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ABSTRACT

A series of LPGs was inscribed in photonic crystal fibre by a low repetition femtosecond laser system. When subjected
to bending they were found to be spectrally sensitive to bend orientation and displayed a strong polarisation dependence.
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1. INTRODUCTION
A fibre long period grating (LPG) is an axially periodic refractive index variation inscribed in the core of an optical fibre.
This inscription can be by ultra-violet irradiation (for photosensitive single-mode optical fibre, with an inscription
mechanism dominated by photo-bleaching), fusion arc/laser heating (for non-photosensitive single-mode optical fibre,
with an inscription mechanism dominated by compaction and structural change) or more recently by femtosecond lasers,
where at 800nm the dominating inscription mechanisms appear to be a combination of void creation, material
compaction and the photo-elastic effect induced from thermal strain; these grating structures are currently under
investigation by several research groups'?. The result of the periodic refractive index variation is the coupling of light
from the core of the fibre into the fibre cladding modes at discrete wavelengths. The index modulation change within the
core of a single mode optical fibre can vary depending upon the inscription method used, tending to be in the range10™ to
0.1, and has a period typically between 100-600um. The index modulation produces a set of attenuation bands seen in
the transmission spectrum of the optical fibre core mode. The study of the LPG attenuation bands has yielded many
potential applications in the field of sensing through the dependence of the position of the attenuation bands on strain (&),
temperature (7), the refractive index of the surrounding medium () and bending®"". The spectral shift of the attenuation
band arises from the phase matching condition of the LPG'. Whilst the sensitivity of LPGs is an advantage over fibre
Bragg gratings, cross-sensitivity between parameters can cause problems, most often an unwanted temperature
sensitivity. It has been shown'? that LPGs in PCF can have very low temperature sensitivity thus reducing cross-
sensitivity problems, resulting in a sensing system with greater resolution.

This paper presents a study of the dependence on curvature of the spectral characteristics of LPGs written into a
Photonic Crystal Fibre (PCF) using a femtosecond laser system. It was found that asymmetric (off-centre) inscription
produced LPG attenuation bands that have a spectral sensitivity to the orientation of the curvature, producing red and
blue wavelength shifts depending upon the bend direction and with a low temperature sensitivity. A high dependence
upon the polarisation state of the illuminating light was also observed.

2. FABRICATION OF GRATING DEVICES

A series of LPGs with the same period, 400um, was fabricated in endlessly singlemode (ESM) fibre from Crystal Fibre
A/S"”. Several were made with approximately the same inscription power (0.450+0.02) uJ, while a few others were
written with different powers ranging from 0.41 pJ to 0.65 pJ, requiring various grating lengths to obtain maximum
strength attenuation bands. The refractive index changes to create the LPG are introduced by a femtosecond laser
(800nm titanium/sapphire Spitfire/Evolution, from Spectra-Physics Lasers). The femtosecond laser radiation was focused
at a predetermined point near the core with a x100 (NA=0.55) microscope objective, while the fibre was moved in a
direction parallel to the fibre axis. The translation speed was 100ums™. A cylindrical lens (f=100mm) was put in the
proximity of the microscope objective to shape the laser beam at the point of inscription. The femtosecond laser system
produced a 1 kHz train of 150 fs pulses at 800 nm, see Figure 1; other details of the experimental set-up can be found
elsewhere'®. Due to previous investigations into the spectral characteristics of femtosecond laser inscribed LPGs'’ the
light monitoring the grating growth during fabrication was polarised; see figure 1b. The polarisation of the light was
constantly adjusted to maximise the LPG’s attenuation bands.
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Figure 1 (a). Optical laygut of inscription scheme. The light passes a shutter (1), a half-wave plate (2), Glan prism (3), x100 long
working distance microscopic objective (4), before being focused in the core of the fibre (6). Two alignment 3D translation stages are
mounted on top of the high precision computer controlled 2D-stage (7). We use two CCD-cameras (8) with an optical zooming system
for alignment and on-line monitoring of the inscription process. (b) A schematic of the apparatus used to investigate the transmission
spectra of the LPGs during fabrication.

After inscription, the LPGs were examined under a microscope and the modified regions of the fibre were identified, for
an example see figure 2.

A section of a period of the femtosecond laser inscribed symme trical LPG

Endlessly single mode photonic crystal fibre

Figure 2. A photograph of part of a symmetrically inscribed section of a LPG in PCF.

Two examples of the transmission spectra of femtosecond laser inscribed LPGs are shown in figure 3; one where the
structural modification of the PCF appears to be radially symmetric about the fibre axis and the other where the structural
modification is asymmetric, being displaced from the fibre axis (this being achieved by translating the fibre along the
optical axis of the inscribing beam). The plots show the variation of the spectra obtained by adjusting the polarisation of
the illuminating light to obtain the strongest coupling response to each of the attenuation bands present in the spectrum.
The variations in resonant wavelength between the two polarisation states for the attenuation band close to 1590nm were
1.4nm for the symmetrically written LPG and 6.4nm for the asymmetric one with fiugures of 0.5nm and 4.1nm,
respectively, for the stop bands at 1350nm .
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Figure 3. Examples of variation with polarisation of the transmission spectra of femtosecond laser inscribed LPGs (period 400pm) in
photonic crystal fibre (a) asymmetrical inscription (410nJ) (b) symmetrical inscription (470nJ)

3. CURVATURE SENSITIVITY

The LPG device was clamped between two towers; one of the clamps being mounted on a translation stage, which was
moved inwards to induce a bend in the LPG placed mid-way between the clamps. Tags were used to ensure there was no
twist in the fibre during the experiment and also to know the orientation of the LPG during bending, see figure 4.The
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bend sensitivities of these LPGs were investigated using a broadband light source and a polariser, which in turn was
connected to a polarisation controller; the light from this arrangement illuminated the LPGs and observations of the
transmitted spectrum were made using an OSA. The polarisation controller was used to maximise coupling of the
illuminating light into one of attenuation bands present in the transmission spectrum of the LPG, so one attenuation band

could be studied at a time
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Figure 4 Curvature test rig.
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The sensor's curvature, R, is given by

L (1)
d™+ L

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. It was found from a microscopic inspection of the LPGs that the location of the femtosecond laser induced
structural modification dramatically changed the spectral sensitivity and characteristics of the LPG. The symmetrically
inscribed gratings exhibited no dependence of bend sensitivity on fibre orientation (see Figure 5 for an example from the
grating examined in Figure 3b), while asymmetrically inscribed LPGs did display directional bend sensitivity of some
attenuation bands; the transmission spectra of such a LPG (that used for figure 3a) is shown in figure 6, and the spectral
sensitivities of the two attenuation bands are shown in figure 7.
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Figure 5. (a) and (b) the spectral sensitivity to curvature of both observed attenuation bands of a symmetrically inscribed LPG in ESM
PCF (period = 400nm, length =10mm, inscription power = 470nJ).
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Figure 6 An example of the curvature response of the transmission spectra of an asymmetrically inscribed LPG written in ESM PCF
(period = 400pm, length = 96mm, inscription power = 410nJ).
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Figure 7. (2) and (b) the spectral sensitivity to curvature of both observed attenuation bands of an asymmetrically inscribed LPG in
ESM PCF (period = 400nm, inscription power = 410nJ. length = 9.6mm).

The asymmetrically inscribed LPGs in the PCF generate some attenuation bands which display a clear
directional sensitivity (Figure 7a), whilst others are much closer to giving a symmetrical response (Figure 7b). The E-
field profiles of the modes in this PCF have been investigated'* and show dramatic variations in the radial distribution of
the E-field with mode order, implying that we can expect radically different behaviour from the various modes.

All the LPGs exhibited polarisation dependence with spectral birefringence ranging from 1 to 10nm, but this
appears to be mainly due to the inscription method and the power used to fabricate the LPGs (work to be published). The
temperature sensitivity of these LPGs was also investigated; it was found to be 4.5x10”° nm°C™" which is in approximate
agreement with other workers'* and considerably less than for LPGs written in SMF ',

4. CONCLUSION
A series of LPGs was inscribed in photonic crystal fibre by a femtosecond laser system; when subjected to bending they
were found to be spectrally sensitive to bend orientation, yielding red and blue wavelength shifts depending upon fibre
curvature with a low temperature sensitivity. This suggests that these PCF devices have the potential to be applied as
curvature sensors with high resolution.
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