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ABSTRACT

The use of ultrashort laser pulses has found widespread attention for the microstructuring of transparent materials.
Specifically, the origin of refractive index changes in glasses and crystals was extensively investigated. This technique
can be used for the direct-writing of waveguides along arbitrary paths into various transparent bulk materials.
Moreover, evanescently coupled waveguides can be precisely produced using fs pulses, which allows to study the
peculiar features of discrete diffraction and to provide the basis for two-dimensional soliton networks for all-optical
switching and novel routing operations.

When extending the fs-writing technique to fibers, highly efficient Fiber Bragg Gratings (FBG) can be produced. Since
this technology does not rely on photosensitivity, it is especially advantageous for applications in fiber lasers and
amplifiers. The specific issues associated with the femtosecond inscription such as appropriate focusing and positioning
techniques necessary for high quality FBG will be discussed. As an application example a fiber laser in a rare-earth
doped fiber with integrated Bragg reflectors will be highlighted.

Keywords: ultrashort laser pulses, microstructuring, periodic structures, Fiber Bragg gratings, waveguides,
integrated optics

1. INTRODUCTION

Within the past ten years, the use of ultrashort laser pulses for the localized modification within the bulk of transparent
materials has attracted increasing interest.*? When these intense pulses are tightly focused, the intensity in the focal
volume can become high enough to initiate absorption through nonlinear field ionization (multiphoton absorption and
tunneling ionization) and avalanche ionization. This nonlinear absorption results in the creation of an electron-ion
plasma that is localized to the focal volume. As a consequence, permanent structural changes are be induced.® Because
the nonlinear absorption allows energy to be deposited into the bulk of a transparent material, these structural changes
can be produced inside the sample without affecting the surface, allowing 3D structures to be fabricated by translating
the laser focus through the sample.*®

To date, three qualitatively different kinds of structural changes have been induced in the bulk of transparent materials
with femtosecond laser pulses: at relatively low intensities an isotropic refractive index change can be created, which
allows to guide light at relatively low losses;"*"® at an intermediate intensity level a birefringent refractive index
change is generated;**° and voids are obtained at very high intensity levels." ™

Within this paper we will focus on the realization of periodic structures at relatively low intensities, i.e. with isotropic
refractive index changes. Within the first part of the paper this technology will be used to directly inscribe Fiber Bragg
Gratings (FBG) within the core of doped and undoped fibers, while in the second part discrete systems based on a
periodic structure transverse to the beam propagation direction will be fabricated and discussed.



2. INSCRIPTION OF FIBER BRAGG GRATINGS

Fiber Bragg Gratings (FBG) have become key components for optical telecommunication systems and sensor
applications. They exhibit low losses and allow in-line spectral control of the guided light. Application examples
include narrow-band reflectors and the use for the selective coupling of light into other existing fiber modes. This is
achieved by a periodic variation of the refractive index in the fiber core. Within the past such gratings have been mainly
fabricated with UV-Lasers in photosensitive materials.**® However, highly doped rare earth fibers used in ‘state of the
art’- fiber lasers possess material properties that make photosensitization difficult or impossible. Only few
modifications have been reported recently in non photosensitive fibers based on two-photon absorption of 193 nm
radiation.*”*® This limitation can be overcome by using ultrashort pulses to inscribe the grating, because focused fs light
can induce a local refractive index change even in non-photosensitive transparent material. Here, we will discuss two
opportunities for the realization of FBGs with ultrashort pulses: the point-by-point®® and the phase mask scanning
technique.?

2.1. FBGs produced using the point-by-point technique

For the realization of the FBGs using the point-by-point technique laser pulses at 800 nm with a pulse duration of 50 fs
(repetition rate 1 kHz), generated by an amplified Ti:sapphire laser system (Spectra-Physics, Spitfire), were focused by
a 20x microscope objective with a numerical aperture of 0.35 into the core of a standard non-photosensitive single-
mode silica fiber. The positioning of the fiber was realized using a high-precision 3D translation stage (Aerotech
ABL9000) having a positioning accuracy of the order of 20 nm. Light of a broadband superluminescence diode is
coupled into the fiber via a 50:50 coupler spliced to the fiber end for online monitoring. The light reflected from the
fabricated FBG is measured using a spectrum analyzer at the other port of the coupler. A schematic of the experimental
setup is shown in Fig. 1.
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Fig.1: Schematic of the experimental setup for the inscription of FBGs using the point-by-point technique.

The width of the modifications induced into the fiber core is approximately 2 um with a maximum refractive index
change of 1.2:10°. Therefore, the shortest grating period which can be realized is 2.1 um, which corresponds to the 4™
reflection order for a wavelength of 1.55 um. However, since the size of the fiber core (9um) is significantly larger than
the induced modification, we decided to scan the laser beam perpendicular to the fiber axis for each position in order to
generate a homogeneous refractive index plane throughout the core. The scan speed was 0.5 mm/min.

Figure 2 (left) shows the reflectivity spectrum obtained for a grating length of 0.42 mm at a period of 2.1 pum, i.e.
corresponding to 200 periods. Apart from the main reflection peak at 1520 nm several secondary maxima are visible.
With increasing grating length, these secondary maxima remain negligible and only the main reflection peak increases
(see Fig. 2 (right) for a grating length of 2.05 mm, i.e. almost 1,000 periods).
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Fig.2: Evolution of the reflectivity spectrum with increasing grating length. Left: reflectivity spectrum for a grating
length of 0.42 mm (i.e. 200 periods for the grating period of 2.1 um); right: spectrum for a grating length of
2.05 mm.

The highest reflectivity we have obtained so far is 32 %. The grating length was 2.77 mm in this case and the reflected
spectrum is shown in Fig. 3 (linear (left) and logarithmic scale (right)).

These results demonstrate the potential of this direct writing technology for the realization of FBGs in non-
photosensitive fibers. It can be applied to various types of fibers and glasses, and due to the high flexibility of the
process more advanced FBG-designs like chirped gratings or gratings with apodization can easily be realized.

However, the point-by-point technique possesses also some disadvantages. The spatial resolution of the induced
modifications defines a minimum grating period requiring the use of higher order gratings. Moreover, a high precision
positioning system is necessary in order to obtain the required grating homogeneity, which limits the grating quality. In
addition, since each grating period is realized as a scanned line perpendicular to the fiber axis, the processing speed is
relatively slow.
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Fig.3: Reflectivity spectrum of a 2.77 mm long FBG (grating period 2.1 um) fabricated using the point-by-point
technique (left: linear scale; right: logarithmic scale).

2.2. FBGs produced using the phase mask scanning technique

In order to overcome the limitations arising from the point-by-point technique we studied the use of a phase mask to
induce the grating into the fiber. In this case the periodic structure is due to the interference of the +1% and -1%
diffraction orders of the phase mask. This yields a FBG with half the period of the phase mask grating.



The principal setup for the FBG inscription is shown in Fig. 4. We used a commercial fs laser system (Spectra Physics,
Spitfire) with 50 fs pulses at a wavelength of 800 nm and a repetition rate of 1 kHz. The fs laser beam was focused
laterally into the fiber with a cylindrical lens of f = 40 mm. The phase mask has a period of 2.15 pm resulting in a
second order FBG for the design wavelength of 1.55 pm (period 1.075 pum). It was placed between fiber and lens to
obtain the periodic intensity pattern. For the positioning of the focused laser beam into the fiber core a high precision
positioning system (Aerotech ABL9000) was used. In order to produce FBGs longer than determined by the area, where
the two interference orders are overlapping, the fiber as well as the phase mask was translated simultaneously along the
fiber axis with respect to the laser beam.
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Fig.4: Schematic of the experimental setup for the inscription of FBGs using the phase mask scanning technique.

When working with cw or long-pulse lasers it is important that the energy contained in the 0™ diffraction order of the
phase mask is reduced to a few percent to avoid the formation of a parasitic periodical structure. In contrast, it is
possible to obtain pure two beam interference with ultrashort laser pulses without such high requirements on the phase
mask design due to the so-called order walk-off effect.?*?* Since the different diffraction orders propagate with different
angles they will arrive at different times in the observation plane (see Fig. 5). By choosing an appropriate distance
between the phase mask and the fiber, the time difference between the 1% diffraction orders and the 0" order will be
larger than the short coherence length of the laser. Therefore, the 0™ order will be unable to interfere with the 1% orders
and a pure two beam interference pattern is obtained.
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Fig.5: Due to the so-called order walk-off effect a pure two-beam interference pattern is obtained. Since the
different diffraction orders propagate along different paths they will arrive at different times in the
observation plane. Interference of the different orders is only possible if the path difference is shorter than
the coherence length of the laser pulse.

The distance s, between the phase mask and the fiber for which the order walk-off is sufficient can be described by
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using the diffraction angle Sand the coherence length I 4, of the laser.?®
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Another important issue is the appropriate focusing, since the refractive index modifications are induced only in the
focal region due to nonlinear absorption. Thus, the focus has to be precisely located at the fiber core to successfully
write a FBG. For high NA microscope objectives this can simply be achieved by choosing the appropriate distance
between the lens and the fiber. When using a phase mask, however, high NA objectives cannot be used since a
sufficient overlapping area of the diffraction orders has to be obtained. Thus, one has to rely on low NA cylindrical
lenses for focusing. In this case the fiber curvature contributes a significant part to the focus formation. As simulations
based on Gaussian optics reveal, the focus will never reach the fiber core for very low NA irrespective of the distance
between lens and fiber.”® However, for a Rayleigh range p of

p=sit @
2(n-1)"
where n is the refractive index and r the cladding radius of the fiber, the focus can just be positioned in the fiber core.

One can show, that the requirements on position accuracy are significantly reduced in this case.”® For our experimental
conditions Eq. (2) is fulfilled by choosing a lens with a focal length of f = 40 mm.
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Fig.6: Transmission spectrum of a 2" order FBG of 20 mm length (left). Right: evolution of the transmission at the
Bragg wavelength as a function of grating length. The pulse energy was 600 pJ and the scan speed
4 mm/min.

Figure 6 (left) shows the transmission spectrum of a FBG (2" order) of 20 mm length written into a standard
telecommunication fiber (J-fiber, 1G 09/125/250). The pulse energy was 600 pJ and the scan speed 4 mm/min in this
case. The transmission is reduced by more than 20 dB at the Bragg wavelength. In the right part of Fig. 6 the
development of the Bragg wavelength transmission is summarized as a function of grating length. As one can see, the
transmission saturates for gratings longer than 20 mm.
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Fig.7: Transmission spectrum of a 2" order FBG of 40 mm length written in an Erbium doped fiber with a pulse
energy of 500 pJ and a scan speed of 5 mm/min.



Such highly efficient FBGs can not only be produced in standard fibers but also in active fibers doped with rare-earth
ions.?” As an example Fig. 7 shows the transmission spectrum obtained in a single-mode Erbium doped fiber (Liekki
ERB80-8/150). The FBG (period 1.075 um) is again a second order grating for the Bragg wavelength of 1550 nm with a
length of 40 mm written with a pulse energy of 500 J and a scanning speed of 5 mm/min.
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Fig.8: Schematic layout of the all integrated fiber laser.

Using this FBG as one cavity mirror an all-integrated fiber laser was set up (Fig. 8). The pump laser diode is coupled
via a wavelength division multiplexer (WDM) coupler into the fiber core. The output cavity mirror is constituted from
the 4 % Fresnel reflection of the perpendicularly cleaved end facet. The laser output characteristics are shown in Fig. 9.
The slope efficiency is 31 % and the maximum output power obtained was 100 mW for a launched power of 375 mW.
As no saturation was observed, higher pump powers should yield significantly higher output powers. The output
spectrum has a FWHM bandwidth limited by the Optical Spectrum Analyzer resolution (< 0.06 nm) and a signal to
noise ratio of -45 dB.
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Fig.9: Output characteristics of the all integrated Erbium doped fiber laser. Left: output power versus pump power;
right: output spectrum.

3. PERIODIC STRCUTURES TRANSVERSE TO THE BEAM PROPAGATION DIRECTION -
DISCRETE SYSTEMS

So far the influence of a periodic structure along the waveguide on the optical properties has been discussed. Within this
section a periodic structuring of the refractive index perpendicular to the propagation direction will be covered. In this
case several waveguides are considered which are close enough together that light can couple from one waveguide to
the other via the evanescent field. When the waveguides are arranged in a periodic lattice a discrete optical system is
constructed exhibiting a significantly different propagation behavior than is found in isotropic materials.®*® As an
example, diffractionless propagation is observed under certain illumination conditions in contrast to isotropic media
where any beam will undergo diffraction.*®

For the realization of such waveguide arrays in general the conventional techniques used in integrated optics are
applied. This has the disadvantage that only planar arrays can be realized. However, two-dimensional waveguide arrays



exhibit additional interesting properties. One possibility for the realization of such 2D waveguide arrays is the
femtosecond laser direct writing technique.**

For the fabrication of the waveguide arrays, laser pulses at a wavelength of 800 nm with an energy of typically 0.3 pJ
and a pulse duration of 50 fs (repetition rate 1 kHz), generated by an amplified Ti:sapphire laser system (Spectra-
Physics Spitfire), were focused into a polished fused-silica sample. The focusing was accomplished by a 20x
microscope objective with a numerical aperture (NA) of 0.45 (Zeiss Achroplan), which was corrected for a cover-glass
thickness of 0.17 mm. By moving the sample transversally to the focus of the laser beam at typical speeds of 100 um/s
waveguides are written (Fig. 10).
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Fig.10: Schematic of the fabrication of a waveguide array using the femtosecond direct writing technique.

Figure 11 (left) reveals the intensity distribution at the output facet of a 7 x 7 cubic array with a waveguide length of
20 mm and a waveguide-to-waveguide separation of 25 um. Light at a wavelength of 740 nm has been launched into
the central waveguide of the matrix (indicated by the arrow). The comparison with the numerical simulation for an ideal
lattice is shown in Fig. 11 (right). There is excellent agreement with the experimentally recorded field distribution.
Similar results are obtained when exciting the lattice at other waveguides (e.g. at the border or at the edge).* This
proves the high quality of the waveguide lattice and its use for the investigation of discrete systems.

Fig.11: Intensity distribution at the exit of a 20 mm long 7 x 7 cubic waveguide array (waveguide separation 25 pm)
after excitation of the central waveguide with 740 nm light. Left: experimental result; right: simulation of an
ideal array.

Apart from linear propagation nonlinear effects in discrete systems like the formation of discrete spatial solitons have
attracted a lot of attention.”® However, we recently observed that the nonlinearity of the glass matrix is significantly
reduced due to the femtosecond laser structuring process. By analyzing self-phase modulation experienced by a short
laser pulse propagating through a femtosecond written waveguide we were able to show that the nonlinear refractive
index n, was decreased up to only 25% of the value of the bulk material depending on the processing parameters.*
Thus, when considering the design of a nonlinear discrete spatial lattice one has an additional degree of freedom by
varying the nonlinearity of the material.
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Fig.12: Light distribution at the exit of a planar waveguide array as a function of the incident peak power. At around
1,000 kW all light is confined in the central waveguide (which was excited). a) experiment; b) simulation.

Figure 12 shows a comparison between experiment (a) and simulation (b) of the nonlinear propagation within a planar
waveguide array written by femtosecond pulses. The light distribution at the exit of the waveguide array is displayed as
a function of the peak power of the laser pulse launched into the central waveguide. At a peak power around 1,000 kW
self-focusing due to the nonlinear Kerr effect counterbalances the coupling between the waveguides and the light is
localized in the central waveguide — a discrete spatial soliton is formed. Taking the induced changes in the nonlinear
refractive index into account one can obtain perfect agreement between experiment and simulation.>

4. CONCLUSION & OUTLOOK

In conclusion, the use of femtosecond laser pulses for the localized permanent modification of the refractive index
within transparent media is a suitable tool for the fabrication of periodic structures. FBGs can be realized in various
doped and undoped fibers without the necessity of photosensitivity. This offers the potential to fabricate them directly
into active fibers and realize compact and stable fiber laser sources.

In addition this technique might be used for the fabrication of discrete optical systems. Here, the femtosecond direct
writing technology has proven its high accuracy. Moreover, we have shown that this technique offers the potential not
only to modify the linear but also the nonlinear optical properties.
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