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Nanoscale morphology and thermal properties
of low insertion loss fiber Bragg gratings
produced using the phase mask technique and a
single femtosecond laser pulse
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Abstract: Fiber Bragg gratings with a very low insertion loss are inscribed using the phase
mask technique and a single infrared (800 nm) femtosecond laser pulse. The morphology of the
resultant light-induced structural changes in the Ge-doped silica fiber (SMF-28) is analyzed using
scanning electron microscopy. The electron microscopy images reveal that each Bragg grating
period incorporates an elongated micropore embedded in a region of homogeneous material
modification. The Bragg wavelength drift and reflectivity of fiber Bragg gratings produced with
single pulses having the same energy but different duration (80 fs and 350 fs) are monitored for
1000 hours in the course of isothermal annealing at 1000°C. The annealing data demonstrate that
both the isothermal Bragg wavelength drift and the decrease in the reflectivity of the fiber Bragg
gratings under test are statistically slower for the 350 fs inscription pulses.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Fabrication of fiber Bragg gratings (FBGs) using infrared (IR) femtosecond (fs) laser pulses [1]
has a significant advantage over the much older technology based on using continuous-wave
ultraviolet laser beams and ultraviolet nanosecond laser pulses [2—4], because Bragg gratings can
now be inscribed in almost any optical fiber without the need to photosensitize [5] the fiber core.
Multiphoton absorption of fs pulses inside transparent media is easily achieved if the pulses are
focused sufficiently. The material surrounding the focal volume remains unaffected by the fs
light passing through it, which nominally allows one to microstructure fibers in a 3-D fashion [6]
and also inscribe FBGs through different types of protective coating [7-10].

To perform strain and temperature measurements in extreme environments (e.g., combustion
chambers [11], gas turbines [12,13], nuclear reactor cores [14,15]), there exists a broad class of
fs laser-written FBGs whose remarkable resilience to the elements is determined by the very
nature of material modification induced in the fiber core region (e.g., microvoids [16—18] and
nanogratings [19-21]), in addition to the inherent robustness of the silica-based host fibers. These
kinds of refractive index change have been broadly classified as Type-II index change [13].

Studies on the deployment of fiber-optic sensors beyond the lab environment have identified
two main techniques of IR fs laser inscription of FBGs suitable for high-temperature operation
between 900 °C and 1100 °C, namely, i) FBGs made using the phase mask technique (PM-
technique) [1] and ii) FBGs made using the point-by-point technique (PbP-technique) [7,22-27].
Using the PM-approach, thermally unstable or stable gratings (Type-I or Type-II index change,
respectively) can be induced in silica based glass fibers depending on the irradiation intensity of
the fs beam [28]. Type-1I FBGs written either using the PbP- or PM-approach can survive at
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1000 °C for multiple hours and are thus considered to be “stable” at this temperature. It is known,
however, that the Bragg wavelength and reflectivity of fs laser-written 1000 °C-resistant FBGs
change over time at that temperature and, as a matter of fact, at much lower temperatures [29,30].
Unfortunately, reports on the long-term high-temperature performance of such FBGs remain
scarce [29] despite the obvious fact that this information is critical in assessing their functionality
and usefulness as high-temperature optical sensors.

The toughness of such FBGs often comes with the cost of high insertion loss (i.e., broadband
loss measured in transmission on the long-wavelength side with respect to the Bragg resonance)
associated with the dramatic structural transformations induced in the core by the high-intensity fs
pulses. Modification at the core/cladding interface in and of itself does not necessarily contribute
to insertion loss. In fact, extremely low loss devices were created when FBGs were written in
the Type-I regime simultaneously in both the core and cladding [31]. The insertion loss is one
of the key parameters that determine how many point sensors can be concatenated in a single
fiber and, as a result, the overall capabilities of the sensing system. More specifically, depending
on the laser-writing conditions, insertion losses between 2 x 1073 dB and 1073 dB per grating
period are typical for: i) nanogratings-based FBGs [32] produced using the PM-technique, laser
focus scanning across the fiber core and multiple IR fs laser pulses, ii) FBGs produced using the
PM-technique, laser focus scanning across the fiber core and multiple IR fs laser pulses [33] and
iii) FBGs produced using the PM-technique and multiple IR fs laser pulses deposited into one
location in the fiber core without focus scanning [29].

In this respect, FBGs fabricated using IR fs laser pulses and the PbP-technique are not very
different from their counterparts fabricated using the PM-technique especially using intensities
above the threshold for Type-II index change [28], exhibiting insertion losses in the range from
10~* dB to 2 x 107 dB per grating period [7,22—-27]. Each period of FBGs inscribed using the
PbP-technique has always been assumed to consist of a nanovoid/microvoid surrounded by a
compressed region of increased refractive index [24—27], which can be justified by numerous
studies in which such structures were produced with very tightly focused high-intensity fs laser
pulses in different bulk materials (i.e., not in optical fibers) [16—18]. However, the recent scanning
electron microscopy (SEM) analysis of an FBG inscribed using the PbP-technique and IR fs laser
pulses has shown that the FBG period actually incorporates a string of microvoids (i.e., not a single
microvoid) aligned along the pulse propagation direction [34]. This observation emphasizes
the importance of using high-resolution diagnostics to characterize the FBG microstructure in
each particular case, as, in principle, it is the main parameter that defines the totality of optical,
mechanical and thermal properties of the FBG under consideration.

In our previous publication [35], we showed that 1000 °C-resistant Bragg gratings whose
cladding modes exceed 30 dB in transmission and spectrally span more than 250 nm can be
produced in a standard telecom Ge-doped silica optical fiber (i.e., Corning SMF-28) by employing
the PM-technique and depositing five IR fs laser pulses into the fiber core. In this work we
concentrate on the properties of FBGs inscribed using the PM-technique and only one IR fs pulse.
In this case, the insertion loss of the resultant FBGs becomes astonishingly low, namely ~ 107°
dB per grating period, which is conservatively an order of magnitude lower than the smallest
corresponding value reported for Type-II structures in the literature for both the PM-technique
and PbP-technique. The scanning electron microscopy (SEM) images of the cleaved fiber samples
reveal that in this case each Bragg grating period incorporates an elongated micropore embedded
into a region of homogeneous material modification. The observed morphology of the FBGs
under consideration correlates with their robustness, which we show by annealing the samples at
1000 °C for more than 1000 hours. In addition, we demonstrate using SEM how the modification
morphology is affected by the polarization state and duration of the IR fs pulses when multiple
pulses, as in Ref. [35], are used for FBG inscription.
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2. Experiment and experimental results

2.1.  Material modification produced using the phase mask technique

In the first series of experiments (“Series 17 further down in the text) we used the classical optical
setup for the PM-technique (Fig. 1(a)) [1] and a Ti-sapphire regeneratively amplified laser system
(“fs laser” further down in the text), operating at a central wavelength (1) of 800 nm, to fabricate
1000 °C-resistant low-loss FBGs. The Fourier-transform-limited pulse duration of the fs laser
was 80 fs. The output linearly polarized fs laser beam (LLB) was expanded =~ 3.5 times along the
fiber axis and focused into the fiber (F) through a 0"-order-nulled holographic phase mask (M)
with a period (Ays) of 1.07 um using a plano-convex cylindrical lens (CL) corrected for spherical
aberration. The effective numerical aperture (NA) of the cylindrical lens was estimated to be
0.25.

(a) (b)

Fig. 1. Schematics of the two laser-writing configurations to photo-induce changes in the
fiber core. (a) The setup to fabricate 1000 °C-resistant low-loss FBG using the PM-technique.
The output laser beam (~ 7 mm in diameter at the 1/e2-intensity level) is expanded along
the x-axis. (b) The setup in which the phase mask is removed from the optical path and the
output laser beam is unexpanded. LB is the femtosecond laser beam; M is the holographic
phase mask which generates only -1 and +1 diffraction orders at A =800nm; CL is the
focusing cylindrical lens; A is the 15 mm-wide aperture (along the x-axis) defined by the
CL’s holder; F is the optical fiber; d denotes the mask-to-fiber distance (= 300 um).

The beam expansion is required to produce a quasi-flat-top intensity distribution across the 15
mm clear aperture (A; Fig. 1) of the cylindrical lens. By keeping the peak light intensity in the
line-shaped fs laser focus well above the intensity threshold to induce Type-II modification in the
fiber core [28], a FBG consisting of a well-delineated region of Type-II modification along its
full length can be produced. The Type-II modification is embedded into Type-I modification [28]
which is formed where the intensity falls below the threshold for Type-II modification. At the
very high annealing temperature used in the experiments, i.e., 1000 °C, the Type-I modification
in the fiber material is completely erased [36] and a quasi-uniform Type-II FBG is thus created.
This allows one to estimate the insertion loss per FBG period (17) by simply calculating the
ratio of the FBG insertion loss and the number of periods in the FBG. Additionally, the FBG
behavior during long-term annealing studies (see below) is easier to analyze if it is known that
the light-induced modification pattern remains quasi-uniform along the FBG.

The front surface of the fiber (SMF-28; protective coating removed) was placed ~ 300 um
away from the phase mask (i.e., d ~ 300 um; Fig. 1). At this d the photo-induced refractive index
changes in the fiber core were strongest, which was determined by inscribing several Type-1
FBGs at a fixed laser fluence but different d’s and measuring the reflectivity of the resultant
FBGs. The optimum mask-to-fiber distance can be calculated based on the interplay of chromatic,



Research Article Vol. 30, No. 26/19 Dec 2022/ Optics Express 47364 |
Optics EXPRESS A N \

diffraction and aberration effects introduced by the laser-writing setup. The impacts of these
effects, especially in the context of tight-focusing geometries and small-period phase masks,
are rigorously analyzed in Ref. [37], where it is shown that there are two independent sets of
phenomena that affect the size and shape of the focal volume after the phase mask. Specifically,
these include: i) angular chromatic dispersion originating from the mask, counteracted by
chromatic aberration of the cylindrical focusing lens and ii) spherical aberration caused by
the mask substrate, counteracted by conical diffraction occurring at the mask. Approximate
expressions to find the optimum d can be found in Ref. [38].

To inscribe FBGs, the fs laser was operated at 1 Hz and the pulses were fired at the fiber one at
a time using a synchronized shutter. The morphology of the laser-induced modification in the
fiber core was revealed using SEM on fiber samples cleaved approximately in the middle of the
respective FBGs. No post-processing was performed on the fiber samples, i.e., the samples were
not chemically etched and coated with a conducting material [21,39].

Figures 2(a) and 2(b) show SEM images of the fiber core irradiated in two separate locations
along the fiber cross section with 80 fs pulses polarized along either the x-axis (i.e., along the
fiber) or y-axis (i.e., perpendicularly to the fiber). The two spots were created by translating the
laser focus ~ 2 um normal to the fiber axis. Two sets of samples were produced by depositing
either 1 (Fig. 2(a)) or 5 (Fig. 2(b)) laser pulses per spot. The orientation of the linear laser
polarization was adjusted by means of a half-wave plate. The FBGs, whose internal morphology
is shown in SEM images in Fig. 2, were written at a peak light intensity that was =~ 3 times higher
than the threshold intensity for Type-II modification (= 5 x 10'> W/cm?). The onset of Type-II
structural changes in the fiber core in the single-pulse regime of irradiation, i.e., single-pulse
threshold for Type-II modification, was determined using the dark-field microscopy technique
described in Ref. [32]. The threshold intensity depended on the polarization of the fs pulses
and was = 15% lower for y-polarized pulses than for x-polarized pulses, which can be explained
using the formalism presented in Ref. [35].

The SEM images in Fig. 2(a) clearly show that for single-pulse irradiation every grating
plane of the FBG is built of a highly elongated micropore (x~ 0.15 x 2 um?) embedded into a
region of homogeneous material modification with a much larger cross-sectional area (= 0.7 X 6
um?). It is also noteworthy that there is no obvious dependence of the modification on the laser
polarization in the single-pulse regime of irradiation. With 5 pulses deposited per spot, however,
the micropores become noticeably expanded perpendicularly to the electric field E of the pulses
(Fig. 2(b)).

In order to investigate how the pulse duration affects the modification morphology, the fiber
core was irradiated with 3 Fourier-transform-limited 80 fs pulses (Fig. 3(a)) and 3 chirped 350 fs
pulses (Fig. 3(b)). In both cases, the pulse polarization was perpendicular to the fiber axis and
the laser fluence was the same. The pulses were chirped by adjusting the compressor of the fs
laser and the pulse duration was measured with a single-shot autocorrelator.

Three conclusions can be deduced from Fig. 3. First, the elongated micropores produced
with the 350 fs pulses stretch over the full length of the surrounding homogeneous modification,
whereas the micropores produced with the 80 fs pulses are significantly shorter than the
homogeneous modification region they are embedded into. Second, the peak intensity of the 350
fs pulses is roughly four times lower than that of the 80 fs pulses, however the homogeneous
modification regions created with both the 80 and 350 fs pulses are qualitatively similar in terms
of the size and shape, (=~ 1 um wide and 4 um’s long) and both possess elongated micropores
inside them. Third, the modification morphologies produced with 1 (Fig. 2(a)), 3 (Fig. 3(a)) and
5 (Fig. 2(b)) 80 fs pulses look very much alike when the pulses are polarized perpendicular to the
fiber. This is in contrast with the situation when the polarization of the pulses is parallel to the
fiber, in which case the irradiation with 1 pulse (Fig. 2(a)) and 5 pulses (Fig. 2(b)) resulted in
quite different modification morphologies.
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Fig. 2. SEM images of the material modification inside 1000 °C-resistant low-loss FBGs
produced in SMF-28 by irradiating two separate spots, each with (a) one 80 fs pulse and (b)
five 80 fs pulses. The top and bottom panels in (a) and (b) are SEM images in backscattered
and secondary electrons, respectively. The orientation of the pulse polarization (£ denotes
the electric field of the pulses) is shown with purple double-sided arrows. “Type-I" denotes
regions of homogeneous material modification. The samples were not chemically etched
and coated with a conducting material.

Fig. 3. SEM images of the material modification inside 1000 °C-resistant low-loss FBGs
produced in SMF-28 with 3 (a) 80 fs pulses and (b) 350 fs pulses. The top and bottom panels
in (a) and (b) are SEM images in backscattered and secondary electrons, respectively. The
orientation of the pulse polarization (E denotes the electric field of the pulses) is shown with
purple double-sided arrows. “Type-I”” denotes regions of homogeneous material modification.
The samples were not chemically etched and coated with a conducting material.
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Measurements of the insertion loss of FBGs written with one fs pulse were performed using
two different approaches, as presented in Fig. 4. In the first case, 10 separate FBGs were written
along the fiber in the middle of the fiber core and the total insertion loss was measured (Fig. 4(a)).
Each grating was 15 mm in length. In the other case, 10 FBGs were written one at a time across
the fiber core by scanning the cylindrical lens along the y-axis and the total insertion loss was also
measured (Fig. 4(b)). Even though modifications stacked across the fiber core and modifications
placed in series along the fiber core interact differently with the probing electromagnetic field,
the results obtained with these two complimentary approaches are useful for estimating the
measurement error margins.
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Fig. 4. Measuring the insertion loss of 1000 °C-resistant low-loss FBGs produced in
SMEF-28 with one pulse. (a) 10 separate FBGs are written along the core of SMF-28 and the
total insertion loss is then measured. (b) 10 slightly overlapping FBGs are written across the
core of SMF-28 and the total insertion loss is then measured. The top and bottom panels
of (a) and (b) are optical microscopy images of the modification in the core of SMF-28
produced with one 80 fs pulse and one 350 fs pulse, respectively. The pulse polarization is
parallel to the fiber axis, i.e, the x-axis. The core diameter of SMF-28 is ~ 8 um.

As before, two different pulse durations were used in this experiment, namely Fourier-transform-
limited 80 fs pulses and chirped 350 fs pules. In both cases, the corresponding broadband
insertion loss was measured ~ 20 nm away from the Bragg resonance on the long-wavelength
side, i.e., at 1570 nm. The total insertion loss for the FBG configurations presented in Fig. 4(a)
and 4(b) varied depending on how accurately the modification was positioned with respect to the
fiber axis. Also, regardless of whether 10 gratings were written either sequentially along the fiber
length or stacked across the fiber core, a total insertion loss of 0.2 dB for both 80 fs and 350 fs
pulses was never exceeded (i.e., ~ 0.02 dB for each 15 mm-long FBG containing ~ 2.8 x 10*
periods). This means that the insertion loss per grating period was at the level of 1076 dB (i.e.,
~ 107 dB) based on a conservative estimate. No dependence of the insertion loss on the pulse
polarization, i.e., whether the polarization was parallel or perpendicular to the fiber axis, was
detected in the single-pulse inscription regime for both pulse durations. We note, however, that
n showed a pronounced polarization dependence when 5 pulses were deposited into the same
location in the fiber (Fig. 2(b)). The insertion loss in this regime for 80 fs pulses was on the
average 0.04 dB per FBG (i.e., 7 ~ 2 x 107 dB) when the pulse polarization was perpendicular
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to the fiber and 0.3 dB per FBG (i.e., n ~ 1.5x 107> dB) when it was aligned along to the fiber.
As in the previous cases, the gratings were 15 mm long containing ~ 2.8 x 10* periods.

2.2. Material modification produced without the phase mask

In the second series of experiments (“Series 2” further down in the text), the phase mask was
removed from the optical path and the unexpanded output fs beam of the fs laser was focused using
the same cylindrical lens into SMF-28 to induce material modification in the core region. In Series
2, the pulse polarization was always perpendicular to the fiber and only Fourier-transform-limited
80 fs pulses were used for the laser writing. In order to be consistent with Series 1, the peak light
intensity in Series 2 was also 3 times higher than the single-pulse intensity threshold for Type-II
modification. The extent of Type-II modification along the core at this peak intensity was ~ 5.3
mm. As before, the dark-field microscopy technique [32] was used to detect the emergence of
Type-II structural changes in the fiber core.

The SEM images in Fig. 5 represent the situations when 1 (Figs. 5(a) and 5(d)), 2 (Fig. 5(b))
and 5 (Fig. 5(c)) fs pulses were deposited into the same location in the core. Similar to the
observations from Series 1, the cross-sectional morphology of the light-induced structural
changes in the fiber material mainly consists of micropores (microvoids) embedded into a region
of homogeneous modification. While the micropores are clearly visible both in backscattered
and secondary electrons, the extent of the homogeneous modification is better visualized by
means of selective chemical etching in hydrofluoric acid (Fig. 5(d)) [39]. The micropores are
now spherically shaped (=~ 0.2 pm in diameter for 1 pulse) and the homogeneous modification
(= 0.6 x 11 um? for 1 pulse) extends well beyond the core boundary (central panel in Fig. 5(d)).
Additionally, the homogeneous modification can now incorporate several (not just one) spherical
nanopores aligned along the pulse propagation direction, which resembles the recently discovered
morphology of FBGs inscribed using the PbP-technique [34]. In Fig. 5(c), one can also see
a nascent nanocrack which lies between two spherical micropores. With more (e.g., tens) fs
pulses deposited into the fiber, a system of planar nanocracks oriented perpendicular to the linear
polarization of the pulses is expected to form [21].

To estimate the broadband insertion loss of the 5.3 mm-long laser-modified section of the
fiber core, the fs beam was scanned perpendicular to the fiber (see Fig. 4(b)) to produce 10
single-pulse structures written one at a time across the fiber core. The total insertion loss was
then measured at 1570 nm to be consistent with the measurements pertaining to Series 1. The
insertion loss per structure was calculated to be = 0.5 dB. If a 5.3 mm-long FBG with a 0.535 pm
period (i.e., Ay/2 =0.535 um) had such an insertion loss, the respective effective loss per period
(i.e., 17et) would be equal to ~ 5x 107 dB, which is at least 50 times higher than the typical
values obtained for the FBGs from Series 1. When the peak intensity was reduced to twice
the single-pulse intensity threshold for Type-II modification, the length of the corresponding
modification decreased to = 4.1 mm but the insertion loss per structure was still considerable,
~ (0.2 dB. The n.g (in the above sense) of such structures was ~ 2.6 X 107 dB, which is still
much higher than the respective value obtained for the FBGs from Series 1. When the peak
intensity was lowered even further, to exceed the threshold intensity by a factor of 1.5, the length
of the structures decreased to ~ 3.1 mm and, importantly, 77, dropped drastically to ~ 3.4 x 107°
dB. The latter result suggests that distinctive spherical nanopores, which mainly contribute to
the insertion loss, cannot be formed at this intensity level. We also note that in Series 2 neg is
seriously underestimated because, when the fs beam is not expanded and apertured as in Series 1,
spherical nanopores are formed only in the central region of the structures where the intensity is
high enough to produce microexplosions, whereas Type-II modification of unknown morphology
at the ends of the structure has much lower insertion loss.

Table 1 compares the insertion losses of the above Type-II structures in the fiber core and the
FBGs written with 80 fs pulses from Series 1.
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Fig. 5. SEM images of the material modification produced in the core of SMF-28 with the
phase mask removed from the optical path (Fig. 1(b)). (a), (b) and (c) show the material
modification produced with 1, 2 and 5 (five) 80 fs pulses, respectively. The top and
bottom panels in (a), (b) and (c) are SEM images in backscattered and secondary electrons,
respectively. The samples were not chemically etched and coated with a conducting material.
(d) Chemically etched [39] uncoated samples produced with 1 (one) 80 fs pulse. The right
panel and the two left panels are SEM images in backscattered and secondary electrons,
respectively. The orientation of the pulse polarization (E denotes the electric field of the
pulses) is shown with purple double-sided arrows. “Type-I"” denotes regions of homogeneous
material modification. Where it is possible, the white dashed lines are used to show the
core-cladding boundary to better visualize the extent of material modification.

Table 1. Insertion losses of FBGs and structures inscribed without PM

Type of modification Number of 80 fs Light intensity, Polarization, Insertion loss, 17 or
laser pulses, N (Type-11 parallel (x) or Neff
modification perpendicular (y)
threshold) X k to fiber
FBG(1) N=1 k~3 ~107% dB
FBGs Y U
produced FBG(2) N=1 k=3 X 7~ 1070 dB
using PM- FBG(3) N=5 k=3 y 7 ~2x107° dB
technique
FBG(4) N=5 k=3 X 7 ~1.5x107 dB
— ~ ~ -5
Structures Structure(1) N=1 k~3 y e * 5% 107 dB
produced Structure(2) N=1 k~2 y Neff ~ 2.6X 107>
without PM dB
Structure(3) N=1 k~15 y Neff ~ 3.4% 1070
dB
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2.3. Thermal stability of FBGs produced using the phase mask technique and a single
fs pulse

To study the high-temperature performance of FBGs produced using one fs pulse, the prepared
FBG samples were spliced to fiber pigtails terminated with angled physical contact connectors
and placed into a tube furnace for isothermal annealing at 1000 °C in ambient air. Two sets of
FBG samples were prepared under the same laser-writing conditions except for the pulse duration:
one set (3 FBGs) was prepared with Fourier-transform-limited 80 fs pulses and the other (3
FBGs) with chirped 350 fs pulses. The 6 FBG samples were accommodated in the same furnace.
An external Type K thermocouple was placed in the furnace, in close proximity of the furnace’s
built-in thermocouple, and monitored using data acquisition software. The external thermocouple
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Fig. 6. Changes in the reflectivity and Bragg wavelength of FBGs inscribed in SMF-28 using
the PM-technique and one fs pulse during isothermal annealing at 1000 °C. (a) Performance
of 3 identical FBGs inscribed with one 80 fs laser pulse. (b) Performance of 3 identical FBGs
inscribed with one 350 fs laser pulse. The bottom plots of (a) and (b) show the respective
FBG transmission spectra recorded after 100 hours of annealing.
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was necessary to provide redundancy in measuring the temperature inside the furnace in order
to reduce the measurement error. The furnace was seen to fluctuate approximately + 0.5°C at
1000°C according to the thermocouple. This would correspond to a + 7.4 pm fluctuation in
the Bragg resonance [11]. The FBGs were centered within the furnaces, in-between the two
thermocouples (external and internal), loosely resting in a hollow fused silica semi-cylinder so
that they were free from stress and not touching the furnace side walls. Each FBG was monitored
independently using a 16-channel FBG optical interrogator with an 8 pm wavelength resolution.
Two separate interrogator channels were allocated per FBG: one channel to monitor the reflected
light and the other for the light transmitted through the FBG and an optical isolator. Full spectrum
optical data was collected every 5 hours, with the Bragg wavelengths being logged every half an
hour in order to facilitate data processing and provide additional resolution in time.

The plots in Fig. 6 present long-term variations at 1000°C in the FBGs’ reflectivities and
Bragg wavelengths in transmitted light. The FBGs were produced using the same laser-writing
conditions except for the pulse duration (i.e., 80 fs (Fig. 6(a)) versus 350 fs Fig. 6(b)). The
top plots in Figs. 6(a) and 6(b) show that the FBGs’ reflectivities remained essentially constant
during the first 200 hours of isothermal annealing and only slowly decreased for the next 300
hours. During the last 500 hours of annealing the reflectivities of two FBGs produced with 80 fs
pulses (green and orange traces) dropped to 40%-50%, while the reflectivities of all the FBGs
produced with 350 fs were above the 60% level. The Bragg wavelengths of the FBGs (central
plots in Figs. 6(a) and 6(b)), regardless of the pulse duration used for their inscription, showed
more complex but quite consistent dynamics: a fast initial drift towards longer wavelengths, no
drift, and a slow drift towards shorter wavelengths. When the FBGs were cooled down to room
temperature, their Bragg wavelengths became on the average shorter by 520 pm in the case of 80
fs pulses and 400 pm in the case of 350 fs pulses compared with the respective values obtained
on the original FBGs.

3. Discussions

3.1. Effects of focusing geometry on the material modification morphology

It was shown in Section 2 that laser inscription conducted using different focusing geometries
(Series 1 and 2) can produce noticeably dissimilar modification morphologies in the fiber, which
in turn leads to drastically different insertion losses for the resulting structures. The Type-II
FBGs from Series 1 were classical devices inscribed by the PM-technique, whereas the structures
from Series 2 were intended to imitate, albeit remotely, Type-II FBGs fabricated using the
PbP-technique.

In Series 1 and 2, the light intensities (for the same pulse polarization and pulse duration)
were scaled to be ~ 3 times higher than the respective threshold intensities to induce Type-II
modification (optical damage) in the fiber, but their actual magnitudes can only be estimated.
For instance, in Ref. [35] we provided an approximate expression for light intensity in the fiber
core (based on Series 1’s geometry) in the absence of aberrations, neglecting focusing caused by
the fiber itself, and ignoring self-focusing of the fs pulses in the fiber. The intensity required to
produce the structures shown in Figs. 2 and 3(a) can then be estimated at 5 x 10'3 W/cm? for 80
fs pulses. However, morphologically similar structures can be produced with 350 fs pulses (i.e.,
at a roughly 4 times lower intensity), implying that in Series 1 i) the intensity distribution rather
than the intensity magnitude is responsible for the modification morphology and ii) self-focusing
is not the dominant effect to define the intensity distribution inside the fiber.

For Series 1’s geometry, aberrations caused by the oblique incidence (i.e., = 50°) of focused fs
pulses on the fiber surface are difficult to calculate. Some insight into the subject matter can
be provided by ray theory models describing the refraction of a diagonally incident plane wave
by a circular cylinder [40] which show that the shape of the interior caustics critically depends
on the incidence angle. For Series 2’s geometry, focused fs light impinges the fiber surface
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approximately at a right angle (rather than at ~ 50° as in Series 1), which, in an ideal situation,
would dramatically simplify the calculation of the intensity distribution inside the fiber. However,
strong spherical aberration introduced by the mask substrate in the case of Series 2 (in Series
1 this aberration is compensated by conical diffraction when d = 300 um) will significantly
complicate the calculations. At this point we do not have an explanation of why the modification
morphologies produced in Series 1 and 2 are so different.

3.2. Bragg wavelength drift of FBGs produced using the phase mask technique and a
single fs pulse

While the possibility to fabricate 1000 °C-resistant FBGs using the PM-technique and IR fs pulses
was demonstrated more than a decade ago, there is still room to significantly improve or refine
some important characteristics of these optical sensors. However, this work as well as previous
reports clearly demonstrate that any Bragg grating inscribed in a silica-based fiber experiences a
quite perceptible Bragg wavelength drift when subjected to 1000 °C [29]. The magnitude and
sign of the drift depend on the FBG and the host fiber, but the drift is essentially an unavoidable
phenomenon that should be taken into account when high accuracy of long-term temperature
monitoring using FBGs is required. This can be seen by converting the Bragg wavelength shift
(i.e., the integral of Bragg wavelength drift over time) into a fictitious short-term temperature
variation (i.e., an error in temperature measurements) that would cause a Bragg wavelength
shift of the same magnitude. More specifically, to compete with standard high-temperature
thermocouples in terms of accuracy, the wavelength shift of a FBG should not exceed a few
tens of picometers if one assumes that a 14.8 pm change at 1000°C in the Bragg wavelength
corresponds to a 1 °C temperature variation [11]. So far, a measurement error that is comparable
in the above context to that of high-quality thermocouples, i.e., # 1 °C during hundreds of hours
of exposure to 1000 °C, cannot be achieved by any Type-II FBG, including the FBGs under
discussion. We would also like to mention that rapid temperature variations in time are typical of
many real-world operating conditions and in this respect it is important to know how repeated
and rapid temperature cycling would affect FBG-based temperature sensors used for process
monitoring, specifically i) their isothermal Bragg wavelength drift and ii) the reproducibility of
their Bragg wavelength at a given high temperature.

There are several possible ways to mitigate the effects of the Bragg wavelength drift at high
temperature. For instance, the FBGs can be pre-annealed at 1000 °C -1100 °C to completely
remove Type-I modification (and its effects on the Bragg wavelength drift) and then used at a
lower temperature (e.g., 800 °C) because the wavelength drift dramatically slows down with
decreasing the surrounding temperature. Alternatively, the FBGs can be used for short (e.g., 1
hour) high-temperature measurements to keep the accumulated Bragg wavelength shift within
acceptable margins. It is also probably possible to correct for the Bragg wavelength drift
numerically. To do so, the FBGs must be fabricated under exactly the same conditions and also
identically packaged in order to predict the temporal behavior of the Bragg wavelength drift
using a calibration curve. Let us briefly discuss this option.

On the positive side, the results presented in Fig. 6 demonstrate that during the first 400
hours of annealing at 1000°C, variability within the two sets of identical FBGs with regards
to the long-term changes in their reflectivities is not very large. With regards to their Bragg
wavelengths, both sets of gratings display similar wavelength shifts of ~ 0.7 pm/hour. We also
note that variability in the drift rates among nominally identical FBGs over time is much more
detrimental for temperature sensing applications than variability in the temporal behavior of their
reflectivities. Indeed, the reflectivities of all the FBGs under test during the 1000-hours annealing
experiment remained higher than 40%, which is totally sufficient to accurately measure their
Bragg wavelengths. On the negative side, the observed 50 pm-100 pm variability in wavelength
shifts among identical FBGs at a specific time, (i.e., differences in Bragg wavelength at a given
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time between green and orange traces in Fig. 6) immediately translates into a 3 °C-6 °C inaccuracy
in temperature measurements between gratings.

We see two main causes of the variability in the Bragg wavelength shifts. First, it is the
“packaging” issue. Although the acrylate coating was removed along the length of fiber in which
the gratings were written, it is possible that unstripped regions of fiber can lead to changes in fiber
stress. For instance, the burn-off of the acrylate fiber coating beyond the grating region can cause
unequal amount of sticking of the samples to the fused silica semi-cylinder of the furnace, leading
to different stresses in the FBG samples. The temperature at the ends of the silica semi-cylinder,
which protruded several centimeters beyond the furnace’s walls, was much lower than the 1000
°C annealing temperature inside the furnace and the coating burn-off process in these locations
was never fully completed. Because of the incomplete burn-off, some of the fiber samples could
have also stuck to each other, as several samples were annealed in the furnace simultaneously. To
this end, some of the samples were in contact with the external thermocouple’s sheath which
became rough because of the oxidation caused by the prolonged exposure to atmospheric oxygen
at 1000 °C. Finally, it is a well-known fact that high temperature exposure of fused silica optical
fibers to moisture results in the degradation of their optical and mechanical properties [41,42].
Even though the relative humidity in our experiments was at the level of 40%, the multi-hour
exposure of the FBG samples to water vapor made them brittle and hence definitely affected their
spectral characteristics, possibly in a somewhat irregular fashion.

Second, it is a different degree of misalignment of the line-shaped laser focus and the fiber core
among the FBG samples. As a consequence, the light-induced modifications associated with the
FBGs had different angles with respect to the fiber axis and were differently offset with respect
to the fiber axis. The superposition of the stress fields originating from the FBGs and the fiber
core region was therefore different among the FBG samples under test. As a result, the stress
relaxation dynamics occurring in the FBG samples at 1000 °C and the concomitant changes in
the spectral characteristics of the FBGs was also different. We note that the misalignment issues
can be easily alleviated by making the FBGs shorter.

4. Conclusions

We have shown that Type-II FBGs featuring a remarkably low insertion loss — comparable to
that of Type-1 FBGs of similar reflectivity — can be fabricated using the PM-technique and one
IR fs pulse. High-resolution studies based on SEM demonstrate that each grating plane of the
Type-II FBGs under consideration incorporates a single highly elongated micropore surrounded
by a region of homogeneous modification. We speculate that low-loss Type-II FBGs based
on such a modification morphology are easier to produce using the PM-technique than the
PbP-technique. Annealing tests performed on the FBG samples demonstrate that the grating
structure can survive 1000 °C for hundreds of hours. The annealing data also show that the
isothermal Bragg wavelength drift of gratings inscribed with 80 fs and 350 fs pulses is similar,
which implies that there exists a reasonably broad parameter space allowing the fabrication of
low-loss Type-II FBGs. There is also evidence that the effect of the Bragg wavelength drift on
the temperature measurements accuracy can be mitigated by using a calibration curve that would
predict the FBG behavior at a constant high temperature over time. Taking into account that laser
writing using the PM- technique is very robust and reproducible, the proposed recipe to fabricate
1000 °C-resistant low-loss Type-II FBGs is important for mass production of high-temperature
optical sensors.

Disclosures. The authors declare no conflicts of interest related to this article.
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