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Tightly trapped acoustic phonons in photonic
crystal fibres as highly nonlinear artificial

Raman oscillators

M. S. Kang, A. Nazarkin, A. Brenn and P. St. J. Russell*

Interactions between light and hypersonic waves can be
enhanced by tight field confinement, as shown in periodi-
cally structured materials', microcavities?, micromechanical
resonators® and photonic crystal fibres*¢ (PCFs). There are
many examples of weak sound-light interactions, for exam-
ple, guided acoustic-wave Brillouin scattering in conventional
optical fibres’. This forward-scattering effect results from
the interaction of core-guided light with acoustic resonances
of the entire fibre cross-section, and is viewed as a noise
source in quantum-optics experiments®. Here, we report the
observation of strongly nonlinear forward scattering of laser
light by gigahertz acoustic vibrations, tightly trapped together
in the small core of a silica-air PCF. Bouncing to and fro across
the core at close to 90° to the fibre axis, the acoustic waves
form optical-phonon-like modes with a flat dispersion curve
and a distinct cutoff frequency (2,. This ensures automatic
phase-matching to the guided optical mode so that, on pump-
ing with a dual-frequency laser source tuned to (2,, multiple
optical side bands are generated, spaced by 2,. The number
of strong side bands in this Raman-like process increases with
pump power. The results point to a new class of designable
nonlinear optical device with applications in, for example, pulse
synthesis, frequency comb generation for telecommunications
and fibre laser mode-locking.

Confining light within a small volume leads to high electro-
magnetic field intensities and the enhancement of all kinds of
nonlinear optical effect. Recent examples include the use of plasmon
polaritons on metallic surfaces for high harmonic generation’, non-
linear optical detection of proteins using gold colloids'®, proposals
for single-photon transistors using plasmonic effects'' and the use
of high-Q microcavities for ultralow-threshold Raman lasers'? and
optical frequency comb generation'.

Here, we show that phonon—photon interactions can also be
strongly enhanced—by tight confinement of both sound and light
in the core of a photonic crystal fibre (PCF). The vibrating core
may be viewed as an artificial Raman oscillator of which the
frequency, lifetime and optical overlap are designable by adjusting
the core nanostructure. The mechanism of spectral broadening
thus has similarities with that studied in Raman-active gases',
although the use of tightly trapped acoustic vibrations as a highly
nonlinear Raman oscillator has, to our knowledge, not previously
been reported. Remarkably close agreement is obtained between
the experimental results and the predictions of theory, indicating
that all components in the frequency comb are mutually coherent,
simultaneously creating and annihilating acoustic phonons through
electrostrictive and stress-optical effects.

b
>
Backward 0 Forward > Forward
optical 3 optical 5] optical
o 3
g g
- [
Forward
Backward Forward ‘
i acoustic
acoustic acoustic .|
2

Axial wavevector Axial wavevector

Figure 1| Dispersion diagrams for guided optical and acoustic modes.
The principles of backward Brillouin scattering and forward Raman-like
scattering by acoustic phonons are illustrated (not to scale). For simplicity,
the optical phase velocity is assumed independent of frequency.
Positive/negative slopes indicate forward/backward phase velocities. a, In
backward Brillouin scattering (acoustic phase velocity assumed constant),
the frequency shift of each Stokes (S) and anti-Stokes (AS) order is
different, and the phonon direction alternates between successive orders.
b, In forward Raman-like scattering, the acoustic dispersion is nonlinear,
exhibiting a cutoff frequency (2.,; this means that phase-matching between
successive Stokes and anti-Stokes orders is automatic, the
frequency-spacing between them remaining constant.

The effect differs markedly from stimulated Brillouin scattering
(SBS) in optical fibres, where fibre lengths of several hundred
metres and a few milliwatts of laser power are sufficient to observe
efficient generation of a backward-propagating frequency-down-
shifted Stokes wave'>7. The generation of multiple side bands
by SBS is difficult, however, because the Brillouin frequency
shifts required for phase-matching are proportional to the laser
pump frequency, and furthermore the phonon direction alternates
between successive side bands (Fig. 1a). These factors, together
with the backward nature of the interaction, render cascaded
SBS interactions very inefficient, requiring strong feedback'®'. In
strong contrast, Raman-like scattering from transversely trapped
acoustic phonons has a Stokes frequency shift that is independent
of the laser pump frequency. Furthermore, the collinear and
phase-matched character of the multi-wave parametric interaction
enables the simultaneous accumulation of nonlinear response at all
generated Stokes and anti-Stokes frequencies (Fig. 1b).

The silica—air PCF used in the experiments has a solid
glass core (diameter 1.8 um) surrounded by a hexagonal array
of approximately circular hollow channels (diameter ~1.6um,
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Figure 2 | Spectrum of acoustic resonances in the PCF used in the
experiment. The inset is the scanning electron micrograph of the fibre
cross-section, where the white horizontal bar corresponds to Tum. In the
spectrum, the large peak at 1.83 GHz reveals acoustic phonons in the axially
symmetric (breathing) Ro1-like acoustic mode. The small peak at 1.52 GHz
comes from acoustic phonons in the axially asymmetric TR;-like acoustic
mode. Both of them are acoustic modes confined in the core of the PCF.

air-filling fraction 74%—see the inset of Fig.2). Confinement
of acoustic phonons results from the large impedance mismatch
between air and glass, aided in certain cases by the appearance of
phononic bandgaps.

The acoustic response of a 10m length of PCF was first
investigated by launching 100 ps laser pulses and monitoring the
ensuing vibrations optically in a Sagnac loop (see Supplementary
Section S1). Figure 2 shows a typical spectrum, with two acoustic
resonances, each related to a different type of trapped acoustic
phonon. The dominant peak at 1.83 GHz is caused by excitation
of the Ry;-like radial acoustic mode, whereas the weaker one
at 1.52GHz comes from the TR,;-like torsional-radial mode.
The frequencies agree well with both theoretical calculations and
measurements made previously using a different method®. We
now focus attention on the Ry, -like mode, because this is more
efficiently excited, through electrostriction, by the fundamental
optical guided mode®.

Figure 3 shows the experimental set-up. An electro-optic
modulator was used to synthesize a dual-frequency pump source
from a single-frequency 1,550 nm external cavity diode laser. With
a sinusoidal drive signal and appropriate d.c. bias'®, two equal
amplitude side bands were generated, spaced by twice the frequency
of the drive signal, while the central laser frequency was strongly
suppressed. This dual-frequency signal was then amplified in an
Er-doped fibre amplifier, and launched into the PCF. The optical
spectrum of pump and transmitted light was measured using
a Fabry-Perot spectrum analyser with free spectral range (FSR)
4 GHz and finesse 4,000 (Fig. 4).

The beat-note of the dual-frequency source was tuned to
1.83 GHz, so as to excite the Ry, -like resonance, and a total optical
power of 64 mW was launched into the PCF. Conversion to the
lower-frequency (Stokes) band is clearly seen (Fig. 4b), roughly
half the power at the higher frequency (at 0.9135 GHz) being
transferred to the lower band (at-0.9135 GHz). Note that the optical
spectrum is folded owing to the 4 GHz FSR of the Fabry—Perot
spectrum analyser; as a result, the next-order Stokes and anti-Stokes
components (actual relative frequencies F2.7405 GHz) appear at
+1.26 GHz. Next, the dependence of the conversion on detuning
of the dual-frequency pump was explored (Fig.4c), showing
pronounced resonant behaviour, with a bandwidth of 15MHz
(yielding a Q-factor of 1.83 GHz/15MHz ~ 122). At resonance,
the energy transferred increases monotonically with pump power
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Figure 3 | Schematic diagram of the experimental set-up. A frequency-
spacing-tunable dual-frequency light source is launched into the PCF. The
optical spectrum of the transmitted light is measured with a Fabry-Perot
(FP) spectrum analyser. ECDL, external cavity diode laser; PC, polarization
controller; IM, intensity modulator; EDFA, erbium-doped fibre amplifier;
VOA, variable optical attenuator.

(Fig. 4d). After fitting these measurements to theory (described
below), the gain coefficient at line-centre is estimated to be
1.5m™' W™, implying that optical power levels of the order of
tens of milliwatts are sufficient to observe stimulated Raman-like
scattering in a 10 m length of PCF.

The linewidth Iy is inversely related to the lifetime of the
acoustic resonance in the core (see below and Supplementary
Section S2), which is expected to contain contributions from bulk
viscosity, radiative leakage into the cladding, dissipation in the air
and structural non-uniformities along the PCF length:

1 1 1 1
FB: +

1
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An estimate based on bulk viscosity in a vacuum-clad silica strand
yields 1/Tyiscosity & 750 kHz, which is some 20 times smaller than
the linewidth measured (15MHz). It is likely that homogeneous
(the first three terms) and inhomogeneous broadening both have
a role, although leakage is likely to dominate in the PCF. The
contribution from the air is likely to be very small, because of the
huge discontinuity in the acoustic impedance between glass and air.

The electrostrictive force driving the transverse acoustic
resonances is proportional to the gradient of the transverse
intensity profile of the guided optical field*®?'. The intensity
pattern produced by the two co-propagating optical fields varies
much faster along the transverse direction (across the small PCF
core) than along the axial direction (the longitudinal period, or
acoustic wavelength, is ~10 cm in our case). These considerations
lead to analytical equations describing the Stokes process (see
Supplementary Section S2):
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where P; and P, are the optical powers of the Stokes and the
pump wave, respectively, ¢({2) represents the gain spectrum and
go is the gain coefficient at resonance. In addition, y, is the
electrostrictive constant, n. is the axial refractive index of the
optical mode in the PCF, ¢ is the velocity of light in vacuum
and p, is the mean density of silica. Q, and Q, are defined
as Qy = (B3, po1) and Q, = (VL (E}). po1), where E(r) is the
field distribution of the optical mode and py;(r) is the density
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Figure 4 | Characteristics of Stokes process resulting from stimulated forward scattering. a, Spectrum of the dual-frequency light source. b, Energy
transfer to the lower-frequency component after propagation through the PCF. Zero relative frequency corresponds to the frequency of the external cavity
diode laser. The small peak at —1.26 GHz corresponds to the anti-Stokes component of which the actual relative frequency is 2.74 GHz. ¢, Dependence of
the Stokes energy transfer on the frequency spacing of the light source for 90 mW pump power. d, Dependence of the Stokes energy transfer on the
incident power of dual-frequency light at resonance (1.83 GHz frequency spacing). The fit was carried out using equation (6).

variation of the Ry, acoustic mode. The brackets ( ) represent
the overlap integral over the fibre cross-section and V3 is the
Laplacian acting on the transverse coordinates. According to
equation (2), the low-frequency component is amplified and the
high-frequency component is attenuated during propagation in
the PCF. Furthermore, this process shows a resonant behaviour
with a Lorentzian gain spectrum. These points agree well with the
experimental results in Fig. 4. We note that equation (2) is valid
when the higher-order side bands are not significantly created. The
general case of multiple side-band generation will be analysed later.

We can estimate the gain factor g, by approximating the PCF
core (surrounded by an array of air channels) as a cylindrical silica
rod surrounded by air (see Supplementary Section S2). Using bulk
longitudinal and shear velocities of 5,996 and 3,740ms™', the
measured acoustic resonant frequency (1.83 GHz) corresponds to
a silica rod of radius a = 1.04 um (ref. 22). Next we can obtain
analytically the normalized optical field distribution E, (ref. 23)
and the normalized density variation distribution py; in the rod*,
from which Qp and Q; can be numerically calculated. Using
Ye=1.17, neg = 1.4 and py = 2.20 x 10° kgm > for silica®***, and
the experimental values w; =27 x 194 THz, 2, =27 x 1.83 GHzand
I'y =27 x 15 MHz, we estimate g, ~3m™" W', This is larger by a
factor of 2 than the experimentally determined gain (1.5m~' W~1),
which we attribute to the larger acoustic and optical mode areas
in the actual PCF core compared with those in a silica strand in
vacuum. This will reduce the value of the overlap integrals in the
expression for g in equation (2).

It is instructive to estimate the gain factor for a conventional
single-mode fibre (Corning SMF-28, core diameter: 8.2um,
refractive index difference: 0.36%, cladding diameter: 125pm)
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for comparison (see Supplementary Section S2). In a small-core
PCEF, the Ry, -like acoustic mode interacts most efficiently with the
fundamental optical mode, whereas in SMF-28 it is the Rys acoustic
mode that yields the highest gain factor. This is because, although
in SMF-28 the acoustic energy fills the whole cladding, the R
mode has the largest acousto-optic overlap with the fundamental
optical mode around the core region (see Supplementary Fig. S3a).
The gain factor for the Ry mode is estimated to be only
g ~8x107° m™ W™, using ney = 1.45, 2, = 2t x 275 MHz and
a mechanical quality factor of 105 (ref. 7). This is 200 times
smaller than the measured gain factor in the PCF (1.5m™' W),
mainly as a result of smaller acousto-optic overlap (the acoustic
mode occupies the entire fibre cross-section) and lower optical
intensity in the larger core.

When the power of the dual-frequency pump is further
increased, multiple higher-order Stokes and anti-Stokes com-
ponents appear (Fig.5). For input power 188 mW, the higher-
frequency component is completely transferred to other frequencies
(Fig. 5a), whereas at 324 mW it recovers (Fig. 5b). The number
of side bands grows monotonically with increasing pump power,
the amplitude of each oscillating in a complex manner. At the
maximum input power available in the set-up (471 mW), 12 new
frequency components were generated, spanning the range —12
to +12 GHz (Fig. 5¢).

To analyse the generation of multiple side bands, the model is
extended to include all of the higher-order Stokes and anti-Stokes
components at equidistant frequencies w, = wy+n{2 (n: integer):

E(r,z,t)=E, (r)Zan(z, t)expli( Bz — w,t)]+c.C. (3)
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Figure 5 | Optical spectra of the transmitted light showing generation of multiple Stokes and anti-Stokes components. For clarity, the spectra are
unfolded considering the 4 GHz FSR of the Fabry-Perot spectrum analyser. The power in each side band is expressed as a percentage of the total pump
power. Red downward-pointing arrows indicate the two components of the dual-frequency pump light. a, Coupled optical power 188 mW; note that the
higher-frequency component (0.9135 GHz) of the dual-frequency light is totally transferred to the other components. b, Coupled power 324 mW.

¢, Coupled power 471 mW, which is the maximum power available in the experiment. d-f, The theoretically modelled optical spectra corresponding

to a-c, respectively.

In the steady-state regime, this leads to an infinite set of

coupled differential equations (full details are available in Supple-
mentary Section S2):

a* a
b — . _ LunTn—17TM 4
(2) =0y Q P iar, (4)
da, iwY. .
=R b abY) (5)

3z 2necpo

where g, is the electric permittivity in vacuum. As the spectral
width of the frequency comb generated in the experiment is
much smaller than the carrier frequency of the optical waves, we
approximate w, ~ w; and B, ~ B, for all values of n. Combining
equations (4) and (5) yields after some manipulation 9b(z)/9z =0,
which means that b(z) has a constant value throughout the PCF,
depending on the initial values of a,(z = 0). In the case of a
dual-frequency pump with exact phase-matching (2 = (2,), the
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solutions of equations (4) and (5) are:

iye'Ql'

b(Z) :b(O) - 2n ffCQ T
e at B

VP (0)P, (0)e

a,(§) = a (00" VNV (§) +a,(0)e PNV, 1 (6)  (6)

where ¢, is the phase difference of the two incident fields at
the input port, & = g,z+/P;(0)P,(0) is defined as the normal-
ized propagation length and J, is an nth-order Bessel func-
tion of the first kind.

The gain coefficient g, (previously estimated to be 1.5m™! W)
yields normalized lengths of & = 1.4, 2.4 and 3.5 for the
three incident optical powers in Fig. 5a—c. Figure 5d—f shows the
theoretically modelled spectra that fit best to the experimental
data in Fig. 5a—c. They were obtained by using equation (6) with
& =1.44, 2.25 and 4.4, respectively, and show good agreement with
the corresponding experimental values.
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Equation (6) indicates that the frequency comb is coherent; that
is, the phases of all its components are locked to the dual-frequency
pump. The total electric field in equation (3) takes the form:

E(r,z,1) = Eo(r){a;(0)e""*™" +a,(0)e" 7"}

X e*iESin[(%Z*Qaf)Jr(ﬂo]+C_C_

showing that both components of the dual-frequency pump
experience the same phase modulation, with a frequency chirp
that oscillates (under the intensity envelope) at the acoustic
resonant frequency. If the side-band phases are suitably adjusted by
introducing an appropriate frequency-dependent phase delay, this
will produce a train of optical pulses of duration ~27t/N (2, (N is
the total number of side bands) at a repetition frequency of {2, /2.

Finally, it is quite possible to design a structure where the
acoustic resonance is confined by a phononic bandgap in the
cladding®’, thus strongly suppressing leakage of energy into
the cladding. According to our discussion above, this would
result in a 20 times smaller Brillouin linewidth (Tjcuage — 00 in
equation (1)), 20 times higher gain and much stronger side-band
generation—provided of course that fibre non-uniformities can be
reduced to a minimum.
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