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Abstract: We provide a complete experimental characterization of
stimulated Brillouin scattering in a 160 m long solid-core photonic crystal
fiber, including threshold and spectrum measurements as well as position-
resolved mapping of the Brillouin frequency shift. In particular, a three-fold
increase of the Brillouin threshold power is observed, in excellent agree-
ment with the spectrally-broadened Brillouin gain spectrum. Distributed
measurements additionally reveal that the rise of the Brillouin threshold
results from the broadband nature of the gain spectrum all along the fiber
and is strongly influenced by strain. Our experiments confirmthat these
unique fibers can be exploited for the passive control or the suppression of
Brillouin scattering.
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1. Introduction

Photonic crystal fibers (PCFs) with a periodic air-hole microstructure exhibit unique and re-
markable guiding and anti-guiding properties not only for optical waves but also for acoustic
waves [1, 2]. In particular, the periodic wavelength-scalemicrostructure surrounding the PCF’s
core significantly impacts the transverse distribution of acoustic phonons, leading to new char-
acteristics for both forward and backward stimulated Brillouin scattering (SBS) with respect to
conventional all-silica fibers. For instance, recent observations have shown that forward Bril-
louin scattering in PCF is substantially enhanced at the GHzlevel, only for the fundamental
acoustic phonon guided by the air-hole microstructure, while most of the other guided acoustic
modes in the MHz range are quenched [3, 4, 5]. In addition, several recent papers have reported
that the threshold power for backward SBS in small-core PCFsincreases significantly [6, 7, 8].
As an example, in Ref. [6], an unexpected fivefold increase inSBS threshold has been measured
in a ultra-small core PCF with a corresponding multi-peakedSBS spectrum. The multi-peaked
structure was attributed to several families of guided acoustic modes, each with different pro-
portions of longitudinal and shear strain, strongly localized to the core. In Ref. [7], the threshold
growth was rather attributed to structural variations along the fiber and it was suggested that
a controlled variation of the structural parameters can be used to design Brillouin-suppressed
PCFs. However, it is significant that the origin of the rise inthe SBS threshold has not been fully
explored and clearly understood yet. The microstructure ofPCFs could also lead to waveguide-
induced inhomogeneous broadening of SBS gain, as recently evidenced in conventional single-
mode fibers [9].

The aim of the present work is to clearly identify and understand the broadband and multi-
mode nature of SBS spectra in PCFs as resulting from either the structural irregularities of the
PCF or the PCF’s microstructure that allows for the simultaneous generation and propagation of
a fan of acoustic modes. For that purpose, we provide a complete experimental characterization
of SBS in a 160-m long photonic crystal fiber with an intermediate core size (5µm). The first
part of the manuscript presents measurements of Brillouin threshold power and spectrum using
an heterodyne technique. We found that the SBS threshold increases threefold compared with
a uniform all-silica fiber and that this is in quite good agreement with the Brillouin linewidth
broadening by 80 MHz. Then, we present position-resolved mapping of the Brillouin frequency
shift using Brillouin optical domain time analysis (BOTDA)[10]. The results of our measure-
ments show a broad asymmetric SBS gain spectrum distributedall along the fiber and indicate
that the structural variations of the PCF have actually little impact on the Brillouin frequency
shift.
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2. Brillouin threshold and spectrum measurements
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Fig. 1. Experimental setup for measuring Brillouin threshold and the gain spectra.

Figure 1 shows the first experimental setup for measuring theSBS threshold and the gain
spectra. The experiment was performed using a distributed-feedback laser (DFB) emitting at a
wavelength of 1549.74 nm (linewidth<45 kHz). The laser output was split into two parts. The
first portion was amplified by an EDFA and then passed through a5-nm bandpass filter and an
optical circulator. The PCF was connected to a standard single-mode fiber (SMF-28) via a high
numerical-aperture (HNA) fiber by use of an Ericsson FSU-975PM splicer and by using an
home-made repeated discharge technique. A coupling efficiency of 80% was thereby achieved.
To avoid feedback and Brillouin-induced lasing, we immersed the output end of the PCF in
an index matching liquid. SBS was measured versus the input power by using a conventional
heterodyne detection in which the second portion of the laser output is mixed through a 3-dB
coupler with the backscattered Stokes wave [11]. The PCF wasprovided by PERFOS (Type
HF-148M1A) and consists of a triangular lattice with a core and hole diameter equal to 4.4µm
and 1.4µm respectively (see the cross-section in the inset of Fig. 2(a)). It has an effective area
of 12 µm2 at 1550 nm and a transmission loss of less than 2.7 dB/km.

The transmitted and backscattered powers as a function of the input pump power are illus-
trated in Fig 2.(a). We define the Brillouin threshold power as the input power for which the
backscattered power reaches 1% of the input pump power [12] and is equal to 23.5 dBm in
Fig 2(a). Applying the standard model as in Refs. [13, 14, 15]to an all-silica fiber with the
same nonlinear coefficient and effective mode area, the SBS threshold of our PCF can be es-
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Fig. 2. (a) Measured transmitted and backscattered powers as a function of the input pump
power. Inset, SEM image of PCF cross section. (b) Brillouin spectrum linewidth as a func-
tion of injected pump power. Inset, Brillouin spectrum below threshold (-15dB) using a
heterodyne detection with 300 kHz of resolution, FWHM = 80MHz.
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timated to about 19 dBm, which is nearly three times less thanthe measured threshold power.
Figure 2.(b) shows the Brillouin gain linewidth (FWHM) as a function of the input pump power.
The inset depicts the gain spectrum below threshold (at -15dB) with a corresponding 80-MHz
spectral width. Increasing the pump power leads to a narrowing of the SBS gain linewidth to
20 MHz. These values are nearly three times larger than the SBS spectrum dynamics for all-
silica fibers [14] (∆νB ≃25 MHz), in very good agreement with the threefold increase in SBS
threshold previously measured. Correspondingly, this means that the usual expression of SBS
threshold for standard fibers remains valid for PCF if the spectrally-broadened SBS spectrum
is carefully taken into account in the gain expression [13, 14].

3. Position-resolved Brillouin gain spectrum mapping
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Fig. 3. Experimental setup for distributed SBS measurement in PCF. Bottom left : principle
of operation of BOTDA technique.

Figure 3 is a sketch of the second experimental setup for mapping the SBS frequency shift.
This distributed measurement is based on a recently-developed pump-probe technique called
Brillouin optical time domain analysis (BOTDA) [10]. A CW DFB laser source at 1557 nm,
similar to that of the previous setup, was split into pump andprobe waves. The first portion
(the pump) was then pulsed by gating a semiconductor opticalamplifier (SOA) with an elec-
trical pulse train, and the output pulses were amplified by anEDFA up to a few hundred mW.
The pulses were launched into the PCF under test through an optical circulator in the counter-
propagating direction to provide local Brillouin gain at the CW-probe signal. The probe was
then intensity-modulated by an electro-optical modulator(EOM) to create two modulation fre-
quencies at Brillouin Stokes (-νB) and anti-Stokes (νB), respectively, while suppressing the
carrier by properly setting the DC voltage of the EOM. The amplified probe was measured us-
ing a photodiode (PD) and data were recorded using a digital oscilloscope synchronized with
the Brillouin-pump pulse. By simply varying the frequency of the continuous probe wave rel-
atively to the pump frequency, the Brillouin gain spectrum could then be fully retrieved at any
location along the fiber and the Brillouin shift (νB) be unambiguously determined as a function
of distance. This method offers several advantages such as no laser frequency drift dependence
and no need for a tunable laser source [10]. Since the spatialresolution is given by the pulse
duration, we performed two experiments with pulse durations of 20ns and 100ns, respectively.
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Fig. 4. (a) SBS gain width (FWHM, crosses) and frequency shift (solidline) versus distance
with a spatial resolution of 2m. (b) fiber spool, (c) gain spectrum evolution.

Figures 4(a) and (c) show the distributed measurement of theSBS frequency shift and spec-
tral width (FWHM), with a spatial resolution of 2 m. Figure 5 shows the same measurement
but with a pump pulse width of 100 ns. This corresponds to a lower spatial resolution of 10-m
but the Brillouin gain spectrum is more accurately detailedwhen compared to Fig. 4(c). First,
it is clear from these measurements that longitudinal structural variations of the air-hole mi-
crostructure due to the drawing process has a stronger impact on the SBS frequency shift than
in standard single-mode fiber (SMF) [7]. By examining both the short-scale and long-scale
fluctuations, we assessed a SBS frequency drift with a corresponding maximum amplitude of
about 10 MHz, which is ten times larger than routinely observed in SMF. This is significant but
not enough to fully account for the total Brillouin linewidth broadening by 80 MHz.
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Fig. 5. (a) SBS gain width (FWHM, crosses) and frequency shift (solidline) versus distance
with a spatial resolution of 10m. (b) evolution of SBS gain spectrum along thefiber.

In addition, we can observe in Figs. 4(c) and Fig. 5(a) a largefrequency shift (∼30 MHz)
from 25 m until 90 m, with a corresponding reduction of the gain spectral width, from 90
MHz to about 65 MHz. Such an important frequency shift can be explained by considering the
acoustic velocity,va, which is strain-dependent in optical fibers. Therefore thecentral frequency
of the Brillouin spectrumνB is expected to vary when the fiber is under stress. As we can
see on the photograph of Fig. 4(b), the first portion of the PCFseems to be under stress as
a result of winding by the subsequent portion of the fiber. The22-m length of the first part
corresponds in good agreement to the beginning of the SBS frequency shift shown in Figs 4
and 5. Actually, the gain spectrum shown in Fig. 5(b) revealsthe co-existence of two strongly-
coupled acoustic modes within the PCF core and frequency-shifted by more than 40 MHz.
This can be viewed in detail in Fig. 6 that presents gain spectra at different lengths with a
corresponding dual-peak structure, except at distances 45m, 70 m and 90m. This is a clear
illustration of the stress applied during winding which modifies the acoustic modal distribution
and suppresses the highest frequency acoustic modes.
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Fig. 6. Brillouin spectrum at different position along the fiber for a 100nspulse. The entire
sequence can be viewed as a movie attached to the manuscript (avi, 2290kb).

We must stress that these two acoustic modes cannot be attributed to modal birefringence
(∆n=3×10−5) since it would lead to a much smaller acoustic frequency shift between the low
and fast birefringent axes equal to∆ f = 2∆n va

λp
=0.23 MHz. Consequently, we can rationally

attribute this dual-peak broad SBS spectrum to the microstructure itself that fundamentally
alters the Brillouin scattering process by its ability to enable the generation of two closely-
spaced acoustic phonons. Note that a similar dual-peaked Brillouin property of a small-core
PCF has recently been reported and shown to be strongly influenced by the pump wavelength
and environment temperature [16]. In the same way, we can expect that the two Brillouin peaks
can independently be controlled by applying stress along the fiber. We can also deduce from
Fig. 6 that, for increasing the SBS threshold, it is necessary to have several acoustic modes not
far away (less than one mode linewidth), in which case they couple together.

4. Conclusion

A position-resolved mapping of the Brillouin gain spectrumin a long photonic crystal fiber has
been carried out for the first time. A threefold increase in the Brillouin threshold was also meas-
ured compared with a uniform all-silica fiber, as previouslyreported in other ultra small-core
PCFs [1]. Our observations have shown that the significant reduction of SBS was in quite good
agreement with the Brillouin linewidth broadening. This broadening cannot be attributed to the
structural variation of the fiber but rather to the air-hole microstructure itself that allows for the
guiding of several acoustic modes over a broader frequency range, with respect to conventional
all-silica fiber. Moreover, distributed measurements demonstrated that some of these acoustic
modes are very sensitive to stress applied along the fiber. Finally, our experimental work may
help in designing future Brillouin-suppressed photonic crystal fibers and in the understanding
of the complex light-sound interactions in microstructured materials.
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