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Abstract—We demonstrate Bragg grating inscription in commercial CYTOP POF at a wavelength of 600 nm using a
248 nm krypton fluoride (KrF) excimer laser system with a repetition rate of 40 Hz and average pulse energy of 0.60+0.02
mJ during 60 min. Experimental characterization of the Bragg grating is performed under different conditions, where the
temperature and strain sensitivities were accurately measured to define potential sensing and optical comm unication
applications. Furthermore, different humidity conditions were experimentally tested and it was proved CYTOP POF as a
good candidate for sensing applications under humidity change environment.

Index Terms—Polymer optical fibers, fiber Bragg gratings, optical fiber devices, CYTOP, optical filters.

I.  INTRODUCTION

With the continued development of fabrication technologies and
materials over the last two decades, polymer optical fiber (POF) has
attracted huge attention for sensing and communication applications,
due the advantage such as low Young’s modulus and biocompatibility
which make POF suitable for large strain measurements and medical
sensing applications. POFs with large cores have been also shown as
a cost attractive solution for short-range optical communication due
to less operational complexity and simpler installation when
compared with standard silica fiber [1]. Fiber Bragg gratings (FBGS)
in POF exploit the advantages given by the low Young’s modulus and
biocompatible nature of the POF material and lead to develop a new
generation of sensors. So far, most of the research is based on poly
(methyl methacrylate) (PMMA) microstructured POFs (mPOFs) [2]
and step index POF [3], where the mPOFs could show an endless
single mode performance provided certain conditions are satisfied [4].
Such performance is difficult to achieve in PMMA step index POFs
due to the higher refractive index difference between core and
cladding. However, the connection between mPOF and silica fiber is
a serious challenge due to holes from microstructure. Furthermore,
some index matching gel can be employed to improve this coupling
but the gel gets inside the holes, and leads to a harmful effect on the
light transmission. In this way, step index PMMA is a suitable POF
to solve this issue and, recently, a single mode PMMA POF with
doped core for photosensitivity increase was investigated and FBGs
were inscribed to be used as optical sensors for medical applications
[5]. Similarly, to other POFs, high fiber loss has proven a major issue
in the widespread of sensing applications. The high transmission loss
in PMMA POF are due to higher overtone vibrations of C-H groups
which lead to broad-spectrum absorption with peaks in the infrared
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region [6].

Recent investigations on perfluorinated optical materials such as
cyclic transparent fluoropolymers (CYTOP) show good transmission
and overcomes this limitation. The wavelength of the maximum
absorption is determined by the individual molecular structure.
CYTOP only contains C-C, C-O and C-F bonds and shows higher
transparency and low absorption losses due to the highly amorphous
nature [6].

However, the benefit of low loss performance given by CYTOP
also limits the photosensitivity of the fiber. In 2014, M. Koerdt et al
[7] reported the first FBG in CYTOP fiber at 1450 nm spectral region,
where a 248 nm pulsed krypton fluoride (KrF) laser was used with an
irradiation fluence of 5 kJ/cm?2 during less than 1 hour. The authors
demonstrated that the core material of the Giga POF 50SR is
photosensitive at 248 nm wavelength, but, unfortunately, the spectral
response was not good for sensing and the sensitivity could not be
measured also due to coupling issues. The reflected signal spectra of
this multimode fiber showed a bandwidth of around 10 nm composed
of several peaks corresponding to principal modes [8]. Each principal
mode consists of several excited guided modes in the POF whose
propagation constants are almost the same. The position of the single
mode launching fiber determines the excited modes in the multimode
POF.

Then, most of the attention about FBG in CYTOP POF is driven to
femtosecond (fs) laser irradiation, as reported in 2015 [5]. This laser
system allows the FBG inscription in any type of bulk material and
optical fiber without photosensitivity [9] due to the extremely large
light intensity through a small spatial region and ultra-short irradiation
time. Also, the refractive index changes introduced by the fs pulses
are highly localized. From the first FBG inscription in CYTOP POF
with fs laser reported [5], the same group has published a considerable
number of works with focus in sensing applications at 1550 nm
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spectral region [10-13]. Due to point-by-point or plane-by-plane
method limitation, the fs pulses irradiation is limited to typical periods
of FBGs, due to the spatial resolution is limited by the diffraction limit
[14]. Compared with silica fiber where the standard spectral region is
at 1550 nm wavelength, POF shows huge advantages in 650 nm and
850 nm wavelength (including the compatibility to low cost LEDs
close to the visible region as white and RGB LEDs). Thus, the
fabrication of FBGs in low loss CYTOP fiber at these wavelengths is
important for sensing and communication applications.

In this paper, we demonstrate the first FBG irradiation with 248 nm
UV pulses at 600 nm spectral region, and temperature and strain
characterization tests to have been carried out to propose them as
novel optical devices for visible communications and sensing
applications.

II. BRAGG GRATING FABRICATION

A. Inscription describe

This work employed the commercial graded index multimode
perfluorinated POF (GigaPOF-50SR, Chromis Fiberoptics), with core
diameter of 50 um, a 40 pm cladding layer and an additional polyester
and polycarbonate over-cladding structure to protect the fiber,
resulting in a total diameter of 490 pm [15]. The fiber was etched with
chloroform (CHCI3) [6] during several minutes in the fume hood due
to the use of such dangerous chemical product. The fiber was etched
piece-by-piece to avoid any fiber twisting during etching process and
reduce the POF fragility induced by the etching treatment. Then, the
fiber was washed in flowing water for the removal of any residual
chloroform. The final diameter of the fiber was about 90 pm without
the over-cladding as shown in Fig. 1.

Fig. 1. The commercial graded index multimode perfluorinated fiber
after etching under microscope.

One razor blade was used to cleave the fiber end and it was butt-
coupled to an 8<angle SM pigtail by using some index matching gel.
As shown in Fig. 2, a coherent KrF excimer pulsed laser emitting at
248 nm wavelength was used. The UV beam was focused onto the
fiber core utilizing a plano-convex cylindrical lens (Newport
CSX200AR.10) with focal length of 200 mm. The FBG was
fabricated using the phase mask technique. The refractive index of
CYTOP is about 1.34, so a 449.05 nm pitch phase mask is required to
fabricate FBGs in CYTOP POF at 600 nm wavelength region.

A 20 cm long CYTOP fiber was placed on the XYZ translation
stage and the 248 nm laser pulse energy was set at 0.6 mJ with a
repetition rate of 40 Hz. The fiber was irradiated through the phase
mask during 60 minutes. A supercontinuum laser (Fianium WL-SC-
400-40) was used as optical source to characterize the reflectivity
response of the grating and it should be noted that, due to the high
power and broad wavelength (400 nm~2400 nm) of the source, one

filter (Semrock 595 nm~700 nm) in order to protect the source in case
of high power reflections.
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Fig. 2. Experimental setup for POFBG inscription.

B. Grating performance

An optical spectrum analyzer (Yokogawa AQ6373B) with 0.2 nm
resolution bandwidth was connected to a SM silica pigtail and an
optical circulator was employed to measure the reflected power. The
length of the inscribed FBG was 10 mm. Fig. 3 (a) shows the reflected
spectrum obtained with butt-coupling method. Fig. 3 (b) shows an
additional optical spectrum from the same FBG but a small change in
the butt-coupling to illustrate how critical is the butt-coupling process
for a good characterization of the FBG.
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Fig. 3. Reflected power spectrum by the FBG under different butt
coupling. (a) butt-coupling method. (b) intentional misalignment in the
butt-coupling.

lll. TEMPERATURE AND STRAIN
CHARACTERIZATION

Temperature, humidity and strain experiment results are presented
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to assess the potential sensing and optical communication
applications. one end of the POF (grating inside) was cut as a flat face
with a razor blade, then it was butt coupled with an APC SM pigtail
by using an UV curable adhesive (Norland 68).

The grating was placed on a Peltier plate with temperature set by
an electronic temperature controller.  Some silicone grease was
applied on the grating section to increase the heat conduction. It was
measured from 32 € to 72 € with 20 € step and a temperature
sensitivity of 11.240.5 pm/€€ was obtained, providing a red shift
performance, as shown in Fig.4. The results show a different behavior
when compared with PMMA POF, which temperature sensitivity has
been measured around —0.069 + 0.001 nm/€ [12] at 850 nm
wavelength region. The CYTOP FBG fabrication with fs laser also
showed a positive wavelength shift with increasing temperature,
which can be explained in terms of the positive thermo-optic
coefficient, which is close to 7.4x10-5/K due to the linear expansion
in bulk volume for CYTOPs [5]. Nevertheless, until now, no
temperature sensitivity was reported at such wavelength.
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Fig. 4. Wawelength shift under different temperature.

Humidity response of the FBG was also measured and the
connectorised CYTOP POF was placed in the climatic chamber
(Angelantoni Industrie CH340) with constant temperature at 30 € (a
temperature chosen randomly and close to room temperature). The
humidity level was from 50 % to 90%, and we can observe no
wavelength shift for 40 % humidity change as shown in Fig. 5. It
indicates CYTOP POF is a good candidate for sensing applications
under humidity change environment or in water.

The strain characterization was also investigated and the CYTOP
POF was placed into a strain setup (see Fig. 6 (a)) for this purpose. A
13.2 cm long CYTOP POF including a 1 cm long FBG was fixed with
fiber clamps (Thorlabs HF001) and a translation stage was used with
0.1 mm step (0.075%) while the data was collected. The wavelength
shift under different strain of the reflection spectrum is shown in Fig.
6 (b). A wavelength shift of 2.0 nm was obtained with respect to the
unstrained grating, which indicated a linear strain sensitivity of 0.533
pm/pe at 600 nm spectral region. The maximum hysteresis occurs at
about 1500 Lk, in which the deviation between the loading and
unloading cycles is lower than 0.1 nm.
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Fig. 5. FBG spectrum under different humidity level at constant

temperature.

To the best of our knowledge, no reports are published in the
literature on the strain sensitivity of FBGs in POF at 600 nm region.
The strain sensitivity of PMMA mPOF Bragg grating at 850 nm
wavelength is about 0.711 pm/pe [16] and at 1560 nm wavelength is
around 1.58 pm/pe [17]. Nevertheless, this lower sensitivity obtained
in 600 nm region is consistent with the FBG wavelength shift with
strain that presents an upward trend with respect to the Bragg
wavelength increase, since the wavelength shift (AL) is defined as Eq.
(2) for strain and temperature variations. Then, the term (1-Pe) g is
the strain sensitivity, whereas (a+&) g is the temperature sensitivity.
For this reason, if the Bragg wavelength (1) is in shorter wavelengths,
the strain and temperature sensitivities will be lower when comparing
with the one of Az in longer wavelength region, such as 850 nm or
1550 nm [12].

Adg =[1=P,)e +(a+E)AT A, @

IV. DISCCUSION

The development of new sensors will benefit from the advantages
of FBG in CYTOP fiber reported in this paper. The refractive index
of the CYTOP POF at 600 nm region is similar to the refractive index
of water at 25 € [18] and such feature can be employed to detect oil
and water layers in crude oil tanks [19]. Furthermore, this polymer is
more chemically stable against chemical solutions and has a lower
absorption of water than PMMA and other amorphous transparent
thermoplastics [20]. These advantages make CYTOP POF sensor as
a promising sensing technology in medical industry and also, as
biosensors for compounds detection in aqueous solutions. Although
CYTOP fibers present low optical losses at 1550 nm region, it
generally needs a connectorization with silica fibers, which leads to
further optical losses (see Fig. 4). Moreover, the butt-coupling process
is very sensitive to misalignments that results in large spectral
changes in the reflection spectrum as shown in Fig. 3. However, this
is not a real limitation in applications using the visible wavelength
range where low-cost components such as light sources, couplers and
spectrometers are employed, and there is no need of butt-coupling
between silica and POFs.

Visible light communications (VLC) also offer promising
applications for FBGs in CYTOP POF, where they can be employed
for signal routing and broadband optical source slicing [21].
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Moreover, a FBG array in the visible wavelength range can also be
used to generate different wavelengths from a single white light
source [22] and color-shift keying (CSK) modulation can be
implemented in VLCs [23].
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Fig. 6. (a) Strain setup used. (b) Wawelength shift under different strain.
V. CONCLUSION

In conclusion, we demonstrate the first FBG fabricated at 600 nm
region in a commercial CYTOP POF using phase mask technology.
This wavelength region is critical to be achieved by using fs laser
systems due to the FBG period required. However, further efforts will
be made in order to demonstrate stronger gratings. The temperature,
humidity and strain characterization positively assess the use of these
gratings for novel potential sensing and optical communication
applications, which are also discussed. As future work we also plan
to investigate the higher order modes’ response to temperature and
strain changes.
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