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We investigate the mechanisms of formation of long-period gratings written in a pure-silica-core fibre by
using arc discharges. We show by simulation of transmission spectra of the gratings that their formation can
be accounted for by the microdeformations induced in this fibre due to temperature gradients in the arc
discharge. The measurement of the near-field intensity distribution confirms the asymmetry of the
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1. Introduction

The use of optical fibre sensing technology is nowadays studied for
applications in ionizing radiation environments. Such applications
require fibre components that can withstand the corresponding harsh
conditions. It is known that the pure-silica-core fibres are significantly
less sensitive to radiation as compared to the Ge-doped fibres.
Therefore, these fibres can be used for the fabrication of long-period
fibre gratings (LPFGs) suitable for applications under ionizing
radiation. Several techniques of inscription of gratings in pure silica-
core fibres have been proposed, namely the ones based on CO,-laser
radiation [1], arc-discharges [2], OH-flooding with subsequent
excimer ArF-laser irradiation [3], or exposure to femtosecond laser
pulses [4]. In 2005, it was demonstrated that doses of gamma
radiation up to 0.5 MGy have a negligible effect on the spectra of arc-
induced long-period fibre gratings and also on their temperature and
strain sensitivities [5].

In previous publications concerning the fabrication of LPFGs in
pure silica-core fibres by using arc-discharges [2] and CO, laser
radiation [1,6], the formation of gratings was attributed to stress
relaxation. However, stress measurements performed inside arc-
induced gratings have shown only a slight modulation of the core
stress corresponding to an index change of less than 4.2 x 10>, which
is typically one order of magnitude lower than required [7]. Moreover,
the length of the region annealed by a single arc discharge was larger
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than the grating period (730 um). It was observed that it is possible to
obtain significant stress relaxation (corresponding to a An ~10~%) but
an arc current larger than the typical (~9 mA) is needed. Diffusion of
fluorine is another possible mechanism; however, for a temperature
of 1350 °C[8] and arc duration of 0.5 s, the diffusion would account for
a refractive index change of only about 5x107° [9].

Recently, we demonstrated that the periodic microdeformations
induced in the fibre core due to temperature gradients in the arc are
responsible for the creation of asymmetric gratings in standard fibres
[10,11]. In this paper, we investigate the mechanism of formation of
gratings in the pure-silica-core fibre inscribed by arc discharges and
study the role of periodic microdeformations for this type of fibre.

2. Grating fabrication

LPFGs were written in a pure-silica-core fibre SMPS 1300-125 P
from Oxford Electronics with an inner fluorine-doped silica cladding
and pure silica outer cladding. The fibre has the following parameters:
Do =9 um, Djnn =40 um, Dgjaq,= 125 pm, neo=1.457, Nijpn =1.452,
Nout = 1.458 (at A=632.8 nm), and NA.=0.11. Fig. 1 shows the
refractive index profile of the fibre. The refractive index is constant in
the inner cladding and peak-shaped in the core. The outer cladding
has refractive index higher than that of the core and the inner
cladding.

To inscribe the gratings we used the electric arc-discharge
technique [2,12]. The fabrication process starts with positioning of
an uncoated fibre between the electrodes of a fusion splicing machine.
One end of the fibre is clamped in a fibre holder on top of a stage,
whose translation is controlled with a precision of 0.1 pum. At the other
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Fig. 1. Refractive index profile of the pure-silica-core fibre.

end, a mass is attached to keep the fibre under a constant axial tension
(10-400 mN). A short section of fibre is exposed to an arc discharge
with an electric current of 8.5-10.0 mA for 0.5-2.0 s. Then the fibre is
moved by the grating period, typically 400-700 pm. A computer-
controlled sequence of arc discharges and fibre displacements is
repeated 15-100 times until a required grating is produced. The
fabrication parameters were set as follows: an axial tension of
356 mN, an electric current of 9 mA, an arc duration of 0.5s and a
grating period of 730 um, which was chosen in order to obtain a
grating resonance around 1.55 pm. The transmission spectrum of a
22 mm long LPFG is shown by the solid bold curve in Fig. 2. A white
light source was used to illuminate the grating and an optical
spectrum analyser, set to a resolution of 1 nm, was used to record its
spectrum. The grating exhibits two resonance wavelengths at 1.40
and 1.55 um being their amplitudes of about 4 and 11 dB, respectively.

3. Simulation of the grating spectrum

It was demonstrated recently that the gratings arc-induced in
standard fibres couple the core mode to the antisymmetric cladding
modes as a result of asymmetric microdeformation of the fibre. At the
same time, the gratings arc-induced in B/Ge fibres couple the core
mode to the symmetric cladding modes as a result of induction of
internal stresses (reversible structural rearrangement) [10,11]. The
type of modes excited by arc-induced LPFGs in pure-silica-core fibres
was not investigated previously.
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Fig. 2. Transmission spectrum (solid bold curve) of a LPFG written in a pure-silica-core
fibre with a period of 730 um. Computer simulation to fit the experimental spectrum of
the LPFG on the assumption of having a symmetric perturbation (dashed curve) and for
an antisymmetric perturbation (solid curve) in the fibre.

Since there are no such internal stresses in the pure-silica-core fibre
as in the B/Ge fibre, we may assume that the former fibre behaves
similarly to the standard fibre and the mechanism of LPFG formation in
this fibre is antisymmetric. To examine the validity of our assumption
we performed computer simulation by the commercial software
Apollo V2.2a and calculated the transmission spectra of the LPFGs.

In contrast to the standard fibre, the pure-silica fibre has an inner
cladding, whose refractive index is lower than that of the outer
cladding. Moreover, the cladding has the highest refractive index;
therefore, the fundamental cladding modes propagate through the
outer cladding. These modes have negligible amplitudes in the inner
cladding as well as in the core and do not interact with the core mode
and, thus, are not important for us.

There exist also leaky core mode and cladding modes propagating
through the inner cladding. The cladding modes are guided by the
Fresnel reflection at the interface between the two claddings [13,14].
These modes have large amplitudes near the core and, therefore, are
coupled with the core mode. LPFGs in the pure-silica-core fibre excite
these modes. Therefore, we assumed that the cladding modes
propagate through the inner cladding.

The software that we used was not able to calculate the leaky
cladding modes. However, the leaky cladding modes are quite similar
to the guided cladding modes. These two types of modes have similar
profiles and close propagation constants. For an LPFG in the standard
fibre, the difference in the resonance wavelengths between the leaky
cladding modes (propagating in the cladding having refractive index
higher than the refractive index of the ambient medium) and the
guided cladding modes (propagating in the silica cladding surrounded
by air) is of order of several nanometres [15].

Hence, as an approximation, we may take the refractive index of
the outer cladding to be a unit and calculate the guided cladding
modes. In addition to some difference in resonance wavelengths of
LPFGs with the leaky and guided cladding modes, the resonances of
leaky cladding modes are broader with their widths depending on the
core-cladding index difference [14]. This is because the fibre cannot
confine the radiated field at the resonance wavelengths, forming leaky
modes, when the refractive index of the core is close to the refractive
index of the cladding.

The arc discharge clearly produces stress relaxation [7], the core
and the inner cladding become less compressive and the outer
cladding less tensile. However, the stress changes in core and inner
cladding are almost identical, and, therefore, the stress (and refractive
index) difference between core and cladding remains almost
unchanged [7]. Therefore, the overlap integral between the core and
cladding modes, which determines the coupling coefficient due to
stress relaxation, vanishes.

For the simulation, we used the refractive index profile shown in
Fig. 1. The dispersion relations for the core (pure silica) and cladding
(fluorine-doped silica) materials were obtained using the Sellmeier
equation with the coefficients taken from [16]. The initial inner
cladding radius (40 um) of the fibre was adjusted to 36.5 pm in order
to fit the transmission spectrum of the grating.

In the fibre exposed to the arc discharge (in the heated sections of
the fibre grating), we observed a reduction of about 5% in the fibre
diameter. Although, not this reduction itself but its asymmetry
contributes to the antisymmetric mode coupling. To define the
modulation of refractive index in the grating as a result of micro-
deformation we assumed that there is a 0.4% difference between the
reductions of radius at the two sides of the fibre. This difference
produces a core shift by 0.25 um. The periodical core shift induces an
antisymmetric modulation of refractive index profile near the core.
There are also other regions where the perturbation is nonzero: one is
near the inner cladding radius and another is near the outer cladding
radius. However, the changes at these interfaces can be neglected in the
calculation of the coupling coefficient because the core mode amplitude
is vanishingly small there.
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Fig. 2 also shows the simulation spectra (solid curve) under the
assumption of having an asymmetric perturbation. The two reso-
nances correspond to the coupling of the core mode to the
antisymmetric cladding modes, LP;; and LP;,. For comparison, the
dashed curve shows the two resonances that correspond to the
coupling of the core mode to the symmetric cladding modes, LPy, and
LPo3. As can be seen the simulation spectrum for the asymmetric
perturbation retraces fairly well the experimental one not only in
which concerns the resonance wavelengths but also the intensity
ratio of both cladding modes. The major discrepancy is the larger
bandwidth of the real resonances that can be due to the fact that in the
experiment we are dealing with leaky-modes. It should be mentioned
that in our previous investigations concerning arc-induced gratings in
the SMF28 fibre, from Corning, and in the PS1500 fibre, from
FIBERCORE [10,11] the simulation spectra also fits fairly well the
experimental ones. Moreover, for the latter fibre, where we were able
to write a grating exhibiting a dual set of resonances formed by
different mechanisms and caused by coupling to cladding modes of
different symmetries, we have demonstrated that the resonances at
shorter wavelengths belong to an asymmetric perturbation and the
ones at longer wavelengths belong to a symmetric perturbation [17].
Therefore, we assume that the gratings we have inscribed in this pure-
silica-core fibre using our particular setup are also based on
microdeformations.

4. ARC-induced vs mechanically-induced LPFGS: the asymmetric
perturbation

To support our previous statement we show in Fig. 3 a comparison
between the arc-induced grating and a grating mechanically induced
(MLPFG) by winding a string around a grooved tube with the fibre
stretched along the tube [18]. However, due to limitations in our setup
we have chosen a period of 700 um. Clearly, apart from some
difference in the resonance wavelengths, this spectrum resembles
the one obtained for the arc-induced grating: only two resonances are
shown and their amplitudes are about 4 and 9 dB, with similar
intensity ratios. It is well known that the gratings produced by
microbending induce coupling to the antisymmetric cladding modes.

MLPFGs offer the possibility to estimate the position of the
resonance wavelengths without compromising the fibre integrity
since they are reversible and can be performed over the fibre coating.
In fact, this approach was used in the past to assess the best grating
period in order to obtain resonance wavelengths at 1.31pm or
1.55 pum. This led to the optimized grating period of 730 mm. LPFGs
arc induced in this fibre were used in the sensing field not only to
study the effect of ionizing radiation [5] but also to perform salinity
measurements [19]. It should be noticed however that even for the
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Fig. 3. Comparison of the experimental spectrum of the LPFG with the spectrum of a
mechanically-induced LPFG having a period of 700 pm.

same grating period the resonance wavelengths of arc-induced
gratings are shorter than the ones obtained for MLPFGs [10,20]. This
was attributed to stress relaxation/viscoelasticity caused by the arc
discharges [7,21]. Therefore, an arc-induced grating with a period of
700 pum leads to two resonance wavelengths below 1.50 pm.

On the other hand a grating period of 730 um and the
correspondent resonance at 1.55pum allows one to confirm the
symmetry of the perturbations in the fibre by measuring the near
field intensity distribution of the cladding mode excited by the arc-
induced grating. Thus, the fibre was cleaved just after the grating and
the near-field of the radiation emerging from the fibre-end was
detected by an infrared camera, while the tunable laser (HQ4321A)
used as a source scanned the wavelength around a particular grating
resonance (positioned between 1520 and 1620 nm) [10]. Fig. 4 shows
that the intensity distribution reveals clearly the asymmetry of the
cladding mode. Moreover, the intensity distribution points towards
the LP;; cladding mode resonance as indicated by the fitting to the
experimental spectrum through the computer simulation for the
asymmetric perturbation (Fig. 2).

5. Conclusions

We have inscribed long-period fibre gratings in the pure-silica-
core fibre by using arc discharges and have shown that the
transmission spectrum of the grating can be accurately fitted by
simulation if we assume that the modulation of the refractive index in
the grating originates from periodic microdeformations induced in
the fibre. The microdeformations are produced by temperature
gradients in the arc. Similarity between the spectra of the arc-induced
gratings in the pure-silica-core fibre and the spectra of microbend
gratings in the same fibre indicates that the same mechanism works in
the both cases. The measurement of the near-field intensity
distribution confirms the asymmetry of the excited cladding modes.
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Fig. 4. Near-field intensity distribution of the cladding mode for the resonance at
1.55 um. The dashed circles show the sizes of the outer (R=62.5pum) and inner
(R=36.5 pm) claddings.
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