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We experimentally investigate guided acoustic wave Brillouin scattering in several photonic crystal fibers by
use of the so-called fiber loop mirror technique and show a completely different dynamics with respect to
standard all-silica fibers. In addition to the suppression of most acoustic phonons, we show that forward
Brillouin scattering in photonic crystal fibers is substantially enhanced only for the fundamental acoustic
phonon because of efficient transverse acousto-optic field overlap. The results of our numerical simulations
reveal that this high-frequency phonon is indeed trapped within the fiber core by the air-hole microstruc-
ture, in good agreement with experimental measurements. © 2006 Optical Society of America

OCIS codes: 060.4370, 290.5830.

Forward or guided acoustic wave Brillouin scattering
(GAWBS) has recently been investigated in photonic
crystal fibers (PCFs) because of their intriguing
acoustic properties.'™ The periodic wavelength-scale
air-hole microstructure of solid-core PCFs can indeed
drastically alter the transverse elastic waves distri-
bution, and therefore forward Brillouin scattering,
compared with what is commonly observed in con-
ventional all-silica fibers. For instance, it was re-
ported in Ref. 1 that the shear velocity, and therefore
the acoustic frequency, decreases with the air-filling
fraction. Strong reduction of GAWBS has been ob—
served in a broad frequency range up to 400 MHz,>
thus paving the way for PCF-based quantum optlcs
experiments. Using a photoacoustic pump-probe
technique, Dainese et al.® showed very recently that
only a few high-frequency acoustic phonon modes are
generated in ultrasmall-core PCFs as a result of
phononic bandgaps, which is reminiscent of a
Raman-like scattering process. In this Letter, polar-
ized GAWBS in several PCFs is experimentally in-
Vestlgated using the so-called fiber loop mirror
technique.* Our experimental observations also con-
firm the existence of strong transverse acoustic
phonons in the GHz range, highlighting the com-
pletely different dynamics compared with those of
standard all-silica fibers. Using a finite element
method,” we show that these acoustic phonons are
trapped within the small PCF core by the air-hole
cladding structure without phononic bandgaps.
Thanks to a strong acousto-optic transverse field
overlap, GAWBS in PCFs is therefore substantially
enhanced for the fundamental acoustic phonon core
compared with all-silica fibers.

Let us recall that polarized GAWBS in an optical
fiber results from the radial dilatation or R,, modes,
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which causes pure phase modulation noise.® To ob-
serve this effect, we set up an optical 1nterfer0meter
such as the ﬁber loop mirror depicted in Fig. 1.7As a
pump laser, we used a distributed-feedback erbium
fiber laser emitting at a wavelength of 1549.94 nm
and with a linewidth below 45 kHz. It is then ampli-
fied by a high-power erbium-doped fiber amplifier
(EDFA) and filtered by a 5 nm bandpass filter. The
light is then split into two counterpropagating beams
by a 50/50 coupler. The GAWBS-induced phase
modulation is then converted to amplitude modula-
tion at the fiber loop mirror output by optimizing the
interferences with the input polarization controller
(polar contr). The GAWBS spectra are then recorded
over a broad frequency range of up to 1400 MHz by
an electrical spectrum analyzer. We performed the
measurements in three different small-core PCFs
[see the insets in Figs. 2(a)-2(c) for a cross section
and Table 1 for detailed characteristics]. As a com-
parison, we also performed GAWBS measurements in
a long conventional dispersion-compensating fiber
(DCF). The results of all measurements are pre-
sented in Fig. 2. As can be seen, all three PCF's ex-
hibit GAWBS spectra completely different from that
of the DCF [Fig. 2(d)], for which a set of acoustic pho-
non modes is generated over a broad frequency range
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Fig. 1. Experimental setup for polarized GAWBS mea-
surement with a fiber loop mirror. Polar, polarizer; Ph, pho-
todetector; RF, RF amplifier. Other abbreviations defined in
text.
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Table 1. Parameters of the PCFs Under Test”

Characteristics PCF70 PCF8 PCF4 DCF
Core diameter (um) 11 3.9 2.4 -
Pitch, A (um) 8.1 4.1 2.8 -
d/A 0.59 0.84 0.84 -
Length (m) 400 98 44 5700
Cladding (um) 125 175 175 125
A (um?) 70 8 4 50
v, (MHz) 300 812 1281 -
v, (MHz) 1490 3730 5430 1200
vy (MHz) 375 730 1070 -

“A, pitch; d, air-hole diameter. v, and v, are characteristic fre-
quencies for the disappearance of GAWBS resonances defined in
the text.
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Fig. 2. Polarized GAWBS spectra of (a)—(c) three solid-core
PCF's and (d) a DCF. The spectral resolution was 300 kHz.
The insets show scanning electron microscope images of
the cross sections.

of up to 1000 MHz.%" First, we can see a substantial
reduction of GAWBS in PCF's compared with the con-
Ventlonal DCF, in good agreement with recent
results.? Second, Figs. 2(b) and 2(c) clearly show the
strong generatlon of an acoustic phonon in both
PCF8 and PCF4 at frequencies of 812 and 1281 MHz,
respectively. These two modulation frequencies
present large @ factors, i.e., v,/Av,~50, where v, is
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the acoustic frequency and Ay, is the full width at
half-maximum. The generation of these isolated
phonons in PCFs can be understood by considering
the case of conventional fiber. GAWBS depend mainly
on the fiber cladding diameter (typically 125 um),
which allows for a wide spatial domain of existence of
acoustic modes.® However, the optical mode is guided
within the small core and only partially overlaps the
GAWBS acoustic modes. In PCF, a strong dependence
on additional boundary conditions is introduced due
to the microstructured air-hole area, leading to the
spatial redistribution of most acoustic phonons and
to the strong confinement of some phonon modes
within the PCF core. As a consequence, a large over-
lap factor between the transverse acoustic modes
trapped in the core and the fundamental optical
mode can be made possible thanks to the microstruc-
turation, significantly enhancing the acoustic-optic
wave interaction. On the other hand, the suppression
of most of the GAWBS modes in the lower frequency
range results from the fact that the mechanical cou-
pling between core and claddlng is significantly re-
duced by the air holes.? In PCF70, Fig. 2(a) shows
that GAWBS resonances in this lower frequency
range below 300 MHz are more closely spaced in
PCFs compared with standard DCFs. Indeed, flex-
ural and rotational acoustic modes cannot be ob-
served in standard fibers (R,, modes are purely dila-
tational). However, because of the air-hole cladding
structure, no acoustic mode in a PCF is purely flex-
ural, rotational, or dilatational, but all exhibit a vari-
able amount of shear and longitudinal displace-
ments.

We performed numerical calculations of acoustic
phonon modes for our three PCF's using the finite el-
ement method (FEM) of Ref. 5. Figure 3 illustrates
the evolution of the acoustic frequency as a function
of the PCF core diameter. The measured acoustic fre-
quencies (crosses) are also shown in this figure, and
there is excellent agreement with the numerical cal-
culations (circles). Figure 3 also shows in gray scale
the elastic energy of the acoustic phonon trapped in
the core of PCF8, which corresponds to the peak la-
beled v, in Fig. 2(b). This mode has been identified as
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Fig. 3. Isolated acoustic mode frequency as a function of

the PCF core diameter. Experimental measurements
(crosses) and finite element method results (circles) and
with a hyperbolic fit (solid curve). Inset, elastic energy of
the fundamental longitudinal phonon mode localized in
PCFS8’s core.
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Fig. 4. Schematic of the dispersion of the fundamental
longitudinal phonon confined in the core of a PCF (solid
curve). The longitudinal line with slope V=5970 m/s is the
asymptotic limit (dashed curve). V(=3200 m/s, and d, is
the core diameter.

the fundamental longitudinal phonon mode of the
core, which is strongly confined in the core by the air-
hole microstructure, although a phononic bandgap ef-
fect is not at play, unlike the case considered in Refs.
3 and 5. We also found such a localized acoustic wave
at a frequency of 300 MHz for the large-effective-area
PCF70, in good agreement with the highest mea-
sured GAWBS frequency peak shown in Fig. 2(a).
This acoustic mode is, however, less clearly distin-
guishable from the others in the GAWBS spectrum
because the air-hole area in PCF70 is less favorable
for acoustic guidance within the core than are PCF8
and PCF4. For all PCFs, it is significant that the
product of the acoustic mode frequency by the core di-
ameter is found to be a constant to a good approxima-
tion. The hyperbolic fit in Fig. 3 shows that this con-
stant equals 3200 m s™L.

Figure 4 sketches the dispersion of the fundamen-
tal phonon as a function of the longitudinal compo-
nent of the acoustic wave vector, §,. In forward Bril-
louin scattering, phase matching leads to the
relations vo—v1=v,, Boy—B1=B,, where v; and B; (vy
and B,) are the frequency and the wave vector, re-
spectively, of the incident optical wave (diffracted op-
tical wave). Because the acoustic frequency is always
negligible with respect to optical frequencies, one has
vo=v; and By= B1. Then B, is small, although nonva-
nishing. As a result, the phonon is excited near its
cutoff, as illustrated in Fig. 4. The same phonon
would also be involved in backward Brillouin scatter-
ing, but at another point of its dispersion branch. In
this case, phase matching implies that vo—v;=v,, By
+B1=p,, and the same argument as above leads to
B,=~2pB;. For large B,, the phonon frequency tends to
the longitudinal asymptotic limit, as usual with back-
ward Brillouin scattering in fibers.

The fact that phonons confined to the core are pre-
dominant in GAWBS spectra can be explained by ex-
an%ining the elasto-optic diffraction coefficient given
by

K=fE1iE;injszkzdl‘, (1)
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with the integral taken over the fiber cross section.
E, and E, are the electric field vectors of the incident
and the diffracted optical modes, respectively; p;j; is
the elasto-optic tensor; S;; is the phonon strain ten-
sor; and the repeated index summation convention is
implied. Equation (1) obviously implies that the pho-
non modal shape should resemble that of the optical
modes guided in the core. In addition, it can be used
qualitatively to understand the gradual disappear-
ance of GAWBS resonances as the frequency in-
creases, as can be observed in Fig. 2. « will tend to
zero when the phonon mode has several nodes within
the optical effective area. Defining an effective ra-
dius, rog, through A =772, we define a first limiting
frequency v,=V/r s with V=5970 m/s the longitudi-
nal velocity in silica. Above v,, at least two acoustic
wavelengths fall radially within the optical effective
area. In the case of PCF's, we define a second limiting
frequency vy =V/(2A). Above v, there is strong inter-
ference of acoustic waves scattered by the holes. This
leads to strong redistribution of acoustic energy and
the appearance of nodes within the core for most
GAWBS phonons. Table 1 indicates that v, is the lim-
iting frequency for the DCF, while v, is the limiting
frequency for all PCFs.

In conclusion, we have experimentally reported
that guided acoustic wave Brillouin scattering in
solid-core photonic crystal fibers is substantially in-
creased for the fundamental acoustic phonon mode.
Numerical investigations have shown that the air-
hole cladding structure of PCFs indeed allows for the
trapping of this fundamental acoustic phonon within
the core with an efficient transverse field overlap.
This has been confirmed by the fact that the numeri-
cally calculated acoustic frequency is in good agree-
ment with measurements. This effect may have po-
tential applications to novel Brillouin-based optical
devices, since the PCF acts as an efficient phase
modulator, or more generally to the generation of co-
herent acoustic waves.
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