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Abstract: We demonstrate the coupling of a2x 2 waveguide array produced
by a femtosecond laser in fused silica. The coupling constants of the
waveguide array are obtained by measuring the ratio of output power of
each waveguide by the coupled-mode theory. The variation of the coupled
power between four waveguides as a function of the propagation distance is
investigated experimentally and theoretically.
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1. Introduction

Many researchers have investigated the interaction of intense femtosecond laser pulses with a
wide variety of materials. Structural modification both of the surface and inside the bulk of
transparent materials has been demonstrated. By focusing ultrashort laser pulses inside optical
transparent materials a localized and permanent increase of the refractive index can be
achieved. When the sample is moved with respect to the laser beam a refractive index profile
like in a buried waveguide can be produced. A variety of devices in glasses such as
waveguides [1-5], couplers [6-9], gratings [10], and binary storages [11-14] have been
demonstrated. The fabrication of photonic devicesis based on nonlinear absorption around the
focal volume of femtosecond laser pulses. Combination of multiphoton absorption and
avalanche ionization allows one to deposit energy in a smal volume of the materia
surrounding the focus, creating hot electron plasma; by a mechanism that is still under
investigation, transfer of the plasma energy to the lattice generates a loca increase of the
refractive index. In contrast to the conventional techniques this method can be applied to
practically all transparent materials and offers the opportunity to produce two-dimensional
waveguide arrays, and these arrays can be served as two-dimensional integrated photonic
devices in communication systems. In order to utilize the two-dimensional waveguide arrays
fabricated by femtosecond laser pulses for future applications, many researchers not only have
studied their linear characters[5, 15] but aso the nonlinear characters[16].

In this paper we have presented and characterized a 2x 2 waveguide array produced by a
femtosecond laser in fused silica, including cross-sectional image of the waveguide area by
optical microscope and the correlative analysis. We provide a detailed characterization and
description of the waveguide arrays and study the variation of the coupled power between
four waveguides as a function of the propagation distance by the coupled-mode theory, these
results can provide the basis for future applications for two-dimensional integrated optical
devices.

2. Experiment on waveguide formation

For the fabrication of the waveguide arrays we used an amplified Ti:sapphire laser system
with a central wavelength of 800 nm, a repetition rate of 1 kHz, an on-target pulse energy of
350 nJ and a pulse duration of about 120 fs. The sample was mounted upon a computer-
controlled three-axis positioning system. The laser pulses were focused into a polished fused-
silica sample by along working distance 50x microscope objective with a numerical aperture
of 0.5. Thefocal plane inside the sample was about 1500 #m ~1480 um deep. We wrote each

waveguide along the x direction at the speed of 50 um/ sfor 4 times. A schematic of the setup
is given in Fig. 1 and the microscopic image of the end facet of the sample is shown as the
inset. The 2x2 waveguide array was fabricated with waveguide to waveguide spacing
(measured from center to center) of 20 um. The length of the end facet of waveguide was
measured about 14 um in the z direction, while the width was about 4 um in the y direction.
The minimum spacing between waveguides using this technique is determined by the longer
length of the end facet of waveguide, which can be reduced to ~ 10 um by compensation for
the focusing aberration. In order to characterize the refractive index change and the
propagation loss of our waveguides, a5 mm long waveguide was written. The refractive index
change An of the waveguide was estimated to be 2.47x10°+20% by a nondestructive
method [4]. And the propagation loss of the waveguide was measured to be ~0.56dB/cm at
632.8 nm.
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Drirection of translation

Fig. 1. Scheme of the writing process in transparent bulk material using fs laser pulses. Inset:
Microscopic image of the end facet of the sample of the 2x2 waveguide array marked in
Arabic numerals. The waveguide to waveguide spacing is 20 um.

3. Results and discussion

From the microscopic image of the end facet of waveguide array given astheinset in Fig. 1, it
can be seen that the cross-sectional profile shows an elliptical shape. The formation of this
shape is possibly due to two causes. The first is that longitudinal intensity distribution of a
Gaussian beam focused by an objective lens with NA of 0.5 has a Rayleigh distance much
larger than its beam waist. The second reason is that formation of spherical aberration
resulting from both the objective lens itself and the refraction at the interface between the air
and the fused silica substrate makes the practical longitudinal size of the focal point much
longer. In order to understand the refractive index profile better, we compared the cross
section of the waveguide of the experimental results with that calculated by numerical
simulation. For low-repetition-rate (1-100-kHz) systems the local index gradient is produced
by a single pulse, and cumulative effects can be neglected. Therefore, since the materia
modification is due to energy transfer from the free electrons to the lattice, the size and shape
of the material volume modified by the femtosecond pulse can be, to a first approximation,
assumed to be equal to those of the region in which free electrons are generated. The
evolution of the free-electron density, o(t) , in a medium exposed to an intense laser pulse can

be described by the following rate equation [17, 18]

dp/dt=al (t)pt)+o,1%(t) Q)
where o is the avalanche coefficient, which is 4cm®/J [18] for fused silica,
o, =6x10°cm®ps(cm?/TW)® [18] is the k-photon absorption coefficient
k=Int(AE/ hw+1) is the number of absorbed photons, # is the Planck’s constant, w is the

laser freguency, and the function Int(x) yields the integer part of x. For an elliptical Gaussian
beam, the intensity distribution near the focal spot can be expressed as

(%, y,2,t) = 15 (@, ] 9(2))* exp[-2(x" + y*) | (2)*] expl~(t/ 7,)°] , 2

Where @, is the beam waist, @(2) = wy\1+(2/2)? , z,=nmw,/ A is the corresponding
Rayleigh length, n is the refractive index, 4 is laser wavelength. By solving Eg. (1) at
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different points in the focal volume and plotting the asymptotic value p(e<) asafunction of X,

y and z, one can obtain a map of the free-electron density generated inside the material. We
present the electron density profile in the y-z plane for waveguides written along the x
direction, calculated with the parameters of the Gaussian beam (4 =0.8um) with pulse

energy of 0.35uJ focused to a waist of @, = 3um. The contour plots of simulated electron

density profiles near the focus point in the plane of x=0 is shown in Fig. 2. The cross-sectional
image shown ininset of Fig. 1 is accordant with the computer simulation result.

Z axis /um

y axis /um
Fig. 2. Contour plots of simulated electron density profiles.

In order to analyze the guiding properties of the waveguide array, a He-Ne laser at
632.8nm was used. The input power was small so that the nonlinear effects can be neglected.
The light was coupled into only one waveguide with a 10x microscope objective (NA=0.25),
coupled out by a 20x objective and projected onto a CCD-camera. A schematic diagram of the
setup is shown in Fig. 3. The intensity distributions at the output facet of the2x2 waveguide
array are displayed for different positions of the input beamin Fig. 4.
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Fig. 3. Experiment setup for the investigation of output intensity distribution
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Fig. 4. Output intensity distribution for excitation of different waveguides of a2x2 waveguide array

To model the optical responses of the arrays we have used a coupled-mode approach and
by considering only the nearest waveguides coupling. If the waveguides are marked in Arabic
numerals as inset in Fig. 1, the amplitudes a, (x) (Mm=1, 2, 3, 4) of the electric fields

propagating in the waveguides obey the following equations
. d :
1=2+ea,reavirlal a =0
da2 . 2
-2 =0
5 Toeataatirial s, 3
. d .
1“2 reatea il a =0

. da, . 2
|a+cha3+cva2+|;/|a4| a,=0

The coupling between adjacent guides induces the transverse dynamics. Energy exchange is
caused by the overlap of the evanescent tails of the guided modes, which enter into Eq. (3)
through coupling constants ¢, , ¢, for the horizontal, vertical directions, respectively. The last
term describes the nonlinear Kerr effect, with a coefficient y. At low powers, the nonlinear

term of Eq. (3) can be ignored, the ordinary differential equation is then analytically
integrable. If the first waveguide is excited with unit power, the solution of the Eq. (3) is
& = c0s(G,X) Cos(C, X)
a, =isin(c,x) cos(c,x)
a, =i cos(c, x)sin(c,x)
a, =—sin(c,)sin(c,X)

(4)

Thus, the output powers of the four waveguide, P(x) = a’ (x)a(x) , after propagation through
the waveguide arrays are:

R(x) =008 (6,X) c0s*(6,X) . Py(x) =8in*(,X) co*(6,X) .
R (¥ = cos*(G,X8N%(¢,X) . P(x) =sin*(6,X)sn*(6,x), (5)

The ratio of the output power of waveguide is measured as follows:
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P,(X)/ B,(X) =sin?(c,x)/ cos’(c,X) =1.448,

P,(x)/ B,(x) =sin®*(c,X)/ cos’*(c,x) =1.309, (6)

The sample is 10-mm long, thus the coupling coefficientsc, =0.853cm™, ¢, = 0.877cm™ can

be obtained. The coupling constants are achieved by the ratio of output power of each
waveguide. This method is different from that in the Ref. [5]. Moreover, the coupling in the
horizontal and vertical directions is almost equal, even though the image profile of waveguide
shows high asymmetry as shown in the inset of Fig. 1. The reason for this unexpected
behavior is that the different rates of decay of the evanescent field of the guided mode in the
two orthogonal directions. The mode is broader and decays faster along the vertical direction,
while along the horizontal direction the mode is narrow and decays slowly. Consequently, the
overlap integral between the modes in the horizontal and vertical directions can be matched.
In order to visualize how the intensity of the four waveguides varies, the relation of power and
the propagation distance is plotted by numerical method. Figure 5 shows the output power of
each waveguide as a function of propagation distance x when the waveguide marked Arabic
numeral 1 was excited. It can be clearly seen that the output power of the initial excited
waveguide becomes minimal when the beams propagating 10mm, while the output power of
the diagonal waveguide marked Arabic numeral 4 becomes maximal. The splitting ratio is
about 18:23:26:33 for the four waveguides, which is an important detail in the design of two-
dimensional integrated optical devices. Furthermore, it can be seen that the output powers of

waveguides numbered 2 and 3 should be equal if ¢, =c, in Eq. (5), the difference between the
¢,and ¢, may be due to the asymmetry of the waveguide which shape is nearly elliptical.
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Fig. 5. The coupled powers of waveguide as a function of propagation distance x.
4. Conclusion

In conclusion we have demonstrated and characterized a 2x 2 waveguide array produced by a
femtosecond laser in fused silica. Using the coupled-maode theory, we calculated the coupling
constants of the waveguide array through the ratio of output power of each waveguide and
demonstrated the variation of coupled power in each waveguide as a function of the
waveguide length. These results may pave the way for the redlization of new applications
using femtosecond nonlinear materials processing.
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