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Abstract - Fibre Bragg gratings were written into the core of
air-clad optical fibre using the point-by-point grating writing
method with an 800nm femtosecond laser. Visible wavelength
scattering from the grating fringes is shown.
I. INTRODUCTION

It is not uncommon to splice fibre Bragg gratings (FBGs) in
photosensitive germanosilicate optical fibres to active fibres
when manufacturing high power fibre laser systems [1].
However, this may introduce fragility to the system, a hot
spot where the splice is present, as well as potential
photodarkening of the photosensitive fibre over time. It also
adds additional manufacturing steps to the laser system which
could be avoided if the FBG were to be inscribed directly into
the active material. Recently we demonstrated the first
gratings written into a large diameter Yb doped fibre for
high power lasers [2]. It contained enough germanium defect
centres to allow single photon grating writing. Unfortunately,
for many rare earth systems, particularly codoped, the use of
germanium is not desirable.
One approach to writing FBGs in materials that have very
low photosensitivity is through multiphoton absorption. This
can be performed at a number of wavelengths, for example
UV (193nm) [3, 4] or NIR (800nm) [5]. There are two main
techniques to write FBGs: (1) phase mask direct writing,
where an interference pattern creates the index modulation, or
(2) point-by-point (PxP) where the index modulation is
written one fringe at a time. When using the phase mask
approach, the spatial coherence of the writing laser has a
large impact on the quality of the interference fringe and also
the distance the fibre can be situated from the phase mask.
Normally, low spatial coherent sources such as ArF 193nm
(typically -500pm) lasers require the optical fibre's core to be
very close to the phase mask surface. This is problematic
when the dimensions of the fibre are large and the core is
-(100 - 300)pm from the surface of the phase mask. The
coherence can be improved to over 1mm when appropriate
unstable resonator cavities are used. Alternatively, the PxP
method can be employed. It does not require a phase mask,
nor indeed high coherence other than to focus tightly.
However, the resultant dimensions of the focused laser spot,
limit the fringe period and either a 2nd or 3rd order FBG for
with wavelengths between 800-1600nm are used.

Multiphoton irradiation is dependent on high intensity and
therefore in practice the pulse duration. Both these affect the
volume of material that is modified. For example, nanosecond
lasers tend to modify the material at distances larger than the
beam dimensions because the pulse duration is longer than
the local relaxation time after excitation and hence heating
spreads further afield. On the other hand, femtosecond lasers
localise material modification to dimensions less than the
laser beam since the exposure time is commensurate with the
excitation time. Since the material modification using a
femtosecond laser at long wavelengths is through multiphoton
absorption (5-6 photons) in principle the material
modification can be localised well below the wavelength, or
diffraction limit. In practice, however, tight focussing is
difficult with near IR wavelengths and an 800nm laser usually
leads to dimensions -500-600nm. Therefore the FBG fringes
are limited to dimensions equal or slightly less than this and
the grating is therefore usually a third order grating, or with
care a second order grating.
In this work we report grating writing in Yb 3-doped air
clad fibres with no germanium using such a laser. The
advantage of air-clad fibre lasers compared to double clad
polymer lasers is the larger heat resistance of an air ring
compared to a polymer cladding - for high power fibre lasers
thermal build-up within the polymer as a result of optical
absorption of the pump wavelengths often leads to the
polymer coating burning. Often a third fluoride-doped silica
glass layer is introduced into the polymer clad system to
minimise the pump reaching the polymer and generating heat
through absorption. In cases where substantial non-radiative
transitions lead to large thermal build-up within a laser then
simply reducing the pump light reaching the polymer layer
may not be sufficient to reduce the overall temperature. This
temperature can always affect the refractive index of the
polymer and therefore the laser performance.
A challenge for grating writing in air-clad fibres is the large
scattering and refraction of the writing laser by the air
cladding, which restricts multiphoton grating writing.
Previous work using a UV laser [2] can overcome this issue
because the process was single photon and the grating growth
was cumulative - a threshold need not be reached. On the
other hand, for higher exponent processes, a threshold need to
be reached and if the intensity is reduced by scattering then
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there must be excess laser energy to overcome these losses.
For very high exponent processes such as 5 or 6 photon
absorption, this is usually not possible. The issue can be
further complicated by multiple reflections smearing the
fringe contrast. In recent work by Sorenson et. al. reduced
scattering from a photosensitive photonic crystal fibre was
demonstrated using organic liquids in the air holes [6]. In this
paper we adopt a similar approach to reduce the scattering to
the air barrier and demonstrate to our knowledge the first
gratings written directly into an active air clad fibre with a
femtosecond laser.

of 125gm fibres. Alignment of the cores for "tacking" was
done using a HeNe laser and visually monitoring the
transmitted intensity. During the actual fusion process, minor
misalignments occurred decreasing the quality of the splice.
The emitted near field was imaged using a microscope
objective to ensure coupling was through the core as opposed
to the pump cladding. It was observed that the light
confinement in the air-ring is reduced by the insertion of the
index liquid. The fusion process was further complicated
from the index liquid that was in the air-ring.
III. FBG WRITING

II. PREPARATIONS OF THE AIR-CLAD FIBRES

FBGs were written using a Hurricane Ti:Sapphire
femtosecond laser (800nm, lOOfs, lkHz). To focus the laser
into the core of the fibre, a 20x (0.8NA) oil immersion
objective lens was used generating a spot size of
approximately a micron in diameter at l/e2 intensity. The
fibre was positioned relative to the microscope objective
using a computer controlled 3 axis stage system. Micrometer
precision permitted the start and end positions of the grating
to be defined in 3-dimensional space. A peak power of 2x1014
W.cm 2 (pulse energy = 0.21pJ) was used to fabricate each
individual fringe with a single pulse. The total grating length
was 5mm. The laser spot size restricts the gratings to 2nd
order with a period of 746nm defining a Bragg wavelength of
1085nm. Features <0.6pm are written because the 5-photon
absorption together with the intensity localises the change to
this order. The effective index of the core was determined to
be 1.4555. A transmission spectrum is shown in Fig. 2 of the
FBG that has a strength >16dB.

An MCVD preform was stacked inside a layer of capillary
tubes which were supported by a containment tube. The new
air-clad preform is then carefully drawn into fibre to avoid
hole collapse. Silica "bridges" between adjacent holes have
been fabricated with dimensions less than 1pm [7]. An SEM
image of the cross-section of the fibre used in these
experiments is shown in Fig. 1. The fibre had an outer
diameter of -270pm, and 350pm with the polymer cladding.
The core contained Yb3+ (-3 wt%), Al (-15 wt%) and Ge (-5
wt%) and has an NA of 0.18.
Insertion of the index matched liquid (Index Matching
Fluid, York Technology Ltd. ND=1.4587) into the holes was
done using a needle that was attached to the cleaved fibre
with a strong adhesive. Pressure was then applied with a
syringe forcing the liquid into the holes. Once the fibre was
sufficiently filled with the liquid, the needle and syringe were
cleaved from the fibre. For the purpose of this study, the
entire fibre was filled with the liquid; however, if the gratings
are to be positioned at the end of a fibre section, then the
liquid can be inserted only in the section that requires it. This
makes subsequent removal by heating under vacuum much
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Transmission spectra for 2nd order FBG.

The intensities used in this study were large enough to
cause permanent material damage. Generally the damage
regions form filament structures [8] which can be seen in Fig.
3. The dimensions of the filaments are on the order of

SEM of the air-clad fibre

-0.6pm wide and -5pm long. Therefore, the filament extends

To characterise the FBG during writing, pigtail fibres were
spliced onto the ends of the air-clad fibre. The large diameter
differences between the air-clad (-300pm) and SMF-28
pigtail fibres (-125pm) mandated custom fusion conditions.
A low energy arc was used that resulted in the two fibres
"tacking" together rather than fusing. Consequently, the
splices were weaker than is characteristic of common splicing

across the entire core (diameter -5pm) in one axis but only
extends 1/10 of the core in the other axis. This should lead to

grating birefringence, which in laser applications is often
desired for single polarisation lasing. It is likely that the
observed peak at shorter wavelengths is due to this
birefringence. In this case, the splitting suggests a
birefringence of just over 2x10-3.
2
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The spectra were adjusted by 3dB to remove the loss from
free space butt-coupling for comparative purposes. The
attenuation between 805nm and 1070nm is absorption of
Yb ions. The insertion loss of the grating -1085nm is >3dB
and this will affect any active device made using this
structure. Further reductions are possible by optimising

Gratings were also inscribed through the acrylate polymer
coating of the air-clad fibre. This is an advantageous
approach as the fibre laser has increased robustness and is
only possible if the working distance of the writing objective
is sufficient for the 800 nm light to reach the core. Hence the
approach will not be possible for very large fibres - this
distance limit is comparable to that of the coherence limit of
exciplex lasers.

dimensions.

V. CONCLUSION

Using the point-by-point method FBGs were written in the
of an air-clad optical fibre. Removal of the large airsilica index contrast surrounding the fibre by filling with
index matching liquid permitted very low distortion of the
800nm writing laser. This also allowed visual identification of
the core in the transverse direction which in turn permitted
alignment of the grating in the centre of the core. The
advantage of using high intensity 800nm femtosecond light to
write the FBGs is the ability to write quickly with the
possibility of choosing any desired Bragg wavelength and the
potential for writing through the protective polymer coating
for superior device robustness. Short wavelength attenuation,
most likely from scattering of the damaged regions, is
observed for these grating structures.
core

Fig. 3. Optical micrograph of typical filaments generated by the
800nm laser.

IV. SHORT WAVELENGTH ATTENUATION
After writing the FBG a large amount of scattering was
observed at the grating region when propagating a HeNe laser
beam through the fibre. Therefore a broad transmission
spectrum covering the visible and IR wavelengths was
recorded (Fig. 4). This appears to be comparative to
photodarkening reported previously and associated with
defect generation in doped fibres [9]. Most electronic defect
absorptions are readily fitted with Gaussian or Lorentzian
functions - in this case the gradual slope of the attenuation is
indicative of scattering phenomena.
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Fig. 4. Transmission spectra through air-clad with and without
FBGs after background subtraction. INSET: Difference between the
two spectra (w/ FBG - w/o FBG). The fibre contained three 5mm
FBG in the 1530nm region.

Also shown on the same plot is the fit proportional to 4this indicates that this short wavelength loss is related to
scattering from the actual damage regions themselves. The
deviation from X4 indicates that scattering is from the damage
region interfaces as well as possible inhomogeneities within
these regions commensurate with the Rayleigh dimensions.
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