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periment anticipating high accuracy measure- 
ment. After 40 hours of monitoring time, the 
blue-shift reached an equilibrium state. The 
total wavelength change was -2 nm. 

In summary, we have conducted a system- 
atical investigation of the H,-diffusion impact 
on LPGs. The H,-diffusion process in LPGs 
was significantly more complex and dynamic 
than in FBGs. 
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Optical edge-filters are useful devices for inter- 
rogating fibre Bragg grating (FBG) sensors 
based on optical intensity measurement, pro- 
viding advantages of low-cost, fast response 
and ease of use.' In this paper, we report a 
novel method for fabricating fibre edge filters 
with arbitrary spectral response based upon 
tilted-chirped-grating (TCG) structures. 

Tilted uniform-period FBGs have been 
used to flatten the gain-band of EDFA by out- 
taping the light around 1530 nm-region. This 
out-tapping function results from the en- 
hanced coupling between the guided light in 
the core and the radiation field.* The radiation 
mode out-coupling proportional to the tilt- 
angle generates a transmission loss peak at the 
short wavelength side of the Bragg resonance. 
In the case of a tilted broadly chirped grating, 
the loss peak is spectrally superimposed on the 
broad Bragg resonance, therefore, resulting in 
one broad transmission loss peak. The spectral 
response of this loss peak depends on the tilt- 
angle, chirp-rate and grating-strength. It is this 
dependence which provides a basis for design- 
ing and fabricating fibre edge-filters. 

The TCGs were W holographically side- 
written into hydrogenated B/Ge co-doped and 
standard fibres using the dissimilar wavefront 
method. The fibre was mounted on a rotation 
stage accommodating fibre-tilting operation. 
A set of chirped gratings were produced in each 
fibre for study of the relationship between the 
spectral response and tilt-angle, chirp-rate and 
grating-strength. 

Figure l(a) plots the transmission profiles 
of four TCGs with an 18 nm chirp rate for tilt 
angles of 0", 6", 8' and 10'. The ()"-tilted 
chirped grating gives a near-square-like trans- 
mission response and there is negligible radia- 
tion mode out-coupling at the short wave- 
length side. When the chirped grating is tilted, 
a remarkably broadened transmission loss 
peak with slightly asymmetric slopes is formed, 
giving a typical edge-filer profile. As the tilt- 
angle increases, the loss peak broadens while 
its centre shifts to the long wavelength direc- 
tion. The slope-efficiency decreases as the grat- 
ing strength decreases. 

Figure l(b) plots the transmission profiles 
of three gratings with chirp-rates of 8 nm, 12 
nm and 16 nm for an 8O-tilt angle. The band- 
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CWF70 Fig. 1. Spectral responses: (a) for dif- 
ferent tilted angles; (b) for different chirp rates. 

~~ 

CWF70 Fig. 2. (a) Strain interrogation sys- 
tem; (b) Wavelength shift against strain from op- 
tical spectrum analyser; (c) Optical power against 
strain from photodiodes. 

widths and the centres are very similar for 
three different chirp-rates indicating they are 
only tilt-angle dependent, but the slope- 
efficiency and the grating-strength decrease 
with the increase of the chirp-rate. 

Clearly, fibre edge-filters with arbitrary 
characteristics can be fabricated based on TCG 
structures utilising all these controllable pa- 
rameters. Experimentally slope-efficiency 
from 0.5 dB/nm to 10 dB/nm and filtering 
range from 2 nm to 20 nm have been demon- 
strated. 

As a simple demonstration, a TCG was used 
as an edge filter interrogating FBG strain sen- 
sor as shown in Fig. 2(a). The strain-encoded 
light transmitted by the tilted chirped grating 
was measured by an optical spectrum analyser 
and also by two photo detectors. Figures 2(b) 
and 2(c) plot the wavelength shift and optical 
power output against the applied strain from 
both measurements showing a good linearity 
of the edge-filter-like spectral response. 

In summary, we have demonstrated a novel 
method for fabricating fibre edge filters with 
arbitrary spectral response based on TCG 
structures. The near-linear wavelength re- 
sponse with a wide range of slope-efficiencies 
and filtering-ranges has been realised for a se- 
ries of filters. 
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The Bragg reflection characteristics of a fiber 
grating, including intensity and phase, are con- 
trolled by its longitudinal refractive-index dis- 
tribution, i.e., the local grating period and the 
depth of effective index modulation. There- 
fore, the retrieval of the longitudinal index 
distribution is crucially important for control- 
ling the characteristics of a fiber grating. In this 
paper, we report our results of reconstructing 
the index distributions of a uniform and an 
apodized chirped fiber grating. The proce- 
dures include the measurements of their com- 
plex Bragg reflection spectra with a balanced 
Michelson interferometer and the execution of 
a simple retrieving algorithm. With the proce- 
dures, we can retrieve index profiles of fiber 
gratings with any apodization, chirping or dc 
structures. 

Figure 1 shows the experimental setup for 
measuring the amplitude and phase of the 
Bragg reflection coefficient. The system was a 
balanced Michelson interferometer with a test 
arm connected to the fiber grating to be char- 
acterized and a free-space reference arm in 
which signal was retro-reflected by a gold- 
coated mirror. A tunable laser diode with a 
wavelength resolution of 0.001 nm was used as 
the light source. We measured the fiber Bragg 
reflection, interference, and reference intensi- 
ties, respectively, by appropriately blocking 
light with the two attenuators. By measuring 
the spectra of these three intensities, the phase 
part of the complex reflection coefficient could 
be retrieved with a suitable curve fitting. After 
we had the complex reflection coefficient r(z, 
v), we could reconstruct the complex coupling 
coefficient A(z). After we had K(z), we could 
first obtain the envelop of index profile 6n(z) 
through 

Note that the dc component of index change 
and grating chirp are mixed in the phase of the 
complex coupling coefficient. Under some 
mild conditions, the first-order derivative of 
the phase of the complex coupling coefficient 
becomes a linear combination of the dc com- 
ponent, b6n(z), of index change and grating 
chirp, a, as 

Spectrum Analyzer + m , , r r  
- -  U 

CWF71 Fig. 1. Schematic of the balanced 
Michelson interferometer used to measure the 
amplitude and phase of the Bragg reflection coef- 
ficient of a fiber grating. 
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CWF71 Fig. 2. Reconstructed profiles of the 
index change envelop Sn (part a) and Bragg wave- 
length (part b) A, of an apodized chirped fiber 
grating. 

Here, A. is the central grating period. Then, we 
can use linear programming method to fit Eq. 
(2) for separating these two quantities. 

For the apodized chirped fiber grating, the 
reconstructed coupling coefficient as a func- 
tion of position implies a nearIy-exp(-1~1~)- 
apodized profile of index change. Figure 2 
shows the reconstructed profiles of the envelop 
of index change Sn (part a) and the local Bragg 
wavelength 1, (part b) along this fiber grating. 
The apodization and chirp can be clearly seen 
in the figures. For the uniform grating, because 
most signal power is Bragg reflected from a 
portion of grating near the input end, only the 
index distribution of this portion could be re- 
constructed. For retrieving that of the whole 
grating range, the complex Bragg reflection 
spectra at both grating ends must be measured. 
For both fiber gratings, the results agree very 
well with the fabrication conditions. 
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Side-emitting and -detecting fibers are of par- 
ticular interest for two classes of applications: 
(a) flexible light sensors with defined accep- 
tance characteristics (spectroscopy, fill check- 
ing, safety, near field optics), (b) generation of 

CW72 Fig. 1. Side view of a glass fiber with 
periodically arranged scattering channels struc- 
tured with SHG of NdYAG laser (5 ns, 532 nm, 
2 mJ, fiber illuminated by an end-coupled He- 
Ne-laser, diameter of the fiber 950 pm). 

CWF72 Fig. 2. Top view of a silica fiber with 
periodically arranged scattering channels struc- 
turedwith a KrF laser (3.8 ns, 248 nm, 1 mJ, <loz 
pulses per channel, fiber illuminated by an end- 
coupled He-Ne-laser, diameter of the fiber 
1500 pm). 

defined light distributions and illumination of 
inaccessible areas or scattering environments 
(diffusing tips for medicine,’ flexible sources 
for arts and architecture,z flat displays, solar 
light diffusors in bio-reactors). Well-known 
devices to transform the angular spectrum are 
light-induced Bragg gratings3 The efficiency 
of such high spatial frequency index gratings 
strongly depends on the wavelength, and the 
fabrication is costly. 

As an alternative and simple approach, we 
investigated the possibility to generate periodi- 
cally as well as quasi-homogeneously arranged 
scattering zones along fibers of different mate- 
rials (glass, quartz, polymers, diameters 
200.. . 1500 p,m) by laser treatment. Fibers 
have been irradiated with the focused beams of 
a KrF laser (248 nm, 3.8 ns) and the SHG of a 
NdYAG laser (532 nm, 5 ns). The positions of 
the foci have been controlled by moving the 
fiber with a 3-axis step motor system and ro- 
tating the fiber. A He-Ne-laser was coupled 
into the core and side-on monitored by a cam- 
era system with zoom microscope objective. 
The spatial distribution of the scattering has 
been investigated by a radiometric fiber array 
sensor (EMITOR, GMS Ltd., Berlin). The 
method also allows to generate point- or 
channel-like and ring-shaped single scattering 
regions, scattering gratings with very large pe- 
riods, chirped gratings and extended light dif- 
fusing zones. Depending on wavelength and 
material, different modes of laser processing 
have been found to work successfully. With the 
SHG of the NdYAG laser, channel-like scat- 
tering zones could be formed within the core 
of a thick glass fiber (core diameter 950 p,m, 
Fig. 1). Smaller core diameters lead to reduced 
mechanical strength due to high internal stress 
and are not convenient for practical purposes. 
Single central dots in the core with nearly radi- 
ally symmetric scattering characteristics could 
only be achieved in silica fibers by KrF-laser 
processing. To improve the beam shape, un- 
stable resonators with super-Gaussian mirrors 
have been implemented. The transversal emis- 
sion of a He-Ne-laser beam by a periodical 
arrangement of scattering channels in a thick 
silica fiber (1.5 mm diameter) is shown in Fig. 
2. Polymer fibers were strongly damaged by 
the SHG of NdYAG laser so that no defined 
scattering structures could be fabricated by 
this way. However, KrF-laser treatment 
yielded good results and even a homogeneous, 

CWF72 Fig. 3. Continuously emitting 
PMMA fiber structured with a KrF laser (3.8 ns, 
248 nm, 1 mJ, 3 pm steps in axial direction, fiber 
illuminated by an end-coupled He-Ne-laser, di- 
ameter of the fiber 1500 pm). 

unstructured emitting line along the fiber axis 
was obtained (PMMA, 1.5 mm diameter, Fig. 
3). The surface damage led to much lower in- 
ternal stress than in glass or silica. The specific 
mechanisms of laser induced optical damage 
(LOD) in dependence on material and laser 
parameters are complex and have to be the 
subject of future investigations. Processing 
with ultra-short pulses (recently demonstrated 
by other authors with the production of 
waveguides in bulk glasses by focusing 120-fs 
pulses from a Tksapphire lasefl) seems to open 
more efficient channels for the multiphoton 
excitation and could lead to further improve- 
ments. 
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