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Description
Field of the Invention
[0001] The present invention relates to methods for the
formation of fiber Bragg gratings in optical waveguides
and to sensing apparatus comprising such gratings. Such
sensors can be used for measurement of pressure,
strain, temperature, or displacement or index of refraction
at a high temperature, for example up to 1000 °C.
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Background of the Invention
[0002] Fiber Bragg grating (FBG) sensors are attractive devices for performing quasi-distributed temperature
and strain measurements along an optical waveguide
(e.g. optical fiber). Variations in the spectral response of
the grating result from period changes in the Bragg grating due to strains or temperature variations that are experienced by the optical fiber when placed in a specific
environment. These FBG sensors offer important advantages over other sensor technologies because of their
electrically passive operation, electromagnetic interference (EMI) immunity, high sensitivity and multiplexing
capabilities. Fiber Bragg gratings are simple, intrinsic
sensing elements which traditionally have been UV photo-inscribed into photosensitive Ge-doped silica fiber.
Each FBG sensor has a characteristic retro-reflective
Bragg resonance or Bragg resonance wavelength, which
is dependent upon the periodicity of the grating photoinscribed within the fiber and the effective refractive index
neff, of the fundamental core mode of the optical fiber.
The FBG sensors can then easily be multiplexed in a
serial fashion along a length of single fiber to produce a
quasi-distributed optical fiber sensor array. When embedded into composite materials, optical fibers with an
array of FBG sensors allow for distributed measurements
of load, strain, temperature and vibration of the material
creating what has is commonly referred to as "smart
structures" where the health and integrity of the structure
is monitored on a real-time basis.
[0003] Typically, fiber Bragg gratings are generated by
exposing the UV-photosensitive core of a germanium
doped silica core optical fiber to a spatially modulated
UV laser beam in order to create permanent refractive
index changes in the fiber core. Such a spatially modulated UV beam can be created by using a two-beam interference technique as disclosed in US patent number
4,807,950 by Glenn et al. or by using a phase mask as
disclosed in US patent number 5,367,588 by Hill et al.
The techniques taught by Glenn and Hill result in gratings
that are typically referred to as Type I gratings.
[0004] A limitation of the prior-art UV-induced Type I
fiber Bragg gratings, especially for high temperature sensor applications, is that operation of the sensor at elevated temperatures results in the removal or annealing of
the UV-induced color centers and densification which are
responsible for the induced index change of the grating.
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In fact, at temperatures approaching the glass transition
temperature of the fiber, which for silica is approximately
1000 °C, total removal of the induced index modulation
results.
[0005] Another method for creating permanent photoretractive index changes in glasses employs the use
of intense UV beams with fluences or energy/unit-area
per laser pulse densities that approach those required to
produce macroscopic damage of the glass. Askins et al.
in US patent number 5,400,422 teach a method for producing permanent photoretractive index changes in the
photosensitive cores of Ge-doped optical fibers with a
single high intensity UV laser pulse. Such Bragg gratings
resulting from macroscopic damage to the glass optical
fiber are typically referred to as Type II gratings. The high
intensity portions of the interference fringes created by
two crossed UV beams split from a single UV beam create localized damage at the core-cladding interface within the fiber. Because the process for inducing index
change is one of structural change due to localized photoionization and physical damage to the glass, rather than
due to UV photo induced color center defect formation,
the induced index change is more robust and does not
decrease with elevated temperature. In fact Askins et al.
disclose that gratings produced in this way cannot be
removed by annealing until the fiber or waveguide approaches the material’s glass transition temperature. The
drawback of this approach for induction of index change
is that the Bragg gratings produced in this fashion have
relatively low refractive index modulations (Δn = 10-4)
and are mechanically weak since the effective refractive
index change results from periodic localized damage at
the core-cladding interface. When the pulse duration is
long (> a few tens of picoseconds) laser-excited electrons
can transfer energy to the surrounding lattice faster than
the thermal diffusion of the material can remove the energy resulting in damage. If the laser pulse continues to
feed energy into the damage site, the damage can propagate beyond the irradiated zone. For damage grating
structures written with long laser pulse durations greater
than a few tens of picoseconds, the spectral quality of
the resulting Bragg grating is often poor and there is often
high scattering loss of the probe signal within the fiber.
[0006] Another method for creating permanent photoretractive index changes in optical fiber employs the
use of the process of "hydrogen-loading," as taught by
Atkins et al. in US. Pat. No. 5,287,427, combined with
UV-laser exposure of optical fiber to produce a type I
grating that is manufactured within a core that is co-doped
with fluorine. Subsequent to the UV exposure the fiber
then undergoes a thermal post treatment at 1000 °C in
order to induce a chemical composition grating as taught
by Fokine in US. Pat. No. 6,334,018. These gratings have
often been referred to in the literature as thermally regenerated gratings. As with the technique taught by
Askins et al., the technique taught by Fokine also has
the drawback that the induced index change of the Bragg
gratings produced in this fashion have relatively low re-
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fractive index modulations (Δn =10-4).
[0007] By using special optical fibers such as silica
based optical fibers but with very high germanium concentrations in the core, Riant et al. in J. Lightwave Technol. 15 (8), 1464 (1997) demonstrate that a sustained
exposure to an interference pattern created with pulsed
UV laser light will initially produce a Type I Bragg grating
which will erase and then subsequently regrow but at
shorter wavelength of the Bragg resonance. This type of
grating was found to have better thermal stability at 400°C
than a Type I grating and was dubbed a "Type IIA" grating.
The formation of the Type IIA grating is the result of relaxation by the laser beam of high internal stresses
present in the fiber due to the dissimilarities of the fiber
core and cladding materials. The resulting grating has a
negative index change compared to the original Type I
grating. The limitation in this approach to writing thermally
stable gratings is that the grating structure erases at temperatures approaching 600°C and it is limited to optical
fibers possessing high internal stresses.
[0008] Another method for creating UV laser-induced
gratings with higher thermal stability than Type I fiber
Bragg gratings is taught by Liu et al. in US Pat. No.
6,907,165 where sustained exposure of a hydrogenloaded Boron-Germanium co-doped optical fiber to a UV
laser induced interference pattern results in the formation
of a Type I grating, its subsequent removal and then the
formation of what is called a Type IA grating with better
thermal properties. As in the approach demonstrated by
Riant et al. for Type II A gratings, sustained exposure to
the UV laser beam results in Type I grating formation, its
removal and the formation of another grating with better
thermal stability but this time the result of positive index
change. As with the case of Type IIA gratings, this approach requires specialty optical fibers as well as hydrogen loading. Furthermore the induced index change is
annealed out at temperatures above 500°C.
[0009] The fabrication of high temperature stable
Bragg gratings using infrared ultrafast radiation and a
phase mask, as taught by Mihailov et al in US. Pat. No.
6,993,221 results in high temperature stable Bragg gratings with very high index modulations (Δn >10-3). For Gedoped silica optical fibers, Smelser et al. showed in Opt.
Express., vol. 13, pp. 5377-5386, 2005, that these high
temperature stable Bragg gratings are formed as a result
of traversing an intensity threshold Ith. When using multiple irradiating femtosecond infrared (fs-IR) laser pulses
with beam intensities greater than Ith = 4 3 1013 W/cm2
at the surface of the optical fiber, the formation of thermally stable Bragg gratings similar to Type II UV-induced
gratings was observed. In the case of gratings fabricated
using the techniques taught in US. Pat. No. 6,993,221,
the index modulation results from a threshold type process of multiphoton absorption and multiphoton ionization
that results in plasma formation and the possible creation
of microvoids. Although strong gratings can be formed
using the approach taught in US. Pat. No. 6,993,221, the
resulting Type II gratings suffer from high scattering loss
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making it difficult to concatenate a large number of Bragg
grating sensors into a sensor array on a single length of
optical fiber. The threshold nature of the process also
makes it more difficult to tailor the induced index profile
of the grating in terms of its apodization, reflectivity and
reflection bandwidth. Using the technique taught by Mihailov et al in US Pat. No. 7,031,571, Smelser et al. also
showed that very high index modulations (Δn >10-3) could
be created with laser beam intensities lower than Ith = 4
3 1013 W/cm 2 that did not possess high scattering loss.
However, these gratings were not high temperature stable, and the index modulation, likely arising from color
center formation and material densification, was erased
at temperatures > 800 °C. These gratings were referred
to as Type I fiber Bragg gratings.
[0010] Induction of Bragg gratings using femtosecond
infrared radiation pulse intensity thresholds below the Ith
for Type II fiber Bragg grating formation but with extremely large index modulations (Δn > 3310-3) as taught by
Smelser et al. in US. Pat. No. 8,272,236 result in a portion
of the refractive index change which is stable at temperatures approaching 1000 °C. For this process, the Bragg
gratings are formed by using sustained laser exposures
consistent with a Type I grating formation and the optical
fiber photosensitization processes to infrared radiation
taught by Mihailov et al. in US Pat. No. 7,515,792 in Gedoped hydrogen loaded optical fiber. Beneficially, the resulting fiber Bragg gratings have a portion of their index
modulation that is thermally stable at 1000°C but also
have low insertion loss or scattering loss. Serious limitations to this approach exist because of the requirement
for prolonged laser exposures which introduces wear and
tear on the inscription laser as well as reduced reliability
of the optical fiber. The extra processing step of photosensitization can only be applied to Ge-doped fiber and
is ineffective for other silica based optical fibers absent
a Ge-dopant.
[0011] The limitation for the necessity of the use of hydrogen loading of Ge-doped fiber is removed in the process taught by Smelser et al. in US Pat. No. 8,402,789
where a Type I grating is initially written using multiple
laser pulses at intensities below the threshold intensity
for Type II grating formation. This pre-conditioning of the
optical fiber has the effect of lowering the Ith for type II
grating formation by 25%. By lowering the threshold for
multiple pulse type II grating formation and using lower
grating inscription laser intensities, lower loss thermally
stable type II gratings are realized.
[0012] Further, it is known from Yuhua Li et al in "Fiber
Bragg gratings with enhanced thermal stability by residual stress relaxation", Optics Express Vol.17, No.22
(2009) to enhance thermal stability of Fiber Bragg gratings fabricated by the use of femtosecond laser pulse
irradiation through a high temperature annealing treatment. It is further known from Dan Grobnic et al. in
"Growth Dynamics of Type II Gratings Made with Ultrafast Radiation", Advanced Photonics (2014) that the formation of a type I grating is followed by its erasure and
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subsequent formation of a type II structure. It is further
known from patent document US2009/0317928 A1 that
pre-writing a type I grating before writing a minimal damage type II grating lowers the characteristic threshold so
that a stable low damage type II grating can be written.
[0013] There still remains in this field of art the need
for Fiber Bragg grating sensors that are thermally stable,
that have good reflectivity, and that experience low scattering loss to permit multiplexing of multiple FBG sensors
along a single optical waveguide.
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Summary of the invention
[0014] In one aspect, there is provided a method for
inscribing a Bragg grating in an optical waveguide according to claim 1. The method comprises, amongst others, the steps of: providing the optical waveguide; providing electromagnetic radiation from an ultrashort pulse
duration laser, wherein the electromagnetic radiation has
a pulse duration of less than or equal to 5 picoseconds,
and wherein the wavelength of the electromagnetic radiation has a characteristic wavelength in the wavelength
range from 150 nm to 2.0 microns; irradiating the optical
waveguide with the electromagnetic radiation to form a
Bragg grating, the electromagnetic radiation incident on
the optical waveguide being sufficiently intense to cause
a permanent change in an index of refraction within a
core of the optical waveguide when exposed to a succession of laser pulses, wherein the irradiating step is
carried out for at least a number of pulses sufficient to
form the permanent index of refraction change in the core
of the optical waveguide, and wherein the irradiating step
is terminated prior to erasure of a Bragg resonance
(Bragg resonance erasure, or Bragg resonance minimum, as defined below) by the irradiating; and heating
the optical waveguide to a temperature and for a duration
sufficient to substantially remove a non-permanent grating formed in the optical waveguide by the irradiating
step. In one embodiment, the method further comprises
a step of: providing a diffractive optical element which,
when exposed to the ultrashort laser pulse, creates an
interference pattern on the optical waveguide, wherein
the irradiation step comprises irradiating a surface of the
diffractive optical element with the electromagnetic radiation, the electromagnetic radiation incident on the optical waveguide, from the diffractive optical element, being
sufficiently intense to cause the permanent change in
index of refraction in the core of the optical waveguide.
[0015] In a non-claimed aspect, there is provided an
optical waveguide with an inscribed Bragg grating prepared according to the method as described herein. In
still another non-claimed aspect, there is provided an optical waveguide with an inscribed Bragg grating, wherein:
the Bragg grating is stable at a temperature up to the
glass transition temperature of the optical waveguide;
and the Bragg grating has a scattering loss of less than
3.0 dB and a reflectivity greater than 10%.
[0016] In the present application, references to "a per-
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manent change in an index of refraction within a core of
the optical waveguide" represents the formation of a grating that is stable at higher temperatures, for example at
a temperature up to just below the glass transition temperature of the material forming the optical waveguide
being inscribed with the grating. This is also referred to
herein and in the art as a type II grating. In one embodiment, where the waveguide is a silica based fiber, a permanent change in an index of refraction within a core of
the optical waveguide is one which is stable at temperatures of up to 1000°C. In other embodiments, where the
optical waveguide comprises a different material (e.g.
crystalline sapphire), the temperature may be higher than
1000°C.
[0017] In the present application, references to a "nonpermanent grating" refer to gratings that are not stable
to high temperatures, and that can be substantially removed by heating the optical waveguide. These are also
referred to herein and in this field of art as type I gratings.
In one embodiment, a non-permanent grating is one
which is substantially removed by heating at temperatures of up to 1000°C. In some embodiments, the nonpermanent gratings are substantially erased at temperatures lower than 1000°C, for example 800°C.
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Description of the drawings
[0018] Exemplary embodiments of the invention will
now be shown in conjunction with the drawings in which:
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Fig. 1 shows the evolution of the transmission spectra of a grating as it is being written by sequential
pulses of high intensity 800 nm radiation that are
passed through a phase mask. Trace 101 represents
the signal amplitude observed after initial pulses, associated with Type I grating formation, Trace 102
represents the reduction of signal amplitude observed after a number of further pulses (the Bragg
resonance wavelength erasure), and Trace 103 represents the signal amplitude observed after irradiation past the Bragg resonance wavelength erasure,
associated with further formation of Type II grating.
Fig. 2 shows the evolution in reflected Bragg resonance signal as a function of exposure (number of
laser pulses) measured with a Bragg grating interrogator that monitors the strength of the reflected
Bragg resonance light. The top evolution trace
shows a sequential signal growth, reduction, and regrowth at the Bragg resonance wavelength (at
around 1544 nm for the selected optical waveguide).
Region 201 denotes the growth of the signal amplitude, associated with Type I grating formation. Region 202 denotes the reduction of signal amplitude,
associated with Type II grating formation, towards
the minimum in Bragg resonance amplitude (204),
which is the point of Bragg resonance erasure. Region 203 shows the re-growth in signal strength, fol-
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lowing the Bragg resonance minimum, associated
with the further formation of Type II grating. The bottom evolution trace denotes the wavelength shift of
the Bragg resonance as a function of the number of
pulses.

5

Fig. 3 compares the change in reflectivity for two
types of gratings during a post heating treatment:
(301): a Type I grating written with intensities
below Ith, and

10

(302): a grating written with intensities above Ith
and but with an insufficient number of pulses to
reach the Bragg resonance wavelength erasure
(i.e. irradiation was terminated during Region
202 as observed in Figure 2).

15

Fig. 4 displays the reflectivity spectra of an array inscribed with 24 strong type II Bragg gratings having
a loss per grating between 0.5 dB and 1 dB.

20

Figs. 5A and 5B respectively display the pre-annealing and post-annealing room temperature reflection
spectra of an array inscribed with 24 type II Bragg
gratings, where the inscription was terminated prior
to reaching the Bragg resonance erasure.

25

Fig. 6A plots the average fit for each of the 9 devices
temperature cycled as described in Example 6, as
well as the overall average fit. Fig. 6B plots the comparative results previously reported in the art.
Fig 7 presents scanning electron micrographs (SEM)
showing the formation of form birefringent nanogratings within the fiber Bragg grating created within Region 203 of Figure 2. The arrows in the left column
indicate the beam propagation direction for each
case. The respective zoom-in images in the right column are all oriented vertically by adjusting the SEM
scan rotation.
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Detailed description of the invention
[0019] It is an object of this invention to provide for
fabrication of high temperature stable FBG sensors by
using limited numbers of short electromagnetic pulses,
the intensity of the electromagnetic pulses being such
that the intensity at the core of optical fibers is greater
than Ith. These pulses create, together with a thermal
post processing, a Type II grating structure that does not
suffer from high scattering loss and that is stable up to
close to the glass transition temperature of the fiber being
inscribed.
[0020] In some embodiments, the pulses are transmitted through an optical diffraction element, e.g. a phase
mask, so as to create an interference field that will interact
with optical waveguide or fiber (e.g. silica-based fiber) to
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create the Bragg grating pattern. These embodiments
are described in greater detail below. However, any other
process which also involves using ultrafast pulsed laser
radiation that results in the creation of a grating structure,
such as the ’point-by-point’ technique disclosed by Martinez et al. in Electron. Lett. 40 (19), p. 1170 (2004), can
be tailored to follow the same steps as described below
and can be used to create low loss Type II gratings.
[0021] Scattering loss (or insertion loss) in fiber refers
to loss or attenuation of signal due to microscopic variations in the material density, compositional fluctuations,
structural inhomogeneities and manufacturing defects.
In this instance scattering loss refers to these qualities
as they relate to a Bragg grating. In some embodiments,
scattering loss may be observed by reduced reflectivity
signal amplitude for consecutive Fiber Bragg gratings
along an array of gratings.
[0022] In Grobnic et al., "Growth Dynamics of Type II
Gratings Made with Ultrafast Radiation," presented at the
OSA Advanced Photonics Congress Bragg Gratings,
Photosensitivity, and Poling in Glass Waveguides (BGPP) meeting; 2014, July 27-31, Barcelona, Spain; it was
disclosed that when using single pulses of fs-IR radiation
through a diffractive optical element (e.g. a phase mask)
in sequence with intensities at the fiber surface that are
above the Ith for Type II induced index change, the initial
laser pulses form a structure that is like a Type I grating.
Continued exposure to subsequent fs-IR pulses through
the phase mask results in growth and then erasure of the
Type I grating. After the erasure of the Type I grating,
continued exposure results in appearance and then
growth to saturation of a thermally stable Type II grating
having the same Bragg resonance wavelength as the
initial type I grating.
[0023] It has now been discovered that if irradiation of
the optical waveguide is terminated after formation of a
type II grating but prior to the Bragg resonance wavelength erasure, and that the optical waveguide is subsequently heated to remove the type I gratings formed, the
resulting waveguide comprises a thermally stable type II
grating having a very low insertion loss.
[0024] Complex dynamics have been observed in the
process of generating a Type II grating using the high
repetition rate infrared ultrafast radiation and the phase
mask method. When using repetition rates > 10 Hz and
intensities > Ith for Type II grating formation for a given
pulse duration and after a short incubation period of successive laser pulse accumulation, Type II grating growth
occurs very rapidly creating a high reflectivity structure
after only a few dozen laser pulses. If however the speed
of the process is reduced by using lower intensity pulses
but still above Ith and a low repetition rate, evolution of
the grating reflectivity at the Bragg resonance was observed to occur in three well-defined stages. These are
shown in Figure 1. Trace 101 shows an initial grating
growth similar to regular Type I growth up to 90% reflectivity (as measured by transmission (dB), with low insertion loss and no cladding mode coupling. Trace 102
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shows the erasure of the first Bragg resonance and the
apparition of cladding mode coupling (just below 1543
nm), the latter being indicative of the presence of type II
gratings (as taught, e.g., by Thomas et al., Cladding
mode coupling in highly localized fiber Bragg gratings:
modal properties and transmission spectra, Opt. Express
19, 325-341 (2011)). Trace 103 shows the re-emergence
of the reflectivity at the Bragg resonance, together with
large cladding mode coupling. The three traces in Figure
1 are offset for clarity, and are not indicative of the overall
loss of each grating (e.g. Trace 103 does not have an
average insertion loss of -7dB).
[0025] Shown in Figure 2 is the full evolution of the
reflectivity at the Bragg resonance wavelength, where
stage 201 depicts the initial increase in reflectivity, the
following decay in reflectivity (202), and the subsequent
return of reflectivity (203).
[0026] Without wishing to be bound by theory, it is believed that upon irradiation using lower intensity pulses
that are still above Ith and using a low repetition rate, type
I Bragg gratings are initially inscribed in the waveguide,
and that these are responsible for the initial increase in
reflectivity. This is supported by the lack of cladding mode
resonance in the initial transmission measurement. However, type II gratings are also believed to be inscribed,
albeit at a slower rate. The reduction in signal amplitude
may be due to cancellation of the signal produced by the
different types of gratings, or by the formation of the type
II gratings interfering or destroying the earlier formed type
I gratings. The point at which reflectivity of the system
during irradiation reaches a minimum is referred to herein
as the Bragg resonance erasure (alternatively referred
herein as the Bragg resonance wavelength erasure, or
the Bragg resonance minimum). Following this point, it
is believed that formation of type II Bragg gratings continues, increasing reflectivity at the Bragg resonance
wavelength. Thus, what is being observed is believed to
be the result of simultaneous induction of both Type I and
Type II index change, with continued exposure resulting
in the dominance of the type II index change.
[0027] It has now been discovered that if the grating
evolution (i.e. irradiation) is terminated during the second
exposure stage, i.e. after the inscription of type II gratings
has begun and before the Bragg resonance erasure (e.g.
during zone 202 in Figure 2), and if the waveguide is then
heated such that non-permanent (type I) gratings formed
are erased, the process results in an optical waveguide
with permanent gratings (type II gratings) that are stable
at high temperatures, e.g. up to 1000°C, and which has
a very low insertion loss.
[0028] At first glance this FBG may appear to be related
to the thermally regenerative grating described in the
background section, as a similar sequence of steps is
required to create it. However unlike regenerated gratings, no hydrogen loading or specialty fiber is required,
nor is there a significant wavelength shift, as was observed with the regenerated gratings. The prior process
also requires that the intensity of the UV light used to
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make the seed grating is below Ith and the grating is made
as strong as possible. In the present case, the intensity
is above Ith and the exposure is terminated before type
I erasure.
[0029] The inventors have shown that with continued
exposure at intensities above Ith, the structural changes
underlying type II index change are related to the wellknown self-organized nanostructures (nanograting) as
described by Taylor et al. in US Patent 7,033,519 . Direct
evidence of nanostructures in gratings fabricated with
sufficient number of accumulated laser pulses to place
them in the 203 region of Figure 2, were imaged with
scanning electron microscopy and are shown in Fig. 7.
Without wishing to be bound by theory, it is believed that
the self-organized nanostructures observed for these exposures beyond the Bragg resonance erasure are predictive of the type II structures obtained by irradiation, at
an intensity greater that Ith, of the optical waveguide
where irradiation is terminated after formation of a type
II grating but prior to the Bragg resonance wavelength
erasure.
[0030] In some embodiments, the optical waveguide
prepared according to the process of the present invention has a scattering loss of 3dB or less, for example of
from 2dB or less, 1 dB or less, 0.5 dB or less, or 0.1dB
or less.
[0031] In some embodiments, the Bragg grating prepared according to the process of the present invention
has a reflectivity, at the characteristic wavelength, that
is higher than 10%, for example higher than 25%, higher
than 50%, higher than 75%, higher than 90%, higher than
95%, higher than 99%, or higher than 99.9%.
[0032] In one embodiment, the optical waveguide prepared according to the process of the present invention
has a scattering loss of 3.0dB of less (for example 0.5dB
or less), and the Bragg grating inscribed within the
waveguide has a reflectivity at the characteristic wavelength higher than 1% (for example higher than 10%,
higher than 50%, or higher than 80%). In another embodiment, the Bragg grating contains self-organized nanostructures.
Electromagnetic radiation
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[0033] According to the invention, the exposure parameters of pulse energy and duration, either Fourier
transform limited pulse durations or chirped pulse durations, are set for Type II grating fabrication.
[0034] According to the invention, the electromagnetic
radiation has a pulse duration of less than or equal to 5
picoseconds, for example of less than 1 picosecond, of
less than 500 femtoseconds, of less than 350 femtoseconds, of less than 100 femtoseconds, or between 50 and
100 femtoseconds.
[0035] According to the invention, the electromagnetic
radiation has characteristic wavelength in the wavelength range from 150 nm to 2.0 microns; for example
from about 400nm to about 1.0 microns, or about 800nm.
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[0036] While the examples herein utilize femtosecond
lasers having infrared wavelength (800 nm), the present
invention is not limited to using femtosecond pulse duration lasers at infrared wavelengths. For example, Bernier et al. demonstrated in Optics Express 17 (21), p.18887
(2009) that Bragg gratings could be written in optical fiber
by frequency doubling a high intensity 800 nm infrared
femtosecond pulse to produce a 400 nm high intensity
pulse that is passed through a phase mask that is optimized for diffraction of 400 nm radiation.
[0037] In some embodiments, the intensity of the electromagnetic radiation is selected such that the intensity
at the surface of the fiber surface, following passage
through the diffractive optical element (which can be, in
some embodiments, a phase mask) is at, or great than,
the intensity threshold (Ith) as defined in Opt. Express.,
vol. 13, pp. 5377-5386, 2005. In one embodiment, optical
waveguide comprises a silica fiber, and the intensity of
electromagnetic radiation is selected such that the intensity at the surface of the fiber (i.e. Ith) is Ith = 4 3 1013
W/cm2 or greater for a 120 femtosecond pulse.
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Duration of irradiation
[0038] As noted above, according to the invention the
optical waveguide is irradiated for at least a number of
pulses sufficient to cause a permanent change in an index of refraction within a core of the optical waveguide,
i.e. in an amount sufficient to form a type II grating in the
core of the optical waveguide. Various methods will be
known to those of skill in the art to determine whether
type II gratings have been formed. For example, irradiation may be conducted at least for a number of pulses
sufficient for a cladding mode resonance to be observed
in a transmission spectra through the inscribed optical
waveguide. Trial and error methods can also be used for a particular combination of fiber, laser and phase
mask, a set number of pulses can be irradiated and the
inscribed fiber then heated sufficiently to remove any type
I gratings that may have been formed. If type II gratings
are observed after heating,
[0039] then it is known that that the set number of pulses are sufficient for the formation of type II gratings.
[0040] In one embodiment, irradiation of the optical
waveguide is continued for a number of pulses sufficient
to reach the first maximum point of reflectivity during the
irradiation step (between phases A and B in Figure 2).
[0041] As noted above, the irradiating step is terminated prior to erasure of a Bragg resonance engendered by
the irradiation. Determining whether the Bragg resonance has been erased can be done by various methods
which will be apparent to those of skill in the art. For
example, the reflection spectra of the optical waveguide
can be monitored during irradiation (e.g. with a Bragg
grating interrogator that monitors the strength of the reflected Bragg resonance light), and the irradiation terminated before the Bragg resonance reflection reaches a
minimum value. A trial and error approach can be utilized,

25
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in which for a particular combination of fiber, laser and
mask, the transmission spectra, showing the initial signal
growth, signal reduction, Bragg resonance erasure, and
subsequent signal regrowth is recorded. Knowing the relationship between the number of pulses and the signal
amplitude, the skilled person can determine the number
of pulses required to reach Bragg resonance erasure and
can thus terminate irradiation prior to this point without
monitoring the grating characteristics in real time during
irradiation.
[0042] In another embodiment, Bragg resonance erasure can be monitored by observing the shift of Bragg
resonance wavelength during inscription. As shown in
Figure 2, if reflectivity is monitored as inscription proceeds a slight shift in the reflected resonance may be
observed. The Bragg resonance wavelength may shift
towards longer wavelengths during region 201 of inscription. However as the Bragg grating reflectivity is disappearing in region 202, the resonance may start to return
to its original wavelength but not quite return there. Following the Bragg resonance erasure, the shift towards
longer wavelengths may then resume (possibly due, in
part, to heating of the fiber). Monitoring the shift in reflected wavelength and determining or predicting a minimum therein may therefore be used, in one embodiment,
to determine or predict Bragg resonance erasure and
thus determine when to terminate irradiation.
Optical waveguide
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[0043] In some embodiments, the optical waveguide
according to the present invention is a fiber. Any fiber in
which a type II grating can be inscribed by way of an
ultrashort pulse duration laser having a pulse duration of
less than or equal to 5 picoseconds and a characteristic
wavelength of from 150 nm to 2.0 microns can be used.
[0044] In some embodiments, the fiber is silica, borosilicate, phosphate, fluoride (ZBLAN), chalcogenide, bismuth oxide, photonic crystal fiber. Other fibers known in
the art may also be used.
[0045] In some embodiments, the fiber may be doped
with one or more elements. Suitable dopants may include, for example, germanium, fluorine, hydrogen, erbium, ytterbium, titanium, thulium, holmium, europium,
and phosphate. The concentration of any particular dopant can vary, and will be dictated by the particular application.
[0046] As noted above in the background section, in
some prior art processes doping of fibers was necessary
to achieve formation of the gratings. In embodiments of
the present invention, such dopants are not required.
Thus, in one embodiment of the present invention the
fiber has a core that is non-UV absorbing, e.g. the fiber
has a core that is free of germanium, or that has a concentration of germanium that is insufficient to permit inscription of gratings with a UV laser source, e.g. a germanium concentration of less than 3%. In another embodiment, the fiber is not loaded with hydrogen, or it con-
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tains a concentration of hydrogen which is insufficient to
permit the formation of type II gratings in the fiber for
example by a thermally regenerated gratings described
in the background section.
5

Heating of the fiber
[0047] After irradiation of the waveguide has terminated, the optical waveguide is heated to a temperature and
for a duration sufficient to substantially remove a nonpermanent grating formed in the optical waveguide by
the irradiating step (e.g. to remove the type I gratings
formed during irradiation).
[0048] In one embodiment, heating is carried out at
one or multiple temperatures between 500°C and a temperature just below the glass transition temperature of
the fiber forming the optical waveguide. For example, the
heating may be carried out at one or multiple temperatures between 500°C and 1000°C.
[0049] Heating of the waveguide can be achieved by
any method and apparatus known in the art. In one embodiment, the inscribed waveguide is moved to a furnace
which is already at a desired temperature, or the inscribed
waveguide is moved to a furnace the temperature of
which is then increased or decreased to a desired temperature. Heating of the waveguide may also include subjecting the inscribed waveguide to ranges of temperatures over time, optionally according to a preset schedule.
[0050] In further embodiments, heating of the inscribed
waveguide may be realized using a mid-infrared laser
beam, e.g. from a CO2 laser. In yet another embodiment,
heating may be realized by using a technique of coupling
high intensities of optical energy into the optical fiber using approaches described by Chen et al. in the paper
entitled "Self-heated fiber Bragg grating sensors," Appl.
Phys. Lett. 86, 143502 (2005).
[0051] In some embodiments, the heating step may be
carried out under flow of an inert gas (e.g. nitrogen or
helium) to prevent ingress of oxygen into the heated fiber.
[0052] In some embodiments, writing of the Bragg grating and the thermal post-treatment are carried out in separate apparatus. In further embodiments, a thermal annealing architecture is placed proximate to the writing set
up, and there is provided an automated manufacturing
arrangement, wherein the exposed (i.e. inscribed) fiber
is translated from the writing set up to a microfurnace,
wherein localized heating of the inscribed region is carried out. Localized heating may also be achieved by an
apparatus other than a microfurnace, such as the midinfrared laser beam or coupling of high intensities of optical energy into the optical fiber, as described above.
The automated process may also be arranged such that
the heating step is carried out under flow of an inert gas,
as described above.
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[0053] The following examples are provided to illustrate the invention. It will be understood, however, that
the specific details given in each example have been
selected for purpose of illustration and are not to be construed as limiting the scope of the invention. Generally,
the experiments were conducted under similar conditions
unless noted.
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Example 1 - Formation of Type II Bragg grating with low
insertion loss
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[0054] A regeneratively amplified Ti:sapphire femtosecond laser system with 80 fs pulse duration and operated at 800 nm wavelength was used as a laser source.
The laser was operated at 5Hz and 1 mJ laser pulse
energy and the pulse chirped to 500 fs. The beam was
focused through a 19 mm cylindrical lens and a phase
mask with 1.065 mm pitch into the core of a standard Gedoped core silica telecom fiber (Corning SMF-28; ∼4%
Ge doping level core in a pure silica fiber substrate). The
fiber was placed on a jig at 1 mm distance behind the
phase mask ensuring pure two beam interference and a
532.5 nm grating pitch within the fiber. This periodicity in
the fiber produced a fundamental Bragg resonance within
the fiber. The laser beam was swept vertically across the
fiber core at ∼ 3 mm/s by dithering the focusing lens. During the exposure, the evolution of the grating reflectivity
was continuously monitored in both transmission and reflection spectra. The exposure was terminated when the
grating was in the stage 202 (as shown in Figure 2) of
the grating structure evolution (i.e. irradiation was terminated prior to Bragg resonance wavelength erasure). After exposure, the fiber was annealed in a Lindberg tube
furnace (isochronal annealing -temperature increments
of 50°C increments, from 500°C to 1000°C, one hour
duration at each temperature, then held at 1000°C for 5
hours).
[0055] Reflection spectra were taken using a commercially available FBG interrogator system (Micron Optics).
Insertion loss (scattering loss) measurements were performed using the ’cut-back’ method where comparative
transmission spectra through the fiber were taken first
with the grating and then with the FBG removed from the
fiber by cleaving. Alternatively, insertion loss may also
be measured by way of in situ monitoring of the broadband insertion loss in transmission - using the initial spectrum absent a grating as the initial zeroing reference
measurement; scattering loss with grating exposure will
appear as a reduction of signal across the entire spectrum.
Example 2 - Thermal treatment

55

[0056] To test the effect of thermal treatment, two gratings were inscribed, side by side, on the same strand of
fiber. First, a grating was written using the conditions de-
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tailed in Example 1, terminating the exposure when the
grating was in the stage 202 of the grating structure evolution (i.e. irradiation terminated prior to Bragg resonance wavelength erasure). This grating is identified as
(302) in Figure 3. A second grating was written using
grating inscription parameters needed to produce a Type
I grating (laser pulse intensities below Ith). The second
grating, whose annealing behavior is known, served as
a reference to the annealing behavior of the first grating.
The fiber was then inserted in the furnace and the temperature incremented by roughly 100°C every hour. As
shown in Figure 3, the Type I grating (301) annealed as
expected, losing half of its reflectivity around 500°C and
decreasing below the 2% reflectivity at 1000°C.. The B
grating (302) however, after losing much of its reflectivity
at 500°C, rebounded at 600°C and grew rapidly to 80%
reflectivity at 1000°C. Without wishing to be bound by
theory, it is believed that as the type I gratings are being
erased, we reach of a point of cancelation between the
remaining type I gratings and the type II gratings. This is
then followed by complete erasure of the type I gratings,
allowing the reflectivity caused by the type II gratings to
be seen.
[0057] After a few hours at 1000°C the grating reflectivity stabilized at 66% and remained there during long
term annealing at 1000°C for about 100 hours. After annealing, the Bragg resonance at room temperature returned to within 20 pm of its initial value. The insertion
loss of the 302 grating was measured to be less than 0.1
dB.
[0058] Example 3 - Fabrication of grating array with
irradiation beyond Bragg resonance erasure Applying
the method described in Mihailov, S. J., Grobnic, D.,
Smelser, C. W., Lu, P., Walker, R. B. and Ding, H., "Bragg
grating inscription in various optical fibers with femtosecond infrared lasers and a phase mask," Opt. Mater. Express 1(4), 754-765 (2011), arrays were fabricated with
up to 24 Type-II fs-IR FBGs, using phase masks having
uniform periods between 1.043 mm and 1.097 mm. The
gratings were written through a 19 mm focal-length cylindrical lens, using 800 nm, 350 fs, 0.85 mJ regeneratively amplified pulses, at a repetition rate of 3 Hz. The
fiber surface was placed 200 mm from the phase mask
and the beam was swept 610 mm over its cross section
with a frequency of 0.2 Hz. As a result of the phase mask
to fiber proximity, the written grating periods are the same
as the corresponding phase masks, resulting in second
order Bragg resonances. The strip and recoat method
was employed, and except where noted, polyimide coated standard germanium-doped single mode fiber was
used. Gratings were annealed in-situ during normal combustor operations. While inscribing these Type II gratings, the three phases of grating growth described above
were observed. During the first phase, a typical Type I
reflection spectrum was seen. Following strong growth,
subsequent laser pulses resulted in an apparent erasure
of the central reflection peak. Ultimately in the third
phase, the central reflection peak was regrown, indicat-
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ing that a strong Type II grating was induced.
[0059] Characterization of the array produced by irradiation into the third phase of growth showed that the
Type II gratings produced had a high scattering loss. In
a multiplexed system, such losses can limit the number
of deployable sensors by obscuring FBGs downstream.
Thus, even when the losses appear acceptable following
fabrication, spectral growth resulting from the annealing
of strong Type II structures can make these losses intolerable over time. As observed in Figure 4, strong exposures produce loss, evident by the slope of reflection
peaks for 24 equally strong Type II fs-IR FBGs.
Example 4 - Fabrication of grating array with termination
of irradiation prior to Bragg resonance erasure
[0060] To reduce the scattering losses experienced by
arrays prepared by irradiation into the regrowth phase
(such as described in Example 3), a separate array was
prepared using the same method, except that the inscription step was halted during the erasure phase of spectral
growth (i.e. prior to Bragg resonance erasure). Room
temperature reflection spectra of this array are shown in
Figures 5A (pre-annealing) and 5B (post annealing). As
can be seen from these Figures, this method provides
an array which does not suffer from the high scattering
loses observed for the array prepared by irradiation into
the regrowth phase. It can also be seen that the thermal
treatment provides for an overall increase in observed
reflection as the type I gratings are erased.
Example 5 - Temperature cycling of array
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[0061] To characterize the performance of the array
prepared in Example 3 at temperatures up to about
1100°C, nine different FBGs were each subjected to
three thermal cycles in a tube furnace. Their wavelength
shift versus temperature was then plotted and equations
fit to the data. The sampling of gratings used incorporated
several Bragg wavelengths, ranging from 1512 nm to
1551 nm. Subjecting each device to three thermal cycles
revealed that each provided good repeatability from cycle
to cycle.
[0062] Figure 6A plots the average fit for each device
as well as the overall average fit. Although a 6th order
equation is provided, equations as low as third order also
appear to fit reasonably well. Unlike the comparative results shown in Figure 6B, which were published previously by Walker, R. B. et al. "Entrained-flow gasifier and
fluidized-bed combustor temperature monitoring using
arrays of fs-IR written fiber Bragg gratings," Proc. SPIE
9634, 96343X, 1-4 (2015), there appears to be much less
variation from grating to grating. Thus, the present method has been shown to eliminate some randomly occurring defects manifested during FBG inscription.
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least a number of pulses sufficient to form a type
II grating, and wherein the irradiation of the optical waveguide is terminated after formation of
a type II grating but prior to the type I grating
erasure; and
heating the optical waveguide to a temperature
and for a duration sufficient to remove the type
I grating formed in the optical waveguide by the
irradiating step resulting in a waveguide comprising a thermally stable type II grating.

Example 6 - SEM observation of gratings
[0063] Type II gratings were prepared according to the
general procedure described in Mihailov, et al. (2011)
(supra), and SEM images of the obtained gratings are
shown in Figures 7(a) - 7(e). Fig. 7(a) and (b) were produced using chirped 150 fs pulses, a 19 mm focal length
cylindrical lens and a 3.21 mm pitch mask. The pulse
energy was 900 mJ. Figures (c)-(e) were produced with
a 8 mm focal length acylindrical lens and a 1.07 mm pitch
mask. The pulse energy was 150 mJ and the mask-tofiber distance was ∼1 mm, similarly to (a) and (b). Figures
(c) and (d) correspond to transform-limited 80 fs pulses,
whereas (e) corresponds to chirped 400 fs pulses. In all
the Figures (a)-(e), the total number of absorbed pulses
was about 3000. The SEM observations directly correlate
the thermal stability of a phase mask written grating with
the formation of the form birefringence or nanostructures
described by Taylor et al. in US Patent 7,033,519. These
are substantially different than the point by point technique for writing gratings that result in material disruption
and very high scattering loss.
[0064] Additional gratings were prepared according to
the processes described herein, except that irradiation
was terminated during the initial stage of growth (stage
201 as shown in Figure 2). SEM images of such gratings
(not present) did not show the nanostructure pattern.
[0065] It must be noted that as used in this specification
and the appended claims, the singular forms "a", "an",
and "the" include plural reference unless the context
clearly dictates otherwise. Unless defined otherwise all
technical and scientific terms used herein have the same
meaning as commonly understood to one of ordinary skill
in the art to which this invention belongs.
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3.

The method according to claim 1 or 2, wherein the
irradiating step is carried out for at least a number
of pulses until a cladding mode resonance is observable in a transmission spectra along the optical
waveguide through the Bragg grating.

4.

The method according to any one of claims 1 to 3,
wherein the heating step is carried out at one or more
temperatures between about 500 to about 1000°C.

5.

The method according to any one of claims 1 to 4,
wherein electromagnetic radiation is from an infrared
femtosecond laser.

6.

The method according to any one of claims 1 to 5,
wherein the pulse duration is less than 500 femstoseconds, or between 50 and 100 femtoseconds.

7.

The method according to any one of claims 1 to 6,
wherein the electromagnetic radiation has a characteristic wavelength in the wavelength range from 400
nm to 1.0 microns, or of about 800nm.

8.

The method according to any one of claims 1 to 7,
wherein the optical waveguide is a silica-based fiber.

9.

The method according to claim 8, wherein the electromagnetic radiation incident on the silica fiber has
an intensity of 131013W/cm2 or greater, or about
131013 W/cm 2.
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1.

A method for inscribing a Bragg grating in an optical
waveguide, comprising the steps of:
providing the optical waveguide;
providing electromagnetic radiation from an ultrashort pulse duration laser, wherein the electromagnetic radiation has a pulse duration of
less than or equal to 5 picoseconds, and
wherein the wavelength of the electromagnetic
radiation has a characteristic wavelength in the
wavelength range from 150 nm to 2.0 microns;
irradiating the optical waveguide with the electromagnetic radiation having an intensity to initially form a type I Bragg grating while still being
sufficiently intense to cause a permanent
change in the index of refraction within a core
of the optical waveguide to cause formation of
type II grating when further exposed to the succession of laser pulses,
wherein the irradiating step is carried out for at

The method according to claim 1, which further comprises a step of:
providing a diffractive optical element which,
when exposed to the ultrashort laser pulse, creates an interference pattern on the optical
waveguide,
wherein the irradiation step comprises irradiating a surface of the diffractive optical element
with the electromagnetic radiation, the electromagnetic radiation incident on the optical
waveguide from the diffractive optical element
being sufficiently intense to cause the permanent change in index of refraction in the core of
the optical waveguide.
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Patentansprüche
1.

Verfahren zum Einfügen eines Bragg-Gitters in einen optischen Wellenleiter, umfassend die folgenden Schritte:
Bereitstellen des optischen Wellenleiters;
Bereitstellen von elektromagnetischer Strahlung von einem Laser mit ultrakurzer Pulsdauer,
wobei die elektromagnetische Strahlung eine
Pulsdauer von weniger als oder gleich 5 Pikosekunden aufweist und wobei die Wellenlänge
der elektromagnetischen Strahlung eine charakteristische Wellenlänge in dem Wellenlängenbereich von 150 nm bis 2,0 Mikrometer aufweist;
Bestrahlen des optischen Wellenleiters mit der
elektromagnetischen Strahlung, die eine Intensität aufweist, um zunächst ein Bragg-Gitter
vom Typ I zu bilden und zugleich ausreichend
intensiv ist, um eine dauerhafte Änderung des
Brechungsindexes innerhalb eines Kerns des
optischen Wellenleiters zu bewirken, um bei
weiterem Aussetzen der Folge von Laserimpulsen die Bildung eines Gitters vom Typ II zu bewirken,
wobei der Bestrahlungsschritt für mindestens eine Anzahl von Impulsen ausgeführt wird, die
ausreicht, um ein Gitter vom Typ II zu bilden,
und wobei die Bestrahlung des optischen Wellenleiters nach der Bildung eines Gitters vom
Typ II, aber vor der Löschung des Gitters vom
Typ I beendet wird; und
Erwärmen des optischen Wellenleiters auf eine
Temperatur und für eine Dauer, die ausreichen,
um das in dem optischen Wellenleiter durch den
Bestrahlungsschritt gebildete Gitter vom Typ I
zu entfernen, wodurch ein Wellenleiter entsteht,
der ein thermisch stabiles Gitter vom Typ II umfasst.

2.

Verfahren nach Anspruch 1, ferner umfassend einen
Schritt: Bereitstellen eines diffraktiven optischen
Elementes, das, wenn es dem ultrakurzen Laserpuls
ausgesetzt wird, ein Interferenzmuster auf dem optischen Wellenleiter erzeugt,
wobei der Bestrahlungsschritt das Bestrahlen einer
Oberfläche des diffraktiven optischen Elementes mit
der elektromagnetischen Strahlung umfasst, wobei
die elektromagnetische Strahlung, die von dem diffraktiven optischen Element auf den optischen Wellenleiter einfällt, ausreichend intensiv ist, um die dauerhafte Änderung des Brechungsindex im Kern des
optischen Wellenleiters zu bewirken.

onsspektrum entlang des optischen Wellenleiters
durch das Bragg-Gitter eine Mantelmodenresonanz
beobachtbar ist.
5

4.

Verfahren nach einem der Ansprüche 1 bis 3, wobei
der Erwärmungsschritt bei einer oder mehreren
Temperaturen zwischen etwa 500 °C und etwa 1000
°C durchgeführt wird.

10

5.

Verfahren nach einem der Ansprüche 1 bis 4, wobei
die elektromagnetische Strahlung von einem Infrarot-Femtosekundenlaser stammt.

6.

Verfahren nach einem der Ansprüche 1 bis 5, wobei
die Impulsdauer weniger als 500 Femtosekunden
oder zwischen 50 und 100 Femtosekunden beträgt.

7.

Verfahren nach einem der Ansprüche 1 bis 6, wobei
die elektromagnetische Strahlung eine charakteristische Wellenlänge im Wellenlängenbereich von 400
nm bis 1,0 Mikrometer oder von etwa 800 nm aufweist.

8.

Verfahren nach einem der Ansprüche 1 bis 7, wobei
der optische Wellenleiter eine siliziumdioxidbasierte
Faser ist.

9.

Verfahren nach Anspruch 8, wobei die auf die Siliziumdioxidfaser einfallende elektromagnetische
Strahlung eine Intensität von 1x1013 W/cm2 oder
größer oder etwa 1x1013 W/cm 2 hat.
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Verfahren nach Anspruch 1 oder 2, wobei der Bestrahlungsschritt für mindestens eine Anzahl von Impulsen durchgeführt wird, bis in einem Transmissi-
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Procédé d’inscription d’un réseau de Bragg dans un
guide d’ondes optique, comprenant les étapes consistant à :
fournir le guide d’ondes optique ;
fournir un rayonnement électromagnétique provenant d’un laser à durée d’impulsion ultracourte, dans lequel le rayonnement électromagnétique comporte une durée d’impulsion inférieure
ou égale à 5 picosecondes, et dans lequel la
longueur d’onde du rayonnement électromagnétique possède une longueur d’onde caractéristique dans la plage de longueurs d’onde
comprise entre 150 nm et 2,0 microns ;
irradier le guide d’ondes optique avec le rayonnement électromagnétique ayant une intensité
permettant de former initialement un réseau de
Bragg de type I tout en étant suffisamment intense pour provoquer un changement permanent de l’indice de réfraction à l’intérieur d’un
noyau du guide d’ondes optique afin de provoquer la formation d’un réseau de type II lorsqu’il
est en outre exposé à la succession d’impul-
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sions laser,
dans lequel l’étape d’irradiation est réalisée pour
au moins un certain nombre d’impulsions suffisant pour former un réseau de type II, et dans
lequel l’irradiation du guide d’ondes optique est
terminée après la formation d’un réseau de type
II mais avant l’effacement du réseau de type I ; et
chauffer le guide d’ondes optique à une certaine
température et pendant une durée suffisante
pour éliminer le réseau de type I formé dans le
guide d’ondes optique au moyen de l’étape irradiation résultant en un guide d’ondes comprenant un réseau de type II thermiquement stable.
2.

Procédé selon la revendication 1, qui comprend en
outre une étape consistant à :
fournir un élément optique diffractif qui, lorsqu’il
est exposé à impulsion laser ultracourte, crée
un motif d’interférence sur le guide d’ondes optique,
dans lequel l’étape d’irradiation comprend l’irradiation d’une surface de l’élément optique diffractif avec le rayonnement électromagnétique,
le rayonnement électromagnétique incident sur
le guide d’ondes optique provenant de l’élément
optique diffractif étant suffisamment intense
pour provoquer le changement permanent de
l’indice de réfraction dans le noyau du guide
d’ondes optique.

3.

4.

5.

6.

7.

Procédé selon la revendication 1 ou 2, dans lequel
l’étape d’irradiation est réalisée pour un certain nombre d’impulsions jusqu’à ce qu’une résonance de
mode de gaine soit observable dans un spectre de
transmission le long du guide d’ondes optique par
l’intermédiaire du réseau de Bragg.
Procédé selon l’une quelconque des revendications
1 à 3, dans lequel l’étape de chauffage est réalisée
à une ou plusieurs températures comprises entre
environ 500 et environ 1000 °C.
Procédé selon l’une quelconque des revendications
1 à 4, dans lequel le rayonnement électromagnétique provient d’un laser de femtosecondes dans la
gamme des infrarouges.
Procédé selon l’une quelconque des revendications
1 à 5, dans lequel la durée d’impulsion est inférieure
à 500 femtosecondes, ou comprise entre 50 et 100
femtosecondes.
Procédé selon l’une quelconque des revendications
1 à 6, dans lequel le rayonnement électromagnétique possède une longueur d’onde caractéristique
dans la plage de longueur d’ondes comprise entre
400 nm et 1,0 micron, ou d’environ 800 nm.
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8.

Procédé selon l’une quelconque des revendications
1 à 7, dans lequel le guide d’ondes optique est une
fibre à base de silice.

9.

Procédé selon la revendication 8, dans lequel le
rayonnement électromagnétique incident sur la fibre
de silice a une intensité supérieure ou égale à 1 x
1013 W/cm 2, ou d’environ 1 x 1013 W/cm2.
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