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Lithium niobate (LiNbOj3) nonlinear photonic crystals have been widely used in nonlinear wave
front modulation for the m-phase difference between the second-harmonic (SH) waves from
positive and negative domains. Aided by optimizing algorithms, we can control the diffraction
patterns of SH vortex beams by designing nonlinear fork gratings with supercell structures in
LiNbOj crystals. In experiment, we demonstrate that the diffraction energies can be equally
distributed in each order or concentrated on certain orders, in agreement with theoretical designs.
Potential applications include controllable vortex beam generation, nondestructive parallel vortex
detection, and so on. Published by AIP Publishing. https://doi.org/10.1063/1.5050423

Light manipulation through a certain grating structure is
crucial in many scientific areas such as optical communica-
tion,"> photovoltaics,> sensing,* and imaging.” There are
two extremes between which the optimal grating structure
lies. They are random structures having numerous diffraction
orders but are too weak and periodic structures that create
insufficient diffraction orders. To address this issue, Martins
and coworkers®’ proposed the concept of supercells to tailor
the Fourier components of the periodic structures, i.e.,
large-period gratings consisting of small unit cells. The
Fourier spectra of these gratings determine their optical
diffraction properties. For example, gratings with a specially
designed supercell may suppress unwanted diffraction
orders,® shift the energy to higher orders,® and generate
diffraction patterns with equal-power distributions as for
Dammann gratings (DGs).”

Light beams featuring a helical wave front ¢”?, where
[ is an integer representing topological charge (TC) and ¢ is
the azimuthal angle in the transverse plane, have been
demonstrated to carry orbital angular momentum (OAM) of
light.lo Because of its unlimited bandwidth, donut-shape
intensity distribution, and quantum properties, OAM has
been studied thoroughly over the years in research fields
such as optical communication, quantum information
processing, and nonlinear optics.''™'® Combining the fork
grating with a supercell structure offers new degrees of
freedom to manipulate vortex beams, which has potential
applications in OAM multiplexing,'” optical manipulation,'®
and volumetric optical vortex.'” Until now, most of the
light-manipulating gratings are fabricated with linear optical
materials, for instance, photoresists,20 silicon,21 and liquid
crystals.?>

Lithium niobate (LiNbOs) crystal,>* a highly nonlinear
crystal, has been widely used in optical frequency conver-
sion,zs’26 nonlinear imaging,”’28 nonlinear wave-front
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modulation,z()_31 and nonlinear OAM conversion.'*'> Based

on LiNbOj crystals, several nonlinear gratings have been
recently proposed to manipulate light beams in a nonlinear
way.®2%32 Conceivably, adapting the concept of supercell to
design nonlinear fork gratings in a LiNbOj crystal can help
engineer the diffracted nonlinear vortex beams.

In this letter, we experimentally demonstrate second-
harmonic (SH) vortex-beam generation in an electrically
poled LiNbO; crystal® using the concept of supercell. The
supercell is designed to be a DG structure or optimized by
genetic algorithm (GA) to control the nonlinear diffraction.**
After coding the OAM information into the nonlinear DG,
i.e., nonlinear Dammann vortex grating (DVG), we generate
diffracted SH vortex beams with equal energies up to the first
seven orders. The generated beams carry TCs from —3 to
+3. Moreover, we use the GA optimized structure to selec-
tively suppress or enhance certain diffraction orders. As an
example, our experimental results show that the energy can
be concentrated in the *3-order SH vortex beams, while
those of other orders are suppressed.

The first step is to design nonlinear supercell gratings
for Gaussian beams. From the concept of the supercell, the
diffraction beams can be controlled by changing the fine
structure inside the supercell. For a one-dimensional periodic
nonlinear grating in a LiNbOj crystal, the grating function
(i.e., the distribution of nonlinear coefficient) has a Fourier
series expansion

dy(x) = ;am exp (l'znTm)c)7 (1)

where A denotes the size of the supercell and a,, the m th
Fourier component of the grating function, which depends
on the structure of the supercell. In our experiments, we
use an electrically poled z-cut LiNbO; crystal as the non-
linear grating, for which the positive and negative domains
have nonlinear coefficients d», and —d,,, respectively. The
SH waves generated by the positive and negative domains

Published by AIP Publishing.
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have a phase difference of 7, thereby forming a SH phase
grating."” Figure 1(a) shows the phase structure of the non-
linear DG controlling seven diffraction orders. Within its
supercell, the phase transitional points® between positive
and negative domains (i.e., the relative positions of domain
walls in a supercell) are 0.10, 0.29, and 0.53. This phase
grating can shift the diffraction power of SH waves from
low orders to high orders resulting in seven diffracted
orders of equal powers. In principle, one can precisely
tune the fine structure in the supercell to reconstruct the
Fourier spectra and then produce the expected diffraction
patterns. In our experiment, the optimization is performed
based on GA. First, we divide one supercell into 20 units
with randomly distributed nonlinear coefficients (4d,, or
—dy,). A population of randomly generated supercell struc-
tures forms the first generation. We numerically calculate
the fitness of every structure in the population. The more
fit structures are stochastically selected. After random
crossover and mutation, a new generation of structures is
formed for the next iteration of the algorithm. In our simu-
lations, the algorithm is configured with a population of
100, a crossover probability of 0.8, and a mutation proba-
bility of 0.8. In order to improve the efficiency of numeri-
cal calculations, the evaluate fitness and constraint
functions are all vectorized. With the above configurations
of GA, the optimization of the supercell grating can
usually be reached within 300 iterations. To centralize
energy in the target orders, we calculate the best structure
to realize the minimal value of the cost function®®

C = aT + bE, )

where T denotes the probability of energy concentrated on
unwanted orders, E the uniformity of the energy distributed
on target orders, and a and b the weight coefficients. After
optimization, we obtain transitional points of 0.1, 0.3, 0.45,
0.65, and 0.8 with the energy being concentrated in the =3
diffraction orders [Fig. 1(d)].
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FIG. 1. Phase structures of (a) DG, (b)
energy-concentrated grating, (d) DVG,
and (e) energy-concentrated vortex grat-
ing. The black and white stripes repre-
sent 0 and 7 phase, respectively. The
size of one supercell unit is ~27 um in
our experiment. (c) and (f) are the SH
images of the DVG and the energy-
concentrated vortex grating recorded
using SH confocal microscopy.

The second step is to add the spiral phase of ¢//? into the
Fourier component of Eq. (1). We obtain a new distribution
of the nonlinear coefficient expressed as

dy(x) =) anexp {im (%x + l(ﬂ)} : 3)

which determines a nonlinear fork grating with supercell.
The m-order SH field is given by

E,(2m) o E*(w)anexp {im (2;)& + l(p)} , “

where E(w) is the fundamental field of the input beam. From
Eq. (4), we see that the m-order SH beam carries topological
charge of m x [ with its energy proportional to |am|2. Figures
1(b) and 1(e) show the designed nonlinear fork gratings by
combining the spiral phase with the structures shown in
Figs. 1(a) and 1(d), respectively. In our experiment, we
choose /= 1, for example. We use SH confocal microscopy”’
to image the domain walls of the structured LiNbOj crystals
[Figs. 1(c) and 1(f)].

The sample is fabricated by using an electric-field poling
method.*® To carry out the poling process, we first deposit a
Cr electrode with a designed grating structure on the +z face
of the LiNbO; crystal and then apply an external electric
field that is slightly larger than the coercive field of the
LiNbO;3 crystal. The thickness of the LiNbO; sample is
about 50 um. The SH vortex-beam generation from a nonlin-
ear supercell grating is achieved using an experimental setup
shown in Fig. 2. A fundamental beam from a Ti:sapphire
femtosecond laser (Chameleon, Coherent) with a pulse width
of 75fs and a repetition rate of 80 MHz passes through a
half-wave plate and a polarizing beam splitter to control its
power. The working wavelength is 900nm. A lens with a
focal length of 200 mm is used to focus the fundamental
beam onto the sample. The diffracted SH beams are imaged
by a CCD camera.
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FIG. 2. Experimental setup. The fundamental beam of 900 nm from a femtosecond laser is controlled by a half-wave plate (HWP) and polarizing beam splitter
(PBS) and focused on the sample by a lens. After filtering out the fundamental beam, the far-field SH patterns are captured by a charge coupled device (CCD).
HWP: half-wave plate, PBS: polarizing beam splitter, CCD: charge coupled device.

--

Figure 3(a) shows the diffraction pattern of the nonlinear
DG for Gaussian beam manipulations [Fig. 1(a)] in which
seven diffraction peaks are seen having nearly equal ener-
gies. The nonlinear DVG grating with / =1 [Fig. 1(b)] gener-
ates seven diffracted SH vortex beams carrying topological
charges from —3 to +3 [from left to right in c, Fig. 3(b)] as
in the simulation [Fig. 3(c)]. Figure 3(d) gives the SH pat-
terns concentrated in the *3th-orders by the GA-optimized
grating for Gaussian beams. As expected, the majority of the
power is concentrated in only two symmetric diffracted
orders. Figure 3(e) shows the SH diffracted patterns gener-
ated by the OAM-coded nonlinear fork grating [Fig. 1(e)],
by which the energy is concentrated in the *3-order vortex
beams. As the loaded TC in the grating is /=1, the output
*3th-order SH vortex beams carry topological charges of
*3 in accordance with Eq. (4). The experimental result in
Fig. 3(e) agrees well with the simulation in Fig. 3(f).

For an intuitive understanding of the experimental
results, we measure the energy of each diffracted order in
Figs. 3(b) and 3(e). As shown in Fig. 4(a), the energy distri-
bution from the nonlinear DVG is not perfectly uniform as

(a) (b)

1 1

---

FIG. 3. SH diffracted patterns of (a)
DG, (b) DVG, (d) energy-concentrated
grating, and (e) energy-concentrated
vortex gratings. (c) and (f) are the sim-
ulated patterns from ideal DVG and
energy-concentrated vortex grating,
respectively.

expected. Compared with the simulation of an ideal nonlin-
ear DVG [Fig. 4(c)], the energy of the 0-order and *3th-
orders in the experiment is diminished. For the nonlinear
fork grating concentrating energies in *3th orders, the mea-
sured result [Fig. 4(b)] is very similar to the simulated one
[Fig. 4(d)], except that the experimental O-order power is
slightly higher than the calculated value. The differences
between the experiments and simulations are possibly due to
fabrication errors during the electrical poling process, affect-
ing not only the minimum line width but also the duty cycle.
To confirm the cause, we use the measured nonlinear fork
grating structures [Figs. 1(c) and 1(f)] to simulate the diffrac-
tion energy of every order. The obtained patterns [Figs. 4(e)
and 4(f)] agree well with those from experiments [Figs. 4(a)
and 4(b)]. To further optimize the nonlinear grating with the
supercell structure, one should estimate fabrication toleran-
ces beforehand, taking them into consideration in the design
of the gratings.

In conclusion, we can control the energy distribution
and topological charge of the SH vortex beam using a non-
linear fork grating with a supercell structure. By performing

5 0 —
- - -3 -2 -1 0 1 2 3

FIG. 4. (a) and (b) are the measured
energies of each diffraction order in
Figs. 3(b) and 3(e), respectively. (c)

1 —=g — 1
0 0 —— . e ]
= % -3 -2 -1 0 1 2 3

and (d) are the corresponding simula-
tions of ideal gratings. (e) and (f) are
the simulated results from the mea-
sured grating structures in Figs. 1(c)
and 1(f), respectively.
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SHG in the nonlinear gratings, we demonstrate the practica-
bility of this method. Our method can be feasibly applied to
higher-order OAM beams. Theoretically, applying GA
optimization can concentrate the SH power into arbitrary
diffracted orders carrying desired TCs, but one needs to
consider fabrication errors in experiment. As a small change
in wavelength only affects the emission angle slightly, such
nonlinear grating can work as a wavelength-deviation-tolerant
OAM generator. Moreover, nonlinear supercell grating is
promising in nondestructive OAM detection'>? because it
barely changes the wave front of the fundamental beam.
These features make our method a potential candidate for
applications in OAM-state parallel detection in optical com-
munications, the generation of multiple arbitrary ultraviolet
OAM modes for optical manipulation, and so on.
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