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ABSTRACT

Silica-based fiber Bragg gratings (FBG) sensors are versatile devices that are typically fabricated using UV laser
exposure. As most standard optical fiber polymer coatings are highly absorbing in the UV, grating inscription typically
requires the removal and reapplication of the protective coating by either chemical or mechanical means. Optical fiber
stripping and recoating are time-consuming processes that can seriously degrade the mechanical integrity of the fiber.
For high temperature sensor applications (> 200 °C), the optical fiber is coated in polyimide which is resistant to
chemical attack. Invasive and hazardous techniques for its removal are required such as hot sulphuric acid stripping. In
this paper, results of FBG inscription directly through the polymer coating of standard optical fiber with a femtosecond
infrared laser and a phase mask are reviewed. Significant grating reflectivities are achieved along with improved
mechanical reliability and performance at elevated temperatures. The only example of direct FBG inscription through
polyimide coatings for high temperature stable grating sensors will also be presented.
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1. INTRODUCTION

For more than a decade, the fiber Bragg grating (FBG) has proven itself to be a cost effective and versatile component in
optical fiber based sensing systems [1]. Variations in the FBG spectral response can be correlated to the strain and
temperature that are applied directly to the grating structure making the FBG an effective sensing element. A practical
and commercial incentive for the development of mechanically strong and high-temperature resistant FBGs is the
present need for temperature and strain sensors within the automotive, aerospace, electrical power, industrial process as
well as the oil & gas industries that are capable of measuring static and dynamic stresses under harsh environments and
at elevated temperatures (>200 °C). Typical applications are strain monitoring in manifolds for gas and diesel engines;
strains in jet turbine blades; power plant pipeline and furnace stress measurement; oil & gas reservoir monitoring;
stresses and crack monitoring on airplane wings, rocket boosters and fuselages; and many others. At these elevated
temperatures, conventional foil strain gauges cannot operate. As an alternative, engineers have resorted to the use of
free-filament and weldable resistive gauges, devices which themselves present performance limitations due to thermal
errors, large zero drifts, non repeatable readings, difficult signal conditioning, and susceptibility to moisture and
electromagnetic interference (EMI). FBGs, in contrast, offer a number of inherent advantages such as the capability to
perform quasi-distributed measurements along the length of a single optical fiber, wavelength encoded output, immunity
from EMI and a large temperature range of operation.

Typically, FBG inscription is performed using high power ultraviolet laser sources [2]. The protective polymer coatings
of standard optical fibers are highly absorbing at the UV irradiating wavelengths needed to create the photo-induced
index changes that are required for grating formation. In order to write the FBG, the polymer coating is typically
removed from the fiber by either mechanical or chemical means. From a manufacturing and device reliability point of
view, coating removal and replacement are undesirable processes as they are time-consuming and often reduce the
mechanical integrity of the fiber. For some high temperature FBG applications, fibers have polymer coatings such as
polyimide that are thermally stable up to 400 °C. Polyimide is resistant to chemical attack and requires invasive and
hazardous techniques for its removal such as hot sulphuric acid stripping. The fiber is then recoated subsequent to the
FBG inscription [3]. Polyimide coating removal and replacement are undesirable processes from a manufacturing
viewpoint as they are hazardous, time-consuming and threaten the mechanical integrity of the fiber. Therefore,
development of a through-the-coating grating writing process not only can lead to a high-temperature resistant FBG but,
more importantly, make for a mechanically strong device thus helping to ensure long-term durability and reliability.
Such reliability is particularly critical in FBG sensing arrays.
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Several groups have investigated UV-laser FBG inscription through the protective polymer coating over the last decade.
Using the near-UV 334 nm line from an Ar’ laser, weak gratings were inscribed through the standard coating of high
Ge-doped fibers producing an index modulation An = 5 x 10 [4]. Specialized UV-transmissive polymer coatings have
been used with standard UV sources to produce stronger grating structures [5-7].  Grating inscription in a boron co-
doped UV photosensitive fiber with a standard silicone rubber coating at 244 nm was reported [8], however silicone
rubber still has significant absorption at standard UV grating inscription wavelengths and is difficult to remove from
fibers when preparing their ends for integration into network systems. This difficulty in handling is the major reason why
silicone rubber coatings are no longer used on standard fibers. Although FBGs have been inscribed without coating
removal by using these special coatings with higher transparency to UV radiation, [5,6,8] these coatings are typically not
stable at higher temperatures. Recently the inscription of an FBG array through a specialty UV-transmissive coating
was reported where the coating was thermally stable up to 220 °C [7]. Although an improvement, the coating is still not
as thermally stable as polyimide. The use of non-standard coatings and fibers is undesirable from an industrial FBG
manufacturing perspective as custom fiber designs and coatings are inherently more expensive.

Recently, FBG inscription through the polymer coatings of standard optical fibers were reported using femtosecond (fs)
infrared (IR) radiation with either the point-by-point method [9] or a phase mask [10-12]. In ref. [9], the tight focusing
geometry of the point-by-point method resulted in a large difference in beam intensities at the fiber coating and core,
thus making it possible to induce a substantial index modulation (An) in the core (3 x 10™) without damaging the
coating. For mass production, FBG fabrication by the point-by-point technique is less desirable when compared to the
phase mask technique as FBGs defined by a phase mask are more easily reproduced. Furthermore, the An of the point-
by-point technique results from a plasma formation that produces microvoids [13]. Although thermally stable up to the
glass transition temperature of the fiber, such a damage type structure reduces the fiber strength.

In this review paper we will be summarizing the work performed on grating inscription through the polymer coatings of
various fibers with the femtosecond IR laser and phase mask technique.

2. EXPERIMENT

Bragg gratings were fabricated in commercially available standard single mode Ge-doped optical fibers, specifically low
Ge concentration acylate coated SMF-28 fiber from Corning, and various high numerical aperture (NA), high Ge-
content acylate and polyimde coated fibers from various manufacturers. Table I summarizes the properties of all the
fibers that were evaluated.

Table 1. Fibers Evaluated

Manufacturer Name Nll)oigfniigd howorr  NA die(ljr(r)lﬁer cgiltt)frfg tgi(éizilzfs

(1m) (nm) (pm) (um)

Corning SMF-28 10.4 1260  0.14 8.2 acrylate 62.5
INO Intrinsically photosensitive 6.7 1366  0.24 43 acrylate 62.5
FiberCore SM1500 (4.2/125) 4.2 1450  0.29 3.8 acrylate 62.5
Nufern UHNA3 33 900  0.35 2.0 acrylate 62.5
Spectran Photosensitive Fiber Prototype 3.7 na 0.30 na acrylate 62.5
FiberLogix High NA fiber 43 1400 0.28 3.8 polyimide 10
OFS Clearlite Poly 1310 21 5.8 1290 0.21 4.7 polyimide 15
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optical fibers.

The FBGs were made in both pristine fibers and those loaded with high-pressure hydrogen gas at 23 °C and 2400 psi for
240 hours. Exposures were made using 125 fs autocorrelated pulses of 800 nm IR radiation from a Ti:sapphire amplifier
at a repetition rate of 100 Hz. A cylindrical lens with a focal length /= 12 mm was used to focus the 6.4 mm diameter
IR beam through the phase mask and coating into the fiber core. Assuming Gaussian beam optics, the focal spot and the
Rayleigh range in the absence of the fiber are approximately 2 and 4 mm, respectively. The fibers were positioned ~ 750
pm behind the 1.07 um pitched phase mask, resulting in the formation of a two-beam interference pattern at the fiber
core [14]. For a uniform core exposure, the focused beam was continually scanned perpendicular to the fiber’s axis in a
direction parallel to the phase mask grooves £ 10 um about the fiber core every 20 seconds. A schematic of the
exposure set up is shown in Fig. 1. With this focusing geometry, pulse energies greater than 440 pJ resulted in damage
to the acrylate polymer coating. When using the same exposure conditions on polyimide coated fiber, lower pulse
energies up to 180 pJ could be used before damage to the coating was visible. The intensities used here are consistent
with formation of type I-IR gratings in hydrogen loaded SMF-28 fiber [15, 16]. Transmission spectra were obtained
during the exposure using an Er’ fiber white light source and an optical spectrum analyser.

In order to understand their absorptive properties, low signal absorption scans of typical acrylate and polyimide coatings
were performed using a Cary 3UV-Visible spectrophotometer. Desolite 950-200 optical fiber recoating acrylate from
DSM Desotech Inc., was used to prepare 7 pm thick films by sandwiching the acrylate between two silica windows and
then UV curing for 1 minute. Freestanding films of the polyimide coatings used by the fiber manufacturers were
unavailable. Instead, Kapton 30H polyimide films from Dupont with 7.5 pm thickness were measured.

Long-term stability tests were performed in a Lindberg tube furnace equipped with an internal quartz tube of 2.54 cm
diameter centered within the furnace tube shown schematically in Fig. 2. Gratings were loosely placed in the inner tube
so that no external stresses were applied to the grating. The temperature in close proximity to the grating was monitored
using a thermocouple probe with automated data logging, in addition to the thermocouple built into the furnace’s
feedback and control circuit. The experiments were performed in ambient air and the heating rate was limited to 10 °C
min~'. A swept tunable laser system was used to measure the grating spectral responses. During the experiments, the
grating spectra and furnace temperature were measured and recorded every 5 minutes. A swept tuneable laser system

was used to continually measure the grating spectral responses.
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polyimide and acrylate films respectively.

3. RESULTS AND DISCUSSION

3.1 UV, IR absorption studies of Acrylate and Polyimide

Figure 3 presents the absorption coefficient o versus wavelength of the 7um thick DeSolite 950-200 acrylate film and
the 7.5 um thick Kapton 30H polyimide film. The thickness of the polyimide films deposited on the optical fibers is
typically twice that of the Kapton film measured here. The signal transmission below 500 nm was significantly
attenuated with no transmission detectable by the spectrophotometer below 375 nm. For the acrylate film, high
transmission is observed above 300 nm, but no detectable transmission using the spectrophotometer is observed below
260 nm. Polyimide is well known to have an extremely large a or alternatively an extremely thin 1/e absorption depth
at wavelengths used for UV grating inscription. For polyimide, a. = 2.6 x 10> cm™ at 248 nm [17] while the a of acrylate
resins used for fiber coatings are an order of magnitude lower equaling 2.5 x 10* cm™ at the same wavelength [18]. For
SMF-28 fiber, the o of the acrylate coating at 248 nm was shown to be 4.6 x 10* cm™ [19]. The acrylate coatings have an
approximately 5 to 10 times lower absorbance in the UV than the same thickness of polyimide at these wavelengths.
The absorption spectra presented in Fig.3 are consistent with these values. It is not obvious that established techniques
for inscription of gratings through an acrylate jacket would still be successful with a polyimide coating. From Fig. 3 it
is seen that polyimide is transparent to low signal IR radiation, however the absorption bands in the polymer that are
accessed by UV photon energies can also be accessed through multiphoton absorption of higher intensity infrared pulses.

3.2 Through the coating FBG inscription in standard telecom fiber

Bragg gratings were first written in acrylate coated SMF-28 fibers that were hydrogen loaded. The transmission
spectrum of a grating written in hydrogen loaded SMF-28 with pulse energies of 250 pJ is presented in Fig. 4. The total
exposure time for the grating inscription was ~ 5 minutes, after which no further grating growth was observed. For
SMF-28 fiber, the Type I-IR induced index change has been shown to be a 5-photon process [16]. Using the Rouard
method [20], the transmission spectrum of the grating was modelled assuming a Gaussian index profile 6.4 mm in length
and a S-photon process. The modelled response is shown as the dotted line in Fig. 4. From the model, the maximum
index modulation corresponding to the experimental data is An = 2.2 x 107,
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modelled spectrum shown with open squares.

Under identical exposure conditions (100 Hz, 20 s cycle of = 10 pm beam sweep) and pulse energies of 220 pJ, grating
growth as a function of time was compared for gratings written through the jacket and with the jacket chemically
removed. In Fig. 5 a), significant growth is initially observed for the grating written through the jacket however after ~ 5
minutes exposure, no further change in An is observed. In the case of the stripped fiber, grating growth does not stop but
continues even after exposure to the laser for 90 minutes (see Fig. 5 b). Observation of the exposed region of the
polymer jacket under an optical microscope revealed some damage to the jacket at the fiber cladding-jacket interface, but
no damage to the jacket surface. Several femtosecond IR laser-based ablation studies of polymeric materials have shown
that the threshold for induced index change and ablation of the polymer decrease with the number of incident pulses [21,
22]. It is likely then that the first several hundred pulses are inducing ‘incubation sites’ in the acrylate polymer coating
that eventually reduces the transmission of the IR radiation through the jacket thus limiting the An growth.

Using the 12 mm focal length lens, a stronger grating could be written before incubation sites in the jacket attenuated the
incident beam. The transmission and modelled spectra are shown in Fig. 6. Compared to the modelled spectrum, the An
achieved with this tighter focusing geometry was 3.5 x 10™.

To study the reliability of these gratings, 5 devices were made using the same recipe as for the grating shown in Fig. 4 (f
=19 mm). Using an optical fiber pull tester (Vytran PTR-100), the breakage strength was compared with pristine SMF-
28. For the 5 devices, the breakage strength was 4.5 + 0.5 GPa (690 = 80 kPSI) as compared with 5.3 + 0.3 GPa (770 +
40 kPSI) for the pristine fiber. The high An grating shown in Fig. 6 (f = 12 mm) was also pull tested and had a slightly
lower breakage strength of 4.1 GPa. Compared with the reliability of femtosecond gratings written through the jacket by
the point-by-point technique [9], a 2 to 3-fold increase in pull test strength is realized which is approaching that of the
pristine fiber. As the induced index change of the gratings presented here is not the result of a plasma formation and
micro-void generation, as in [13], but is more likely a result of defect formation and compaction, the grating reliability is
not compromised by embrittlement due to the formation of micro-cracks and micro-voids.

3.3 Bragg Gratings in Hydrogenated acrylate coated high NA Fibers

Exposure pulse energies up to 440 pJ could be used resulting in sufficient intensities in the fiber core for FBG formation.
Higher pulse energies directly damaged the coating causing a reduction in transmission of the writing beam through the
fiber before significant grating growth was achieved.

Exposure through the coating of Hy-loaded SM1500 and INO fibers at 440 pJ/pulse resulted in rapid initial An growth
followed by a saturation in the An (inset Fig. 7). The An values were determined from the FBG spectra using commercial
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software and assuming a uniform FBG with a 6.4 mm long Gaussian apodization profile and a sinusoidal variation of the
An. The An growth of the two fibers is different, with the growth of the /NO fiber reaching the saturation level at twice
the accumulated exposure as compared to the SM17500 fiber. Saturated An levels of the SM1500 and INO fiber were 1.4
x 107 and 1.3 x 107 respectively. Although the Ge concentration is significantly larger in the SMI500 fiber, the
difference in the saturated An levels of the two fibers is relatively small. The saturated An level of the INO fiber is ~
85% of that of the SM1500 fiber.

Compared to the Bragg resonance (Ag) of FBGs made in SMF-28 with the same phase mask (43 = 1549.8 nm), the A3
values for the SM1500 and INO fibers were shifted to longer wavelengths by ~15 nm and ~5 nm, respectively. The red
shifts in Az result from the high Ge content in the fiber cores. Using the Bragg relation for FBGs (A3 = 2n.4/, where A is
the FBG pitch), the n. for the SM1500 and INO fibers were 1.46 and 1.453, respectively, corresponding to an increment
of 1% and 0.4% of the respective n.;'s when compared to the SMF-28. This increase is likely proportional to the
variations in the Ge concentration of the two fibers cores as compared to SMF-28 if the core geometry differences are
ignored.

Spectra of saturated gratings written through the coatings of SM7500 and the INO fibers are shown in Fig. 8a and b,
respectively. The grating spectra are of reasonable quality although the reflection noise floor level is higher when
compared to FBGs written without the coating under the same exposure conditions and to the same An. The increased
noise floor level may result from a non-uniform IR transparency of the acrylate coating along the beam exposure length.

From Fig. 7, the grating growth is much higher when identical exposure conditions are applied but with the SM1500
fiber coating removed. The saturated An level is almost five times larger than when the coating is present. To achieve the
same coated-fiber saturated An value of 1.4 x 10, but with the fiber coating removed, the laser pulse energy was
reduced from 440 pJ to ~200 pJ. This reduction can be taken as a measure of the acrylate coating attenuation combined
with the beam distortion through the coating as a result of the coating non-uniformity. In fs IR laser ablation studies of
polymers, the damage threshold decreases with the number of incident pulses [22] The first several hundred pulses are
likely inducing ‘incubation sites’ in the polymer coating that eventually reduces the transmission of the IR radiation
through the jacket thus limiting the An growth.

The same coating attenuation was seen in grating formation threshold measurements made in the SM1500 fiber. Whereas
a very small reflectivity grating was written with an energy level of 140 pJ/pulse through the coating, grating formation
was observed at ~ 90 pJ/pulse when the coating was removed.
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Fig. 9. Transmission spectra of saturated gratings written through the jacket of unloaded a) boron-
codoped high-NA Spectran fiber, b) INO fiber, c) UHNA3 fiber, and d) SM1500 fiber.

3.4 FBGs Written Through Acrylate Coating in Unloaded High NA Fibers

Under the same exposure conditions, 440 pJ/pulse at 200 Hz, FBGs were written through the coatings of the SM1500,
INO, UHNA3, and the Spectran prototype fibers without H,-loading. The SM1500 fiber was exposed for 5 minutes and
resulted in a saturation An level of 7 x 10 corresponding to a 14 dB strong grating (Fig. 9d). FBGs written in the JNO
and UHNAS3 fibers produced lower levels of saturated index change, namely 3 x 10* and 4 x 10, respectively, with
transmission losses of —4.9 and —5.8 dB, respectively (Fig 9b and 9c). The Spectran prototype fiber showed the highest
saturated An level of 8 x 10* corresponding to a 16 dB strong grating (Fig. 9a).

For unloaded fiber, the difference in fiber photosensitivities and saturated An is dependent upon the germanium
concentration in the fiber core. For Hy-loaded fibers, much higher photosensitivity is seen; however, the disparity in
saturated An with Ge core concentration is reduced. To increase the An induced in unloaded fibers, a tighter focusing
arrangement of the laser beam is required. The results presented here refer to optical fibers with high NA. If for some
applications the value of the splicing loss between these fibers and SMF-28 is too large, then boron-codoped fibers
similar to the Spectran prototype fiber, are commercially available.

To study the reliability of the gratings, six devices were inscribed through the jacket using the SM1500 fiber. Using an
optical fiber pull tester (Vytran PTR-100), we compared the breakage strength with pristine SM1500 and SMF-28 fiber.
As a result of fiber availability, only a limited number of pull tests could be performed. For the devices tested, the
breakage strength was 4.2 + 0.5 GPa (610 + 80 x 10° psi) as compared with 5.5 + 0.3 GPa (790 + 40 x 10° psi) for the
pristine fiber. Little degradation in the fiber physical strength as a result of the Bragg gratings inscription is shown.
Reduction in breakage strength is similar to that for gratings written through the jacket in SMF-28 fiber.

3.5 FBGs written through the jackets of Polyimide coated fibers

Exposure pulse energies up to 180 pJ could be used before the deterioration of the polyimide fiber coating was observed.
In the absence of H-loading, the maximum FBG reflectivity that was achievable before coating damage was ~ 1%. A
reflection spectrum of a device made in the OFS fiber is shown in Fig. 10. In the case of the acrylate-coated fiber, pulse
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Fig. 10. Reflection spectrum of an FBG written through the polyimide jacket of the OFS fiber
without H,-loading

energies a factor of two higher (up to 440uJ with the same focusing geometry) could be employed to inscribe the grating
before coating damage was observed. The lower absorption of the acrylate coating to fs-IR radiation, compared to that
of the polyimide coatings, facilitated the inscription of a stronger Bragg grating. The transmission spectrum of the
grating written in the unloaded Fibercore fiber is presented in Fig 9d). The observed transmission loss of the device at
the Bragg resonance was —13 dB, which represented a 95% reflectivity.

When hydrogen loaded, much higher reflectivity gratings could be written through the polyimide-based jackets of both
the OFS and Fiberlogix fibers. The total exposure time for the grating inscription in each fiber was ~ 5 minutes, after
which no further grating growth was observed. From the transmission spectra shown in Fig. 11a) and b), the
reflectivities and Bragg resonances, A3, of the 6.4 mm long OF'S and Fiberlogix fiber gratings were —3.5 dB (55%), —1.8
dB (34%) respectively and Az = 1555.8 and 1559.7 nm respectively. According to the Bragg relation for FBGs, Az =
2nq4A, where A is the FBG pitch and n.is effective core mode index. The post exposure .4 for the OFS and Fiberlogix
fibers were then 1.453 and 1.456, respectively. Similar FBGs written in Corning SMF-28 fiber result in an n.; = 1.447.
The red shift in the A3 of the Fiberlogix FBG when compared to that of the OFS and SMF-28 FBGs is likely a result of
higher Ge content in the high NA fiber cores compared to the SMF-28 fiber core if the core geometry differences are
ignored.

For both the loaded and unloaded grating inscriptions, the induced index change occurred in the low intensity regime
(type I-IR), which has been associated with defect formation/material compaction. To model the grating response, a
commercial software package employing coupled mode theory from Apollo Photonics was used, taking into account the
ney of the fiber as well as the overlap between the mode field diameter and the core diameter. When not given, the core
diameter d was estimated using the expression:

_VA
7TNA (1)

d
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Fig. 11. Transmission spectra of FBGs written through the polyimide jacket of H,-loaded a)
OF'S and b) Fiberlogix fibers. Overlaid modeled spectra shown with white dots.

where V, = 2.4 is the normalized cut off frequency of the LP,;; mode, and A, is the cut off wavelength. In the commercial
package, the An is assumed to be sinusoidal however for SMF-28 fiber, the Type I-IR induced index change has been
shown to be a 5-photon process [16]. For a given reflectivity, the value of the An generated by the software package
assuming a sinusoidal profile rather than a profile that varies with the fifth power of the intensity, tends to be modestly
underestimated [20]. The modelled grating responses are denoted by white squares in Fig. 2b) and 3. From the model,
the An values for gratings written in the Fibercore, OFS and Fiberlogix fibers were 7, 1.6 and 1.4 x 10 respectively.
For the case of the unloaded OFS fiber, the 1 % reflectivity corresponds to an An =3 x 10~

Observation of the exposed region of the polyimide polymer jacket under an optical microscope revealed some damage
to the jacket surface after the 5-minute exposure. Femtosecond-IR laser machining studies of polyimide have shown that
the ablation threshold for polyimide decreases with the number of incident laser pulses [21]. As with the acrylate
coating, it is likely that prolonged exposure of the polyimide jacket to the incident fs-IR pulsed radiation induces
‘incubation sites’ in the polymer that results in increased absorption that eventually reduces the transmission of the IR
radiation through the jacket thus limiting the An growth.

Interestingly, the apodisation profiles of the modelled data that best fit the experimental transmission spectra were
different for each of the fiber coatings. The apodisation function is given by [23]:
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where An(z) is the index modulation along the grating length L, n,,, is the maximum 4n and z, is the position of the
maximum index change. 4 is the Gaussian window parameter which is equal to 5, while B is a positive parameter. For a
simple Gaussian apodisation, B = 2. For the acrylate-coated fiber, the apodisation profile fit a simple Gaussian
apodisation, similar to that of the incident beam. For the polyimide-coated fibers, the more intense portions of the
incident beam were attenuated resulting in super-Gaussian type grating apodisation profiles. The modelled grating
apodisation profiles, which resulted in the best fit to the spectral responses for each of the fibers, are shown in Fig. 12.

To study the FBG temperature stability, isochronal/isothermal annealing studies were performed on the polyimide-
coated gratings at elevated temperatures. In Fig. 13, the reduction of 4n at various elevated temperatures is shown for a
grating made through the jacket of the OFS fiber with an initial Az of 1.2 x 10, A portion of the An is rapidly annealed
out at 200 °C but the remaining 4n is relatively stable with increasing temperature up to 400 °C. After 16 hours at 400
°C, the grating An stabilized at a value of 6.5 x 10°. When the fiber temperature was further increased in 100 °C
increments from 400 °C and annealed for 1 hour at each temperature, grating erasure was observed with complete
grating erasure occurring at 800 °C. In a separate experiment, another device was annealed at 360 °C for 140 hours after
being pre-annealed at 75 °C for 36 hours in order to out-gas any remaining hydrogen (inset Fig. 13). After 140 hours, a
An =~ 7.3 x 107 remained.

Isochronal/isothermal curves for a device made in the Fiberlogix fiber are shown in Fig 14. The device was left at room
temperature for 1 month in order to outgas all of the hydrogen after the grating inscription. In Fig. 14a) the isochronal
annealing curve is shown where the device is annealed for one hour at 250, 300, 400 and 500 °C and then is allowed to
remain at 500 °C for a further 115 hours (Fig 14 b). The grating reflectivity after the 115 hours was —0.38 dB (8%),
which corresponds to an An ~ 6 x 107 that is ~ 60% of the initial An value. Increasing the temperature to 600 °C
resulted in steady and complete erasure of the device after a further 65 hours of annealing. Comparing the annealing
characteristics of the OFS and Fiberlogix FBGs, a more thermally stable An could be induced through the coating of the
Fiberlogix fiber. With its higher Ge-dopant core concentration, the Fiberlogix FBG was stable up to 500 °C as opposed
to 400 °C for the OFS FBG. As the rated operating temperature of both the OFS fiber Pyrocoat jacket and the
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Fig. 13.  Isochronal annealing study of a FBG in the polyimide coated OFS fibre. Inset figure
is the long-term isothermal annealing study at 360 °C of a FBG in OFS fibre with An
and temperature denoted by black and gray traces respectively.
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Fig. 14. a) Isochronal and b) isothermal annealing study of a FBG written through the
polyimide coating of the Fiberlogix fibre. Index modulation and temperature
denoted by black and gray traces respectively.

Fiberlogix polyimide jacket are 300 °C, significant grating index modulations could be induced through the jacket of
either fiber that would remain stable within the operating temperature of the coating.

To study the reliability of the gratings, 12 devices were inscribed through the polyimide jacket of the Fiberlogix fiber.
Using the Vytran optical fiber pull tester, we compared the breakage strength with pristine Fiberlogix fiber. As a result
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of fiber availability, only a limited number of pull tests could be performed. For the devices tested, the breakage strength
was 2.8 + 0.3 GPa (399 + 49 x 10° psi) as compared with 5.8 + 0.3 GPa (835 + 40 x 10° psi) for the pristine fiber.

An important application for the polyimide coated FBG devices presented here would be for the oil and gas industry as
fiber optic sensors to monitor the downhole environment. As such, the sensors would be exposed to hydrogen partial
pressures greater than 1 atmosphere at temperatures above 100 °C. Operation in such an environment has been shown
to result in H,-induced absorptive losses in the optical fiber, both due to the presence of H, and because of the reaction
of hydrogen with defects in the fibers [24]. The use of hydrogen loading to increase fiber photosensitivity for grating
inscription does not contribute to these high temperature induced losses when deuterium is replaced by hydrogen in
order to increase the fiber photosensitivity. Laser induced losses near the telecom window at 1.38 pum due to the
formation of OH are shifted to longer wavelengths outside the window when deuterium is used. As devices are typically
manufactured at room temperature, unreacted gas diffuses out of the fiber.

4. CONCLUSIONS

The technique of through-the-jacket inscription of fiber Bragg gratings using femtosecond infrared laser radiation and a
phase mask has been presented. Bragg gratings have been inscribed directly through both acrylate and polyimide
polymer coatings of standard commercially available optical fibers that in some instances had their photosensitivity to
ultrafast IR radiation enhanced through the process of hydrogen-loading. Fiber pull tests of written gratings in acrylate
coated fibers resulted in fiber strengths close to that of the pristine fiber while devices fabricated in polyimide coated
fiber maintained ~50% of the pristine fiber pull test strength.

Depending on the levels of Ge-doping in the fibers and whether or not the fibers were hydrogen loaded, grating
inscription in the fiber core resulted in large refractive index modulations. For fibers with the highest germanium
content, hydrogen-loaded and unloaded index modulations of ~ 1.4 x 10~ and 7 x 10~* were obtained respectively.

Fiber Bragg gratings that are inscribed directly through the polyimide polymer coating of commercially available optical
fibers are also reported. Gratings made in hydrogen loaded high NA fiber have index modulations of greater than 1 x 10
* that maintain ~60 % of their initial strength after annealing for 120 hours at 500 °C. Gratings with better thermal
stability were induced in fibers possessing higher Germanium doping levels.

Although presently more of a research tool than an industrial laser, the high-powered femtosecond infrared laser is
proving itself to be a versatile instrument for grating inscription in various waveguides and materials. Structures can be
successfully inscribed in or through any material that is transparent to low signal 800 nm infrared radiation. For this
reason femtosecond IR radiation is ideal for through-the-jacket inscription of gratings, especially for jacket materials that
are highly absorbing in the UV such as polyimide. Near UV pulsed sources such XeCl (308 nm) or XeF (351 nm)
excimer laser systems, or frequency tripled Nd:YAG systems (355 nm) are used extensively for laser machining of
polyimide in the microelectronics industry due to the high absorption of polyimide at these wavelengths [25]. It is
therefore unlikely that such systems could inscribe a grating through the polyimide coating of an optical fiber.

The presented method is a very straightforward solution for applications requiring Bragg grating inscription in the core
of optical fibers without the need of fiber coating removal. The method does not require special coatings nor custom
fiber designs but allows for the inscription of very low- to very high-reflectivity Bragg gratings after a few seconds
exposure with simple alignment similar to standard UV laser Bragg grating inscription techniques. Such gratings when
inscribed through high temperature stable polymer coatings are suitable for high temperature sensors used for downhole
monitoring in the oil and gas industry.
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