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In this work, thermal regeneration of fiber Bragg gratings inscribed in single-mode fibers, two-mode
step index fibers and four-mode step index fibers is performed, where the single-mode fibers are
used as the reference in the analysis. Specifically, we investigate the behavior of the thermal decay,
recovery and eventually the permanent erasure of the gratings in the temperature range from 25
to 1300°C. In the domain of demarcation energy, the thermal responses of the gratings can be nor-
malized and they share similar characteristic curves despite the different temperature ramping rates
used in the annealing treatment. It is found that the demarcation energy at the regeneration point
and the attempt-to-escape frequency for each grating can be associated with the confinement factors
of the fibers. The finding in this work has provided a new insight in the manufacture of regenerated
fiber Bragg grating sensors by using few-mode fibers for multiparameter sensing in high temper-
ature environments.
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1. Introduction

Fiber Bragg gratings (FBGs) have been widely employed in many applications particu-
larly in communication, laser generation and industrial sensing. Taking advantage of
its sensitivity to strain and temperature, FBGs are one of the most commonly used and
deployed optical sensors. In recent years, FBG-based temperature sensors have been
developed and different approaches for their enhancement have been reported, for ex-
ample regenerated fiber Bragg grating (RFBG) [1]. RFBGs provide stable gratings at
extreme temperature conditions up to 1400°C. RFBGs have been found promising in
terms of robustness and stability in the reflectivity and Bragg wavelength in ultra-high
temperature environment. Nevertheless, there is a continuous effort in improving the
durability and high reflectivity of the RFBGs in various approaches; for example, in
the investigation of fibers with different dopants [2], fabrication and characterization
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techniques [3], fiber photosensitization method [4] and irradiation laser wavelengths
for grating inscription [5].

The properties of RFBGs in dynamic environments still require more exploration
because it is believed that the operation of an RFBG beyond glass transition temper-
ature 7, may result in hysteresis of the temperature response [6]. Besides, the mechan-
ical strength of FBG will be weakened and result in brittleness after undergoing
annealing at extreme temperatures [7], which leads to short lifespan and low reflec-
tivity. It is believed that crystallization occurs in the grating during the thermal regen-
eration process [8]. The crystallization is responsible for brittleness [9] and increased
attenuation [10] in the regenerated grating. Consequently, the increased attenuation in
the grating leads to a decrease in the reflectivity [11]. These problems can be resolved
by performing annealing at considerably lower temperatures or with reduced annealing
time. In addition, it is important to understand the impact of cooling rate on the sensitivity
and hysteresis of the RFBG behavior. The regeneration temperature can be associated
with the glass transition temperature 7, which is different for fibers with different dop-
ing materials [3].

Much effort in research has been directed towards improving the performance of
RFBGs in terms of reflectivity, manufacturing time, maximum temperature sustain-
ability and wavelength stability. BANDYOPADHYAY ef al. [12] have presented ultra-high
temperature regenerated gratings over 1000°C in boron-codoped germanosilicate
optical fiber using 193 nm ArF excimer laser. CANNING ef al. have explained the mech-
anism of regenerated gratings by proposing an alternative model involving crystalliza-
tion of the vitreous state [ 7]. YANG et al. have demonstrated thermal regeneration on new
glass composition-based photosensitive fiber temperature up to 1400°C [2]. In line with
the development in exploring and studying the RFBGs, a new fabrication technique
using direct CO, laser annealing has been demonstrated [3]. Unlike the conventional
annealing procedure that is based on a hot oven, CO, laser annealing has overcome
the problems of degradation in the mechanical strength of the fiber due to a rigid/slow
ramp rate of annealing temperature in the conventional method. Besides single mode
fibers (SMF), the thermal regeneration of the gratings in few mode fibers (FMFs) has
been reported [1]. High temperature annealing has been performed on two and four
modes graded index FBG using a programmable high temperature tube furnace. Gen-
erally, there are large numbers of paths available for light propagation in multimode
fibers (MMF). The core diameter and the difference between the refractive indices of
the core and cladding of MMF are large compared to SMF [13]. In comparison with the
standard MMFs, FMFs have higher resistance to cross-talk due to mode coupling while
still possessing larger mode capacity than SMFs [14]. Thus, these fibers have less
nonlinearity but give similar potential in terms of dispersion and attenuation as SMF.
Apart from their unique advantages such as cost effectiveness, high sensitivity and
discrimination capability [15], FMF based sensors can provide more capacity and flex-
ibility than the SMF counterpart [16]. Since the fabrication process of FMF is com-
patible with standard SMF, this makes FMF an ideal candidate for long range sensing.
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In the analysis of the RFBG, the thermal decay properties of the gratings can be
characterized and well-predicted in the demarcation energy domain [17]. This technique
has been proposed by ERDOGAN et al. to study the decay mechanisms by using accel-
erated aging data (the aging curve and the power law approach) [18]. RATHIE et al. have
presented a novel continuous isochronal annealing method to obtain the aging curve
for investigating the long term stability of the UV Bragg gratings that has been written
in D, loaded and nonloaded fibers. The report shows that decays with various energy
distributions can be analyzed with this isochronal annealing method [19]. In addition
to the decay in grating strength, a shift in Bragg wavelength of boron-germanium
codoped silica fiber has also been modeled according to an accelerated aging approach
by PAL et al. It is shown that the temperature-induced irreversible shift in the Bragg
wavelengths could not be predicted by use of an isothermal decay method [20].

In this work, the continuous isochronal annealing experiment has been performed
on gratings inscribed in four mode step-index (4S) and two mode step-index (2S) fibers
and SMFs by using a high temperature tube furnace and demarcation energy £ is
applied as characterization technique. Comparison of regeneration characteristics be-
tween three different types of fibers are observed at three different temperature ramping
rates. The thermal responses of these gratings are presented in the domain of demar-
cation energy E,. The extracted parameters are compared and discussed.

2. Methods

Two mode step-index (2S) (core diameter 19 um) and four mode step-index (4S) (core
diameter 25 um) fibers supplied by OFS, Denmark, and single mode fibers (OFS ZWP
-SMFs) (core diameter 8 pm) were soaked in a highly pressurized hydrogen gas cham-
ber (13.8 MPa) for 2 weeks. Afterwards, 2 cm long grating structures were inscribed
in the fibers by exposing them to 193 nm ArF excimer laser with the aid of a phase
mask. The FBGs were then left at room temperature for more than 7 days to remove
the residue hydrogen. The FMFs were spliced with SMF before the thermal annealing
process. Subsequently, the gratings were inserted into a tube furnace (LT Furnace
STF25/150-1600) and continuous isochronal thermal annealing procedure was carried
out which was initiated from room temperature, 25°C, up to 1300°C. A linear temper-
ature ramping procedure was carried out at a rate of 3°C/min. During the process, the
grating reflectivity rapidly decays until it is erased followed by a progressive regen-
eration. As the annealing temperature continues to increase, the reflectivity of the pro-
duced RFBG begins to decay again until it is permanently erased at a temperature of
about 1100°C. The thermal decay and thermal regeneration of the peak reflectivity are
determined from the Bragg transmission loss (BTL) of the gratings. Throughout the
whole annealing process, the transmission spectrum was monitored by an optical spec-
trum analyzer (OSA) and recorded continuously using LabVIEW software via a GPIB
interface card. The experimental setup is illustrated in Fig. 1. The thermal decay of the
grating reflectivity at each minute was represented in terms of the normalized integrat-
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Fig. 1. The experimental setup of the annealing process using a high temperature tube furnace. BBS —broad-
band source, OSA — optical spectrum analyzer, GPIB — general purpose interface bus, PC — personal
computer.

ed coupling coefficient (NICC) # as it is directly related to the refractive index mod-
ulation An,, .4 whereas the effective refractive index An g of the fiber is responsible
for the Bragg wavelength shift [20].

The NICC was obtained by normalizing the integrated coupling coefficient (ICC)
to its initial value,

ICC = tanh ' VR (1)

where R is the grating reflectivity.
With reference to Eq. (1), the ICC is directly proportional to the peak reflectivity.
Therefore, NICC can be expressed as follows:

tanh~' /R, 1

-1
tanh Ro, 7,

NICC = )

where R, 7 is the peak reflectivity after an annealing time 7 at annealing temperature T
and R, T is the reflectivity before annealing at room temperature [21].
The procedure was repeated at different ramping rates of 6 and 9°C/min as well.

3. Results and discussion

The results of the isochronal annealing process are presented in Fig. 2 for SMF, 2S and
4S fibers at three different ramping rates. The figure represents the evolution of the
grating strength of the fibers at ramping rates of 9, 6 and 3°C/min. Generally, the grat-
ing strength (NICC) rapidly decays until it is diminished at the regeneration point fol-
lowed by a continuous recovery. As the annealing temperature continues to rise, the
grating reflectivity begins to decay again and eventually it is completely erased within
the temperature ranges of about 1100°C to 1200°C for SMF (Fig. 2a), about 1100°C
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Fig. 2. Thermal decay characteristics of SMF (a, d), 2S (b, e) and 4S (¢, f) at different ramping rates.

to 1200°C for 2S (Fig. 2b) and about 1070°C to 1200°C for 4S (Fig. 2¢). The regenera-
tion temperature is associated with the glass transition temperature 7. Fibers with
lower T, have lower thermal regeneration temperature [3]. The experimental results
indicate that the regeneration temperatures for these fibers are in a similar range of
values as tabulated in the Table. It is worth noting that all three fibers used in the current
study have the same numerical aperture N (see the Table), which indicates that their

Table. Summarized comparison between SMF, 28 and 4S; RR denotes the ramping rate.

SMF 2S 4S

Numerical aperture N 0.12 0.12 0.12
Core radius d [pm] 4 9.5 12.5
V number 1.95 4.63 6.09
Confinement factor I” 0.488 0.843 0.903
Attempt-to-escape frequency v [Hz] 32x10° 8.0 x 10 1.0 x 108
Demarcation energy at regeneration
temperature £y [e{gf}]l ¢ 24 245 2.48

) RR = 3°C/min 941 943 946
Regeneration RR=6°C/min 973 979 985

temperature [°C]

RR = 9°C/min 997 997 997
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cores share similar doping concentrations. Note that the regeneration temperature dif-
fers for different ramping rates. Fibers with lower ramping rates give lower value of
regeneration temperature and vice versa. On the other hand, shorter regeneration time
could be achieved by using a higher temperature increment rate [3]. From the experi-
ment, a temperature ramping rate of 9°C/min requires over an hour to achieve the
highest regeneration reflectivity, while both 6 and 3°C/min consume longer time which
are more than 2 and 5 hours, respectively, for each type of fiber (refer Figs. 2d-2f).

The confinement factor /” of the fiber can be expressed in a function of fiber core
diameter d, numerical aperture &, and wavelength A

2 ,2,,2
re )
A+an"d N

The confinement factors of the SMF, 2S and 4S fiber used are 0.488, 0.843 and
0.903, respectively. The 4S fiber has the highest confinement factor, which means that
the fraction of power flowing in the core is also the highest compared to the other two
fibers. This finding is useful for understanding the properties that are related to the core
diameter of RFBG sensors, particularly in FMFs.

The decay of the grating at any time ¢ and temperature 7 is presented as a function
of an aging parameter, and the demarcation energy £ [18]

Ey = kgTln(vt) (4)

where Ay is the Boltzmann’s constant and v is the attempt-to-escape frequency which
can be obtained by overlapping the data sets of different ramping rates to best fit as
a single curve through an iterative process. Figure 3 depicts the aging curves of three
different types of fiber (SMF, 2S and 4S). In order to obtain the best-fit attempt-to
-escape frequency v and demarcation energy E, three grating decays with different
heating rates were fitted until the point at minimum NICC # coincide with each other
in the same graph. In this study the thermal decay and recovery characteristics of SMFs
and FMFs are analyzed in the demarcation energy domain which can be adhered as
a useful characterization technique to predict the grating decay and recovery behavior
with minimum dependence on the minimum temperature ramping rate. From the fitted
curve (Fig. 3), the demarcation energies £, at regeneration point (where the decay rate
is maximum) for 4S, 2S and SMF are 2.48, 2.45 and 2.4 eV, respectively. The values
for v were acquired as 1.0 x 10, 8.0 x 10° and 3.2 x 10°> Hz for 4S, 2S and SMF,
respectively [18]. The results show that FMFs have higher £ and this means FMFs
require higher energy to erase out the gratings to reach a complete decay before it starts
to recover back compared to SMF. Therefore, FMFs need higher release rates for ther-
mal depopulation of the traps at a given temperature 7 for a certain time ¢ than SMF.
During the annealing process, defects in lower demarcation energy transform to a high-
er demarcation energy state when the demarcation energy at the regeneration point is
exceeded. This behavior results in the typical grating degradation and progressive re-
covery observed in Figs. 2 and 3 during thermal regeneration process. After a while,
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Fig. 3. NICC 5 versus demarcation energy E; of SMF (a), 2S (b) and 4S (c¢) at different ramping rates.

the grating reaches its maximum reflectivity and starts to decay back leading to per-
manent erasure. At this time, the deformation of the grating occurs. The results show
that the fiber with a larger confinement factor has higher demarcation energy at regen-
eration temperature and attempt-to-escape frequency. This can be attributed to the fact
that the thermal regeneration mainly takes place in the fiber core where the grating
structure is present.

4, Conclusion

The thermal regeneration of two mode step-index (2S) and four mode step-index (4S)
fiber using a high temperature tube furnace has been demonstrated and demarcation
energy is proposed as a characterization technique. The acquired characteristic curves
of the thermal decay, recovery and permanent erasure of the gratings were presented
in the temperature and time domains (see Fig. 2) and demarcation energy domain (see
Fig. 3). The data presented in Fig. 3 represent the standardized form of the aging curves
in the temperature and time domains. Regardless of the ramp rates used in the annealing
process, the curves share similar decay characteristics in the demarcation energy domain.
This technique can serve as a normalization process to ease the analysis and prediction
of the thermal decay and regeneration of the grating during the annealing treatment.
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The characteristic parameters of the RFBGs in SMF, 2S and 4S were obtained and com-
pared. In this paper, the demarcation energy £, and v have been associated with the
confinement factor /" of the fibers. The results show that 4S (highest /") yields the high-
est v and demarcation energy E,. These findings are very important to study the com-
plete system and to determine the optimum annealing condition for producing RFBG
in the efficient manner in terms of manufacturing time, grating reflectivity and mechan-
ical strength [22]. Furthermore, each ramping rate shows different regenerated tem-
perature. Fibers with lower ramping rates give a lower regeneration temperature and
vice versa. However, lower ramping rate required longer time for the regeneration pro-
cess. By using a higher ramping rate, the fabrication of RFBG sensors can be achieved
in a shorter period of time. The results from this work have provided a new insight in
the manufacture of RFBG sensors by using FMF for sensing in extreme temperature
environment.
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