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Abstract: We provide a complete experimental characterization of
stimulated Brillouin scattering in a 160 m long solid-cot®ponic crystal
fiber, including threshold and spectrum measurements dsag/glosition-
resolved mapping of the Brillouin frequency shift. In peutar, a three-fold
increase of the Brillouin threshold power is observed, inedhent agree-
ment with the spectrally-broadened Brillouin gain spetiristributed
measurements additionally reveal that the rise of the diiili threshold
results from the broadband nature of the gain spectrum afigathe fiber
and is strongly influenced by strain. Our experiments confhat these
unique fibers can be exploited for the passive control or tippiession of
Brillouin scattering.
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1. Introduction

Photonic crystal fibers (PCFs) with a periodic air-hole métructure exhibit unique and re-
markable guiding and anti-guiding properties not only fptical waves but also for acoustic
waves [1, 2]. In particular, the periodic wavelength-sealerostructure surrounding the PCF's
core significantly impacts the transverse distributionagsstic phonons, leading to new char-
acteristics for both forward and backward stimulated Buih scattering (SBS) with respect to
conventional all-silica fibers. For instance, recent obetions have shown that forward Bril-
louin scattering in PCF is substantially enhanced at the @&k, only for the fundamental
acoustic phonon guided by the air-hole microstructure|enmiost of the other guided acoustic
modes in the MHz range are quenched [3, 4, 5]. In additiorersévecent papers have reported
that the threshold power for backward SBS in small-core H@éteases significantly [6, 7, 8].
As an example, in Ref. [6], an unexpected fivefold increa&B6 threshold has been measured
in a ultra-small core PCF with a corresponding multi-peakB& spectrum. The multi-peaked
structure was attributed to several families of guided atioumodes, each with different pro-
portions of longitudinal and shear strain, strongly laoadi to the core. In Ref. [7], the threshold
growth was rather attributed to structural variations gltime fiber and it was suggested that
a controlled variation of the structural parameters candseluo design Brillouin-suppressed
PCFs. However, it is significant that the origin of the riséhi@ SBS threshold has not been fully
explored and clearly understood yet. The microstructuRR@fs could also lead to waveguide-
induced inhomogeneous broadening of SBS gain, as recesmtigreeed in conventional single-
mode fibers [9].

The aim of the present work is to clearly identify and undendtthe broadband and multi-
mode nature of SBS spectra in PCFs as resulting from eitlkestthictural irregularities of the
PCF or the PCF’s microstructure that allows for the simdtars generation and propagation of
a fan of acoustic modes. For that purpose, we provide a caengiperimental characterization
of SBS in a 160-m long photonic crystal fiber with an internag¢elicore size (m). The first
part of the manuscript presents measurements of Brilldugshold power and spectrum using
an heterodyne technique. We found that the SBS threshaldases threefold compared with
a uniform all-silica fiber and that this is in quite good agneat with the Brillouin linewidth
broadening by 80 MHz. Then, we present position-resolvepirimg of the Brillouin frequency
shift using Brillouin optical domain time analysis (BOTD)O0]. The results of our measure-
ments show a broad asymmetric SBS gain spectrum distrilalitatbng the fiber and indicate
that the structural variations of the PCF have actuallielithpact 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 geiatsa.

Figure 1 shows the first experimental setup for measurings®® threshold and the gain
spectra. The experiment was performed using a distribigedback laser (DFB) emitting at a
wavelength of 1549.74 nm (linewidth45 kHz). The laser output was split into two parts. The
first portion was amplified by an EDFA and then passed throustman bandpass filter and an
optical circulator. The PCF was connected to a standardesmgde fiber (SMF-28) via a high
numerical-aperture (HNA) fiber by use of an Ericsson FSU-BEb splicer and by using an
home-made repeated discharge technique. A coupling effigief 80% was thereby achieved.
To avoid feedback and Brillouin-induced lasing, we immdriee output end of the PCF in
an index matching liquid. SBS was measured versus the inpueipby using a conventional
heterodyne detection in which the second portion of therlaggput is mixed through a 3-dB
coupler with the backscattered Stokes wave [11]. The PCFpnasded by PERFOS (Type
HF-148M1A) and consists of a triangular lattice with a cand &ole diameter equal to 41dm
and 1.4umrespectively (see the cross-section in the inset of Fig).2¢ehas an effective area
of 12 un? at 1550 nm and a transmission loss of less than 2.7 dB/km.

The transmitted and backscattered powers as a functioreahffut pump power are illus-
trated in Fig 2.(a). We define the Brillouin threshold powsttlae input power for which the
backscattered power reaches 1% of the input pump power fi®@]jsaequal to 23.5 dBm in
Fig 2(a). Applying the standard model as in Refs. [13, 14,tb54n all-silica fiber with the
same nonlinear coefficient and effective mode area, the §&Shold of our PCF can be es-
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Fig. 2. (a) Measured transmitted and backscattered powers as a fuoictiee input pump
power. Inset, SEM image of PCF cross section. (b) Brillouin spectrurwidib as a func-
tion of injected pump power. Inset, Brillouin spectrum below thresholddB)4ising 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 theimeasured threshold power.
Figure 2.(b) shows the Brillouin gain linewidth (FWHM) as aétion of the input pump power.
The inset depicts the gain spectrum below threshold (atBL&dth a corresponding 80-MHz
spectral width. Increasing the pump power leads to a nangwf the SBS gain linewidth to
20 MHz. These values are nearly three times larger than tt& spctrum dynamics for all-
silica fibers [14] Avg ~25 MHZz), in very good agreement with the threefold increas8BS
threshold previously measured. Correspondingly, thisnadiaat the usual expression of SBS
threshold for standard fibers remains valid for PCF if thectpdly-broadened SBS spectrum
is carefully taken into account in the gain expression [#3, 1

3. Position-resolved Brillouin gain spectrum mapping
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Fig. 3. Experimental setup for distributed SBS measurement in PCFrB&fo: principle
of operation of BOTDA technique.

Figure 3 is a sketch of the second experimental setup for mgppe SBS frequency shift.
This distributed measurement is based on a recently-desdlpump-probe technique called
Brillouin optical time domain analysis (BOTDA) [10]. A CW [B-laser source at 1557 nm,
similar to that of the previous setup, was split into pump prabe waves. The first portion
(the pump) was then pulsed by gating a semiconductor ogiglifier (SOA) with an elec-
trical pulse train, and the output pulses were amplified biBRA up to a few hundred mW.
The pulses were launched into the PCF under test throughtaralogirculator in the counter-
propagating direction to provide local Brillouin gain aet@W-probe signal. The probe was
then intensity-modulated by an electro-optical modul@&sDM) to create two modulation fre-
guencies at Brillouin Stokes\g) and anti-Stokesug), respectively, while suppressing the
carrier by properly setting the DC voltage of the EOM. The hfiel probe was measured us-
ing a photodiode (PD) and data were recorded using a digitallescope synchronized with
the Brillouin-pump pulse. By simply varying the frequendytioe continuous probe wave rel-
atively to the pump frequency, the Brillouin gain spectrumnld then be fully retrieved at any
location along the fiber and the Brillouin shiftg) be unambiguously determined as a function
of distance. This method offers several advantages such laser frequency drift dependence
and no need for a tunable laser source [10]. Since the spasialution is given by the pulse
duration, we performed two experiments with pulse duratioi?20ns and 100ns, respectively.
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Fig. 4. (a) SBS gain width (FWHM, crosses) and frequency shift ($iol&) versus distance
with a spatial resolution of 2m. (b) fiber spool, (c) gain spectrum evolution

Figures 4(a) and (c) show the distributed measurement @B&frequency shift and spec-
tral width (FWHM), with a spatial resolution of 2 m. Figure 5o8ts the same measurement
but with a pump pulse width of 100 ns. This corresponds to &impatial resolution of 10-m
but the Brillouin gain spectrum is more accurately detaildetn compared to Fig. 4(c). First,
it is clear from these measurements that longitudinal siratvariations of the air-hole mi-
crostructure due to the drawing process has a stronger tropabe SBS frequency shift than
in standard single-mode fiber (SMF) [7]. By examining botk #hort-scale and long-scale
fluctuations, we assessed a SBS frequency drift with a quoreing maximum amplitude of
about 10 MHz, which is ten times larger than routinely obedmn SMF. This is significant but
not enough to fully account for the total Brillouin linewidbroadening by 80 MHz.
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Fig. 5. (a) SBS gain width (FWHM, crosses) and frequency shift ($iol&) versus distance
with a spatial resolution of 20m. (b) evolution of SBS gain spectrum alonfiliae

In addition, we can observe in Figs. 4(c) and Fig. 5(a) a l&rgguency shift £30 MHz)
from 25 m until 90 m, with a corresponding reduction of thengspectral width, from 90
MHz to about 65 MHz. Such an important frequency shift canxygaéned by considering the
acoustic velocityy,, which is strain-dependent in optical fibers. Thereforectrral frequency
of the Brillouin spectrumvg 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 BREE&mMs to be under stress as
a result of winding by the subsequent portion of the fiber. ZBem length of the first part
corresponds in good agreement to the beginning of the SRfadrey shift shown in Figs 4
and 5. Actually, the gain spectrum shown in Fig. 5(b) revdasco-existence of two strongly-
coupled acoustic modes within the PCF core and frequenfyedhy more than 40 MHz.
This can be viewed in detail in Fig. 6 that presents gain spedit different lengths with a
corresponding dual-peak structure, except at distances 46 m and 90m. This is a clear
illustration of the stress applied during winding which rifies 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 10fuise. The entire
sequence can be viewed as a movie attached to the manuscript (avk®290

We must stress that these two acoustic modes cannot beutgttitb modal birefringence
(An=3 x 10~°) since it would lead to a much smaller acoustic frequencit beiween the low
and fast birefringent axes equal &d = 2An}"—3:0.23 MHz. Consequently, we can rationally
attribute this dual-peak broad SBS spectrum to the miarosire itself that fundamentally
alters the Brillouin scattering process by its ability tcable the generation of two closely-
spaced acoustic phonons. Note that a similar dual-peakiéldudn property of a small-core
PCF has recently been reported and shown to be strongly ciaeby the pump wavelength
and environment temperature [16]. In the same way, we cagctxipat the two Brillouin peaks
can independently be controlled by applying stress aloediber. We can also deduce from
Fig. 6 that, for increasing the SBS threshold, it is necgstsahave several acoustic modes not
far away (less than one mode linewidth), in which case theypleotogether.

4, Conclusion

A position-resolved mapping of the Brillouin gain spectrima long photonic crystal fiber has
been carried out for the first time. A threefold increase @Bhillouin threshold was also meas-
ured compared with a uniform all-silica fiber, as previouslgorted in other ultra small-core
PCFs [1]. Our observations have shown that the significahtatéon of SBS was in quite good
agreement with the Brillouin linewidth broadening. Thisédening cannot be attributed to the
structural variation of the fiber but rather to the air-holenmstructure itself that allows for the
guiding of several acoustic modes over a broader frequemyer, with respect to conventional
all-silica fiber. Moreover, distributed measurements destrated that some of these acoustic
modes are very sensitive to stress applied along the fibeall¥zi our experimental work may
help in designing future Brillouin-suppressed photonigstal fibers and in the understanding
of the complex light-sound interactions in microstructiineaterials.

Acknowledgments

This work has been supported by the European COST Action 2P the European
INTERREG-III project.

#87782 - $15.00 USD Received 21 Sep 2007; revised 26 Oct 2007; accepted 1 Nov 2007; published 8 Nov 2007
(C) 2007 OSA 12 November 2007 / Vol. 15, No. 23/ OPTICS EXPRESS 15522


http://www.opticsexpress.org/viewmedia.cfm?URI=oe-15-23-15517-1

