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Switchable Second-Harmonic Generation of Airy Beam

and Airy Vortex Beam

Yuan Liu, Wei Chen, Jie Tang, Xiaoyi Xu, Peng Chen,* Chao-Qun Ma, Wang Zhang,
Bing-Yan Wei, Yang Ming, Guo-Xin Cui, Yong Zhang, Wei Hu, and Yan-Qing Lu*

Airy beam and Airy vortex beam with intriguing characteristics have been
extensively studied in linear optics, while their dynamic nonlinear conversion
has rarely been explored and remains challenging. Here, through the
collaboration of binary mask engineered nonlinear photonic crystal and
space-variant liquid-crystal geometric phase element, second-harmonic
Airy beam and Airy vortex beam can be generated in a switchable manner.
Electrical-controlled loading of orbital angular momentum (OAM) into
fundamental wave unlocks the flexibility of nonlinear process, which is
well investigated in theory and further verified by experiment. Wavelength
transformation, OAM conversion, and propagation trajectory inflection are
realized simultaneously. This offers a convenient and universal strategy
for dynamic nonlinear generation and shows great potentials in optical

manipulation and information processing.

Structured light, as the customized control of amplitude, phase,
polarization, and other degree of freedom of light, has become
a rapidly advancing topic in these years.! Among diverse
types, Airy beam, which is described by a wave packet of Airy
function,? remains invariant during propagation, possesses
a constant transversal acceleration and exhibits a self-healing
phenomenon.>-* Since Airy beam was firstly demonstrated in
experiment,’l these unique properties facilitate its applications
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in particle manipulation,! light bullets,!
and high-resolution microscopy.! Fur-
thermore, Airy beam plays a critical role in
combination with other structured light.
In particular, Airy beam can be embedded
with a helical phase-front, contributing
to the so-called Airy vortex beam (AVB).
Compared with traditional Airy beam, the
main lobe of AVB splits because of the car-
ried orbital angular momentum (OAM).
Optical vortex in such a hybrid beam is
also endowed with unusual propagation
dynamics of the curved trajectory.!'-13]
Coupled features of Airy beam and OAM
bring AVB more possibilities in various
cutting-edge areas. Experimentally, there
are mainly two approaches to obtain an
AVB, where liquid crystal (LC) based spa-
tial light modulator is usually involved. One way is to directly
modify the Gaussian beam by encoding a phase singularity into
the cubic phase that corresponds to the Fourier transformation
of common Airy beam.[15] The other is in step by illuminating
the prepared vortex beam onto the Airy beam generator, or vice
versa.[1f]

Most of researches on Airy beam and AVB are under linear
optical condition. Moreover, nonlinear process converts struc-
tured light to a new wavelength and adds fantastic proper-
ties,”-2l promoting the all-optical manipulation of Airy beam
and AVB. Second-harmonic generation (SHG) of one-dimen-
sional (1D) Airy beam was firstly demonstrated during the
three-wave mixing processes induced by an asymmetric non-
linear photonic crystal.?2l The caustic and acceleration proper-
ties of second-harmonic (SH) Airy beam can be controlled in
different nonlinear conditions. The concept of volume holog-
raphy was further introduced to design the nonlinear optical
superlattice for the harmonic generation of 1D Airy beam.?]
Recently, frequency doubling of AVB has been realized as well.
By illuminating a spatial light modulator reshaped fundamental
wave (FW) onto a homogenous nonlinear medium, the para-
bolic trajectory of nonlinear circle and ellipse AVBs can be easily
adjusted.l*?%] Despite this progress, the dynamic switching and
nonlinear conversion between Airy beam and AVB are of great
significance, yet still challenging.

In this work, we propose a simple and practical method to
realize switchable SHG of Airy beam and AVB through combi-
nation of inhomogeneous anisotropic linear media and asym-
metrically modified nonlinear photonic crystal. On one hand, an
electrical-engineered lithium niobate (LN) crystal with a binary

© 2020 Wiley-VCH GmbH
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Figure 1. a) Theoretical phase mask to generate second-harmonic (SH) Airy beam with black and white stripes representing 0 and 7 phase. e) Corre-
sponding SH confocal micrograph of the fabricated lithium niobate (LN) Airy mask. b) Theoretical director distribution and f) polarized micrograph of
liquid crystal (LC) g-plate with g = 0.5. All scale bars are 100 um. c,d) Generated optical vortices and g,h) corresponding detection results based on astig-
matic transformation of the fundamental wave (FW) (Agy = 1300 nm) and SH beam (s = 650 nm), respectively. i) Schematic of the optical setup. HWP,
half-wave plate; QWP, quarter-wave plate; LN-Airy, Airy mask modified LN nonlinear photonic crystal; SPF, short pass filter; CCD, charge coupled device.

pattern encoded quadratic susceptibility is adopted to directly
generate a pair of nonlinear two-dimensional (2D) Airy beams.
On the other hand, via electrically tuning the photo-patterned
LC g-plate with space-variant directors, the OAM loading into
the FW can be flexibly controlled. These enable the dynamic
switch between Airy beam and AVB in SHG process. The non-
linear OAM conversion and the self-acceleration property of SH
AVB are investigated as well. This work provides a novel way to
achieve dynamic steering of nonlinear structured light.

To realize the harmonic generation of Airy beam, we use the
typical nonlinear crystal LN, whose domains with positive and
negative quadratic susceptibility will induce the & phase differ-
ence to converted SH waves.?®] Referring to the principle of
binary computer-generated holograms,”’] the information of
object beam can be stored in a space-dependent binary phase
mask, which can be further used to modulate the sign of non-
linear coefficient. Here, a linearly gradient phase integrated
cubic phase mask (Figure 1a) is designed to transform the
Gaussian beam into SH Airy beam in first diffraction orders.
The quadratic susceptibility distribution of such a LN-Airy
mask can be expressed as:

2nx x* 3
%(z)(x,y) d; 51gn{cos[T+(d3 +Z—3)]} 1)

where dj; is the element of y® tensor (d, is mainly involved in
this process), and d corresponds to the transverse scale of Airy
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beam and is set as 132 um. The linearly gradient phase (27x/A,
A =33 um) is added to provide a reciprocal vector, which can
compensate for the transverse phase mismatch. This method is
usually adopted in nonlinear beam shaping and contributes to
the so-called Raman-Nath diffraction.l'”:!

A switchable LC g-plate is further integrated to realize the
dynamic loading of OAM to the FW. Q-plate is a typical geo-
metric phase optical element and can conveniently generate
high-quality optical vortex through the spin-to-OAM conversion,
which is now widely applied in both classical and quantum
optics.?®2% It possesses space-variant optical axes following
o = q@ + o, where g represents the variation frequency, ¢ is
the azimuthal angle, and ¢ is the initial orientation and usu-
ally assumed to be zero.[?® Consider a sandwich configuration
composed of two quarter-wave plates (QWPs) and one g-plate,
the incident y-polarized FW (E, = E, X [0, 1]7) will turn to

Ei =JoweJJqweEo

exp(-il/2) 0 ]

R B R
_ﬁ[ S ]'R(_O‘)l 0 (ir /2)
1 1 0
R@ 7| 5 1 1 @
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I' = 2n(negn,)dic/A is the phase retardation of LC g-plate,
where n.g changes from n, to n, with the applied electric field
due to LC molecule tilting.’” Thus, the FW can be dynamically
controlled between optical vortex and Gaussian beam by elec-
trical tuning.

Take E; as the pump wave of the LN nonlinear photonic
crystal, the evolution of first SH diffraction order during three-
wave mixing processes is given by

dA,,
dz

x} 3
=—icexp| i27x | A+i FJF% 2ALA,
x exp| i (2ky —ky, ) 2 —ikpux |

=2xE; cosgsin gexp(iZq(p)

X exp|:i(x—3 + Y—s]] . exp[i (2k, —k,,) z]
xexp (i27x | A—iky.x)

] 0, T=2n+)rm
0, I'=2nr
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(4)

r=@2n+1)z

I'=2nr

Kk is the nonlinear coupling coefficient. A;, A, and k;, k, are the
amplitude and wave-vector of the FW and SH beam, respec-
tively. In this Raman—Nath diffraction, the transverse phase
matching condition is satisfied in the first order, i.e., ky, = 27/ A,
thus the right component in Equation (4) approximating 1.
While, the longitudinal direction remains phase-mismatched
as expressed by the middle term.! The left term corresponds
to the pure or spiral phase embedded cubic phase of SH Airy
beam or AVB. When I" = (2n+1)7 (n is an integer) via properly
selecting the applied voltage (V) on the LC g-plate, OAM with
my = 2q is loaded to the FW before illuminating on LN-Airy
mask, and then SH AVB is generated with a doubled topolog-
ical charge m, = 4q. For I' = 2nz, FW remains Gaussian beam
without phase modulation, and SH Airy beam is obtained in
first diffraction orders. Therefore, through collaborating the
binary mask engineered LN and spiral-variant geometric phase
imprinted LC, the switchable SHG between Airy beam and
AVB can be accomplished conveniently.

In experiment, the widely used electric-field poling method
is employed to encoding the designed binary phase mask
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(Figure 1a) into the quadratic susceptibility distribution of LN
crystal.3?] Firstly, a 120-nm-thick Cr patterned electrode is trans-
formed on the +z face of the 50-um-thick z-cut LN slice through
successive process of maskless photolithography, vacuum depo-
sition, and photoresist removal. Then, by applying high voltage
pulses of 1060 V (pulse period, 1s) which is slightly larger than
the coercive field of used LN slice, the polarization directions
of Cr-electrodes-covered LN domains are reversed, forming the
designed LN-Airy mask. The fabricated domain structure can
be vividly imaged by the SH confocal microscopy.l’3l As exhib-
ited in Figure le, domain walls of the engineered LN crystal can
be obviously distinguished because of the opposite polarization
direction of neighbor domains.

On the other hand, the photo-alignment technolog s
introduced to fabricate the LC g-plate. Take one with g = 0.5 as
an example, whose theoretical director distribution is shown
in Figure 1b. Here, the sulfonic azo-dye SD1, a polarization-
sensitive and rewritable alignment agent, is adopted. SD1
molecules tend to reorient perpendicular to the polarization
direction of the illuminated UV light and further guide the LC
directors. Two pieces of indium-tin-oxide glass substrates spin-
coated with SD1 were assembled with 6-um spacers and then
sealed with epoxy glue to form the LC cell. Through a digital
micro-mirror device based dynamic microlithography system, a
multi-step partly-overlapping exposure process was performed
to carry out the designed space-variant orientations.””] After-
ward, filling the patterned cell with nematic LC E7 yielded the
LC g-plate. Figure 1f shows the experimental micrograph of the
fabricated LC g-plate captured by a polarization microscope,
where continuously changing brightness indicates the desired
spiral-variant optical axes.

The schematic of experimental setup is exhibited in
Figure 1i. The FW outputs from a Ti:sapphire femtosecond
laser (Revolution, Coherent, USA) pumped optical paramet-
rical amplifier (TOPAS-Prime, Light Conversion, Lithuania),
and has a pulse width of 50 fs, a repetition rate of 1 kHz and
an adopted wavelength of 1300 nm. The FW is spatially fil-
tered, expanded, and collimated using two spherical lenses
(f= 500 and 200 mm) combined with a pinhole at the Fourier
plane of the 4f configuration. A sandwich configuration of a
LC g-plate between two QWPs works as a switchable convertor
between Gaussian beam and optical vortex. A short pass filter
is used to block the rest of FW, and a spherical lens having
f=200 mm is employed to realize Fourier transformation of
the nonlinear Airy beam and AVB. A charge coupled device
(VTSE3S-2000, Vihent, China) is adopted to capture beam pat-
terns. A voltage of V = 1.4 V is applied to the LC g-plate to
satisfy the half-wave condition of FW (Agy = 1300 nm). FW
becomes an optical vortex as captured in Figure 1lc, whose
topological charge is verified by the astigmatic transforma-
tion method based on a cylindrical lens (f= 100 mm).3% As
shown in Figure 1g, the number and tilt direction of dark
stripes in the converted pattern indicate the value and sign
of the topological charge, i.e., m; = +1. By illuminating such
OAM imprinted FW onto the homogeneous domain of the
same LN-Airy mask, nonlinear optical vortex is generated
in the SHG process. The wavelength changes from invisible
1300 nm to red 650 nm, which can be directly distinguished
in Figure 1d. Corresponding OAM detection with two dark

Y3436
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Simulation

Figure 2. a,d) Second-harmonic (SH) beam patterns near the output surface of lithium niobate (LN) Airy mask, b,e) experimental results and c,f)
theoretical calculations of SH Airy vortex beam (AVB) and Airy beam at the applied voltage V =1.4 and 10 V, respectively.

stripes (Figure 1h) verifies a doubled topological charge
(my = +2), which matches well with theoretical prediction in
Equation (4) and previous studies. 383

Theoretical and experimental results of dynamic switching
between SH Airy beam and AVB are exhibited in Figure 2.
When FW at V = 1.4 V illuminates the LN-Airy mask, the SH
beam pattern near the output surface is directly captured by a
microscope system. The electric-poling induced domain walls
of LN nonlinear photonic crystal and the doughnut shape
of the SH optical vortex (m, = +2) can be clearly observed in
Figure 2a. In this case, a pair of nonlinear AVBs with opposite
propagation direction are generated simultaneously in first dif-
fraction orders in the far field (Figure 2b). The main lobe of
the SH AVB is split due to the OAM embedding. Except for the
existence of zeroth order attributed to non-ideal conversion effi-
ciency, experimental result shows a good consistence with the
simulation (Figure 2c). When V =10 V (i.e., I" approaches 0),
SH beam pattern transforms to a Gaussian profile as shown in
Figure 2d, indicating a SHG without spiral phase modulation
(my = 0). Accordingly, far-field SH diffraction is switched to a
pair of 2D Airy beams possessing complete main lobe and side
lobes (Figure 2e), consistent with the simulation in Figure 2f.
Therefore, through tuning the applied voltage, dynamic non-
linear wave-front engineering is demonstrated as desired.
For the nematic LC material used here, the switching time
is in the millisecond scale, which can be further improved to
sub-millisecond and even tens of microsecond, by employing
dual-frequency or ferroelectric LCs.*% Moreover, thanks to the
electro-optical tunability of LCs, the same LC g-plate can work
at a wide wavelength range of the FW, making our scheme
broadband available by adjusting the applied voltages.

What's more, the propagation dynamics of SH AVB is fur-
ther analyzed in this nonlinear process, exhibiting a typical
self-acceleration feature. Corresponding diffraction patterns
are captured at different propagation distances with an interval
of 5 cm away from the Fourier plane of the lens. The pair of
SH AVBs in first orders bend in opposite transverse (x-) and
longitudinal (y-) directions. Deflection in y-direction between
two main lobes is measured as the criteria to conveniently
and accurately characterize its propagation curving, as shown
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in Figure 3. Theoretically, such longitudinal deflection can be
derived as y = A%2%/(87%dy%) " where A is the SH wavelength,
and d, assumes 103 pm determined by the optical setup in our
experiment. Experimental propagation trajectory of SH AVB
exhibits a parabolic curve and the deflection exceeds 800 um
after propagating 40 cm, matching well with the theoretical cal-
culation. Since it is mainly determined by the scale of the gen-
erated Airy beam, much stronger deflection can be expected by
a Fourier lens with smaller focal length.*?! Besides, SH AVBs
have larger initial velocity in x-direction due to the existence
of grating structure in LN-Airy mask, as vividly verified by the
inserts in Figure 3. In the experiment, the nonlinear frequency
conversion efficiency is measured as 6.22 x 1072% W1, which
is consistent with some related previous works.?24] Such a
small value is attributed to the unfulfilled complete phase-
matching condition of the nonlinear Raman—Nath diffraction.
To further improve the conversion efficiency, the nonlinear

800 F 1
4
! 14
= = Simulation ,'
‘E 600 F 2
= 1 g
S ' 2’
8 400 f ot
© | e
o l.
’l
200 p 1 P
,"
0 =9 A A a
0 10 20 30 40

Propagation distance (cm)

Figure 3. Dependency of the longitudinal deflection of generated second-
harmonic (SH) Airy vortex beam (AVB) on the propagation distance.
Yellow dots with error bars are experimental results, while gray dashed
line is the simulated curve. Images captured at different distances are
inserted near corresponding dots.
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Bragg diffraction can be employed due to its full vectorial
phase-matching scheme."3* More recently, three-dimensional
nonlinear photonic crystal has been demonstrated, whose effec-
tive conversion efficiency can be comparable to that of typical
quasi phase-matching processes.*’!

In conclusion, dynamic switch between SH AVB and SH
Airy beam is demonstrated. Electrically poled LN crystal is fab-
ricated as a nonlinear Airy beam generator, whose nonlinear
coefficients are modulated by a specific binary pattern. An
electrical-switchable LC g-plate is further introduced to realize
tunable OAM loading of the FW, resulting in the flexible SHG
of AVB and Airy beam. Topological charge control, wavelength
transformation, and curved propagation trajectory are achieved
in one process. All experimental results are consistent with the
theoretical prediction. The integration of space-variant aniso-
tropic linear media and nonlinear photonic crystal will promote
the dynamic nonlinear process and bring fantastic applications
in optical manipulation and communication.
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