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Abstract

®

CrossMark

We report the modulated Cerenkov up-conversion in a LiTaO; waveguide with an annular
domain structure. As a result of the continuous rotational symmetry of such a structure, the phase
velocity of the nonlinear polarization wave has a wide modulation tolerance. The reciprocal
vectors which could be involved in the interaction had a threshold range associated with the
waveguide parameters. The experimental results and simulations demonstrated that the radiation
intensity had a close relationship with the overlap between the pump and the radiated wave,
which could be decreased by non-collinear reciprocal vectors. Our detailed discussions on the
Cerenkov frequency-doubling process using such an annular-poling crystal may lay the
groundwork for the further study of the modulation of other nonlinear Cerenkov processes.

Keywords: second-harmonic generation, optical waveguide, nonlinear Cerenkov radiation

(Some figures may appear in colour only in the online journal)

1. Introduction

Cerenkov second harmonic generation (SHG) is a well-
known parametric process in optical waveguides or nonlinear
photonic crystals (NPCs) via a second-order nonlinear inter-
action [1-9]. It occurs when the nonlinear polarization wave
in a waveguide has a faster phase velocity (i},) than that of a
free wave at the harmonic (v/) in the material, such as LiNbO;
or LiTaOj crystals. Since the concept of quasi-phase-match-
ing (QPM) was brought forward [10], QPM Cerenkov up-
conversion [11-13] and nonlinear diffraction [14] have been
widely studied. By means of QPM technology, the poling
domain structure could provide different reciprocal vectors to
modulate ¥, of the nonlinear polarization wave. With QPM
technology extending from one dimension (ID) to two
dimensions (2D), 2D NPCs have aroused much more interest
recently. Various optical effects have been discovered up to
now, such as conical SHG [15], nonlinear conical diffraction
[16-18], Cerenkov-type SHG [19-22], Cerenkov difference

2040-8978/16,/015503+-05$33.00

frequency generation [23], omni-directional phase-matching
[24] and so on.

Compared with a 2D NPC with square, rectangular or
hexagonal symmetry, it is particularly the one with an annular
modulation of x® that could provide many non-collinear
reciprocal vectors with a continuous circular distribution
[25, 26]. Most previous investigations of Cerenkov radiation
mainly focused on 1D QPM or non-QPM waveguides. If
Cerenkov SHG takes place in annular poled NPC wave-
guides, ¥, of the nonlinear polarization wave could be equally
modulated within a much greater tuning range than that of a
1D NPC, and the corresponding Cerenkov radiation will be
emitted in different spatial directions. In contrast to the
extremely strict phase-matching requirement in waveguide
SHG between discrete guided modes, the fundamental guided
mode and the frequency up-converted radiated mode can be
automatically satisfied solely by adjusting the waveguide
parameters through the Cerenkov scheme. Up to now, there
have been no detailed reports on Cerenkov radiation in a
nonlinear annular poled waveguide.

© 2016 IOP Publishing Ltd  Printed in the UK
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Figure 1. A schematic diagram of the experimental setup.

In this paper, we present experimental and numerical
results for the modulation of Cerenkov SHG in an annular
periodic-poled LiTaO; waveguide. When the fundamental
beam passed through nearly the center of its domain structure,
reciprocal vectors with distinct orientations would result in
different SHG spot positions and intensities on the screen.

2. Experimental setup

In the experiment, a z-cut LiTaO; (LT) wafer of 0.5 mm
thickness was first annular periodically poled using the
electrical poling technique at room temperature, which
formed a domain period of A = 7 um and a diameter of about
4mm. Then the poled sample was proton-exchanged in
benzoic acid for 6 h at 220 °C and subjected to annealing
treatment for 5 h at 380 °C, which could recover the nonlinear
coefficient and create a graded-index layer in the waveguide
region. The thickness of the formed waveguide layer is about
3.9 um, and the effective refractive index of the fundamental
mode is about 2.1641 at a wavelength of 1064 nm. The end-
faces of the waveguide were polished for our optical
measurements.

A schematic of the experimental setup is shown in
figure 1. As a fundamental source in our experiment, we used
a side-pumped Q-switched Nd:YAG laser operating at
1064 nm with a pulse width of ~50 ns. The pulse repetition
rate was set to be SkHz and the z-polarized 1064 nm was
focused onto the NPC waveguide by a cylindrical lens with a
focal length of 5mm. The focused beam size was about
1.1 mm (y-axis) x 4 um (z-axis). A screen was placed about
40 mm away from the output facet of the sample for the
projection of generated radiation. The waveguide was kept at
room temperature (about 30 °C) by use of an oven.

3. Experimental results and discussion

The fundamental power in our experiment was set to be
500 mW and focused passing through the center of our
sample, as shown in figure 2(a). Under such circumstances,
all of the available reciprocal vectors provided by the annular
domain geometry could participate in Cerenkov SHG, as
shown in figure 2(b). The phase-matching condition can be
written as:

Bo + B+ Ga(—ay| = lka| cos 6, (1)

—
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b

1064nm

L.
A

(b) =

=)

Figure 2. (a) Simplified layout of the case in which the pump passed
through the center of the annular domain structure with a diameter of
4 mm in the experiment. The violet and white circles represent
positive and negative domains, respectively. (b) The available

reciprocal vectors (_}'a(,a) involved in the interaction.

in which Bw is the propagation constant of the TM, modes at
1064 nm, (_?'n,(,a) are the circularly-distributed reciprocal
vectors with the orientation angle «(—a) between the
reciprocal vectors and the x axis, l?z,vj is the wave vector of
the second harmonic (SH) wave in the substrate and 6 is the
Cerenkov angle.

On the screen, we could clearly see a green ellipse-like
shape with two spots and two green arcs, which is shown in
figure 3(a). The green spot on top is Cerenkov SHG induced
by the reciprocal vectors éﬂ, while the spot at the bottom
resulted from direct Cerenkov SHG, in which non-reciprocal
vectors were involved [6]. The arcs @ and ® were two dif-
ferent types of scattering-involved Cerenkov SHG [27, 28].
Since a proton-exchanged z-cut LT waveguide only maintains
TM modes, the fundamental wave, its elastic-scattering wave
and scattering-involved Cerenkov interaction (the arcs @ and
®) are all z-polarized. Actually, when Cerenkov SHG occurs,
a prerequisite condition (¥}, > v ) as shown below should be
satisfied:

|E2w| > Bw + /Z;u, + éa(—a) . (2)

Thus, not all reciprocal vectors could participate in the
interaction. For such a reason, in our experiment shown in
figure 3(a), the green ellipse was not self-enclosed and had a
gap on the bottom. It was found that when « was in the range
of [0°, 54°], éa(,a) could not meet the requirement above,
according to our simulations shown in figure 3(b).
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Figure 3. (a) Projection of the radiated SH pattern on the screen. The
positive and negative numbers on the Y-axis represent the relative
positions of the radiated SH spots in the y direction and the Z-axis
represents the Cerenkov SH spot distribution in the z direction. (b)
The calculated relative distributions of Cerenkov SH spots on the
screen.

(a)

(b) substrate

Collinear modulation

Figure 4. (a) Schematic diagram of the reciprocal vector distribution
(the round face). The blue part represents the unsuitable reciprocal
vectors and the red parts are the reciprocal vectors related to the
absent positions of the radiated wave. (b) The phase-matching
geometry including the collinear modulation and noncollinear
modulation by the reciprocal vectors.

Considering the continuous distribution of 50,(,&), the
modulated Cerenkov radiation should also be continuous.
However, in our experiment we could clearly observe that
parts of the green ellipse were absent and had approximately
bilateral symmetry with the z-axis. The intensity of these
absent parts was so weak that one hardly saw the Cerenkov
radiation. As shown in figure 4, the whole round face repre-
sented the distribution of all of the reciprocal vectors provided
by the domain annular poling and the blue part was the range

of unsuitable reciprocal vectors discussed above. Based on
our calculations shown in figure 3(b), we obtained the range
of reciprocal vectors G)a(_a) related to such absent places,
which were marked as the red portions of figure 4. These four
red parts had bilateral symmetry with the x-axis and the
corresponding « were within the range of [80°, 95°] and
[110°, 140°]. The larger « induced a greater number of absent
places, because when a reciprocal vector with larger orien-
tation angle was involved in the interaction, V,of the nonlinear
polarization would be accelerated more so as to emit a bigger
Cerenkov angle.

For the interaction involving the 1st-order reciprocal
vectors (i.e. the green ellipse around the direct Cerenkov
spot), following coupled-mode theory via a nondepletion
approximation [3], the SH power is:

PQw) « L |k[dee *P* (w), 3)

in which L is the waveguide length, x is the overlap between
the radiated SH wave and the pump, d.g is the effective
nonlinear coefficient and P(w) is the pump power. Using the
same sample and pump power in our experiment, P(2w)
depended chiefly upon the overlap which could be expressed

as:
v [lepac] v [1e0ra]
2 2
[y~f<1>z<a)*~<1>1 dz]

in which y is the beam width of the pump, and ®;, and ®,(«)
are field distributions of the guided pump mode and SH
radiated mode, respectively. Since collinear modulation had
the largest overlap, the spot with éT participating on top of the
green ellipse was the brightest. Due to the noncollinear
reciprocal vectors shown in figure 4(b), the radiated SH wave
would deviate from the x—z plane, and accordingly led to the
decrease of the overlap. When « was 90°, the deviation (angle
~) was the largest. Another thing that should be noted is that
Cerenkov SHG itself is a noncollinear phase-matching
process, in which the overlap is also related to the Cerenkov
angle 0. As « increased, § monotonously increased. There-
fore, we took both aspects into consideration to simulate their
effect on the overlap. As shown in figure 5, we found that the
overlap was smallest at @ = 122.5°. T It was also found that
when the reciprocal vectors in the range near 122.5°
participated in the interaction, x was still quite small, so that
the radiated SH wave was hardly seen, which induced the
absent parts on top of the ellipse shown in figure 3(a).
When the modulated condition was much closer to the
collinear case (o« = ), the overlap was much bigger, as seen
in figure 5. We measured the intensity of the SH wave
involving reciprocal vectors with o from 140° to 175°, as
shown in figure 6. The SH intensity became larger with
increasing of the angle o, which was in good agreement with
our simulations. If we carefully observed figure 3, it was
found that there was another weak part near the direct Cer-
enkov spot and the corresponding reciprocal vectors were in

) “

k(o) =
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Figure 5. Relationship between the overlapping and reciprocal

vectors with different orientation angles.
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Figure 6. Dependence of radiated SH intensity on the reciprocal
vectors with orientation angle in the range [140°, 175°].

the range [80°, 95°], according to our calculations. Based on
the simulations in figure 5, the overlaps with these reciprocal
vectors involved were not too small to generate SH radiation.
Actually, in the experiment, we could observe another fre-
quency doubling pattern near the bottom of the nonlinear
Cerenkov SH (figure 3), as shown in figure 7(a), which is the
SHG of Raman—Nath diffraction. The phase-matching con-
dition shown in figure 7(b) could be expressed as:

>i
‘6 2w

sin 9,' = |l'éi77/2|, (5)

Compared with Cerenkov SHG which only has a type of
longitudinal phase-matching, frequency-doubling of Raman-
Nath diffraction just follows transverse phase-matching con-
ditions. As a result of the limit effect of the waveguide,
nonlinear diffraction spots were elongated along the direction
of the z-axis on the screen. Based on our calculations, the
efficiency of nonlinear diffraction is much larger than that of
nonlinear Cerenkov interaction under the same conditions.
For the above discussed weak part of the Cerenkov SH image

Figure 7. (a) Frequency-doubling of nonlinear diffraction in the
waveguide (emitting on the screen). (b) The phase-matching
geometry of the nonlinear diffraction.

in figure 3, we speculated that there was a competition
between nonlinear Cerenkov interaction and nonlinear dif-
fraction. For the reciprocal vectors in the range [80°, 95°], the
domain walls were closer to parallel in such a situation, so
nonlinear diffraction occurred more easily and the effect was
more obvious. Most of the fundamental wave power was
involved in nonlinear diffraction, which resulted in the non-
linear Cerenkov SH hardly being generated under such a
condition, i.e. the weak part near the direct Cerenkov spot was
generated, as shown in figure 3.

4. Conclusion

In summary, we have realized and experimentally character-
ized the modulation of Cerenkov SHG in a LiTaOs wave-
guide with an annular periodic-poled domain structure.
Compared with other 2D structures, this structure with con-
tinuous rotation symmetry enables extremely wide modula-
tion tolerance to phase velocity of a nonlinear polarization
wave in a waveguide. On the other hand, the reciprocal
vectors involved in the interaction had a threshold of orien-
tation angle to meet the prerequisite condition of generating
nonlinear Cerenkov radiation. The SH intensity dependence
on the overlap between the radiated wave and the pump has
also been studied. We demonstrated that the modulation of
parts of the reciprocal vectors could induce a small overlap,
so the SH radiation was too weak to been observed in the
experiment. Our detailed discussions on Cerenkov SHG in
such an annular-poling crystal will provide other researchers
with a sound basis for later study, especially on the mod-
ulation of reciprocal vectors in other nonlinear Cerenkov
processes, such as, sum-frequency generation, difference-
frequency generation and so on.
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