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ABSTRACT

Nonlinear frequency conversion provides a powerful tool to generate and manipulate structured light at new wavelengths. In this work,
to meet the demands of applications such as high-capacity optical communications and high-dimensional entanglement generation, we use
ferroelectric domain engineering to generate frequency-doubled light beams carrying orbital angular momentum (OAM) superposition states
and with adjustable radial intensity distribution. Angular and radial phase modulations were introduced into the modulation function of the
second-order nonlinear coefficient distribution of lithium tantalate nonlinear photonic crystals, achieving simultaneous tailoring of the OAM
spectrum and the radial intensity profile of the second harmonic (SH) waves. As a representative example, we demonstrate the generation of
a SH wave that carries a comb-like OAM spectrum, with the radial intensity distribution concentrating on a ring with a specific radius. In
addition, the nonlinear photonic devices developed in this work feature polarization insensitivity and broadband characteristics.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0

International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0245407

I. INTRODUCTION

Nonlinear photonic crystals (NPCs), with 1D to 3D modulation
of the quadratic nonlinear susceptibility y',' ' have been proven to
be a unique and promising platform to achieve flexible control over
various degrees of freedom of the light beams, such as amplitude,
phase, and polarization, while obtaining nonlinear frequency con-
versions. The interaction between light fields and NPCs facilitates
the generation of advanced structured light fields at new frequen-
cies, including non-diffracting Airy beams, optical vortices, and
spatiotemporal vortex beams.””"> Among the research works, the
nonlinear generation and manipulation of vortex beams in NPCs,
also known as orbital angular momentum (OAM) carrying beams,
have garnered significant attention.'”'” In the past decades, exten-
sive research on vortex beams has covered second harmonic gen-
eration (SHG), third harmonic generation (THG), sum frequency

APL Photon. 10, 010802 (2025); doi: 10.1063/5.0245407
© Author(s) 2025

generation (SFG), optical parametric oscillation (OPO), astigmatic
transformation, and nonlinear generation from NPCs.'* *’

Previous studies on the nonlinear generation and manipulation
of vortex beams in NPCs have predominantly focused on produc-
ing light beams with a single topological charge at new wavelengths.
In contrast, there are few studies on the nonlinear generation of
the light beam carrying OAM superposition states with the control-
lable OAM spectrum and the adjustable radial intensity profile. Light
beams carrying OAM superposition states with specific wavelengths
have important applications in the generation of high-dimensional
quantum entangled states, high-capacity optical communications
beyond the telecommunication band, and optical micromanipula-
tion (Wang et al.).”*** For example, the pump light for generating
a high-dimensional quantum entangled state requires visible light
beams carrying OAM superposition states;’” light sources carrying
the OAM superposition state in the mid-infrared can be obtained
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through nonlinear spectral translation based on the commercial
telecom band transceiver.”” For these applications, simultaneously
controlling the radial intensity profile is crucial for enhancing imag-
ing resolution, optimizing beam-to-fiber coupling efficiency, and
improving micro-particle manipulation.” *’

To address the aforementioned demands, in this work, we pro-
pose a novel 2D NPC. By modulating both the angular and radial
aspects of the ' in NPC, we can achieve simultaneous control over
the OAM spectrum and the radial intensity profile of the second
harmonic (SH) waves.

Il. DESIGN PRINCIPLE

To realize the nonlinear generation of light beams carrying con-
trollably OAM superposition states and simultaneously controlling
the radial intensity profiles, we introduce specific angular and radial
phase modulation into the y”-modulation function of the NPCs,
which can be described as the following:

K () = dysignfeos| v 00+ 020 ]}, )

where dj is an element of the quadratic susceptibility y® tensor,
A is the modulation period in the x-direction, and r and 6 are the
radius and azimuth angle of the x-y plane. ¢1(60) and ¢»(r) are
the angular and radial phase modulation functions, respectively.
The first-order Fourier component of the nonlinear coefficient is

Fid; e/ 2+010+6:(] \ghere F, is the expansion coefficient.

Fundamental beam

The schematic of the principle is illustrated in Fig. 1. The
NPC possesses a 2-D x? modulation in the x — y plane, and it can
convert the near-infrared Gaussian-shaped fundamental wave, inci-
dent along the z direction, into the SH visible wave carrying OAM
superposition states. During the SHG process in the NPC, nonlin-
ear Raman-Nath diffraction occurs,” with the first-order diffraction
angle being « = arccos [271/ (Akz“’)], where k* is the wave vector of
the SH wave. According to the Green’s function theory, the complex
amplitude of SH wave can be described as

E® o I sin C( dkzL) /f E(@)2,i1(0)+id (1) ik cos(B-9) g0 1.
- ;
)

where dk. = kX’ cos a — 2k¢ — k* sin & cos ¢ is the z-component
wave vector mismatch, ki and kjf” are the wave vectors of
the fundamental wave and the SH wave along the propagation
direction, respectively. kff” is the transverse wave vector of the
SH wave, and r' and ¢ are the radius and azimuth angle in

the x’ —y' plane. L is the thickness of the NPC, and E@ s
the complex amplitude of the fundamental wave. In Eq. (2),

9O =5 e the expansion coefficientis ¢, = ﬁ fei¢‘(9) e %o,

¢
and ¢ denotes the topological charge. The complex amplitude of the
SH wave can be derived,

B e 3 o) o

Second-harmonic beam
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|

CZ
q ’ {)\,,
~.

FIG. 1. Schematic diagram of nonlinear generation of light beams carrying controllably OAM superposition states and adjustable radial intensity profiles.
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where u, (kff”) = fE(‘”)zei‘pZ(’)]g(kff”r)rdr, ]g(kff"r) is the first Bessel
function of ¢-order (supplementary material 1). From Eq. (3), we
can see that the complex amplitude of the SH wave E®®) contains
a series of OAM states with various complex weights c¢, and |c§|
represents the intensity of each OAM component. Due to the conju-
gate relationship between the azimuthal angle and OAM, the Fourier
transform of the angular phase function, ¢1(6), can be employed to
derive the OAM spectrum of the SH wave. In contrast, the radial
phase modulation function ¢,(r) is independent of the angular
phase modulation function ¢;(6) and solely influences the radial
intensity profile of the SH wave, without affecting its OAM spec-
trum. Therefore, we can control the OAM spectrum and the radial
intensity profile of the SH wave by independently modulating the
angular and radial phase modulation function of y*?.

lll. RESULTS AND DISCUSSIONS

Figure 2 shows the schematic experimental setup for nonlin-
ear generation and manipulation of light beams carrying OAM
superposition states. The fundamental wave from a regenerated and
amplified Ti:sapphire laser, which exhibits a Gaussian profile, deliv-
ers 150 fs pulses at a repetition frequency of 5 KHz, and the working
wavelength is 1300 nm. The near-infrared fundamental wave was
converted into vertical polarization by a half-wave plate and then
was focused into a 0.5 mm-thick NPC with a lens L1 (f = 200 mm).
Nonlinear Roman-Nath diffraction occurred via the type-0 SHG
process, and the +1st order SH wave was selected using an aper-
ture and subsequently divided by a beam splitter (BS) for measuring
the intensity profile and OAM spectrum, respectively. The residual
fundamental wave was filtered out using a filter. The transmitted
SH wave through the BS was recorded with a CCD camera in the

T

TEM,,

Fourier plane of lens L2 (f = 150 mm) to capture the intensity pro-
file of the SH wave. To measure the OAM spectrum, the SH wave
reflecting from the BS was incident onto a spatial light modulator
(SLM), and a series of helical phase holograms were loaded onto the
SLM. Only the specific OAM component of the SH wave that has
a conjugate spiral phase with the known single spiral phase loaded
on the SLM can be converted into a fundamental Gaussian mode in
the Fourier plane of the reflected field. The intensity of the restored
Gaussian mode, which was measured with a power meter, repre-
sents the weight of the corresponding OAM component, while other
OAM components maintain their ring-shaped intensity distribution
surrounding the fundamental Gaussian mode.*

To verify the design method, we introduced two differ-
ent angular phase modulation functions into the NPCs: ¢;(26)
= msign [cos (26)] and ¢;(36) = msign [cos (30)]. In addition, two
angular phase modulation functions were taken into considera-
tion: one does not have radial phase modulation, i.e., ¢2(pr) =0,
and the other has radial phase modulation, ¢,(pr) = pr, where p
= 71/40 um™". The designed structures of the NPC, the microscopic
images of the fabricated NPC, along with the patterns and OAM
spectra of the generated SH waves, are shown in Fig. 3. We can see
from the microstructure of the NPC shown in Figs. 3(a) and 3(c) that
in the absence of radial phase modulation, the NPC exhibits angu-
lar periodic modulation superimposed on a 1D periodic structure,
the modulation period being 2nt/m, (m = 2,3). The intensity pro-
files of SH waves display a petal-like structure with the number of
petals being 2m, corresponding to twice that of the angular peri-
odicity. The OAM spectrum of SH wave predominantly contains
OAM components with topological charge, which are odd multi-
ples of the angular phase modulation period m, and the weight
of the OAM components decreases with the order increasing. The

Up converted Signal

' Phase modulation

FIG. 2. Schematic illustration of the experimental setup. The intensity profiles of the SH waves were shown in the upper right inset. The OAM spectra of SH waves were
measured via phase modulation as shown in the bottom right inset, where the center patterns surrounded by blue dashed circles are the intensity of the restored OAM

component.
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FIG. 3. Micro-structure of the NPC, the intensity profile, and the OAM spectrum of the generated SH wave for different combinations of the modulation functions: (a)
¢,(26) without the radial phase modulation, (b) ¢,(26) and ¢, (pr), (c) ¢,(36) without the radial phase modulation, and (d) ¢,(36) and ¢, (pr), where ¢;(20)

= rsign [cos (260)], ¢1(36) = msign [cos (30)], and ¢z (pr) = pr (p = /40 um™")

theoretical OAM spectrum distribution is obtained by perform-
ing a Fourier transform on ¢, (m0), and the details can be found
in supplementary material 2. When the radial phase modulation
is introduced, the NPC structure exhibits curved domain patterns,
and the intensity profile of the SH wave transforms into an uneven
ring-like structure. The calculated and experimentally measured
OAM spectra are consistent with OAM spectra without radial phase
modulation, as shown in Figs. 3(b) and 3(d).

In principle, our design strategy can generate SH waves with
arbitrary OAM spectra and adjustable radial intensity profiles. As an
example, we designed to generate SH OAM-comb with five equal-
weighted and equal-spaced OAM components at £ = —4,-2,0,2,4.
The angular phase modulation function ¢ opt(G) was obtained using
a global search algorithm (supplementary material 3), and the radial
phase modulation was set to be ¢,(pr) = pr, where p = 7/40 ym™
The calculated and measured SH wave intensity profile and OAM
spectrum are shown in Fig. 4(a). The SH wave intensity profile
is concentrated at a specific radial position, forming an uneven
ring-like structure with four bright spots along the ring, where
the emission angle is calculated to be about 0.17°. The measured
OAM spectrum is consistent with the calculations, and the fidelity"”
is 0.95. The discrepancy is primarily attributed to the fabrication
errors of the NPC. Our proposal for OAM-comb generation can
be easily expanded to a much larger OAM space. The minimum
size of the inverted domain in our study is 10 x 10 ym?®. With the
increasing of the OAM space, smaller ferroelectric domain struc-
tures will be introduced into the NPCs. When the smallest size of
an inverted domain reaches sub-micron or below, it is challenging
in fabrication using the conventional electric field poling technique,
and the femto-second laser nano-printing technique'’ may be a
solution.

APL Photon. 10, 010802 (2025); doi: 10.1063/5.0245407
© Author(s) 2025

It is worth noting that the radial phase modulation ¢, (pr) = pr
is equivalent to the phase of an axicon, where p is the cone parameter,
enabling the generation of a perfect vortex beam and, therefore, con-
trolling the radial intensity profile of the beam. To investigate the
radial intensity profile of the SH wave with different OAM spectra
under the same radial phase modulation, we performed numer-
ical simulations with a fixed radial phase modulation function p
= /40 ym™' and different angular phase modulation functions,
as shown in Fig. 4(b). We found that for the same radial modula-
tion function, the intensity profile of the frequency-doubled light
is concentrated in the same radial region, regardless of whether
the frequency-doubled light carries a single topological charge or a
superposition state of OAM.

The NPC in our work features polarization insensitivity and
broadband characteristics. The host material for the NPC is con-
gruent lithium tantalate, which exhibits isotropic refractive indices
in the x — y plane. In the experiment, the fundamental wave was
incident along the optical axis (z-direction) of the crystal, and
Type-0 (00-0) SHG occurred. The generated SH wave will diffract
along certain directions rather than the optical axis, and this is
attributed to the non-collinear nature of the nonlinear Raman-Nath
phase matching diagram. In the coordinate system of the funda-
mental wave, the polarization of the SH wave did vary with the
noncollinear angle; however, in the study, the SH beams were char-
acterized at the plane perpendicular to the nonlinear diffraction
direction instead of the optical axis. According to our observa-
tions during the experiment, the intensity profiles of the gener-
ated SH waves kept almost the same while tuning the polarization
of the fundamental wave. Moreover, the NPC demonstrated the
broadband in the experiment; when the wavelength of the fun-
damental wave was set to be 1300, 1060, 1000, and 800 nm, the

10, 010802-4
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FIG. 4. Controlled generation of SH waves with arbitrary OAM spectrum and adjustable radial intensity profile. (a) The designed structure of the NPC, the microscopic image
of the fabricated NPC, along with the intensity profile and OAM spectrum of the generated SH wave. (b) The simulation structures of the NPCs, the intensity profiles, and

the diameters of the SH waves with different single topological charges ¢.

Experiment

D, = 241 mm

D, = 1.93 mm D; = 1.88 mm

captured SH wave intensity profiles remained unchanged, and the
diameter of the generated SH ring decreased as the fundamen-
tal wave was tuned to shorter wavelengths, as shown in Fig. 5.
According to Eq. (2), the conversion efficiency is proportional to
L?* and is modulated by the sin ¢*(dk.L/2) term, which oscillates
with the thickness L. The intensity profile and the OAM spectrum
of the SH beam will remain almost unchanged when the thick-
ness of the nonlinear photonic crystal is in the order of several
millimeters.*’

APL Photon. 10, 010802 (2025); doi: 10.1063/5.0245407
© Author(s) 2025

FIG. 5. Intensity profiles of the generated
SH waves with different wavelengths of
the fundamental wave, and the diameter
of every ring is indicated.

D, = 1.49 mm

IV. CONCLUSIONS

To conclude, we have proposed a scheme to achieve the con-
trollable generation of OAM spectrum and radial intensity distri-
bution of the SH wave from NPCs. Through ferroelectric domain
engineering, that is, introducing angular and radial phase modu-
lation into the modulation function of the second-order nonlinear
coefficient of the NPCs, the OAM spectrum and the beam radial
intensity distribution can be controlled independently. We designed
different groups of angular and radial phase modulation functions

10, 010802-5

9G:9%:} L G20T Jequialdas ¥z


https://pubs.aip.org/aip/app

and fabricated the corresponding NPCs and verified the feasibil-
ity of the proposed scheme by investigating the OAM spectrum
and intensity distribution of the SH waves. Furthermore, we used
a global search algorithm to generate an optimized angular modula-
tion function to achieve the nonlinear generation of OAM-comb, in
which the five components £ = —4,-2,0,2, 4 are equal-weighted and
equal-spaced. Meanwhile, the radial phase modulation can make the
OAM-comb carrying beam concentrate on a ring of a specific radius,
regardless of the OAM spectra. For the NPC in this study, the fun-
damental wave is incident along the z optical axis of the congruent
lithium tantalite crystal. Due to the isotropy of lithium tantalate
in the x-y plane, the nonlinear device also exhibits polarization
insensitivity and wavelength broadband operation. The proposed
scheme in this work will lay the foundation for applications in
areas such as high-dimensional entangled photon generation, high-
capacity communications across different wavelength bands, and
optical micromanipulation.

SUPPLEMENTARY MATERIAL

See the supplementary material for detailed derivations of
Eq. (2), Fourier transform derivations of the angular phase distribu-
tions corresponding to Fig. 3, and the principles of algorithms used
to optimize the angular phase distributions corresponding to specific
OAM spectra.
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