum beams at distinct fixed points in space,
depending on the input circularly-polarized state. To
implement these functionalities, the spatial phase patterns
ϕ+(x, y) or ϕ−(x, y) must be accurately engineered. To this
purpose, we suggest a new converging lens profile ϕ, which is
able to generate a focused beam carrying OAM at a desired
position. In detail:

ϕ(x, y) � ℓ arctan(y
x
) − 2π

λ
( ����������������������

f2 + (x − x0)2 + (y − y0)2
√

− f)
(12)

where ℓ is the amount of OAM per photon transferred to the
impinging beam, in units of Z, λ is the working wavelength, f is
the focal length, and (x0, y0), are the focus coordinates on the
focal plane perpendicular to the propagation optical axis (z). The
first part of the equation, i.e., ℓ arctan(y/x) is the azimuthal phase
necessary to generate an optical vortex (Eq. 1), while the second

part, i.e., −2π/λ(
����������������������
f2 + (x − x0)2 + (y − y0)2

√
− |f|), is an

hyperboloid focusing profile, without spherical aberration if
illuminated by a plane-wave [37, 38], mandatory to focus the
optical vortex onto a desired point in space.

After defining the theoretical framework for the wavefront
engineering, we performed a custom Finite-Element Method
(FEM) simulation in the wavelength domain using COMSOL
Multiphysics® to extrapolate the set of metaunits which compose
the metalens (Figure 2). The geometry of the metaatoms was
modelled as an amorphous silicon pillar (nSi = 3.425) deposited
on a glass substrate (nGlass � 1.450) and surrounded by air
(nAir � 1). Periodic port conditions were set at the base of the
substrate (at a distance equal to λ) and at a distance greater than λ

FIGURE 2 | Example of FEM simulations of a metaatom (Ux � Uy � 400nm) composed by a silicon nanopillar (L � 220nm, W � 80nm and H � 500nm, i.e., pillar
#11 in Figure 3) on a glass substrate under TE (A–C) and TM (D,E) polarization in input from the air side. Lateral cross-sections at y = 0 (A,D) and x = 0 (B,E) and top-
view cross-section at z = H/2 (C,F). Input wavelength 775 nm. Colours refer to the intensity of the electric field (a.u.).
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in the upper zone simulating air, to ensure the Fraunhofer regime
[39]. Perfectly Matched Layers (PML) conditions were imposed
in the areas outside the ports in order to absorb the field in the

simulation volumes not of interest so to avoid multiple
reflections. Finally, periodic boundary conditions were set
(along the xz and yz planes) to correctly simulate the

FIGURE 3 | (A) Graph showing the library of different pillars working at 775 nm and their phase delays under both TE polarization (x-delay) and TM polarization
(y-delay), mandatory to built-up the metalens using the Eqs 7–9. (B) List of pillars composing the library with their corresponding geometric features.

FIGURE 4 | Simulations of DFML implementing Eqs 14, 15. (A–C)ML design phase maps of δx (A), δy (B), and θ (C) from Eqs 7–9. (D,G) show ϕ+ and ϕ− phase
maps, respectively. (E) Intensity and phase of the propagated field under LCP polarization at z = 500 µm. (F) Intensity cross-section (yz-plane, from 0 to 1mm, x = 0)under
LCP polarization. (H) Intensity and phase of the propagated field under RCP polarization at z = 500 µm. (I) Intensity cross-section (yz-plane from 0 to 1mm, x = 0) under
RCP polarization. In (E,H), brightness and colours refer to intensity and phase, respectively.
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interaction between the various metaatoms of the metalens [40].
The period of the metaunits array was fixed at 400 nm in both
directions, while the parameters of the pillar cross-section (L,W)
were swept during the simulation considering the fabrication
limits and the sub-wavelength working regime. In particular, the
height (H) was fixed at 500 nm considering the fabrication limits
(Figures 1C–F). For a given phase delay along the long axis of the
pillar, the final cross-section was selected in order to satisfy the
condition Δ � π. Concurrently, provided the last condition is
satisfied, the transmission values for TE and TM polarizations
must be as close as possible, in order guarantee the expected
polarization conversion under circularly-polarized light in input.
Therefore, previous requirements significantly limit the choice of
possible cross-sections for the given thickness and shape.
Moreover, in order to increase the degrees of freedom to find
the adequate nanostructures to cover the whole 2π range, both
rectangular-based and elliptical-based silicon pillars were
considered. Finally, a library of 12 different nanopillars has
been extrapolated from the simulations, which permits to have
a well-distributed 12-level discretization of the phase over the
range 0-2π (Figure 3). Conversely, we assumed a continuous
rotation of the metaatom, i.e., no discretization on the geometric
phase was applied. Then, for given phase patterns ϕ+ and ϕ−, we
were able to calculate the corresponding maps for the dynamic

and geometric phases using Eqs 7–9. Those maps provide the
recipe to compute the metaatoms pattern of the desired DFML.
While the geometric phase map gives the local orientation of the
metaatom, the required dynamic phase delay allows one to select
the required cross-section referring to the lookup table in
Figure 3.

RESULTS

Using a custom code implementing the Fresnel propagation
integral [41] in MatLab® environment, we simulated the optical
response of several dual functional metalenses designed according
to Eq. 12. In particular, we selected different combinations of the
parameters ℓ, f, x0, and y0, in such a way to exhibit all the
potentialities emerging from the combination of the DFML
paradigm Eqs 7–11 with the converging spiral profile of Eq. 12.
All the simulations were performed implementing metasurfaces of
radius 100μm, with 12 levels of phase discretization, working at
λ � 775nm, and illuminated by a Gaussian beam, with a cross-
section as given by exp(−r2/w2

0), being r � ������
x2 + y2

√
, with w0 �

100μm chosen to properly illuminate the entire metasurface
pattern. The intensities of the simulations have been normalized
according to the formula:

FIGURE 5 | Simulations of DFML implementing Eqs 16, 17. (A–C)ML design phase maps of δx (A), δy (B), and θ (C) from Eqs 7–9. (D,G) show ϕ+ and ϕ− phase
maps, respectively. (E) Intensity and phase of the propagated field under LCP polarization at z = 500 µm. (F) Intensity cross-section (yz-plane, from 0 to 1.5 mm, x = 0)
under LCP polarization. (H) Intensity and phase of the propagated field under RCP polarization at z � 1000µm. (I) Intensity cross-section (yz-plane from 0 to 1.5 mm, x =
0) under RCP polarization. In (E,F), brightness and colours refer to intensity and phase, respectively.
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Inormalized(x, y) �
∣∣∣∣E(x, y)∣∣∣∣2
max(|E|2) (13)

In the following, we report for each case of interest the phase
patterns experienced by the two circular polarization states, and a
simulation of their propagation after the optical element. In
particular, we show a cross-section of the beam at the focal
planes, in order to highlight the expected phase and intensity
profiles.

We started implementing a dual-functional metalens able to
focus two beams carrying different values of OAM at the same
focus along the optical axis, with OAM depending on the input
polarization.

Thus, we imposed the following focusing profiles:

ϕ+(x, y) � ℓ1 arctan(yx) − 2π
λ
( ����������

f2 + x2 + y2
√

− f) (14)

ϕ−(x, y) � ℓ2 arctan(y
x
) − 2π

λ
( ����������

f2 + x2 + y2
√

− f) (15)

being ℓ1 � 1, ℓ2 � 3, and f � 500µm. As shown in Figure 4, two
structured beams are well generated under both LCP and RCP
polarization. From the phase profile (Figure 4), it is clearly
observable that the two beams carry different OAM. In

particular, a first-order OAM beam is generated with a left-
handed helicity, while under a right-handed helicity a third-
order OAM beam is produced. In fact, there is only one phase
variation from 0 to 2π in the first case, while in the second case 3
phase steps in the range 0-2π appear. That is further confirmed
from the singularity size of the generated doughnut, which is
larger in the OAM beam with ℓ � 3 with respect to that with
ℓ � 1, as expected from the theory [31].

Subsequently, we implemented a DFML able to focus two
beams carrying different OAM values at different focal lengths
along the optical axis, depending on the input helicity. To
obtain a metasurface as described above we encoded the
following profiles:

ϕ+(x, y) � ℓ1 arctan(yx) − 2π
λ
( ����������

f2
1 + x2 + y2

√
− f1) (16)

ϕ−(x, y) � ℓ2 arctan(yx) − 2π
λ
( ����������

f2
2 + x2 + y2

√
− f2) (17)

being ℓ1 � 1, ℓ2 � 3,f1 � 500µm, andf2 � 1000µm. As expected,
in this case two different doughnut spots are well generated at
different focal lengths (Figure 5). Moreover, it can be noticed that
the beam carrying OAM with ℓ � 3 and focalized at 1000 µm
(d-f)), is bigger than the same beam focalized at 500µm. This

FIGURE 6 | Simulations of DFML implementing Eqs 18, 19. (A–C)ML design phase maps of δx (A), δy (B), and θ (C) from Eqs 7–9. (D,G) show ϕ+ and ϕ− phase
maps, respectively. (E) Intensity and phase of the propagated field under LCP polarization at z � 750µm. (F) Intensity cross-section (yz-plane, from 0 to 1 mm, x =
−50 µm) under LCP polarization. (H) Intensity and phase of the propagated field under RCP polarization at z � 750µm. (I) Intensity cross-section (yz-plane from 0 to
1 mm, x = +50 µm) under RCP polarization. In (E,H), brightness and colours refer to intensity and phase, respectively.
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behaviour is also due to the properties of the Fourier transform of
a focusing lens [39] .

After that, we tried to further extend the focusing on different
points in space not located along the propagation axis (z-axis). To
this aim, we added two tilting parameters in the focusing formula
according to Eq. 12. Initially we propose a DFML able to focus
two beams carrying different OAM at the same focal length but
onto two distinct points on the same focal plane. To exploit these
functionalities the implemented formulas were:

ϕ+(x, y) � ℓ1 arctan(yx) − 2π
λ
( ����������������������

f2
1 + (x − x1)2 + (y − y1)2

√
− f1) (18)

ϕ−(x, y) � ℓ2 arctan(yx) − 2π
λ
( ����������������������

f2
1 + (x − x2)2 + (y − y2)2

√
− f1) (19)

being ℓ1 � 1, ℓ2 � 3, f1 � 750µm, x1 � y1 � −50µm, and x2 �
y2 � +50µm.

As shown in Figure 6, the focalized OAM beams are generated
at the expected points in space for both the polarizations.

In order to demonstrate the ability to focalize two beams
carrying different OAM onto two distinct points in space at
different focal lengths, we tried to focalize a spot at the same
coordinates xy but at a higher focal length. In this regard, we
simulated a DFML implementing the phase profiles:

ϕ+(x, y) � ℓ1 arctan(y
x
) − 2π

λ
( ����������������������

f2
1 + (x − x1)2 + (y − y1)2

√
− f1) (20)

ϕ−(x, y) � ℓ2 arctan(y
x
) − 2π

λ
( ����������������������

f2
2 + (x − x2)2 + (y − y2)2

√
− f2) (21)

being ℓ1 � 1, ℓ2 � 3, f1 � 500µm, f2 � 1000µm,
x1 � y1 � −50µm, and x2 � y2 � +50µm.

The resulting simulations (Figure 7) show how using the
above formulas it is possible to focus different OAM beams in
completely different points in space. Accurately choosing the
design parameters of a DFML, it is possible to avoid symmetry
problems due to both high deviation from the propagation axis
and short focal lengths.

DISCUSSION AND CONCLUSIONS

We have here presented the numerical design and simulation of
dual-functional metalenses for the spin-controlled generation of
OAM beams. The designed optical elements have been
engineered to focus different OAM beams at distinct points in
space, depending on the handedness of the circularly polarized
state in input. That is achieved by properly selecting the resonant
metaunits in order to act both on the dynamic and geometric
phase imparted to the input beam, so that the polarization-

FIGURE 7 | Simulations of DFML implementing Eqs 20, 21. (A–C)ML design phase maps of δx (A), δy (B), and θ (C) from Eqs 7–9. (D,G) show ϕ+ and ϕ− phase
maps, respectively. (E) Intensity and phase of the propagated field under LCP polarization at z � 500µm. (F) Intensity cross-section (yz-plane, from 0 to 1.5 mm, x =
−50 µm) under LCP polarization. (H) Intensity and phase of the propagated field under RCP polarization at z � 1000µm. (I) Intensity cross-section (yz-plane from 0 to
1.5 mm, x = +50 µm) under RCP polarization. In (E,H), brightness and colours refer to intensity and phase, respectively.
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dependent geometric term combines with the polarization-
insensitive dynamic one in order to induce a spin-decoupled
functionality. Numerical simulations based on FEM analysis have
been performed to define an optimized set of silicon resonators,
with fixed thickness and different cross-sections, acting as half-
wave plates with different phase delays on two orthogonal optical
axes. In such a way, while a rotation of the pillar enables the direct
control on the geometric phase, the selection of the proper cross-
section is dictated by the specific dynamic phase to be imparted.
We provided a set of 12 different nanopillars optimized for the
wavelength of 775 nm, which can be used as lookup table for the
design of any dual-functional metasurface. In particular, we
proved the dual-functional behavior for the specific case
represented by the spin-controlled generation of OAM beams,
showing the on-demand focusing of beams with different values
of OAM at distinct points in space. Such optical elements
represent the ultimate optical evolution of standard spiral
phase plates and q-plates. While the former optical elements
are refractive/diffractive optics restricted to the generation of a
specific OAM value, the latter ones are their metaoptics evolution,
introducing polarization as an additional degree of freedom to
control the helicity of the output twisted wavefronts. Dual-
functional metalenses allow to further extend the optical
functionality to the generation of any pair of different OAM
beams. Moreover, additional functionalities can be added, as the
focus onto distinct points in space. Again, that is made possible by
the dual-functional behavior, since a standard metalens would
focus only one circular polarization in input, while defocusing the
orthogonal one. Therefore, the dual-functional implementation
could be of extreme interest in total angular momentum analysis,
boosting the evolution from diffractive [42] to metasurface [43,
44] optical architectures. Moreover, the possibility to design
polarization-switchable optical elements can be of high interest
in imaging and microscopy, to enable the compact integration of
a high-resolution analysis in the setup. Besides the undoubtful
gain in functionality, the metasurface paradigm provides an
unprecedented increase in compactness and integration,

representing the real merging between lens design and silicon
photonics. The designed pattern can be fabricated by transferring
a lithographic mask to the silicon substrate by means of etching
techniques [45], or chemical vapor deposition [46]. Furthermore,
the possibility to select even more complicated metaunits, such as
coupled resonant nanofins, opens to the possibility to tune the
wavelength dispersion and achieve full achromaticity, as
demonstrated for imaging metalenses [47, 48], further
extending the working range of the designed metaoptics.
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Structured light beams such as optical vortices can carry the orbital angular momentum
(OAM) with an unbounded quantum number. Recent years have witnessed a growing
interest in the rotational Doppler effect with vortex light. Here we present an overview on
the technical progress in measuring the rotational Doppler effect associated with OAM.
This includes how a high-order OAM light beam is crucial for realizing high-sensitivity
remote sensing of rotating objects. The basic physical mechanism of rotational Doppler
effect is manifested from both perspectives of the wave property and the conservation law
of energy. Besides, we summarize the extension of the rotational Doppler effect from linear
optics to nonlinear optics, and to quantum realms. Also, we discuss the main challenges
and opportunities of angular remote sensing in a realistic scenario for future applications.

Keywords: orbital angular momentum, rotational Doppler effect, structured light, sensing and detection, Doppler
velocimetry

INTRODUCTION

What would happen when placing a watch at the center of a rotating turntable, and viewed from
above? Obviously, the watch hands will speed up or slow down depending on the rotation direction
of the turntable [1]. If one applies this effect to all rotating vectors, for example to the spatial pattern
of the electric field of any light beam carrying angular momentum [2–4], the additional rotation of
the beam will result in a frequency shift proportional to the rate of rotation of the beam [5, 6]. This is
the direct understanding of the rotational Doppler effect (RDE).

At first, this effect was found related to the circular polarization (CP) of the photon and was called
the angular Doppler effect [7]. When the CP photon interacts with the rotating matter, the
interchanges of rotational kinetic energy will bring a rotational frequency shift of σω to the
photon, where ω is the rotating frequency and σ � ± 1 for the right and left CP state of the
photon. This phenomenon can be observed with manifestations ranging from the quantum world to
satellite-based global positioning systems [8], and also can be observed when the CP light wave
propagates through a gas of synchronously spinning molecules [9]. In 1992, Allen et al. established
that light beams with helical phase-fronts, described by a transverse phase structure of exp(iℓφ), can
carry the orbital angular momentum (OAM) many times greater than the spin angular momentum
of the photon [10], where φ is the azimuthal angle and ℓ is the topological charge. The most typical
beam carrying OAM is the Laguerre–Gaussian (LG) beam [11–13]. Subsequently, people realized
that this kind of helical beam may also introduce an azimuthal Doppler shift which is many times
larger than the angular Doppler effect induced by the CP of the photon [14]. This azimuthal Doppler
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effect differs significantly from the conventional linear Doppler
frequency shift when it is born [7, 15]. The azimuthal Doppler
shift in frequency arises not from linear motion, but rotation [16].
This effect should also not be confused with the Doppler effect
observed for rotating objects due to the object having a linear
velocity with respect to the observer. Unlike the linear Doppler
effect (LDE) which is maximal in the plane of the rotation, the
RDE is maximal in the direction of the angular velocity vector
where the linear Doppler shift is zero [17].

After a simple coaxial superposition between the LG beam and
the Gaussian beam, the RDE frequency shift can be observed
directly due to the beat frequency phenomenon [5]. The
technique of the superposition beam is soon widely used in
RDE observation and OAM recognition [6, 18–20]. Especially,
people can generate any superposition mode and high-order
OAM beam with the development of spatial light modulators
[21]. If the two components of the superposition beam have the
same OAM number but opposite signs, this superposition beam
can be called the phase-conjugated beam which has the self-
interference property and is immune to the influence of the linear
motion [22, 23]. These concepts were soon extended from linear
optics to nonlinear optics and even quantum physics and many
new applications have been derived [24–27].

In the 40 years of development since the concept of angular
Doppler effect was first proposed, the RDE associated with
structured light has established itself as one of the most
interesting topics in structured light sensing applications, with
relevance from spin to orbital angular momentum, from linear
optics to nonlinear optics, even in the quantum optics and
elsewhere. The method of rotational speed measurement based
on the rotational Doppler effect applies to both microscopic
particles and macroscopic objects. In the ongoing research, it
is believed that this effect will bring more surprise to people.

THE BASIC MECHANISM OF ROTATIONAL
DOPPLER EFFECT
The Interpretation From the Wave
Properties
In 1842, the Austrian physicist Christian Doppler proposed that
the wavelength of the radiation of an object will change due to the
relative motion of the wave source and the observer, that is, the
Doppler effect. When the object moves in a certain direction at a
constant speed v , the electromagnetic wave will have a path
difference during the propagation process, so the frequency shift
of the beam received by the observer on the surface of the
object is,

Δf � f0v cos θ
c

(1)

where f0 is the frequency of the wave source, θ is the angle
between the velocity vector and the wave vector, c is the
light speed.

For a beam with helical phase, its Poynting vector, and hence
the optical momentum, has an azimuthal component at every

position within the beam. The angle α between the Poynting
vector and the beam axis can be deduced theoretically and
measured experimentally [11, 28, 29], as shown in Figure 1A
[30]. The magnitude of angle α can be written as α � ℓλ/2πr,
where r is the radius from the beam axis to the position of the
photon in the light field and ℓ denotes the topological charge of
the beam, λ represents the wavelength. Light scattered from a
moving surface is Doppler-shifted in frequency that can be
observed both in translation and rotation [31], as is shown in
Figures 1B,C, respectively. When a vortex beam illuminates the
rotating disk on its axis, the angle between the velocity vector of
each scatter and the Poynting vector is α, whose relationship with
θ is α + θ � π/2. Combined with Eq. 1, the rotational Doppler
shift can be can be expressed by Δf � ℓΩ/2π. This is the basic
expression of the RDE frequency shift. A typical form of using
vortex light to obtain the RDE frequency shift is by interfering the
scattered light with a reference light, as shown in Figure 1D. The
RDE frequency shift also can be directly observed by a
superposition state light with two components of opposite
values of ℓ, as illustrated in Figure 1E.

On one hand, the RDE can be seen to have the same origin as
the traditional LDE [32]. On the other hand, there is a significant
difference between the LDE and RDE, namely, RDE frequency
shift is independent of the wave frequency of the detected beam,
such that the RDE can be observed using a white-light source
[33]. Actually, the same RDE frequency shift also can be observed
in the OAM-based radar [34, 35].

Since the light frequency is too high to be detected, like the
conventional laser Doppler velocimetry, the RDE frequency shift
can be observed by the interference phenomenon. As shown in
Figure 1D, through the interference between the scattered beam
and the reference beam, this frequency shift can be observed by
extracting the beat frequency. Besides, when the illuminating light
comprises two helically phased beams with topological charge
± ℓ, their scattering into a common detection mode gives
opposite frequency shifts, and thus yielding an intensity
modulation of doubled frequency of the basic RDE frequency
shift [31].

The above interpretation only considers the rotation of the
object.When the scatter has a compoundmotion of linear motion
and rotation, the particles in the vortex field would experience
both linear and rotational Doppler frequency shift. This can be
understood from the phase change of the vortex field. The
incident radiation wave can be simply written as,

E( �r, t) � E0 exp{ − i[2πft − kz −Φ( �r⊥)]} (2)

where the longitude phase is determined by propagation distance
z and the phase in the cross section is defined by Φ( �r⊥). For the
vortex beam, the transverse phase is given by Φ( �r⊥) � ℓφ, where
φ is the angular coordinates. As shown in Figure 2A, when a
particle with both linear motion and rotational in the vortex field,
it generates a burst of optical echoes which can be expressed
by [37],

i(t) � i0 exp{i[2kz(t) + ℓφ(t)]} (3)
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where z(t) � vzt and φ(t) � Ωt. As a result, the total frequency
shift can be expressed by Δf � 1

2π (2kvz + ℓΩ), appearing as a
combination of the linear and the rotational frequency shift. Such
a characteristics of the vortex light can then be used to detect the
compound motion of the target as shown in Figure 2B.

Furthermore, the above deduction is effective only on the
condition that the beam illuminates on the axis of the rotating
object. When the vortex illuminates the rotating body non-
coaxially as shown in Figure 2C, the RDE behaves differently.

The radius of the vortex light and the radius of each small scatter
on the rotating body under the light field are always the same
when the vortex light illuminate the rotating object on its axis,
while these two radii are unequal when the light illuminates non-
coaxially. Based on the small scatterer model, Qiu et al. deduced
the rotational Doppler shift when there is a small lateral
misalignment or oblique angle between the vortex axis and
rotating axis, respectively [23, 39]. The corresponding RDE
frequency shift is given by,

FIGURE 1 | The wave properties of optical vortex and the measurement of RDE frequency [30] (A) The Poynting vector of the vortex light (B) Translational Doppler
frequency shift and (C) rotational Doppler frequency shift [31] (D) The detection scheme of the rotational Doppler shift with structured light [36] (E) A superposition of
helically phased beams with opposite signs of ℓ incident on a surface rotating at a speed Ω, results in a Doppler shift of the coaxial light.

FIGURE 2 | (A) The production of Doppler effect with structured light [37]. (B)Compoundmotion detection scheme [38]. (C)Rotational Doppler effect at vortex light
oblique incidence [23].
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Δfd � ℓΩ
2π

(1 + d cos θ
r1

) (4)

Δfθ � ℓΩ(sin2θz + cos γ cos2θz)
2π

��������������
1 − (sin γ sin θz)2

√ (5)

where d and γ denote the lateral misalignment distance and the
oblique angle, respectively. When the illuminating light is not
coaxial with the rotational axis, the RDE frequency spectrum
would be broadened.

The Energy Transfer in RDE
It is also instructive to understand the RDE from the conservation
laws of energy and angular momentum when photons interact
with the medium. For a rotating particle, the rotational kinetic
energy due to the rotational motion can be expressed as,

E � L2

2I
(6)

where L is the angular momentum of the particle and its
magnitude is given by L � IΩ (Ω � v/r), I is the momentum
of inertia whose value can be expressed by I � mr2.

In the case of rotation, a system composed of rotating particles
and the photons obeys the kinetic energy conversion, namely
[7, 40],

L2
1

2I
+ E1 � L2

2

2I
+ E2 + h(] + Δ]) (7)

where L1 and L2 represent the angular momentum that the
rotating particle has before and after interacting with the
beam, respectively. E1 and E2 represent the intermediate
electric energy of atoms or molecules that the particle receives
and emits before and after the action of the detection light; ]
represents the frequency of the scattered light at different times
when the particle is stationary, and Δ] represents the angular
Doppler frequency shift of the scattered photons due to the
rotation of the particle.

During the emission or absorption of photons by atoms, the
energy transfer can be expressed by E1 − E2 � h]. Combined with
Eq. 7 we have,

hΔ] � L2
1 − L2

2

2I
� (L1 − L2)(L1 + L2)

2I
� ΔL

I
(L1 + L2

2
) (8)

For the systems interacted by beams and rotating particles,
there is also a momentum conservation relationship,

La + L ′
a � Lb + L ′

b (9)
whereL ′

a andL ′
b represent the angular momentum carried by the

photons before and after the beam interacts with the rotating
particle, respectively. La and Lb denote the angular momentum
carried by the rotating particle. For the linearly polarized vortex
beam, the magnitude of the angular momentum is ℓZ. Therefore,
the momentum transformation of the photons can be
expressed as,

L ′
b − L ′

a � (ℓb − ℓa)Z (10)

where ℓa and ℓb are the topological charge of the incident vortex
light and the scatter light to be detected, respectively.

By combining Eqs 8–10, we can obtain the RDE frequency
shift as,

Δ] � (ℓb − ℓa)Ω/2π (11)
If the scattered light to be detected is in the fundamental

Gaussian mode, i.e., ℓb � 0, the above formula becomes exactly
the same as that of the RDE frequency shift, namely, Δ] � ℓΩ/2π.
Note that the LGmodes form a complete and orthogonal basis for
paraxial light beams. Therefore, the RDE frequency shift can also
be observed by detecting the high-order OAM mode of the
scattered light. When the scattered light is not in the
fundamental mode, the RDE frequency shift can be calculated
according to Eq. 11. The magnitude of the frequency shift is
determined by the rotational speed and the OAM mode
difference between the incident and the scattered light [41].

In the nonlinear regime, the perspective of energy and
momentum conservation also can be used to interpret the
origin of RDE. When the circularly polarized beam passes
through a spinning nonlinear optical crystal with three-fold
rotational symmetry, the beam would experience a Doppler
shift of three times that of the optical crystal [24].
Furthermore, based on the mirror symmetry for
electromagnetic interactions, the RDE frequency shift can be
doubled through cascading two rotational Doppler processes
[25]. This cascaded RDE can also be understood according to
the law of conservation of momentum.

The magnitude of the frequency shift is proportional to both
the topological charge and the rotational speed, as can be directly
seen from the RDE formula. In order to ensure the frequency shift
can be measured, this scheme is more available for measuring
objects rotating at high speed rather than low speed [42]. On the
other hand, the RDE frequency is also proportional to the
topological charge of the illuminating beam; therefore, the
detection sensitivity can be increased by using higher-order
OAM beams. Up to now, a myriad of approaches have been
developed for the generation of higher-order OAM beams,
demonstrating up to ℓ � 100 by using a metasurface OAM
laser [43], up to ℓ � 600 by using a spatial light modulator
[44], and as high as ℓ ≈ 10000 with a spiral phase mirror [45].

APPLICATION OF ROTATIONAL DOPPLER
EFFECT

RDE in the Rotational Motion Detection
Since Allen et al. proposed their inspiring scheme of the detection
of a spinning object by using light’s orbital angular momentum,
there have been massive relevant research literatures in this area.
In addition to the rotational speed, other rotation parameters
such as rotating direction and acceleration rate have been
measured as well. Since the beat frequency effect can only
provide the magnitude of the frequency shift without the
direction information [46], the acquisition of the rotation
direction becomes a tricky problem. Rosales-Guzman et al.
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devised a scheme to impart an additional rotation on the
illuminating vortex beam, which can give a reference to
identify the rotation direction [47]. By employing dual-
frequency vortex light, as shown in Figure 3A, Li et al.
transform the Doppler signals from the low-frequency domain
to the medium-frequency domain, and thus distinguishing the
rotational direction by comparing the modulated signal and the
reference signal [48].

Recently, the vectorial counterpart of RDEwas revealed, which
uses vectorial polarization fields and shows the potential to
retrieve the full vectorial motion information of the moving
object [49, 50]. The above measurements are based on the
constant rotation velocity. While for variable rotation, Zhai et
al. succeeded in measuring the angular acceleration through a
time-frequency analysis of the RDE frequency shift [51]. The
transformation of OAM beams when passing through a non-
uniform spinning SPP is shown in Figure 3B.

At present, the accuracy of RDE-based speed measurement is
relatively high, generally reaching over 95% [31, 33, 47]. Even
under the light noncoaxial incidence condition, the rotational
speed still can be measured in a high accuracy through the
extraction the frequency difference in the discrete frequency
shift signals [52]. However, the accuracy of the speed

measurement also fluctuates in response to changes in
measurement conditions [53]. Moreover, since the frequency
shift caused by the RDE is proportional to the object’s angular
velocity, in order to ensure the frequency shift can be measured,
this scheme is more available for measuring objects rotating at
high speed rather than low speed [54]. The rotational speed can
be measured in most laboratory conditions is larger than 2π rad/s,
and only a handful of measurement experiments those use the
spatial light modulators to mimic real rotating objects can reach a
lower speed [55, 56].

RDE Introduced byDifferent Types of Vortex
Beams
Researchers have tried using different types of structured vortex
beams to investigate RDE, including Laguerre–Gaussian (LG)
beam [31], Bessel-Gaussian (BG) beam [57], Perfect Optical
Vortex (POV) beam [58, 60, 61], and Ring Airy Gaussian
Vortex (RAiGV) [59]. The LG beam is the most popular
structured light used in the RDE detection which can stably
propagates over a long distance. The transverse beam profile is a
single intensity ring with zero radial index p � 0. For the LG
beams with non-zero radial index, multiple rings would appear in

FIGURE 3 | RDE in rotational speed detection. (A) Direction-sensitive detection by dual-frequency optical vortex [48]. (B) Detection of angular acceleration based
on optical RDE [51]. (C) Non-diffractive Bessel-Gaussian beams for the detection of rotational speed [57]. (D) RDE detection results by using perfect optical vortex [58].
(E) The measured results of RDE frequency shift along the propagation path of ring Airy Gaussian vortex [59].
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the radial direction. Experiments have shown that the LG beams
of nonzero radial indices can enhance the light intensity and the
amplitude of the RDE frequency signal, in comparison with those
of zero radial index [62]. The BG beam has been proved to have
non-diffractive and self-recovery characteristics which can be
immune to the influence of the small obstacles in the optical path
[57], as shown in Figure 3C.

Also, POV have recently attracted a lot of research attention,
owing to its characteristic feature that they have the same
intensity profile regardless of carrying different topological
charges, as is shown in Figure 3D [58]. Therefore, the POV
beam is more flexible when detecting the objects of different sizes.
In particular, when the topological charges of the two
components of a superposition beam are not the same
magnitude, the POV performs better than the LG beam [58].
It was reported that, as is shown in Figure 3E, the RAiGV has the
same well performance in spinning speed detection as other
vortex beams [59]. Besides, the RAiGV beam has self-focusing
property, which enables the best detection results on its focal
length. These researches fully considered the RDE detection effect
of the different types of vortex beams, which offers useful
instructions in choosing suitable vortex beams for realistic
applications.

RDE in Compound Motion Measurement
In the actual applications, we usually encounter the compound
motion, e.g., translation, rotation, and other kinds of micro-
motion. Accordingly, the scattered light would experience LDE,
radial Doppler effect [63], RDE, and micro-Doppler effect [64,
65]. These frequency shifts are generally coupled to each other.
Thus, a question arises naturally as to how we can measure them
individually. It was reported that the translational and rotational

velocities of the particles can both be determined by switching
between two modes. They were able to isolate the longitudinal
frequency shift by illuminating a Gaussian beam while measure
the rotational frequency shift by using LG modes. In 2019,
Carmelo et al. put forward a novel three-dimensional
technique that enables the direct and simultaneous
measurement of both the longitudinal and angular speed of
cooperative targets [66], as was shown in Figure 4A.

The rotational Doppler shift could be separated from the
micro-Doppler shift by using two microwave beams of
opposite OAM [67]. Figure 4B shows the spectrogram of a
normal 5.8 GHz incident wave reflected from a spinning
helicoidal reflector, and the scattered waves produce both
linear and rotational Doppler shifts. Figure 4C reveals the
reason why a particle moving along a spiral trajectory will
produce both linear and rotational frequency shifts. By
employing the OAM interferometry of the multi-mode beam,
decoupled measurement of linear velocity and rotational speed
can be achieved [55, 68]. These methods can partially resolve the
decoupled measurements of the compound motion with OAM
beam. It is expected that the use of multidimensional information
about light beams may provide new solutions to this engineering
challenge in the future.

It was found that not only the rotational speed, but also the
flow velocity could be accurately estimated by making use of the
transversal Doppler effect of the returned signals that depend
only on the azimuthal indices of the vortex beams [69], as was
shown in Figure 4D. Also, the fluid flow vorticity could also be
measured in a straightforward way by taking advantage of the
RDE [70], which allowed for a localized real-time
determination of vorticity in a fluid flow with three-
dimensional resolution.

FIGURE 4 | Compound motion detection by RDE of structured light. (A) In-suit detection of a cooperative target’s longitudinal and angular speed using structured
light [66]. (B) Experimental observation of linear and rotational Doppler shift from several designer surface [67]. (C)Measuring the translational and rotational velocities of
particles [38]. (D) Measurement of flow velocity with helical beams of light [69].
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RDE in Nonlinear and Quantum Optics Field
When the circularly polarized beam passes through a spinning
nonlinear optical crystal with three-fold rotational symmetry, it was
found that the second harmonic generation signals may experience

a Doppler effect of three times the spinning speed [24]. Figures
5A,B illustrate the RDE in the linear and nonlinear optical regime.
This demonstration of RDE provided us with an insight into the
interaction of light with moving nonlinear media. By using the post-

FIGURE 5 | RDE in nonlinear optics. RDE in (A) linear and (B) nonlinear optics. The second harmonic generation signal experiences a Doppler shift of three times
[24]. (C) The evolution of RDE of second harmonic generation from a quartz coated with silver mirror [71]. (D) RDE detection by frequency up-conversion [72].

FIGURE 6 | RDE in quantum optics. (A) Quantum entanglement of high order angular momenta [26]. (B) Quantum remote sensing of the angular rotation of
structured objects [74]. It suggests potential applications in developing a noncontact way for angular remote sensing of object.
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selection and beating frequency techniques, researchers further
simplified the conventional nonlinear RDE measurement setup
and successfully observed the RDE of second harmonic generation
waves [71]. As shown in Figure 5C, when the forward propagating
fundamental wave with left- and right-circular polarization pass
through the spinning nonlinear material with three-fold rotational
symmetry, the RDE frequency shift is three times of the spinning
speed [71]. Besides, the RDE also can be detected by using the near-
infrared light to illuminate the rotating object, in which the
rotational frequency shifts can be transferred to the visible
regime after parametric up-conversion [72]. The corresponding
up-conversion detection scheme is shown in Figure 5D.

In addition to those classical methods, quantum remote sensing
with OAM-entangled photon pairs enabled an improved angular
resolution that can be amplified by large OAM values [73]. By using
photonic entanglement of high orbital angular momenta, Flicker
et al. demonstrated a method of increasing the angular resolution in
remote sensing [26]. As shown in Figure 6A, the polarization
entanglement is created in a parametric down-conversion process
and afterward transferred to modes with high quanta of OAM. Also,
Zhang et al. showed that the object’s angular rotational speed can be
measured nonlocally, the corresponding experimental scheme is
shown in Figure 6B. They revealed that the angular sensitivity of the
object in the path of idler photons is proportional to theOAMvalues
of signal photons, which can be considered as a quantum version of
RDE [74].

RDE in Various Bands
Since the RDE has nothing to do with the wavelength of the
detection beam [33]. In recent years, the RDE in the radio domain
is investigated widely [65]. Zhao et al. used the phase
accumulation method to experimentally verify the RDE in the
microwave band [35]. Although the measurement accuracy of the
rotational speed is high, phase accumulation takes relatively long
time and has certain limitations in practical applications. Similar
to the detection technique of the light wave, Brousseau et al.
realized the RDE detection of the microwave at 2.47 GHz by the
spectrum analyzer [75]. Both the rotational speed and the
direction can be measured through this model. The RDE of
uniformly accelerated targets has also been studied in the
radio frequency band by means of time-frequency analysis [76].

For the microwave band, the signal extraction process when
detecting the target is more convenient. However, vortex
electromagnetic waves in the microwave band are difficult to
propagate over long distances. Structured laser can be transmitted
over long distances, but the probe beam is easy to be disturbed by
the atmospheric turbulence [77]. Further, the extraction of weak
light signals under long-distance detection is more troublesome.

CONCLUSION AND PERSPECTIVES

In summary, with the technological advancements in the
structured light generation, propagation, manipulation, and
detection, we have offered a systematic understanding on the
physical origin and behaviors of the RDE, from both fundamental
and applied points of view. We have analyzed the basic
mechanism of the RDE from the perspective of the wave
property of light and the conservation of energy. Moreover,
we have summarized the recent developments in rotational
speed measurement based on RDE, ranging from the
molecular motion to the rotation of macro-objects, and from
linear optics to nonlinear optics, and to quantum optical realms.

It is noted that, although a lot of studies have been conducted
on the fundamental and applied aspects of RDE, there is still a long
way to go in terms of developing a viable system and putting this
technique into practical applications. There are various hurdles to
solve in order to implement detection from the lab to the outside
scale. Firstly, atmospheric turbulence has a significant impact on the
mode purity of an OV beam as it propagates across free space
[77–81]. This is a challenge that must be solved, both for OAM-
based communication and detection applications. Secondarily, the
relative pose between the detection OV beam and the rotating object
has a significant influence on the detection signal [68, 82–84],
therefore the distribution of the RDE signals under different
conditions of motion and positions needs to be further
investigated. Thirdly, the receiving and processing of signals is an
important aspect for the detection system, especially for weak signals
at the photon-counting level [54]. Also, as the RDE is independent of
the wavelength of the beam [75, 76], we can anticipate that an
extension of the RDE into the radar band might lead to some new
discoveries. In future studies, we can imagine that the RDE with
structured light will provide us with more and more surprises.
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Propagation and Focusing Properties
of Vortex Beams Based on Light Ray
Tracing
Meng-Qiang Cai1,2, Qiang Wang1, Yong-Nan Li 1 and Cheng-Hou Tu1*

1MOE Key Laboratory of Weak Light Nonlinear Photonics, School of Physics, Nankai University, Tianjin, China, 2Institute of Space
Science and Technology, Nanchang University, Nanchang, China

By using the ray-tracing method based on geometric optics, we studied the propagating
and focusing characteristics of vortex beams with a top-hat intensity distribution. An
intuitive mathematical model is established for the propagation and focusing of vortex
beams, revealing the mechanisms and physics underlying the spatial evolution, e.g., the
dark spot formation in the center of a vortex beam, the relationship between the radius of
the dark spot and the propagation distance, and the rotational angle varying with the
propagation distance for an azimuthal asymmetric vortex beam. The experimental
observations are consistent with theoretical predictions. The results and findings are
helpful in intuitively understanding the propagation and evolution of specific vortex beams;
therefore, they are of significance for explorations of the novel properties of twisted vortex
beams and their applications.

Keywords: ray-tracing method, geometric optics, vortex beam, propagation, focusing

1 INTRODUCTION

Vortex beams, with a spiral phase term of exp(ilφ) (where l is the topological charge) [1, 2], can carry
an optical orbital angular momentum (OAM) of lZ per photon, in addition to the intrinsic spin
angular momentum. Vortex beams have excited a surge of academic interest because they bring a
new degree of freedom for photons with unbounded quantum states, and great success has been
achieved in the creation and manipulation of optical OAM. In optical tweezers, vortex beams can
trap microparticles and make them move orbitally, and this intrinsic OAM takes the form of a
tangential component to the beam’s linear momentum density that can be transferred to illuminated
objects [3–6]. In optical communications, OAM can be used as a new freedom degree of modulation/
multiplexing to further increase the transmission capacity and density [7, 8]. In addition, vortex
beams have been used to fabricate chiral structures in metals and spiral patterns in anisotropic
polarization-dependent azobenzene polymers or 3D chiral microstructures in isotropic polymers
[9–11]. In recent years, advanced control over OAM modes by changing the sign and value of the
topological charge as the beam propagates has been explored, and these degrees of flexibility in beam
manipulation are generic and can be utilized in many applications [12, 13].

The most common vortex beams are Laguerre–Gaussian beams or Bessel–Gaussian beams, which
are eigensolutions of Helmholtz equations and have strict analytical forms, and their propagation
and evolution behaviors in free space can be predicted precisely [14–16]. However, for specific vortex
beams, such as the vortex beam with top-hat form intensity [16], a new kind of power-exponent-
phase vortex beam [17], abruptly autofocusing vortex beams [18, 19], and even the beams with
azimuthally nonuniform OAM [20, 21], although their propagating and focusing behavior can be
derived by numerical methods, the exact analytical solution of the beam propagation is still not
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available, which makes the research on beam propagation
characteristics encounter some difficulties. The ray-tracing
method based on geometric optics, in which the intensity of
light is treated as bundles of light rays traced during scattering,
absorption, and multiple reflections, is a convenient and intuitive
tool in optical research.

In this study, we studied and derived analytically the relation
between the propagation distance and radius (and rotation angle) of
vortex beams with top-hat form intensity in the propagating (or
focusing) process, and the results can help us understand intuitively
the propagation behaviors and focusing characteristics for this
specific vortex beam based on ray tracing in the geometrical
optics. The proposed method can accurately reproduce the
complete dynamic characteristics of the propagation and focusing
process of the vortex beam, and the method is also suitable for
studying other specific vortex beams.

2 VORTEX BEAM PROPAGATION
THROUGH THE HOMOGENEOUS MEDIUM
BASED ON LIGHT RAY TRACING
In geometrical optics, the straight propagation of light leads to
two basic concepts: light ray and wavefront. As is known, the light
ray is always perpendicular to the wavefront and travels in a
straight line in the homogeneous and isotropic medium for the
plane waves. However, the wavefront of a vortex beam is a helical
surface, and it can be written as follows:

kz − lφ � C, (1)
where C is a constant, k = 2πn/λ (λ is the wavelength of the vortex
beam, and n is the refractive index of the medium), z is the
propagation distance, and φ is the azimuth coordinate in the
transverse plane. Because the light ray travels in straight lines in a
homogeneous medium and perpendicular to the wavefront (as
shown in Figure 1), the normal direction AP of a helical surface at
a certain point A(x0, y0, 0) can be written as follows:

xz − x0

Fx x0, y0, 0( ) �
yz − y0

Fy x0, y0, 0( ) �
z

Fz x0, y0, 0( ), (2)

where F(x, y, z) = kz − lφ − C, Fx = zF/zx, Fy = zF/zy, and Fz = zF/
zz, then Fx, Fy, and Fz can be represented as follows:

Fx x0, y0, 0( ) � ly0/r20,
Fy x0, y0, 0( ) � −lx0/r20,
Fz x0, y0, 0( ) � k,

(3)

where r0 �
������
x2
0 + y2

0

√
, which is the initial radius of the light ray at

the z = 0 plane. According to Eqs 2, 3, the coordinate of point P
for the light ray AP can be written as follows:

xz � ly0z/ kr20( ) + x0,
yz � −lx0z/ kr20( ) + y0.

(4)

According to Eq. 4, the propagation properties of the light ray
in space for the vortex beam can be derived. Figure 2A reflects the
evolution of the light ray in a three-dimensional (3D) view for a
vortex beam with l = 10 and r0 = 1 mm. We can see that the
direction of each light ray is different, and the unit vector
direction of the light ray AP in the cylindrical coordinate
system can be represented as follows:

eAP � l�������
l2 + k2r20

√ lz���������
l2z2 + k2r40

√ er − l�������
l2 + k2r20

√ kr20���������
l2z2 + k2r40

√ eφ

+ kr0�������
l2 + k2r20

√ ez.

(5)
According to Eq. 5, it can be seen that the radial component of the
unit vector increases when r0 decreases, but the longitudinal
component is just the opposite. Because of the radial component,
the rays at the center of the vortex beam diverge with the increase in
the propagation distance during the propagation process, resulting in
the zero intensity at the center of vortex beams. According to Eq. 4,
the distance rz between the point P and the origin of the xyz
coordinate system (see Figure 1) can be written as follows:

rz �
�������������
l2z2/ k2r20( ) + r20

√
, (6)

where z is the propagation distance of the vortex beam as the light
ray travels to the point P. Figure 2B shows the relationship
between rzwith the topological charge l (or z) with the given value
of z (or l). On the left of Figure 2B (or the right of Figure 2B), it
can be seen that the increase rate of rz with the propagation
distance z (or topological charge l) increases when r0 decreases for
the given l (or z). As a result, a dark spot in the center of the vortex
beam appears as it propagates.

In order to verify the correctness of our theoretical analysis and
derivation, we have carried out the corresponding experiments, as
shown in Figure 3A. In our experiment, a linearly polarized flat-top
light beam (532 nm) is incident on the spatial light modulator
(SLM), on which a forked holographic grating is loaded (where
z = 0m), and the +1 and −1 diffraction orders carry a spiral phase
with the opposite topological charges. We then selected one of the
diffraction orders and observed the intensity change during the
propagation process with the help of a CCD. For easy comparison,
we just generated different ring beams instead of whole beams (as
shown in Figures 3B1–B5), which is realized by defining a ring-
shape transmission function and inside which the forked
holographic grating is loaded. As the rings have different radii,
which are 0.86, 1.29, 1.72, 2.15, and 2.58mm, respectively, the

FIGURE 1 | Schematic diagram of a light ray’s propagation for a vortex
beam in the homogeneous medium.
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FIGURE 2 | Simulated propagation properties of light rays in free space for a vortex beam based on the ray-tracing method.(A) Distributions of light rays in three-
dimensional space for different views. (B) Relationship between the parameter rz and the propagation distance z in the case of l = 5 (left), and the relationship between the
parameter rz and the topological number l in the case of z = 1 m (right).

FIGURE 3 | Experimental setup and results for propagation and evolution of a vortex beam. (A) Schematic representation of the experimental setup. (B1–B5)
Transmission rings with different outer radii of 0.86, 1.29, 1.72, 2.15, and 2.58 mm in the case of the same ring width of 0.43 mm, respectively. (B6–B10)Corresponding
measured intensity distribution in the case of l = 5 and the propagation distance z = 1 m, respectively. All images have the same dimension of 6.2 mm × 6.2 mm.
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selected diffraction order also have different radius but with the same
width 0.43 mm). Figures 3B6–B10 show the corresponding far-field
intensity pattern at z = 1m.We can see that the smaller the radius of
the ring in the initial position (z = 0) is, the larger the radius of the
vortex beam (main ring with the highest intensity) at a given
propagation distance (z = 1m) becomes, which are well in
accord with the theoretical conclusions.

According to Eq. 6, we can get an inequation as follows:

rz �
�������������
l2z2/ k2r20( ) + r20

√
≥

�����
2lz/k√

� rmin, (7)
where rmin is the radius of the dark spot of the vortex beam.
According to Eq. 7, rmin is proportional to the root of z and l,
which are shown by the blue solid line in Figures 4A1, B1,
respectively. To prove the relationship between rmin and l, we
measured the value of rmin with different topological charges l,
which is from 0 to 20 in the experiment, and the results are
marked by the red “+” in Figure 4A1 and the measured intensity
distributions for vortex beam with l=1,4,8 are shown in Figures
4A2–A4. We also measured the experimental results of rmin at
different propagation distances (z), as shown by the red “+” in
Figure 4B1. And Figures 4B2–B4 are the measured intensity for
l=5 at propagating distance z are 0.5,1.5 and 2.5 m. According to
Figure 4, we can find that the experimental value of rmin is slightly
smaller than the theoretical one, and the reason is that we do not
consider the diffraction of vortex beams. However, the variation
trend of rmin with z or l in the experiment agrees with the
theoretical results.

According to Eq. 4 and Figure 1, the rotation angle Δφz of
point P with respect to point A along the z axis can be written as
follows:

Δφz � φz − φ0 � tan−1 yz/xz − y0/x0

1 + yzy0/ xzx0( )
� −tan−1 lz

kr20
.

(8)

According to Eq. 8, the absolute value of Δφz increases as the
topological charge l increases, but it decreases as the initial radius

r0 increases. Point P rotates clockwise (or anticlockwise) with
respect to the initial point A if l is positive (or negative), andΔφz is
equal to 900 as z = +∞. The theoretical predictions and
experimental confirmations are shown in Figure 5. In
Figure 5A, we have shown the theoretical predictions of the
rotation angles for vortex beams with different topological
charges (l = −20, −10, 0, 10, and 20, respectively) at different
propagation distances (z = 0.5 and 1 m, respectively) with r0 =
1.5 mm. Figures 5B1–B6 illustrates the corresponding
experimental measured results of a1-a6 in Figure 5A by the
truncated semicircular vortex beam. It is clear that the
theoretical and the experimental results have some differences;
however, the variation tendency is the same. For a specific radial
position r0 (white dotted circle in Figure 5B), the rotation angle
of a semicircular beam located at the propagation distance z = 1 m
is larger than that at z = 0.5 m in the case of the same topological
number l, and the semicircular beam rotates clockwise
(anticlockwise) in the case of l > 0 (l < 0), as shown in
Figures 5B1–B6. To compare Figure 5B1, B2, we can see the
rotation angle is larger if the topological charge is larger with the
same propagation distance z = 1 m. In summary, we observed that
the experimental results in Figure 5 are in accordance with the
theoretical results in Eq. 8.

3 FOCUSING PROPERTIES OF VORTEX
BEAMS BASED ON LIGHT RAY TRACING

As is well known, the focusing properties of vortex beams can be
calculated by diffraction integration. However, it is more intuitive
to understand the focusing behavior of the vortex beam based on
the ray-tracing method. As shown in Figure 6, we suppose that a
light ray of the vortex beam propagates from the initial point
A(x0, y0, 0) located in the plane of z = 0 to point P(x′, y′, z0)
located in the plane of z = z0; then, it is deflected by the focusing
lens located at z = z0. The direction of light ray AP is the same as
that of the wave-vector k, which can be written as follows:

k � kxex + kyey + kzez, (9)

FIGURE 4 | Evolutionary process of the minimum radius of the dark ring of a vortex beam variation with l and z in the experiment. The relationship between rmin and
(A1) the topological number l and (B1) the propagation distance z. The blue solid line is the simulation result, and the “+” marks are the experimental results. The
measured intensity distributions for the vortex beam (A2–A4) at the propagation distance z = 0.5 m with the topological number l are 1, 4, and 8, and (B2–B4) the
topological number l = 5 and the propagation distance z are 0.5, 1.5 and 2.5 m, respectively. All images have the same dimension of 6.2 mm × 6.2 mm.

Frontiers in Physics | www.frontiersin.org June 2022 | Volume 10 | Article 9311314

Cai et al. Propagation and Focusing Properties of Vortex Beams

102

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


where

kx � k x′ − x0( )/ �����������������������
x′ − x0( )2 + y′ − y0( )2 + z20

√
,

ky � k y′ − y0( )/ �����������������������
x′ − x0( )2 + y′ − y0( )2 + z20

√
,

kz � kz0/
�����������������������
x′ − x0( )2 + y′ − y0( )2 + z20

√
.

(10)

In a cylindrical coordinate system, which has three unit vectors,
i.e., er, eφ, and ez, the coordinate of point P can be written as (r′,
φ′, z0). The transformation relationship between er, eφ and ex, ey
in the cartesian coordinate system can be written as follows:

ex � cosφ′er − sinφ′eφ,
ey � sinφ′er + cosφ′eφ. (11)

When substituting Eq. 11 into Eq. 9, k can be written as follows:

k � kx cosφ′ + ky sinφ′( )er + −kx sinφ′ + ky cosφ′( )eφ + kzez.

(12)

By replacing xz, yz, and zwith x′, y′ , and z0 in Eq. 4, we can get the
following:

x′ � ly0z0/ kr20( ) + x0,
y′ � −lx0z0/ kr20( ) + y0.

(13)

When substituting Eq. 13 into Eq. 10, we can get the following:

kx � kly0/ r0
�������
l2 + r20k

2
√( ),

ky � −klx0/ r0
�������
l2 + r20k

2
√( ),

kz � k2r0/
�������
l2 + r20k

2
√

.

(14)

According to Eq. 13, we can obtain

cosφ′ � x′/
�����������
x′( )2 + y′( )2

√
� ly0z0/r0 + x0kr0( )/ ���������

l2z20 + k2r40

√
,

sinφ′ � y′/ �����������
x′( )2 + y′( )2√

� −lx0z0/r0 + y0kr0( )/ ���������
l2z20 + k2r40

√
.

(15)

FIGURE 5 | Rotation angle predicted by theoretical derivations and the corresponding experimental results for vortex beams with different topological charges. (A)
Rotation angle for vortex beams with different topological charges (l equal to 0, 10, −10, 20, and −20) at the propagation distance. (B1–B6) Corresponding measured
intensity distributions and the rotation angles of (a1-a6) for truncated vortex beams. All images have the same dimension of 6.2 mm × 6.2 mm.

FIGURE 6 | Focusing sketch diagram of a light ray for a vortex beam. The light ray propagates from the initial point A to point P and is then deflected by lens and
arrives at point B.
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By further substituting Eqs 14, 15 into Eq. 12, we can obtain the
following:

k � k�������
l2 + r20k

2
√ l2z0���������

l2z20 + k2r40
√ er − klr20���������

l2z20 + k2r40
√ eφ + kr0ez( ).

(16)
As the light ray is deflected by the lens, its direction is then
changed from k/k to k′/k, and er and ez are deflected by an angle
of θ, with respect to the optical axis of the lens (which is coincided
with the axis of the vortex beam). As a result, er and ez were as
follows: er′ and ez′ , respectively; then, k′ can be written as follows:

k′ � k�������
l2 + r20k

2
√ l2z0���������

l2z20 + k2r40
√ er′ − klr20���������

l2z20 + k2r40
√ eφ′ + kr0ez′( ).

(17)
The light ray after deflection propagates to point B, and point B in
the light ray PB is the nearest point to the z axis or the optical axis.
The projection of the line segment PB at ez′ is the line segment
PO, which is the focal length f of the focusing lens. According to
Eq. 17, the projection of the line segment PB in the direction of er′
and eφ′ can be written as follows:

sr′ � fl2z0/ kr0
���������
l2z20 + k2r40

√( ),
sφ′ � −fklr20/ kr0

���������
l2z20 + k2r40

√( ). (18)

For the cylindrical system, the unit vector in the direction of
the straight line OB can be represented as follows:

eOB � sr′er′ + sφ′eφ′( )/sOB, (19)
where sOB is the length of the line segment OB and

sOB �
�����������
(sr′)2 + (sφ′ )2

√
. By substituting er′ � cos θer + sin θez into

Eq. 19, we can get the following equation:

eOB � sr′ cos θer + sr′ sin θez + sφ′eφ( )/sOB. (20)
According to Eq. 11, Eq. 20 can be rewritten as follows:

eOB/sOB � sr′ cos θ cosφ′ − sφ′ sinφ′( )ex
+ sr′ cos θ sinφ′ + sφ′ cosφ′( )ey + sr′ sin θez. (21)

According to Eq. 21, the coordinates of point B in the
Cartesian coordinate system (with the origin O and the
coordinate axes x, y, and z) can be written as follows:

xs � sr′ cos θ cosφ′ − sφ′ sinφ′,
ys � sr′ cos θ sinφ′ + sφ′ cosφ′. (22)

Based on Eq. 15 and Eq. 18, Eq. 22 can be written as follows:

xs � fl2z0 cos θ ly0z0/r0 + x0kr0( )
kr0 l2z20 + k2r40( ) + flr0 −lx0z0/r0 + y0kr0( )

l2z20 + k2r40
,

ys � fl2z0 cos θ −lx0z0/r0 + y0kr0( )
kr0 l2z20 + k2r40( ) − flr0 ly0z0/r0 + x0kr0( )

l2z20 + k2r40
.

(23)

According to Eq. 23, the distance between point B and point Os

can be obtained as follows:

rs �
�����������
xs( )2 + ys( )2√

� |l|
k sin θ

�����������
l2z20 cos

2 θ

k2r40
+ 1

√

� |l|f
k

������������
lz0/kr0( )2 + r20

√
�������������������������
l2z20
k2r40

1 − lz0/kr0( )2 + r20
f2

( ) + 1

√
, (24)

where sin θ = r′/f, and r′ =
�����������
(x′)2 + (y′)2

√
is the pupil radius of

the focusing lens. According to Eq. 24, rs decreases with the
increase in r0, which means that the maximum radius r0 of the
vortex beam in the plane z = 0 corresponds to the minimun
ring radius rs of the focal spot. The intensity near the center of
the focal spot is zero, and the shape of focal spot is similar to
a donut.

According to Eq. 24, we can see that the radius rs of the
dark spot in the focal plane is proportional to the topological
charge l and the focal length f of the focusing lens but
inversely proportional to the spot radius of the incident
vortex beam.

In the experiment shown in Figure 3, we set the distance
(z0) between the lens and SLM to be 0.5 m, the maximum spot
radius (r0) of the vortex beam in the plane of SLM is 2.6 mm,
and the focal length of the lens is equal to 400 mm. Based on
Eq. 24 and the aforementioned parameters, we derived the
relationship between the radius of the dark focal spot and the
topological charge l, as shown by the blue line of Figure 7A.
Then, we measured the variation of the radius of the dark spot
with the topological charge l, which changes from 2 to 20, and
the results are marked by the red “+” in Figure 7A, and Figures
7B–D are the intensity distributions in the focal field for vortex
beams with l=4,8,12. It can be seen that the experimental
results are slightly smaller than the simulation results,
which is because we do not take the diffraction into
account; however, the experimental and simulation results
have the same tendency.

FIGURE 7 | Relationship between the radius rs of the dark spot in the
focal field and the topological charge of l. (A) Blue solid line is the simulation
result, and the red “+” marks are the experimental results. (B–D) are,
respectively, the intensity distributions in the focal field for vortex beams
with the topological number l to be 4, 8, and 12. (B–D) have the same
dimensions of 1 mm × 1 mm.
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From Eq. 21, we can see that the position of the minimum
focal spot for a vortex beam is not located in the focal plane of the
focusing lens as z0 ≠ 0 but in the plane with a distance of Δf away
from the focal plane. According to Eq. 21, we can get the
expression of Δf as follows:

Δf � sr′ sin θ � l2z0/ k2r20( ). (25)
According to Eq. 25,Δf is proportional to the square of l and z0

but inversely proportional to the square of the initial radius r0 of
the light ray. If z0 = 0, then Δf = 0, which means that the position
of the minimum spot does not shift.

According to Eq. 23, when a vortex beam propagates from the
initial plane at z = 0 to the plane which is away from the focal
plane with a distance of Δf, we can get the rotation angle Δφs of a
certain point in the spot as follows:

Δφs � −π + φs − φ0( ) � −π + tan−1 tanφs − tanφ0

1 + tanφs tanφ0

[ ], (26)

where tanφs = ys/xs. Based on Eq. 23, we can get the following:

Δφs � π + tan−1 lz0 cos θ + k2r40/ lz0( )
kr20 2 − cos θ( )[ ]. (27)

According to Eq. 27, we can see that the rotation angle Δφs is
equal to − π/2 (or π/2) for a negative (or positive) l. This result can
be used to intuitively explain the results in [8].

For the given parameters z0 = 0.5 m, f = 400 mm, and r0 =
2.6 mm, we can calculate the value of Δφs, according to Eq. 27.
The calculation result shows that the focal spot rotates clockwise
about 93.6° (or 97.1°) with respect to the direction at the initial
plane in the case of l = 10 (or l = 20), while for the negative l (e.g.,
l = −10 or l = −20), the rotation angle is opposite. To verify the
theory analysis, we carried out the corresponding experiments. In
the experiment, we just generated truncated half or quarter part of

a vortex beam and then measured its intensity distribution in the
focal plane; the results are shown in Figure 8. It is clear that for
the negative or positive l, the rotation of the focal spot is slightly
larger than 90°, and the direction is opposite. Meanwhile, the
clockwise rotation angle (~ 95°) of the focal spot in the case of l =
20 is greater than that (~ 92°) in the case of l = 10. The
experimental and theoretical results agree with each other very
well, and it proves that the ray-tracing method is effective in
predicting the evolution behavior of structured beams during the
focusing process.

4 CONCLUSION

In conclusion, we derived analytically the propagation and
focusing of vortex beams with top-hat intensity in the
homogeneous medium by use of the light ray-tracing
method, based on which some propagation behaviors and
focusing characteristics of vortex beams can be understood
intuitively. For example, the central dark spot of the vortex
beam increases with the propagation distance and the
topological number, and the relationship between the radius
of the dark spot, the topological number, and the propagation
distance can be derived. The experiment proves that vortex
beams can rotate as it travels in the homogeneous medium,
and the rotation angle is related to the propagation distance
and the topological number. We can intuitively understand
that the vortex beam can be focusing into a donut shape at the
focal plane, and we can get the relationship between the radius
of the dark spot at the center of the donut shape and the focal
length of the lens, the topological charge, and the size of the
incident vortex beam. In addition, the proposed method can be
also applied to other specific vortex beams, and the results are
helpful to understand the propagation and evolution of specific
vortex beams.

FIGURE 8 | Experimentally observed focusing property of vortex beams. (A1) and (B1) are the sketch diagrams of a half and a quarter circular pupil at z = 0 planes,
respectively. (A2–A5) are the intensity distributions in the focal field for vortex beamswith a half circular pupil in the case of the topological charge l to be −10, 10, −20, and
20, respectively, and (B2–B5) are the corresponding measured intensity distributions for the vortex beam with a quarter circular pupil. (A) and (B) have the same
dimensions of 1 mm × 1 mm.
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Theoretical study of vortex beam
generation based on geometric
coordinate transformation

Yanke Li†, Yuqing Xie†, Sheng Liu*, Peng Li*, Bingyan Wei and
Jianlin Zhao

Key Laboratory of Light-field Manipulation and Information Acquisition, Ministry of Industry and
Information Technology, Shaanxi Key Laboratory of Optical Information Technology, School of
Physical Science and Technology, Northwestern Polytechnical University, Xi’an, China

By performing a conformal optical mapping of an input beam from Cartesian to

log-polar coordinates, we propose amethod to generate vortex beam. By tilting

the incident beam, a phase gradient is attached and evolves into a vortex phase

due to the optical transformation. Thus, the topological charge of the generated

vortex beam is continuously adjustable. With this method, vortex beams with

integer and fractional orders are generated. The purity of the generated vortex

beam is theoretically analyzed, as well as the possible effects of phase

misalignment on the output vortex. The continuously tunable vortex beam

achieved by this method is expected to be used in information processing and

optical routing in optical communications.

KEYWORDS

geometric coordinate transform, vortex beam, orbital angular momentum, fractional-
order vortex, information codes

Introduction

In 1992, Allen proposed an light field with a helical wavefront exp (iℓφ) carrying an

orbital angular momentum (OAM) of ℓħ per photon, which was later referred to as the

vortex beam [1]. Vortex beams have attracted much attention due to their unique vortex

phase as well as OAM [2, 3], and have a rich variety of promising applications in many

fields such as optical tweezers [4], particle capture [5, 6], super-diffraction limit imaging

[7], mode-division multiplexing [8] and quantum coding [9]. Especially for optical

communication, the OAMs of vortex beams can be used as the information carrier to

achieve novel communication modes different from that encoding by light intensity.

Employing the orthogonal feature of OAMs,Wang et al. experimentally demonstrated the

transmission of data in free space at the Tbit level [10]. Subsequently, they further

investigated the transmission of OAM beam in optical fibres, greatly increasing the

transmission distance and the capacity of optical communication [8]. These make the

vortex beam play an important role in the development of optical communications.

The generation and manipulation of OAM modes have been extensively studied.

Various methods for generating vortex beams have been proposed, including mode

superposition [11] and transition with optical elements, such as spiral phase plates [12],

computer generated holograms [13], liquid crystal plate [14], metasurface [15] et al.
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Besides these fixed optical elements, adjustable schemes are also

introduced to the generation of optical vortices. In 2008, Bernet

et al. proposed spiral-phase moiré elements to generate vortex

beams with variable helical phase, which can be continuously

adjusted by rotating the phase-type elements [16].

As the most important parameter of vortex beams, the

topological charge (TC) is closely related to the OAM and the

relevant applications. Various methods have been proposed to

modulate the TC of the optical vortex. One of the most widely

used is the geometric coordinate transformation (GCT) [15–20].

The theory of the GCT was proposed in 1987 [17], which can

realized a conformal transformation of a beam from one

coordinate to another, by modulating and correcting the

phases at the input and output planes, respectively. One

practical application example of GCT is the mode detection of

OAMs by using the Cartesian to log-polar coordinate

transformation [18, 19]. Furthermore, a spiral coordinate

transformation was proposed to realized the high-resolution

and efficient sorting of the OAM modes [20]. In addition,

different GCTs have been employed to manipulate the OAM

of vortex beams, including the ring-to-fan mapping used to

achieve multiplication and halving of the OAM modes [21],

spiral coordinate transformation used to arbitrarily change the

OAM modes [22]. These OAM modulations are of importance

for optical switching and optical routing [23].

In this paper, a new method for generating vortex beams

with continuously tunable TCs is proposed based on the

principle of GCT. The method is inspired by the log-polar to

Cartesian coordinate transformation [17]. The Cartesian to log-

polar coordinate transformation is performed to achieve the

conformal mapping from a rectangular beam to a ring-shaped

one. On this basis, a phase gradient is attached to the

rectangular beam by tilting the incident beam and evolves

into a vortex phase gradually as the beam curls up into a

ring. Then, we theoretically analyze the purity of the

generated vortex beam and the possible effects of phase

misalignment on the output. Our results are expected to be

used in the information processing and the optical routing in

optical communications.

Theory

To achieve the conformal mapping from a rectangular beam

to a ring-shaped one, we employ a two-step coordinate

transformation system proposed in Ref. 18. As shown in

FIGURE 1
Vortex beam generation via geometric coordinate transformation (GCT). (A) Schematic of the coordinate transformation from a rectangular
beam to a ring-shaped one. (B,C) Typical transforming (Ψ12) and correcting (Ψ21) phases.
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Figure 1, the system consists of two phase elements (Ψ12 and

Ψ21). The first phase element Ψ12 is called “transforming phase”,

which achieves the conformal mapping of the beam. The incident

beam in the rectangular region gradually curls up into a ring after

being modulated by the transforming phase. The second phase

elementΨ21 is called “correcting phase”, which corrects the phase

distortion caused by the beam curling at the output plane. It is

important to note that the transforming and correcting phases

are entirely unrelated to the input beam, thus the input

parameters do not affect the transformation. This enables the

conformal phase mapping without changing the output intensity

distribution.

Assuming that the incident light field in the rectangular

region in the input plane (x, y) would take part in the GTC,

the rectangular function of this region can be expressed as:

Θ(x, y) �
⎧⎪⎪⎨⎪⎪⎩

1, if x1 ≤x≤x2,−L2 ≤y≤
L

2

0, else

, (1)

where, x1, x2, L are to depict the range of the rectangular region.

After modulated by the transforming phase, the light field in

the rectangular region curls up into an annular beam on the

output plane (u, v). We suppose that the center of the annular

beam is located at (Δu, Δv), and the outer and inner radii of the

annular are ρ1, ρ2, respectively. Considering that the beam

follows the paraxial propagation, and the coordinate

transformation needs to satisfy a sufficient but not necessary

condition if z2Ψ12 (x1,y1)/zx1zy1 and z2Ψ12 (x1,y1)/zy1zx1 exist

and are continuous: zu/zy = zv/zx and zx/zv = zy/zu [17], the

coordinate mapping relationship can be written as follows:

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
u � bexp(−x

a
) cos y

a
+ Δu

v � bexp(−x
a
) sin y

a
+ Δv

, (2)

⎧⎪⎪⎨⎪⎪⎩
x � −aln(ρ

b
)

y � aφ

, (3)

where, a = L/2π determines the length of the rectangular region;

b = x1,2/exp (-ρ1,2/a), determines the ratio of the width of the

rectangle and the ring width; Δu and Δv denote the offset distance

of the annular beam in the direction of u and v axis, respectively;

(ρ, φ) are the polar coordinates in the output plane with the origin

set at (Δu, Δv), and meet

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
ρ �




















(u − Δu)2 + (v − Δv)2

√

φ � arctan
v − Δv

u − Δu

.(4)

As shown in Figure 1A, when Δu, Δv is not 0, the generated

vortex beamwill be shifted from the origin. The GTCmust satisfy

the following phase-solving conditions:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

zΨ12

zx
� (u − x) k

f
,
zΨ12

zy
� (v − y) k

f

zΨ21

zu
� (x − u) k

f
,
zΨ21

zy
� (y − v) k

f

, (5)

where, k = 2π/λ is the wavenumber, λ is the wavelength of the

incident light, and f is the spacing between the two phase

elements. By solving Eq. (5), the analytical expressions of the

transforming and correcting phases are obtained as follows:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩
Ψ12 � − k

2f
[2abexp(−x

a
) cos(y

a
) − 2(Δux

+Δvy) + (x2 + y2)]Ψ21 � k

2f
[2a(v − Δv)φ − 2a(u − Δu) ln(ρ

b
)

+ 2a(u − Δu) − (u2 + v2)].(6)

Figure 1B and Figure 1C represent the typical distributions of

the transforming and correcting phases, respectively.

Considering that only the incident light field in the

rectangular region is needed, the transmission function of the

incident plane should be restriced by a rectangular aperture

function, expressed as t (x, y) = Θ(x, y)exp (iΨ12).
When an incident beam with a phase gradient in the y axis,

expressed as U (x,y)exp (ikyy), is input (Figure 1A), it will

gradually curl up from a rectangle to a ring. To generate the

ℓth-order spiral phase exp (iℓφ), it is necessary to make the

incident phase gradient satisfy ky = ℓ/a according to Eq. (3). It can

be concluded that by adjusting the phase gradient of the incident

beam, a vortex beam with adjustable TC would be generated.

Results and analysis

We numerically simulate the above method of generating the

vortex beam by choosing the following parameters: λ = 632.8nm,

f = 175mm, Δu = Δv = 0, a = 1mm, b = 2 mm. The inner and outer

radii of the annular beam to be generated are determined by

taking ρ2 = 0.5 mm and ρ1 = 2mm, and then the rectangular

function Θ(x, y) is calculated by substituting L = 2πa and x1,2 = b

exp (-ρ1,2/a) into Eq. (1). To meet the experimental conditions,

the incident light field is taken as a Gaussian beam, i.e., U (x, y) =

exp [-(x2+y2)/w2], with waist radius w = 8 mm. The incident field

U (x,y)exp (ikyy) is attached to the transforming phase Ψ12 and

then propagates the distance f, where the diffraction field can be

calculated by the Fresnel diffraction integral. Finally, the

diffraction field is corrected by multiplying by the phase exp

(iΨ21), and forms the output annular beam. The propagation

process of the incident Gaussian beam is shown in Figure 2,

where Figures 2A–F give the intensity distributions at different

distances. The dashed line in Figure 2A marks the rectangular
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FIGURE 2
Propagation process for the GCT. (A) Input Gaussian beam, with the transmission area marked by the dashed rectangle. (B–F) Intensity
distributions at different propagation distances.

FIGURE 3
Intensity (A) and phase (B) distribution of the generated vortex beams by setting the topological charge ℓ = 3, 5, 8, 10, and 15.
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transmission area of the incident plane, and the dashed circles in

Figure 2F mark the range of the predesigned output. From these

results, we can clearly see: the rectangular beam gradually bends

into an arc firstly, and tends to converge to a thin line (Figures

2B–D); thereafter, it bends further and gradually diverges to an

annular beam (Figures 2E,F). The inner and outer radii of the

resulting ring beam are basically in line with the preset values. It

should be noted that, because the mapping of the coordinateis is

nonlinear [ρ1,2 = bexp (-x1,2/a)], the intensity distribution of the

resulting annular beam is not uniform, but declines as the radial

location increases. Notablely, the nonuniform intensity

distribution over the rectangular area would make the

resulting annular beam axis-asymmetric. But hard-edge

diffraction of the rectangular field has an even bigger effect.

Thus, the input intensity distribution will not affect the purity of

the OAM state too much.

By setting the TC ℓ = 3, 5, 8, 10, and 15, the phase gradient

exp (iℓy/a) is attached to the input beam, and the simulation

results are shown in Figure 3, where Figure 3A and Figure 3B

depict the intensity and phase distributions, resepectively.

Notably, the intensity distributions of the resulting beams are

almost identical, indicating that the phase variation of the

incident beam has no significant effect on the GTC. While

from the phase patterns, it can be clearly seen that the typical

spiral phases are formed: the phases changes 2πℓ around the

center. It indicates that vortex beams with TC of ℓ are generated.

The purity of the resulting integer-order vortex beam can be

analyzsed with the Fourier relationship between the OAM

spectrum [24]. For example, the OAM spectrum expansion is

performed for the generated vortex beam with TC ℓ = 3, and the

normalized percentage of each OAM component occupied is

calculated. The result between the interval [-7, 13] is shown in

Figure 4A. It can be seen that the OAM component with ℓ =

3 accounts for about 90% of the generated vortex beam,

indicating the hight purity of the generated vortex beam and

the high efficiency of the mode conversion. In order to analyse

the purity of the resulting vortex beam with different TC, we

calculate the OAM spectra by taking ℓ from -15 to 15, and

extracting the corresponding OAM mode purity as shown in

Figure 4B. It is obvious that the vortex conversion efficiency for

the TC of |ℓ| becomes progressively lower as |ℓ| increases. This

indicates that this method would be not so efficient for generating

higher-order vortex beams. The conversion efficiency can be

maintained at around 90% for ℓ between -5 and 5. However, as |ℓ|

increases more, the conversion efficiency decreases significantly.

Nevertheless, the efficiency can be guaranteed to be above 50%

for the resulting beams with the absolute values of TCs less

than 10.

For the phase gradient exp (iℓy/a) attached to the input beam,

ℓ can be chosen as not only an integer. When the phase gradient

is changed continuously, ℓ is more likely to be a fraction. Thus, a

fraction-order vortex beam can be generated for a non-integral ℓ.

By changing ℓ as a fraction between 4 and 5, we generate the

vortex beams with GCT, and the results are shown in Figure 5.

Figures 5A–D show the phase distributions of the resulting

beams. It is hardly to directly estimate the TC of these non-

integer-order spiral phases. We extract the phase distributions at

a circle of radius 1 mm in the phase patterns as shown in Figures

5A–D, and compare with the phases of the standard fractional-

order vortex beams. The results are given in Figures 5E–H, where

the blue and red curves correspond to the simulation and

theoretical results, respectively. As can be seen, for an integral

TC, the phase is continuous at -π and π (Figure 5E); while for a

fractional TC, an obvious phase jump occurs at -π and π. More

strikingly, the phases for the simulated results highly coincide

with the theoretical ones except for some noisy points due to the

edge diffraction of the light field (Figures 5F–H). Figures 5I–L

show the corresponding comparations of the OAM spectra

FIGURE 4
Purity of the generated vortex beams. (A) The OAM spectrum of output beam with ℓ = 3. (B) Conversion efficiency of vortex beam versus ℓ.
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between the simulation and theoretical results. It can be seen that

the fraction-order vortex beams no longer occupy a single OAM,

but also has other OAM components. As ℓ approaches 4, the

OAM modes with TC of 4 prevails; as ℓ approaches 5, the OAM

modes with TC of 5 dominate the OAM spectrum. The

simulation results are in general agreement with the

FIGURE 5
Properties of the generated fraction-order vortices. (A–D) Phase distributions. (E–H) Phase variations along with the circles in (A–D). (I–L)OAM
spectrum corresponding to (A–D).

Frontiers in Physics frontiersin.org

Li et al. 10.3389/fphy.2022.898638

112

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.898638


theoretical ones, except that the dominant OAM components are

slightly lower because the conversion efficiency of the vortex

beam in this method cannot be 100%.

The transverse position and spot size of the resulting vortex

beam can be controlled by varying the parameters Δu, Δv, and b,

as shown in Figure 6. By setting Δu = -Δv = 1.5mm, and Δu =

1.5mm, Δv = 0, the position control of the vortex beam is realized

as shown in Figures 6A–D, where Figures 6A,B, and Figures 6C,D

correspond to the intensity and phase distributions, respectively.

Figures 6A,C, and Figures 6B,D obviously reveal that the

resulting vortex beams are shifted along the vectors (1.5mm,

-1.5 mm) and (1.5mm, 0), respectively. Here, the parameters Δu,

Δv are taken into account in the coordinate mapping relationship,

due to the consideration of the corresponding follow-up study

under most experimental conditions. Since the phase modulation

of an light field always has errors in experiments, the zero-order

diffraction spot, which locates on the center of the coordinates, is

hard to be eliminated. By attaching the parameters Δu, Δv to the

phase, the resulting beam is moved far from the zero-order spot,

which can be filtered out. Another consideration is the spot size.

FIGURE 6
Control of the transverse position (A–D) and spot size (E–H) of the vortex beam. The top and bottom correspond to the intensity and phase
distributions.

FIGURE 7
Effect of phase alignment. (A) Schematic of the axial and lateral offsets. (B,C) The conversion efficiency of the vortex beam vs. offset.
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A resulting beam with a large size might overlap with the zero-

order spot, which would be adverse to the beam filtering. Thus, it

is important to control the spot size in theoretical pre-research.

Figures 6E–H represent the intensity and phase distributions of

the vortex beams produced at different radii for b = 3 and 1mm,

respectively. As can be seen, the size of the resulting vortex beam

is adjustable by varying the parameter b.

In addition, considering that the phase alignment is also an

unavoidable problem in the experiment, the influence of the

misalignment of the phase elements is analyzed below. There

are two main cases of phase misalignment as shown in

Figure 7A: the axial offset (ΔF) and the lateral offset (ΔC).

By choosing ℓ = −9, −5, 1, and 4, we calculate the conversion

efficiency of the OAM mode versus the axial and lateral offsets,

as shown in Figure 7B and Figure 7C, respectively. From these

results, it can be seen that the conversion efficiency of the OAM

mode is basically normally distributed with the offsets. The

position deviation of the correcting phase element, along with

whether axial or lateral directions, would cause a rapid

reduction of the efficiency of the resulting vortex beam.

More importantly, the efficiency reduction is much more

sensitive to the lateral offset. For the axial offset, the

conversion efficiency of the 9 order vortex beam drops to

about 50% when the offset is increased to10 mm. While for

the lateral offset, the efficiency decreases rapidly to 20% once

the offset exceeds 10 μm. In a word, the correcting phase needs

more precise lateral alignment, while permitting the axial

alignment in a larger tolerance range.

Conclusion

Based on the theory of GCTs, a method is proposed to

generate the vortex beam, of which the TC can be adjusted by

varying the phase gradient of the incident beam. The Cartesian to

log-polar coordinate transformation is performed to achieve a

conformal mapping from a rectangular beam to a ring-shaped

one. By attached with a variable phase gradient, an input

rectangular beam can curl up to an annular beam, and its

phase eloves into a spiral one. In contrast to the previous

research results, the advantage of this method is that the TC

of the generated vortex beam is continuously tunable. Vortex

beams with integer-order and fraction-order TCs are obtained by

using this method. Based on the OAM spectrum, the purity of the

generated vortex beam is analyzed, as well the possible effects of

phase misalignment on the output vortex. The results show that

the conversion efficiency would be gradually reduced with the

increasing of TC of the generated vortex beam. In addition, it

reveals that the correcting phase needs more precise lateral

alignment, while permitting the axial alignment in a larger

tolerance range. The proposed continuously tunable vortex

beam is expected to be used in the information processing

and the optical routing in optical communications.
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Capturing the amplitude and
phase profile of the vortex beam
based on coherent detection

Shengmei Zhao1,2*, Quanqing Qiao1 and Le Wang1

1Institute of Signal Processing and Transmission, Nanjing University of Posts and Telecommunications
(NUPT), Nanjing, China, 2Key Lab of Broadband Wireless Communication and Sensor Network
Technology, Ministry of Education, Nanjing University of Posts and Telecommunications, Nanjing,
China

In this study, we propose a scheme to capture the amplitude and phase profile

of the orbital angular momentum (OAM) beam based on coherent detection. In

the scheme, the OAM beam to bemeasured is interfered with a local plain wave

which is prepared at the receiver, and two charge-coupled devices (CCDs) are

used to record the constructive and destructive interference patterns. By setting

the phase of the plain wave to π/2 and π, one can extract the amplitude and

phase profile of the OAM beam from the two interference patterns. We verify

the feasibility of the scheme by simulation and experiments. The results show

that both amplitude and phase profiles of single OAM and OAM superposition

modes can be captured by using the proposed scheme, and the proposed

scheme shows strong robustness even under the presence of atmospheric

turbulence.

KEYWORDS

orbital angular momentum detection, coherent detection, amplitude and phase
profile, superposition mode, atmospheric turbulence

1 Introduction

Orbital angular momentum (OAM) of light is an attractive degree of freedom for

fundamental studies in classical communications [1, 2] and quantum information

processing [3–5]. Since the first demonstration of that, an eiℓθ vortex phase structure

of a circularly symmetric beam was found to have ℓZ units of OAM in 1992, where Z is

Planck’s constant [6], OAM has become a useful information carrier in a variety of

applications [2, 7–9]. It is shown that OAM can be used together with polarization to

increase the channel capacity of communication systems [10]. The usage of OAM multi-

level encoding bases can increase the tolerance of quantum key distribution (QKD)

systems against eavesdropping [11]. The multiplexing of OAM modes is also

demonstrated to greatly increase the bandwidth efficiency both in free-space (FSO)

and fiber optical communication systems [2, 12, 13].

Therefore, it is important to detect the OAM mode at the receiver end. Until now,

there have been a lot of works focusing on this task [14–16]. The simplest way to detect an

OAM beam is performing a projection measurement [2], where the OAM mode with ℓ

topological charge is first transferred to a flat phase beam by being illuminated on a forked
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hologramwith − ℓ and then detected by a power detector. Later, a

technique for separating OAMmodes by using a Mach–Zehdner

interferometer at the single-photon level was presented [17]. To

efficiently sort N OAM modes simultaneously, Berkhout et al.

proposed a separating method based on the transformation from

Cartesian to log-polar [18]. Also, the separation diffraction

limitation was overcome by using the fan-out technique [19].

Simulations and experiments demonstrated that the separating

method could distinguish the different OAM modes

simultaneously with a detector array [20–22]. Thereafter, an

efficient separating orbital angular momentum mode with

radial varying phase was proposed [23]. Then, multiplane-

light conversion, spiral transformation, and metasurfaces for

combined OAM and SAM analysis were used to detect the

OAM mode [24–28]. Recently, deep learning techniques were

used to detect the OAM mode [29]. Also, the amplitude and

phase quadratures of vortex beams are detected for testifying the

quantum entanglement of vortex beams [30–34]. However, there

are fewer studies carried out on capturing both the amplitude and

phase profile of the OAM beam simultaneously.

In this study, we propose a scheme to capture the amplitude

and phase profile of the OAM mode based on the coherent

detection method. In the scheme, the receiver uses a beam splitter

to integrate the OAM beam to be measured with a plain wave

modulated with different phases to produce two interference

patterns. Also, two charge-coupled devices (CCDs) are used to

capture these patterns. By changing the phase of the plain wave

with π/2 and π, one can obtain the amplitude and phase profiles

of the OAM modes, including the single OAM mode and the

superposition OAM mode, from the two CCD patterns.

There are some advantages of our scheme: 1) the proposed

scheme could capture the amplitude and phase profile of the

OAM mode simultaneously, 2) the proposed scheme can detect

the single/superposition OAM modes, and 3) the scheme has

strong robustness even under atmospheric turbulence.

2 Theory

Figure 1 shows the schematic diagram of the proposed

scheme to capture the amplitude and phase profile of the

orbital angular momentum mode based on the coherent

detection method. The receiver uses a beam splitter to

integrate the OAM beam to be measured Ein with a plain

wave ELO modulated with different phase φPM to produce the

interference patterns. The plain wave ELO is generated by a local

oscillator and is then modulated by a phase modulator to obtain

the phase φPM. The interference patterns E+ and E− are exported

from the two outputs of the beam splitter. Two CCDs are used to

capture the interference pattern from the two outputs of the

beam splitter. By changing the phase φPM of the plain wave with

π/2 and π, one can capture the amplitude and phase profile of the

OAM beam Ein based on the interference pattern obtained from

the CCDs.

The OAM mode to be measured Ein is assumed to be

described as

Ein r, θ, t( ) � R r( )exp jℓθ( )exp jωt( ), (1)

where r and θ are the radial and azimuthal coordinates,

respectively; R(r) and exp(jℓθ) denote the amplitude and

spatial phase of the beam, respectively; ℓ is the OAM

topological charge, which is an integer; R(r) could be different

mode structures, such as Laguerre–Gaussian modes or

Bessel–Gaussian modes; and ω is the frequency of the

OAM beam.

A plain wave ELO is generated by a local oscillator (LO) at first

and is defined as

ELO r, θ, t( ) � exp jωt( ). (2)

Then, it is modulated a phase by a phase modulator (PM),

FIGURE 1
Scheme to capture the amplitude and phase profile of the
OAM mode based on the coherent detection method. LO: local
oscillator. PM: phase modulator. BS: beam splitter.

FIGURE 2
Experiment setup for the proposed scheme.
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ELO r, θ, t( ) � exp j ωt + φPM( )( ), (3)

where φPM is the phase modulated by the phase modulator.

After that, a beam splitter is used to combine the received

OAM beam Ein and the plain wave ELO to produce interference

patterns. The interference patterns E+ and E− are exported from

the beam splitter, i.e.,

E+ r, θ, t( ) � jEin r, θ, t( ) + ELO r, θ, t( ), (4)

and

E− r, θ, t( ) � Ein r, θ, t( ) + jELO r, θ, t( ). (5)
Two CCDs are used to detect the interference patterns. The

interference pattern obtained by CCD1 should be |E+(r, θ, t)|
2,

and the interference pattern obtained by CCD2 should be |E−(r,

θ, t)|2. One can obtain the difference between |E+(r, θ, t)|
2 and |

E−(r, θ, t)|
2 as

FIGURE 3
Simulation and experimental results of the proposed scheme to capture the amplitude and phase profile of single OAM beam Ein.
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|E+ r, θ, t( )|2 − |E− r, θ, t( )|2
� |jEin r, θ, t( ) + ELO r, θ, t( )|2 − |Ein r, θ, t( ) + jELO r, θ, t( )|2
� 2jR r( ) exp jℓθ − jφPM( ) − exp jφPM − jℓθ( )[ ].

(6)
During detection, φPM is given two values for two measurements.

For the first time, the modulated phase φPM is set to π/2. For the

second time, the modulated phase φPM is set to π. Since Eq. 6 is

related with φPM, we define the difference |E+(r, θ, t)|
2 − |E−(r, θ,

t)|2 as a function f(φPM), i.e.,

f φPM( ) � |E+ r, θ, t( )|2 − |E− r, θ, t( )|2
� 2jR r( ) exp jℓθ − jφPM( ) − exp jφPM − jℓθ( )[ ]. (7)

By setting the phase φPM of the plain wave to π/2 and π

individually, we can obtain the light field distribution of the

OAM beam Ein based on the interference pattern obtained from

the two CCDs, that is,

f π/2( ) � 2jR r( ) exp jℓθ − jπ/2( ) − exp jπ/2 − jℓθ( )[ ]
� 4R r( )cos jℓθ( ), (8)

FIGURE 4
Simulation and experimental results of the proposed scheme to capture the amplitude and phase profile of OAM superposition beam Ein.
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f π( ) � 2jR r( ) exp jℓθ − jπ( ) − exp jπ − jℓθ( )[ ]
� 4R r( )sin jℓθ( ), (9)

and

Ein r, θ( ) � R r( )exp jℓθ( ) � 1
4

f π/2( ) + jf π( )[ ]. (10)

Therefore, the amplitude profile should be

Amplitude Ein{ } � R r( ) � abs
1
4

f π/2( ) + jf π( )[ ]{ }, (11)

and the phase profile should be

Phase Ein{ } � ℓθ � angle
1
4

f π/2( ) + jf π( )[ ]{ }. (12)

3 Results and discussion

In this section, we discuss the performance of the proposed

scheme. The experimental setup for the proposed scheme is

shown in Figure 2. A linear fundamental mode Gaussian beam

(waist radius ω0 = 0.8mm) at a wavelength of 633 nm is generated

by a He–Ne laser (Thorlabs, Model HRP020-1). After being

reflected by two mirrors, the beam passes through a half-wave

plate (HWP1) to adjust the intensity ratio of the two Gaussian

beams after splitting. A polarization beam splitter (PBS) is used

to separate and polarize the incident Gaussian beam to two

beams. Then, each Gaussian beam passes through a half-wave

plate (HWP1 and HWP2) to match the polarization direction of

the Spatial LightModulator (SLM1, Hamamatsu, Model X10468-

07, SLM2, Holoeye, Model PLOTO-VIS-006-A). After that, each

Gaussian beam is diffracted by a computer-controlled SLM.

SLM1 carries a phase hologram of π/2 or π (the same

function as the phase modulator), and SLM2 carries a special

phase hologram for the LG mode of different topological charges

ℓ. The Gaussian beam needs to pass through another half-wave

plate (HWP3) to equalize the polarization of the two beams so as

to satisfy with the superposition conditions. At the same time,

one aperture is used to filter out the first-order diffracted light

from the diffracted beam, and two convex lenses (focal length

f1 = 100 mm, f2 = 200 mm) are used to amplify the Gaussian

beam. Thereafter, the two outcoming beams interfere at a beam

splitter (BS1). For simultaneous measurement, two mirrors and

beam splitter (BS2) are used to focus the two output beams of

BS1 on a plane so that the two output beams can be captured by

one CCD (Thorlabs, Model BC106N-VIS/M, 989 × 745 pixels of

8.8 mm × 6.6 mm size) at one time.

Then, we demonstrate the proposed scheme for the single

OAM mode in Figure 3. The upper part is the simulation

results, and the lower part is the experimental results. The

topological charges ℓ for the measured OAM mode are setup to

ℓ = −2, ℓ = 2, ℓ = 4, and ℓ = 6. In order to compare the

performance, we also list the intensity and phase distribution of

the input OAM beam (z = 0) and the input OAM beam (z =

1000 m) at the first two rows, where z is the propagation

distance. It is can observed that the intensity and phase

distribution are diverged with the propagation distance in

comparison with for the input OAM beam (z = 0). Images

obtained by CCD1 and Images obtained by CCD2 are the

interference patterns obtained by CCD1 and CCD2,

respectively, representing the constructive and destructive

interference patterns, and Reconstructed results are the

amplitude and phase profile of the OAM beam recovered by

the proposed scheme. The simulation and experimental results

show that our scheme has the ability to capture the amplitude

and phase profile of the input OAM beam Ein accurately. For

example, the interference patterns formed by the input OAM

beam with ℓ = 2 is a “pinwheel-shaped” pattern with two stripes

FIGURE 5
Inner product results of OAM superposition beams with (A)ℓ = 2, − 4 and (B)ℓ = 2, − 4, 8.
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FIGURE 6
Simulation and experimental results of the proposed scheme to capture the amplitude and phase profile of the OAM beam (ℓ = 5) under the
presence of atmospheric turbulence.
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and clockwise rotation both in simulation and experiment,

while they are “pinwheel-shaped” pattern with two stripes

and counterclockwise rotation for the input OAM beam with

ℓ = −2. Comparing with the simulation results, the experimental

results show the same characteristic distribution of the

interference patterns and phase patterns, including the

rotation direction and number of “pinwheel-shaped” stripes,

but with some blurring in the patterns, which is caused by the

noise in experiment. Light irradiance distribution further

demonstrates the consistency among the input OAM beams,

the simulation results, and the experimental results. Here, the

input OAM beams are those OAM beams with propagation

distance (z = 1000 m). Since there always exists the propagation

of the beams in experiment, we use the input OAM beams with

propagation distance for comparison.

Then, we further verify the case when the incident beam is

an OAM superposition beam in Figure 4. Here, the selected

OAM superposition beams are composed by two or three OAM

modes, such as ℓ = −3, 3, ℓ = 2, − 4, ℓ = 3, 8, and ℓ = 2, − 4, 8.

Also, the intensity and phase profile of the superposition OAM

beams are demonstrated in the first and the second row,

followed by the interference patterns obtained at CCD1 and

CCD2, and the last row is the recovered results by using the

proposed scheme. Different from the single OAM mode, the

intensity profile of the superposition OAM modes becomes

bright and dark petal patterns, and the singular points in the

phase profile are more complex, especially for the superposition

mode composed by more OAM modes. The upper part is the

simulation results, and the lower part is the experimental

results. The simulation and experimental results show that

both interference patterns and captured amplitude and phase

patterns have the same distribution, including the number and

shape of petals. It is indicated that our proposed scheme also

has the ability to capture the amplitude and phase profile of the

OAM superposition beam Ein accurately. Light irradiance

distribution also demonstrates the similarity among the input

OAM beams, the simulation results, and the experimental

results.

Based on the mutual orthogonality of OAM beams with

different topological charges, we can obtain the topological

charge composition of OAM superposition beams according

to the reconstructed amplitude and phase profile. Firstly, the

amplitude and phase profile are combined into an OAM

beam, and then the topological charge composition of OAM

superposition beams can be obtained by inner product with

OAM beams with different topological charges (ℓ = 10, − 9,

. . ., 9, 10). Figure 5 shows the inner product results of OAM

superposition beams with ℓ = 2, − 4 and ℓ = 2, − 4, 8. It can be

seen from the figure that we can detect the topological charge

of OAM superposition beams based on the reconstructed

amplitude and phase profile. There are some differences

between the simulation and experiment detection results.

The reason is that it is hard to locate the center of the

experimental “reconstructed result”, and an insignificant

misalignment will cause mode crosstalk. However, one can

still judge the topological charge composition according to

the experimental intensity distribution.

Next, we discuss the robustness of the proposed scheme

when the OAM beam is propagated under atmospheric

turbulence (AT) in Figure 6. Here, we use random phase

screen model simulating atmospheric turbulence [35, 36]. The

simulated parameters for the random phase screen are set as

follows. The wavelength λ is 633nm, the space Δz between the

two random phase screen is 200m, the beam waist ω0 is 0.1m,

the outer scale is L0 = 50m, and the inner scale is l0 = 0.001m.

The topological charge of the input OAM beam is ℓ = 5. The

atmospheric refractive index structure constant C2
n (usually

used to describe the intensity of atmospheric turbulence) is set

to 10−15, 10−14, and 10−13m−2/3. Here, one random phase screen

is used for simplicity. In the experiment, the random phase

screen representing atmospheric turbulence is superimposed

on the OAM generating phase mask so that the input OAM

mode contaminated by atmospheric turbulence is obtained

when the Gaussian beam is illuminated on the SLM2 loaded by

the superimposed phase distribution. It can be seen from

Figure 6 that the amplitude and phase of the measured

OAM beam are distorted by AT, and the stronger AT is,

the larger distortion the measured OAM beam has. However,

our scheme has the ability to capture the amplitude and phase

profile of the OAM beam Ein even in this case. The simulation

and experimental results show that our proposed scheme has

strong robustness even under the presence of atmospheric

turbulence.

The peak signal-to-noise ratio (PSNR) is often used to

quantitatively estimate the recovered image quality [37],

which is defined as

TABLE 1 Peak signal-to-noise ratio of simulation and experimental results.

PSNR ℓ C2
n

−2 2 4 6 −3, 3 2, −4 3, 8 2, −4, 8 10−15 10−14 10−13

Amplitude 19.4 19.07 16.26 14.71 17.78 18.97 18.29 18.37 15.72 16.69 17.08

Phase 13.04 12.5 8.95 9.37 11.07 12.97 9.44 10.76 9.96 10.88 9.5
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PSNR � 10lg
MAX2

I

MSE
( ), (13)

where MAXI is the maximum possible pixel value of the

image. MSE is the mean square error of the image, which is

defined as

MSE � 1
M × N

∑M−1

i�0
∑N−1

j�0
f xi, yj( ) − g xi, yj( )����� �����2, (14)

where g(xi, yj) and f(xi, yj) are gray-values in (xi, yj) for the

original and reconstructed images, respectively. M × N is the

pixel of the image. Generally, the higher PSNR is, the better

quality of reconstructed image is.
Finally, we calculated the peak signal-to-noise ratio

(PSNR) of amplitude and phase profile captured by

simulation and experiment results mentioned above to

illustrate the similarity between simulation and

experiment results. Table 1 shows the peak signal-to-noise

ratio of the simulation and experiment results. “Amplitude”

denotes the PSNR for recovered amplitude part, and “phase”

denotes the PSNR for the recovered phase part. C2
n represents

the strength of the atmosphere turbulence. The results show

that the simulation and experimental results have a high

degree of similarity.

4 Conclusion

In this study, we have proposed a scheme to capture the

amplitude and phase profile of the incident OAM beam

based on the coherent detection. With the interference

between the measured OAM beam and a local plain wave,

the amplitude and phase profile of the measured OAM beam

could be captured by the calculation on the detection results

in CCDs. The simulation and experimental results have

showed that both amplitude and phase profiles can be

detected by using the proposed scheme not only for the

single OAMmode but also for the OAM superposition mode.

Furthermore, the amplitude and phase profiles of the

measured OAM beam can even be detected under the

presence of atmospheric turbulence. Our method can

capture the amplitude and phase profile of the input

OAM beam, regardless of whether the input beam passes

through atmospheric turbulence or not. At the same time,

compared with the previous method which can only obtain

the amplitude profile, our method can obtain amplitude and

phase profile simultaneously, that is, our method can obtain

more information about the beam, so it will be more

conducive for detecting topological charges in strong

atmospheric turbulence environment.
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