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Three-dimensional (3D) nonlinear photonic crystals have received intensive interest as an ideal platform to study nonlinear
wave interactions and explore their applications. Periodic fork-shaped gratings are extremely important in this context
because they are capable of generating second-harmonic vortex beams from a fundamental Gaussian wave, which has
versatile applications in optical trapping and materials engineering. However, previous studies mainly focused on the nor-
mal incidence of the fundamental Gaussian beam, resulting in symmetric emissions of the second-harmonic vortices. Here
we present an experimental study on second-harmonic vortex generation in periodic fork-shaped gratings at oblique inci-
dence, in comparison with the case of normal incidence. More quasi-phase-matching resonant wavelengths have been
observed at oblique incidence, and the second-harmonic emissions become asymmetric against the incident beam.
These results agree well with theoretic explanations. The oblique incidence of the fundamental wave is also used for
the generation of second-harmonic Bessel beams with uniform azimuthal intensity distributions. Our study is important
for a deeper understanding of nonlinear interactions in a 3D periodic medium. It also paves the way toward achieving high-
quality structured beams at new frequencies, which is important for manipulation of the orbital angular momentum of light.
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The spatial modulation of the second-order nonlinearity y?
can be realized through ferroelectric domain engineering!*'"),
Using the traditional electric field poling technique, various
ferroelectric domain patterns with one- or two-dimensional
7@ modulation have been fabricated!®''™"*!. Analogous to
the photonic crystals with spatially modulated dielectric con-

1. Introduction

Second-harmonic generation (SHG) has been intensively stud-
ied as a fundamental process to discover principles of light inter-
actions with nonlinear optical systems. It also has important
applications in laser sources, optical imaging, and engineer-

ing!" ). Phase matching is an essential condition to achieve effi-
cient SHG. For this purpose, quasi-phase matching (QPM) was
proposed in the 1960s to synchronize the phase velocities of
optical waves employing spatial modulations of the second-
order nonlinear coefficient y@“®!. Periodic modulation of
2 provides in a Fourier space a set of reciprocal lattice vectors
to compensate for the phase mismatch of the SHG process,
i.e.,, ky — 2k, — G=0, where k; and k, are wave vectors of the
fundamental and second-harmonic (SH) waves, respectively,
and G is a reciprocal lattice vector.
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stant in linear optics, these microstructures with spatially modu-
lated second-order nonlinearity were called nonlinear photonic
crystals (NPCs)"”). Very recently, to fabricate 3D NPCs the opti-
cal poling with near-infrared laser pulses has been demon-
strated!*"*). The illumination of tightly focused infrared
pulses introduces a great temperature gradient and then a ther-
mal electric field to invert ferroelectric domains inside the focal
volume of the light beam. Three-dimensionally scanning the
laser focus inside transparent ferroelectric crystals, 3D NPCs
were fabricated!'®~'#],
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Inspired by the invention of femtosecond laser poling that
enables precise domain engineering in three dimensions,
employing 3D NPCs for nonlinear wavefront shaping has
attracted great interest recently!'*~2!]. In this process, frequency
conversion and beam-shaping functions are simultaneously
realized in a single piece of nonlinear optical crystal. So far, opti-
cal second-harmonic vortices and higher-order Hermite-
Gaussian beams have been generated in simple laser-induced
domain  structures” ), Among these structures, periodic
fork-shaped y? gratings are commonly used for SH vortex
beam generation'*”, The fork-shaped y® distribution allows
conversion of a fundamental Gaussian beam to a second vortex
harmonic with spiral phase front, and the periodicity of the y
forks ensures efficient interaction via quasi-phase matching. The
second harmonic vortex beams are important because shorter
wavelengths usually yield higher resolution in optical trapping
and materials engineering applications.

However, the previous studies on the SH vortex beam gener-
ation in periodic fork-shaped y) gratings have been restricted
to normal incidence of the fundamental beam, i.e., the funda-
mental wave propagates perpendicularly to the fork periodic-
ity Accordingly, the SH vortex beams were generated
symmetrically against the fork structures, and the involved
phase-matching conditions were easy to understand. In this
work, we present an experimental study on the SH vortex beam
generation at oblique incidence of the fundamental Gaussian
wave. Compared with the case of normal incidence, the SH emis-
sion becomes asymmetric with respective to the fork structure,
and more resonant wavelengths are observed. We also show the
donut-like SH vortices are obtained only at these resonant wave-
lengths when the QPM condition is perfectly fulfilled. Our study
is useful for deeper understanding of nonlinear wave inter-
actions in 3D photonic structures. The oblique incidence also
offers a promising way to achieve perfectly phase-matched SH
Bessel beams with large conical angles, which is important to
applications in optical trapping.

2. Sample Fabrication

To fabricate the periodic fork-shaped NPC, the femtosecond
laser poling technique was used. The infrared pulses were tightly
focused into a z-cut Cag,3Bagy7,Nb,O4 (CBN) crystal to invert
ferroelectric domains in the focal volume of the pulses®®!. The
sizes of the CBN crystal are 5mm X 5mm X 0.5mm in length
(x), width (y), and thickness (z), respectively. The crystal was
mounted on a translational stage that can be accurately posi-
tioned in three orthogonal directions. The infrared pulses
(150 fs, 800 nm, Mira Coherent) were focused using an objective
lens (NA =0.65, 50, Olympus LCPLN50XIR) and incident
normally to the z surface of the crystal [Fig. 1(a)]. The focal size
was estimated around 1 pm. The first layer of the fork structures
was created at a depth of 136.92 pm below the crystal surface. In
this process, the writing laser beam was focused at the depth of
136.92 um below the surface, and then, the sample was trans-
lated against the writing beam for 5 pm to induce ferroelectric
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Fig. 1. (a) lllustrating the femtosecond laser writing of periodic fork-shaped
){’2] gratings in a z-cut CBN crystal; (b) 3D image of the fabricated periodic fork
domain structures, obtained using Cerenkov SH microsoopy[28]; (c) Cerenkov
microscopic image of a single layer of the structure.

domain inversion in the focus. After that, the laser beam was
blocked by an automatic shutter and the sample moved to the
next region of domain inversion. The distance between the
neighboring positions was selected to be 1 pm, which is short
enough to ensure the merge of neighboring domains to form
a smooth line or curve of inverted domain. After the writing
of the first layer, the laser beam was blocked by the automatic
shutter again, and the sample moved to the next layer of domain
inversion, which was 22.82 pm above the first layer, ie., the
period of the fork grating was 22.82 pm. This period is designed
to phase match the SHG at the fundamental wavelength of
1275 nm using the reciprocal lattice vector Gy;,'>”). Repeating
the procedures above, we fabricated six-layer fork-shaped gra-
tings along the depth (z axis) of the crystal.

The fabricated domain structures were imaged using
Cerenkov SH microscopy'*®, with three layers of domains being
displayed in Fig. 1(b). The Cerenkov SH microscopy works on
the stronger Cerenkov SH signal at ferroelectric domain walls
owing to the abrupt change of the second-order nonlinear coef-
ficient y® across the domain wall®®). The Cerenkov SH micro-
scopic image of one of the domain layers is shown in Fig. 1(c) for
more structural details.

3. SH Experiment

The SHG experiment was conducted in the infrared spectral
range. The fundamental beam came from a mode-locked
Ti:sapphire femtosecond laser oscillator (Chameleon Optical
Parametric Oscillator, Coherent) with tunable wavelengths in
the range of 680-1600 nm. The pulse width is 8 fs and the rep-
etition rate is 80 MHz. The average power of the fundamental
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beam was controlled by the combination of a half-wave plate  the Fig. 2(c). In fact, the transverse phase-matching conditions
and a polarizer. The beam was linearly polarized along the x axis ~  are the same for these three wavelengths, which can be written as
of the crystal, focused by a microscope objective (NA = 0.1), and ky sin 0, = Gy 119, where Gouio=27/A,, with A, =23pm
incident from the z surface of the crystal. The crystal was  being the transverse period of the grating structure. The longi-
mounted on a rotational stage such that the incident angle of  tudinal phase-matching conditions are satisfied using different
the fundamental beam was adjustable. The SHG at normal (inci- reciprocal lattice vectors, i.e., k; cos 0, =2k, + mGy, where
dent angle @ = 0°) and oblique incidence (a = 1.27°) was exper- G, =2z/A,, A, =22.82pm is the longitudinal period, and
imentally detected, respectively. The SH emission was projected m is an integer denoting the order of longitudinal QPM inter-
onto a far-field screen and recorded by a CCD camera, with the actions. For the SHG at 1270, 1160, and 1070 nm, m takes
fundamental beam being filtered out with a short-pass filter. the values of 2, 3, and 4, respectively. The slight differences

between the experimental and calculated wavelengths may come

from the imperfection of the fabricated periodic grating struc-

4. Results and Discussions tures. It is known that structural errors are unavoidable in
any poling process, which can lead to wavelength shift of
4. SHG at normal incidence QPM resonance. Moreover, the refractive indices used in the cal-

culations may not be accurate enough!®”).

It should be noted that the SH signals are also observable at
nonresonant wavelengths, but the donut-shaped SH vortices can
be obtained only at those resonant wavelengths, when the quasi-
phase-matching condition is fully satisfied.

The SHG at normal incidence of the fundamental beam was
studied first as a reference. Figure 2(a) shows the wavelength
tuning response of the SH in this case, namely, the variation
of the power of the SH with the wavelength of incident light,
where the resonances correspond to quasi-phase-matching
interactions using different orders of reciprocal lattice vectors.
The recorded far-field SH images at each quasi-phase-matching ~ 4.2. SHG at oblique incidence
wavelength are displayed in Figs. 2(b). It is seen that the SH
signals are generated noncollinearly with the fundamental
beam (marked by the red circle in the figures), exhibiting sym-
metric intensity distributions against the fundamental beam.

The SHG at oblique incidence was studied at an incident angle of
1.27°. This angle was selected just as a representative. We first
analyze the phase-matching conditions in this case, with the

SHG using Gy.;, being studied as an example. As shown in

According to our analysis, the emission resonances observed Figs. 3(a) and 3(b), the QPM interaction using G,_,, fulfills
at 1270, 1160, and 1070 nm are corresponding to the nonlinear the conditions T

Bragg diffraction with participations of reciprocal lattice vectors

Go+12> Go+1,3> and Gy .1 4, respectively. These wavelengths agree k, sin 0, — 2k, sin 6; = Gy, (1)
well with the calculated values of 1269, 1147, and 1065 nm,
respectively. The phase-matching diagrams are illustrated in ky cos 0, — 2k cos 0 = Gy, =2Gyp,15 (2)

while the process using G ; , satisfies

s (a) i (© . .

S | k, k; sin 0, + 2k sin 6; = Gy, (3)
% ° 1070 T ’/ K\ m GO,I,O ’ !

g i: n }r ‘\ 1390 ‘ G k2 Cos 92 - 2k1 Cos 61 = GO,O,Z = ZGO,O,I‘ (4)
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Fig. 2. (a) Wavelength tuning response of the SHG in periodic fork-shaped
grating at normal incidence; (b) recorded SH images at resonant wavelengths
of 1270, 1160, and 1070 nm in the far field. They correspond to QPM interactions
involving different orders of longitudinal reciprocal lattice vectors. (c) The
phase-matching diagrams at these resonance wavelengths; the transverse
phase-matching conditions are the same for these three wavelengths, but the Fig. 3. (a) and (b) Quasi-phase-matching diagrams of SHGs using reciprocal

longitudinal conditions are different. From left to right (1070 to 1270 nm), the lattice vectars Gy, and Gy 1, at oblique incidence of the fundamental wave,
corresponding reciprocal lattice vectors in the longitudinal direction are Gy, respectively. These two conditions are usually fulfilled at different
Gopz Gopp 1.6 M= 4,3, 2, respectively. wavelengths.
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Fig. 4. (a) and (b) Experimental wavelength tuning responses of the SHs using
Go.12 and Gy, respectively; (c) and (d) recorded SH images at fundamental
wavelengths of 1260 and 1275 nm, respectively.

In fact, these two sets of equations are usually satisfied at dif-
ferent wavelengths; as verified by the experimental results shown
in Figs. 4(a) and 4(b), the observed SH beams generated via Gy ; ,
and G,_;, exhibited different wavelength tuning responses,
with their resonant wavelengths being blue- (1260 nm) or red-
shifted (1275 nm) against that at normal incidence (1270 nm),
respectively. These agree well with the calculated wavelengths
of 1255 and 1285 nm, respectively. The slight difference between
the experiment and theory mainly comes from the imperfection
of the experimental ferroelectric domain structures, since the
random structure errors are unavoidable in any poling
processes.

4.3. Application of oblique incidence to Bessel beam
SH generation

The Bessel beam has received great interest recently because it
does not diffract with its propagation, which is extremely useful
for many applications such as optical trapping and particle
manipulation. Figure 5(a) shows a typical kind of ferroelectric
domain structures that is capable of converting a fundamental
Gaussian beam into an SH Bessel beam; Fig. 5(b) shows its
Fourier transform spectrum. In the case of normal incidence,
the SH emission is noncollinear, and the k, sphere intersects
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Fig. 5. (a) Ferroelectric domain structure for conversion of a fundamental
Gaussian beam into an SH Bessel beam: (b) Fourier transform spectrum of
this structure; (c) phase-matching conditions are different along the azimu-
thal directions at normal incidence of the fundamental Gaussian beam. Here
an extreme case is given where phase-matching conditions are obtained only
on the left edge of the ring-shaped reciprocal vectors. (d) Calculated SHs at
normal incidence; (e) the phase-matching conditions become the same for all
the azimuthal angles by employing an obliquely incident fundamental beam.
(f) Calculated SH Bessel beams at the oblique incidence.

with the reciprocal ring only at partial areas. For example,
Fig. 5(c) shows an extreme case where the perfect phase-match-
ing condition can only be obtained along the edge of the recip-
rocal ring. Accordingly, the SH Bessel beams exhibit spatially
varied azimuthal intensity, as shown in Fig. 5(d). This effect
is not obvious when the conical angle is rather small in experi-
ment. However, measures must be taken for larger conical emis-
sion angles, since uneven intensity distributions may destroy all
applications of Bessel beams.

Here we propose a solution to this problem by utilizing the
oblique incidence of the fundamental Gaussian beam. The prin-
ciple is to steer one of the SH emissions perpendicular to the
reciprocal ring, such that the phase-matching conditions are
the same for all emission angles, as shown in Fig. 5(e). In this
case, the SH Bessel beam calculated with the Fourier transform
method is shown in Fig. 5(f). As predicted, the Bessel beam at the
right side presents a uniform azimuthal intensity distribution.
This property is important for applications of Bessel beam to
optical tweezering and particle trapping.
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