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Abstract: Fiber Bragg gratings (FBGs) in cyclic transparent fluoropolymer (CYTOP) optical
fiber are the subject of a lot of research as they can be of interest for many applications, such as
temperature, humidity, strain, and radiation sensing. We report here a new technique to produce
high quality FBGs in CYTOP fiber. It uses a femtosecond laser system operating at 400 nm and a
phase mask. In contrast to previously reported results, the gratings are obtained in a few seconds
with a writing power as low as 80 uW. With this setup, 2 mm-long gratings with reflectivity up
to 92 % and full width at half maximum bandwidth around 0.5 nm were obtained in less than
10s. The resonance wavelengths of the FBGs are confirmed by numerical computation in the
graded-index multimode CYTOP fiber, and the mode selection characteristic of FBGs in CYTOP
is investigated. Finally, the temperature sensitivity of CYTOP FBG is measured in different
mode groups for heating up and cooling down, showing values independent of the mode group
measured, but with a small hysteresis.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

With the continued development of optical fibers in the field of communication and sensing,
multimode polymer optical fibers (POF) have attracted more and more attention due to their
advantages such as large fiber parameters, low Young’s modulus, and high bandwidth [1-4].
According to the shape of the refractive index distribution in the fiber, multimode fibers (MMF)
are classified as step-index fibers or graded-index fibers. However, in multimode step-index fibers,
the eigenmodes have in general different propagation delays, resulting in pulse broadening [5-7],
that limits the transmission rates. To solve this shortcoming, graded-index fibers are an essential
solution, for which the index profile is designed such that all the eigenmodes have nearly the
same running time.

The first commercial graded-index polymer fiber was based on methyl methacrylate (PMMA)
and manufactured by Kwangju Institute of Science and Technology (KIST) from South Korea
in 2000. Its attenuation was as high as 210 dB/km at 652 nm [8], and it was caused by the high
absorption of the C—H bonds present in the fiber [9, 10]. To solve this problem, hydrogen
atoms were replaced by heavy fluorine atoms, which results in a cyclic transparent optical
polymer (CYTOP) giving the best results in producing low attenuation polymer optical fibers.
Subsequently, it became obvious to consider combining the CYTOP with Bragg grating for
sensing applications [11-15].

To date, two main ways have been successfully demonstrated to inscribe fiber Bragg grating
(FBG) in CYTOP POF. Firstly, the FBG is directly inscribed in CYTOP using a plane-by-plane
method and a femtosecond laser at 517 nm with a pulse energy of 80nJ [16, 17]. The high laser
energy allows the FBG to be inscribed in the CYTOP fiber without removing the over-cladding.
However, the over-clad of the CYTOP could be damaged to some extent due to the high energy
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exposure needed during the inscription. This damage will destroy the structure of the fiber and
result in distortion of the FBG spectrum. Moreover, this setup requires an accurate control of
the beam spot position and the high precision motion stage for the fiber displacement, and is
time-consuming as well. Comparing with the phase mask technique, the main shortcoming of
the plane-by-plane writing method is the low repeatability during the FBG inscription.

Another main method to fabricate FBG in CYTOP is using Krypton fluoride (KrF) excimer
laser at 248 nm with the phase mask technique [18-20]. In this method, the over-cladding of the
CYTOP should be removed before irradiation, which results in an easy inscription, even at low
beam energy. However, this method produces FBG with low reflectivity, many unidentified peaks,
and is time-consuming, e.g., 60 min, 42 min, and 30 min, respectively in [18], [19] and [20].
Thus, it is essential to find new methods to keep a balance between the quality and efficiency in
the process of fabricating FBG in CYTOP.

In this work, we combine a phase mask technique with a femtosecond laser system operating
at 400 nm to inscribe FBG in CYTOP fiber with reflectivity at 1550 nm up to 92 % in less
than 10 s exposure time. The working wavelength of the CYTOP FBG is chosen in the third
telecommunication window (1) to be compatible with existing silica-based FBGs, and (2) to
use classical low cost measuring equipment. The main advantage of the proposed method is
the use of standard precision mechanical equipment to inscribe highly reflective CYTOP FBGs
in a fast and repeatable way. To demonstrate the quality of the gratings, the locations of the
peak resonance wavelengths are calculated in CYTOP fiber by numerical computations, and are
correlated with the experimental ones. Then the temperature sensitivity of the different mode
groups of FBGs in CYTOP is investigated to show that these FBGs can be used as temperature
sensors, even if they are multimoded.

2. Bragg grating fabrication
2.1.  POF Pretreatment

We use the commercially available graded-index (GI) multimode perfluorinated POF (GigaPOF-
50SR from Chromis), with an over-clad diameter, a core diameter and a numerical aperture of
490 um, 50 um and 0.185, respectively [21]. We experimentally notice that over-clad made of
polycarbonate (PC) material has a lower fs-laser radiation damage threshold than the core of the
fiber. In other words, the over-clad is more easily damaged compared with the core for the same
beam power exposure. From our experiments, we found that the maximum threshold power of
the over-clad is around 300 uW, which is significantly lower than the core threshold power of
10 mW for a 5 mm-long grating as shown in Fig. 1 (a).

Fig. 1. (a) Yellow brown damage of the CYTOP with over-clad due to beam power
exceeding 300 W for a 5 mm-long grating; (b) CYTOP fiber without over-clad.



Moreover, because the phase mask technique is used, two requirements are necessary: (1) the
fiber should be positioned close to the phase mask, and (2) enough energy radiation is necessary
to inscribe a FBG in the fiber core. Therefore, to inscribe a FBG in large diameter fibers using
the phase mask technique, the second requirement plays the main role in this experiment. As
a consequence, there is a high risk to damage the over-clad as well as the phase mask during
the inscription process with the over-clad. To avoid these drawbacks and to inscribe a high
quality FBG, 2-cm long polycarbonate over-clad is removed by dichloromethane CH,Cl, in
10 min [22-25]. This is shown in Fig. 1 (b), where the trickiest part of this removal process is
the cleaning of the PC residues that could affect the geometry of the core interface. Indeed, any
residues will distort the inscription pattern, and lead to huge distortions of the grating spectrum.

2.2. Experimental set-up

Figure 2 represents the experimental setup used to write the gratings. It consists of a femtosecond
laser (Spitfire Pro amplifier from Spectra Physics company) producing 120 fs light pulses at
800 nm with a repetition rate of 1 kHz and energy of 4 mJ. The laser is followed by a variable
attenuator and a frequency doubler to have pulses at 400 nm. The laser beam diameter is then
reduced by a diaphragm to 2 mm, and focused onto the core of the CYTOP fiber through the
phase mask by a plano-convex cylindrical lens with a focal length of 100 mm. The phase mask
has a period of 1158 nm, and a powermeter is inserted between the lens and the diaphragm to
measure the power of the beam.
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Fig. 2. Experimental setup to inscribe FBG in CYTOP fiber.

An FBG interrogator (FS2200 from FiberSensing) with a spectral resolution of 1 pm and a
spectral range from 1500 nm to 1600 nm is used to monitor FBG spectrum evolution in real-time.
A butt coupling between a standard single-mode silica optical fiber pigtail (SMF-28) and the
CYTORP fiber is used as a link towards the interrogator. A small drop of refractive index matching
gel (n = 1.4646 at 589.3 nm) is used between the two optical fibers to reduce Fresnel reflections
from the interfaces of the SMF and CYTOP.

2.3. FBG spectrum in CYTOP

The length of the grating is starting at 2 mm in this work. Figure 3 shows the spectra for
a 2mm-long grating (#1) inscribed in 10s with a beam power as low as 80 uyW. From the
transmission spectrum, the reflectivity of the grating #1 is calculated to be 92 %. Nevertheless, it
should be noted that the reflectivity values calculated using the transmission spectrum should



be considered rather as estimation than precise values, mainly because the connection of the
MMF and SMF forms a multimode - single-mode structure that leads to the presence of an
interferometric signal in the transmission spectrum that complicates the reference level estimation
when calculating the reflectivity. Taking this factor into account, we estimate the reflectivity of
the FBGs from the absolute power values of the reflection peaks that are recorded using the same
connection method and interrogator.

To investigate the FBG spectral responses to the different beam powers, we inscribe several
FBGs with the same grating length and different exposure powers, as depicted in Fig. 4 for three
2 mm-long gratings using a beam power of 80 uW, 100 uW and 120 pW, respectively. Comparing
these spectra, it shows that (1) the main resonance peak decreases with the increase of the beam
power, (2) the maximum power of the peak is approximately —10 dBm for the lowest beam power
equal to 80 uW, and (3) there are more and more subpeaks when the beam power is increased. It
is also important to note that for beam powers lower than 80 uW, there is no resonance peak in
the spectrum.
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Fig. 3. Transmission and reflection spectra for grating #1 (inscription parameters:
grating length 2 mm, laser power 80 pW, and inscription time 10s).

From this series of experiments, it is concluded that the most suitable beam power is 80 uW for
a 2 mm-long grating in CYTOP without over-clad based on a femtosecond laser system operating
at 400 nm and using a phase mask technique.

To probe further, we have produced gratings of different lengths by adjusting the diameter of
the diaphragm in Fig. 2. Increasing the diaphragm diameter increases the grating length, but
it also increases the power reaching the core of the fiber. Figure 5 shows the FBG spectra for
different grating lengths. It shows that (1) the power of the main peak increases with the increase
of the grating length, (2) the maximum peak power is —7 dBm for a 5 mm-long grating inscribed
with a beam power equal to 110 uW, and (3) all the spectra exhibit significant subpeaks compared
with Fig. 4.

During each inscription process, the distance between phase mask and CYTOP is kept constant,
therefore the height of the main peak of the spectra mainly depends on two parameters: the beam
power and the grating length. The relation between these two parameters is shown in Fig. 6: the
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Fig. 4. Reflection spectra for three gratings: #2 (inscription parameters: grating
length 2 mm, laser power 80 uW, and inscription time 10 s); #3 (inscription parameters:
grating length 2 mm, laser power 100 uW, and inscription time 9s); #4 (inscription
parameters: grating length 2 mm, laser power 120 uW, and inscription time 7 s).
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Fig. 5. Reflection spectra for different grating length: #2 (inscription parameters:
grating length 2 mm, laser power 80 uW, and inscription time 10s); #5 (inscription
parameters: grating length 4 mm, laser power 100 uW, and inscription time 16 s); #6
(inscription parameters: grating length 5 mm, laser power 110 pW, and inscription time
305s).

power of the spectra decreases when beam power exceeds a suitable threshold. Moreover, the
power of the spectra increases with the increase of the grating length when the average beam
power is maintained at the same level at the surface of the fiber. The best inscription beam powers
for CYTOP fiber without over-clad are approximately 80 uW, 100 uW and 110 uW for grating
length of 2 mm, 4 mm and 5 mm, respectively. In the following section, the characteristics of the
FBG spectrum and the mode selection in CYTOP fiber are investigated.
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Fig. 6. The evolution of the peak power under different inscription conditions.

3. Mode Selection

Currently available CYTOP POF are multimode fibers. Therefore FBGs in this type of fibers are
multimoded, and mode selection naturally occurs in the experimental setup as it mixes polymer
multimode fibers with silica singlemode fibers. Going back to the multimode fiber theory, it is
possible to explain the resonance locations found in the experimental spectra.

A graded index fiber is characterized by the core radius a and the refractive indices of the
core ng, and the cladding n or, alternatively, by the numerical aperture NA. For parabolic
graded-index multimode fibers, the refractive index profile is given by

2 r?
n2(r) = ng, (1 —2A¥) O<r<a 0
g rza
2_.2
where n(0) = neo, n(a) = ne, and A = % is the index difference between core and cladding.
Besides, another important parameter is the normalized frequency V, defined as
2mraNA
vz 2na )
A
where
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is the numerical aperture of the fiber.
For a parabolic graded-index fiber, the estimated number N of modes that can propagate is
given by [26]

N:Z )



and can therefore be significant when V is large. For example, the number of modes of our
CYTORP fiber is more than 80 at 1550 nm. Whereas there are many possible modes, they can be
clustered in groups of modes having nearly the same propagation constant (), and for parabolic
graded index profile, the approximate number M of such mode groups is given by [27,28]

M:\/ﬁ:% )

For the CYTOP fibers used in our setup, NA = 0.185, ne, = 1.342, a = 25 um, leading to
V ~ 18.7 and M ~ 9 for A around 1550 nm.
The effective refractive index 7, of the m™ mode group can be expressed as [29,30]

N = Neo\ 1 — 4mA/V (6)

where m = 1,2, 3, ..., M. Following reference [30], the cross-mode parameter describes a mode
excited by the two neighbouring mode groups m and m + 1. From the Bragg wavelength equation
ABragg = 2mef /A, we can calculate the resonance wavelength of the m™ mode group and mth
cross-mode group by the following equations

An = 20mA (Ta)
ASO = (M + M)A (7b)

where the period of grating is A = 579 nm in this simulation. Using Eq. 6, Eq. 7a and Eq. 7b, the
wavelength spacing between two adjacent mode groups reflection peaks is given by [30]
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The wavelength spacing between two adjacent mode groups reflection peaks is equal to 1.57 nm
in CYTOP fiber.

Table 1. The distribution of Bragg resonance wavelengths in CYTOP fiber

m N A (nm) AT (nm)

—_—

1.3406  1552.48 1551.68
1.3392  1550.89 1550.10
1.3379 154931 1548.52
1.3365 1547.73 1546.94
1.3351 1546.14 1545.35
1.3338 1544.56 1543.76
1.3324  1542.97 1542.17
1.3310 1541.38 1540.58
1.3296 1539.78

O 0 9 N U B W

Table 1 shows the resonance wavelengths of the m™ mode group and m'™ neighboring cross-
mode group, and these values are compared in Fig. 7 with an experimental spectrum of a



5 mm-long grating inscribed at 110 uW. The black dotted lines and red dotted lines represent the
resonance wavelength locations of the mode group and the cross-mode group, respectively. It is
clearly seen that the agreement between the experimental spectra and the computed resonance
wavelengths is quite good. The experimental wavelength spacing between reflection peaks
corresponding to adjacent mode groups is equal to 1.50 nm that is close to the computation value
of 1.57 nm.
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Fig. 7. Comparison between the FBG resonance wavelengths of Eqs. (7) and the
experimental FBG spectrum: #7 (inscription parameters: grating length 5 mm, laser
power 110 uW, and inscription time 30 s).

The reflection spectrum measurement depends on the power distribution among the different
mode groups, that, in turn, depends on the mode selection of the SMF in this SMF-CYTOP
configuration. Therefore, changing the coupling conditions between the CYTOP and SMF
achieves a mode selection as shown in Fig. 8.
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Fig. 8. Experimental layout of fiber connection between SMF and CYTOP fiber.

To demonstrate this mode selection, Figure 9 shows the spectrum of the different mode groups
when the coupling conditions between the SMF and the CYTOP fiber are varied. It is clearly
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Fig. 9. Spectrum of the mode groups in CYTOP for grating #7 when launching
conditions are varied.

seen that the different mode groups can be excited just by changing the coupling conditions. The
wavelength locations of the mode groups have again a good agreement with the computed results
under different mode selection conditions. Moreover, the appearance of the cross-modes depends
on whether the neighboring mode groups will be excited. This mode selection ability has great
scalability and can be applied to other working, such as mode-selective fiber Bragg grating laser.

4. Temperature measurements

To characterize the sensing properties of the inscribed gratings in CYTOP fibers, we investigate
their temperature sensitivities in different mode groups. It is well-known that the Bragg
wavelength shifts with changes of temperature is described by the relation [31]:

AL
e BrSE _ (@ +£)AT 9)
Bragg

where « is the thermal expansion coefficient, and ¢ is the thermo-optic coefficient. For pure
silica, the thermal expansion coefficient is 0.55 x 107%/°C and the thermo-optic coefficient is
equal to 8.3 x 107°/°C [32]. The temperature sensitivity of pure silica is thus 13.66 pm/°C at
1543 nm, and is dominated by the thermo-optic coefficient as it is 15 times higher than the thermal
expansion coefficient. For a grating in a silica-based fiber, the temperature sensitivity is equal to
10.37 pm/°C at 1543 nm [33].

In polymers, however, the thermal expansion coefficient is usually positive and the thermo-optic
coefficient is negative [19]. From the literature [20, 34], it is found that the thermal expansion
coefficient and the thermo-optic coefficient of CYTOP material are equal to 7.4 x 107>/°C
and —5.0 x 1073/°C, respectively. This leads to a temperature sensitivity of CYTOP FBGs of



37 pm/°C at 1550 nm, that is thus approximately 3 times higher than for silica.

To date, some articles give the temperature sensitivity of the first mode group of FBGs in
CYTOP fibers without over-clad and fabricated by KrF excimer laser at 248 nm. Zheng et
al. [20] reported a temperature sensitivity equal to 27.5 + 2.4 pm/°C in the temperature range
20°C to 55°C, whereas Koerdt ef al. obtained 23 to 26 pm/°C in the range 10 °C to 30 °C,
respectively [19]. However, there are no detail articles that report and investigate the temperature
sensitivity of the different mode groups in CYTOP-FBGs.

To measure the temperature sensitivity of the different mode groups of the FBGs in CYTOP
fiber, a climate chamber (Weiss SB 22 [35]) is used to control the temperature and humidity
during the experiment with a temperature range of —40 °C to 180 °C and a relative humidity range
of 10 % to 98 %. Considering the maximum temperature tolerance of CYTOP fiber (<70 °C), we
cycle the temperatures from 10 °C to 60 °C with steps of 5 °C (heating up) and -5 °C (cooling
down), and the humidity is kept approximately constant around 80 %. The time to make two
full temperature cycles is approximately 20 h, and the FBG spectrum is recorded 10 min after
setting up each step. Figure 10 shows the temperature response of a 5 mm-long inscribed at
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Fig. 10. Temperature response of different mode groups of grating #6 in CYTOP.

110 uW grating in CYTOP. It includes three mode groups: the first mode group (4;), the second
mode group (A7), and the third mode group (43). The linear fit on the points of Fig. 10 in the
temperature range 10 °C to 60 °C is also displayed on the figure, and the numerical results are
summarized in Table 2.

It is clearly seen that (1) all modes evolve linearly with the temperature with a coefficient of
determination R? always better than 0.98, (2) the temperature sensitivity is practically independent
of the monitored mode group, (3) there is a small hysteresis, (4) the heating up temperature
sensitivities of the different mode groups are nearly identical with a mean value of 29.9 pm/°C,



Table 2. Temperature sensitivity of the FBG in CYTOP.

Mode Group Heating Process (pm/°C)  Cooling Process (pm/°C)

A1 29.7 25.5
A 30.2 24.2
A3 29.7 25.8
mean 29.9 25.2

and (5) the cooling down temperature sensitivities of the different mode groups are nearly identical
with a mean value of 25.2 pm/°C. The average temperature sensitivity is thus 27.5 pm/°C, which
is approximately three times that of the silica FBGs (10.37 pm/°C) and comparable to the results
of [20] as well as with the estimation of Eq. 9.

5. Conclusion

In this work, we demonstrate the inscription of highly reflective fiber Bragg gratings (FBGs)
in CYTORP fibers without over-clad by using 400 nm femtosecond pulses and the phase mask
technique. The beam power and the length of the gratings are the key parameters to obtain
a highly reflective FBG. For 2 mm-long gratings, a reflectivity up to 92 % is achieved in only
10 seconds with an average beam power of 80 uW. The wavelength locations of the FBG peaks
due to the multimode behavior of the CYTOP fiber were numerically computed, and are in good
agreement with the experimental ones. The mode-selective ability of the FBG comes from the
coupling conditions of the SMF-CYTOP structure, and is important to interpret the experimental
spectra.

The fabricated FBGs were designed to operate at 1550 nm to be compatible with existing
silica-based FBGs and to use off-the-shelf classical measuring equipment available for the third
telecommunication window. Nevertheless, making CYTOP fiber gratings in the low loss region
(1000 nm to 1100 nm) of the polymer fiber only requires to change the phase mask, so the same
writing efficiency will occur.

Finally, the temperature sensitivity of the different mode groups of the CYTOP-FBGs were
measured with two temperature cycles consisting of consecutive heating up and cooling down
processes. It is found that the sensitivity does not depend on the mode group under investigation,
with a value around 29.9 pm/°C for the heating up and 25.2 pm/°C for the cooling down. The
mean temperature sensitivity 27.5 pm/°C is therefore three times higher than that of silica FBGs
(10.37 pm/°C).
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