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Recent advances in the research of vortex beams, structured beams carrying orbital angular momentum (OAM), have revo-
lutionized the applications of light beams, such as advanced optical manipulations, high-capacity optical communications,
and super-resolution imaging. Undoubtedly, the methods for generation of a vortex beam and detection of its OAM are of
vital importance for the applications of vortex beams. In this review, we first introduce the fundamental concepts of vortex
beams briefly and then summarize approaches to generating and detecting the vortex beams separately, from
bulky diffractive elements to planar elements. Finally, we make a concise conclusion and outline that is yet to be
explored.
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1. Introduction

Light beams, as electromagnetic waves, can carry both energy
and momentum. Meanwhile, we know that momentum can be
classified into linear and angular momentum, and there are two
particular kinds of angular momenta: spin angular momentum
(SAM) and orbital angular momentum (OAM). More than a
century ago, Poynting proposed that the SAM is related to
the photon spin, namely, the circularly polarized light carries
an SAM of ±ℏ per photon[1], whereas linearly polarized light
carries no SAM, as illustrated in Fig. 1(a). In 1932, Darwin real-
ized the photon can carry both SAM and OAM, and he even
obtained the expression for each one[2]. But, it was not until
1992 that Allen et al. revealed the OAMof a light beam clearly[3].
It was shown that vortex beams with an azimuthal phase factor
exp�ilθ� can carry OAM of lℏ per photon, where l can be any
integer number, named topological charge. The discovery of
OAM of light has changed the way in which we understand
and employ light. Different from traditional Gaussian beams,
vortex beams exhibit a phase singularity in the center, which
leads a doughnut-shaped intensity profile, as shown in Fig. 1(b).
Figure 1(b) shows vortex beams with helical wavefronts, in
which the number of intertwined helices and the handedness
are dependent on the topological charge l.
Thus far, the most common mode for vortex beams is the

Laguerre–Gaussian (LG) mode, because that mode is a solution
of the Helmholtz equation in the cylindrical coordinate system
under paraxial approximation[4]:

Fig. 1. (a) Linearly polarized light carries no SAM (left) and circularly polarized
light carries an SAM of ±ℏ per photon (right). (b) Wavefront, intensity, and
corresponding phase distribution of vortex beams with topological charge
of l = 0, 1, 2.
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where η = 2p� jlj � 1, zR is the Rayleigh range, Ljljp �x� is the
associated Laguerre polynomial with p being the number of
radial nodes, and ω�z� = ω�0���z2 � z2R�=z2R�1=2 denotes the
1=e radius of the beam with ω�0� being the beam waist.
Besides, there are other types of vortex beams such as non-zer-
oth-order Bessel beams[5] andMathieu beams[6]. Recent decades
have witnessed several ground-breaking demonstrations of
vortex beam in many aspects, ranging from optical communica-
tions[7] and optical micro-manipulation[8] to quantum informa-
tion[9], etc.
In this review, a brief introduction about vortex beams is pre-

sented in Section 1, and approaches for generation and detection
of OAM will be presented hereinafter. In Section 2, generation
methods including classical optical elements, digital devices,
photon sieve, metasurfaces, and other methods are summarized.
In Section 3, detection methods by the use of interference, dif-
fraction, geometric coordinate transformation, deep learning,
and surface plasmon polariton are reviewed. Finally, we con-
clude and make a prospect in Section 4.

2. Generation of Vortex Beams

Hitherto, to enable emerging applications, varieties of tech-
niques have been proposed for the generation of vortex beams
over the past few decades[10,11]. Here, we review the generation
methods including classical optical elements [such as mode con-
version, spiral phase plate (SPP), and computer-generated holo-
grams], digital devices [such as spatial light modulator (SLM)
and digital micro-mirror device (DMD)], photon sieve, more
recently metasurfaces, and other methods (such as q-plate
and active vortex laser generators).

2.1. Using classical optical elements

2.1.1. Mode conversion

In the early years, laser beams carryingOAMwere quickly devel-
oped both theoretically and experimentally. Particularly,
Beijersbergen et al. first generated such beams experimentally
by the use of two cylindrical lenses called a mode converter[12],
where LG modes of arbitrary order can be transformed directly
from the Hermit–Gaussian (HG) modes by introducing a Gouy
phase shift between the horizontal and vertical directions and
vice versa. For this reason, we will introduce this first-
discovered, to the best of our knowledge, method briefly in
the following part.

In order to obtain beams carrying OAM, it is necessary to
introduce a phase difference of π=2 in two vertical directions
for the conversion between the HG and LG modes. As shown
in Fig. 2(a), the π=2 converter consists of two identical cylindri-
cal lenses. Specifically, cylindrical lenses placed at the distance of���
2

p
f and 2f are known as π=2 and π converters, respectively.

The LG mode with azimuthal index l = n −m and radial index
p =min�n,m� can be generated by passing an HG mode with
indices m and n through a π=2 mode converter. Despite that,
optical vortices can be produced as such, the HG mode of high
order is still required, and a complex optical system is inevitable.
Moreover, in the case of an illuminating LG beam, the π con-
verter can reverse the sign of topological charge.

2.1.2. Spiral phase plate

It is well known that phase modulation can be achieved through
spatial variations of thickness or refractive index. In this section,
we will introduce the SPP, as it is one of the most commonly
used refractive optical elements, which is usually considered
to be the basis of various other alternative phase-modulation
methods. As shown in Fig. 2(b), SPP is a transparent plate with
a spiral thickness profile, where the optical height is propor-
tional to the azimuthal angle[13,14]. With spiral phase retarda-
tion, one can note that optical beams with a helical wavefront
can be directly transformed by an SPP.
One of the prominent attributes of generating a helical beam

by SPP is that the conversion efficiency is extremely high and
can almost reach 100%. The SPP alleviates restriction on the
incident light, for instance, a glass SPP can take high-power laser
illumination without the requirement of an HG laser source or
changing the direction of propagation. Nevertheless, since a
supremely high precision is required for the manufacturing
technique, the imperfection is also obvious due to the fact that
the fabrication of the SPP with perfectly smooth variation in
height is unattainable. Therefore, in most cases, approximate
versions are manufactured in the implementation, where the
smooth surface is replaced by many discrete steps[15]. As such,
the performance of the fabricated SPP can be affected. More

Fig. 2. Schematic diagrams of (a) π2 converter, (b) SPP, (c) fork grating holo-
gram, and (d) spiral zone plate with topological charges of l = 1.
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importantly, a specific SPP is only for the generation of optical
vortices with specific topological charge, and it is rather sensitive
to the wavelength of the incident light.
Based on the aforementioned drawbacks, many approaches

have been proposed over the past few decades. For instance,
an adjustable SPP can achieve various values of topological
charges and be used in a wide range of wavelength at the same
time[16]. Recently, a flat SPP was introduced, the height of which
remains unchanged, whereas the refractive index increases with
the azimuthal angle[17]. Note that the accuracy of the generated
optical vortices increases with an increasing number of phase
steps. To simplify the fabrication procedure to the minimum,
a recent study shows that only three phase steps are sufficient
to generate the OAM mode accurately instead of a continuous
variation using the method of modal decomposition[18].

2.1.3. Computer-generated holograms

Holography is an approach to record and reconstruct the inten-
sity as well as the phase of the optical field. Holographic optical
elements such as fork grating and spiral zone plate are methods
commonly used to generate optical vortices. It was Soskin et al.
who first, to the best of our knowledge, proposed the concept of
the fork grating[19–21]. The l-pronged fork dislocations indicate
the topological charge l, and the reversed direction presents an
opposite sign. In order to reconstruct the desired light, the inter-
ference pattern of a tilted plane light with complex amplitude of
Φ1�x,y� = A1�x,y� exp�iϕ�x,y�� and a vortex light with complex
amplitude of Φ2�x,y� = A2�x,y� exp�ilθ� should be obtained as
the first step. After interference, the intensity is

I = B1�x,y� � B2�x,y� expfi�ϕ�x,y� − lθ�g
� B2�x,y� expf−i�ϕ�x,y� − lθ�g, (2)

where B1�x,y� = jA1�x,y�j2 � jA2�x,y�j2 and B2�x,y� = A1�x,y� ·
A2�x,y�. Then, binarize the fork-shaped grating, and record it on
a photographic film using a lithography technique. Supposing
Φ1�x,y� as the reference wave, the following beams can be
generated: B1�x,y� exp�iϕ�x,y�� � B2�x,y� expfi�2ϕ�x,y� − lθ�g�
B2�x,y� exp�ilθ�, where the first term represents an unmodulated
plane wave, the second term is the combination of a vortex wave
and a reference wave, and the third term is the desired vortex
wave. Note that optical vortices with varying topological charges
can be produced by a single fork grating, while the efficiency can
be different. Figure 2(c) shows that optical vortex beams are dis-
tributed at different transverse locations with different orders of
diffraction.
Apart from the fork grating, the spiral zone plate is another

computer-generated hologram that is mostly used to generate
vortex beams[22,23]. In a cylindrical coordinate system �r,ϕ,z�,
the spherical vortex beam can be simply expressed as the spheri-
cal wave multiplied by the azimuthal term[24],

ΦSVW ∝
exp

h
2πik
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where the center of the spherical wave is r = 0 and z = z1. The
hologram of a reference plane wave constructed with this spheri-
cal vortex beam can be expressed as
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Particularly, the spiral zone plate can be degraded to a regular
Fresnel zone plate with l = 0. In practice, these computer-gen-
erated holograms are normally binarized for the fabrication of
masks that can be given as follows:
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where L is the focal length, and rn is the innermost radius of the
nth zone. Figure 2(d) shows the generation of a vortex beamwith
the spiral zone plate. Moreover, a series of vortex beams can be
produced by a single micro-fabricated spiral zone plate at differ-
ent positions along the propagating direction. The topological
charge of the nth-order vortex beam can be n times larger than
that of the first-order vortex beam. An electron vortex beam
with a topological charge of 90 was observed in a higher diffrac-
tion order.
The difference between the fork grating and the spiral zone

plate that comes in the beam to generate the hologram is either
a plane wave or a spherical wave. As mentioned above, refractive
SPP increases the topological charges with an increasing thick-
ness, whereas in the computer-generated holograms, only more
lines in the pronged dislocation or spirals are required to be
increased. Therefore, especially in the case of higher values of
topological charges, the fabrication of computer-generated
holograms can be much easier than that of SPP.

2.2. Using digital devices

As introduced above, optical vortices can be generated by holo-
graphic approaches such as a fork-shaped grating and a spiral
zone plate. However, an optical element can only generate an
optical vortex beam with specific topological charge, which is
inconvenient in experiment.What makes suchmethods particu-
larly attractive is the digital devices such as a commercial SLM
that typically include liquid crystal displays, positive transpar-
ency film, and a DMD. The SLM consists of substantial liquid
crystal molecules independently modulated by corresponding
applied voltage. SLM is an electro-optical device that enables
us to manipulate the amplitude and phase of the light field,
which can be classified into two types as reflective SLM based
on liquid crystal on silicon and transmissive SLM based on
transparent liquid crystal displays[25]. As such, vortex beams
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can be generated and detected by computer-generated holo-
grams encoded on SLMs. Figure 3(a1) shows the schematic
diagram of the experimental apparatus for multiplexing and
de-multiplexing OAM modes for free-space communication, in
which one SLM is used for mode creation, and the other is used
for mode detection[26]. Figure 3(a2) shows phase holograms and
corresponding far-field diffraction patterns under plane wave
illumination. In Fig. 3(a3), optical vortex beams were generated,
and the l = 0 component denotes the correct alignment of the
system. Compared with static optical elements, the modulation
by the use of SLM can be achieved in real time, which greatly
simplifies the experimental process, while the quality of the gen-
erated vortex beam is influenced by the number of pixels.
DMD, as another candidate to generate vortex beams, is able

to control incident light with high frame rate and a great number
of spatial degrees of freedom. DMD is composed of tremendous
high-speed digital switches such as aluminum reflective mirrors
that can be modulated independently pixel by pixel. The reso-
lution is determined by the number of pixels, and a small num-
ber of pixels may cause the quantization errors in encoding
intensity and phase, and thus a larger number of micro-mirrors
is preferable for high-quality beam generation. Binary data are
sent to the static random access memory of DMDs and produce
an electrostatic charge distribution, causing the deflection angle
of each individualmicro-mirror to be either−12 or�12 degrees,
corresponding to “off” or “on” state. Beam shaping can be real-
ized by switching the micro-mirrors on and off rapidly.
Compared with liquid crystal displays absorbing up to 90% of
the incident light with low transmittance and contrast, the
DMD is a reflective SLM that can improve the image quality

with higher throughput and superior diffraction efficiency[27].
Normally, owing to the viscosity of the liquid crystal, techniques
based on liquid crystal SLM are limited by the switching rate. As
an alternative beam shaping method, the DMD enables binary
control (on or off) of the beams, the switching rate of which is
extremely high in excess of 20 kHz, circa two orders faster than
that of typical phase only SLMs[28].
Similarly, optical vortices can be dynamically generated by

DMD with spatially controllable phase and intensity. One of
the most commonly used techniques for phase modulation by
use of DMD is Lee holography[29]. For low resolution fields, it
was shown that Lee holography with pixel dithering generated
LG modes with the purity above 94%[30]. In 2010, Ren et al. suc-
cessfully transformed Gaussian beams into LG beams with dif-
ferent topological charges through projecting fork-shaped
gratings on the DMD[31]. Later in 2013, Mirhosseini et al. pro-
posed a technique to dynamically encode both phase and ampli-
tude onto the laser beam through a DMD, realizing generation
of OAMmodes with rapid switching[32]. Figure 3(b1) shows the
experimental setup for generating perfect vortex beams by the
use of amplitude DMD. Figure 3(b2) shows the intensity and
phasemask pattern calculated with the Lee and superpixel meth-
ods, respectively. Figure 3(b3) represents the fidelity and effi-
ciency comparison between those two common methods with
topological charges from 1 to 100[33].
Compared with conventional techniques, generating OAM

modes by DMDmakes it possible to switch modes at a very high
speed with less optical elements. The superpixel method can
independently control the amplitude and phase of light with
high resolution by combining a spatial filter and a DMD[34].

Fig. 3. Generation of optical vortex beam with digital devices: (a) SLM, (b) DMD. Schematic diagram of experimental apparatus of (a1) SLM and (b1) DMD. (a2) Phase
holograms and corresponding far-field diffraction patterns. (a3) Generated vortex beams and OAM spectra[26]. (b2) Simulated and experimental results of vortex
beams with l = 20 by the Lee method and superpixel method, respectively. (b3) Fidelity and efficiency of the two methods[33].
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By use of a clock signal to achieve the switching and load com-
puter holograms onto the memory of the DMD, the quantum
number of generated OAM modes can be switched at the speed
of 4 kHz. Actually, for the commercially available DMD (TI
DLP7000), the switching speed can be achieved as high as
32 kHz. More importantly, compared with the phase only
SLM, the cost of the DMD can be much lower. However, it is
noted that the efficiency of OAMmodes generation is measured
to be only 1.5%, and the maximum theoretical efficiency of the
binary amplitude grating is circa 10%, whereas the efficiency of
phase only SLMs is usually above 50% and can even reach 90%.
Compared with the Lee holographymethod, the fidelity and effi-
ciency of the superpixel method can be improved.

2.3. Using photon sieves

Apart from the aforementioned methods, a binary amplitude
mask is usually used to shape both the phase and amplitude
of lights; one example is the photon sieve composed of a large
number of pinholes that can tightly focus the incident light.
In 2001, Kipp et al. proposed a photon sieve with transmissive
pinholes with designed diameters and distribution in order to
overcome the limitation in spatial resolution, reduce unwanted
diffraction orders, and further eliminate the scattered intensity
by the conventional zone plate[35]. A prominent attribute is that
the photon sieve is simple to bemanufactured due to its self-sup-
porting structure in the design. Originally, the photon sieve is an
optical diffractive element that consists of annularly distributed
pinholes based on the Fresnel zones to improve the spatial res-
olution and focusing ability for soft X-rays. Limitations using
conventional zone plates can be overcome by pinholes with
varying diameters rather than concentric rings as basic dif-
fracting elements. Owing to the non-absorbent characteristic,
the photon sieve can be used in a broad spectrum ranging from
far infrared to visible light, extreme ultraviolet, and X-rays. The
light field passing through the photon sieve is controlled by the
parameters of holes such as their position, number, and size. The
focal length of the photon sieve is inversely proportional to the
wavelength so the chromatic aberration can be obvious. The
diameter of the outermost ring will be smaller with a larger
radius, and thus higher resolution can be achieved.
In 2015, Qiu et al. proposed an ultrahigh-capacity photon

sieve containing subwavelength holes arranged in two structural
orders of aperiodicity and randomness[36]. The aperiodic pho-
ton sieve composed of 7240 holes with varying size is used to
realize sub-diffraction-limit focal spot (full width at half-maxi-
mum ∼0.32λ), and the random photon sieve acts as an uniform
optical hologram with high diffraction efficiency. Such a hybrid
method combining the aperiodic and random photon sieve is
viable for manipulation of the polarization, amplitude, and
phase of the visible light aiming at superfocusing and high-qual-
ity holograms. Figure 4(a1) shows the schematic view of the spi-
ral photon sieve, and the concept of photon sieves was extended
to spiral photon sieves for the generation of the hard X-ray vor-
tex beams[37]. As illustrated in Figs. 4(a2) and 4(a3), vortex
beams with topological charge of l = 1 were generated by the

use of a spiral zone plate and spiral photon sieve, respectively.
One can note that the spiral photon sieve has lower background
noise and better spatial resolution than the spiral zone plate
under specified conditions. Moreover, Liu et al. demonstrated
generalized photon sieves based on the photon sieve first, to
the best of our knowledge, introduced by Kipp et al. in 2001
as a generalization to generate an arbitrary structured complex
field by simple pinhole arrays. Compared with the original pho-
ton sieve, the designed generalized photon sieve consists of only
a few hundred instead of thousands of pinholes to create struc-
tured beams at the focus. Figure 4(b) shows the photon sieves
(middle), target field (top), and experimentally measured fields
(bottom) for the generation of LG beams with l = 5, p = 4
[Fig. 4(b1)] and the superposition of two LG beams with l = ±5,
p = 0 [Fig. 4(b2)], in which the distribution of pinholes is similar
to the required amplitude of the target beam itself[38].
Similarly, vortex beams can be produced by the use of electron

sieves. In 2017, Yang et al. proposed the electron sieves with a
rotationally symmetric structure to flexibly and systematically
generate the electron vortex beams[39]. Figure 4(c) exhibits the

Fig. 4. (a1) Schematic view of the spiral photon sieve. Vortex beams gener-
ated by (a2) spiral zone plate and (a3) spiral photon sieve[37]. (b) Target inten-
sity and phase (top left and right) and experimentally measured intensity and
plane wave interference pattern (bottom left and right) of (b1) the LG beam
with l = 5, p = 4 and (b2) superposition of two LG beams with l = ±5, p = 0[38].
(c) Electron vortex beam generated by rotationally symmetric mask based on
Archimedean spirals[39]. (d) Schematics of simulated mask, intensity profile,
and OAM spectrum (left to right) for the generation of photonic gear with
l = ±5[40].
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electron sieve, intensity, and phase distribution (left to right) of
the generated vortex beam using a rotationally symmetric mask
based on Archimedean spirals. Different from spiral computer-
generated holograms, where different OAM modes are focused
at different on-axis positions, while others exist only in the back-
ground, this kind of electron sieve can generate compound vor-
tex beams with three bright rings (l = −11, 44, and 55). Later in
2019, the same research group further produced an optical vor-
tex beam with unique OAMmodes by a simple pinhole plate[40].
Also, superposition of OAM modes with opposite topological
charges, known as photonic gears, is generated using pinhole
plates. Suppose that the pinhole plate is composed of several spi-
rals; the radial and azimuthal expressions of the nth pinhole in

the mth spiral are rn = ±�lzλαnπ � r20�1=2 and αm,n = ±�2πnN � 2πm
M �,

respectively. As shown in Fig. 4(d), photonic gear with l = ±5 is
generated by a pinhole plate, and the intensity pattern exhibits a
2l petal-like structure as expected. The OAM mode spectrum
shows that the purity of generated OAM modes is fairly high.

2.4. Using metasurfaces

In traditional methods, changing phase by accumulating the
propagation distancemakes it very bulky to generate optical vor-
tices and restrains further development in integrated optics, and
thus elements with smaller size are imperative to generate opti-
cal vortex beams for the OAM-based applications at miniature
scales. Metasurface, an equivalent two-dimensional device, is
constructed by artificial arrays of meta-atoms etched on the
ultrathin plate that can control the phase, amplitude, and polari-
zation state arbitrarily. The incident light can be imparted with a
space-variant abrupt phase change through an ultrathin meta-
surface instead of acquiring the desired phase change via the
propagation effect. The metasurface revolutionized the concept
of light manipulation and paved the way to the construction of
ultrathin optical devices.
Two primary approaches to design themetasurfaces are based

on Pancharatnam–Berry (PB)/geometry phase, dynamic phase,
and detour phase[41–44]. A metasurface using geometry phase is
composed of anisotropic subwavelength nanoantennas with
spatially varying orientation that can tailor the light field pixel
by pixel. As shown in Fig. 5(a), focused perfect vortex beams
with annular ring intensity independent of topological charges
were generated by the metasurfaces consisting of rectangular-
hole nanoantennas combining the phase profiles of the SPP,
Fourier transform lens, and axicon based on the geometry
phase[45]. The principle advantage of this type of metasurface
is the independence of the inherent dispersion; thus it can be
used in a wide range of spectra. Considering that the incident
light is right-handed circularly polarized with a normalized
Jones vector 1=

���
2

p �1,i�, transmittance light passing through
the metasurface can be decomposed into two components
including a polarization-residual term with the original
polarization state and a polarization-converted term with an
orthogonal polarization state, the electric field of which can
be expressed as[46]

~ERCP
out =~E
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con �~ERCP
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i

��
, (6)

where A and B represent amplitudes of the converted and
residual parts, and ~ERCP

con and ~ERCP
res denote the electric field of

the converted and residual terms, respectively. One can note
from the expression that there is an abrupt phase change in
the converted part due to the spin-orbit transformation in aniso-
tropic and inhomogeneous media, whereas there is no phase
delay in the residual part. Moreover, the polarization-converted
term can be imparted with an phase shift variation 2ϕ with a
spatial orientation angle ϕ.
Other than the geometry phase, another dominant approach

to design a metasurface is modifying the transmission phase
by changing the meta-atoms, known as dynamic phase. The
geometries of meta-atoms can be any shape ranging from cross
slits[47,48], nanofin[49], and u-shaped slot[50] to v-shaped
antenna[51,52], etc. A typical metasurface based on dynamic
phase is shown in Fig. 5(b), where different sizes of nanoholes
are distributed in eight fan-shaped sections, realizing the phase
tuning of (0, 2π)[53]. However, owing to the strong absorption in
metallic materials, metasurfaces etched on a metallic structure
suffer much loss in the visible spectrum, whereas it can be used
in the higher wavelength spectrum such as infrared light.
Moreover, vortex beams can be generated by metasurfaces

based on the combination of dynamic and geometry phase.
Figure 5(c) shows a metasurface as a J plate composed of rectan-
gular-shaped nanoantennas with different sizes, which coverts
right and left circular polarizations into states with independent
values of OAM[54]. Consider that two orthogonal polarization
states can be expressed in the linear polarization basis jλ�i=h cos χ
eiσ sin χ

i
, jλ−i =

h − sin χ
eiσ cos χ

i
, where σ and χ are related to

the polarization states. The Jones matrix for the J plate can be
written as

J�ϕ� = eiσ
�
eiσμ1�ϕ� sin 2χ

2 ν�ϕ�
sin 2χ
2 ν�ϕ� e−iσμ2�ϕ�

�
, (7)

where ϕ is the azimuthal angle, n andm are integers that control
the output OAM, μ1�ϕ� = eimϕcos2χ � einϕ sin2 χ, ν�ϕ�=
eimϕ − einϕ, and μ2�ϕ� = eimϕ sin2 χ � einϕcos2χ. Thus, it can
be found that J�ϕ�jλ�i = eimϕj�λ���i and J�ϕ�jλ−i=
einϕj�λ−��i, as illustrated in Fig. 5(c), where light with spin state
jλ�i (jλ−i) illuminates on the J plate, and a vortex beam with
topological charge of m (n) can be generated with flipped
handedness.
Except for generation of a single vortex beam, as illustrated in

Fig. 5(d), metasurfaces composed of three parts can generate
multiple optical vortex beams at different focal planes, combin-
ing the functionalities of a lens and an SPP[55]. Nevertheless,
each approach has its own limitations for the generation of vor-
tex beams. For metasurfaces based on geometric phase, the
purity of the generated vortex beam is sensitive to the dichroism
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of the material, especially for vortex beams with high-order
topological charges. The metasurface has fundamentally revolu-
tionized the generation and manipulation of optical vortex
beams, which has potential in the fields of optical communica-
tions, integrated optics, etc.

2.5. Using other techniques

Most traditional devices can be damaged with high-power laser
illumination; hence approaches such as the foil-made light fan
and s-plate were introduced to produce optical vortex
beams[56,57]. Optical retarder elements with azimuthal rotation
of principle axes such as s-plate and q-plate have attracted much
attention. The s-plate is a superstructured half-wave plate polari-
zation converter that can be used to produce optical vortices and
beams with azimuthal/radial polarization[58]. Liquid crystal q-
plate, as a spatially non-uniform birefringent optical element,
has been researched due to its ability to manipulate both the
SAM and OAM of photons[59]. The q-plate is a birefringent
device that consists of liquid crystal retarders, the optical axes
of which are rotated with respect to the center of the device,
and the retardance of each retarder can be manipulated by
the applied voltage. Defining the direction at the x axis as ϕ0,

the rotation angle of the liquid crystal retarder can be expressed
as α�r,ϕ� = qϕ� ϕ0, where q is the topological charge of the
q-plate.
Similar to the half- and quarter-wave plate, the Jones matrix

of a q-plate can be written as[60]

Jq =
�
cos 2α sin 2α
sin 2α − cos 2α

�
, (8)

with the incidence of a right-handed circularly polarized light
Ein = E0 × �1,i�, and the resultant light field can be expressed as

Eout = JqEin = E0

�
cos 2α sin 2α

sin 2α − cos 2α

��
1

i

�

= E0 exp�i2qϕ� exp�i2ϕ0�
�
1

−i

�
: (9)

Noting that a vortex light field with an opposite circular
polarization plus an azimuthal phase is transformed, the topo-
logical charge of which is 2q. Analogously, in the case of a
left-handed circularly polarized incident light, the sign of the
topological charge can be reversed, i.e., the output helical wave-
front is determined by the incident polarization state.

Fig. 5. Generation of optical vortices through metasurfaces based on (a) dynamic phase[45], (b) geometry phase[53], (c) the combination of dynamic and geometry
phase[54], and (d) optical vortex generator with multiple focal planes[55].
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Despite the aforementioned optical elements known as pas-
sive methods, direct generation of vortex beams can also be
achieved from the solid-state laser cavity by active methods,
i.e., optical vortex lasers. Generally, techniques used to directly
produce vortex beams from the laser resonator can be catego-
rized as annular beam pumping, central damaged cavity mirror,
thermally induced mode aperture in side pumped vortex laser,
and computer-controlled vortex laser. The pump beam can be
shaped into an annular beam through the capillary fiber in order
to produce vortex output, where the sign of topological charge
can be controlled by the intracavity etalon angle. Spatial inten-
sity matching between gain volume in the laser resonator and
LG0,l modes can be achieved by annular beam pumping, realiz-
ing the generation of LG0,l modes with high value of l up to
200[61]. Moreover, vortex beams can be generated by the cavity
mirror with removed reflective surface, i.e., a central damage
spot[62]. Oscillation of the LG mode can be produced with sup-
pressed lower-order Gaussian mode after passing through the
damage spot, the size of which is supposed to be well matched
to the resonator mode size. Also, vortex beams can be directly
generated through the laser systemwithout the need of any addi-
tional beam shaping elements such as an annular pump beam
and the damaged mirror introduced above[63]. Such a laser sys-
tem employing theNd:YVO4 slab crystal can efficiently suppress
the Gaussianmode and produce a preferential vortexmode once
the pump level is beyond the threshold, resulting in the gener-
ation of vortex beams. In addition, applying SLM to the laser
cavity makes it possible to flexibly tailor vortex beams with
an arbitrary phase and intensity profile, in which an SLM acts
as the resonator mirror. It was demonstrated that laser modes
including Airy beams, HG, and higher-order LGp,l modes were
successfully generated by a computer-based laser system. Due to
the optical damage of the SLM, the power scaling of such sys-
tems is still limited[64].
Moreover, despite optical vortex beams or electron vortex

beams, plasmonic waves can possess OAM as well, known as
a plasmonic vortex. Surface plasmon polaritons are collective
oscillation of incident electromagnetic waves coupled with elec-
trons on the metal surface confined to the interface that exhibit
evanescence in the direction perpendicular to the interface. The
energy of the plasmonic field is confined in a subwavelength
scale that can be used to surmount the conventional diffraction
limit and provide colossal local field intensity. To generate plas-
monic vortices with specific topological charge, elements such as
plasmonic metasurfaces and plasmonic vortex lenses have been
researched[65]. It has been shown that plasmonic waves carrying
well-defined OAM can be generated by illuminating incident
lights to the metal surfaces with various subwavelength struc-
tures such as nanoslits[66], nanoholes[67–69], and gratings[70].

3. Detection of OAM

Vortex beams have been widely used in the fields of optical com-
munication[6,7], optical trapping[71,72], quantum informa-
tion[73,74], etc. Therefore, it is imperative to measure the

topological charges of vortex beams. In this section, various
methods for the detection of OAM are reviewed based on inter-
ference and diffraction method, geometric coordinate transfor-
mation, deep learning, and surface plasmon polaritons.

3.1. Using interference method

There are many methods to measure the OAM of vortex beams
by the principle of interference, among which themost basic one
is interfering with a tilted plane wave so that a fork-shaped inter-
ference pattern can be exhibited[22]. In this case, as introduced in
Section 2, the interference pattern is similar to the fork grating
with l-dislocation fringes, the direction of which is dependent on
the sign of the corresponding topological charge, and thus the
OAM of the vortex beam can be effectively detected.
Moreover, when the vortex beam interferes with a coaxial plane
wave, it can be expected to be a petal-like interference pattern,
the number of which is jlj due to its spiral phase factor exp�ilϕ�.
Interfering with the spherical wave instead of the plane wave, the
interference pattern will be helical fringes, and the number of
fringes is also l[75,76]. Also, the vortex beam can be measured
by interfering with its mirror image[77,78].When the vortex beam
with topological charge l is reflected by a mirror, the rotation
direction of the reflected beam can be reversed with the topologi-
cal charge of −l. Then, interfering the vortex beam with its mir-
ror image, a 2l petal-like interference pattern can be obtained.
The OAM of the vortex beam can be detected by the use of

double-slit interference[79]. Figure 6(a) shows the phase distribu-
tion of a vortex beam with l = 1, in which the azimuthal angle
varies from 0 to 2π in one cycle. As such, after passing through
two slits, one can note that the phase variation between the left
and right slits is also 0–2π, resulting in additional phase differ-
ence along the y direction. Meanwhile, the optical path length
difference between the observation spot and slits remains the
same, and thus the additional phase that only comes from the
azimuthal phase variance along the wavefront is added to the
interference intensity distribution. As a consequence, the phase
change leads to the shift of the interference fringe in the x direc-
tion, the number of which indicates the topological charge of
incident light, and the corresponding sign can be identified by
the direction of fringe. The double-slit interference method is
easy to realize with a simple optical element, and the value of
the topological charge can be identified merely with naked
eyes[80]. This method can be further applied in the case of par-
tially coherent beams[81], single photons[82], etc.
In addition, other methods have been proposed to detect

the OAM of vortex beams such as dynamic angular double
slits[83–85] and multipoint interferometer[86,87]. When a vortex
beam with topological charge of l is vertically incident on the
dynamic angular double slits, light can only pass through two
slits, as shown in Fig. 6(b). The interference intensity can be con-
verted to the voltage by a photoelectric detector, where the volt-
age is maximum with the constructive interference and vice
versa. It can be observed that the received signals are periodic,
and the number of peaks equals the absolute value of topological
charge except the first split peak. Due to its continuous scanning,
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the dynamic angular double-slits interference can be used to
detect OAM modes with larger topological charge. Moreover,
a multipoint interferometer composed of uniformly distributed
circular holes can discriminate the topological charges of inci-
dent vortex beams based on different interference patterns[86].
However, it is only available for vortex beams with lower
OAM, because the interference patterns will repeat periodically
with higher topological charges. Based on these defects, an
improved multipoint interferometer with larger pinholes was
proposed, as shown in Fig. 6(c). Because larger pinholes make
it possible to get more information of incident beams, the
improved multipoint interferometer can distinguish vortex
beams with higher OAM[87]. Intensity patterns for vortex beams
with varying OAMmodes by the use of a multipoint interferom-
eter (upper) and improved multipoint interferometer (lower)
are exhibited, respectively.
The Mach–Zehnder interferometer with Dove prisms can

also be used to measure OAM states of vortex beams[88,89].
When the Dove prism rotates ψ=2 along the long axis, the phase
of the incident beamwill rotate ψ after passing through the Dove
prism. Assuming that the incident light is a vortex beam carrying
topological charge of l, the phase difference of Δ = lψ can be

generated between beams along two arms. On this basis,
Leach et al. proposed a method to effectively distinguish a sin-
gle-photon OAMmode, where photons with odd and even l can
be divided into two different outputs[89]. As shown in Fig. 6(d),
arbitrary OAMmodes can be measured by cascading additional
Mach–Zehnder interferometers with different rotation angles.
Moreover, methods such as a Sagnac interferometer were
proposed to measure the topological charge with better
stability[90,91].

3.2. Using diffraction method

Typically, detection of OAM based on diffraction can be divided
into the aperture diffraction method[92–95], grating diffraction
method[26,96,97], cylindrical lenses[98,99], etc. The vortex beam
is incident on a triangle or square aperture, and the value of
its topological charge can be detected from the diffraction pat-
tern in the far field. The aperture diffraction method was firstly,
to the best of our knowledge, proposed by Hickmann et al. in
2010[92]. As shown in Fig. 7(a), the diffraction pattern of a vortex
beam passing through an equilateral triangular aperture can
reflect its topological charge l. To be specific, the topological
charge of the incident vortex beam is l = N − 1, where N is
the number of points on any side of the triangular lattice array.
The sign of topological charge l can be distinguished by the rota-
tion direction of the diffraction pattern. Similarly, the far-field
diffraction intensity distribution is also a triangular lattice array
after passing through the annular triangle aperture, where the
diffraction intensity distribution becomes clearer with a higher
ratio of inner/outer apertures[94]. For the square aperture, the
lattice array is square, and the absolute value of the topological
charge can be detected similarly, whereas it is unachievable to

Fig. 6. (a) Left to right: phase distribution of a vortex beam with l = 1, the spiral
phase passing through the double slits, and interference intensity distribu-
tion[79]. Schematic and results of (b) angular double-slits interference
method[83]; (c) improved multipoint interferometer[87]; (d) Mach–Zehnder
interferometer with a rotating Dove prism and cascading interferometers[89].

Fig. 7. (a) Diffraction patterns of triangular aperture[92]. (b) The intensity dis-
tribution of the vortex beam is measured by a cylindrical lens[99].
(c) Schematic and results of the gradually changing period grating[97].
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distinguish the sign of topological charge[95]. When the topo-
logical charge of the incident beam is odd, the relationship
between the number of dots and the topological charge can
be expressed as l = 2N − 1, otherwise l = 2N − 2.
A cylindrical lens is a kind of aspheric lens that can effectively

reduce spherical and chromatic aberration with the function of
one-dimensional amplification. Asmentioned in the second sec-
tion, a mode converter consisting of a cylindrical lens can con-
vert an HG beam into an LG beam and vice versa. Based on the
theory, detection of OAM can be realized by the use of a cylin-
drical lens[98,99]. Since the optical-field distribution of the HG
beam is an orderly arrangement of multiple light spots related
to its order, an LG beam can be transformed into an HG mode
by a cylindrical lens, and its topological charge l can be directly
identified based on the diffraction light field. Figure 7(b) shows
the experimental results with incident vortex beams, where the
topological charges are 0, 1, 2, : : : , 10, and 20, respectively.
One can note that vortex beams can be generated using com-

puter-generated holograms. A vortex beam with topological
charge l can be generated at the first diffraction order with a
Gaussian beam passing through an l-dislocations fork-shaped
grating. Similarly, a vortex beamwith−l can be transformed into
a fundamental mode Gaussian beam by eliminating its helical
phase through an l-dislocations fork-shaped grating, and thus
the detection of OAM can be realized. However, this method
is only appropriate for vortex beams with specific OAM, and
multiple holograms are needed for the detection of different
OAM modes, resulting in the low efficiency. Therefore, more
complex holograms were proposed by superimposing multiple
holograms based on the Daman grating, making it possible to
measure multiple topological charges through a single gra-
ting[26]. However, the efficiency is still not high enough due
to the energy of the incident beam being distributed to every out-
put mode. After that, the gradually changing period grating was
presented[97], as shown in Fig. 7(c). In the positive first-order
diffraction pattern, the light spot is divided into stripes, the
number of dark stripes is equal to the value of topological charge,
and the direction of the light spot corresponds to its sign.
Alignment is not neccessary in such a method, while the diffrac-
tion efficiency is relatively low so that it only reaches 10%.
Moreover, the annular grating is another kind of grating that
can measure the vortex beams with fractional topological charge
from 0.1 to 1 and higher-order topological charge as high as ±25.
Usually, the annular grating can be categorized as phase and
amplitude gratings. Compared with the aforementioned gra-
tings, an annular grating can realize detection with high effi-
ciency and no alignment requirement[100].

3.3. Using geometric coordinate transformation

Separation of OAM modes by the use of geometric coordinate
transformation is also an effective method for vortex beams
detection, the basis of which is the conversion from OAM into
linear momentum[101,102]. In this method, diffractive optical ele-
ments convert the spiral phase related to the topological charge
into transverse phase gradient, and the lens focuses input vortex

beams with different topological charges to different transverse
positions. As shown in Fig. 8(a), three SLMs are used to generate
vortex beams (SLM1), convert the azimuth position in Cartesian
coordinates to the transverse position in log-polar coordinates
(SLM2), and correct the phase distortion introduced by the geo-
metric coordinate transformation (SLM3), respectively. Optical
lenses L1 and L2 are used for Fourier transformation and focus-
ing the transformed lights. As such, OAM states of the vortex
beam can be measured according to intensity distribution on
the detection plane. This method can be used to identify the
superposition of multiple vortex beams with different topologi-
cal charges.
As introduced above, the log-polar transformation truncates

the azimuthal light field of the vortex beam and transforms it
into a plane wave with only a finite length, and thus focusing
spots produced by vortex beams with adjacent topological
charges overlap slightly due to the existence of the diffraction
limit, causing mutual crosstalk. Based on this, Chen et al. pro-
posed the concept of spiral transformation[103]. Different from
log-polar transformation, the new helical coordinate transfor-
mation decomposes the vortex beam along the helical path
and transforms it into an oblique plane wave mode, as shown
in Fig. 8(b). As a result, more phase information of the vortex
beam can be obtained in the plane wave after spiral transforma-
tion, and higher resolution can be achieved owing to smaller
spots formed after focusing.
Log-polar transformation requires two phase elements for

mode separation, and the alignment of these two elements is
very strict. In order to improve the miniaturization of the optical
system, more designs have been proposed, such as integration of

Fig. 8. (a) Phase profiles of the transforming and the phase-correcting opti-
cal element (top). Schematic of the optical system (bottom)[101]. (b) Schematic
diagram and results of log-polar transformation and spiral transformation for
OAM modes sorting[103]. (c) Schematic and results of the detection of SAM and
OAM by photonic momentum transformation[104].

Vol. 20, No. 1 | January 2022 Chinese Optics Letters

012601-10



expansion and correction and non-paraxial log-polar transfor-
mation[105–107]. Moreover, metasurfaces can be used for the
detection of OAM[108,109]. A single azimuthal-quadratic phase
metasurface that combines geometric phase and dynamic phase
can realize coordinate transformation and focusing simultane-
ously[104]. Such an optical device cannot be easily realized by
either diffractive or refractive optics. Vortex beams with differ-
ent topological charges can be transformed into focusing trans-
verse plane modes by photonic momentum transformation. As
shown in Fig. 8(c), the shape of focusing patterns can be almost
neglected, and a rotation is exhibited along the circle. Also, the
SAM can be detected due to the geometric phase being spin-
dependent, and the phase profile will be reversed with an oppo-
site spin direction. Such a method can also measure vector vor-
tex beams with polarization and phase singularities and OAM
modes with a certain interval step.

3.4. Using deep learning

Recently, deep learning has been widely used in the fields of
image processing with its powerful advantages of data analysis
and information processing by the use of local connection,
shared weight, pooling, and multi-layer structure[110]. Typically,
a neural network is composed of convolutional layers, pooling
layers, and fully connected layers. The convolutional layer is
used to detect the local combination of features from the pre-
vious layer, the pooling layer is used to merge semantically sim-
ilar features into one, and the fully connected layer is used to
realize the classification.
In the free-space communication system, atmospheric turbu-

lence can cause wavefront distortion of the transmitted beams,
which is a serious challenge for OAM-based communication
systems. Owing to the rapid development of machine learning,
especially deep learning technology, vortex beams detection
based on the convolutional neural network (CNN) has gradually
emerged in recent years[111–114]. Under different atmospheric
turbulence, Li et al. proposed a multi-layer representation learn-
ing with high accuracy to recognize OAM modes of multiple
vortex beams[112], as shown in Fig. 9(a). At the transmitter,
Gaussian lights are modulated into different modes of vortex
beams and then transmitted through the atmospheric turbu-
lence channel. At the receiver, the intensity images of vortex
beams are collected. The received intensity images of vortex
beams transmitted through different atmospheric turbulences
are resized to speed up the training process, then the convolu-
tional layers extract image features, the pooling layers compress
the dimensions, and finally a fully connected layer output
results. Later, Wang et al. designed a special six-layer neural net-
work, which can effectively identify OAM modes with different
turbulence intensity levels, transmission distances, and mode
spacings under reasonable computational complexity and accu-
racy, as shown in Fig. 9(b)[113]. Moreover, Dedo et al. proposed a
joint scheme of the Gaussian algorithm and CNN. After initial
recovery of the vortex beams intensity distribution using the
Gerchberg–Saxton (GS) algorithm, CNN classifies multiple

LG beams to obtain better recognition performance and higher
accuracy[111].
In addition, Liu et al. proposed a superhigh-resolution recog-

nition scheme based on deep learning with fractional topological
charges of the 0.01 level. Through changing the phase, the same
OAMmode can get different intensity maps, which can generate
a large number of intensity maps and send them to neural net-
work training, as shown in Fig. 9(c)[115]. To detect high OAM
numbers, Knutson et al. utilized deep neural networks to realize
the recognition of an OAM value up to 100[116]. Different
amounts of Gaussian white noise and multiplicative noise are
added to the vortex beam images to simulate non-ideal experi-
mental conditions. First, a large number of training images are
produced and sent to the 16-layer neural network for learning.
Moreover, Giordani et al. used polarizers to obtain the projec-
tion intensity of the vector vortex beam in various directions.
Then, different Stokes parameters with RGB colors are calcu-
lated and coded to obtain a large number of pictures. Finally,
the CNN network is used to identify the vector vortex beam[117].
As a consequence, with the advantages of low cost, high speed,

high precision, low device processing difficulty, and no

Fig. 9. (a) Numerical model of the OAM-based communication system. CCD
camera, charge-coupled device camera[112]. (b) CNN-based OAM transmission
system scheme. OAM transmission system block diagram, six-layer CNN
architecture[113]. (c) Quantitative analysis of CNN and the recognized OAM
modes with fractional topological charge. Confusion matrix from l = 1.25 to
l = 1.34. First row: phase pictures uploaded on the SLM. Second row: intensity
distributions of vortex modes recorded by the CMOS camera[115].
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redundant optical equipment, the OAM recognition scheme
based on deep learning is still a research hotspot in the field
of OAM optical communication. The technology has potential
application value for realizing large-capacity optical communi-
cation networks based on vortex beams in the future.

3.5. Using surface plasmon polaritons

In conventional methods, regulating the light field by accumu-
lating propagation distance makes it rather bulky, and it is dif-
ficult to break the diffraction limit. Owing to the excellent ability
of manipulating the nanoscale field, surface plasmon polaritons
have aroused interest to detect the OAM of vortex beams,
such as on-chip plasmonic nanogratings[118–122]. In 2012,
Capasso et al. found that the excited plasmonic wave will con-
verge into a spot if a vortex beam is incident on a holographic
grating with matched parameters, and thus its topological
charge can be detected[118]. However, each plasmonic coupler
can onlymeasure a vortex beamwith specific topological charge.
Subsequently, a semi-ring plasmonic nanoslit was proposed for
the discrimination of OAMmodes, as shown in Fig. 10(a). After
vortex beams are illuminated on the nanoslits, surface plasmon
polaritons can be excited and focused into subwavelength spots
at different locations related to topological charge l owing to
constructive interference, the interval of which is around
100 nm between adjacent states[119]. Based on this principle,
OAM states of incident vortex beams can be detected through
positions of multiple focal points. The limitation of such a device
to the interval of neighboring OAM modes is relatively small.
Also, the incident lights are restrained so that only circularly
polarized vortex beams can be measured.

Later, Chen et al. proposed another kind of plasmonic nano-
grating with fringes to couple OAM modes into two bifurcated
surface plasmon polaritons with different splitting angles. As
shown in Fig. 10(b), the splitting angles of plasmonic waves
are strongly dependent on the topological charges of incident
vortex beams, and thus OAMmodes can be detected by different
angles without particular alignment[121]. Also, a composite plas-
monic nanograting was designed to detect the sign of topological
charges, which can unidirectionally couple OAM modes into
surface plasmon polaritons propagating on one side only. As
such, a full measurement of OAM states can be implemented
with the single device. The absolute value of the topological
charge can be discriminated by the angle of launched plasmonic
waves, the sign of which can be measured through its direction.
The above on-chip nanogratings can only achieve the detection
of OAM states rather than the SAM of incident lights. In 2020, a
plasmonic spin-Hall nanograting was designed to measure both
the polarization and phase singularities of incident cylindrical
vortex vector beams[122]. As shown in Fig. 10(c), spin-Hall
meta-slits are integrated onto the symmetry-breaking grating
so that a chiral response can be observed for the discrimination
of polarization. Such on-chip nanogratings would benefit
diverse applications with great potential in integrated photonic
circuits.

4. Conclusion

Vortex beams carrying OAM have broadened the perspectives
in the optical realm owing to unique properties. In this review,
we have summarized approaches and recent advances in the
field of vortex beams generation and OAM detection. Classical
optical elements such as SPP can generate vortex beams with
extremely high conversion efficiency, whereas the requirement
for manufacturing techniques is rather high. With the develop-
ment of liquid crystal technology, digital devices are commonly
used to produce vortex beams for their versatility. Moreover,
binary amplitude masks such as photon and electron sieves
can also be adopted for the generation of vortex beams.
Nanofabrication technology makes it possible to generate such
beams via ultrathin optical devices such as metasurfaces. As for
the detection methods, the interferometer and diffraction gra-
ting can only detect a single topological charge at a time. In
recent years, methods using geometric coordinate transforma-
tion, deep learning, and on-chip plasmonic nanogratings can
further realize the recognition of complex OAM modes. We
review the methods for generating and detecting the OAM in
a concise way to facilitate further research on the vortex beams.
Notwithstanding the aforementioned approaches, there still

exist challenges for both generation and detection of OAM.
For example, the switch speed of SLMs usually hinders real-time
applications in experiments. Promising advances can be
expected once the technology becomes more mature. As for
the detection methods, surface plasmon polaritons, for instance,
have certain limitations such as strict alignment of incident
lights, despite that such a method can promote the development

Fig. 10. Methods for detecting OAM modes based on surface plasmon polar-
iton. (a) A semi-ring plasmonic nanoslit[119]. (b) A nanograting with straight
stripes[121]. (c) A plasmonic spin-Hall nanograting[122].
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of integrated photonic systems. Hopefully, vortex beams in light,
as well as other forms of waves, will continue to thrive and enable
new applications in many other fields[123,124].
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