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The light propagation in the medium normally experiences diffraction, dispersion, and

scattering. Studying the light propagation is a century-old problem as the photons may

attenuate and wander. We start from the fundamental concepts of the non-diffracting

beams, and examples of the non-diffracting beams include but are not limited to the Bessel

beam, Airy beam, and Mathieu beam. Then, we discuss the biomedical applications of

the non-diffracting beams, focusing on linear and nonlinear imaging, e.g., light-sheet

fluorescence microscopy and two-photon fluorescence microscopy. The non-diffracting

photons may provide scattering resilient imaging and fast speed in the volumetric two-

photon fluorescence microscopy. The non-diffracting Bessel beam and the Airy beam

have been successfully used in volumetric imaging applications with faster speed since a

single 2D scan provides information in the whole volume that adopted 3D scan in traditional

scanning microscopy. This is a significant advancement in imaging applications with

sparse sample structures, especially in neuron imaging. Moreover, the fine axial resolution

is enabled by the self-accelerating Airy beams combined with deep learning algorithms.

These additional features to the existing microscopy directly realize a great advantage over

the field, especially for recording the ultrafast neuronal activities, including the calcium

voltage signal recording. Nonetheless, with the illumination of dual Bessel beams at non-

identical orders, the transverse resolution can also be improved by the concept of image

subtraction, which would provide clearer images in neuronal imaging.
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INTRODUCTION

Light propagates rectilinearly and experiences diffraction in daily life [1]. The light diffraction is the
consequence of the violation of the rectilinear propagation. The diffraction is defined as any
deviation from rectilinear propagation [1]. Strong diffraction appears when the transverse
dimensions are comparable with the wavelength. Strong diffraction is more pronounced for long
waves such as water or sound waves, while being less appreciable in optics. The diffraction is in
charge of the beam divergence in the free-space propagation and propagation into the shadow region
[1]. Diffraction, as a natural wave property, features the nonhomogeneous distribution in transverse
intensity. Durnin has introduced the controversial term “non-diffracting beam” into optics in 1987
[2, 3]. Since then, the non-diffracting beams have been intensively investigated in both theory and
experiment. The “non-diffracting” beams do not spread upon propagation [4]. Discussions related to
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the “non-diffracting” term revived interest in light diffraction and
resulted in a new research direction of the localized transfer of
electromagnetic energy in classical optics [1]. Diffraction usually
appears in transversally unbounded beams, e.g., the Gaussian
beam. In a vacuum, the size of the normal Gaussian beam would
increase within the Rayleigh range owing to diffraction. However,
the non-diffracting beam would preserve the size and shape
during propagation for a longer distance than the Rayleigh
range. In optics, non-diffracting propagation can be produced
in media such as a waveguide or nonlinear material. The beams
then propagate as guided modes or spatial optical solitons,
respectively.

Since the prediction, the non-diffracting beam includes a
family of beams that preserve the shape during propagation
and penetrate deeper tissue without degrading the shape
owing to self-recovery [3]. The most commonly used and
successful “non-diffracting” beams are the Bessel beam and
Airy beam. In 1979, Berry and Balazs [5] revealed that the
solution to the free-particle nonlinear Schrödinger equation is
the quantum-mechanical counterpart of the paraxial diffraction
equation, i.e., the Airy wave packets. The ideal Airy beam has
infinite energy and it is impractical to generate the Airy beam
experimentally. In 2007, Siviloglou and Christodoulides adopted
an apodization aperture function exp(ax/x0) with a positive factor
a and experimentally observed the finite non-diffracting Airy
beam [6, 7]. The Airy optical beam has fascinating characteristics,
i.e., self-acceleration and self-healing [8, 9]. Those novel
characteristics brought many applications of Airy beam
involving particle clearing [10], fluorescence light-sheet
microscopy [11], regulation of plasmon channel [12], and
spatiotemporal light bullet [13]. The Airy beam itself exists
not only in the form of optics but also in arbitrary wave
packets from electrons to surface plasmon polaritons [14–16].
The study on self-accelerating Airy beam has excited a series of
researches on the non-diffracting accelerating wave packets
predicted by the Maxwell equation [17, 18]. Some examples
include the linear and nonlinear generation of non-paraxial
accelerating beams [19], non-paraxial Webber beams [20], and
full vectorial accelerating diffraction-free Helmholtz beams
[21, 22].

Biomedical applications require remote sensing, probing, and
stimulation of biological matter, e.g., cells and tissue. Optical
means have been non-invasive, non-contact for optogenetics,
optical tweezers, for instance, the optical manipulation and
sensing of cell motion in vivo. However, the light in biological
matter often experiences strong scattering and attenuation upon
propagation, smearing the signal in those applications. In
particular, the green light results in a larger scattering
coefficient. A longer wavelength was introduced to increase
the penetration depth but requires NIR fluorophore. One
possible means to overcome scattering is using the non-
diffracting beam, which preserves the shape over a distance
longer than the Gaussian Rayleigh range. Here, the theory,
generation, and significant features of many “non-diffracting”
beams are reviewed, with an emphasis on the biomedical
applications of those fascinating beams, including the
multimodal biomedical imaging [11, 23–26], optical

micromanipulation [10, 27, 28], and optical transfection
[29–31]. Specifically, we introduce the use of non-diffracting
beams to overcome the challenges arising from various
applications, including two-photon microscopy, Raman
spectroscopy, and optical manipulation. This feature is unique
and important for many biomedical applications, e.g.,
fluorescence microscopy and optical manipulation. The two-
dimensional (2D) optical Airy wave packet can transport
microparticles along curved paths. Particles follow the
parabolic trajectories along the transverse acceleration in the
light field. The non-diffracting and self-healing [32] nature of
Airy beam has extended the field of view (FOV) in light-sheet
microscopy [33] or was imaged through scattering and highly
turbulent medium [34, 35], while the bent fluorescence trajectory
commensurate with self-acceleration has been adopted to localize
the molecule in 3D super-resolution microscopy along the axial
direction [36]. In addition, the pulse laser would broaden its
spectrum in the dispersive medium, resulting in the broadened
temporal width of the pulse. Temporally non-diffracting wave
preserves the temporal width thanks to nonlinearity.

This review article discusses the fundamental concept of
non-diffracting beams, experimental techniques to create
those beams, the major features of the non-diffracting
beams, and the biomedical applications. In Fundamental
Concepts of Non-Diffracting Wave, we review various types
of non-diffracting beams, including Bessel, Airy, vortex,
Mathieu, lattice, and pulsed beams. In Generation of Non-
Diffracting Optical Beams, various techniques to create the
non-diffracting beams are introduced, for example, axicon,
metasurface, tailored fiber, spatial light modulator (SLM), and
nonlinear crystal. In Features of Non-Diffracting Optical
Beams, we introduce the major features of the non-
diffracting beams. In Biomedical Application With Non-
Diffracting Waves, we introduce some typical biomedical
applications using non-diffracting beams. In the last section,
we predict that the non-diffracting beam would continue to
improve the biomedical tools, including biomedical imaging
and optical manipulation.

FUNDAMENTAL CONCEPTS OF
NON-DIFFRACTING WAVE

The non-diffracting coherent field comprehends as the
interference of plane waves with conical vectors. The angular
spectrum suggests sufficient conditions for the non-diffracting
propagation. The intensity profiles of non-diffracting beams can
be produced by manipulating the amplitudes and phases of the
plane wave components in the angular spectrum. Specifically, the
integral form of the non-diffracting beam in circular cylindrical
coordinates (r,φ, z) [1]:

a(r) � ik

2π
∫π

−π
A(ψ)f (r,ψ)dψ, (1)

where

f (r,ψ) � exp(−iβz) exp[iαr cos(ψ − φ)] (2)
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and A is the arbitrary periodic function. The parameter α
is expressed by the angular spectrum F as a function of
the angular frequencies ]x and ]y and is determined by the
two-dimensional Fourier transform of the amplitude a.
Applying the radial angular frequency ] defined as ]x � ] cosψ
and ]y � ] sinψ, the angular spectrum reads as follows:

F(],ψ) � A(ψ)δ(] − ]0), (3)

where ]0 � α/2π. The peculiar propagation features of the non-
diffracting beams are due to the composition of the angular
spectrum, which includes only the radial frequency ]0 such that
the relative phases of the components of plane wave remain
unaltered upon propagation. In geometrical interpretation, the
angular spectrum interprets a coherent superposition of plane

waves with propagation vectors covering the conical surface of
the vertex angle θ0 � arcsin(λ]0), where λ is the wavelength. The
amplitude and relative phase of the superposed plane waves could
be arbitrary, and an infinite number of the non-diffracting beams
with non-identical intensity profiles can be created. The
parameters α and β of the non-diffracting beam represent
projections of the components of plane-wave vectors of the
angular spectrum in the transverse plane (x, y) and to the
normal of the transverse plane, i.e., the z-axis, respectively,
i.e., α � k sin θ0 and β � k cos θ0 with k � 2π/λ the wavevector.

The description of Eq. 3 includes families of fundamental non-
diffracting beams, which are solutions of the Helmholtz equation,
e.g., Mathieu beam with elliptic and hyperbolic transverse
profiles, transverse parabolic beams, and the profile produced
by the interference of a finite number of tilted plane waves [37].
The spectrum of the fundamental family of non-diffracting wave
fields has a respective function, which is defined on a ring-shaped
region in frequency space [37]. Figure 1 shows the spatial
spectrum, amplitude, and phase of the periodic hexagonal,
quasiperiodic fivefold tilings, Bessel beam, even Mathieu beam,
and even Webber beam [39]. The Bessel beam has a circular
spectrum (Figure 1C), while the triangular lattice has a spectrum
of three spots (Figure 1A). The wave vectors for the non-
diffracting beams lie on a cone, and those beams are the
superposition of conical waves with modulated amplitude.

It is noteworthy to mention that the conical superpositions are
only families of the non-diffracting beam. The non-diffracting
beam actually covers a broad area of optical physics as the
solution to the Maxwell equation or nonlinear Schrödinger
equation [5, 17]. One example is the non-diffracting Airy
beam, which was predicted in 1979 [5] but was experimentally
observed nearly 30 years later in 2007 [6, 7]. Those kinds of non-
diffracting waves can be in the form of not only optics but also, in
general, any physical waves in nature, e.g., electrons [40]. In this
section, we review the most common non-diffracting shape-
preserving beams, including the Airy beam, Bessel beam,
vortex beam, Mathieu beam, lattice and Kaleidolscopic beam,
and the pulsed non-diffracting beam.

Bessel and Airy Beams
The free-space Helmholtz equation is as follows [2]:

(∇2 − 1

c2
z2

zt2
)E(r, t) � 0. (4)

In source-free region, i.e., z ≥ 0, an exact scalar solution to Eq.
4 is as follows:

E(x, y, z ≥ 0, t) � exp[i(βz − ωt)] ∫2π

0
A(ϕ) exp[iα(xcosϕ

+ y sin ϕ)]dϕ, (5)

where α2 + β2 � (ω/c)2 and A(ϕ) is an arbitrary function. When β
is real, Eq. 5 expresses a class of fields that are non-diffracting
with the time-averaged profile,

I(x, y, z ≥ 0) � 1/2|E(r, t)|2 � I(x, y, z � 0), (6)

FIGURE 1 | Non-diffracting beams. (Left) Spatial spectrum, (middle)

intensity, and (right) phase profiles for (A) periodic hexagonal, (B)

quasiperiodic fivefold tilings, (C) Bessel beam, (D) even Mathieu beam, (E)

even Webber beam. Reproduced with permission from the original

author [38].

Frontiers in Physics | www.frontiersin.org September 2021 | Volume 9 | Article 6983433

Ren et al. Non-Diffracting Light Wave

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


which exactly reproduces for all z > 0 in the transverse plane
normal to the propagation axis.

When A(ϕ) is independent of ϕ, the only non-diffracting field
(Eq. 5) with axial symmetry has an amplitude proportional to [4]

E(r, t) � exp[i(βz − ωt)] ∫2π

0
exp[iα(xcosϕ + y sinϕ)] dϕ

2π

� exp[i(βz − ωt)]J0(αr). (7)

Here, r2 � x2 + y2 and J0 is the 0th-order Bessel function of the
first kind. When the solution for α � 0 assumes a simple plane
wave, for 0< α≤ω/c, the solution is non-diffracting with the
intensity profile decaying at a rate proportional to 1/αρ. The
effective width of the beam is determined by the parameter α.

The spatial spectrum of a Bessel beam resembles an annular
ring, e.g., a perfect vortex, while some types of the lattice beam can
be produced by a multiple-beam interference. To mention that
the Bessel beam propagates in a straight line and preserves the
shape. There is a connection between the lattice and the Bessel
beam. Figures 2A–F show the transverse profiles and
propagation of the higher-order Bessel-Gaussian beams (A) at
the focus (z � 0), (B) in the far-field (z � 10 mm), and side-view
profile near the focus [41]. In contrast, the 0th-order Bessel-
Gaussian beam shows a needle-like structure near the focus
(Figure 2F). Such needle-like focus structure could also be
created by other types of non-diffracting beams like the
symmetric Airy beam (SAB) [42].

Although most of the non-diffracting beams could be
understood with the conical superposition, the 1D localized
propagation-invariant beam cannot be synthesized using
conical superposition [6]. The nonlinear Schrödinger equation
for a free particle suggests a non-spreading Airy-like wave packet.
The intriguing Airy wave packets, predicted by Berry and Balazs
in 1979, break the cylindrical symmetry [5]. Until 2007, the
optical Airy beam has been generated in both one- and two-
dimensional configurations with the spectral shaping of the light
wavefront using a reconfigurable spatial light modulator
(SLM) [6].

The Airy beam carries infinite energy. Practically, the finite
energy Airy beam Ai(x/x0)exp( − ax) was produced with
wavefront shaping [7], where x0 is the scale and a the
decaying factor. Airy beam exhibits unusual features such as
being diffraction-free over long distances and self-acceleration
during propagation. The Airy waves preserve the intensity
features over many diffraction lengths [7]. The propagation of
both 1D and 2D Airy beams suggests non-diffracting and self-
acceleration features (Figures 2G,H) [7]. Figure 2G shows that
the planar Airy beam propagates at a distance of 1.25 m with
x0 � 100 μm and a � 0.1. The linear profiles at various locations
suggest that the intensity features remain essentially invariant up
to 75 cm (Figure 2H). The beam deteriorates first from the tail
due to truncation (Figure 2H). After a certain distance, the beam
intensity evolves to Gaussian-like, as expected from a Gaussian-like
power spectrum under the Fraunhofer limit. Despite the truncation,
the Airy beam exhibits exotic features, i.e., a trend to free
acceleration. The characteristic is rather peculiar since it would
occur without the presence of any index gradients in free space [7].

Although the finite energy Airy beam was first produced in
optics [7], the Airy wave itself could be in various forms, including
the curved plasmon [12], electron [40], and plasmonics [15, 16, 43].
The application of the Airy beam has also been extended from
optical manipulation [10] and biomedical imaging [11]. Figure 2J
illustrates the number of publications in the Web of Science
database with keywords “Airy beam” and “Bessel beam.” The
number of publications on “Airy beam” grows linearly since the
first demonstration of the optical Airy beam in 2007. In contrast,
the number of publications with “Bessel beam” has also grown
vastly with respect to the year since 1990. Those are just two
representative examples of the non-diffracting beams related
applications. The trend suggests that the non-diffracting beams
have been very useful in interdisciplinary applications, apart from
the fundamental physics itself. In addition, the beams with Airy-
Bessel tempo-spatial profiles are also interesting as they combine
both the spatial profile and the temporal wavepackets [44].

Non-Diffracting Vortex
Young’s double-slit experiment suggests the interference pattern
of the two sub-sources. More generally, the triple slit may result in
more complicated patterns with phase dislocations. Phase
dislocation is a structure in the laser speckle patterns. The
light wavefront may also possess line, spiral or combined
wavefront dislocations. The wavefront with spiral phase is well
known as the optical vortex with singularities. Assume that the
slowly varying complex amplitude E of the non-diffracting beam
(1) is expressed through the real amplitude E0 and the phase ϕ in
the following:

E(x, y) � E0(x, y) exp[iϕ(x, y)]. (8)

Some types of non-diffracting beams belong to the class of
fields with the spiral wavefront dislocations. Vortices widely exist
in numerous natural phenomena, from ocean fluids to typhoons
and galaxies [45]. The optical vortex is associated with the phase
singularity in the field. Phase singularity is characterized by an
isolated dark spot, where the amplitudes are zero and the phases
are undefined. When Young’s double-slit experiment extends to
2triple-slit, we will see the phase singularity. The phase
dislocation appears at the location with the nonzero value of
the integral:

∮
L

∇ϕ · dL. (9)

Here, the integration is evaluated along a closed line surrounding
the singularity. The integral (9) results in the values
2πm, m � 1, 2, . . ., where m expresses the topological charge
(TC). At singularity, the validity relations for real and
imaginary parts are Re(E) � 0 and Im(E) � 0; therefore, the
singular beam is a dark optical vortex.

Figure 3 shows the spatial profile, phase, and wavefront of a
plane wave and optical vortices with topological charges l � 1 and
l � 2. The helical optical wavefronts of the optical vortices with
TCs of 1 and 2 are shown in Figures 3H,I. The phase singularities
and dislocations can be evaluated by the interferometric
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measurements. The interference of the vortex with spherical
waves brings about spiral patterns, while the interference of
the optical vortex with plane waves results in a typical fork-
like grating.

The vortex beam is not a fundamental feature for the non-
diffracting beam. However, beams with non-diffracting
amplitude and vortex phase, e.g., higher-order Bessel beams,
are non-diffracting. When the amplitudes of the components
of the plane wave in the angular spectrum are constant and their
phases are azimuthally modulated by A(ψ) � A0exp(imψ), the
integral representation Eq. 7 results in the higher-order Bessel
beams with a complex amplitude expressed as follows [1]:

E(r,φ, z, t) � A0Jm(αr) exp[i(ωt +mφ − βz)], (10)

where Jm is the m-th-order Bessel function of the first kind.
Assume the plane waves are coherently superposed without
azimuthal phase modulation (m � 0), the propagation-
invariant intensity profile becomes the bright beam-like field
with the intensity profile:

I(r, z) � |A0|2J20(αr). (11)

The radius for the central intensity spot r0 is determined by the
first zero point of the Bessel function J0 and reads as r0 � 2.4/α.
In geometrical interpretation, the increase of the vertex angle
of the conical surface of the propagation vectors of the
interfering plane waves results in the reduction of the size
of the intensity spot. The transverse profile of the zero-order
Bessel beam is illustrated in Figure 2D. The transverse and
side-view profiles of the first-order Bessel beam are illustrated
in Figures 2A,C. It is worth noting that the Bessel beam is not
the only beam that carries an optical vortex. The Airy beam can
also carry such topological phase structure and form the vortex

Airy beam, which is also non-diffracting [47, 48]. These
possibilities allow the transport of the optical vortex in
either a straight line or a curved trajectory.

Mathieu Beams
The Bessel beams are obtained with the angular spectrum (Eq. 3)
expressed by the plane waves whose phases are conveniently
modulated and the real amplitudes remain unmodulated. In
contrast, a good approximation to the 0th-order Mathieu
beams can be approximated if the relative phases among the
components of the plane waves are constant and their real
amplitudes are modified by the following [48]:

A(ψ) � exp[ − (]0cosψ
ω0

)2], (12)

where ω0 is the bandwidth of the Gaussian profile. The change of
the parameter ]0 results in the change of the transverse profile of
the non-diffracting Mathieu beam.

In 2000, Gutiérrez-Vega et al. demonstrated theMathieu beam
as a new member of the non-diffracting beam family both
theoretically and experimentally. Specifically, Mathieu beams
are the solutions of the Helmholtz equation under elliptical
cylindrical coordinates (η, ξ, z) (here η �
Im(arccos h((x + iy)/f )) and ξ � Re(arccos h((x + iy)/f ))
demonstrate the radial and angular coordinates and f
represents the eccentricity parameter) [7–11]; the field of
Mathieu beam at z � 0 satisfies the following:

z2Et(ξ, η)
zξ2

+ z2Et(ξ, η)
zη2

+ f 2k2t
2

(cosh(2ξ) − cos(2η))Et(ξ, η) � 0.

(13)

FIGURE 2 |Non-diffracting Bessel and Airy beams. Square modulus of the Bessel–Gauss amplitude with azimuthal or radial vector potential (A) at the focus (z � 0),

(B) in the far-field (z � 10 mm) and (C) near the focus; (D–F) similar to (A–C) but for vector potential amplitude along a Cartesian unit vector. (G) Dynamics of free-space

propagation of an Airy beam with finite energy. (H) The normalized linear intensity profiles at 1) z � 0 cm, 2) 31.4 cm, 3) 62.8 cm, 4) 94.3 cm, and 5) 125.7 cm,

respectively. (I) 2D Airy beam with finite energy at a distant plane (z � 50 cm). (J) The number of publications for Bessel and Airy beams increases with the year.

Reprinted with permission from OSA [7, 41].
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For a Mathieu beam with order m, the complex field is as
follows:

E(ξ, η) � Cm(q)Jem(ξ, q)cem(η, q) + iSm(q)Jom(ξ, q)sem(η, q),
m � 0, 1, 2, 3, . . . .

(14)

Here, q � (f π/λ)2 represents the ellipticity parameter. The real and
imaginary parts in Eq. 13 are distributions of the even and odd
Mathieu beams. Cm and Sm are the normalization constants
depending on q [49]. Jem and Jom are oscillatory functions,
describing the radial distribution of even and odd Mathieu
beams. cem and sem are elliptic functions, describing the angular
distribution of even and odd Mathieu beams. Figure 4 shows the
cross-sections of even Mathieu beams at different orders m [50].

AsMathieu beams are the solutions to the Helmholtz equation
in elliptical coordinates, the beam’s spatial distribution is
determined by the ellipticity parameter q. For small q, the
OAM per photon for a helical Mathieum beam of order m ≥

1 originates from itsm interfocal vortices. The transverse location
of the vortices remains invariant during beam propagation.
Interestingly, as q decreases, the foci approach the coordinate
origin and all the vortices merge into a single vortex with
topological charge m, i.e., the Bessel beams for q � 0. Clearly,
the symmetry of the elliptical cylindrical coordinate collapses to
circular cylindrical coordinates in the absence of the interfocal
distance. In contradistinction to Bessel beams, however, the OAM
density of HM beams depends on the azimuthal coordinate but
varies as a function of the elliptic angular coordinate η. For HM
beams with the same order, an increase in the ellipticity results in

a horizontal stretch of the ring-like profile, deviating gradually
from circular symmetry. After a critical value qc, the elliptical
rings break, the transverse symmetry evolves to be hyperbolic,
and the vortex becomes more complex in contrast to its original
in-line profile [49].

Lattice and Kaleidolscopic Beams
The non-diffracting coherent field can be defined as the
interference created by the plane waves with conical
propagation vectors. Due to the interference, the total field can
possess an appreciable beam-like intensity peak to form the non-
diffracting beam. The non-diffracting beams can be generated by
superposing plane waves. Two-dimensional (2D) optical patterns
can be generated by interfering with multi-beams [51–54].
Normally, the amplitude mask, based on the Fourier
transform, could easily convert the lattice and kaleidoscopic
beams with high stability. Specifically, the non-diffracting
beam is formed by multi-Gaussian beams evenly distributed
on the circumference with the radius rc and then is focused by
a lens (focal length f) on a screen, the 2D light field in the focal
plane can be described in polar coordinates as follows:

A(r, θ) �
��
1

N

√ ∑N
j�1

exp[−ikrc
2f

r · cos(θ − 2πj

N
)], (15)

whereN represents the number of theGaussian beams, and the output
wave function near the focal region can be described as follows:

A(r, θ, z′) � exp[ik(f + r2

2z′
)] ����

2

πω2

√
exp( − r2

ω2
) · A(r, θ).

(16)

FIGURE 3 | The spatial phase structure of plane waves and vortices with different topological charges. The differences between the Gaussian beam and vortex

beam are shown in spatial profile (A–C), phase (D–F), and wavefront (G–I). Reproduced from Intech [46].
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Here, z′ � z
f
− 1 and z represents the distance between the

imaging plane and the lens, ω � λf /(πω0). As the beams are
focused by a lens, the cross-section of the beam changes with
distance with respect to the lens (z), which means the
kaleidoscopic beam is propagation-dependent. Figures

5A–C show the experimental and numerical results of
propagation-dependent kaleidoscopic beam produced by
superposing multiple beams in the focal region from the
pinholes on a phase mask [51], suggesting the profiles at
different locations along the propagation.

Recall that function A in Eq. 3 describes the amplitude and
phase modulation of the angular spectrum of the non-diffracting
beam. Usually, a continuous function of the azimuthal angle
ψ results in a superposition of the coherent plane waves
with propagation vectors continuously covering a conical
surface. The non-diffracting field can be produced as a
discrete superposition of N plane waves; therefore, the
modulation of the angular spectrum is a superposition of the
Dirac delta-functions [1]:

A(ψ) � ∑N
j�1

A0(ψ)δ(ψ − ψj), (17)

where N is an integer representing the number of beams. This
function can describe several kinds of non-diffracting beams, e.g.,
Bessel beam, Mathieu beams and lattice beams. Here, the
summation replaces the integration and the complex
amplitude of the non-diffracting field reads,

a(r,φ, z) � ik

2π
exp(−iβz)∑N

j�1
A0(ψj) exp[iαrcos(ψj − φ)]. (18)

The azimuthal angles ψj related to the interfering plane waves
read as ψj � (j − 1)Δψ, with Δψ � 2π/N . For an even number of
interfering plane waves, N � 2N′, the angular spectrum is
regulated by the periodic function A0(ψ) � A0(ψ + π), and the
complex amplitude of the non-diffracting field will be the
superposition of the azimuthally rotating cosine grating:

a(r,φ, z) � ik

π
exp(−iβz)∑N′

j�1
A0(ψj) cos[αxcos(ψj) + αysin(ψj)].

(19)

For the lattice beams, i.e., the Fourier transform of N plane
waves, the function can be described as follows.

A(ψ) � A0exp(imψ)∑N
j�1

δ(ψ − 2π

N
j), (20)

whereA0 represents the amplitude andm represents the total TC.
As a result, the Fourier spectrum is composed of discrete spots
situated at the corners of a regular N-fold polygon. The phase
difference between adjacent spots is associated with the total TC
m. Figures 5D–G show the stimulated and experimental spatial
pattern and non-diffracting intensity profile in the longitudinal
direction of a prototypical discrete non-diffracting lattice beam
(N � 8, m � 0). Figures 5H–M show the stimulated cross-section

FIGURE 4 | Cross-sections of Mathieu beams. (A,C) Theoretical and (B,D) experimental profiles of the Mathieu beams with different order m. Reproduced from

OSA [49].
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of Fourier space of another typical discrete lattice beam (N � 7,
m � 1) and the stimulated and experimental result of beams
generated by the same setup [55]. Figures 5D–M show the
experimental and numerical results of lattices beams,
independent from propagation, which are produced by using
two spatial light modulators (SLMs) to stack spatial phase
patterns [55].

Pulsed Non-Diffracting Beams
The non-diffracting beam is a class of exact solutions to the
source-free homogeneous Helmholtz equation. The non-
diffracting beams do not change the transverse intensity under

free propagation. In a real application, the diffraction is barely
overcome and approximations to the non-diffracting beams
could be synthesized. Such beam is termed a pseudo-non-
diffracting beam. The propagation of the ideal non-diffracting
beam appears as a consequence of the superposition of the
angular spectrum. The angular spectrum is mathematically
expressed using the Dirac delta function. The counterpart of
the spatial non-diffracting beam is the pulsed non-diffracting
beam. The ultrashort-pulsed laser could be achieved in the fiber
laser using the mode-locking achieved by a saturable absorber or
nonlinear polarization rotation [56–58]. The pulsed non-
diffracting beam includes the pulsed laser beam with the

FIGURE 5 | (A) Experimental and (B) numerical profiles of the high-resolution kaleidoscopic lattices in the effective non-diffracting region when N � 8. (C) Contour

plots for the phase fields in (B). Simulated (D) transverse spatial pattern and (E) longitudinal non-diffracting profile of a prototypical discrete non-diffracting lattice beam.

(F,G) The experiment corresponding to (D,E). Transverse intensity profile in (H) Fourier space and (I) real space, with (J) the corresponding phase in real space. (K) Iso-

surface of the intensity for the non-diffracting light field, (L) observed transverse beam profile, and (M) guided beam in the discrete photonic lattice. Reproduced

with permission from OSA [51]. Reproduced by permission of [55], @ IOP Publishing and Deutsche Physikalische Gesellschaft.
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spatially non-diffracting feature or the temporally non-dispersive
beam. The temporally non-dispersive beam is very interesting in
laser dynamics, including the temporal soliton in a fiber laser [57,
58]. In real biomedical imaging applications, the spatially non-
diffracting and pulsed laser beam is very useful in multiphoton
microscopy to extend the focal depth and the focal volume. This
type of pulsed non-diffracting beam could be produced by
passing the pulsed laser through a standard SLM to shape the
transverse pattern. Combined with spatial modulation, it is
possible to generate highly nonparaxial accelerating beams
with an ultrashort temporal profile [59]. Additionally, the
pulsed laser beam would improve the signal-noise-ratio (SNR)
of multiphoton microscopy using a mechanism of temporal
focusing.

GENERATION OF NON-DIFFRACTING
OPTICAL BEAMS

Most laser resonators produce a beam with a Gaussian profile,
which could be confined to a small spot. The beam size is affected
by diffraction as the beam propagates [60]. The more tightly a
beam is focused, the faster it will diverge [60]. When a Gaussian
beam irradiates on a spatially designed hologram, the beam
profile changes depending on the information encoded in the
hologram. This would be used to generate beams with almost any
profile.

Standard Optical Components
The light field was shaped using the computer-generated
hologram, and the earlier version of the hologram was printed
onto a transparency film [60–63]. Nowadays, with advanced
manufacturing technology, computer-generated holography
can also be loaded onto the twisted nematic liquid crystal or
etched into the silica substrate [64, 65]. However, due to the limit
in wavelength like the terahertz wave or microwave, and the
specific application, e.g., the fiber based optical communication,
there are still standard optical components that cannot be
replaced with the SLM. In this section, we briefly overview the
most commonly used optical components to shape the
electromagnetic field.

The vortex beam is generated by illuminating the Gaussian
beam onto a spiral phase plate (SPP) (Figures 6A,B). Typically
a 0th-order Bessel beam would be produced by illuminating the
Gaussian beam onto an axicon, which is a conical-shaped lens
(Figure 6C) [66]. The axial length of the 0th-order Bessel beam
can be controlled through the apex angle for the axicon and the
lateral size of the main lobe for the Bessel beam could be
controlled by the diameter of the incident Gaussian beam.
High-order Bessel beam can be produced by illuminating a
vortex beam through the axicon [66]. The order of the Bessel
beam is also associated with the TCs of the vortex. Combining
the axicon and the SPP together, the high-order Bessel beam
could be created by a single optical element. Figure 6D shows
the structure of the helical axicon for generating the 6th-order
Bessel beam. The high-order Bessel beam maintains a
doughnut intensity distribution along the axial direction,

and the size of the dark area increases with the beam order
(Figure 6E).

Benefited from the flexibility of tailoring the amplitude and
phase of electromagnetic waves, metasurfaces have extensively
generated various complex field profiles, such as Airy beams [67,
68, 74, 75]. Figure 6F shows a Huygens’ metasurface design of a
metal capacitor sandwiched between dual-pair U-shaped
resonators [67]. Such a metasurface can convert the
microwave into an Airy beam using the layout (Figure 6G)
and the experimental setup (Figure 6H). Figure 6I shows the
nanorod-based configuration of a metasurface for generating
plasmonic Airy beams [68]. By changing the nanorod
configuration, the phase and amplitude will be simultaneously
engineered.

A tunable non-diffracting Bessel beam can be produced in
multimode optical fiber [76]. A concentric ring pattern was
created by the multimode interference along the silica fiber,
which was then concentrated by the integrated micro-lens to
create a Bessel-like beam [69]. A representative all-fiber
integrated structure for creating the Bessel-like beam is
demonstrated in Figure 6L [69]. In addition, multiscale Bessel
beams can be created through a tunable acoustic gradient index
(TAG) lens (Figure 6M). By applying variable electrical driving
signals, the ring spacings, the central spot size, and the lens working
distance can be reconfigured [70, 71]. The TAG lens elongates the
axial range of imaging, i.e., the depth of view, and consequently
provides fast volumetric speed [77]. The axisymmetric acousto-optic
device combined with spatial filtering makes it possible to generate
the dynamic Bessel beams at ultrahigh speed (Figure 6N) [72]. The
mode-locked fiber laser can also be converted to a non-diffracting
beam, e.g., an Airy beam through an external cubic phase plate [78],
and has been demonstrated at the output wavelength of 1.0 μm.

Spatial Light Modulator
The liquid crystal molecule presents an anisotropic optical
refractive index. The orientation of the liquid crystal molecule
will change under an external electric field. The global orientation
of the molecules inside a liquid crystal cell would display
anisotropic optical transmission. This property has been
applied to make liquid crystal modulators. SLM adopts
millions of liquid crystal cell units to change the phase of a
light wavefront locally, allowing control over the amplitude,
phase, and thus polarization state of the beam in space and
time. SLM is a general term that includes liquid crystal
microdisplays and digital micromirror devices (DMD). The
liquid crystal SLM provides high spatial resolution due to the
advancement in semiconductor technology and the temporal
resolution (refresh rate) of the SLM on the order of hundreds
of frames per second. However, the DMD provides orders of
magnitude faster (tens of thousands of frames per second)
compared to the liquid crystal SLM but suffers from low
diffraction efficiency [79]. These two devices are
complementary and, in those applications, require high speed.
The DMD is the best choice, while SLM performs better in
diffraction efficiency.

An SLM is commonly used for the generation of non-
diffracting optical beams due to its programmable property.
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Figures 7A–C show the phase modulation for generating an
apertured Gaussian, a Bessel, and an Airy profile, which can all be
realized by a single SLM [43, 80]. The intensity distribution of a
Bessel beam along the axial direction can be modulated by
adjusting the concentric ring patterns on the SLM [84]. For
instance, a binary concentric ring pattern overlaid on a
quadratic phase pattern allows the tailoring of the axial
intensity of the Bessel focus [84]. For high-order Bessel beams,
a spiral phase mask is superimposed with the concentric phase
mask (Figure 7D) [81, 85]. The lateral shape of the high-order
Bessel beam is controlled by order of the spiral phase mask
(Figure 7E) [82]. Adjustable Airy trajectories in the 3D space are
achieved by rotation of the cubic phase mask (CPM) on the SLM
screen in tomographic microscopy (Figure 7F) [83]. In contrast
to the mechanical rotation of the phase elements, directly rotating

the phase pattern on the SLM screen avoids introducing optical
misalignment, especially for microscopies. Vortex Airy beams
can be generated by the superposition of the spiral and the CPMs
(Figures 7G–M) [48].

The non-diffracting Airy beam can be created by
tailoring the fundamental Gaussian beam using a
CPM [34]. The CPM in reciprocal space is defined as
follows [86]:

ϕ(kx, ky) � exp[ i
3
b(k3x + k3y)], (21)

where (kx, ky) is the coordinates in reciprocal space and b is the
scaling factor [6, 7]. The self-acceleration direction could be
reversed by changing the sign of the scaling factor [87]. The
self-acceleration could also be removed by introducing a

FIGURE 6 | Schematics of the SPPwith the TCs of (A) 1 and (B) 6, (C) the axicon, and (D) the helical axicon with the topological charge of 6. (E) Experimental beam

profiles of the high-order Bessel beams created by the helical axicons. The first (second) row shows the longitudinal (transverse) profiles [66]. (F) A part of the fabricated

metasurface to convert the nondiffracting Airy beam in the microwave regime. Near-field scanning (G) layout and (H) experimental setup for the Airy beam generation in

themicrowave regime [67]. (I) Schematics of a plasmonic metasurface capable of producing the Airy beam using the gold nanorod. (J) Linear profile of Airy function.

Blue labels mark the amplitude values used for amplitude modulation. (K) Binary phase pattern of the Airy beam [68]. (L) (Top) Schematic of Bessel-like beam generation

(BBG) in the all-fiber device through multi-beam interference. (Bottom) Photographic image of the manufactured all-fiber BBG device and the corresponding geometrical

scales [69]. (M) Components of the TAG lens [70, 71]. (N) Geometry of the cylindrical acousto-optic modulator for generating the ultra-high speed dynamic Bessel

beams [72]. Reproduced with permission from OSA [66, 71]; APS [67], and Wiley [73]. Reproduced from OSA [69, 72].
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symmetric CPM to produce the SAB [42]. Broadband
polarization-insensitive operation of the DMD allows the
modulation of light from the ultraviolet to near-infrared
spectrum. Combined with the fast speed ability, the DMD has
been demonstrated in applications of light, terahertz, and 3D
object reconstruction [88, 89]. In contrast to the recording of the
hologram with transparency film [60], the DMD could easily
modulate the light according to binarized Lee hologram described
by the following:

H(x, y) � 1

2
+ 1

2
sgn[cos[2πx

x0
+ πp(x, y)] − cos[πω(x, y)]],

(22)

where sgn is the sign function, ω(x, y) and p(x, y) are slowly
varying, and x0 is the periodicity of the carrier; the slowly varying

terms are associated with the target optical field
A(x, y)exp[iφ(x, y) ] through the following:

ω(x, y) � 1

π
arcsin[A(x, y)], (23)

p(x, y) � 1

π
φ(x, y). (24)

The binary Lee hologram is the fundamental algorithm to
create the binary hologram. Other hologram algorithms include
the dual-pixel complex modulation approach [90] and the
superpixel method to tailor the complex field [91]. The
phase response of each micromirror in the superpixel
depends on the positions of the pixel on the DMD [79]. The
response of a superpixel is the sum over the individual active
pixels in the target plane. The responses of adjacent pixels
inside the superpixel are 2π/n2 out of phase along the

FIGURE 7 | (A–C) Creation of (A) apertured Gaussian, (B) Bessel, and (C) optical Airy beams [80]. (D) Phase masks on the SLM and their superposition [81]. (E)

Lateral beam profiles of the 0th-, 2nd-, and 4th-order Bessel beams [82]. (F) Principle of the Airy beam tomographic microscopy. The Airy beams of varying azimuthal

angles illuminate the sample and tomographically reconstruct the sample structure using the recorded perspective images [83]. (G–K) Principle of the phase design of

the vortex Airy beams [48]. (L,M) Simulated intensity distributions of single (L) and dual (M) vortex Airy beams [48]. Reproduced with permission from Springer

Nature [82], reprinted with permission of OSA [80, 81, 83], and reprinted with the permission of AIP Publishing [48].
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x-direction and 2π/n along the y-direction. The superpixel
method could shape light wavefront with arbitrary phase
and amplitude. Both the LC-SLM and DMD feature
reconfigurability, which allows dynamic control over the
light wavefront, making it possible to shape the spatially
tunable Bessel beams [92]. In addition, the SLM can be
synchronized with the detection system to provide feedback-
controlled detection.

Nonlinear Generation of Non-Diffracting
Beams
Apart from generating the non-diffracting beams only by
linear diffractive elements, the nonlinear generation
methods are also investigated for new wavelengths. For
example, the generation of Airy beams with three-wave
mixing takes place in nonlinear asymmetric photonic
crystals. The researchers have generated an Airy beam
through the second-harmonic generation and evaluated the
tuning properties of the propagation dynamics and nonlinear
interaction of the pump and second-harmonic output beams
[14]. Efficient generation of a second-harmonic vortex and
Hermite-Gaussian beams was reported recently in 3D lithium
niobate nonlinear photonic crystals fabricated with a
femtosecond laser [93].

For the frequency-doubling properties with 0th-order
Bessel beam, phase-matched SHG in a KDP crystal takes
place at angles usually inappropriate for phase matching [96].
In this respect, Bessel beams can be considered light beams
with tunable wavelength. Specifically, the Airy vortex beam
was generated in the nonlinear frequency conversion process
when the fundamental wave with its phase modulated by an
SLM is incident to a homogeneous nonlinear medium [94].
The parabolic trajectory of the Airy vortex beams can be
adjusted by tailoring the phase of the fundamental wave
(Figure 8A). Flexible tuning of non-diffracting beams in a
two-dimensional nonlinear photonic crystal was realized
through the interference of multiple non-collinear second-
harmonic beams (Figure 8B) [95]. By manipulating the
wavelengths of the beams and the angle of incidence of
the fundamental wave, the arbitrary period, propagation
length, and the wavelength of the generated nonlinear
non-diffracting array beams can be tuned flexibly. These
light beams can trap and manipulate multiple particles,
create new forms of optical imaging systems, and act
within nonlinear devices to bring novel functionalities to
integrated optics.

FEATURES OF NON-DIFFRACTING
OPTICAL BEAMS

Although the propagation-invariant beams share common
features, the physics of self-recovery of a non-diffracting beam
is very clear under the dynamics of conical waves [37]. Most of the
non-diffracting beams can be approximately generated from a
conical superposition of plane waves. The non-diffracting beams

convey infinite energy, a direct consequence of the non-
diffracting feature [6]. Practically, the non-spreading beams
are truncated by an aperture and tend to diffract with
propagation. Thus, when the aperture size exceeds the spatial
scale of the propagation-invariant field, the diffraction is “slowed
down” during diffractive propagation [6]. This section introduces
the major features of the non-diffracting beams, including the
diffraction-free, self-healing, self-acceleration, phase singularity,
and self-imaging properties.

Diffraction-Free Feature
The most prominent feature of the non-diffracting beams is the
diffraction-free property. As the light beam propagates in free
space, the beam would diffract with dimension broadening. For
instance, the traditional Gaussian beam would increase the beam
radius to

�
2

√
ω0 at the Rayleigh distance, with ω0 being the beam

waist radius. However, a non-diffracting beam keeps the shape
and the beam width during propagation for a much larger
distance than the Rayleigh distance for the Gaussian beam.
Such property is termed diffraction-free. The most famous
non-diffracting beams include the Bessel beam, the Airy beam,
and the lattice beam. The spatial spectrum of a Bessel beam
resembles an annular ring, e.g., a perfect vortex, while some types
of the lattice beam can be produced by multiple-beam
interference. There is a connection between the lattice beam
and the Bessel beam.

Self-Healing
Another important feature for the non-diffracting beam is self-
healing. The caustic beams would be created by shaping the
cylindrical wavefront with an axicon. Such a beam, once blocked
by an opaque object, reappears at a certain plane with the same
transverse intensity profile as that for an unblocked caustic beam
[97]. Such a phenomenon is known as self-healing. Since the
common non-diffracting beam is produced by the conical wave
superposition, the parts traveling inwards will create outgoing
conical waves through the axis reconverting the original
transverse intensity profile. The diffraction perturbs the
pattern at the early stage of the reconstruction but does not
play a major role in the self-reconstruction. Self-healing implies
that the beam is resistant against amplitude and phase distortions.
The transverse beam profile disturbed by the non-transparent
obstacle reproduces when freely propagating behind the obstacle.
Such a feature is unique for the non-diffracting beams and has
been corroborated with Bessel and Airy beams. The physics
behind self-healing is the Babinet principle. Figures 9A–C

show the experimental transverse profiles of the Airy beam
with the major lobe blocked at the input (A) z � 0 cm, at the
free-propagation distance of (B) z � 11 cm and (C) z � 30 cm,
respectively. Apparently, the beam self-recovers to the traditional
Airy profile after the partial block.

Similar to the Airy beam, the Pearcey beam describes the
diffraction of a cusp caustic with features similar not only to the
Airy beam but also to the Gaussian and Bessel beams, i.e., auto-
focusing, self-healing, and form invariance [98]. The Pearcey
beam is described by the Pearcey function under the catastrophe
theory, which deals with the diffraction of a cusp caustic and
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occurs as a 2D counterpart of the Airy function under the
framework of the catastrophe theory. Although the Pearcey
beam suggests auto-focusing during propagation, it still
displays a self-healing feature [98, 99]. Figures 9D–I show the
transverse profiles of the Pearcey beam at various locations
(labeled on each panel). The obstacle was a cylinder placed at
the initial plane labeled by the white rectangle (Figure 9D). The
Pearcey beam self-reconstructs from the initial perturbation and
then collapses and mirrors after its fundamental focus [98, 99].

Self-Acceleration
The non-diffracting Bessel beam assumes a straight propagation
trajectory in free space. In contrast, the non-diffracting Airy beam
self-bends in free space during propagation, similar to the
parabolic trajectory of an object owing to gravity. Such self-
bending property is also recognized as self-acceleration. In
contrast to self-healing, self-acceleration can also be
understood under the framework of catastrophe theory [100].
In many real applications, this bending feature would be
considered a disadvantage. However, recent progress on super-
resolution microscopy andmultiphotonmicroscopy suggests that
the bending freedom carries the information of the depth imaging
[36, 81].

Figure 9J shows the typical CPM to shape the optical Airy
beam with SLM. The beam profiles at the front and rear faces of
the photorefractive crystal (SBN:Ce) are demonstrated in Figures

9K,L. The side-view profile shows a bent trajectory owing to the
self-acceleration. The feature allows the induction of optical
refractive index change and the waveguide inside the crystal
[28]. The non-diffracting Bessel beam has been demonstrated
unique application in volumetric multiphoton microscopy;

however, it lacks the axial resolution of the structure in the
volume [101]. Recently, the Airy beam has been intensively
applied in fluorescence microscopy [11, 33, 102] due to its
unique features of self-acceleration and free diffraction [6, 7].
The bending provides freedom to evaluate the axial
location from the lateral shift originated from the structures
in different sections. The Airy beam follows a projectile
with self-accelerating trajectory; however, the accelerating
trajectory could be made arbitrary in three dimensions by
wavefront engineering using SLM [103–107]. The self-
accelerating beam along arbitrary trajectory allows the design
of self-accelerating beams with multipath multicomponent or
periodic self-acceleration [108, 109]. The beams could also be
radially and azimuthally self-accelerating [110, 111]. Those
various forms of self-accelerating beams provide many
possibilities to improve the existing challenges in biomedical
applications.

The self-healing feature of the non-diffracting beam allows the
propagation in the scattering and turbulent medium with the
ability to preserve the shape [32]. Figures 9N–P show the Airy
beam dynamics in the scattering medium of silica microspheres
(n � 1.45) in water (n � 1.33), for which the main corner of the
lobe was blocked (Figure 9N). The colloidal suspension was
prepared with significant light scattering, sufficient to a granular
feature when the beam propagates 5 cm in the silica-water
mixture (diameter of 0.5 µm for silica) (Figure 9O). A
complete reconstruction of the Airy pattern was observed in
the same random media with a longer (10 cm) cell. Figure 9P

depicts the self-healing feature of an optical Airy beam that
propagates 10 cm in the same medium [32]. The Airy beam
can also well preserve the shape in the turbulent medium. To
verify the shape preservation in a strong turbulent environment,
Figure 9Q shows the beam profile after propagation up to 8 cm
above an aluminum foil heated up to around 300°F [32]. The
resilience of the optical Airy beam in the absence of any initial
wavefront distortion against turbulence was astonishing. In
contrast, the traditional Gaussian beam deforms in shape
significantly (Figure 9R). The robustness is qualitatively
understood through the phase profile of the beam: change of
the phase between 0’s and π’s results in null-intensity regions, and
the singularities would be, on the contrary, extremely stable [32,
112, 113]. In contrast, the Gaussian beam heavily deforms and
exhibits a rather distorted phase structure.

Self-Imaging
The coherent light with any transverse amplitude profile could be
converted to the state with a periodical reconstruction. The non-
diffracting propagation of the stationary wavefronts can also be
produced in the pulse propagation. The non-diffracting beams
exist in the temporal domain and present novel features, like self-
imaging [114]. In contrast to the classical Talbot effect, pulse
revivals with minimum temporal and spectral distortion feature
the ultrashort-pulsed non-diffracting needle beams. The pulse
transfer with high-fidelity ensures temporal and spatial
multiplexing in the absence of nonlinear media, even at pulse
durations as small as a few cycles [114]. A particular class of
highly localized wave packets (HLWs) was recently introduced

FIGURE 8 | (A) Experimental setup for the nonlinear generation of Airy

vortex beam. The sample is a homogenous 5-mol% MgO:LiNbO3 crystal for

second-harmonic generation [94]. (B) Illustration of nonlinear non-diffracting

array beam generation [95]. (C) Non-collinear quasi-phase-matching

diagram [95]. Reproduced with permission from OSA [94, 95].
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with temporally stable, radially non-oscillating ultrashort-pulse
Bessel beams [115]. The spatiotemporally quasi-non-diffracting
pulses propagate along the extended regions characterized by
second-order autocorrelation with spatial resolution. Few-cycle
wave packets resembling circular disks, rings, and bars of light
represent the closest approximation of linear light bullets.

The self-image first could allow the non-diffracting beam to
reproduce itself after a certain distance. This feature may bring a
second advantage to propagate and transmit the image without
spatial distortion. Self-imaging occurs in the coherent
superposition of the non-diffracting beams if the propagation
constants are conveniently coupled [114]. Such an effect
expresses the spatial analog of the temporal mode-locking [57,
58]. Due to mode interference, the transverse intensity profile of
the beam reappears (vanishes) periodically at the locations of the
constructive (destructive) interference. Figure 10A shows the
schematics of the non-diffracting Talbot effect. The intensity of
propagation of sub-three-cycle needle beams at the fundamental
wavelengths in the (B) absence and (C) presence of local phase
distortion (left box, area of distortion) [114]. The temporal and
spatial evolution of a few-cycle needle beam with a hexagonal
pattern (period: d � 230 μm, a � 445 μm, SHG) are shown in

Figures 10D–I, where the axial distance of dark rings in (D,E) is
(L0+L1)/2 � 60 μm, and the diffractive patterns at (F,G) the first
and (H,I) second non-diffractive Talbot distance [114].

The addition of Airy beams with non-identical phases exhibits
the Airy-Talbot effect [116]. The 1D Airy beam suggests a self-
accelerating trajectory (Figure 10J), while an addition of 20 Airy
beams suggests that the Airy-Talbot effect is corroborated in the
side-view propagation (Figure 10K). Transverse intensity profiles
at three locations of self-imaging, z � Γ, 2Γ, and 3Γ, labeled by
dashed lines in Figure 10K, further confirm the effect [116]. The
pulsed non-diffracting beam can be used to transmit the image
without distortion along a long distance; for example, a small-
scale ultrashort-pulsed pattern is composed of linear HLWs as
fundamental beams could carry the image pattern without
distortion during propagation [115]. Figure 10M shows the
quasi-undistorted evolution of a small-scale ultrashort-pulsed
pattern (MBI logo) with linear HLWs as elementary beams.
The “flying images” were created through bi-prismatic micro-
axicon profiles in the phase pattern of an LCoS-SLM (left, red
square). The experiments were conducted with a Ti:sapphire
oscillator with a pulse duration of 13 fs and a center
wavelength of 800 nm (image detected by CCD camera). It is

FIGURE 9 | (A–C) Self-healing feature of the Airy beam with the main lobe obstructed. Intensity patterns at (A) the input z � 0, (B) z � 11 cm, and (C) z � 30 cm.

(D–I) Self-healing of the Pearcey beam after an arbitrary perturbation. The obstacle was a cylinder, with the white line indicating the rectangular projection in (D). (J)Cubic

phase pattern. Experimentally observed transverse distribution of Airy beam at the (K) front and (L) rear faces of a crystal. (M) Transversal acceleration. The green lines in

(K,L) indicate the longitudinal section in (M). (N–P) Self-healing of an Airy beam in a scattering suspension of silica microspheres with 0.5 µm in diameter in pure

water. Intensity patterns at (N) the input z � 0, (O) z � 5 cm, and (P) z � 10 cm. (Q,R) Propagation in a turbulent medium of (Q) an Airy beam and (R) the Gaussian

counterpart. Reproduced from OSA [32, 98]. Reprinted from [28], with the permission of AIP Publishing.
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worth noting that the Airy beam is able to carry the image signal
through a bent trajectory even inside the scattering medium
[117–119].

BIOMEDICAL APPLICATION WITH
NON-DIFFRACTING WAVES

Biomedical applications of laser beams cover a broad area with
a plethora of imaging, stimulation, sensing, and detection
techniques. For instance, laser-scanning two-photon
microscopy (TPM) [120, 121] has assisted the
understanding of deep tissue events in neuron biology
[122–125], owing to the deep penetration and high spatial
resolution. However, a volumetric image of a 3D object in
conventional TPM requires 3D raster scan, which inevitably
decreases the volumetric frame rate. The slow frame rate
brings about motion blur for in vivo imaging applications.
Therefore, conventional TPM is insufficient for volumetric
imaging in real time, such as recording the transient signal
among neurons scattered in brain tissues. Non-diffracting
beams with propagation invariance and self-healing offer
excitingly novel features and functionalities in those
applications, including multiphoton microscopy (MPM)
[126], light-sheet fluorescence microscopy (LSFM) [11,
127], and optical micromanipulation [10, 27]. For instance,
LSFM adopted a thin sheet of the light beam to excite the
fluorescence, while orthogonal detection naturally ejects the
out-of-focus information due to the absence of excitation light.
Apart from eliminating the out-of-focus photons, the wide-

field ability brings about a large FOV with the help of non-
diffracting beams. Structures in biology are often buried deep
inside the tissue, which inevitably scatters light and
complicates microscopic imaging. Both the LSFM and the
MPM benefit from the non-diffracting beam due to the
ability of deep penetration, and lots of efforts have been put
forward to improve the performance of various imaging
modalities using the non-diffracting beams. In this section,
we aim to summarize representative biomedical applications
using non-diffracting beams.

Volumetric Multi-Photon Fluorescence
Microscopy
The MPM is a powerful tool for recording the activity of neurons
and neuronal networks in vivo through calcium transients.
Traditional TPM scans the diffraction-limited spot across the
sample. TPM performs better than traditional confocal
microscopy in combating scattering and increasing the
penetration, resulting from nonlinear excitation and longer
wavelength illumination [121, 128]. In order to image the
volumetric information, the excitation light has to be scanned
in three dimensions to traverse the sample structure. The point-
by-point scanning would increase the data acquisition time and
thus slow down the frame rate. In real applications, the sample
structure is sparse, and the point scanning results in an excessive
scan that leads to a slow frame rate. The random-access
microscopy localizes those specific structures and monitors the
structure of interest but still requires scanning in three
dimensions. The non-diffracting beam with the ability to

FIGURE 10 | (A) Schematics for the non-diffractive Talbot effect [114]. (B) The intensity propagation of sub-three-cycle needle beams at the fundamental oscillation

wavelengths (B) without and (C) with a local phase distortion (left box, area of distortion) [114]. (D–I) Temporal and spatial evolution of a few-cycle needle beam with a

hexagonal configuration. (D,E) The axial distance of dark rings (L0 + L1)/2 � 60 μm, at (F,G) the first and (H,I) second non-diffractive Talbot distance [114]. (J–L) Airy-

Talbot effect. The intensity plot of (J) 1D Airy beam and (K) sum of 20 Airy beams. (L) Linear intensity profiles at three planes of self-imaging, z � Γ, 2Γ, and 3Γ,

indicated by dashed lines in (K) [116]. (M) Quasi-undistorted evolution of a small-scale temporally ultrashort pattern composed of linear HLWs as fundamental beams

[115]. Reproduced with permission from OSA [114, 115] and APS [116].
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preserve the shape over a distance much greater than the Rayleigh
range provides perspective to increase the scanning speed,
especially in sparse structure occasions, e.g., neurons. The
hybridization of two-photon excitation and volumetric ability
allows longer penetration depth while maintaining decent lateral
resolution, which also greatly improves the localization of the
lateral shift in the 2D projection of the volumetric microscope
with Airy beam illumination. In 2018, two groups developed the
three-photon microscopy (3PM) with Bessel beam excitation
[101, 129, 130].

The axial depth (detection range) of traditional confocal and
TPM microscopes is limited by the axial FOV. The volumetric
imaging system often requires a large depth of field (DOF); to this
end, the non-diffracting beam is capable of extending the FOV on
the detection side. Proper choice of the extension length of the
Bessel beam can be realized through the optical components,
including the sample property and the single pulse energy. For
highly transparent tissue, the long Bessel beam could illuminate
the entire FOV, e.g., zebrafish [101]. The length could be
physically configured by the optical components, e.g., the SLM
or DMD. Moreover, the length should be adjusted to a shorter
one for increased depth. The non-diffracting beams could
improve the detection speed in MPM. The point spread
functions (PSFs) of the 3PM (Figure 11A) and 2PM
(Figure 11B) show needle-like structures and have been
corroborated in the experiment (Figures 11C,D). The
transverse cross-sections after integration of the Bessel beam
along the z-axis suggest the fluorescence profile of the side
lobes (E, 3PM; G, 2PM). Figures 11F,H show the
experimental measurements. The images under Bessel 3PM
and 2PM are compared in Figures 11I–L, where the
rectangular regions in Figure 11I are zoomed in (J) and (K).
Figure 11G shows the schematic layout of the hybrid 2PM and
3PM combined with traditional TPM and MPM [101]. The 3PM
adopts a non-collinear optical parametric amplifier (NOPA,
Spectra-Physics) pumped by a high-power 1,040 nm
femtosecond laser. The NOPA produces 50 fs pulses with an
average power of 500 mW at 1,300 nm and a 400 kHz repetition
rate. Another custom-made femtosecond Nd: fiber laser at
930 nm delivered up to 800 mW 150 fs pulses at a 50 MHz
repetition rate act as the excitation source for 2PM. Both
beams were combined and steered using a pair of scan mirrors
(6215H, Cambridge Technology) [101]. Typically, a water
immersion objective (×25, NA 1.05, Olympus) focuses the
light into the sample. The epi-fluorescence was detected by a
GaAsP PMT detector (H7422p-40, Hamamatsu) through a long-
pass dichroic mirror (FF735-Di02-25 × 36, Semrock). A
condenser lens, a short-pass filter (ET770sp-2p, Chroma), and
a 525/40 nm bandpass filter (FF02-525/40-25, Semrock) were
used to collect and filter out the fluorescence signals [101]. It is
noteworthy that the setup in Figure 11G is just an example to
realize the MPM with volumetric imaging ability.

Since the areas of both MPM and volumetric imaging are
highly developing, there will be many hybrid designs along the
direction despite many versions having been demonstrated
already. For instance, the combination of a Bessel module and
a two-photon mesoscope has been demonstrated for the imaging

of volumetric neural activity on the mesoscale with a synaptic
resolution while maintaining the ability to resolve synaptic
structures such as dendritic spines and axonal boutons [84].
The MPM with a non-diffracting beam has a direct impact on
neuron science. Both individual neurons and neural networks
extend over hundreds to thousands of microns in 3D. Visualizing
neural circuits over large tissue volume at subcellular resolution
and high speed is challenging due to the light scattering and slow
scanning [131]. The fast volumetric ability enables rapid calcium
imaging of entire dendritic spans of neurons and neural
ensembles within multiple cortical regions in the awake mouse
brain. An axially extended excitation region is steered in 2D to
project the view of the volume defined by the scanning area and
the axial extent onto a 2D image [131]. The Bessel-like focus
provides subcellular resolution at exactly the same volumetric
imaging rate as the 2D scan. The produced Bessel-like focus has
an adjustable axial full width at half maximum (FWHM) from 37
to 116 µm. The volumetric ability makes it possible to record the
calcium activity traces by transients highly synchronized in
dendrites and soma. The synchronized transients in spines
and dendrites suggest faster dynamics than those in the soma.
In some spines, transients independent of the synchronized
events were also detected, preferentially evoked by local
synaptic inputs [131].

The MPM with non-diffracting beams has been applied in
neurobiology by imaging calcium dynamics in volumes of
neurons and synapses in mice, zebrafish larvae, and fruit flies
in vivo. Calcium signals in objects, e.g., dendritic spines, could be
resolved at video rates [131]. The non-diffracting beam makes it
possible to record all the calcium transients in the volume with
video-rate, even using the calcium indicators with limited
brightness. In in vivo experiments, the locations of neurons
and their synapses remain unchanged during the imaging
session and there is no need to monitor and track their
locations continuously in 3D. Therefore, Bessel beams excite
3D volumes via extended DOF [131]. For sparsely labeled
brain tissues with a minimum structural overlap in the 2D
projections, the neural activity in the volume can be
monitored with a frame rate equivalent to the 2D rate. A
single neuron receives multiple synaptic inputs and traverses
millimeters to send over projections [131]. Through the long-
range connections, the information goes through multiple
cortical regions to transmit signals. It is important to record
neural activity through cortical depth over a large volume at
subcellular resolution. The two-photon fluorescence mescoscope
with 5 mm FOV and volumetric module with Bessel focus has
been demonstrated for the rapid mesoscale volumetric imaging of
the neural activity in mouse brain in vivo [131].

Although the Bessel beam has been demonstrated in
volumetric imaging of neurons, the self-accelerating Airy beam
is also interesting in the TPM [24]. The Airy beam shares the
benefit with the Bessel beam to increase the acquisition speed by
projecting the axial information onto a 2D image [101, 129, 130,
132, 133]. Moreover, the self-acceleration feature brings new
possibilities that go beyond the Bessel beam. Toward this end,
a broadband femtosecond fiber laser with a central wavelength of
1,065 nm (30 MHz repetition rate and 180 fs pulse width) was
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converted into a spatial Airy beam. The spectrum modulation
with a CPM corresponds to a pupil function:

P(u, v) � p(u, v)eic(u3+v3), (25)

where p(u, v) � 1, for u2 + v2 <R2, and p(u, v) � 0, for other
regions with R the aperture radius. The cubic phase term
c(u3 + v3) shapes the beam into an Airy beam, with the
regulation factor c controlling the self-bending. Such a cubic

phase could be created through a liquid crystal SLM or a DMD
[79]. For the femtosecond laser, we adopt the static cubic phase
plate etched on the surface of a plane glass to increase the damage
threshold [78]. This is extremely important for TPM, where
higher peak power density maximizes the chance for two
photons to arrive at a single fluorophore simultaneously to
excite the fluorescence. The performance of the Airy TPM has
been corroborated by the imaging of 3D phantoms embedding

FIGURE 11 | (A,B) Theoretical PSFs of 3PM and 2PM in the x-z plane. (C,D) the experimental PSFs. Scale bars: z, 100 μm; x, 2 μm. (E,F) x-y cross-sections from

the integration of the z-axis of the Bessel beam to simulate the fluorescence profile of the side lobes (E, 3PM; G, 2PM). (F,H) Experimental results. Scale bar, 2 µm. (I–L)

Blood vessels in live zebrafish under Bessel 3PM and 2PM. (I) An example of the fish under Bessel 2PM and 3PM and the region in red box are zoomed in as (J,K). (L)

Fluorescence profiles along the line across the same blood vessels. (G) Schematic diagram of the apparatus. F, flipper mirrors; Axicon, α � 2°; L, Lenses; SL and TL

(200 mm). Multiple conjugate planes were created onto the back focal plane (BFP) of the objective. Galvo mirrors: GMX/GMY, for beam scanning in the x/y direction. DM,

dichroic mirror. Images of 1 μm fluorescent sphere under (A,B) Gaussian and (C,D) Airy TPM. The (M) lateral and (N) axial PSFs under Gaussian mode. The lateral (O)

and axial (P) PSFs under Airy mode. (Q) Lateral intensity distribution in (M,O). (R) Maximum intensity with respect to the axial direction for (N,P). Blue lines, Gaussian

beam; red lines, Airy beam. (S,U) Projection of image stack of a mouse brain slice with depth coded by color. Step size: 0.5 μm. (T,V) Single volumetric frame of mouse

brain slice captured with Airy TPM. Reproduced with permission from OSA [24, 101].
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fluorescent polymer spheres and the neuron network in the slices
of mouse brain with subcellular lateral resolution across a large
axial FOV. Figures 11M,O show the transverse images of the
sphere under Gaussian and Airy beam TPM, in sequence, while
the linear intensity profiles indicated by dashed lines are shown in
Figure 11Q. The side-view profiles of the Gaussian are majorly
narrowed within the Rayleigh length (Figure 11N), while the Airy
beam point spread function (PSF) suggests a bent trajectory
(Figure 11P). The linear profile along (Q) the transverse and
(R) longitudinal directions of both beams shows a clear
difference. The PSF trajectory suggests that the Airy beam
extends the axial range around six times longer than the
conventional Gaussian beam while maintaining a comparable
lateral size. The TPM illuminated with an Airy beam could
capture a volumetric image in a single frame. Moreover, it
acquires image structures situated in a highly scattered
environment.

The advantage of the Airy beam has been demonstrated in
the two-photon imaging of the Thy1-YFPH (B6.Cg-Tg(Thy1-
YFP)HJrs/J, the Jackson Laboratory) mice at the age of
2 months. Brain samples were sectioned by vibratome to
about 40 μm thickness and postfixed in PFA overnight. The
two-photon fluorescence image of the tissue is shown in
Figures 11S,U by scanning the tissue layer by layer, where
the color encodes the axial coordinate. Within the FOV, the
neurons at different depths in the tissue can be recognized. The
Gaussian scan at an individual axial location only visualizes a
sparse subset of these neurons. In contrast, all the neurons can
be simultaneously visualized in a single volumetric frame
under the Airy mode (Figures 11T,V). Although the
volumetric image is slightly blurred owing to the side lobe,
the details in the neuron, like the axons and dendrites, can still
be identified with good resolution (Figure 11S). Due to the
long focal length of the Airy beam, the axial range is sufficient
to cover all the structures in the whole tissue slice. The axons
may not align in the transverse plane, and the Airy beam with
extended focus may image the whole structure of the axon,
which is not possible under Gaussian illumination. The non-
diffractive nature of the Airy beam can also provide higher
resolution and SNR than traditional confocal microscopy in
imaging fluorescent objects immersed in turbid media [134].

It is of great importance to design head-mounted MPM for
deep cortical layer neuronal imaging in a freely moving animal
[135]. With advanced fiber optics, we envision that the non-
diffracting beams would deliver high-energy non-diffracting
pulses tailored to in vivo applications. In contrast to the
straight Bessel focus, the focus of the Airy beam self-
accelerates and provides a bent PSF. This is somehow non-
ideal for the volumetric imaging as the SNR may be affected
by the side lobe in the TPM. However, the Bessel focus innately
combined the axial information by projecting all the structure in
the volume onto a single 2D image and the Airy beam may
provide the potential to distinguish the axial information
according to the bending magnitude and has been verified in
single-molecule localization super-resolution microscopy [36].
The Airy beam is also able to image structure under deep
penetration [134]. The axial resolution of the Airy beam

would be introduced in Axial Resolution in TPM With Self-
Accelerating Beams.

Light-Sheet and Raman Microscopy With
Non-Diffracting Beams
LSFM adopts a planar illumination beam to excite the
fluorescence in a thin layer of the sample, with the thickness
determined by the numerical aperture of the excitation objective.
LSFM eliminates the out-of-focus fluorescence light by only
illuminating the sample with a thin light sheet normal to the
detection axis of the microscope. However, the traditional
Gaussian beam provides a smaller FOV along the beam
propagation direction owing to diffraction. As a result, the
normal illumination beam suffers from diffraction broadening;
thus, the thickness varies along the beam propagation. Therefore,
a uniform magnitude of size upon propagation is ideal for light-
sheet illumination. Moreover, the non-diffracting beam features
shape-preserving for a distance much longer than the Rayleigh
distance, offering the ability to extend the illumination FOV in
the LSFM application [11, 136]. The Bessel focus TPLSM allows
volumetric imaging of neurovascular dynamics while preserving
the high lateral resolution and multi-color capability [25]. With
the advancement of bright and efficient two-photon fluorescent
sensors, Bessel TPLSM simultaneously images neuro-vasculature
with neurons and glia to produce a high-throughput database for
unveiling the dynamics of neurovascular in normal and diseased
brains.

In volumetric LSFM, the axial detection range is crucial to
improving speed [137, 138]. On this occasion, the non-diffracting
beam helps to extend the detection range, e.g., the Bessel and Airy
beams, owing to the shape-preserving feature. The experimental
configurations of the LSFM could be found in many review
articles, while the non-diffracting beams have also introduced
in [139, 140]. The fluorophore outside the excitation volume
would not be excited, greatly reducing the noise thanks to the
out-of-focus excitation. LSFM in single- and two-photon
modalities has been a powerful, low-photodamage, wide-
field microscope for fast volumetric imaging of biological
tissue. The 2-week posthatching (wph) larva of the FLT4-
EGFP zebrafish strain expresses EGFP in the lymphatic
endothelial cells, with angiography labeled by dextran-
conjugated tetramethylrhodamine B being imaged with
LSFM (Figure 12A) [136]. The 3D reconstruction of the
entire fish clearly shows the vascular system of the zebrafish
larva. The blood vessels in red show the morphology of the
dorsal aorta, dorsal longitudinal anastomotic vessel, posterior
cardinal vein, capillary blood vessels, and intersegmental vein
and artery. This ability makes it possible to study the organ
interaction in the entire fish.

Although the Airy beam has been demonstrated in the LSFM,
the self-bending PSF introduced image inhomogeneity [11]. A
recent advancement makes the use of planar Airy beam to
provide isotropic performance without image deconvolution
[127]. This takes advantage of the shape-preserving feature to
extend the FOV while keeping a flat field using the self-
accelerating beam (Figure 12B). The LSFM could also
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perform under either single or multiple photon modes by
switching different laser lines [127]. Such a symmetric planar
Airy beam not only improves the SNR but also minimizes the use
of deconvolution during image processing. Light-sheet
microscopy combines unparalleled image contrast and
minimal exposure with high resolution, thus alleviating the
photo-bleaching and photo-toxic effects. The non-diffracting
Bessel and Airy beams illuminate the full FOV uniformly but
have transversal side lobes that would result in poor axial
resolution [127]. The planar two-photon Airy light-sheet was
explored to achieve a minor modification to a single-photon
light-sheet microscope and improved SNR performance [127]. In
practical LSFM experiments, one has to spend efforts to fix
different kinds of samples, e.g., embryo and brain tissues. The
samples in the LSFM are usually soft and could be embedded in
the agarose gel. Recently, ultrasound confinement was proposed
to hold the sample without mechanical touch [141]. These
advancements make the light-sheet imaging easier to operate
and data acquisition more precise.

The LSFM was further extended to 3PM with enhanced
penetration depth [142]. The potential advantages in 3PM
light-sheet microscopy enhanced by propagation-invariant
Bessel profile in preference to Gaussian beams include the
augmented SNR and longer penetration depth. The

propagation-invariant Airy beam allows a tenfold increase in
FOV for a single-photon excitation microscope [11]. The
characteristic asymmetric distribution of the traditional Airy
beam restricts the application in multiphoton excitation. 3PM
has been increasingly used to record neural activities beyond the
typical depth of two-photon imaging modality [143]. With the
assistance of the non-diffracting beams, the MPM would perform
better for in vivo imaging of biological tissue, especially the mouse
brain, with improved SNR and penetration depth. 3P
fluorescence imaging excited with an axially extended Bessel
focus has been applied to image mouse brain slice and in vivo
imaging of the mouse brain [130].

Coherent Raman scattering (CRS) microscopy is a well-known
nonlinear Raman microscopy that performs fast label-free
imaging of the chemical bonds of molecules. However,
traditional CRS microscopy using point-by-point scanning
restricts the speed of 3D imaging. Volumetric imaging with
non-diffracting beams enables rapid and deep measurements
of 3D structures with decent lateral resolution through a 2D
lateral scan. Chen et al. [26] have demonstrated that the
stimulated Raman projection (SRP) microscopy with Bessel
beam allows high-speed volumetric chemical imaging. In their
demonstration, two synchronously produced pulsed lasers from
the same oscillator (InSight DeepSee, Spectral Physics) at a

FIGURE 12 | (A) Entire body imaging of Medaka larvae using the dual-color LSFM. 3D reconstructed view of the lymphatic and blood vessels in the entire body in a

2 wph larva. Green represents the EGFP signals from the FLT4-EGFP transgenic strain, and red demonstrates the dextran-conjugated rhodamine signals from the blood

vessel. Yellow rectangular illustrates a magnified view at the body trunk [136]. (B)Maximum intensity projection of Thy-1 GFP-expressing mouse brain tissue, using the

two-photon planar Airy light-sheet [127]. (C) The experimental setup for the stimulated Raman projection (SRP) microscopy. (D) Linear profiles of the pump and

Stokes beams, (E) the SRP signal produced by the ring-overlapping Bessel beams, (F) the SRS imaging of polystyrene beads located at different depths by Gaussian

beams SRS microscopy, and (G) the volumetric image by SRP microscopy with Raman resonance (H) on and (I) off. Reprinted with permission of OSA [127].

Reproduced from Springer Nature [26, 136].
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repetition rate of 80 MHz served as the pump and Stokes beam.
The wavelength of the Stokes beam is fixed at 1,040 nm. The
tunable pump beam had a wavelength from 680 to 1,300 nm. Two
axicons (AX2520-B, Thorlabs) converted the overlapped
Gaussian beams into doughnut-shaped beams (Figure 12C).
The doughnut-shaped beams were steered by a 2D galvo
system (GVS012, Thorlabs) and were transferred to a
microscope objective to create Bessel beams. Although the
signal from the rings of the Bessel beams may bring the
interfering signal, the different intensity distribution of the
pump beam and the Stokes beam minimizes the partial
overlap of the rings, which makes the interference SRP signal
from the ring-like sidelobes much smaller than the signal
generated from the central major lobe (Figures 12D,E).

For the proof-of-concept experiment, polystyrene
microspheres dispersed and fixed in a 3D matrix of agarose
gel were imaged by both traditional CRS and SRP modalities
[26]. Under traditional Gaussian mode (Figure 12F), the SRS
microscopy can image the microspheres plane by plane. In
contrast, the SRP microscopy acquires all the spheres at the
same lateral location through only a single 2D scanning
(Figure 12G). For example, they tuned the Raman transition
to CH2 symmetric vibration at 2,850 cm−1 to image the lipid
droplets (LDs) in differentiated 3T3-L1 cells. The cells assume a
near-spherical geometry with radii up to tens of microns. The
traditional SRS images reveal the different intracellular
morphologies with a total acquisition time of 45 s. The SRP
image of the same cell directly revealed similar global
abundance of lipids using a single 2D scan within only
0.9 s. This example further corroborated the speed
advantage using the SRP microscopy to globally identify
biomolecules in the volume. As a result, the SRP
microscopy provides new directions for both the Bessel
beam and the CRS microscopy to enhance the imaging
capabilities for diversified applications.

Improve the Transverse Resolution of
Two-Photon Microscopy With Bessel
Beams
The resolution of TPM is often limited by the excitation
wavelength, which is usually on the order of ∼1 μm. The
resolution is determined by the PSF of the excitation beam
with r � 0.61λ/NA. The resolution is estimated to be ∼0.6 μm
for 1 μm excitation wavelength and NA � 1.05 objective.
Moreover, the resolution with both the Airy and Bessel
beams would be sacrificed owing to the inhomogeneous
light intensity distribution and the parasitic side lobes. To
improve the transverse resolution and thus preserve the
extended depth capturing ability, the side lobe from the
Bessel beam could be inhibited by a higher-order Bessel
beam to scan the sample and subtracting the two images
[81]. In contrast to the conventional 2D switching laser
modes (SLAM), such a counterpart in 3D, termed as
volumetric SLAM (v-SLAM), features extended depth and
improved transverse resolution (Figure 13) [81].
Particularly, the TPM scanning beam was replaced with 0th-

order needle-like and the 1st-order straw-like Bessel beams in
sequence.

The concept of SLAM was initiated by Dehez et al. [144] to
enhance the resolution and image contrast in scanning
microscopy. The SLAM takes advantage of the image
subtraction between the bright and dark modes and
exploits the smaller size of the dark spot of the transverse
laser mode. The advantages of SLAM microscopy are its
applicability to diverse imaging platforms and sample
types. Previous SLAM was applied in the 2D plane on the
tight focus [145–149]. In order to use the SLAM concept for
the DOF extension microscopy in 3D, a pair of needle-like
beams with the bright and dark mode allows the subtraction
for transverse resolution enhancement in volumetric
imaging.

The Bessel beam has been used to extend the DOF in 2PM
imaging of neurons [133]. However, the intensity profile of the
0th-order Bessel beam suggests strong side lobes under two-
photon excitation (2PE) that generates a noisy background
and decreases the SNR. Because 2PE (3PE) fluorescence takes
the cubic (quadratic) dependence on the excitation power, the
PSF with a Bessel beam under 3PE has much smaller side lobes
than that under 2PE. The Bessel beam 3PM has been
demonstrated both theoretically and experimentally in
simultaneous calcium imaging of brain tissue at different
axial locations in live fruit flies and rapid volumetric
imaging of neuronal structures in live mouse brains [101,
129, 130]. The results highlight the special advantage of
performing rapid volumetric imaging with an enhanced
SNR in deep brain tissue in vivo using Bessel 3PM.

The multiple orders of Bessel beam are also utilized to increase
the imaging contrast and resolution. The most commonly used
Bessel beam is the 0th-order Bessel beam, whose lateral intensity
profile displays a bright central spot surrounded by many
concentric rings (side lobes) with decaying energy. The
performance of the Bessel beam TPM mainly counts on the
excitation from the bright center spot due to its dominant
intensity. In contrast to the bright center, the side lobes are
redundant and contribute mainly to the image background due
to their substantially high energies. The lateral profile of the 3rd-
order Bessel beam is found to well inhibit the side lobes of the 0th-
order Bessel beam, which is ideal to conduct the image subtraction
for cancelling the image background introduced by the side lobes of
the 0th-order Bessel beam [85]. On the other hand, the 1st-order
Bessel beam is also employed to enhance the lateral resolution over
the extended DOF of the 0th-order Bessel beam. The conventional
method of SLAM in 2D is extrapolated to 3D. The v-SLAM is a
counterpart of the 2D SLAM. As a result, the equivalent beam in
v-SLAM is a much thinner needle beam produced from the
subtraction from the straw-like 1st-order Bessel beam. In
contrast to the 0th-order Bessel beam, the transverse resolution
for the v-SLAM increases by 28.6% and preserves over the axial
depth of 56 µm.

Recall that the Bessel beams are described by Bessel functions,
which originate from a set of solutions of the free-space
Helmholtz equation [3]. The azimuthal phase term in the
electromagnetic field of the high-order Bessel beam displays a
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phase singularity at the center, creating a straw-like beam [66,
150]. The transverse profile of the beam is an invariant
doughnut pattern, which is similar to the vortex beam,
such that the high-order Bessel beam can be understood as
a dark beam and paired with the needle-like 0th-order Bessel
beam (bright mode) to perform the subtraction.
Furthermore, the 0th-order and high-order Bessel beams
have equal axial depth, avoiding an excessive resolution
enhancement and ensuring an appropriate subtraction over
the whole beam length.

To create different Bessel beams, the phase of the excitation
beam is modulated by the SLM. The Bessel beam has an electric
field in the cylindrical coordinate as follows [150]:

El(r,φ, z) � E0 exp(ikzz) Jl (krr) exp(ilφ), (26)

where r and φ are the radial and azimuthal coordinates,
respectively. E0 is the initial electric field amplitude, l is the
order number, Jl is the l

th-order Bessel function, and kz and kr are
the longitudinal and radial wave vectors in free space,
respectively. According to Eq. 1, the azimuthal phase
exp(ilφ) with l ≥ 1 contributes to a central singularity in the

Bessel beam. The high-order Bessel beam is produced by
converting the OAM beam through the axicon [66]. The
SLM performs as an integrated phase modulator to imprint
both the axicon and the spiral phase. The 0th-order Bessel
beam will be created by modulating the fundamental Gaussian
beam with an SLM. For high-order Bessel beams, an azimuthal
phase mask is presented on the SLM and overlaid with the
concentric phase mask; as a result, a concentric spiral phase
will be created.

Figure 13A shows the concept of the conventional SLAM
and the V-SLAM. Adopt the conventional SLAM in 3D, non-
diffracting vortex beams with multiple orders extending the
DOF such that the SLAM is extrapolated to 3D. Both the 0th-
order and the 1st-order Bessel beams have axially elongated
profiles and maintain invariant lateral size. The major
difference is that the 0th-order Bessel beam is a concrete
needle-like beam with a lateral Bessel shape, while the
straw-like 1st-order Bessel beam laterally shows a doughnut
shape. The subtraction of the straw-like beam from the needle-
like beam generates a thinner needle-like beam; thus, the
equivalent lateral resolution is enhanced over the entire DOF.

FIGURE 13 | (A) Mechanism of the conventional SLAM (top) and the v-SLAM (bottom). (B) The lateral intensity distribution of the 0th-order Bessel (left), the 1st-

order Bessel (middle), and the subtraction of Bessel beams (right). (C) Linear profiles of the PSF in (B). (D) PSFs of the 0th-order, 1st-order, and subtracted Bessel

beams in the x-z plane. (E) Projection of the Gaussian-scanned image stacks for the mouse brain slices (color codes the depth). The images are obtained by the 0th-

order Bessel beam (F) and the subtraction image (G). The three positions with different depths (zs � 2, 12, and 29 μm) are labeled in (F,G). Reproduced with

permission from OSA [81].
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The PSF of the Bessel TPM has been evaluated by scanning a
single fluorescent nanosphere (100 nm, F8800). Figures 13B,C

show the transverse fluorescence profiles under the
illumination of the 0th-order (solid spot) and the 1st-order
doughnut-shaped Bessel beams and the subtracted PSF in
sequence. The 0th-order and 1st-order Bessel beams act as the
bright and dark modes, respectively. Therefore, the subtracted
PSF is as follows [144]:

PSFSLAM � PSFbright − g · PSFdark, (27)

where g is an empirical subtraction factor. A large value of g
contributes to a better lateral resolution; however, it also
introduces artifacts with negative pixel values, which
deteriorate the image quality. The subtraction factor is usually
limited to 0.5 ≤ g ≤ 1. The red line in Figure 13C shows the PSF
with enhanced resolution, where a small portion of negative pixel
values was truncated to 0.

PSFs of the 0th-order, 1st-order, and subtracted Bessel beam
are shown in Figure 13D. The FWHMs of the 0th-order and the
subtracted Bessel beams are 700 and 500 nm, respectively. The
resolution can be further improved with a large g depending on
the balance with image deterioration. In contrast to the 0th-order
Bessel beam, the transverse resolution in v-SLAM increases by
28.6% and preserves over the 56 μm axial depth. The axial
resolution enhancement is evaluated by shifting two adjacent
fluorescent microspheres along the axial direction, and imaging
performance was also tested using a 50 μm thick mouse brain
slice. Themouse expresses the yellow fluorescent protein (YFP) in
layer-V pyramidal neurons (Thy1-YFP H-line). The mouse brain
slice was scanned layer by layer under Gaussian illumination with
a step of 0.5 µm. Figure 13E shows the color-coded stack of the
projected images. In contrast, the zeroth-order Bessel beam shows
a volumetric image using a single 2D scan (Figure 13F). The
subtracted image in Figure 19G shows a clearer image for the
subcellular structure. The contrast enhancement intrinsically
comes with the SLAM since the negative values near the edges
are forced to zero [144].

Axial Resolution in Two-Photon Microscopy
With Self-Accelerating Beams
MPM with extended DOF has been demonstrated extensively
in stimulated Raman, two-photon, and three-photon
excitation microscope in neuroscience applications with fast
frame rate [26, 84, 133, 151]. Both the non-diffracting Bessel
and Airy beams could extend the DOF inside the scattering
sample and have been demonstrated in the two-/three- photon
microscope. The non-diffracting beam with elongated axial
focus extends the axial FOV but sacrifices the axial resolution
[101]. The PSF for the Bessel beam shows a straight light
needle along the propagation [101, 130]; in contrast, the Airy
beam presents a curved PSF [24, 87]. Although the two beams
offer isotropic transverse resolution at all depth locations
within the volume [133], the bending PSF poses the
possibility of dissecting the axial information.

Volumetric microscopy provides improved speed under
confocal mode for sparsely labeled samples. Instead of a layer-

by-layer scan across the 3-dimensional (3D) volume [120], a
volumetric microscope projects the volume onto a single 2D scan.
Volumetric microscope with Bessel beam possesses axially
elongated needle-like intensity [101, 130, 133] but lacks the
axial resolution. With the self-accelerating Airy beam, it is
possible to image the volume and resolve the structure axially.
The self-accelerating Airy beam bends itself, leading to a non-
perpendicular projection of the volume in TPM. Such self-
acceleration can be utilized to localize single molecules for
ultrahigh-resolution microscopy [36]. The association of the
bending PSF and the axial depth allows the dissection of
the axial location using the bending magnitude. Additionally,
the Airy beam provides a more extended axial range in contrast to
the Bessel beam. A pair of Airy beams with opposite self-bending
directions was applied to scan the volumetric sample in sequence
under two-photon microscopy to map the axial position [87]. For
densely distributed structures, a data processing algorithm is
required to reconstruct the 3D volume from the 2D
projections using mirrored Airy beams. This approach was
corroborated to achieve high accuracy in 3D localization over
an extended axial range and is appropriate for continuous and
dense structures. The advantages of the volumetric TPM with an
Airy beam over Bessel beam TPM and conventional Gaussian
TPM are the depth resolution and less scanning times,
respectively.

Figure 14A illustrates the principle of depth-resolved
volumetric microscopy with SABs. The CPM is adopted to
convert the fundamental Gaussian beam to an Airy beam. The
beam goes through an objective lens and forms the Airy-like
focus. This axially elongated Airy beam (Figure 14C) excites the
two-photon fluorescence in the volumetric sample. A paired Airy
beam with the CPM rotated by 180° in the same plane
(Figure 14D) provides another set of fluorescence images. The
paired Airy beams bend toward opposite directions as confirmed
from the PSF mapped with a single fluorescent microsphere
(Figures 14C,D). The insets in Figures 20C,D show the
corresponding CPM displayed on the SLM. Due to the self-
bending feature of the Airy beam, the relative lateral locations of
the SABs are depth-dependent. Since the CPM for producing
Airy beam is anti-symmetric, i.e., ϕ � cx3, the CPM with
mirrored orientation would produce Airy beams with
opposite self-acceleration direction (Figures 14C,D). The
bending magnitude of the axial PSF is correlated with the
sample depth. One possible solution to resolve the depth
information is to compare the bending amount from the
paired Airy beams. The system performance was estimated
by scanning the sample with the two Airy beams (Figures
14C,D) with reversed bending directions in sequence [153].
The image projections with relative lateral shifts for each
structural point would imply shift-dependent depth
information (Figure 14E). Reconstruction of 3D volume
from 2D projections excited by mirrored Airy beams (MAB)
offers a high volumetric imaging speed without compromising
the spatial and temporal resolution [152]. This approach
achieved high accuracy in 3D over an extended axial range in
a continuous and dense sample with expanded effective FOV.
Additionally, the axial resolving ability allows the capture of fast
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calcium dynamics using the paired Airy beams, although the
sample is scanned twice. The non-diffracting Airy beam
penetrated deeper in a highly scattered medium [24, 32, 34].

The response of an optical instrument is assumed to be shift-
invariant, and the collection of signal Y at a 3D position p ∈ R

3

can be modeled as the convolution operation between the PSF H
and the sample X, defined by the following:

Y(p) � ∭
R
3H(p − r)X(r)dr. (28)

Consider a discretization model that y ∈ Rm and x ∈ R
n are

vectors acquired by raster scan at respective focal planes inside
the sample, respectively. H ∈ R

m×n denotes a matrix that the
matrix multiplication Hx represents the discrete convolution of
Eq. 28. The final acquired image with noise corruption
approximates y � Pois(Hx) + č(0, σ2), where Pois(λ) is a
Poisson random variable with parameter λ and č(0, σ2) is a
normal random variable with zero mean and variance σ2.
PSFs of the microscope system were modeled using the Airy

FIGURE 14 | (A) Images are collected at multiple planes in sequence using Airy beams with reversed bending. Although the magnitudes of lateral shifts for the two

spheres are nearly identical for images taken at z1, they become distinguishable after shifting the focal plane. (B) Images created by the convolution of the retrieved

volume and PSFs. The gradient descent is applied to minimize the loss function [152]. Two-photon intensity profile for a fluorescence microsphere with (C) left (red) and

(D) right (green) Airy beams. Insets show the respective CPM displayed on SLM. (E) Synthesized color image of fluorescencemicrosphere excited with left and right

Airy beams along z-axis [87]. (F–J)Maximum intensity projection (MIP) reconstructed from image sequence with average SNR of 3.32 dB and peak SNR of 23.88 dB at

six axial locations. (F) Depth color-coded MIPs toward the z- direction for the ground truth, reconstructions with Richardson–Lucy deconvolution, ℓ1- and ℓ2-GD.

Magenta box shows a scanning area of 512 × 512 pixels. Scale bars, 5 μm. (G–J)MIP of a simulated microtubule network toward the z-direction with color-coded depth

for (G) the ground truth and (H) the optimization. An image section at z � 10 μm of (I) the ground truth and (J) the optimization. Reproduced with permission from OSA

[87, 152].
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beam with normalization ∑H � 1. The transverse scaling factor
x0 configures both the lateral dimension and the axial depth [36].
Experimentally, this is realized by modulating the phase mask on
an SLM [153]. An Airy beam with a longer axial profile has a
deeper DOF and extends the axial imaging range.

The implementation of MABs requires tedious calibration to
extract the depth information, which complicates the volumetric
imaging of the dense sample. It is challenging to reconstruct the
3D volume from a 2D image scan [24, 154]. Since only the 2D
images in the real application are acquired, a loss function that
evaluates the difference between the observed image ŷ and the
estimated imageHx̂ can be minimized, where x̂ ∈ R

n denotes the
raster scan operation. The squared-error loss function is as
follows:

L(x̂ ) �
����ŷ −Hx̂

����22, (29)

with minimization condition, min
x̂

L(x̂ ) s.t. x̂ ≥ 0. Gradient
descent (GD) can optimize the loss function, and x̂k+1 at
iteration k + 1 is updated accordingly:

x̂k+1 � x̂k + αkH
T(ŷ −Hx̂k), (30)

where αk denotes the empirical step size at iteration k and HT

denotes the adjoint of H, which represents the discrete
convolution with respect to the PSF. The non-negativity
constraint was implemented by padding all negative pixels to
zero in each iteration. The algorithm converges slowly and often
oscillates significantly as the error spreads across the entire
volume. The convergence and performance were evaluated
through a momentum term [155]. The refresh becomes

x̂k+1 � x̂k − αkmk , (31)

with mk � cmk−1 + (1 − c)zL(x̂k )/(zx̂k ), where c is an
exponential decay factor that measures the contribution from
the previous gradients [155]. Deconvolution is an ill-conditioned
inverse problem, and regularization is introduced for
optimization. One common regularization is the Tikhonov
regularization using the ℓ2 norm. The loss and gradient are
the following:

L(x̂) �
����ŷ −Hx̂

����22 + λ‖x̂‖22, (32)

zL(x̂)/zx̂ � −HT(ŷ −Hx̂) + δx̂, (33)

respectively. δ is a parameter that controls the regularization
strength.Within the context of GD, this is interpreted as decaying
x̂ by a factor δ in each iteration. Many biological samples are
usually sparse; the sparsity constraint could be exploited using the
ℓ1 norm regularization. However, the non-negativity constraint
approximates the computation by utilizing merely the gradient in
the positive region. After every iteration, x̂ is shrank by a factor δ
that suppresses the lower values.

Figures 14F–G show the data processing with the image
reconstruction algorithms. Sample images of 1 μm fluorescent
beads scattered in the volume were numerically generated using
MABs with an axial FWHM of 20 μm. The Richardson–Lucy
deconvolution shows a much shorter effective axial extension

than ℓ1- and ℓ2-GD (Figure 14). The lateral and axial positions
match well with the ground truth in a long range for ℓ1- and
ℓ2-GD. More iterations reduce the lateral width of the sphere,
especially with ℓ1 regularization. Furthermore, ℓ1 regularization
has higher contrast and better suppression on artifacts. This
suggests that sparsity constraint performs better in volumetric
imaging. These reconstruction algorithms are in general
applicable to any non-diffracting beam that encodes the depth
information; the PSF engineering optimizes the encoding-
decoding to enhance image quality during reconstruction. For
instance, a PSF determined by deep learning outperformed the
traditional tetrapod in 3D localization. Other complex PSF beams
include the tetrapod PSF for 3D fluorescence localization
microscopy [156]. The computational improvement alleviates
the imaging modality in applications with high demand for
temporal resolution in contrast to the axial resolution. For
instance, the MPM with a non-diffracting beam is suitable for
functional neuron imaging of the naturally sparse neuron
network. Fundamentally, it will be beneficial to resolve the
axial structure. The self-accelerating Airy beam with bent PSF
is the best candidate to resolve the axial information while
keeping the fast scan rate. Additionally, the self-bending
feature would create an artifact near the edge of the scan
region, and this issue could be solved using a more advanced
azimuthally self-accelerating beam [110, 111]. The non-paraxial
self-accelerating beam with a larger bending angle would allow
better axial resolution in the MPM [18]. The incoherent
accelerating beams beyond the paraxial regime would improve
the SNR [157]. All those possibilities brought by the PSF
engineering are helpful for functional imaging of neural
circuits in vivo [158].

Depth Extension and Signal-Noise-Ratio
Improvement in Microscopy
The non-diffracting Airy beam has been applied in many types of
fluorescent microscopes, including the MPM and the light-sheet
fluorescent microscopy [10, 83, 87, 159]. For the MPM, normally,
the excitation and detection share some common paths in the
objective and the non-diffracting beam shaping unit (axicon or
the CPM) could be in the common path. Non-diffractive beams
are generally applied in the volumetric MPM as the excitation
beam owing to the isotropic resolution at all depths in the sample
[133, 151]. However, in the LSFM [137], the detection path is
orthogonal to the excitation path, and the non-diffracting beam
shaping unit could be in the detection path to extend the
detection depth.

The extended DOF of the non-diffracting beam is made
possible by spreading the focus in the axial direction and will
reduce scanning time for the MPM. However, the lateral
resolution is degraded as compared with the TPM using the
traditional Gaussian beam. Additionally, longer non-diffracting
length results in a much worse lateral resolution [130]. Therefore,
it is required to increase the transverse resolution over the
extended DOF for volumetric imaging. As the Airy beam
bends in spatial domain with the self-accelerating feature, the
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Bessel beam with straight propagation traces would extend the
DOF in the fluorescence microscopy.

The DOF extension results in less scanning to probe the
whole volume by spreading the focal spot axially. The non-
diffracting beam serves as an excitation beam in rapid
volumetric imaging microscopes. The increase in DOF of a
traditional microscope is associated with the reduction in NA
and the resolution [153]. Dowski and Cathey [160] have first
reported that the asymmetric PSF produced by a cubic phase
encodes the image with an extended DOF in the digital
recovery without sacrificing the resolution. Volumetric
images in the conventional microscope are generally
degraded by defocus-induced artifacts. One possible way to
minimize the artifact is to determine the spatially variant
translation of the image components to compensate for the
defocus [153]. This enables the reconstruction of artifact-free,
extended DOF images with a 2D defocus.

Multiphoton fluorescence microscopy with an extended
and reconfigurable DOF improves the temporal resolution
for volumetric imaging of the thick sample. Figure 15

shows the difference of the longitudinal PSFs of the
Gaussian and Bessel beams [133]. The axial length of the
Bessel beam is generally dozens of times that of the
Gaussian beam, which allows fewer scans to probe the
entire volume of interest. The axial length of the Bessel
beams is also adjustable by controlling the width of the
incident Gaussian beam on the axicon (Figures 15C,D),
making the Bessel beam flexible for samples of different
thicknesses.

A side effect of using the non-diffracting beam for depth
extension in fluorescence microscopy is the side-lobe-induced
imaging background. Although the background is not significant
in general applications, it is non-ignorable in some cases, such as
using the high-NA objective for a better lateral resolution [85].
Researchers have tried several methods to eliminate the side lobes
in imaging systems for a better signal-to-noise ratio (SNR). The
combination of the Bessel beam and the three-photon excitation
was confirmed to increase the SNR in the 3PM, owing to the
higher-order nonlinearity in the 3PM than that in the 2PM [101,
130]. The axial superposition of two Bessel beams for a 0th-order
Bessel beam was also demonstrated in fluorescence microscopes
using beams interfered with specific conical wave vectors [23,
161]. The interfered Bessel beam is produced by creating two
concentric annular apertures (Figure 15E) [23]. The radii and
thicknesses of the two annuli are determined by varying SLM
phase patterns for optimized performance. In contrast to a single
Bessel beam, the interference of the two Bessel beams of different
orders leads to a remarkable spatial alternation of sequential
bright and dark regions along the axial direction (Figure 15F). By
computationally averaging the three DRiP beams in 3D, it
exhibits an axially uniform PSF, maintaining a high transverse
resolution throughout a substantially extended DOF
(Figure 15G). The method of PSF subtraction is also used for
the SNR improvement because the lateral rings of the 3rd-order
Bessel beam matched well with the side lobes of the 0th-order
Bessel beam, such that the image acquired by the 3rd-order Bessel
beam is considered as the background of the two-photon image

scanned with 0th-order Bessel beam [85]. The deconvolution, as a
complementary way, cancels the side lobes of the non-diffracting
beams [162].

CONCLUSION

In conclusion, the non-diffracting beams were studied in the
physics community on the fundamental physics, generation
methods, and various forms. Due to the advanced technologies
in spatial light modulation, the non-diffracting beams have
found numerous applications. In this review article, we started
from the fundamentals in non-diffracting beams, followed by
the generation and biomedical applications of the non-
diffracting beams. In general, the non-diffracting beams are
an important family of spatial optical modes that can combat
the scattering and penetration in biomedical imaging
occasions. In terms of the application aspect, we mainly

FIGURE 15 | (A–D) Longitudinal PSFs of Gaussian and Bessel beams

[133]. (A) Two-photon fluorescence along the longitudinal axis for an

extended DOF setup (green) in contrast to a conventional setup (blue) with

identical transverse resolution. (B) Theoretical PSF in the longitudinal

plane with a standard DOF setup (Gaussian beam width � 2.7 mm). (C,D)

Theoretical PSF with extended DOF, where the incident Gaussian beam width

on the axicon is (C) 0.27 mm and (D) 0.47 mm. Scale bars, 5 μm. (E)

Illustration of the double-ring phase pattern on SLM, with two concentric rings

of finite width ΔR1 and ΔR2 [23]. The dashed circles demonstrate the average

radii of the ring. (F) Perspective view of a 3D double-ring phase beam. Inset

shows the side-view of the beam. Scale bars: 400 nm. (G) Side-view profiles

of positively translated (z0 � 7 mm), original (z0 � 0 mm), negatively translated

(z0 � −7 mm) double-ring PSFs, and the average of all the three PSFs.

Reproduced from OSA [23, 133].
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focus on biomedical engineering, including fluorescence
microscopy, two-photon microscopy, label-free Raman
microscopy, and optical non-invasive manipulation of
biological cells.

The above applications of the non-diffracting beams are just
a few representative examples in most recent years. This also
suggests that the unique features of non-diffracting beams can
benefit many applications in biomedical optics. Such field is
still developing, as the non-diffracting beams can also be
applied in many studies, for instance, to homogeneously
induce the photonic nanojet on the dielectric microparticles
with enhanced backaction force against the photon flux [163]
and to excite the fluorophores in the nonlinear optical
microscope for multi-photon or high-harmonic generation.
All in all, we anticipate that the non-diffracting beam will
continue to contribute to many of the biomedical application
researches to overcome the light scattering and large
penetration drawbacks. With the recent advances in
metasurface design [164] and fabrication of optical fiber, it
is possible to integrate the non-diffracting beam with optical
fiber for easy delivery of the non-diffracting beam [165].
With the non-paraxial beams, it would be possible to
further improve the axial resolution of the MABs in the
volumetric two-photon imaging system [17, 19–21]. The
various types of non-diffracting beams would continue to
improve the performance of existing biomedical tools from

fluorescence imaging, to optical manipulation, to optical
diagnosis [166].
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