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ABSTRACT

We present recent results on experimental micro-fabrication and numerical modeling of advanced photonic devices
by means of direct writing by femtosecond laser. Transverse inscription geometry was routinely used to inscribe
and modify photonic devices based on waveguiding structures. Typically, standard commercially available fibers
were used as a template with a pre-fabricated waveguide. Using a direct, point-by-point inscription by infrared
femtosecond laser, a range of fiber-based photonic devices was fabricated including Fiber Bragg Gratings (FBG)
and Long Period Gratings (LPG). Waveguides with a core of a couple of microns, periodic structures, and
couplers have been also fabricated in planar geometry using the same method.
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1. INTRODUCTION

In recent years, the technique of laser inscription in transparent dielectrics by means of focused femtosecond
laser irradiation has attracted considerable interest. The method has been applied to bulk glass, optical fibers,
crystals, and polycrystalline or ceramic media. The method appears to be a promising and flexible technology for
optical device fabrication. In particular, fabrication of fiber gratings has been demonstrated, including directly
written long-period gratings,’'? fiber Bragg gratings (FBGs) produced using special phase-masks,>* and FBGs
produced by a femtosecond UV laser using standard phase-masks.> Recently, a method was reported for direct
writing of FBGs using point-by-point irradiation by an infrared femtosecond laser.® This method requires
neither phase masks nor photosensitized fibers and hence offers a remarkable technological flexibility with a very
short processing time.

2. EXPERIMENTAL SETUP

The schematic of the experimental set-up is presented in Figure 1. Pulse source comprises the laser system (Spec-
tra Physics), the Spitfire amplifier (Positive Light), and Tsunami femtosecond mode-locked generator (Spectra
Physics). It is capable to produce 120-150 fs pulses at the wavelength of 796 nm at 1 kHz repetition rate. The
computer controlled attenuation is realized with the half wave-plate (2) mounted on the motorized rotational
stage, and a Glan prism (3). Electronic shutter (1) is installed immediately after the laser system output win-
dow. He-Ne laser (not shown in the Figure) is used for alignment. The optical fiber (6) is mounted on the
computer controlled 2D-stage (7) (ABL1000, Aerotech) and moved with a speed of 0.07-5 mm per second. The
femtosecond (fs) inscription of the grating or other structure is performed after careful positioning of the focal
spot with respect to the fiber core on both ends of the scanning range with the two auxiliary 3D-stages (5).
Typically, x100 long working distance objective (ApoSL, Mitutoyo) was used to focus the laser radiation. Two
CCD-cameras (8) with optical zooming systems were used for alignment and on-line monitoring of the inscription
process.

Fine tuning of extremely stable laser setup is required to achieve pinpoint accuracy of the focused femtosecond
pulses which allows for robust reproducible sub-micron fabrication of virtually arbitrary geometric structures with
a distributed variation of refractive index.
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Figure 1. Optical layout for femtosecond fiber grating inscription. The light passes a shutter (1), a half-wave plate (2),
Glan prism (3), x100 long working distance microscopic objective (4), and is focused inside the fiber (6). Two alignment
3D-stages (5) are mounted on top of the high precision computer controlled 2D-stage (7).

3. DIRECT FS-INSCRIPTION OF FIBER BRAGG GRATINGS

In this Section, we present a method for inscribing FBGs using direct, point-by-point writing by an infrared
femtosecond laser. This method requires neither phase-masks nor photosensitized fibers and hence offers re-
markable technological flexibility. Unlike known point-by-point methods of making FBGs,” it requires a very
short inscription time of less than a minute per grating. High quality, strongly-reflecting gratings were produced
using this method in commercially available, non-photosensitized, unhydrogenated fibers.

The experimental setup is shown in Fig. 1. The beam is focused into the fiber core by either a x40 or a
x 100 microscopic objective. Pulse energy was varied from 0.3 to 1 mJ, corresponding to peak intensities in the
order of 10 W/cm?. The grating length ranged between 10 and 55 mm. Standard telecommunication fiber
(SMF) and dispersion shifted fiber (DSF) were used; no photosensitization procedure was carried out prior to
the exposure. The fiber was placed on a high-precision, two coordinate translation stage. The stage moved at a
constant speed along the fiber axis, translating the fiber with respect to the focal point of the beam. Each laser
pulse produced a grating pitch in the fiber core. Therefore, the grating period was set by changing the ratio of
the translation speed to the pulse repetition rate. Gratings of first, second and third order were inscribed at
speeds of 0.535, 1.07 and 1.605 mm/s, respectively.

Reflection and transmission spectra were monitored in situ using two optical spectrum analyzers® (not shown
in Fig. 1). After the inscription, the gratings were characterized using a tunable laser with a linewidth of 1 pm
and a high-performance analyzer with a resolution of 5 pm.

Transmission spectra of first-, second- and third-order FBGs are presented for comparison in Fig. 2. The
three gratings have been written in segments of DSF using a x100 microscope objective. In this experiment, the
second-order grating shows the strongest response. This is in line with an earlier study of gratings produced by
femtosecond writing with a phase mask.? The increased efficiency of higher orders is a feature of the femtosecond
inscription process, which differs from the conventional UV inscription when sinusoidal modulation of refractive
index is usually achieved. This feature is due to the very localized inscription domain, created by a tightly focused
laser beam. Hence, the modulation of refractive index in fs-inscribed structures is intrinsically unharmonic
which results in higher order gratings being more efficient. Localization of refractive index modulation is further
emphasized by the nonlinear nature of the process. The physical mechanism of femtosecond inscription involves
nonlinear absorption and multi-photon ionization. Consequently, the shape of the inscribed features does not
reproduce linearly the intensity profile of the laser beam. For example, features as small as 0.3 pym can be
produced at a wavelength of 800 nm, which is well beyond the resolution imposed by diffraction limit.® There
is also evidence that the refractive index modification produced by femtosecond writing is significantly larger
than that produced by UV writing.2 As a result of the above, the profile of refractive index modulation in a
fs-inscribed grating along the fiber axis is likely to consist of sharp features. Hence, higher-order components
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Figure 2. Measured spectra: (a) transmission spectra in gratings of first, second and third orders; (b) reflection and
transmission spectra of second-order grating.
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Figure 3. Grating spectrum showing strong coupling to cladding modes, and transmission spectra measured in two
orthogonal polarizations, corresponding to refractive index anisotropy of 3.6 x 107>
(a) Grating spectrum (b) Transmission spectra : solid line — fast axis, gray line — slow axis.

in the spectra of fs-inscribed FBGs are more pronounced than those in the UV-written devices. However, the
relatively large size of the laser spot in the fiber core causes overlapping of pitches in the gratings of lower
orders, thus reducing their quality. For example, the first-order resonance did not appear at all in the structures
produced using a x40 objective with a focal spot larger than that of a x100 objective. The FWHM linewidth of
the grating resonance typically ranged between 0.1 and 0.2 nm and did not show a distinct dependence on the
grating order. Typical transmission and reflection spectra are given in Fig. 2b. This second-order grating was
inscribed in SMF using a x100 objective. Non-resonant (out of band) losses were typically less than 1.5 dB.

A significant coupling to the cladding modes was observed in a broad spectral window spreading towards
short wavelengths in all the gratings, as illustrated by Fig. 3a. Cladding mode coupling is noticeable as far as 50
nm away from the resonant frequency. Another characteristic of these gratings was a considerable polarization
dependence. The spectral separation between orthogonal polarizations was typically in the range 20-36 pm,

corresponding to the birefringence as high as 32 x 1075, which is much higher than that in the UV inscribed
gratings.

4. VECTOR BENDING SENSOR BASED ON FS-INSCRIBED FBG

Direction-sensitive, or vectorial, fiber grating sensors have been a subject of intense research for many years.
Usually, fiber grating-based vector sensors can only be realized in specially designed fibers, such as multicore
fiber,” D-shaped fiber or flat-clad fiber.'® In all these devices, the direction-selective sensitivity is based on the
broken cylindrical symmetry of the fiber. High manufacturing cost of specialist fibers and the need for dedicated
coupling and interrogation techniques considerably reduce the practicality of this type of sensors. Fabrication
of vector sensors in fibers of conventional, circular, geometry would be a very attractive proposition as this
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Figure 4. Schematic of cross-sectional profile of fs-inscribed FBG, and microscopic image of its cross-section. Grating
is inscribed off centre to create required asymmetry in device and thus directional bending sensitivity. (a) Schematic (b)
Microscopic image.

would alleviate the need for special fibers and reduce the complexity and cost of the interrogation systems. A
straightforward way to achieve directional sensitivity would be of course to introduce the required asymmetry
by the inscription process itself. However, this is difficult to realize using conventional inscription techniques,
based on exposure of fiber to ultraviolet radiation transmitted through a mask, as these usually affect a large
fraction of the fiber cross-section and generally do not allow to control precisely the transverse structure of
inscribed features. Precise positioning and high-contrast of introduced modifications in the fiber material can
be achieved by employing a novel technique of femtosecond laser inscription. In this section, we demonstrate
a novel, direction-sensitive bending sensor based on an asymmetric fiber Bragg grating (FBG) inscribed by an
infrared femtosecond laser. The technique is based on tight transverse confinement of the fs-inscribed structures
and can be directly applied in conventional, untreated singlemode fibers.

Fabrication of FBGs by focused radiation of a femtosecond laser has been reported recently by several groups.
Inscription by a UV femtosecond laser® and an infrared femtosecond laser with a specially designed phase mask3
has been demonstrated. We have recently presented the fabrication of FBGs using a direct, point-by-point writing
technique® that allows the inscription of high quality, strong FBGs in untreated standard fibers. Fs-inscribed
gratings present a number of interesting characteristics, such as high thermal stability,®!! large refractive
index modulation and, notably, confinement of induced modification of material within a fraction of the fiber
cross-section with an area much smaller than the core area.’ fiber grating structures can be precisely placed
in any desired location within or in the vicinity of the core. The transverse size and shape of the structure
can be controlled by the focusing conditions and the exposure regime. By inscribing an axially-offset FBG, an
intrinsically asymmetric FBG device can be produced. When acting as a bending sensor, the device shows a shift
of the Bragg resonance which depends on the orientation of the grating structure with respect to the bending
direction.

The laser beam was attenuated by a variable attenuator and subsequently focused into the fiber core by a
x 100 microscopic objective. The pulse energy after the objective was approximately 0.5 mJ. Standard singlemode
fiber was used without any preparation or photosensitization carried out prior to the exposure. The fiber was
placed on a high-precision, two-coordinate translation stage and aligned in such way that the beam was focused
in a plane located 3 pum before the fiber axis. The length of the fabricated grating was 40 mm. Figure 4 shows
the cross-section of the inscribed grating. The grating cross-section was elongated along the direction of the
laser beam with the transverse dimensions of approximately 1 by 2 um. The grating is clearly offset from the
centre, inducing the required asymmetry in the device and therefore inducing directional bending sensitivity.
The grating was then tested in a bending rig, as illustrated in Fig. 5. The grating spectra were measured using
a tunable laser in conjunction with an optical spectrum analyzer (OSA). The system resolution was as good as
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Figure 6. Spectral profiles showing blue and red Bragg wavelength shifts depending on bending direction, and wavelength
shift against bending strength and direction a Spectral profiles b Wavelength shift against bending strength and direction.

1 pm. As the fs-inscribed gratings typically exhibit strong polarization dependence, special measures were taken
to ensure that all measurements be carried out along the same polarization axis. The variations of the Bragg
wavelength caused by concave and convex bends are shown in Fig. 6. Blue and red spectral shifts, corresponding
to the opposite bending directions can be clearly seen, indicating the directional sensitivity of the device.

One can suggest that the sensitivity of the device can potentially be improved by inscribing smaller spatial
features and perhaps by implementing more complex grating designs aimed at maximizing the effect of strain.
It is also important that the demonstrated device is designed for detection of bending only in the plane fiber
axisBragg grating. Independent sensitivity in the orthogonal plane could be attained by inscribing another,
spectrally-shifted grating structure, in a different sector of the fiber cross-section.

5. FS-INSCRIBED LONG PERIOD GRATINGS
5.1. LPG-based directional bend sensor

A long period grating (LPG) is an axially periodic refractive index variation in the core of a single-mode optical
fiber that couples light in the core to fiber-cladding modes at discrete wavelengths'?; LPGs have been suggested
for many potential applications in the field of sensing.!® A promising application of fiber LPG devices is as a
curvature sensor,'* but a problem here is that the direction of the bend cannot generally be determined and
thus at present LPGs written in standard fiber cannot be used as true orientation sensors. Some limited success
in making orientation sensors has been achieved with LPGs written into asymmetric fibers such as D-shaped
cladding fiber'® or eccentric core fiber.'® Although the resulting devices can determine the orientation of the
bend, they still present some practical problems; for example, these fibers are generally not easy to connect to
standard optical fiber, thus adding complexity and cost to the fabrication procedure for sensor arrays. In this
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Figure 7. Transmission spectrum of LPG fiber device against direction and amount of curvature: (a) concave (b) convex

g9 ' 520+
s | Convex Bending ho
=7 g .
z #15 Convex Bending
| =
5 3
z 5
23 10+
= =
=2 2
Curvature m!
Concave Bending (o
A i Curvature m'!
T T T 1
-3 -1 1 3
Concave Bending -5
a b

Figure 8. Spectral sensitivity of induced attenuation bands (a) and normal attenuation band (b) at 1500 nm

Section describe the fabrication and characterization of an LPG sensor in standard fiber that can distinguish
the direction of bend. The sensing device was fabricated in two stages: the first stage involved LPG inscription
and the second the introduction of an asymmetric change in the claddings refractive index. For the first stage,
the LPG was inscribed into a single-mode standard communications step-index optical fiber with a core radius
of 3.5 um and an outer cladding radius of 62.5 ym. The fiber was not specifically designed to be photosensitive
and so its photosensitivity was increased by hydrogenation at a pressure of 120 Bar for a period of two weeks
at room temperature. The LPG was fabricated using a frequency-doubled argon laser by sequential writing
technique. The LPGs grating period was 400 mm and the length 5 cm. The second stage involved modification
of the cladding with a femtosecond laser system. The system differed from that described above by the addition
of f =100 mm cylindrical lens put in the proximity of the x100 (NA=0.55) microscopic objective. The inclusion
of the cylindrical lens modifies the spot size and shape of the laser beam at the point of inscription. Three
continuous waveguides (refractive index change of about 1.5 x 1073) were written in the same plane and parallel
to the core. Two of the waveguides were placed 2 pm either side of the core and the third waveguide was placed
20 pm from the core. The intensity of the laser was kept at a level to make single spots overlap, thus making the
waveguides continuous. The diameter of each waveguide was approximately 5 um. The LPG device was inserted
into a 4 mm diameter flexible rubber tube and both the fiber and the rubber tube were clamped between two
towers with one of the clamps mounted on a translation stage. This was moved inwards to induce a bend in the
rubber tube and hence the optical fiber. We describe the bending as convex when the waveguide written 20 pm
from the core is on the outermost side of the bend, and concave when this waveguide is on the inside of the
bend. The tube helped ensure that the fiber does not flip to another orientation. For this arrangement, where
the LPG is midway between the clamps, the sensors curvature, R, is given by'”

2d

R:d2+L2

(1)
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where L is the half distance between the edges of the two towers and d is the bending displacement at the centre
of the LPG. The experimental characterization of the LPGs attenuation bands was carried out by illuminating
the device using a broadband light source and observing the transmission spectrum with an optical spectrum
analyzer with an accuracy of 0.05 nm. The results are shown in Fig. 8 for concave and convex bending.

First, the spectral sensitivity of the normal attenuation bands (those present in the absence of any bending)
was measured for both modes of bending, resulting in d\/dR = +5.6 = 0.1 nm/m for concave bending and
d\/dR = +4.6 + 0.2 nm/m for convex bending. Secondly the bend induced attenuation band was characterised
and displayed a spectral sensitivity of dA\/dR = +1.6 £ 0.1 nm/m for concave bending and d\/dR = +3.8 &+
0.5 nm/m for convex bending. The wavelength shifts as a function of curvatures are shown in Fig. 2. This
spectral behavior is explained by the introduction of the asymmetry as seen in the response to bending of
LPGs in D-shaped fiber.!> This LPG device was modeled using a finite-element package (Femlab) to obtain the
effective refractive indices of the core and the cladding modes at various curvatures (concave and convex bending)
at a given wavelength. The presence of bending was treated by using the conformal mapping technique,'® which
replaces the curved optical fiber waveguide by an equivalent straight waveguide with the following index profile
as a function of curvature R and longitudinal strain e:

n(R) = (n(O, )+ ‘f;;‘) exp (g) 2)

where n(0) is the initial refractive index contrast of the core and cladding at a wavelength of A, R is the curvature
experienced by the fiber and d is the distance from the center of the fiber. The modeling produced the same
general spectral behavior with respect to curvature, but the spectral sensitivities of the various attenuation bands
were different; this is not surprising as the exact refractive index profile of the LPG device is not known.

5.2. All-femtosecond made LPG

Since the early demonstrations of grating inscription in various fibers using a femtosecond laser,® much effort has
been spent to improve the quality of fiber gratings and to understand the mechanisms of the residual changes
of the refractive index.'® It was previously reported that a femtosecond post-processing of LPG fabricated
by means of standard UV inscription results in a new type of fiber device - a directional bend sensor.2’ In
this section we demonstrate all-femtosecond technology for fabrication of LPG-based polarization sensitive fiber
devices in a standard telecommunication fiber without prior photosensitization. In our approach, we have used a
sharp focusing x100 microscopic objective as opposed to typically used long focal distance optics. This allows for
accurate positioning of the small modified area with respect to the fiber axis. Hence the controlled asymmetry
is introduced in the resulting device. Further advantage is that the grating inscription and its post-processing
are now combined in a single fabrication stage. Finally, the spectral stability against thermal annealing or under
elevated temperatures was found to be much higher.!! We have also found that asymmetrically fabricated LPGs
have better sensitivity to bending at lower curvature (0.3 m~!) as compared to a standard UV-LPG in the same
fiber. This suggests high polarization sensitivity of such gratings which is the main focus of this experiment.

The standard SMF-28 fiber was mounted on the computer controlled 2D-stage and moved with a typical speed
of 0.07 mm/s. Variation of the electrical pulse period and the fiber translation speed enabled fabrication of a
series of LPGs with periods between 0.33 and 0.35 mm. For the parameters mentioned above, it takes 5 seconds
to inscribe one period (pitch) of the LPG. The inscription of the grating was done after the careful positioning
of the focal spot with respect to the fiber core on both ends of the scanning range with the two auxiliary 3D-
stages (5). We used a long working distance x100 objective. A visible groove was typically produced inside the
core of the fiber rather than a smooth track. A series of gratings with periods around 0.35 mm and a length
of 45+5 mm have been made for the range of pulse energies. After the inscription, the microscopic images
(Fig. 9) of all gratings were captured to check their positions in relation to the fiber axis. All gratings were
offset by approximately the same distance from the centre of the core, as illustrated by Fig. 9. The transmission
spectrum of one of the LPGs made by the femtosecond inscription is shown in Fig. 10. A typical spectrum
of the standard UV inscribed LPG is shown in the insert for comparison. The transmission spectrum of the
gratings is characterized by means of an optical spectrum analyzer with a 0.1 nm resolution. The light from the
broadband source was launched into the grating under test after passing through the polarizer and a polarization
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Figure 9. Microscopic image of the fiber with LPG. The groves are offset with respect to the core axis.
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Figure 10. The transmission spectrum of the LPG made by the femtosecond laser. The positions of dips are marked on
the graph. The insert shows the spectrum of the standard LPG made by a UV laser after hydrogenation.

controller. Figure 10 suggests, that the strength of the attenuation band for the long period grating written by
the femtosecond laser is approximately 20 dB, which is comparable to the UV inscribed LPG. Secondly, the LPG
produced with femtosecond laser has a very strong dependence in the transmission dip positions for different
polarizations (10.5 nm), compared with the standard UV-written LPG (0.4 nm). Another distinctive feature was
observed while measuring the polarization splitting versus the pulse energy used for inscription. It is clear that
fs-inscribed-LPG tends to be more ”birefringent” when higher pulse energy is used. The latter can be attributed
to the stress induced by the femtosecond laser in the material, surrounding the modified area.'® The visible
size of the fabricated structure is less than the area affected by the laser, which could explain a big overlapping
integral and strong attenuation bands. This was also confirmed by the thermal annealing results. Alternative
explanation is that the perturbation of the waveguide, done by the femtosecond laser is not small, and the modal
structure of the resulting waveguide is significantly different to that of the original fiber. Numerical simulations
confirm a strong birefringence (the dependence of the effective refractive indexes for two orthogonal polarizations)
even for a couple of fundamental modes.

6. THERMAL STABILITY OF FS-INSCRIBED FIBER BRAGG GRATINGS

Growing interest in femtosecond laser inscription is based, among other factors, on the fact that the physical
mechanism of this process is essentially different to that of UV inscription. As a result, the physical properties
of the fs-inscribed structures and devices are different to those of the UV-produced equivalents. The refractive
index change in fs-inscribed structures is believed to be initiated by formation of localized plasma in the bulk
of the material causing densification of the latter. The process involves highly nonlinear photo-ionization, thus
requiring high intensity of light and it only occurs in a tightly focused laser beam. Previous reports indicate that,
contrary to UV inscription, fs-inscription does not depend strongly on formation of defects.?! As a result, the
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Figure 11. Isothermal evolution of reflection of fs-inscribed and UV-inscribed gratings during 24 h annealing and 10 h
cooling down. (a) 24 h annealing (b) 10 h cooling.

decay of defects caused by thermal annealing is likely to be insignificant in the fs-inscribed structures. Hence,
fs-inscription should produce structures with improved thermal robustness compared to UV-written structures.
High thermal stability of the fs-inscribed structures has been observed recently in the FBGs produced by using
a special, high-order phase mask.* In this section, we present a study of thermal properties of FBGs produced
using direct, point-by-point inscription. These devices present smaller modified areas and higher refractive index
contrast than gratings inscribed with a femtosecond laser and phase mask. We established that these FBGs
are stable up to a temperature of 900°C. Annealing at temperatures up to 700°C actually increased the grating
reflectivity, indicating the relaxation of strains induced during inscription in the vicinity of the modified region.
Experimental setup and inscription procedure were similar to those described above. The beam was focused into
the fiber core by a x100 microscopic objective. Standard fiber (SMF) was used; no photosensitization procedure
was carried out prior to the exposure.

Pulse energy was set to approximately 0.5 mJ corresponding to the peak intensities in the order of 10
W/cm?. The gratings were approximately 30 mm long. The pitch size in the gratings used in this work was
1.07 p, corresponding to the second order of the Bragg reflection at a wavelength of 1.55 p. Typical spectral
characteristics of a fs-inscribed FBG are presented in Fig. 2, and are consistent with those reported previously.®
Three similar samples of the fs-inscribed FBGs with reflectivity ranging from 80% to 90% were placed in an
oven and annealed at constant temperatures of 500, 700 and 1000°C, respectively, for a period of 24 hours. The
grating spectra were monitored every 30 min by an analyzer with a resolution of 5 pm. After the annealing
period, the oven was switched off and the gratings were allowed to cool down to room temperature. Monitoring
of the grating spectra with the 30 min intervals was continued during the first 10 h of the cooling process. Three
UV-inscribed FBGs were used as control samples. These were inscribed in hydrogenated fiber by using a 90 mW
beam from a CW laser operating at a wavelength of 244 nm. After inscription, the FBGs were post-processed
by annealing at 80°C for 24 hours. The resultant reflectivity of control samples before the tests was in excess
of 98%. The three control samples were subjected to the procedures of annealing and measurement identical to
the ones applied to the fs-inscribed samples as described above.

Measured evolution of the grating reflection is presented in Fig. 11. Femtosecond inscribed gratings showed a
significantly improved thermal stability compared to the hydrogenated, UV-inscribed FBGs. The UV-inscribed
sample experienced a significant degradation at 500°C and was rapidly erased at 700°C, whilst the fs-inscribed
FBG did not show any signs of rapid decay up to 1000°C. Comparison with similar studies from the literature
shows that the thermal stability of the fs-inscribed FBGs is better than that of common type I and type ITA
gratings and is similar to the stability of the type II gratings, based on optical damage.??

In all cases, we observed that the grating reflectivity after cooling down to room temperature was greater
than that at the corresponding high temperature. This could be explained by relaxation of mechanical stress
created in the outer regions of the modified area. Similar annealing behavior has been previously observed
in fs-inscribed photonic crystals.?? At lower temperature levels of 500 and 700°C, this effect dominated in
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Figure 12. Spectral evolution of FBG during cooling down period after annealing at 700°C (gray lines). Dashed line
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Figure 13. Dynamics of reflection in fs-inscribed FBG during annealing at increasing temperatures.

fs-inscribed gratings and the resulting reflectivity actually increased after the annealing-cooling cycle in those
gratings. Fig. 12 shows the dynamics of grating spectra during the coolingdown period. The measurements were
taken after annealing for 24 h at 700°C. The measured spectral shift of 12.8 pm/°C is in line with the values of
approximately 13 pm/°C , reported earlier for the UV-written FBGs.?*

In the next experiment, the same fs-inscribed grating was annealed successively at increasing temperatures
of 500, 700, 900, 1000 and 1050°C. Annealing at each temperature lasted for 20 hours, after which the grating
was allowed to cool down for 5 hours to room temperature before the next annealing cycle. The dynamics
of the grating reflection during this exercise is shown in Fig. 13. First, the grating reflection dropped during
each heating period and subsequently increased during the cooling period, similar to the behavior during the
previous experiment, described above. The reflectivity decrease caused by annealing at lower temperatures was
reversible. A certain increase in reflectivity was observed after the heating-cooling cycles at temperatures of 500
and 700°C. The 900°C cycle produced a slight overall decrease of reflectivity, and the 1000°C cycle caused a
significant permanent degradation of the grating performance. Finally, annealing at a temperature of 1050°C
practically erased the grating, rapidly and irreversibly reducing the reflection coefficient to a level below 20%.
Overall, the results in this work are complementary to those reported in previous studies of the thermal behavior
of the structures inscribed in glass by ultrafast lasers.* No significant difference was established between the
observed annealing behavior of the structures written directly by a tightly focused ultrafast laser beam and the

reported earlier high temperature tests of the gratings, produced with a phase mask by a defocused beam of a
similar laser.
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CONCLUSIONS

Direct femtosecond microfabrication, reviewed in this paper requires neither phase-masks nor photosensitized
fibers and hence offers remarkable technological flexibility. Unlike known methods of making FBGs and LPGs,
very short inscription time is required. High quality FBGs and LPGs were produced using this method in
commercial, non-photosensitized, unhydrogenated fibers. We have also fabricated radially asymmetric and more
complicated 3D structures. Such structures demonstrate unprecedented sensitivity to directional bending and
polarization properties. The prototypes of FBG- and LPG-based vector bending sensors have been developed.
Thermal properties of the above described structures fs-fabricated were examined. Gratings were thermally
stable at temperatures up to 900°C, representing a significant improvement in comparison with the conventional
UV-inscribed gratings.
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