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Brillouin Gain Spectrum Characterization in
Perfluorinated Graded-Index Polymer Optical Fiber
With 62.5-ym Core Diameter
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Abstract—We characterize the Brillouin gain spectra (BGS) in
perfluorinated graded-index polymer optical fibers (PFGI-POFs)
with 62.5-pm core diameter. First, we show that the Stokes power
is extremely high compared to that of a standard PFGI-POF with
120-tm core, and discuss the Brillouin threshold power. Then, we
demonstrate that the PFGI-POF length has little influence on the
BGS when the length is longer than 50 m. We also predict that, at
1.55-pm wavelength, it is difficult to reduce the Brillouin threshold
power of PFGI-POFs below that of long silica single-mode fibers
even if their core diameter is sufficiently reduced to satisfy the
single-mode condition. Finally, we confirm the Brillouin linewidth
narrowing effect.

Index Terms—Brillouin gain spectrum, Brillouin linewidth, Bril-
louin scattering, nonlinear optics, polymer optical fiber (POF).

I. INTRODUCTION

RILLOUIN scattering in silica-based optical fibers has

attracted a great deal of attention [1], [2] and applied
to a number of systems, such as lasers [2], signal processors
[3], slow light generators [4], and strain/temperature sensors
[5]-[9]. These systems have been improved in performance
by exploiting Brillouin scattering in various specialty fibers,
including tellurite glass fibers [10], chalcogenide fibers [11],
bismuth-oxide fibers [12], and photonic crystal fibers [13].
Recently, we have succeeded in observing spontaneous Bril-
louin scattering (SpBS) at 1.55 gm in polymer optical fibers
(POFs) [14], which offer extremely high flexibility, low-cost
and easy connection, and high safety compared to other
standard glass fibers [15]. The POFs used in the experiment
were standard perfluorinated graded-index (PFGI-) POFs with
120-pm core diameter. The estimated Brillouin gain coefficient
of 3.09 x 10~ m/W was almost the same as that of a silica
single-mode fiber (SMF), which indicates that Brillouin scat-
tering in PFGI-POFs is applicable to various practical systems
in the same way as Brillouin scattering in silica fibers. We
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have also investigated the dependences of the Brillouin fre-
quency shift (BFS) on strain and temperature in a PFGI-POF at
1.55 pm, and found that SpBS in PFGI-POFs can be potentially
utilized to develop high-accuracy temperature sensors with low
strain sensitivity [16].

However, the power of the SpBS Stokes light generated in the
PFGI-POFs with 120-m core diameter was quite low due to
their multimode nature, and it needs to be enhanced for detailed
investigations of the Brillouin gain spectra (BGS) [17]-[19] in-
cluding the linewidth narrowing effect. One method is to in-
duce stimulated Brillouin scattering (SBS) with low threshold
power using so-called pump-probe technique [18], where two
light beams are launched from both ends of the PFGI-POF.
We have so far obtained extremely large Stokes signal in this
scheme [20]. However, since the BGS observed with this tech-
nique is easily influenced by the time constant of lock-in de-
tection, detailed evaluation of its linewidth was not feasible.
Another approach to enhance the Stokes signal is to make use
of PFGI-POFs with core diameters smaller than 120 pm. Al-
though PFGI-POFs with 62.5-um core diameter have become
commercially available very recently (product ID: ID062, Sek-
isui Chemical Co., Ltd., 2011), no study has been reported on
their Brillouin scattering properties.

In this letter, we characterize the BGS in PFGI-POFs with
62.5-pm core diameter. First, using 5-m PFGI-POFs, we show
that extremely high Stokes power can be obtained compared to
that of a PFGI-POF with 120-m core, and estimate the Bril-
louin threshold power to be 53.3 W. Then, we experimentally
show that using a PFGI-POF longer than ~ 50 m is not an
effective way to enhance the Stokes signal. We also theoreti-
cally predict that it is difficult to decrease the Brillouin threshold
power of PFGI-POFs at 1.55-um wavelength down to that of
km-order-long silica SMFs even when their core diameter is suf-
ficiently reduced to satisfy the single-mode condition. Finally,
we investigate the Brillouin linewidth as a function of pump
power, and confirm the linewidth narrowing effect.

II. EXPERIMENTS AND DISCUSSION

A. Experimental Setup

Regardless of the length and the core diameter, PFGI-POFs
used in the experiment had a numerical aperture (NA) of 0.185,
a core refractive index of ~ 1.35, and a propagation loss of
~ 250 dB/km at 1.55 zm. The experimental setup was basically
the same as that previously reported in [14], where the BGS
can be observed with high resolution by heterodyne detection.
A distributed-feedback laser diode (DFB-LD) at 1547 nm was
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Fig. 1. (a) BGS dependence on pump power F,,,. (b) Relative Stokes power
as a function of pump power; comparison between PFGI-POFs with 62.5- and
120-pem core diameters.

used as a light source. One end of the PFGI-POF to be measured
was optically butt-coupled to the silica SMF, and the other end
was kept open.

B. Effects of Small Core Diameter

Fig. 1(a) shows the measured BGS of a 5-m PFGI-POF with
62.5-pm core at pump power P, of 5,10, 15, and 20 dBm. The
polarization state optimized for P, of 20 dBm was employed
for all the measurements. The center frequency of the BGS,
i.e., the BFS, was approximately 2.81 GHz, which is slightly
lower than previously-reported value of 2.83 GHz [14] due to
the difference in room temperature [16]. Even when P, was
as low as 5 dBm, small but clear BGS was observed. Fig. 1(b)
shows the P, dependences of the relative Stokes power, when
5-m PFGI-POFs with core diameters of 62.5 ym and 120 pm
(Product ID: Lucina “X”, Asahi Glass Co., Ltd., 2009) were em-
ployed. The reference power was set to about —63 dBm, which
is the Stokes power when P, is sufficiently low. The depen-
dence curve of the PFGI-POF with 62.5-;xm core was about
10 dB lower in pump power than that with 120-zm core, which
indicates that, even at the same pump power, we can largely en-
hance the Stokes signal by using a PFGI-POF with a smaller
core diameter.

One of the reasons for the 10-dB curve shift is the difference
in Brillouin threshold power P;y,. In general, Py, is given as [2]

210 Aegr

Py = —,
o KgpLeg

(1
where b is the correction factor for multimode fibers [21], K
is the polarization coefficient, and gz is the Brillouin gain co-
efficient. Ao is the effective cross-sectional area, which is ap-
proximately in proportion to the core diameter for multimode
fibers [22], [23]; and L. is the effective fiber length defined
as Ler = [1 — exp(—al)]/« («, propagation loss; I, fiber
length) [2]. Using the values of b = 2 [21], K = 0.667 [2],
g = 3.09 x 10~ m/W [14], & = 0.056/m (= 250 dB/km),
and L = 5 m, P}, of the PFGI-POF with 120-um core (Ao =
209 pm? [24]) was calculated to be 97.7 W. On the other hand,
P, of the PFGI-POF with 62.5-um core (Aegr = 108.9 um?)
was calculated to be 53.3 W, which is lower than 97.7 W by
2.63 dB. Thus, the curve shift observed in Fig. 1(b) can be par-
tially explained by the difference in P}, but its amount of 10 dB
is much larger than the calculated value.
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Fig. 2. (a) BGS dependence on pump power P, ; comparison between 80-m
PFGI-POF (solid line) and 200-m PFGI-POF (dotted line). (b) Effective fiber
length versus fiber length.

Another reason for the curve shift is the improvement of op-
tical coupling efficiency at the butt coupling when the Stokes
light generated in the PFGI-POF travels back and is injected
into the SMF. Due to the unstable core alignment and the rough
surface of the PFGI-POF, it is difficult to measure the cou-
pling loss accurately. However, we confirmed that the loss with
the PFGI-POF with 62.5-um core was several dB lower than
that with 120-2m core. This fact, along with the difference in
internal structure designed by different manufacturers, moder-
ately explains the 10-dB curve shift.

C. Effects of Long Fiber Length

According to (1), the use of long PFGI-POFs is another
way to reduce Py, and to enhance the Stokes signal. Fig. 2(a)
shows the measured BGS of 80-m and 200-m PFGI-POFs with
62.5-pum core at Py, of 5, 10, 15, and 20 dBm. Much larger
Stokes signals (~ 7 dB higher at P;,, of 20 dBm) than those of
the 5-m PFGI-POF shown in Fig. 1(a) were observed.

However, there was hardly any difference between the BGS
of the 80-m PFGI-POF and that of the 200-m PFGI-POF, with
a very slight discrepancy of the BFS caused by the room- tem-
perature difference. This means that the incident light is con-
siderably attenuated after propagation for 80 m in the PFGI-
POF. In order to estimate this effect quantitatively, the effective
PFGI-POF length L.g was plotted as a function of actual length
L as shown in Fig. 2(b), where L.g gradually approaches 18 m
(Pin ~ 13 W) with the increasing L. Thus, we proved that em-
ploying a PFGI-POF longer than ~ 50 m is not an effective way
to enhance the Stokes signal.

According to (1), as the core diameter decreases, the Brillouin
threshold P}, also becomes lower. When P, is higher than Py,
SBS is induced and consequently the Stokes signal is exponen-
tially enhanced [2]. Here, under the rough assumption that the
multimode nature, NA, refractive index, and loss do not change
with core diameters, we calculated P, of a 50-m PFGI-POF
with 10-um core diameter (Aey = 17.4 pm?) to be 2.22 W
(= 33.5 dBm). This value is more than one order magnitude
higher than the pump power of several tens to hundreds of mW
commonly used in BGS characterization in silica SMFs [17],
[19]. Even when the PFGI-POF is treated as an SMF (i.e.,b =1
[2] but A.¢ becomes larger [23] in (1)), this difference cannot
be compensated. Thus, it seems to be difficult to reduce Py, of
PFGI-POFs down to the same level of that of long silica SMFs
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Fig. 3. (a) Normalized BGS at pump power of 14.5, 17.5, and 23.5 dBm.
(b) Brillouin linewidth versus pump power.

by decreasing the core diameter, which is due to the limited ef-
fective length of 18 m associated with the high propagation loss
at 1.55 pum.

D. Brillouin Linewidth Narrowing Effect

The Brillouin linewidth of a PFGI-POF has been reported to
be 105 MHz at P;;, of 20 dBm in [14], but detailed investiga-
tion was difficult because the Stokes power was extremely low.
Here, by making use of the enhanced Stokes power, we investi-
gated the Brillouin linewidth dependence on F;,,.

Fig. 3(a) shows the measured BGS of the 200-m PFGI-POF
with 62.5-um core at P, of 14.5, 17.5, and 23.5 dBm, where
the Stokes power is normalized so that the maximum power is
0 dB. Fig. 3(b) shows the Brillouin linewidth dependence on
Py,. From these figures, we can see that, with the increasing
Py, the 3-dB linewidth of the BGS decreases, but that its slope
gradually becomes small. This behavior agrees well with the ex-
periment and theory of the linewidth narrowing effect in silica-
based SMFs [17].

III. CONCLUSION

The BGS properties of PFGI-POFs with 62.5-um core diam-
eter were investigated. The Stokes power was extremely high
compared to that of a PEGI-POF with 120-pm core, and the Bril-
louin threshold power for 5-m PFGI-POF was estimated to be
53.3 W. It was also shown that employing a PFGI-POF longer
than ~ 50 m is not an effective way to enhance the Stokes signal.
In addition, it was theoretically found that it is difficult to reduce
the Brillouin threshold power of PFGI-POFs at 1.55-psm wave-
length below that of long silica SMFs even if their core diameter
is sufficiently decreased to satisfy the single-mode condition. Fi-
nally, the Brillouin linewidth narrowing effect was confirmed.
We believe these results will be a good guideline for developing
practical Brillouin systems using PFGI-POFs as well as for de-
signing new PFGI-POF structures for Brillouin applications in
future.

REFERENCES

[1] E.P.Ippenand R. H. Stolen, “Stimulated Brillouin scattering in optical
fibers,” Appl. Phys. Lett., vol. 21, pp. 539-541, 1972.

(2]
[3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

G. P. Agrawal, Nonlinear Fiber Optics.
1995.

S. Norcia, S. Tonda-Goldstein, D. Dolfi, and J. -P. Huignard, “Efficient
single-mode Brillouin fiber laser for low-noise optical carrier reduction
of microwave signals,” Opt. Lett., vol. 28, pp. 1888—1890, 2003.

K. Y. Song, M. G. Herraez, and L. Thevenaz, “Observation of pulse
delaying and advancement in optical fibers using stimulated Brillouin
scattering,” Opt. Express, vol. 13, pp. 82-88, 2005.

T. Horiguchi and M. Tateda, “BOTDA — Nondestructive measurement
of single-mode optical fiber attenuation characteristics using Brillouin
interaction: Theory,” J. Lightw. Technol., vol. 7, no. 8, pp. 1170-1176,
Aug. 1989.

D. Garus, K. Krebber, F. Schliep, and T. Gogolla, “Distributed sensing
technique based on Brillouin optical-fiber frequency-domain analysis,”
Opt. Lett., vol. 21, pp. 1402-1404, 1996.

K. Hotate and T. Hasegawa, “Measurement of Brillouin gain spectrum
distribution along an optical fiber using a correlation-based technique
— Proposal, experiment and simulation,” IEICE Trans. Electron., vol.
E83-C, pp. 405-412, 2000.

T. Kurashima, T. Horiguchi, H. Izumita, S. Furukawa, and Y. Koya-
mada, “Brillouin optical-fiber time domain reflectometry,” [EICE
Trans. Commun., vol. E76-B, pp. 382-390, 1993.

Y. Mizuno, W. Zou, Z. He, and K. Hotate, “Proposal of Brillouin op-
tical correlation-domain reflectometry (BOCDR),” Opt. Express, vol.
16, pp. 12148-12153, 2008.

Y. Mizuno, Z. He, and K. Hotate, “Distributed strain measurement
using a tellurite glass fiber with Brillouin optical correlation-domain
reflectometry,” Opt. Commun., vol. 283, pp. 2438-2441, 2010.

K. S. Abedin, “Observation of strong stimulated Brillouin scattering
in single-mode As; Ses chalcogenide fiber,” Opt. Express, vol. 13, pp.
10266-10271, 2005.

Y. Mizuno, Z. He, and K. Hotate, “Dependence of the Brillouin fre-
quency shift on temperature in a tellurite glass fiber and a bismuth-
oxide highly-nonlinear fiber,” Appl. Phys. Express, vol. 2, p. 112402,
2009.

J. C. Beugnot, T. Sylvestre, D. Alasia, H. Maillotte, V. Laude, A. Mon-
teville, L. Provino, N. Traynor, S. F. Mafang, and L. Thevenaz, “Com-
plete experimental characterization of stimulated Brillouin scattering in
photonic crystal fiber,” Opt. Express, vol. 15, pp. 15517-15522, 2007.
Y. Mizuno and K. Nakamura, “Experimental study of Brillouin scat-
tering in perfluorinated polymer optical fiber at telecommunication
wavelength,” Appl. Phys. Lett., vol. 97, p. 021103, 2010.

M. G. Kuzyk, Polymer Fiber Optics: Materials, Physics, and Applica-
tions. Boca Raton, FL: CRC Press, 2006.

Y. Mizuno and K. Nakamura, “Potential of Brillouin scattering in
polymer optical fiber for strain-insensitive high-accuracy temperature
sensing,” Opt. Lett., vol. 35, pp. 3985-3987, 2010.

A. Yeniay, J. M. Delavaux, and J. Toulouse, “Spontaneous and stim-
ulated Brillouin scattering gain spectra in optical fibers,” J. Lightw.
Technol., vol. 20, no. 8, pp. 1425-1432, Aug. 2002.

M. Nikles, L. Thevenaz, and P. A. Robert, “Brillouin gain spectrum
characterization in single-mode optical fibers,” J. Lightw. Technol., vol.
15, no. 10, pp. 18421851, Oct. 1997.

R. B. Jenkins, R. M. Sova, and R. I. Joseph, “Steady-state noise analysis
of spontaneous and stimulated Brillouin scattering in optical fibers,” J.
Lightw. Technol., vol. 25, no. 3, pp. 763—770, Mar. 2007.

Y. Mizuno, M. Kishi, K. Hotate, T. Ishigure, and K. Nakamura, “Obser-
vation of stimulated Brillouin scattering in polymer optical fiber with
pump-probe technique,” Opt. Lett., vol. 36, pp. 2378-2380, 2011.

K. Tei, Y. Tsuruoka, T. Uchiyama, and T. Fujioka, “Critical power
of stimulated Brillouin scattering in multimode optical fibers,” Jpn. J.
Appl. Phys., vol. 40, pp. 3191-3194, 2001.

D. Marcuse, “Loss analysis of single-mode fiber splices,” Bell Syst.
Tech. J., vol. 56, pp. 703-718, 1977.

A. Mocofanescu, L. Wang, R. Jain, K. D. Shaw, A. Gavrielides, P. Pe-
terson, and M. P. Sharma, “SBS threshold for single mode and multi-
mode GRIN fibers in an all fiber configuration,” Opt. Express, vol. 13,
pp. 2019-2024, 2005.

M. Dossou, P. Szriftgiser, and A. Goffin, “Theoretical study of stim-
ulated Brillouin scattering (SBS) in polymer optical fibres,” in Proc.
Symp. IEEE/LEOS Benelux Chap., 2008, Twente, pp. 175-178.

San Diego, CA: Academic,



