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ABSTRACT

We experimentally demonstrate the use of a periodically poled LiINbO3; (PPLN) crystal to produce an ultra-long sub-diffraction optical needle
via second-harmonic generation. When we input a radially polarized fundamental wave from a femtosecond laser, a sub-diffraction beam
size of 0.45/.g;; and an ultra-long depth of focus (DOF) of 551 are experimentally realized, where g is the second harmonic wavelength.
The lateral size of the second harmonic optical needle is reduced by a factor of 2 compared to the case using the fundamental wave. The com-
pact experimental configuration can realize wavelength conversion and wave-front shaping simultaneously in a single PPLN crystal. In addi-
tion, the ultra-long DOF is potentially useful in observing thick samples. The unique characteristics of our second harmonic optical needle
open the door for practical applications in super-resolution imaging and optical manipulation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5142522

Observation of sub-wavelength structures using a conventional
optical imaging system such as a microscope, a telescope, or a camera
used to be difficult because of the Abbe diffraction limit." At the end of
the 20th century, this theory was challenged and was disproven; sev-
eral revolutionary breakthroughs were realized to overcome Abbe’s
diffraction limit, including stimulated emission depletion (STED)
microscopy,” photoactivation localization microscopy (PALM),” sto-
chastic optical reconstruction microscopy (STORM),” structured illu-
mination microscopy (SIM),”” and monomolecular spectroscopy.””
Recently, optical needles with a sub-diffraction size have been attract-
ing increased interest.'” > Optical needles can be achieved using
super-oscillatory lenses, binary elements,”'>'® or a meta-sur-
face.'””'" The generation of optical needles, to date, has been limited to
linear optics.

Nonlinear optics has a wide range of important applications,
including nonlinear conversion of orbital angular momentum,” '
ultrashort pulse generation,”””* quantum light sources,”* and optical
communications.” Large numbers of optical materials have been

13,14

explored and applied in an attempt to achieve efficient nonlinear opti-
cal processes, including semiconductors,”*” metal oxides,”* and poly-
mers.”” Among these materials, the LINbO; crystal offers incredible
versatility because of its broad transmission range from the visible to
the mid-infrared range and high nonlinear coefficients. Specifically,
based on quasi-phase matching (QPM) theory, periodically poled
LiNbO; (PPLN) crystals have been extensively investigated in fre-
quency conversion,””’' nonlinear waveguides,” and nonlinear beam
shaping for the generations of second harmonic (SH) Airy beams, SH
vortex beams, and so on.”**

In this paper, we propose and experimentally demonstrate an SH
optical needle using a PPLN crystal excited by a radially polarized
light. Ring-shaped domain structures via the electrical poling process
are introduced to realize a sub-diffraction optical needle. There is a ©
phase shift between the SH waves from opposite domain structures.
In comparison to the linear optical method, the beam size of the SH
optical needle is reduced by two times due to frequency doubling. The
ring-shaped domain structure is used to work as a nonlinear frequency
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converter.”” "’ In our experiment, such binary nonlinear phase modu-
lation is capable of producing an optical needle with a sub-diffracted
beam size of about 0.454sy and an ultra-long depth of focus (DOF) of
about 55/4g (where Agyy is the second harmonic wavelength), which is
much longer than that reported in previous works."''>**

To design an appropriate domain structure to generate a sub-
diffraction optical needle, we investigate the electrical field distribution
behind the PPLN sample theoretically. Noting the axial symmetry of
both the beam and the sample, we solve the problem in a cylindrical
coordinate system. We use a radially polarized beam here to ensure
that the azimuthal electric component will vanish (ie., E,, (1, z) = 0).”
Using the vectorial angular spectrum method, the electric field distri-
bution can be written as"’

E,(r,z) = HT' {HT‘ [T(r)E(r,0)] exp (iznzmﬂ . ()

J%——?HW [T(r)E(r,0)]exp (ian\/Fjﬁ)
(2)

Here, HT? and HT' represent the zeroth- and the first-order Hankel
transformations, respectively. T(r) is the transmission function of the
sample, and E(r, 0) is decided by the incident electric field at z=0. 4 is
the SH wavelength and f is the spatial frequency. Considering that the
positive and negative domains in a PPLN sample introduce 0 and 7
phase modulations, respectively, in the generated SH waves, one can
easily obtain T(r) for a given sample structure. Then, one can use Egs.
(1) and (2) to design an appropriate domain structure that can gener-
ate a sub-diffraction SH optical needle with a long DOF.

To obtain the optimal distribution for the domains, a genetic
algorithm (GA) is used, and the SH light is set to be a 450 nm radially
polarized beam. The target is to achieve an SH needle as long as possi-
ble while keeping its sub-diffraction property. In our algorithm, the
population, crossover probability, and mutation probability are set to
be 150, 0.8, and 0.8, respectively. The evaluate fitness and constraint
functions are all vectorized to improve the efficiency of numerical cal-
culations. The longitudinal polarization component is dominant in the
generated SH optical needle.''””*’ The optimal structure calculated
using the GA is shown in Fig. 1(a). The binary domains are arranged
in concentric rings, where the white and black rings represent the

E.(r,z) =HT°
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FIG. 1. (a) Pattem of domain structures. The central diameter is 84 xm, the ring width
is 3 um, and the white and black rings represent the positive and the negative domains,
respectively. (b) lllumination of the FWHM and the intensity of the optical needle along
the propagation path. Blue points: FWHM; orange points: intensity; red line: Zsp/2.
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FIG. 2. Experimental setup. The fundamental wavelength is 900 nm. The insets
show the cross section of the radially polarized incident light (left, the scale bar is
100 um) and the SH image of the sample (right, the scale bar is 20 um). HWP:
half-wave plate; PBS: polarizing beam splitter; CCD: charge coupled device. Note
that the objective and the CCD are mounted on a microscope.

positive and negative domains, respectively. The width of these rings
(or domains) is about 3 um, and the duty cycle is ~50%. We design an
unpoled area in the central area of the PPLN sample to improve the
quality of the SH optical needle.' ™' We calculate the full width at half
maximum (FWHM) and the intensity of the optical needle along the
propagation path. As shown in Fig. 1(b), we define the part with an
intensity higher than 20% of the peak intensity as the optical needle,
which ranges from 12.5 um to 28.8 um. The simulated FWHM (blue
points) is well beyond Asy/2 (red line) throughout the range, which
presents a well-defined sub-diffraction SH optical needle.

In the experiment, the LINbO; crystal with its ring-shaped
domain structures is fabricated using photolithography and electrical
poling process. First, a 40-um-thick z-cut LiNbOj slice is cleaned and
spin-coated with photoresist. We then transfer the domain structure
pattern [Fig. 1(a)] to the prepared LiNbOj slice via maskless photoli-
thography. Cr electrodes with the designed ring structures are affixed
to the +z surface of the LINbO; slice after a series of coating and lift-
off processes. Finally, electrical poling is performed on the LiNbO;
slice to achieve the designed ferroelectric domain structures. During
poling, the -z surface of the sample is placed on an ITO glass substrate,
which acts as a uniform electrode. The change in the signs of the
second-order nonlinear susceptibility of the sample produced by pol-
ing results in a m-phase difference for the relevant SH waves, while
the fundamental wave (FW) propagates along the z-axis without
changing,”

The experimental setup is as shown in Fig. 2. A horizontally
polarized FW from a Ti: sapphire femtosecond laser (pulse width:
75 fs; repetition rate: 80 MHz) is passed through a half-wave plate
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FIG. 3. Propagation carpet of the SH optical needle: (a) theory and (b) experiment.
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FIG. 4. Normalized optical needle intensity profiles at z=9 um (a), 23 um (b), and 33 um (c).

(HWP) and a polarizing beam splitter (PBS) to control its power at
~300 mW. The fundamental light is set at a wavelength of gy
= 900nm. A telescope system that consists of two convex lenses is
applied to collimate the incident beam and reduce its size to 300 um to
match the sample size. The radially polarized beam is generated by
using a Q-plate.””** After the FW is filtered out, only the SH wave
generated at a wavelength of 450 nm is collected via a 100x objective
lens and recorded using a charge coupled device (CCD). The exposure
time of the CCD is 1 ms.

We record the propagation carpet of the SH optical needle exper-
imentally. First, the sample is located accurately on the focal plane of
the objective lens (z=0). We then record the cross sections (x-y) at
different positions along the propagation direction z by varying the
distance between the sample and the objective. Therefore, a sequence
of SH intensity patterns within propagation distances ranging from 0
to 60 um is recorded by using a step interval of 0.5 um. The theoretical
and experimental propagation carpets are shown in Figs. 3(a) and
3(b), respectively. In theory, the bright SH optical needle exists in a
range from z=12.5 um to z=28.8 um, and its DOF is 36As;y = 245
The average spot size of the needle is approximately 0.43sy
(193.5nm), which is well beyond the diffraction limit. In the experi-
ment, the SH optical needle is observed from z=8 um to z=33 um.
To enable further study of the sub-diffraction characteristics of the
optical needle in the experiment, we investigate three cross sections at
z=9 um, 23 um, and 33 um. The FWHM is obtained by curve fitting,
and the data are normalized. As shown in Figs. 4(a)-4(c), the FWHM
values are 0.41/g (185 nm), 0.47 gy (212 nm), and 0.48 g5 (216 nm),
respectively, and all these values are beyond the diffraction limit and
reflect the good properties of the optical needle. In general, the experi-
mental results agree well with the theoretical results. The average
FWHM of 0.45/s; (203 nm) in the experiment is a little higher than
that obtained from the theory, which could be caused by the defects
and non-ideal duty cycle in the PPLN sample and the inaccurate con-
trol of the beam waist. Interestingly, the experimental optical needle is
longer than the theoretical needle, which may result from the higher
FWHM in the experiment.

In conclusion, we have demonstrated an SH optical needle with a
sub-diffraction FWHM and an ultra-long DOF in a PPLN crystal
pumped by a femtosecond radially polarized light. Using the vectorial
angular spectrum method, the electrical field distribution behind the
sample is calculated. Note that the opposing domain structures in
PPLN slices introduce a m phase difference for the SH wave. In our
experimental demonstration, this binary nonlinear phase modulation
device can produce an optical needle with a sub-diffracted beam size

of 0.45s and an ultra-long DOF of 55455. An SH optical needle in
the visible band is realized through nonlinear frequency doubling,
which can further improve the resolution in imaging. The ultra-long
DOF makes it possible to observe the object with a certain thickness,
which would be difficult when using conventional imaging systems.
By improving the PPLN sample quality and optimizing the pump
beam profile, the performance of the SH optical needle, such as the
longitudinal intensity distribution, could be further improved for prac-
tical applications in optical microscopy.” *” Our results open the door
for a variety of applications of the optical needle in super-resolution
imaging and large depth of field imaging.
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