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9000 hour s-long high temper atur e annealing of regenerated Fiber
Bragg Gratings

G. Laffont, R. Cotillard and P. Ferdinand
CEA, LIST, Laboratoire de Mesures Optiques, Gif-guette cedex, F-91191, France

ABSTRACT

Regenerated Fiber Bragg Gratings have been annedlddgh temperatures up to 890°C during 9000 honrs
continuous. This test has been conducted in omexperimentally assess the long-term stabilityegfenerated FBGs
dedicated to measurements in high temperature aammients. The evolution of both reflectivities anda@y
wavelengths of four wavelength-multiplexed regetetdBGs simultaneously annealed at respectively@6810°C,
850°C and 890°C is reported.

Keywords: Regenerated Fiber Bragg Gratings, High temperaAmeealing, Bragg gratings, Optical Fiber Sensors.

1. INTRODUCTION

Thermal processing of standard FBGs under high ¢eatpre using the so-called regeneration processsoiine way for
new metrological applications of FBG sensors deditéo harsh environments, especially under higiperature up to
900°C [1-3]. The operational and reliable use afereerated FBGs over long period of time (severalr$jofor high

temperature measurements require to experimengafess the evolution of their optical charactesstiAs the

reflectivity of Type | FBGs decreases rapidly ahperature beyond 400°C, their operational lifete®00°C prevents
their use for long-term metrological applicationeinvironments with elevated operational temperatuRegeneration is
a technological breakthrough for high temperatemessg. The reflectivity of regenerated gratingmisch more stable
than that of standard gratings. But, to our knogtedho study has been conducted in order to qyathéf evolution of

the reflectivity and Bragg wavelength of regenedajeatings at high temperature over long periotioé. Such inputs
are mandatory in order to evaluate the potentiategfenerated FBGs for continuous monitoring of citmes and

processes operating under high temperature andgsiring sensors lifetime of several years. Quygimif the decrease
in reflectivity may be useful to anticipate sigtalnoise ratio issues, while quantifying Bragg waewgths drift is

essential to estimate measurement errors.

2. HIGH TEMPERATURE ANNEALING SETUP
2.1 Seed FBGsphotowriting

We use a Lloyd interferometric setup to photowsigeed FBGs at an illumination wavelength of 244 mmitted by a
frequency-doubled argon ion laser (FreD Innova 3@@ed gratings used in this study are photowritteH,-loaded
SMT1310H singlemode fiber (2 weeks at 100 bar, 208€ed gratings are saturated and their lengtfual to 5 mm.

2.2 FBG regeneration process

A vertical tubular calibration furnace (TC1200, Reow) is used to regenerate the seed FBGs whicintnaduced in

an 8 mm diameter ceramic insert to homogenize natefurnace temperature (see Fig. 1). A type Nriimeouple is

adjacent to the seed FBGs in order to control éheperature experiences by the gratings duringdeneration. Each
grating is inserted in a metallic capillary (1 mmter diameter). The respective position of the iggst and the

thermocouple (TC) is controlled to +/- 1 mm. Durithge regeneration process, the seed FBGs are peafsd at an
intermediate temperature of 710°C during two hotlilren the furnace’s temperature is raised up t6®@2thich is the

setpoint triggering the regeneration. Heating apped once the reflectivity of the regeneratediggataches an optimal
level.
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As we use a blind end vertical tubular furnace,fiber can’t be analyzed in transmission. Thus,gpectral behavior of
the FBG is monitored in reflection by a spectrométaritsu MS9710C). Even with a flattened ASE smufor the FBG
monitoring, the residual fluctuation of the spelcprawer density complicates a direct normalizatibthe FBG reflected
signal during heating ramp. High temperature prsiogsof silica fiber degrades its mechanical rasisé. Thus, seed
multiplexed FBGs are packaged in a metallic capillarior to the regeneration to avoid any subsetjbane fiber's
manipulation.
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Figure 1. Photowriting of a seed FBG using Figure 2. Annealing setup for FBG regenerationtabfurnace, TC acquisition unit,
a Lloyd mirror interferometer. FBG spectral monitoring).

2.3 Regenerated FBGsannealing setup

To perform the long term annealing experiment, fiagenerated FBGs written in a SMT1310H singlemitger are
inserted in the vertical tubular furnace. Each igmatis protected by a metallic capillary (used atdaring the
regeneration). The longitudinal grating positiorthin each capillary is determined using a compagttihg element
leading to an accuracy of +/- 1 mm [4]. A first il made of four regenerated gratings is assembistnces between
gratings are chosen according both to the vertiealperature profile of the tubular furnace and He &annealing
temperatures expected for each grating. Then anddmondle made of four TCs is realized: distanaw/ben TCs are
identical to those between the gratings. The twudles are then assembled together: each TC iseadjxa grating in
order to control the temperature experiences b gaating during the course of the annealing. Tihal bundle is then
positioned within the furnace and heating is sthwiéh a temperature setpoint of 900°C.
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Figure 3. Evolution of the annealing temperatuffahe four regenerated FBGs

The annealing has been maintained almost contifyidusing 9000 hours. It has been stopped onlytane during 24
hours (after roughly 4500 hours of operation) idesrto calibrate the four regenerated sensorsnipéeature using the
decreasing ramp of the furnace. Then heating has berted again: no significant shift in wavelénigéfore and after
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this interruption has been observed. With the etxapmf this mid-term stop, the blanks in the date due to pauses
during the data acquisition in order to use thespeneter for other experiments.

To achieve the two lowest annealing temperaturé8°@ and 810°C), the gratings have to be positiaeske to the top
of the furnace heating zone. Thus, we have usadratectype N TC in order to detect any drift in pErature that could
be related for instance to a sliding of the bun8lech a drift is observed at the end of the expamirespecially for the
sensor at 760°C with an increase up to 770°C ohtirealing temperature experienced by the TC. Beh drift is not

observed on the Bragg wavelength shift: thus wease this slight increase may be only due to angjidf the bundle
containing the four TCs. The two TCs used to meathe temperature at 850°C and 890° are of type K.

3. EXPERIMENTAL RESULTS
3.1 Evolution of thereflectivity

The reflectivities of the four regenerated FBGs@mgted in Figure 4. A rapid decrease is obseiiaring the first 200
hours of annealing at the lowest temperature ofCatefore reflectivity’s stabilization to occur. 880°C, this initial
decrease in reflectivity is observed during 50 bcefore stabilization. At 890°C, the initial drivpreflectivity reaches
50% and 30% at 760°C. Once initial burn-in is aebie the amplitudes of the Bragg peaks are mucte rstable but
subsequent evolutions are still observed. The atifides tend to decrease again slightly. Of iagtris the stabilization
occurring for the two gratings at the highest terapee (850°C and especially 890°C) while the atflgties of the
gratings at 80°C and 760°C are still decreasingase the two gratings at low temperature folloershme tendancy,
this would suggest the possibility to extrapolaghdvior at low temperature thanks to experimentsezhout at higher
temperatures. But this possibility has to be takéth care, and confirmed, because the origin oenegation is not
clearly established. Uncompleted phase transitimitisin silica might partially explain such evolutis in reflectivity
and further experiments are needed to clarify aquaé the behavior of regenerated grating’s reiléty under high
temperatures. At that time, no model can be appbegredict lifetime of regenerated FBGs excephgadn with such
experimental annealing test. A well-known modellingethod for temperature erasable FBGs, ithester curve
formalism [5], has been implemented but it doeswartk on such regenerated gratings that are ternpereesistant. At
that time, the results shown in Figure 4 clearljicate that regenerated FBGs are extremely tempera¢sistant: they
are not erased even after 9000 hours at 890°C.

1.4
8 R-FERG# W Te0C
1.2 | ¥ R-FBG#2 @ 810°C
- R-FBG #3 5% B50°C
= R-FBG ¥4 @ B0°C
2 1,0
§ L}
‘E 0,8 L4
@ o
o s t .' L]
O : w
N 06 W
[+ ] -
-
E o4 :
<]
=
0,2
0.0 + T
0 2000 4000 000 8000 10000

Annealing time (hours)

Figure 4. Evolution of the reflectivities of theuioregenerated FBGs

3.2 Evolution of the Bragg wavelength shift

In a similar way, the Bragg wavelength shifts eigrered by the four regenerated FBGs during theaimgeare plotted
in Figure 5. A rapid decrease is observed at thgnbing of the experiment. The evolutions of thea@y wavelength
shifts are similar but changes seem to be activhjetemperature. Taking the grating at 890°C, tfigai burn-in is
followed by an increase in wavelength, then anotieerease and lastly a second increase in wavélavigt a turning
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point at 3500 hours. From one phase to anotheclthages occur at a lower rate. The Bragg wavelestyfts are very
similar in tendancy for the other gratings. But7&0°C and 810°C, the turning point leading to aoedcincrease in
wavelength is not observed. Toggling between deereand increase in wavelength occurs much fasteriggt
temperature.

Such a behavior has a direct impact on the meticdbgse of regenerated gratings under high tenperaAt 800°C,

the thermal sensitivity of the grating R-FBG#4 aaled at 890°C is 16.5 pm/°C. The observed waveledgft induces
an error on the measured temperature. A 500 pmdtlifieis experienced by the R-FBG#4 leading toaradtimate the
temperature by 30°C. Depending on the applicasoch a behavior has to be anticipated or minimiZéds might be
achieved by changing the regeneration protocol alimg temperatures and times) but also by usingcalpfibers

showing other glass composition and/or opto-gedo@tmparameters. In case such sensors are usedotdom
temperature variations instead of the absolute éeatpre, this long-term drift is of lower importanon the

measurement as the sensitivity is almost the saniese two different operating points: 17.0 pm&@00°C and 16.7
pm/°C at 770°C, leading to an error of 1.6% (070C0) on the temperature step’s amplitude.
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Figure 5. Evolution of the Bragg wavelength shiftshe four regenerated FBGs

4. CONCLUSION AND PERSPECTIVES

Regenerated FBG have been annealed during 9008 hbtemperatures up to 890°C. This experimenstifies the
temperature resistance of such gratings but also¢led for further experiments in order to undedsthe evolution in
reflectivities and wavelengths observed during thigy-term experiment. Minimizing the spectral tif mandatory in
order to deploy arrays of regenerated FBGs forioontis monitoring of structures and processes. Ttight be
achieved through adjustments of the regeneraticamnpeters but also thanks to optical fibers witheottomposition and
index profiles.
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