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Self-focusing effect via Kerr nonlinearity is observed in periodically poled lithium niobate (PPLN) waveg-

uide arrays formed by electro-optic effect. Voltage-control method is demonstrated to control the focusing

and diffraction of light. Theoretical simulation results show good agreement with experimental results.
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Light can trap itself in intensity-dependent nonlinear
waveguide arrays or lattices due to the balance between
the linear coupling effect among adjacent waveguides and
the nonlinear focusing effect!!). Such self-localized light
beams in discrete systems are known as discrete spa-
tial solitons. The first experimental observation of dis-
crete spatial solitons formed in AlGaAs waveguide ar-
rays due to Kerr effect was reported by Eisenberg et al. in
1998[2. Since then, many breakthroughs have been made
such as the design of structures for diffraction!®!, the first
observation of anomalous diffraction!*, Floquet-Bloch
solitonsl®, and discrete solitons in nonlinear quadratic
arrays!®. Optical induction method[”®! in photorefractive
materials attracts much more attention in the past few
years. Experimental observation in such materials are
reported in one-dimensional (1D) and two-dimensional
(2D) systems® 1% while Kerr solitons are reported only
in femtosecond (fs) laser written waveguides in fused
silical'®:17] Compared with the soliton of photorefractive
nonlinearity, Kerr soliton is more sensitive to time, thus
it can be generated immediately as light power increases,
which is more practical for optical applications. How-
ever, Kerr soliton remains uncontrollable in waveguide
arrays with fixed refractive index distribution. When dis-
cussing the discrete solitons of liquid crystal nonlinearity,
a method has been reported!!®19 wherein the electrical
field is applied on a well-designed and fabricated nemetic
liquid crystal waveguide array to control light propaga-
tion as well as all-optical angular steering.

In this letter, periodically poled lithium niobate
(PPLN) sample is chosen to form a waveguide array.
We observe clear discrete diffraction and soliton-like self-
focusing effect in the 1D periodic waveguide array with
Kerr nonlinearity as well as its control by voltage, which
is caused by the balance between the nonlinear effect and
the linear coupling effect in PPLN waveguide array. To
the best of our knowledge, no similar self-focusing effect
has been reported in PPLN waveguide arrays. Compared
with liquid crystal waveguide arrays!'81%, PPLN has the
advantages of sharp refractive index contrast, high non-
linearity, and large electro-optic coefficient. In addition,
the technology of fabricating PPLN is relatively mature
to lower its cost, and the voltage-control method has a
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potential application in optical devices such as optical
switching and filtering[2%-21],

When a uniform electrical field is applied on a PPLN
sample along the z axis, sharply extraordinary refractive
index contrast appears between the positive and negative
domains due to the linear electro-optic effect. Hence, the
identical waveguides are positioned with equal distance
between them. The refractive indices of the positive n,
and the negative n; domains are determined as

np:nc—%ng’-rgg-E

; , 1)

ng:nc+§ng~T33~E

where n. is the refractive index of LiNbOs for trans-
verse electric (TE) input light; r33 is its electro-optical
coefficient; F is the applied electric field. These voltage-
controlled refractive indices lead to a voltage-controlled
coupling coefficient of the PPLN waveguide array.As
in our experiment, the coupling coefficient C' changes
with the electrical field??, as shown in Fig. 1. Self-
focusing effect occurs when the power density of light in-
creases. Therefore, if the light intensity is strong enough,
spatial soliton can form due to the balance between the
Kerr effect and the linear coupling effect. By changing
the coupling coefficient, the control of the formation and
collapse of solitons can be achieved through the electri-
cal field. The discrete non-linear SchrOdinger equation
(DNLSE)[? describes the evolution of light beam in the
nth waveguide of the array
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Fig. 1. Coupling coefficient of PPLN waveguide changes with
electrical field. Points A and B are the correct electrical
fields to control the soliton’s formation and collapse in our
experiment.
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Fig. 2. Experimental setup. Nickel electrodes were con-
structed on both the +z and —z surfaces of the sample; elec-
tric field was applied along the z axis.
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where [ is the linear propagation constant; C' is the cou-
pling coefficient related to the electrical field; r is con-

nected with the nonlinear coefficient. The relations are
shown as

+ BEn + C(Ep_14 Eny1) +7|Ea* E, =0, (2)
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where k% = nék% —p% 42 =52 - ngkg; dy and ds are
the width of the negative and positive domains, respec-
tively; ko is the wave vector. The split-step fast Fourier
transform method (FFT)[?3 is used to solve the above-
mentioned DNLSE.

The schematic of the experimental setup for observ-
ing the self-focusing effect in PPLN waveguide arrays is
shown in Fig. 2. The sample, with dimension of 20(L) x
6(T) x 0.5(W) (mm), had a period of 30 pm and a duty
ratio of 1:1. Nickel electrodes were constructed on both
the +2z and —z surfaces. A voltage source was used to
generate the electric field along the z axis of the PPLN.
The light source was a Ti:sapphire oscillator that pro-
duces about 100-fs pulses at an 84-MHz repetition rate
at wavelength of 800 nm, while the pulse peak power
was about 70 kW. A half-wave plate and a Glan-Taylor
prism were employed to adjust the injection power and
the polarization. The light was coupled into one facet
of the sample through a x20 objective and imaged onto
a charge coupled device (CCD) from the output facet
through a lens. In addition, moving the input objective
perpendicular to the beam can vary the propagation an-
gle of the input beam. A power meter was used to test
the real pulse power before it was coupled into the sam-
ple. The efficient pulse peak power in the experiment was
adjustable from 1 to 20 kW. The diameter of light spot
on the input facet is estimated to be about 15 pym. Tak-
ing the polarization effect into consideration, the highest
power density in our experiment was 20 GW /cm?, which
was high enough to generate Kerr self-focusing effect and

much less than the threshold of LiNiOg%] to avoid de-
stroying the sample.

By launching a low-intensity light beam with peak
power of about 1 kW into the sample facet with an ap-
plied electric field of 1.5 kV/mm (point A in Fig. 1), a lin-
ear coupling process was observed. In order to avoid the
saturation of the CCD, we used an attenuating plate in
our measurement. The output intensity distribution cov-
ering about nine channels similar to earlier experimental
result reported in Ref. [8] was symmetric on the excited
channel and possesses the characteristic twin lobes[2:8:10],
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The waveguide array had a period of 30 ym and a length
of 6 mm, resulting in a less coupling coefficient that lim-
its the light to couple into more waveguides. When the
light power increased from 1 to 20 kW, a highly local-
ized self-focusing effect was observed, as shown in Figs.
3(c) and (d), demonstrating the possibility of discrete
spatial solitons in PPLN waveguide arrays. Voltage con-
trol was attempted by increasing the electrical field to
2.2 kV/mm (point B in Fig. 1). Linear coupling coef-
ficient increases to break the balance, thus the focused
light diffracts again, as shown in Figs. 3(e) and (f). At
such time, the light couples to more waveguides because
the coupling coefficient is larger. The result is examined
by comparing Figs. 3(b) and (f); it demonstrates that
the focusing and diffraction of light can be easily con-
trolled by electrical field in PPLN waveguide arrays.

Soliton-like behaviors are mostly reported in LiNiOj
waveguide arrays for photorefractive nonlinearity, both
optically induced® % and due to metal ion doping!'.
The refractive index change by the photorefractive non-
linearity is in a saturable form, An = —0.5n3yEp, I /(I +
Id)[25], with v being the electro-optical coefficient, Ep.,
the light-induced photovoltaic field, I the light intensity,
and Iy the dark irradiance. Therefore, there is a need to
examine carefully whether it is the Kerr nonlinearity or
the photorefractive nonlinearity that dominates. In our
experiment, light focuses into the central waveguide as
soon as the electrical field increases. Because Kerr effect
occurs at once whereas the photorefractive nonlinearity
needs long time to meet the saturation condition, it is
clear that self-focusing exhibits Kerr nonlinearity. Fur-
thermore, photorefractive nonlinearity is weak but not
negligible. In this experiment, the number of output light
is limited by the low coupling coefficient of PPLN waveg-
uide arrays, which indicates that only few output light is
observed.

To provide comparison, we simulate the beam propa-
gation in the waveguide array. According to the previous
reports!?223:261 " the nonlinear coefficient in Eq. (2) can

be illustrated as
woT2

r= (4)

- CAeﬂ‘,
where wyq is the angular frequency of the input light; ng
is the nonlinear coefficient of PPLN material; Aqg is the
common effective area of the waveguide modes. Although
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Fig. 3. Experimental results. The linear coupling effect
with (a) P = 1 kW and (b) E = 1.5 kV/mm; Kerr soliton
with fixed electric field at (¢) P = 20 kW and (d) £ = 1.5
kV/mm; soliton collapse with (e) P = 20 kW and (f) E =
2.2 kV/mm.



February 10, 2011 / Vol. 9, No. 2 / CHINESE OPTICS LETTERS

=
(=}

R0
n =
< g
& 2ol
g g 0.5
s 3
= E
3 0 0 ’
Distance (mm) ~10 Waveguides
S (0 5 @
= &
>
g’ 05
g g
= E
0L . .
Waveguides
~ 1.0
8 = ®
= &
2 >
¥ E05r
2 =
[}
= e
" Pocaad,
3 0 0
Distance (mm) Waveguides

Fig. 4. Theoretical simulation for discrete diffraction with
(a) P =1 kW and (b) E = 1.5 kV/mm; discrete spa-
tial Kerr soliton with (¢) P = 20 kW and (d) E = 1.5
kV/mm; soliton collapse with (e¢) P = 20 kW and (f) E =
2.2 kV/mm.

ny of PPLN is very small, the nonlinear coefficient r is
high enough because of the smaller common effective area
of the waveguide modes Aqg in our experiment. In the
simulation, the nonlinear coefficient r is calculated to be
0.413 W=! . m~1. The calculated results (Fig. 4) show
good agreement with the experimental result. Figs. 4(a),
(b), (c¢), and (d) correspond to point A in Fig. 1, while
Figs. 4(e) and (f) correspond to point B in Fig. 1. The
discrete spatial soliton originated from the balance be-
tween the nonlinear effect and the linear coupling effect in
PPLN waveguide array. By changing the electrical field
between points A and B, the formation and collapse of
solitons can be controlled accurately. Furthermore, this
voltage-control method can select the output light distri-
bution and the output channel for a single optical signal
continuously, which has a potential application in optical
switching and filtering.

In conclusion, we demonstrate experimentally and the-
oretically Kerr self-focusing effect in voltage-controlled
PPLN waveguide arrays by electro-optical effect. By
changing the electrical field, we observe the focusing and
diffraction of light, which provides a method to con-
trol solitons in waveguide arrays. As this voltage-control
method in PPLN waveguide arrays is easy to operate and
can select the output state accurately, it may improve the
possibility of the practical application of PPLN in optical
switching and filtering in the future.
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