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We present experimental and theoretical studies of the mode-coupling Cerenkov sum-frequency
radiations in a multimode LiNbO3 planar waveguide. The radiations result from the coupling
of different guided modes of the fundamental wave, which have the same optical frequencies
but different propagation constants. At the same time, scattering-involved Cerenkov
sum-frequency-generation was also observed and discussed. Our theoretical predictions are in well
accordance with the experimental results. © 2010 American Institute of Physics.
�doi:10.1063/1.3505359�

The conventional Cerenkov radiation is due to a charged
particle moving faster than the velocity of the light in
medium.1 The coherent radiation is emitted at the Cerenkov
angle defined by �c=arccos�v� /v�, where v� is the phase
velocity of the radiation wave and v the speed of the particle.
In optical waveguides, such an emission can also occur via a
second-order nonlinear process.2–14 In 1970, Tien et al. re-
ported Cerenkov second harmonic generation �SHG� in ZnS
film.2 Since then, the applications3,4 and theoretical investi-
gations of Cerenkov SHG �Refs. 5–7� have been described in
detail. Furthermore, Cerenkov sum-frequency generation
�SFG� �Refs. 8–10� and different-frequency11 also attracted
increasing attentions. More recently, backward Cerenkov
emission,12 quasiphase-matched Cerenkov radiation13 and
Cerenkov type SHG in the bulk crystals15,16 have also been
reported.

As well known, several modes with different propaga-
tion constants can be supported in a multimode waveguide.
For nonlinear processes in a multimode waveguide, the ma-
terial dispersion could cause a wave-vector mismatch be-
tween the fundamental and the harmonic. This mismatch
could be compensated by either the mode dispersion17 or
Cerenkov phase-matching2–14 and the latter is more efficient.
Related works only mentioned the Cerenkov radiations from
the coupling between the same spatial modes and there have
been no reports on the Cerenkov radiations resulted from the
coupling between different spatial modes till now.

In this letter, we present a type of Cerenkov radiation
generated from a multimode planar waveguide. Besides the
Cerenkov SHG from the identical spatial modes, the Ceren-
kov SFG induced by the coupling of different guided modes
was observed. In addition, the elastic scattering wave of the
fundamental was also observed to participate in the radia-
tions.

The sample we used was a Z-cut LiNbO3 �LN� planar
waveguide fabricated using a proton-exchange method. The
LN wafer with 0.5 mm thickness was first immersed into the

benzoic acid and proton-exchanged at 220 °C for 2 h. Sub-
sequently, the sample was subjected to annealing treatment at
380 °C for 5 h, which could recover the nonlinear coeffi-
cient and create a graded-index layer in the waveguide.18 In
addition, based on the fabrication conditions, there are three
TM modes at 1064 nm in the waveguide calculated using the
finite element method.19 The effective refractive indexes
Neffi�i=0,1 ,2� are 2.1950, 2.1743, and 2.1604, correspond-
ing to TM0, TM1, and TM2 modes, respectively.

We performed experimental study of Cerenkov radiation
as shown in Fig. 1. The fundamental is a 90 ns pulsed
Q-switched Nd:YAG laser operating at 1064 nm and the
pulse repetition is adjustable within the range 1–50 kHz. A
proton-exchanged Z-cut LN waveguide only maintains TM
modes,20 so the z-polarized fundamental beam was focused
into the y face of the waveguide by a cylindrical lens with a
focal length of 3 mm. The generated second harmonic �SH�
radiation was projected onto a screen placed 128 mm away
from the end face of the sample. Filter M1 was used to filter
out the residual IR beam. The operating temperature was
kept at 25 °C.

When the fundamental was coupled into the waveguide,
a pattern composed of green spots and arcs appeared on the
screen, as shown in Fig. 2�a�. All the spots labeled with
①–⑥ may result from the Cerenkov up-conversion. As
shown in Fig. 3, the phase-matching condition can be written
as

��� i��� + �� j���� = �k�i,j�2���cos �i,j , �1�

where �� i�j����=Nef fi�j����k�0��� is the propagation constant

of TMi�j� mode at 1064 nm, k�i,j�2��=ni,j�2��k�0�2�� is the
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dresses: pingxu520@nju.edu.cn and xphu@nju.edu.cn. FIG. 1. �Color online� Simplified layout of the experimental setup.
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wave vector of Cerenkov SH wave in the substrate, ni,j�2��
is the refractive index of SH in the substrate and �i,j is the
Cerenkov angle.

If i= j, i.e., two identical spatial modes get involved, that
is conventional Cerenkov SHG. Thus Eq. �1� can be written
as

�2�� i���� = �k�i�2���cos �i. �2�

On the basis of our calculations, we found that the SH spots
①, ④, and ⑥ resulted from TM0, TM1, and TM2 modes,
respectively. We defined Hi as the vertical distance from the
position of the Cerenkov spot labeled as i to the x-y plane on
the screen. As shown in the left part labeled “Cerenkov
SHG” of Table I, the measured H1, H4 and H6 were well
consistent with the theoretical calculations.

If i� j, can different guided modes couple efficiently to
generate Cerenkov radiations? As shown in Fig. 2�a�, besides
the SH spots ①, ④, and ⑥ on the screen, there are other three
spots which located among them. Also, we use Eq. �1� and
define SFG�i , j� as the Cerenkov SFG between TMi and TMj

modes. By numerical calculations, we found that the spatial
distributions of the three guide modes TM0, TM1, and TM2
can overlap with each other to generate Cerenkov SFG ra-
diations. The corresponding Cerenkov SFG wave with larger
��� i���+�� j���� is emitted along a bigger angle. As shown in
Fig. 2�a�, the spots ②, ③, and ⑤, from the bottom up, re-
sulted from SFG�0,1�, SFG�0,2�, and SFG�1,2�, respectively.
Theoretical predictions were in well accordance with the ex-
perimental results and the average error was about 2.79%, as
the data shown in the right part labeled “Cerenkov SFG” of

Table I. These three spots were induced by the coupling be-
tween two different guide modes, which have the same fre-
quencies but different propagation constants, and we call that
mode-coupling Cerenkov SFG. In a more general case, for a
multimode waveguide with n guided modes, there are totally
n�n+1� /2 Cerenkov radiation spots, n for Cerenkov SHG
and n�n−1� /2 for SFG, respectively.

The Cerenkov SH spots intensity follows ISHG� Ii
2���, in

which Ii��� is the fundamental power coupled into TMi

mode �i=0,1 ,2�. In our experiment, we measured the inten-
sity of the SH spots and deduced that I0 : I1 : I2=1.5:1 :1.3.
The intensity of Cerenkov SFG follows ISFG�� jk

2 Ij���Ik���,
in which � jk is the overlapping of TMj and TMk modes.
Numerical calculations show that �12:�02:�01=9:3 :5, tak-
ing the fundamental power of the guided mode into account,
we can obtain that the relative intensity of the SFG spots was
in compliance with 6:1:2.1, which follows ⑤�②�③ as
shown in Fig. 2�a�. Actually, the calculated intensity of these
SFG spots differs slightly with experimental result which
was about 5.8:1:2, because one guided mode will involve in
multiple nonlinear processes that compete with each other,
and this is not included in the discussions above.

Scattering happens when lights travel through matters. In
the waveguide, defects and other imperfections inside the
waveguide can cause elastic scattering of the guided waves.
The scattering involved Cerenkov radiation may occur as
well. In Fig. 2�a�, one can find that there are arcs tangent
with all the Cerenkov radiation spots. The arcs around spots
①, ④, and ⑥ are induced by the interaction of the guide
modes and their own elastic scattering wave.13 Furthermore,
scattering can also participate in the Cerenkov SFG, which
results in the arcs around spots ②, ③, and ⑤, named
scattering-involved mode-coupling Cerenkov SFG. The cor-
responding phase-matching geometry is shown in Fig. 4 and
can be written as

���� i����2 + ��� j�����2 + 2 • ��� i���� • ��� j����� • cos �

= �k���2���cos �i,j� , �3�

where �� j���� is the propagation constant of the scattering
light of TMj mode at 1064 nm, k���2�� is wave vector of the
SFG in substrate, �i,j� is the Cerenkov angle and � is the
angle between the scattering light �� j� and the fundamental �� i.
The simulated results were shown in Fig. 2�b�. The arcs sym-
metrically distributed around the Cerenkov spots due to the
symmetrical distributions of the scattered fundamental waves
in the waveguide. Theoretically, the Cerenkov arcs should be
continuous because of the continuous distribution of the scat-
tering light. We speculate that the discrete dots observed in
the arcs are due to the defects on the output facet, as shown

TABLE I. The experimental �HE� and theoretical data �HT� of Hi for both
Cerenkov SHG �left part� and SFG �right part� processes.

Cerenkov SHG Cerenkov SFG

Hi

HE

�mm�
HT

�mm� Hi

HE

�mm�
HT

�mm�

H1 58.0 61.4 H2 68.9 71.1
H4 80.4 80.8 H3 74.4 77.6
H6 94.4 93.9 H5 86.3 87.3

FIG. 2. �Color online� Projection of Cerenkov SHG and Cerenkov SFG
patterns on the screen measured �a� and the calculated distribution �b�. Spots
①, ④, ⑥ were induced by Cerenkov SHG and the other three spots ②, ③,
and ⑤ resulted from Cerenkov SFG.

FIG. 3. �Color online� Geometry of the phase-matching process in Cerenkov
SHG �i= j� and Cerenkov SFG �i� j� with the ith-order and jth-order guide
modes.
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in Fig. 2�a�. In Fig. 2�b�, our numerical simulations shown
that the scattered light distributed from �=−8° to �=8° for
the SH spot ①, while the scattering for the other spots was
limited in a very small range. The intensity of each arc is
proportional to the intensity of the corresponding Cerenkov
spot as well as the scattering strength.

In summary, we have reported both the Cerenkov SHG
from two identical guide modes and the mode-coupling Cer-
enkov SFG from two different guided modes in a multimode
LN planar waveguide. In addition, elastic scattering of the
fundamental can also participate in the mode-coupling Cer-
enkov radiation. Theoretical analyses as well as numerical
calculations were also performed to verify the experimental
results.
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FIG. 4. �Color online� The phase-matching geometry for scattering-involved
Cerenkov SHG arcs �i= j� and Cerenkov SFG arcs �i� j� with the ith-order
guide mode and the scattering light of jth-mode.
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