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We investigate the temperature dependences of the Brillouin scattering properties in a perfluorinated graded-index (PFGI-) polymer optical fiber
(POF) in a wide temperature range from —160 to 125°C. The temperature dependences of the Brillouin frequency shift, linewidth, and Stokes
power are almost linear at lower temperature down to —160 °C; while they show nonlinear dependences at higher temperature. These behaviors
appear to originate from the partial glass transition of the polymer material. © 2014 The Japan Society of Applied Physics

1. Introduction

Fiber-optic distributed temperature sensing has been demon-
strated based on a number of principles including fiber
Bragg gratings (FBGs),'™ Rayleigh scattering,) Raman
scattering,>® Brillouin scattering,” ' etc. Among them,
Brillouin-based techniques have recently attracted significant
attention because of their capability of distributed temper-
ature and/or strain sensing on the basis of frequency infor-
mation leading to high measurement stability.'>"'*) Conven-
tionally, their sensing heads were mainly composed of glass
optical fibers such as silica glass fibers,”'¥ tellurite glass
fibers,'> bismuth-oxide glass fibers,'> and photonic crystal
fibers,'® all of which are so fragile that they cannot withstand
strains of over several percent. To enhance the limitation
of the measurable strain, we have been studying the sensor
applications of Brillouin scattering in polymer optical fibers
(POFs),'"2D which are sufficiently flexible to withstand
strains of up to 50%.2"

Up to now, Brillouin scattering in perfluorinated graded-
index (PFGI-) POFs have been successfully observed at
1.55 um!? and its sensing characteristics have been clarified,
which include the Brillouin frequency shift (BFS) depend-
ences on strain (relatively small strains from 0 to 1%;?? and
large strains of up to ~20%2") and temperature (relatively
narrow range from 30 to 80 °C2Y). However, the wide-range
temperature dependences of the Brillouin scattering proper-
ties in POFs have not been reported yet, which are extremely
important for their practical applications to temperature
sensing in cryogenic or high-temperature environments.

In this study, we fully investigate the temperature depend-
ences of the Brillouin scattering properties, i.e., the BFS,
linewidth, and Stokes power, in a PFGI-POF in a wide tem-
perature range from —160 to 125°C. Although the temper-
ature dependences of these three parameters are almost linear
at lower temperature down to —160°C, they are found to
be nonlinear at higher temperature of over ~80°C. These
behaviors appear to originate from the low glass-transition
temperature of the polymer that constitutes the POF. Our
results indicate that the Brillouin scattering in PFGI-POFs
can be exploited to perform cryogenic-temperature sensing
as well as higher-temperature sensing.

2. Principle

When pump light is injected into an optical fiber, back-
scattered light called Stokes light is generated due to the
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interaction with acoustic phonons, and it propagates in
the direction opposite to the pump light. This phenomenon
is known as Brillouin scattering,'” and the Stokes light
spectrum is called the Brillouin gain spectrum (BGS). The
center frequency of the BGS is known to be downshifted
from that of the pump light by the amount called the BFS v,
which is given as'?
2nva

VB = (1

where n is the core refractive index, va is the acoustic
velocity in the fiber, and A is the pump wavelength.

If temperature change (or strain) is applied to the fiber, the
BFS shifts toward higher or lower frequency depending on
the fiber core material, which is the basic principle of fiber-
optic Brillouin sensing. The BFS dependence on temperature
has been investigated for many kinds of optical glass fibers,
which include silica single-mode fibers (SMFs; +1.18
MHz/K'?), tellurite glass fibers (—1.14 MHz/K'Y), bis-
muth-oxide glass fibers (—0.88 MHz/K'%), and germanium-
doped PCFs (4+0.82 MHz/K) (all the coefficients described
here have been recalculated using Eq. (1) under the assump-
tion that the wavelength of the pump light is 1.55 um and that
n is not dependent on the wavelength). The coefficient of
the temperature dependence of the BFS in a PFGI-POF has
also been clarified to be —4.09 MHz/K.,?? but only in the
temperature range of 30 to 80°C. As for silica SMFs, the
dependences of the Brillouin properties on extremely low
temperature (down to 1.4 K) have been reported.’?)

The Stokes power as well as the BFS is also temperature-
dependent; for example, the Stokes power in a silica SMF is
reported to be enhanced with increasing temperature.?) The
Stokes power or the Brillouin gain coefficient is influenced
by many structural quantities,'? one of which is the effective
length Ls defined as

1 — efotL

Lep = ——, 2
o

where « is the propagation loss and L is the fiber length.

3. Experimental methods

We employed an 8-m-long PFGI-POF as a sample, which
consists of a core (50pum diameter), cladding (100 pm
diameter), and overcladding (750 pm diameter) encased in
polyvinyl chloride. The core and cladding layers are com-
posed of doped and undoped polyperfluorobutenylvinyl
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Fig. 1. (Color online) Experimental setup for observing Brillouin
scattering in the PFGI-POF sample: DAQ, data acquisition; LD, laser diode;
EDFA, erbium-doped fiber amplifier; ESA, electrical spectrum analyzer; PD,
photo-diode; PM, powermeter; PSCR, polarization scrambler.

ether, respectively. It has a numerical aperture (NA) of 0.185,
a core refractive index of ~1.35, a propagation loss of ~250
dB/km at 1.55um, and a core glass-transition temperature
of <108°C. According to the specification sheet provided
by the manufacturer, this POF is suitable for telecom use only
in the temperature range from 0 to 70 °C because of the
increased loss.

The experimental setup shown in Fig. 1 was basically
the same as that previously reported,'” where self-hetero-
dyne detection was utilized for high-resolution monitoring
of the BGS. The laser wavelength was 1.55um, and the
POF sample was placed in a thermostatic chamber. The
pump power injected into the sample was fixed at 20 dBm
(= 100mW), and the influence of the polarization state was
mitigated using a polarization scrambler.

4. Experimental results

4.1 Brillouin gain spectrum

After being set to —160°C, the temperature was gradually
raised. Figure 2(a) shows the measured BGS dependence on
low temperature from —160 to 0°C. With increasing tem-
perature from —160 °C, the BGS shifted to lower frequency,
and the Stokes power was raised. Figure 2(b) shows the
measured BGS dependence on relatively high temperature
from 70 to 125°C. As the temperature was increased, the
BGS shifted to lower frequency; the Brillouin linewidth was
broadened and the Stokes power was reduced.

4.2 Birillouin frequency shift

From Fig. 2, we can extract the detailed temperature depend-
ences of the BFS, linewidth, and Stokes power. Figure 3
shows the BFS dependence on wide-range temperature from
—160 to 125°C, which was obtained by fitting each BGS
with a Lorentzian curve. In the temperature range below
~85°C, the dependence was linear with no hysteresis. The
slope was about —3.2 MHz/K, which is smaller than that of
our previous report.”’?) This discrepancy seems to be caused
by the differences in material and structure of the POFs. At
>85°C, the slope became steeper, reaching —13.8 MHz/K
at 125°C. Considering that the glass-transition temperature
of the core material is <108 °C, this nonlinear behavior is
probably due to the change in physical properties of the
softened core. After being kept at 125 °C for 5 min, the tem-
perature was decreased, during which the BFS was reduced
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Fig. 2. (Color online) Measured dependence of the BGS on (a) low
temperature from 0 to —160 °C and (b) higher temperature from 70 to 125 °C.
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Fig. 3. (Color online) Temperature dependence of the BFS. The solid
circles and the open squares indicate the measured points with increasing
temperature from —160 °C and with decreasing temperature from 125 °C,
respectively.

with no hysteresis. The BGS was buried by the noise floor at
~80°C, and the BFS was no longer measurable. This result
indicates that highly-sensitive temperature sensing based
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Fig. 4. (Color online) Temperature dependence of the 1-dB Brillouin
linewidth.
5 ..
o ° ®
o o ® (1)
= 4r »
o [ N ] -
5 .
a | L]
17 31 e
@ ®
X
2
® 21 Pn=20dBm
z °
=
®
o T
o
0 Il L L L L 1 1
-160 -120 -80 -4 0 40 80 120
Temperature ['C]
Fig. 5. (Color online) Temperature dependence of the Stokes power.

The solid circles and the open squares indicate the measured points with
increasing temperature from —160 °C and with decreasing temperature from
125°C, respectively.

on Brillouin scattering in PFGI-POFs is feasible in the
wide temperature range including cryogenic temperature. The
nonlinear behavior of the BFS at higher temperature is
physically interesting, and could be exploited to enhance the
measurement sensitivity in future.

4.3 Brillouin linewidth

Next, the temperature dependence of the Brillouin linewidth
was plotted as shown in Fig. 4. Since the Stokes power
was not sufficiently high compared with the noise floor, we
utilized not 3-dB but 1-dB linewidth. While the temperature
was being raised from —160 °C, the linewidth was gradually
increased. The sign of this dependence was the opposite
of that of silica SMFs,?® either because of the phonon
absorption peak®® in the POF at high temperature or because
of the multimode nature of the POF. The increase in the
linewidth became drastic at >70°C, apparently caused by
the gradual glass transition of the core that reduces
the uniformity of the fiber cross-section. Note that the
linewidth at 125°C was not fairly estimated, because the
Stokes power was extremely low (as is discussed in the next
section).
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Fig. 6. (Color online) Temperature dependences of (a) the propagation
loss and (b) the effective length of the POF. The solid circles and the open
squares indicate the measured points with increasing temperature from
—160°C and with decreasing temperature from 125 °C, respectively.

4.4 Stokes power

Finally, the temperature dependence of the Stokes power
is shown in Fig. 5. As the temperature was raised from
—160°C, the Stokes power was gradually increased and
reached its maximum at ~60 °C. This behavior is the same
as that of silica SMFs.?®> However, as the temperature
was further raised, the Stokes power started to decrease; at
>120°C, the decrease became drastic. When the temperature
was lowered after being kept at 125 °C for 5 min, the Stokes
power was no longer restored to the initial value.

In order to clarify the reason for the behavior at higher
temperature, the temperature dependence of the propagation
loss of the POF was measured, as shown in Fig. 6(a). The
loss was almost constant in the temperature range from —160
to 120 °C, but it abruptly started to increase at >120 °C never
to return to the initial value by decreasing the temperature
later. The temperature dependence of the Brillouin effective
length L. calculated using Eq. (2) is also shown in Fig. 6(b),
the trend of which is quite similar to Fig. 5 at >60 °C. Thus,
we may naturally consider that the hysteresis of the Stokes
power is caused by the destroyed wave-guiding structure
(core and cladding) owing to the partial glass transition of the
polymer material.

© 2014 The Japan Society of Applied Physics
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5. Conclusions

-

)

The temperature dependences of the Brillouin scattering ?
properties such as the BES, linewidth, and Stokes power, in a 3)
PFGI-POF were investigated in a wide temperature range 4)
from —160 to 125 °C. Although the temperature dependences 2;
of these three parameters can be regarded as almost linear
at lower temperature down to —160 °C, they are found to be 7)
nonlinear at higher temperature of over ~80 °C. The Stokes 8)
power displayed a hysteresis characteristic at ~125 °C. These 9)
behaviors seem to originate from the partial glass transition  10)
of the core material of the POF. Brillouin scattering in PFGI-
POFs can be expected from our results to have a big potential 11;;
for cryogenic-temperature sensing as well as higher-temper- 13)
ature sensing. 14)
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