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Abstract

:

Fiber Bragg gratings (FBG) are extensively used to perform high-temperature measurements in harsh environments, however the drift of the characteristic Bragg wavelength affects their long-term stability resulting in an erroneous temperature measurement. Herein we report the most precise and accurate measurements of wavelength drifts available up to date on high-temperature FBGs. The measurements were performed with a set of packaged  π -phase-shifted FBGs for high wavelength resolution, in caesium and sodium pressure-controlled heat pipes for stable temperature environment and with a tunable laser for stable wavelength measurements with a 0.1 pm resolution. Using this dataset we outline the experimental caveats that can lead to inconsistent results and confusion in measuring wavelength drifts, namely: influence of packaging; interchangeability of FBGs produced under identical conditions; birefringence of  π -phase-shifted FBGs; initial transient behaviour of FBGs at constant temperature and dependence on the previous thermal history of FBGs. In addition, we observe that the wavelength stability of  π -phase-shifted gratings at lower temperature is significantly improved upon by annealing at higher temperature. The lowest value of the wavelength drift we obtain is   + 0.014   pm·h    − 1    at 600 °C (corresponding to   + 0.001   °C·h    − 1   ) after annealing for 400 h at 1000 °C, the longest annealing time we have tried. The annealing time required to achieve the small drift rate is FBG-specific.
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1. Introduction


Traditionally, the majority of high-temperature measurements for applications in the 600–1200 °C temperature range were done with various thermocouples that measure the electromotive force between two dissimilar metal wires wherever a temperature gradient is present along the entire length of the thermocouple [1] (pp. 239–281). Three main disadvantages of thermocouples that currently limit their use are their large size (the electromotive force is essentially generated by thermal gradients along the entire length of the thermocouple), redistribution of impurities/dopants along the thermocouple length at high temperatures (the electromotive force is thus altered during the measurements) and sensitivity to electromagnetic interference and ionizing radiation [1] (pp. 239–281), [2].



Recently, fiber optic sensors were used instead to perform high-temperature measurements in a large number of sensing applications in harsh environments—such as structural fire testing [3,4], metal casting [5], nuclear power plants [6,7], tokamak [8], combustion and gas turbine engines [9,10]. The majority of the reported studies involved Bragg gratings inscribed in doped silica fiber with high-intensity infrared femtosecond lasers or ultraviolet lasers by means of a direct writing or writing through a phase mask, which creates periodic variations of the refractive index in the fiber core [11,12]. These periodic variations with a period  Λ  produce a condition for interference of light propagating in the fiber:   2 ·  n  e f f   · Λ =  λ B   , where   λ B   is known as the Bragg wavelength and   n  e f f    is the effective refractive index of the fiber core at   λ B  . As both   n  e f f    and  Λ  are functions of temperature,   λ B   is also correlated with the temperature.



Fiber Bragg gratings (FBGs) are, at a first glance, ideally suited to high-temperature measurements in harsh environments due to being small, insensitive to electromagnetic radiation, resistant to corrosive environments, capable of multiplexing and relatively cheap to manufacture. However, the first experiments involving FBGs in high-temperature environments had three major drawbacks: they lacked a systematic approach; they were primarily concerned with survivability of the FBG sensors on a short time scale; and they were typically performed in a tube furnace or in a specific application setting (e.g., simulated nuclear reactor environment) with a relatively low wavelength and temperature resolution and a relatively poor temperature stability and homogeneity. Closer examination [13] revealed ubiquitous wavelength drifts present across different grating types at high-temperatures which directly impacts applications involving high-accuracy and high-precision temperature measurements (e.g., temperature metrology) and applications that require long-term temperature monitoring, sometimes at the level of years (e.g., in nuclear reactors). The underlying mechanism for the wavelength drifts so far remains disputed. Three effects that are commonly invoked in the literature to explain the wavelength drifts [13] are dopant diffusion from the core, devitrification (crystallization) of the glass, and release of stresses that are built into the fiber during the fiber manufacturing process. It is likely that not a single cause, but a combination of several factors, are responsible for the observed wavelength drifts.



In an attempt to shed light on the origin of the wavelength drift and eliminate some of the aforementioned drawbacks present in the previous research, we embarked on a systematic study of the long-term drifts in packaged  π -phase-shifted femtosecond laser written gratings that promise an improved wavelength stability [14].



Our experimental set-up described in Section 2, is ideally suited for this study by offering long-term temperature stability and high wavelength resolution and stability. We then proceed to describe the experimental caveats that could lead to inconsistent results and confusion in measuring wavelength drifts using our high-accuracy and high-precision dataset, namely: influence of packaging (Section 3.1); interchangeability of FBGs produced under identical conditions (Section 3.2); initial transient behaviour of FBGs at constant temperature (Section 3.3); birefringence of  π -phase-shifted FBGs (Section 3.4) and dependence on the previous thermal history of FBGs (Section 3.5). The lessons learned from this work are followed in Section 3.6 by our confirmation of the previous observation that the wavelength stability of  π -phase-shifted gratings at lower temperature is significantly improved upon annealing at higher temperature. We conclude in Section 4 by summarizing the factors to consider when one is measuring the long-term stability of FGBs and by drawing some parallels with the well-established platinum resistance thermometers (PRTs) in the temperature metrology field.




2. Materials and Methods


For the long-term stability measurements, several identical  π -phase-shifted Type II FBGs [15] were fabricated in acrylate-coated SMF-28 single mode fiber using a third order phase mask and Fourier-transform-limited 80 fs pulses from a regeneratively amplified Ti:sapphire laser operating at   λ = 800   nm with 1 mJ pulse energy as described in detail in [14]. It is well known that FBGs at a high constant temperature experience a Bragg wavelength shift which can range from a few picometers to hundreds of picometers depending on the annealing time [14]. We chose  π -phase-shifted Type II FBGs for our experiments in order to allow measurements of spectral shifts with a picometer precision, since these gratings have a very narrow pass-band feature in the center of their resonance spectra (see Figure 1).



After the inscription, all the FBGs were packaged in a protective 6.5-mm OD quartz tubing by a commercial sensor company (FIBOS [16]). The tubing was flame-sealed at the sensor end. At the opposite (cold) end, a few different sealing options were explored: all of them involving a combination of commercial off-the-shelf Swage-type connectors and a high-temperature epoxy rated to 200 °C which was used to affix the fiber to the connector. All the FBGs were hanging freely inside the protective tubing with the grating element located at the very tip. The protective acrylic coating on the fibers was left to burn off during the high-temperature annealing. No attempt was made to control the gas atmosphere inside the protective tubing. Throughout the testing process, a few packaged FBGs failed upon the high-temperature annealing (see Section 3.1), so in Table 1 we list only the test results for three survivors that, expectedly, had identical packaging. For each measurement the following information is shown: the date of the measurement; probe serial number; annealing time at 1000 °C prior to the measurement; where the measurement took place (i.e., in caesium (Cs) or sodium (Na) pressure-controlled heat pipe (PCHP) or in the triple-point-of-water (TPW) cell); nominal measurement temperature, Tnom, and duration of the measurement, Time@Tnom; measured drift rate, rounded to 3 decimal figures for consistency; the wavelength at the start and at the end of the measurement. Unsuccessful round-robin (RR) measurement is also shown to complete the picture.



All the FBGs were interrogated in reflection mode using an Agilent 8164 Lightwave Measurement System (Agilent Technologies, Santa Clara, CA, USA) with an integrated tunable laser (0.1 pm wavelength resolution) and detector modules. We tested the long-term stability of the laser wavelength calibration using a fiber-coupled acetylene gas reference cell [17] (Wavelength References, 5.5 cm long, 740 Torr) and found no wavelength change (within the resolution of the laser) for the selected absorption line (P25, 1540.82744(11) nm [18]) over the course of 94 h. At each temperature the resonance scans were recorded multiple times (every 5 to 10 min) and the selected resonance wavelength was determined by fitting a 20 pm region around the resonance (i.e., a small fraction of the full peak) to a Gaussian function.



In our temperature experiments we used sodium- (Na) and caesium-filled (Cs) pressure-controlled heat pipe (PCHP) furnaces known for their superior temperature uniformity and stability compared to a tube furnace [19,20]. The heat pipe is a heat transfer device in which a small quantity of a working fluid (e.g., caesium) constantly cycles between the evaporator with its external heater(s) and the condenser with its external cooling system/cooler (Figure 2). The liquid is returned to the boiling area by a capillary action through a wick structure along the inner surface of the heat pipe. In the isothermal region between the evaporator and the condenser, the vapour-liquid equilibrium is realized as determined by the pressure-temperature curve for a given working fluid. In the PCHP, the temperature of the isothermal region is precisely controlled by external gas pressure (typically helium). By changing the pressure set point of external gas (helium) we were able to realize annealing temperatures between 370 °C and 660 °C for the Cs-PCHP and between 600 °C and 960 °C for the Na-PCHP. The temperature of the isothermal region was then maintained to within ±0.01 °C for hours at a time as evidenced by a PRT placed in the neighbouring thermal well.



In Figure 3, we schematically show the summary of the experiments performed in this work and presented in Table 1. Our primary goal, when setting up the experiments, was to check how much the stability at lower temperatures could be improved upon higher-temperature annealing as depicted by the top-left rectangle in Figure 3. In our previous work [14], we observed that the  π -features of all the FBGs tested at 1000 °C shifted towards longer wavelength by 150–250 pm only during the first 30–50 cumulative hours of annealing at 1000 °C and almost no shift could be detected during the later stages of the experiment. The lower temperature for testing the improved performance had to be “high” enough that the wavelength drift could be detected in reasonable time and “low” enough that we could use Cs-PCHP. Thus, for the base-line measurements we chose 600 °C because we could easily detect a typical   + 0.1   pm·h    − 1    drift rate over the course of a single day and because running at temperatures above 600 °C would require use of the Na-PCHP and we currently do not have a back-up in case of the Na-PCHP failure. In parallel, we also investigated, to a limited extent, the drift rate as a function of PCHP temperature and the effects of birefringence and packaging on sensor’s performance as depicted by top-middle and top-right rectangles in Figure 3. In all the experiments, we always checked the drift rate at 600 °C before and after the experiment for any changes in the drift rate.




3. Results


3.1. Before You Start: The Importance of Packaging


When studying the wavelength drifts in a batch of (high-temperature) FBGs, one typically spends a great deal of time ensuring that the FBGs are produced under identical conditions to enable a fair comparison. Consequently, more information is provided in the published literature about the FBG’s production method than about the packaging used for testing the wavelength drift in the furnace. The following three details of the packaging are typically omitted: the strain-free mounting of the fibers inside the protective sheath, the sealing of the gas atmosphere inside the sheath and the means to ensure the thermal contact with the environment. Lack of attention to the packaging of FBG sensors could be contrasted with the well-established high-temperature PRTs where the packaging and related issues, such as the material for the protective sheath, gas atmosphere inside the sheath, design of the strain-free mount for the sensor element, were recognized during early development and are covered at great length [1] (pp. 153–198), [21].



In our own studies we found that inappropriate packaging could lead to excessive wavelength drifts at high temperatures and eventually to probe failure. For example, in Figure 4 we show how probe 22 upon its first exposure to 600 °C manifested a drift rate that was more than 10 times higher than that of the probes 23, 27 and 28 (Table 1). Produced under identical conditions, it developed a black deposit along the surface of the quartz sheath and eventually failed—no grating peak could be detected in the spectrum. The only difference between probe 22 and probes 23, 27 and 28 was in a small detail of the packaging—a Swage-type connector was epoxied directly to the quartz tube’s end, which was likely getting too hot during the experiments in the heat-pipe furnace through heat conduction. We speculate that the heating of the epoxy above the rated temperature limit resulted in its degradation and re-deposition of by-products everywhere inside the sheath including the FBG portion of the fiber. It is yet unclear how this re-deposition led to the subsequent FBG failure and further experimentation with the packaging is necessary.



On the other hand, our recent results [13] indicate that, once the details of the packaging are rectified, the same trends are observed with packaged and unpackaged FBGs, which shows that a properly designed package minimally affects the long-term behaviour of the FBG temperature sensors inside it.



In our future work we are also planning to investigate the influence of the gas composition inside the sealed probe on the FBG long-term stability. For example, in [22] it was shown that the cladding of the single mode fiber could contain a significant amount of water. Changes in the amount and distribution of water in the cladding upon high-temperature annealing could lead to changes in the Bragg wavelength due to changes in the effective refractive index similarly to what happens at room temperature [23,24]. Oxidation at high temperatures from the partial oxygen pressure inside the sheath or degradation of the fiber/grating due to decomposition of water molecules at high temperature could also be an issue.




3.2. Planning the Experiment: How Identical Are the Gratings


Continuing with the issues that are typically overlooked in the experiments with high-temperature FBGs, the inevitable variability of the FBG sensors comes up, even though the gratings are produced with a great care under as much identical conditions as possible. In Figure 5, we show our own results from [13] obtained with unpackaged  π -phase-shifted Type II FBGs at 1000 °C produced under identical laser-writing conditions. The same conditions were also used to fabricate the packaged fibers that are described earlier. Notice how the gratings 1 and 5, produced under identical conditions from the same batch of fiber, identically treated and measured in the same furnace under identical conditions, nevertheless manifest an opposite drift behaviour. Moreover, gratings 4 and 5, despite following the same pattern for the wavelength drift, exhibit wavelength drift rates different by more than a factor of 3 (when the last 200 h are considered).



The main implication of this unique nature of individual FBG gratings—likely resulting from the sensitivity of the inscription process to minute differences in positioning of the fiber with respect to the laser focus and small structural and stress variations in the fiber itself—is that each and every grating should be calibrated individually for the temperature range of interest prior to performing temperature measurements. It no longer suffices to specify that the gratings were produced under identical conditions, so that the differences obtained with N “identical” gratings at M temperatures are indicative of the temperature differences between them. Strictly speaking, this conclusion applies only to  π -phase-shifted Type II FBGs made with a phase mask method and other methods may have a higher repeatability rate. However, the important point is that all temperature sensors should be checked first for how identical they are. A few individual sensors could be checked/calibrated together by placing them at the same point in the furnace—a common practice in the temperature calibration labs.




3.3. Planning the Experiment: How Long Is Long-Term


Another important consideration for planning the experiment is its duration: for how long should one maintain the stable temperature environment in order to measure a repeatable and consistent drift rate. For example, in Figure 6 we show how important it is to wait for 5–10 h in order that the drift rate stabilizes. In this case, probe 27 was maintained at the nominal temperature of 600 °C in a Cs-PCHP for over 2 days within 0.005 °C (equivalent to a 0.075 pm wavelength shift) while the position of the  π -phase-shifted feature was constantly monitored with a 0.1 pm resolution. Despite the temperature of the Cs-PCHP being stable within the resolution of the FBG thermometer, the wavelength experienced an initial drop in the first several hours of the experiment which resulted in an apparent negative drift rate of   − 0.056   pm·h    − 1    over the course of the first 6 h instead of   + 0.114   pm·h    − 1    measured after 50 h at 600 °C. The latter number—obtained for the portion of the curve when the drift rate had stabilized—is more consistent with the previous observations reported in Table 1 and was retained.



The choice of a six-hour window to calculate the FBG drift rate in the example above was not accidental: it is equal to the shortest duration of the experiments that we occasionally performed in the Cs-PCHP and Na-PCHP due to technical limitations and could potentially explain some of the observed anomalies in the reported drift rate numbers as illustrated further below. In Figure 7, we show a series of experiments of measuring the drift rate in the triple-point-of-water cell (0.01 °C), in the Cs-PCHP (400 °C and 600 °C) and Na-PCHP (800 °C and 930 °C) for probe 27. Note that we did not monitor the wavelength during the annealing at 1000 °C. Hence, the drift rate at 1000 °C was calculated by comparing the final wavelength of the  π -feature at 600 °C before the annealing and the initial wavelength of the  π -feature at 600 °C after the annealing. The drift rate is very small below 500 °C and starts becoming noticeable at 600 °C, with its ever-increasing trend suddenly being reversed during the 6 h at 930 °C. The short time duration in this case was chosen because it takes a longer time for the Na-PCHP to reach a stable high-temperature set-point and because we were unable to leave this experiment unattended overnight due to safety concerns (930 °C is very close to the operating limit for the Na-PCHP. The life time of the PCHP decreases when operated at higher temperatures and the probability of failure increases). As a result, it is entirely possible that the measured negative drift rate of   − 0.946   pm·h    − 1    is due to insufficient time for it to stabilize. The positive drift rate at 1000 °C, albeit measured post factum, further corroborates this conclusion. In our future work, long term test will be performed to validate this hypothesis.




3.4. Planning the Experiment: Birefringence


Another issue specific to  π -phase-shifted gratings that one has to keep in mind while planning the experiments is their reported birefringence [25]. For a regular single-mode fiber, this means that the light generally propagates in a superposition of two orthogonal polarizations which are strongly coupled to each other meaning that the energy from one polarization state could be transferred to the orthogonal state and vice versa. Each polarization state has a slightly different resonant wavelength [25] and relative weight in the linear combination that is typically measured in an experiment without polarization control. The relative weights and, as a consequence, the measured wavelength of the linear combination of the two orthogonal polarizations will change if there are any changes in the ambient temperature (outside of the furnace) or stress applied to the fiber (for example a pressure or a bend introduced in a new point) which will contribute to the scatter in the measured wavelength.



We encountered the birefringence-related issue when we attempted to run a round-robin measurement of four FBGs in the Cs-PCHP while using a single laser/detector system and manually connecting/disconnecting the four FBGs to it at regular time intervals. The FBG probes had a total fiber length of approximately 1 m terminated at one end with a E-2000 female connector. We discovered that the wavelength scatter introduced by each connection/disconnection procedure of approximately 2 pm on average (and up to 350 pm in one outlier) completely obscured the wavelength drift for each FBG. Thereafter we switched to continuously monitoring the wavelength over a prolonged period of time for each FBG individually.



In order to verify that the two polarization components indeed show the same drift rate as their linear combination does, we installed a polariser in front of the detector. We then switched the polarization state back and forth between the two orthogonal directions without disturbing anything else in the system while measuring the wavelength drift in probe 27 at 600 °C for a full day as shown in Figure 8. Then, the polariser was carefully removed from the system and the wavelength drift with no polariser was also recorded. In all three instances we measured the same (within experimental uncertainties) linear slope for the wavelength as a function of time. This observation is important because if we assume that the wavelength drift is caused by stress relaxation in the fiber, the slopes should be different as the stress-related components of the FBG response are expected to have different temperature dependencies.




3.5. Measurement Results: The Additivity of Wavelength Drifts


Careful examination of the results reported in Table 1 for probe 27 leads to an interesting, albeit simple, observation: the wavelength drifts at temperatures below 930 °C are additive by nature. In other words, if, after the measurements are completed at the temperature   T 1   with the final measured wavelength    λ f   (  T 1  o l d   )   , the probe undergoes a subsequent annealing at temperature   T 2   for some time   Δ  t 2    and the measurement at   T 1   is repeated, then the initial wavelength for this repeated measurement,    λ i   (  T 1  )    will be given by:


   λ i   (  T 1  n e w   )  =  λ f   (  T 1  o l d   )  + Δ λ  (  T 2  )  ≈  λ f   (  T 1  o l d   )  +  r λ   (  T 2  )  × Δ  t 2   



(1)




where   Δ λ (  T 2  )   is the total wavelength change upon exposure to the temperature   T 2   and    r λ   (  T 2  )    is the wavelength drift rate at temperature   T 2  . As an illustration, consider two measurements of probe 27 at 600 °C on 25 October 2019 and on 25 November 2019, separated by a month: in between we completed a measurement at 600 °C for 55 h, at 400 °C for 25 h, at 800 °C for 38 h and an unsuccessful round-robin at 600 °C for 72 h (since the drift rate in the round-robin experiment could not be measured, we use the drift rate at 600 °C as determined on the successive date, 19/11/25, for the calculations). Using the additivity principle described above, the initial wavelength for the measurement on 25 November 2019 should be:    λ i   (  T  600   19 / 11 / 25   )  ≈ 1556.300 + 0.001 ×  ( 55 × 0.106 + 25 × 0.019 + 38 × 0.460 + 72 × 0.098 )  = 1556.331   nm—in excellent agreement with the actually measured value of 1556.332 nm. Note that the measurement at 930 °C is an outlier, as discussed in Section 3.3, and an exception from this additivity rule. We are planning to repeat the measurement at 930 °C for a longer period of time.



These results could indicate either a permanent reduction of stress due to changes in the internal structure of the glass fiber itself or due to permanent changes in the distribution of the dopant/impurities. Both of these effects will be additive as the sample is submitted to different temperatures. The temperatures examined in this work are too low to lead to the devitrification of the glass—the third cause which is believed to be responsible for the wavelength drifts as we described in Section 1. Interestingly, the additivity of wavelength changes described above could be used to mitigate the wavelength drifts and avoid frequent calibrations, similar to the way it is done with high-temperature PRTs [1] (pp. 153–198), [21]. In the latter case, rather than calibrating a PRT in terms of resistance at various high-temperature points, a ratio of resistance at any given temperature to the ratio at the TPW (0.01 °C) is used instead. Since most of the resistance changes that happened at high temperature are also present at the TPW, the resistance ratio allows one to mitigate the drifts in a PRT to a large extent.




3.6. Measurement Results: Improved Stability after Annealing at Higher Temperature


As described in Section 2, in our previous work [14], we saw that the general ineptitude of the optical fibers for very accurate high-temperature measurements could be potentially improved if the fiber is pre-annealed at a temperature that exceeds the highest test temperature. This observation is likely related to a well known phenomenon in the glass industry: stabilization of the glass viscosity (and related properties) when the glass is annealed at the strain point temperature (or above) for a prolonged period of time [26]. Alternatively, thermal expansion of the glass fiber at 1000 °C and the resultant irreversible changes to the grating length at a lower temperature could also be the cause, similarly to what was previously observed for bulk glass samples [27]. We were thus interested to quantify the improved stability using our very stable and high-resolution set-up described in Section 2.



First of all, similar to [14], we observed a general reduction in the wavelength drift at 1000 °C as the total time spent at 1000 °C increases. In Figure 9, we plotted the drift rate at 1000 °C as a function of time the probe spent at 1000 °C. Note that the drift rate at 1000 °C was calculated as described in Section 3.3. We notice that after 100 h the drift rate drops below +0.5 pm·h    − 1    and this value continues to decrease with annealing time at a somewhat slower pace after the 100 h mark. Interestingly, after 300 h at 1000 °C for probe 28 we registered a negative drift rate of   − 0.18   pm·h    − 1    (blue shift). This pattern in the wavelength dynamics—the initial faster red shift followed by the slower blue shift—is common among various types of high-temperature FBGs [13] and strongly suggests that the underlying cause of the wavelength drifts is related to the fiber itself: residual stresses in the fiber, dopant diffusion, structural changes or a combination of these causes. Experiments are under way to see whether this negative trend continues and is reproducible.



In Figure 10, we show what happens with the drift rate at a lower temperature (600 °C) as the probes 23, 27 and 28 are repeatedly annealed at a higher temperature (1000 °C) for a time period indicated on the X-axis. In general, we see that the drift rate of all the probes at 600 °C decreases as the annealing time at 1000 °C increases, although at a different pace for each probe. The lowest value of the wavelength drift we obtained was   + 0.014   pm·h    − 1    at 600 °C (corresponding to   + 0.001   °C·h    − 1   ) after annealing for 400 h at 1000 °C, the longest annealing time we have tried. Probe 23 was the only probe measured at 600 °C in pristine state (i.e., no pre-annealing at 1000 °C) and its stability actually decreased after the first 100 h at 1000 °C before returning to the initial pre-annealing value after additional 100 h at 1000 °C—a possible indication that a drift rate above the asymptotic value recorded for probes 27 and 28 could be a result of the initial changes that happened at 1000 °C and are slowly relaxing with prolonged annealing. Several values are shown for probe 27 at the 22 h mark—since the probe was measured at different temperatures between two annealing cycles at 1000 °C—and at the 122 h mark—when we completed two measurements to check the repeatability. In both cases, the repeatability of wavelength drift rate was measured to be 0.01 pm·h    − 1    (one standard deviation), with the measurement on October 25 being the only exception, which bolsters our confidence in the trends we observed elsewhere.





4. Discussion


To the best of our knowledge, the experimental results presented above are the most precise and the most accurate measurements of wavelength drifts available in the literature on high-temperature FBGs. These results could be interpreted along two somewhat separate lines. First, the experimental findings outlined in the previous section could be used as a guideline for future experiments that will study the wavelength drifts in high-temperature FBGs. Second, our experimental results put a lower limit on the wavelength drifts in the 400–1000 °C temperature region which could be currently achieved with the high-temperature FBGs.



The summary of the factors to consider when measuring the wavelength drifts in  π -phase-shifted FBGs (and to a large extent any high-temperature FBG) is as follows:




	
Packaging of the FBG temperature sensor can significantly alter its performance (Section 3.1). Thus, the influence of packaging should be verified prior to starting long-term measurements and all the pertinent details of the packaging should be considered.



	
FBGs produced under identical conditions can nevertheless differ significantly in their performance under identical conditions (Section 3.2). One should thus verify that the FBGs are interchangeable prior to subjecting them to different temperatures or perform individual calibrations over the entire temperature range of interest.



	
FBGs wavelength drifts are not linear in time and can change abruptly in the course of measurements (Section 3.3). Thus, linear drift rates should be interpreted with caution and longer experiments are required to obtain consistent drift rates.



	
A corollary to the previous statement: wavelength measurement equipment and temperature equipment should maintain comparable stability at the time scale of the experiment.



	
The birefringent nature of  π -phase-shifted FBGs can contribute to increased measurement noise (Section 3.4), and one should make sure that the fibers are not disturbed during the measurements, both in terms of stress and in terms of ambient temperature.



	
Previous thermal history can significantly influence the behaviour of doped silica fiber, and glass in general, at any given temperature (Section 3.5 and Section 3.6). In this respect, a great care should be taken when comparing two different gratings and the details of the thermal treatment should be thoroughly documented.








Following these guidelines will be especially important when very small wavelength drifts of the order of 0.01 pm·h    − 1    are measured as in our experiments at 400 °C and at 600 °C after the prolonged annealing at 1000 °C (see Table 1).



These drift rates, even though small, still require further consideration in the metrology lab setting, where one is usually concerned with temperature changes of the order of   1 ×  10  − 4     °C (or less), or during long-term temperature monitoring. The importance of the latter can be seen by converting the accumulated drift of the Bragg wavelength, for instance, over the span of 1 month at 600 °C into a fictitious short-term temperature variation (i.e., an error in temperature measurements) of 1 °C using the average sensitivity of 15 pm·°C    − 1    for our packaged gratings at that temperature. Work is underway to see whether we can reduce the drift rates reported in Figure 10 even further by extending the annealing time at 1000 °C. In particular, we are interested in reducing the drift rate below 0.002 pm·h    − 1    at 600 °C which will correspond to a 0.1 °C change in displayed temperature over a month period, at which point the sensor could be re-calibrated.



One of the reasons why the cause(s) for the wavelength drift in high-temperature FBGs have not been uniquely identified yet is the absence of wide interest to the topic in the temperature metrology community and the lack of a shared careful approach to the measurement as we tried to argue in this paper. However, most importantly, the complex behaviour of the silica fiber at high temperatures (and any material for that matter) may be to blame. It has long been known [28], that glass’ forming characteristics (viscosity, devitrification, phase separation), chemical durability (including dopant diffusion) and mechanical properties (residual stress, strength) are particularly important in dealing with fibers because of their small size and the resultant high surface area to volume ratio. Similarly to the bulk glass samples [26], these very same characteristics depend to a large extent on temperature and thermal history. Furthermore, the effective refractive index of the fiber core, which determines the Bragg wavelength, depends on all of these properties collectively! In addition, the single mode silica fiber, typically used for high-temperature work, is also a multi-phase system (fiber core plus cladding). Thus, the interplay between the temperature behaviour of the fiber core, the cladding and the boundary between the two (or more) layers becomes very important.



To add to the confusion, our own results on birefringence, described in Section 3.4, seem to challenge the assumption that the wavelength drift is caused by stress relaxation in the fiber. Furthermore, the presence of detectable wavelength drifts at the temperatures as low as 400 °C (see Table 1 and Figure 7) rules out the devitrification of glass as an explanation. As for the remaining explanation, the diffusion of Ge-dopant from the core will result in the reduction of the core’s effective refractive index and thus will lead the blue wavelength drift, which is contrary to our observations. Perhaps, our planned experiments with the controlled gas atmosphere as described in Section 3.1 will shed more light on the cause(s) of the wavelength drift in high-temperature FBGs.



Finally, it is instructive to draw parallels between the silica fiber in FBGs and the platinum wire in high-temperature PRTs (a cautionary note: one should keep in mind that the stability issues with PRTs described above are currently several orders of magnitude smaller than with FBGs) [1] (pp. 153–198), [21] with a variant of the former sometimes predicted to eventually replace the latter [29]. Similar to high-temperature FBGs, each PRT is produced individually and carefully packaged. The specific details, such as the purity of platinum wire, the partial pressure of oxygen in the protective quartz sheath and the strain-free mounting of the wire coil inside the sheath, determine the unique response of the thermometer, define its long-term stability and contribute to the spread of measured temperatures in temperature fixed points [1] (pp. 153–198), [21]. In the same way as the interplay of dopant/impurity diffusion, devitrification/crystallization and residual stresses in silica fiber at high-temperatures is likely responsible for the wavelength drifts of FBGs (see Section 1), the diffusion and oxidation of impurities [30], re-crystallization of platinum and the stresses from mounting the wire on the quartz former [31]—all contribute to the stability of the PRT. Similarly to the  π -phase-shifted FBGs studied in this work, PRTs are subjected to extensive annealing procedures at higher temperatures in order to eliminate drifts at lower temperatures, often with mixed results [32]. That said, if the wavelength drifts in FBGs cannot be eliminated or accounted for, then the sentiment from the excellent review on regenerated FBGs [33] might prove true: “from a pragmatic perspective, these experiments show that the basic optical fiber is not designed for high temperature operation, rather optimised for low temperature work…”.




5. Conclusions


Despite the growing use of FBGs in high-temperature measurements in harsh environments, the important issue of their long-term stability in the range of 600–1000 °C remains largely unaddressed. In this paper, we outlined some of the experimental caveats that could lead to inconsistent results and confusion in measuring wavelength drifts, such as: importance of FBG packaging; variability of FBGs even when they are produced under nominally identical conditions; non-linear nature of the Bragg wavelength drifts; long-term stability of the testing equipment; birefringence of FBGs; influence of the FBG’s thermal history. Using the set of packaged  π -phase-shifted FBGs for high wavelength resolution, pressure-controlled heat pipes for stable temperature environment and a tunable laser for stable wavelength measurements with a 0.1 pm resolution we reported the most precise and accurate measurements of wavelength drifts available to date on high-temperature FBGs.



We also confirmed our previous observation: the wavelength stability of  π -phase-shifted FBGs at lower temperature (600 °C) is significantly improved upon annealing at higher temperature (1000 °C). The lowest value of the wavelength drift we thus obtained was 0.02 pm·h    − 1    at 600 °C after annealing the gratings for 200–400 h at 1000 °C. The time duration required to achieve the aforementioned drift rate is FBG-specific, likely due to the nature of the FBG-inscription process.



It remains to be seen whether this drift rate could be further decreased and whether this conclusion applies universally to other types of high-temperature FBGs. The practical use of high-temperature FBGs in the temperature metrology lab or in long-term temperature monitoring depends on these future results.
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Figure 1. An example of a ρ-phase-shifted spectrum for probe 27 at room temperature. 
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Figure 2. A phase diagram of a one-component system as applied to a PCHP. A schematic of a working PCHP is shown in the inset. 
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Figure 3. A schematic representation of the experiments performed in this work. 
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Figure 4. Probe 22 showed excessive drift (compared to probes 23, 27 and 28 packaged differently) when it was first measured at 600 °C (no pre-annealing at 1000 °C). It developed a black deposit inside the protective quartz tubing and eventually failed. 
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Figure 5. Five unpackaged  π -phase-shifted Type II FBGs at 1000 °C, produced and treated identically, yet exhibit different drift behaviour in terms of both magnitude and sign [13]. 
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Figure 6. Probe 27 measured on 19/10/28 in a Cs-PCHP at 600 °C. Shown in bold is the region used for finding the drift rate of +0.106 pm·h    − 1    reported in Table 1. Failure to wait for sufficient time at constant temperature could result in a different value for the drift rate: linear fits for the first 6 h (drift rate of   − 0.056   pm·h    − 1   ) and the last 6 h (drift rate of +0.114 pm·h    − 1   ) are shown. 
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Figure 7. Stability of probe 27 (annealed for 22 h at 1000 °C) as a function of temperature. Inset: drift rate as a function of temperature (1000 °C data point is calculated by comparing the resonance wavelength before and after annealing). The stability of the probe is quickly deteriorating past the 400 °C mark. The “outlier” 920 °C measurement is likely due to insufficient waiting time at that temperature. 
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Figure 8. Wavelength drift in probe 27 as a function of time when a polariser is installed in front of the detector. The same (within experimental uncertainties) linear slope for the wavelength as a function of time suggests that the origin of the wavelength drift is not due to changing stress in the fiber. 
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Figure 9. Drift rate at 1000 °C for probes 23, 27 and 28 calculated by comparing the wavelength at 600 °C before and after annealing at 1000 °C (see the text for detailed explanations). 
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Figure 10. Drift rate at 600 °C for probes 23, 27 and 28 measured in a Cs-PCHP. The date when the measurement was taken is also shown. 
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Table 1. Summary of testing of  π -phase-shifted high-temperature gratings conducted in Cs- and Na-PCHP at NRC.
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Date (yy/mm/dd)

	
Probe №

	
Time@ 1000 ° C (h)

	
PCHP

	
Tnom (°C)

	
Time@ Tnom (h)

	
Drift Rate (pm·h     − 1    )

	
Start–End Wavelength (nm)






	
19/10/21

	
27

	
22

	
TPW

	
0.01

	
50

	
   − 0.002   

	
1548.303–1548.304




	
19/10/23

	
27

	
22

	
Cs

	
400

	
29

	
+0.021

	
1553.258–1553.258




	
19/10/25

	
27

	
22

	
Cs

	
600

	
14

	
+0.195

	
1556.298–1556.300




	
19/10/28

	
27

	
22

	
Cs

	
600

	
55

	
+0.106

	
1556.301–1556.307




	
19/10/31

	
27

	
22

	
Cs

	
400

	
25

	
+0.019

	
1553.267–1553.268




	
19/11/13

	
27

	
22

	
Na

	
800

	
38

	
+0.460

	
1559.540–1559.565




	
19/11/25

	
27

	
22

	
Cs

	
600

	
18

	
+0.098

	
1556.332–1556.334




	
19/12/02

	
27

	
22

	
Na

	
930

	
6

	
   − 0.946   

	
1562.048–1562.121




	
19/12/09

	
27

	
22

	
Cs

	
600

	
16

	
+0.107

	
1556.339–1556.342




	
20/01/13

	
27

	
123

	
Cs

	
600

	
24

	
+0.066

	
1556.403–1556.405




	
20/03/12

	
27

	
123

	
Na

	
600

	
30

	
+0.075

	
1556.413–1556.415




	
19/11/26

	
23

	
0

	
Cs

	
600

	
18

	
+0.031

	
1556.215–1556.216




	
19/12/10

	
23

	
98

	
Cs

	
600

	
7

	
+0.199

	
1556.500–1556.501




	
20/01/15

	
23

	
199

	
Cs

	
600

	
6

	
+0.023

	
1556.549–1556.549




	
20/03/11

	
23

	
300

	
Na

	
600

	
6

	
+0.038

	
1556.544–1556.544




	
19/11/27

	
28

	
100

	
Cs

	
600

	
22

	
+0.229

	
1556.504–1556.508




	
19/12/10

	
28

	
198

	
Cs

	
600

	
16

	
+0.143

	
1556.553–1556.555




	
20/01/14

	
28

	
299

	
Cs

	
600

	
15

	
+0.052

	
1556.558–1556.559




	
20/03/11

	
28

	
400

	
Na

	
600

	
11

	
+0.014

	
1556.541–1556.541




	
19/11/18

	
RR: 22, 23, 25, 27

	
Cs

	
600

	
72

	
n/a

	
n/a
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