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Tunable ultrafast nonlinear optofluidic coupler
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Abstract: We present an ultrafast nonlinear coupler fabricated by selectively
filling of two strands of a PCF with the liquid CCl, which exhibits a large Kerr
nonlinearity. We demonstrate power dependent switching in this optofluidic
device.
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Fig. 1 (a) [llustration of an optofluidic coupler scaffolded by a photonic crystal fiber. (b) Microscope image
of a fluid-filled photonic crystal fiber with two CCl4 strands acting as nonlinear coupler.

In 1982 Jensen [1] proposed an all-optical switch using the material Kerr nonlinearity to control the
switching behavior. It is well known that two waveguides placed in close proximity to each other
couple together. This results in a sinusoidal back and forth switching of the light between both
waveguides in the linear case. The spatial frequency of this process is determined by the overlap of
modal fields of the two waveguides. The ratio of output powers is given by the length of the
coupling device. The linear coupler device is very common for building fiber based beam splitters.

In the linear regime we cannot control the output power ratio for a fixed length of the device. The
situation is changed for the nonlinear coupler (NLC). Here the output becomes dependent on the
incoupled intensity and can be tuned to different output power ratios for a fixed length. A variety of
realizations in quartz fiber coupler have been presented [2]. They all show the nonlinear dependence
of the output ratio. For fused silica fiber couplers as well as for twin-core photonic crystal fibers, the
nonlinear coupling is limited by the nonlinear refractive index n, of the host material.

Since it is possible to fill photonic crystal fibers (PCF) selectively [3, 4] with highly nonlinear
liquids such as CCly, two liquid filled strands next to each other can act as NLC device [5] (see
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Fig. 1a). In addition to material properties, the coupling strength C is then defined by the geometry
of the photonic structure of the PCF which serves as scaffold for the two liquid cores. A microscope
image of a fluid-filled PCF with CCl, in two strands is shown in Fig. 1b. CCl; has a nonlinear
refractive index of about n, = 15-107%° m2W71, which is more than five times higher than that of
fused silica, and is nearly transparent around a wavelength of 1.04 um.

As mentioned before, we are utilizing the ultrafast Kerr nonlinearity due to molecular
reorientation with response times of subpicoseconds [6]. The influence of the delayed nonlinear
response on the switching behavior is investigated in [6], where it is also shown that especially for
CCly these effects are small. Thus the material response is treated in the following as instantaneous.

The liquid cores have a diameter of 2.7 pm equal to the hole diameter of the fiber. The PCF has a
hole-to-hole distance of 5.6 um. With the linear refractive index of CCl, at 1040 nm (ny, = 1.4503)
just above the index of the fused silica host material, next neighboring holes would give too strong
coupling. We decided therefore to fill two holes which are separated by another line of holes. Thus
the infiltrated liquid cores are 9.6 um apart from each other (see Fig. 1b), resulting in a coupling
length of of about 9 mm. With this geometry we operate in the normal dispersion regime and no
temporal soliton formation will occur.

As laser source we use an Yb:Glass oscillator at a wavelength of 1040 nm, a repetition rate of
20 MHz, and a pulse duration of 180 fs. The laser light is coupled into the liquid core S1 focused
with a microscope objective. The output was recorded by a CCD camera.
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Fig. 2 (a) Experimentally measured power distribution between the two channels S1 (blue) and S2 (red) of the
optofluidic coupler versus input power. (b) Theoretically calculated dependencies of power distribution on
dimensionless input power U.(c)-(e) Measured intensity distributions at the output of the optofluidic coupler at
(c) 3.5kW, (d) 24.2 kW, and (e) 58.7 kW.

In order to measure the output power ratio a Gauss-function is fitted to the mode image and the ratio
of the amplitudes has been extracted from this fit. In Fig. 2a the result for the NLC is shown for
room temperature. In this measurement the fiber has a length of 3.6 cm. The measurement [5] shows
clearly a power dependent behavior of the output. Fig. 2c-e corresponds to the measured intensity
distributions for the three power values of 3.5 kW, 24.2 kW, and 58.7 kW, respectively. The region
of nonlinear decoupling, for which the induced phase mismatch suppresses further coupling, is for
this configuration above the so-called critical power [1] of about 42 kW.

Fig. 2b shows an ab initio calculation of the presented double-strand fluid-filled NLC. The
solved equation is given by
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with ¢ being the normalized propagation constant, # and { being the normalized transverse
coordinates. o de-scribes the normalized spatial nonlinear coefficient and R is the normalized linear
refractive index of the fiber device. The numerical solution of this equation gives the dimensionless
field amplitude ¢ at the device output. The dimensionless input power U is connected to the input
peak power by
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The agreement between the dynamics of the experiment and the ab initio simulation is very good.
Also the approximate model by Jensen [1] (not plotted here) reproduces the results accurately.

In conclusion we have shown a nonlinear application of a selectively fluid-filled PCF. We have
built an optofluidic ultrafast nonlinear coupler consisting of two liquid strands embedded in a PCF.
Due to the high nonlinearity of the used liquid CCl,, nonlinear switching can be observed in this
system and the output can be controlled by the incoupled light. The underlying process for this
nonlinearity is the ultrafast Kerr-effect due to molecular reorientation. Therefore this device can be
used as ultrafast all-optical switch with switching times below 1 ps which benefits from the
enhanced nonlinear properties of the liquid.

The presented concept can be easily extended to more complex waveguide arrays arranged
linearly [7] as well as in a 2D structure to observe spatial and temporal soliton effects in these highly
nonlinear optofluidic discrete devices. Using our concept, the observation of purely nonlinear lattices
should become possible [8].
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