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Abstract
Airy beams, which propagate along a curved trajectory, have been widely utilized in optical
tweezers, biomedical analysis, and material processing. However, the dynamic regulation of
nonlinear Airy beams is still challenging. Here, we demonstrate directionally switchable
nonlinear Airy beams via three-dimensional (3D) nonlinear photonic crystals (NPCs) fabricated
by the femtosecond laser erasing technique. The 3D NPCs contain several sequential arrays of
spatially modulated nonlinearities with different spatial frequencies and cubic coefficients. By
tuning the wavelength of the fundamental beam, the quasi-phase-matching condition can be
switched to modulate the acceleration direction and wavelength of the generated nonlinear Airy
beam. This offers a versatile platform for dynamic nonlinear Airy beam generation, paving the
way for applications in optical trapping, optical communication, and biomedical imaging.

Keywords: nonlinear photonic crystals, Airy beams, femtosecond laser erasing,
quasi-phase-matching

(Some figures may appear in colour only in the online journal)

1. Introduction

It is commonly known that light propagates along a straight
line. However, if light can travel along curved trajectories,
new phenomena and applications are enabled such as optical
illusions and cloaking [1–4]. An Airy beam is a typical light
beam that propagates along a parabolic trajectory in free space.
Its spatial evolution can be described by the Schrodinger
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equation [5]. Since the first observation of Airy beams in 2007
[6], their unique properties of self-bending [7, 8], self-healing
[9, 10], and non-diffraction [6] have drawn considerable atten-
tion from both academia and industry. These properties prom-
ise a plethora of applications, such as filamentation [11], bio-
medical imaging [12], plasmons [13], and material processing
[14], especially through the use of optical trapping to con-
trol particles [15–19]. To date, Airy beams have been mostly
investigated in the regime of linear optics (e.g., spatial light
modulator [20], cylindrical lens [21, 22] and liquid crystals
[23]), but the incorporation of nonlinear optical processes into
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Airy beams will introduce new wavelengths as an extra degree
of freedom to further expand the functionalities of Airy-beam-
based devices [24, 25].

In the study of nonlinear Airy beams, one of the most
challenging and important issues is the active modulation and
multiplexing of the propagation properties of nonlinear Airy
beams, such as the acceleration direction and caustic traject-
ory. Although metasurfaces can be utilized for tuning the
propagation trajectory of Airy beams [26], they cannot be
applied to the nonlinear Airy beams due to their low nonlinear
conversion efficiency. 1D or 2D nonlinear photonic crystals
(NPCs) provide an alternative platform for dynamically con-
trolling nonlinear Airy beams [27–29]. However, most have
stringent requirements and suffer from low flexibility and lim-
ited working frequencies. Therefore, there is an urgent need to
realize efficient generation and flexible manipulation of non-
linear Airy beams. Femtosecond laser writing is one of the
suitable techniques for solving this issue since it can efficiently
create three-dimensional (3D) structures in different materials
[30, 31].

Here, we demonstrate the dynamic modulation of the accel-
eration direction of nonlinear Airy beams based on 3D NPCs
fabricated by femtosecond laser erasing technique. 3D NPCs
[32, 33] are designed to provide a reciprocal vector for com-
pensating the phase mismatch in the longitudinal direction,
such that nonlinear Airy beams are generated with a high
conversion efficiency of up to 1.3 × 10−5. Furthermore, a
unique recipe is developed for actively controlling the acceler-
ation direction of the generated nonlinear Airy beams, where
sequential nonlinear photonic structures with different spatial
carrier frequencies and cubic coefficients are fabricated inside
an individual nonlinear crystal. In this way, the acceleration
direction of nonlinear Airy beam can be adjusted by chan-
ging the wavelength of the fundamental beam. We believe this
method promisesmore flexiblemanipulation of nonlinear Airy
beams for applications in optical tweezers, biomedical ana-
lysis, and material processing.

2. Design of 3D NPCs for generation of nonlinear
Airy beams

3D nonlinear structures are composed of periodic 2D nonlin-
ear structures, so we first obtain the distribution of the 2D
nonlinear structure in order to determine the whole structure
[34]. In this process, we use a variation of a binary computer-
generated hologram (CGH) to calculate the χ (2) susceptibil-
ity pattern, which can generate the desired beam shape in the
second harmonic (SH) directly [35, 36]. However, the femto-
second laser direct writing technique can only realize bin-
ary amplitude modulation in NPCs, so we use the function T
expressed as

T(s) =

{
1, s⩾ 0
0, s< 0

. (1)

The first CGH sub-arrays are incorporated into a single
LiNbO3 crystal along the propagation direction, i.e.m the
y-axis. The CGH of the 2D NPCs can be expressed as

f(x,z) = T
{
cos [Gxx− arg(E2ω)]− cos

[
sin−1amp(E2ω)

]}
,

(2)

where E2ω is the designed SH field, with its amplitude and
phase denoted by the ‘amp’ and ‘arg’ functions, respectively.
Gx is a reciprocal vector in the x–z plane, also known as the
carrier frequency, and affects the diffracted angle of E2ω. We
need the other reciprocal vector Gy to meet the quasi-phase-
matching (QPM) condition, which is provided by the periodic
modulation structure along the y-axis. Therefore, the CGH
sub-arrays of the 3D NPCs can be expressed as

f(x,y,z) = T{cos [Gxx− arg(E2ω)]

− cos
[
sin−1amp(E2ω)

]}
×T

[
cos

(
Gi
yy
)]
, (3)

where T
[
cos

(
Gi
yy
)]

is the modulation function along the y-
axis. The Fourier transform of equation (1) is given by

f(x,y,z) =
∑
m,n

cm,nsin
[
m× sin−1amp(E2ω)

]
× ei(mGxx+nGyy)e−imarg(E2ω), (4)

where m and n are the orders of the reciprocal vectors along
Gx and Gy, respectively, and cm,n is the corresponding Fourier
coefficient.

The higher the order of reciprocal vector is, the weaker the
strength of the SH becomes. Clearly, we only consider the
±1st order. As m = n = 1, equation (4) reduces to

f(x,y,z) = c1,1E2ωe
i(Gxx+Gyy), (5)

which recovers the designed SH fields.
When using the Airy beam as the target, note that the

Fourier transform of Airy beams is in the form of a Gaussian
beam superimposed cubic phase factor. To separate the other
diffraction orders from the zero-order beam, we superimpose
the sparkly grating with it, so the χ (2) of 3D NPCs can be
written as

χ (2) (x,y,z) = d33 − d33 (1− v)× f(x,y,z)

= d33 − d33 (1− v)c1,1e
i(Gxx+Gyy)eifcx

3+ifzz (6)

where d33 is the involved nonlinear coefficient, v is defined as
the modulation depth, and fz and fc are the carrier frequency
and strength of the cubic modulation in the transverse dir-
ection, respectively. It is clear that the hologram consists of
the cubic gradient phase along the x-axis and linear gradient
phase along the z-axis from equation (6). Figure 1(a) shows
the generation of the cubic phase diagram of Airy beams, and
we obtain the 3D nonlinear structure by arranging the binary
hologram according to the design period.
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Figure 1. (a) The design process of a linearly gradient phase
integrated cubic hologram. (b) Schematic representation of the
spatial modulation of nonlinearity in 3D NPCs and the QPM
configurations for reconstructing multiple SH beams. Here, the±1st
orders show enhanced SH patterns. (c) System for processing 3D
NPCs.

Figure 1(b) shows the switchable reconstruction process
through the QPM condition, which can be expressed as

k2ω − 2kω −Gx−Gy = 0 (7)

where kω and k2ω are wavevectors of the fundamental beam
and the diffracted SH beam, respectively. Since the Airy beam
only requires 1D optical manipulation, the parameter l is not
mentioned. When the full QPM condition of equation (7) is
satisfied, the conversion efficiency of the ±1st order will be
maximized.

3. Experimental generation of nonlinear Airy beams

In the experiment, the femtosecond laser erasing technique
was used to fabricate the cubic-phase-grating array in a y-cut
LiNbO3 crystal, as shown in figure 1(c). The femtosecond
laser beam (Legend Elite-1K-HE, Coherent, USA, 1 kHz
repetition rate, 800 nm center wavelength, and 104 fs pulse
width) was focused into the crystal using a 50× objective
lens with a numerical aperture of 0.8, and the laser power
was set to 110 µW. Optical and SH microscopy images of
the 3D nonlinear photonic structure are shown in figures 2(a)
and (b); it has dimensions of 50 µm (x) × 33 µm (z) in the
x–z plane and 16 periods along y-axis with an interval of
2.75 µm.

The schematic of the experimental setup is then exhibited
as follows. The fundamental wave (FW) output was from a Ti:
sapphire oscillator (Spectra-Physics Mai Tai HP) with a center
wavelength of 800 nm, pulse width of 75 fs, and repetition
rate of 80 MHz. The FW was focused on the position of the
structures by a lens ( f = 150 mm), and an objective lens was
placed behind the crystal to perform an optical spatial Fourier
transform to the SH beam. The output far-field SH patterns
were recorded by a charge-coupled device camera. The rest of
the FW was blocked by a short pass filter. The images from
the camera are shown in the insert of figure 2(e), in which we
reduced the camera gain to avoid overexposure.

Figure 2. Generation of nonlinear Airy beam. (a) Top view of the
arrays via optical microscope (length of scale bar, 10 µm).
(b) Confocal SH image of the cross-section in the x–z plane (length
of scale bar, 10 µm). (c) Theoretical simulation and
(d) experimental results of SH Airy beam in the case of a = 0.005
(f = 150 mm). a is the cubic term coefficient of the grating
structure. (e) Dependence of the longitudinal deflection of nonlinear
Airy beam along the y-axis. Black dots with error bars are
experimental results, and the gray dashed line is the simulated
curve. Images captured at 15 and 30 cm are inserted above the
corresponding dots.

It is further necessary to analyze the propagation dynam-
ics to exhibit the typical self-acceleration feature of Airy
beams. The output far-field SH patterns were recorded along
the propagation direction with an interval of 1 mm and total
distance of 10 cm from the Fourier plane of the objective
lens, and multiple sections were combined into a single top
view, as shown in figure 2(d), showing good consistency with
the simulation (figure 2(c)). To characterize the propagation
curve conveniently and accurately, we measured the deflec-
tion in the y-direction of the main lobe center, as shown in
figure 2(e). The experimental curved trajectory of the nonlin-
ear Airy beam exhibits a parabolic curve and the deflection
exceeds 300 µm, matching well with the simulation data. In
the process of simulation, we created a cubic phase hologram
according to equation (6). Next, a Gaussian beam is passed
through the hologram and diffracted to produce a pair of 1D
Airy beams. We intercepted a column of pixels on the diffrac-
tion plane every 0.1 mm from the Fourier plane and synthes-
ized the trajectory, as shown in figures 4(b) and (d).

Figure 3(a) presents the far-field SH patterns and out-
put power dependence on the wavelengths of the funda-
mental beam. When the fundamental beam wavelength is set
to 798 nm, the far-field SH pattern is the clearest and the
output power is the highest, which is basically consistent
with the theoretical QPM wavelength of 800 nm. The devi-
ation between the measured and calculated values stems from
the imperfection of the laser erasing process. When the FW
tunes away from the theoretical matching wavelength, the SH
power drops rapidly and the far-field SH patterns dim out.
Figure 3(b) presents the dependence of the output power of the
SH beam on the fundamental beam power at the wavelength
of 800 nm. At an input power of 1.5 W, the peak conver-
sion efficiency reaches 1.3 × 10−5, for the first diffraction
order.
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Figure 3. (a) Dependence of output power of the first diffraction order on the fundamental wavelength at a pump power of 1.5 W.
(b) Dependence of output power of the SH Airy beam on pump power at the wavelength of 800 nm.

Figure 4. (a) Model of 3D NPC with sequential structures. Top
view (length of scale bar, 15 µm) (b), (d) theoretical simulations and
(c), (e) experimental results of SH Airy beams, generated by the first
(top) or second (bottom) structure, respectively, in the case of
a = 0.01 ( f = 60 mm).

4. Generation of nonlinear Airy beam with
switchable curved directions

To realize Airy light generation with switchable acceleration
direction, we design and fabricate a 3D NPC containing a pair
of cubic-phase-grating arrays. Optical microscopy images of
the two-sequential 3D nonlinear photonic structures are shown
in the insert of figure 4(a). They have dimensions of 50 µm
(x) × 33 µm (z), and 56 µm (x) × 33 µm (z) in the x–z
plane respectively, and 16 periods along y-axis with intervals
of 2.5 and 3.5 µm respectively. The two sub-arrays have differ-
ent spatial frequencies and periods, so different wavelengths
can be selected to interfere with the corresponding structure,
thereby realizing the selective output of the far-field diffracted

SH field. The SH patterns of the simulation and experiment
are both shown in figures 4(b)–(e). When the wavelength of
the fundamental beam is 780 nm, the second array works and
meets the QPM conditions well. The acceleration direction of
the generated nonlinear Airy light is toward the downward
side, as shown in figure 4(c). Switching the wavelength to
850 nm, the fundamental beam interferes with the first array,
and the acceleration direction of the generated nonlinear Airy
light is toward the upward side (figure 4(e)). These results
are supported by the numerical simulations in figures 4(b)
and (d). Therefore, by designing a sequential 3D nonlinear
photonic structure with suitable carrier frequencies and peri-
ods, we can switch directions of the output Airy beam by tun-
ing the wavelength of the fundamental beam. Furthermore, by
changing the cubic-phase-grating array with different coeffi-
cients fc, a switchable self-acceleration angle of the nonlinear
Airy beam can also be achieved by these sequential 3D non-
linear photonic structures.

5. Conclusion

We fabricate sequential 3D nonlinear photonic structures in
LiNbO3 based on femtosecond laser-erasing technique, and
present the generation of nonlinear Airy beams with switch-
able curved directions. Benefiting from the high flexibility
of structure design and fabrication, multiple wavelength-
controlled nonlinear Airy beams have been realized. The non-
linear conversion efficiency and available curved trajectories
could be further improved if the number of periods in the
propagation direction is increased. This provides a paradigm
shift for efficiently producing and actively controlling nonlin-
ear Airy beams, which have great applications in optical trap-
ping, optical communication, and biomedical imaging.
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