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We report a type of quasi-phase-matched (QPM) Cerenkov third-harmonic generation (CTHG) in a periodic-poled
LiTaO3 waveguide. The CTHG results from a guided-to-guided second-harmonic generation cascadedwith a guided-
to-radiated sum-frequency generation (SFG) in the waveguide. In the guided-to-radiated SFG process, nonlinear
interactions with participating and nonparticipating reciprocal vectors would lead to different CTHG radiations.
In addition, the power and temperature detuning characters of QPM CTHG were studied. Theoretical predictions
were in good agreement with experimental results. © 2011 Optical Society of America
OCIS codes: 190.0190, 190.2620, 230.7390, 350.5610.

As is known, in nonlinear optical waveguides, when the
phase velocity ð~vpÞ of the nonlinear polarization wave
driven by the incident light field is faster than that of the
harmonic ð~v0Þ, nonlinear Cerenkov radiation (NCR) oc-
curs via a second-order nonlinear process [1–5]. There
are mainly two types of phase-matching configurations
for NCR, the direct Cerenkov configuration and the quasi-
phase-matched (QPM) Cerenkov configuration. Previous
experimental and theoretical investigations on QPM
Cerenkov radiations [6–8], such as second-harmonic
generation (SHG) and sum-frequency generation (SFG),
revealed that the QPM Cerenkov configuration has the
advantages of high efficiency, wide phase-matching
bandwidth, and large tolerance of variations in pump
wavelength and waveguide parameters. In a nonlinear
waveguide, Cerenkov third-harmonic generation (CTHG)
can take place aswell [9]. For the realization ofCTHG, two
possible schemes canbe adopted: one is directCTHGvia a
χð3Þ process and the other bases on two cascaded χð2Þ pro-
cesses. Considering the rather small χð3Þ of LiTaO3 (LT),
which is about 10−8 of its χð2Þ, it is preferable to use the
cascaded χð2Þ configuration, which comprises the cas-
caded second-order nonlinear interactions of a guided-
to-guided SHG process and a guided-to-radiated SFG
process. The fundamental and the generated second har-
monic (SH) are guided waves in the waveguide while the
third harmonic (TH) is radiated toward the substrate. Up
to now, there have been no reports on the experimental
realization of CTHG in a nonlinear waveguide.
In this Letter, we present the experimental results of

CTHG via two cascaded χð2Þ procedures in a periodic-
poled LT (PPLT) planar waveguide. Both of the forward
and backward reciprocal vectors could be involved in the
interactions. The power and temperature tuning curves
of the TH radiations were also explored.
In our experiment, a z-cut LT wafer with a thickness of

0:5mm and a length of 13mmwas first periodically poled
by the electrical poling technique at room temperature,
which formed a domain period of Λ ¼ 14:58 μm and a re-
versal factor of ∼37%. Then, the poled sample was im-
mersed into benzoic acid and proton-exchanged for 6 h
at 220 °C. Subsequently, the sample was subjected to an-

nealing treatment for 5 h at 380 °C, which could recover
the nonlinear coefficient and create a graded-index layer
in the waveguide region with about 3:9 μm depth [10].
The end faces of the waveguide were polished for optical
measurement.

The schematic experimental setup is shown in Fig. 1.
The fundamental source is a laser diode end-pumped Q-
switched Nd : YVO4 laser operating at 1342 nm with a
pulse width of ∼50 ns. The pulse repetition rate is adjus-
table within a range of 1–50 kHz. Because a proton-
exchanged z-cut LT waveguide only maintains TM
modes, the z-polarized IR beam was focused into the
waveguide by a cylindrical lens with a focal length of
5mm. The generated Cerenkov radiations were projected
onto a screen placed 110mm away from the output facet
of the sample. A filter M1 was used to filter out the resi-
dual IR beams. The sample was placed on an oven with a
controlling accuracy of 0:1 °C.

In the experiment, the repetition rate was set to 5 kHz.
The fundamental power was first set to 500mW and the
crystal temperature was kept at 120 °C. A pattern com-
posed of two red (labeled 2 and 4) and four blue spots
(labeled 1, 3, 5, and 6) appeared on the screen, as shown
in Fig. 2(a). Both of the red spots resulted from Cerenkov
SHG of the TM0 mode at 1342 nm [6]. To give the inter-
pretation for the generation of all the blue spots, we can
introduce QPM CTHG, which consists of the cascaded
SHG and SFG. In the SHG process, a guided SH mode
was generated in the waveguide. The conversion effi-
ciency of SHG was greatly enhanced by the reciprocal
vectors of PPLT, which provided enough SH waves to
carry out the cascaded guided-to-radiated SFG process.
Next, we focused our discussions on the SFG process. As

Fig. 1. (Color online) Simplified layout of the experimental
setup.
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shown in Fig. 2(a), the blue spot 3 located between the
two red dots resulted from a type of CTHG, in which no
reciprocal vector was involved. The phase-matching con-
dition can be written as

j ~βðωÞ þ ~βð2ωÞj ¼ j~kð3ωÞj cos θ1; ð1Þ

where ~βðωÞ and ~βð2ωÞ are the propagation constants of
the TM0 modes at 1342 and 671 nm, respectively, ~kð3ωÞ ¼
neð3ωÞ~k0ð3ωÞ is the wave vector of the TH in the sub-
strate, neð3ωÞ is the extraordinary refractive index of
the TH in the substrate, ~k0 is the free space wave vector,
and θ1 is the Cerenkov angle.
In QPM CTHG, the guided-to-radiated SFG process can

occur either with or without reciprocal vectors. For the
case of participating reciprocal vectors, the phase-
matching condition could be expressed as

j ~βðωÞ þ ~βð2ωÞ þ ~Gmj ¼ j~kð3ωÞj cos θ2; ð2Þ

where Gm ¼ m 2π
Λ is the mth reciprocal vector of the per-

iodic structure. When m ¼ 1, i.e., the first-order forward
reciprocal vector becomes involved, ~vp of the nonlinear
polarization wave decreased. The corresponding TH ra-
diation, labeled as spot 1 in Fig. 2(a), would emit along a
smaller angle compared with the nonreciprocal vector in-
volved in TH spot 3. Besides forward reciprocal vectors,
backward reciprocal vectors (m ¼ −1;−2…) could be-
come involved in the radiations as well. As the role of
backward reciprocal vectors, ~vp of the nonlinear polari-
zation wave was accelerated so that the corresponding
Cerenkov TH radiations would emit at larger angles.

As shown in Fig. 2(a), blue spots 5 and 6, induced by
the first- and second-order backward reciprocal vectors
~G
−1 and ~G

−2, respectively, were in a higher position on
the screen. The geometries of reciprocal vectors involved
and noninvolved CTHG are shown in Fig. 3.

We then raised the input fundamental power to
600mW, and more higher-order backward reciprocal
vectors involved Cerenkov TH spots were observed.
As shown in Fig. 2(d), above spot 6, one can clearly see
other two higher blue spots 7 and 8, resulting from back-
ward reciprocal vectors ~G

−3, ~G−4, respectively. They
were on top of the screen because the CTHG radiation
with a larger participating backward reciprocal vector
would emit along a larger angle. However, not all the
reciprocal vectors could be involved because NCRs
required ~vp > ~v0, and the prerequisite condition could
be written as

j ~βðωÞ þ ~βð2ωÞ þ ~Gmj < j~kð3ωÞj: ð3Þ
For the case in our experiment, higher-order forward re-
ciprocal vectors (m > 1) could not be utilized in the QPM
CTHG. We gathered all the Cerenkov TH power and es-
timated the efficiency from the fundamental IR power to
the TH power to be about 0.05%. As shown in Figs. 2(b)
and 2(c), we calculated the positions of all the radiation
spots on the screen, which were well in accordance with
our experimental results. In addition, Table 1 gives the
external angles of all the Cerenkov TH spots with parti-
cipating and nonparticipating reciprocal vectors, and we
can see that the experimental data matches well with
theoretical values.

Theoretically, following the coupled-mode theory [7],
an approximately analytic expression of the CTHG
power Pð3ωÞ can be deduced via a nondepletion approx-
imation as

Pð3ωÞ ∝ P3ðωÞL3dSFG2

�
sinΔβL
ΔβL

�
2
κ2jSj2

• dSFG2 j ~βðωÞ þ ~βð2ωÞ þ ~Gmj
ρ ; ð4Þ

where PðωÞ represents the pump power, L is the wave-
guide length,Δβ is the wave vector mismatch in the SHG

Fig. 2. (Color online) Projection of the radiated Cerenkov
SHG (two red spots, 2 and 4) and QPM Cerenkov THG (four
blue spots, 1, 3, 5, and 6) at an input power of 500mW and
(a) the calculated distribution of all the spots on the (b) screen.
(d) Projection of QPM Cerenkov THG with higher-order back-
ward reciprocal vectors involved at an input power of 600mW
and the (c) simulations of their positions.

Fig. 3. (Color online) The phase-matching geometry of Ceren-
kov THG without any reciprocal vectors and with reciprocal
vectors ~G1, ~G−1, and ~G

−2.

Table 1. Experimental �θE� and Theoretical �θT�
Emission Angles of CTHG

~G1 0 ~G
−1

~G
−2

~G
−3

~G
−4

θT 20:1° 30:6° 39:0° 46:8° 54:2° 62:8°
θE 19:6° 29:9° 39:1° 46:4° 54:5° 62:7°

1228 OPTICS LETTERS / Vol. 36, No. 7 / April 1, 2011



process, κ is the field overlap of the pump and SH waves,
S is the field overlap among the pump, SH and Cerenkov
TH, dSHG and dSFG, are the effective nonlinear coeffi-
cients in the SHG process and the cascading SFG
process, respectively, and ρ is the wavenumber of Ceren-
kov TH. In the experiment, we chose spot 5 associated
with ~G

−1 for the study of the relationship between
Pð3ωÞ and PðωÞ. As shown in Fig. 4, Pð3ωÞ increased with
the pump power PðωÞ and the tuning curve was well
fitted to be a cubic relationship, which was consistent
with the theoretical analysis above. Compared with
THG in bulk crystal via cascading χð2Þ processes [11], TH
power dependences on the fundamental power and effec-
tive nonlinear coefficients are the same as CTHG. The
difference between these two cases is the TH power de-
pendence on the interaction length, which follows a bi-
quadratic relation in bulk THG, but a cubic relation in
CTHG. The difference lies in the cascading SFG process.
For guided-to-radiated SFG, the sum-frequency wave
power is proportional to the interaction length [2], while
that of conventional SFG in bulk is proportional to the
quadratic of the interaction length. The temperature tun-
ing curves for both SH in the waveguide and the radiated
TH are shown in Fig. 5. The SH reached its maximum at
117:9 °C with a bandwidth of 3:8 °C, while the CTHG
reached the maximum output at 118:1 °C with a band-
width of 2:3 °C. Unlike THG in bulk QPM materials
[12], Pð3ωÞ increased with the SH power in the wave-
guide, and both of them obtained the maximum output
at nearly the same temperature due to the automatically
achieved phase matching in the guided-to-radiated SFG
process. Also, it is demonstrated that the other two situa-
tions, including the forward reciprocal vector involved
and the reciprocal vector noninvolved CTHG, have simi-
lar performances, as discussed above.
In conclusion, we reported the experimental realiza-

tion of CTHG via two cascaded χð2Þ processes in a PPLT
planar waveguide. Such a type of CTHG can be modu-
lated by reciprocal vectors, including both forward
and backward ones. Different reciprocal vectors of the

PPLT would result in different phase velocities of the
nonlinear polarization waves and lead to different Ceren-
kov TH radiation angles. In addition, the power- and
temperature-dependent properties of this interaction
have also been explored. Theoretical predictions were
well in accordance with the experimental results. Further
study on coupled nonlinear Cerenkov interactions is in
progress.
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Fig. 4. (Color online) Dependence of Cerenkov TH power on
input fundamental power at 1342 nm.

Fig. 5. (Color online) Temperature tuning curves for Ceren-
kov TH and waveguide SHG.

April 1, 2011 / Vol. 36, No. 7 / OPTICS LETTERS 1229


