
This content has been downloaded from IOPscience. Please scroll down to see the full text.

Download details:

IP Address: 210.28.139.26

This content was downloaded on 08/06/2015 at 07:11

Please note that terms and conditions apply.

Experimental realization of Cerenkov up-conversions in a 2D nonlinear photonic crystal

View the table of contents for this issue, or go to the journal homepage for more

2012 J. Phys. D: Appl. Phys. 45 405101

(http://iopscience.iop.org/0022-3727/45/40/405101)

Home Search Collections Journals About Contact us My IOPscience

iopscience.iop.org/page/terms
http://iopscience.iop.org/0022-3727/45/40
http://iopscience.iop.org/0022-3727
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


IOP PUBLISHING JOURNAL OF PHYSICS D: APPLIED PHYSICS

J. Phys. D: Appl. Phys. 45 (2012) 405101 (4pp) doi:10.1088/0022-3727/45/40/405101

Experimental realization of Cerenkov
up-conversions in a 2D nonlinear
photonic crystal
C D Chen, Y Zhang, G Zhao, X P Hu, P Xu and S N Zhu

National Laboratory of Solid State Microstructures, Nanjing University, Nanjing, 210093,
People’s Republic of China

E-mail: xphu@nju.edu.cn

Received 22 February 2012, in final form 6 August 2012
Published 21 September 2012
Online at stacks.iop.org/JPhysD/45/405101

Abstract
We report on the experimental realization of Cerenkov second harmonic generation and
sum-frequency generation in a two-dimensional (2D) LiTaO3 nonlinear photonic crystal. The
ferroelectric domain wall enhanced Cerenkov radiations were created by the modulations
induced corresponding to the reciprocal vectors along the direction of propagation of the
fundamental beams. The (electric field) polarizations of the fundamental beams were found to
affect the Cerenkov angles and the intensities of the radiations. In addition, the variations in
the characteristics of the radiations varying with the wavelength of the incident fundamental
waves were investigated.

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

1. Introduction

It is well known that efficient frequency conversions operate
best when phase-matching (PM) conditions are satisfied. The
phase mismatches can be compensated by using the quasi-
phase matching (QPM) technique [1] that involves a periodic
modulation of the second-order nonlinear coefficient (χ(2)) of
the medium (resulting in the material polarization term). In
recent years, the study of such photonic crystals with χ(2)

modulations has attracted increasing interest. In addition to
QPM, there are other two novel types of PM configurations
in either one-dimensional (1D) or two-dimensional (2D)
nonlinear photonic crystals (NPCs). One is nonlinear
diffraction, including the Raman–Nath diffraction and Bragg
diffraction [2–5], which just satisfies transverse PM, in which
the diffraction angles are determined by both the wavelength of
the incident light and reciprocal vectors that are involved. The
other is the Cerenkov radiation, which requires the fulfillment
of longitudinal PM [6–11]. The source of radiation is the
nonlinear polarization wave (NPW) in the medium that is
induced by the fundamental wave. The primary condition
needed to realize Cerenkov radiations in NPCs as well as in
waveguide configurations [12–15] is that the NPW has a larger
phase velocity (�vp) than that of the harmonic ( �v′). For direct

Cerenkov second harmonic generation (SHG), the radiation
angle could be expressed as

θc = arccos( �v′/�vp) = arccos(|2�kf |/|�kSH|), (1)

where �kSH and �kf are the wave vectors of the second harmonic
(SH) and the fundamental wave, respectively. In order to make
full use of the domain walls, the incident directions of the
fundamental beams in previous reports were perpendicular to
the direction of χ(2) modulations [6–11], and the emission
angle of Cerenkov radiation in [6–11] depends only on the
wavelength of incident light but has no relationship with
the QPM structure. As to the question whether the direction
of the radiations can be controlled, the answer is yes. In
commonly used nonlinear crystals, considering the simple
frequency-doubling progress, �vp can be expressed as

ω1

ν1
· �x1 +

ω1

ν1
· �x1 = ω2

νp
· �xp, (2)

in which ν1 is the phase velocity of the fundamental wave, �x1

and �xp are the unit vectors in the directions of the fundamental
wave and NPW, respectively. It is found that, the phase
velocity of the NPW is equal to that of the incident pump
wave. However, if we could introduce χ(2) modulations
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Figure 1. Simplified layout of the experimental setup. The sample
is a 2D rectangular periodically poled LiTaO3 crystal with a period
of 7.42 µm.

along the direction of propagation of the NPW, the reciprocal
vectors ( �Gi) provided by the structure could be involved in
the nonlinear interaction, which compensates for the phase
mismatch between the interacting waves. In this case, �vp can
be expressed as

ω1

ν1
· �x1 +

ω1

ν1
· �x1 + �Gi = ω2

νp
· �xp. (3)

Comparing expression (3) with (2), we consider that
the compensation for phase mismatch can be equivalent to the
modulation to �vp by the reciprocal vectors �Gi . Then the
Cerenkov radiations can be correspondingly modified.

More recently, Sheng et al have discussed the effects of
distinct reversed domain shapes on such modified Cerenkov
radiations theoretically [16], but there does not appear to
be any detailed study presented as yet on the experimental
realization. In this paper, we present the experimental
results of Cerenkov up-conversions in a 2D periodically poled
LiTaO3 (PPLT) crystal with a rectangular lattice. The domain
walls make Cerenkov radiations to be easily generated and
we experimentally demonstrate that the radiations can be
correspondingly influenced by the periodic domain structure
along the direction of propagation of the fundamental wave.
The variation of the radiation characteristics with wavelengths
as well as with (electric field) polarizations of the incident
fundamental beams was studied and is presented in this paper.

2. Experimental setup

A schematic experimental diagram is depicted in figure 1. The
sample used in our experiment was a z-cut 2D rectangular
PPLT with a domain period of � = 7.42 µm, which was
fabricated using the electric field poling technique at room
temperature [17]. Each reversed domain shape inside the
sample was a cylinder which has a height of 0.5 mm (h) and
diameter of about 2.5 µm (d). The dimension of the sample
is 0.5 mm (x) × 8 mm (y) × 0.5 mm (z). The fundamental
source is a Ti : sapphire oscillator and regenerative amplifier
with a repetition rate of 5 kHz, which delivers 150 fs pulses.
In our experiment, the wavelengths were first set to be 1260 nm
(signal) and 2183 nm (idler), which were z-polarized and
y-polarized, respectively. The total input power was about
250 mW, in which the power of 1260 nm made up the major
part. The fundamental beams were loosely focused into the
sample along the x-axis using a lens with a focal length of

Figure 2. Pattern projected on the screen behind the 2D NPC when
the incident 1260 nm beam was z-polarized, while the 2183 nm
beam was y-polarized. The inset was recorded using a long
exposure time on area ⑤.

150 mm and the beam waist inside the crystal was estimated to
be about 60 µm. The harmonics generated in the sample were
projected onto a screen behind the end face of the sample.

3. Experimental results and discussion

As shown in figure 2, area ① at the centre of the figure consists
of the collinear SH waves of the fundamental beams. The red
arcs around that, which were marked with ②, resulted from the
frequency doubling of the elastic scattering light at 1260 nm
[18]. Meanwhile, we clearly observed several additional (red
and yellow) spots that were symmetric with respect to spot
①. They all are Cerenkov radiations in the bulk photonic
crystal and only fulfil longitudinal PM conditions. Spots
③ and ④ are direct Cerenkov radiations, which involved no
reciprocal vectors. There are mainly three nonlinear Cerenkov
processes. The first one is the Cerenkov second harmonic
generation (CSHG) of the fundamental beam at 1260 nm,
which corresponds to the generation of the red spot ③. The
second one is an intermediate process, the SHG of 2183 nm.
The generated harmonic at 1091.5 nm is invisible; however, it
is involved in the Cerenkov sum-frequency generation (CSFG),
1260 nm+1091.5 nm→584.7 nm, which resulted in the yellow
spot ④.

In addition to the above-mentioned direct Cerenkov
radiations, one can observe other spots on either side of them,
for example, area ⑤ as shown in figure 2. These spots are
modified Cerenkov radiations. In such a 2D structure, the
χ(2) modulations along the propagation direction change the
�vp of the fundamental waves. The PM condition can be
expressed as

|�ki + �kj + �Gm| = |�kh| cos θc, (4)

in which �ki and �kj are the wave vectors of the fundamental
waves, �Gm = m · 2π/� is the mth-order reciprocal vector, �kh

is the wave-vector of the generated Cerenkov radiation, θc is
the Cerenkov angle in the crystal. If i = j , it is the CSHG
process, or else it is the CSFG process. As we calculated,
all forward reciprocal vectors (m = 1, 2 . . .) cannot satisfy
the Cerenkov PM condition in our experiment. As shown
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Table 1. Experimental and theoretical emission angles of CSHG
and CSFG when the 1260 nm beam was z-polarized, while the
2183 nm beam was y-polarized.

Red Yellow

θT θE θT θE

0 27.6◦ 27.4◦ 29.6◦ 29.0◦
�G−1 49.0◦ 48.2◦ 49.3◦ 49.1◦

Figure 3. Pattern projected on the screen behind the 2D NPC when
the crystal was rotated 90◦ around the x-axis, i.e. the incident
1260 nm and 2183 nm were y-polarized and z-polarized,
respectively.

in the marked area ⑤ in figure 2 (the inset), the red spot
resulted from the CSHG, while the yellow one was induced
by CSFG. Both of them used the backward reciprocal vector
�G−1. These two spots are close to each other on the screen,
which can be seen clearly in the inset of figure 2, because
they have nearly the same radiation angles. Table 1 gives the
experimental and theoretical Cerenkov angles for the red and
yellow light including both the direct and reciprocal vector
involved cases, and we can see that the experimental results
are in good accordance with the theoretical predictions. From
figures 2 and 3, one can see that all the Cerenkov radiations are
distributed in arcs, and this mainly results from the roughness
of the domain walls [10]. Compared with the direct Cerenkov
configuration, for a certain pump wavelength, the backward
reciprocal vectors (such as �G−1) equivalently increase the
�vp, so the modified Cerenkov radiation with the backward
reciprocal vector �G−1 participating has a larger emission angle
than that of the direct case. Theoretically, the radiation
intensities of the direct case (I0) and the modulated case (I−1)
are both proportional to the square of the effective nonlinear
coefficient deff [8]. As deff of the direct Cerenkov case is about
0.57 times larger than that of the Cerenkov interaction with
�G−1 involved, I0 should be stronger than I−1. Since much
higher order backward reciprocals have an even smaller deff ,
the corresponding radiations are too weak to be observed in
the experiment.

Cerenkov radiation dependences on the (electric field)
polarization of incident beams were investigated. We rotated
the sample 90◦ around the x-axis, which was equivalent to
changing the polarizations of the two incident beams. As
shown in figure 3, we could also observe Cerenkov red spots
from CSHG and yellow ones from CSFG. As is known, LT is an
anisotropic crystal, and waves with different polarizations have
different dispersion relations. So the radiation angles of the red
and yellow spots in figure 3 may differ from the case in figure 2.

Table 2. Experimental and theoretical emission angles of CSHG
and CSFG when the 1260 nm beam was y-polarized, while the
2183 nm beam was z-polarized.

Red Yellow

θT θE θT θE

0 28.8◦ 28.3◦ 30.1◦ 29.7◦
�G−1 50.0◦ 49.2◦ 49.8◦ 50.1◦

Figure 4. Measured and calculated Cerenkov angles varying with
the fundamental wavelength, including the cases with
non-reciprocal vector involved and the forward or backward
reciprocal vectors involved.

Table 2 gives the experimental and calculated Cerenkov angles
when we rotated the polarizations of the two incident beams,
and we can see that the situations are different from figure 2.
Similarly, due to different polarizations of the fundamental
beams, CSHG and CSFG in figure 2 used the largest nonlinear
coefficient d33, while in figure 3, CSHG used d32 and CSFG
used d24, respectively (d32 ≈ d24). Since d33 is about 16 times
that of d32 and d24, the intensities of Cerenkov radiations in
figure 3 should be much weaker than that in figure 2. In order
to record a clear image, the exposure time in figure 3 was 60
times that of in figure 2, and the measured ratio between the
radiation intensities of figures 2 and 3 was about 200 : 1.

We then investigated the dependence of the CSHG
radiation angles on the incident fundamental wavelength.
In the experiment, the z-polarized fundamental wavelength
(signal) ranged from 850 to 1500 nm. The measured Cerenkov
angles are shown in figure 4. One can see that there is a cutoff
wavelength of around 1000 nm when the forward reciprocal
vector �G1 participated; CSHG cannot be observed when the
input wavelength is larger than the cutoff wavelength. This is
due to the fact that when the incident wavelength is larger
than the cutoff, the equivalent phase velocity of the NPW
decreased by �G1 is smaller than that of the harmonic. From
the calculated results shown in figure 4, one can see that the
theoretical cutoff wavelength is about 1050 nm. As for the
non-reciprocal vector involved and the backward �G−1 involved
cases, there was no cutoff wavelength in the experimental
wavelength range. Also, from figure 4, we can see that
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the emission angles are reduced with increasing fundamental
wavelength for all the three cases. These results demonstrated
that such χ(2) modulations to the Cerenkov radiations are
available for a broad range of pump wavelength. Compared
with the generation of common Cerenkov radiations in NPCs
[6–11], this method could provide us with a way to realize
multi-output radiations with a single-input pump wavelength.

4. Conclusion

In summary, Cerenkov up-conversions including CSHG and
CSFG were experimentally realized in a 2D rectangular PPLT
crystal by using a femtosecond laser as the fundamental
source. The Cerenkov radiations from the domain walls
were correspondingly altered by χ(2) modulations along
the direction of propagation of the NPW in the nonlinear
photonic crystal. Also, we demonstrated that the Cerenkov
radiation angles and intensities would vary with the (electric
field) polarizations of the incident fundamental beams.
Moreover, the dependence of the radiation characteristics on
the fundamental wavelength was studied, finding that there
is a cutoff wavelength with the first-order forward reciprocal
vector involved. To realize controllable Cerenkov radiations,
we can adopt the electro-optic effect or acousto-optic effect of
LiTaO3 crystals and related works are in progress.
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