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Ultrahigh frequency acoustic resonances ( -~ 2 GHz) trapped within the glass core (“~ 1 um diameter)
of a photonic crystal fiber are selectively excited through electrostriction using laser pulses of duration
100 ps and energy 500 pJ. Using precisely timed sequences of such driving pulses, we achieve coherent
control of the acoustic resonances by constructive or destructive interference, demonstrating both
enhancement and suppression of the vibrations. A sequence of 27 resonantly-timed pulses provides a
100-fold increase in the amplitude of the vibrational mode. The results are explained and interpreted using
a semianalytical theory, and supported by precise numerical simulations of the complex light-matter

interaction.
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The interactions between optical fields and the vibra-
tional modes of matter have long been a subject of study.
Over the last two decades, it has become possible to control
the strength of these vibrations by shaping the temporal
(amplitude and phase) profile of an optical pulse.
Demonstrations of such ‘“‘coherent control” have been
reported, for example, for excitons in quantum wells [1],
THz lattice vibrations in crystals [2], photoisomerization of
retinal molecules [3] multiphoton ionization [4] and very
recently in an optical microcavity [5]. Along with such
controlling techniques, the possibility of precisely fabricat-
ing micron-scale structures had raised renewed interest in
the field due to the higher mechanical frequencies
(> GHz) [6] and stronger susceptibility to optical forces
of such tiny structures [7], allowing nonlinear effects to
occur at relatively low optical powers [8]. The purpose of
this Letter is to report coherent control of acoustic reso-
nances (ARs) in the small solid glass core of a nonlinear
photonic crystal fiber (PCF) [9]. In these fibers, the clad-
ding region surrounding the core is formed from an array of
parallel air channels, see Figs. 1(a) and 1(d). The large
impedance mismatch between glass and air creates strong
confinement for acoustic waves incident upon the core-
cladding interface, and in some cases a phononic band gap
forms in the periodic cladding. As a result, the core (di-
ameter ~1 pm) acts essentially as a cavity for transversely
propagating acoustic waves, giving rise to trapped ARs
with fundamental frequencies in the few-GHz range [10].

A short optical pulse propagating along an optical fiber
excites, via electrostriction, acoustic waves [11]. In stan-
dard (all-solid glass) fibers a large number of ARs are
simultaneously excited, giving rise to a complicated acous-
tic response after propagating several km long fibers [11].
In ultra-small-core PCFs the situation is dramatically dif-
ferent, however, because tight confinement of acoustic
(and optical) waves favors excitation of only a few ultra-
high-frequency ARs localized in the core. The temporal
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acoustic response, which can be detected after only a few
dozen meters, is then the superposition of a small number
of damped sinusoidal vibrations with lifetimes inversely
related to the glass viscosity and acoustic leakage rate.

Here we report experiments showing that, if a second
pulse is launched after the first (and well within the lifetime
of the acoustic resonance), a given AR can be coherently
reinforced or canceled, depending on the time delay be-
tween the pulses. Furthermore, using a long sequence of
pulses equally spaced in time, it is possible to strongly
excite the particular AR whose frequency matches the
repetition rate of the pulses.

In our experiments we used two different PCFs with
forward Brillouin scattering spectra that had been carefully
characterized [10]. The first (PCF no. 1, 60 m long) had a
strong AR at 1.96 GHz, with a lifetime of 7~ 11 ns
(mechanical quality factor Q = 135) and the second
(PCFno. 2, 10 m long) had one at 1.53 GHz, with a lifetime
of 7 ~ 18 ns (Q = 173). Each fiber also displayed weaker
ARs at higher frequencies: 2.39 GHz for PCF no. 1 and
1.83 GHz for PCF no. 2.

The experimental setup used to excite and detect the
ARs consisted of two external cavity diode lasers, a pump
laser oscillating at 1530 nm and a CW probe laser at
1550 nm. An external modulator was used to create trains
of 100 ps (FWHM) pulses with widely controllable inter-
pulse spacings. The pulses were optically amplified, pro-
viding pulse energies of roughly 500 pJ (coupled to the
PCF). After independently controlling the polarization
state of the two lasers, we colaunched them into the PCF
using microscope objectives. The polarization axis of the
probe beam was aligned at 45° to the PCF’s birefringent
axes, while the pump was polarized along its fast axis (the
differential group delay between the pump and probe laser
light was negligible). At the output, the pump laser light
was removed using a spectral filter. A polarization-
controller, followed by a polarizer, acted as our analyzer,
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FIG. 1 (color).
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Coherent control of acoustic phonons. The cladding pitch and core diameter are 1.67 and 1.27 pm for PCF no. 1 (top

row), and 1.92 and 1.75 um for PCF no. 2 (bottom row). The white bars are 1 wm long. (b) Response for a single pulse excitation of
PCF no. 1 (blue curve), excitation by two pulses spaced by 260 ps (red curve) and excitation by two pulses spaced by 512 ps (green
curve). (e) The same as (b) but for PCF no. 2 and pulse separations of 329 ps for the red curve and 658 ps for the green curve. The
cartoons in (b) and (e) illustrate the corresponding pump pulse sequence schemes. (c),(f) The Fourier transform power spectra
corresponding to the time waveforms shown in (b) and (e), corresponding curves share the same color; the arrows indicate the

multiplication factor used in each curve.

converting the phonon-induced polarization modulation
into amplitude modulation, which was then detected using
a p-i-n photodiode and a 2.5 GHz real-time oscilloscope.
The pump pulse duration (100 ps) was roughly 5 times
shorter than the AR periods (510 ps and 658 ps) of the two
PCFs, so that the excitation can be viewed as impulsive.
Each pump pulse creates mechanical strain in the core
through electrostriction [12], and by adjusting the delay
between pulses one can induce either constructive or de-
structive interference in the AR.

In Figs. 1(b) and 1(e) we show oscilloscope traces of the
interference between two sequentially excited ARs for
PCF no. 1 and PCF no. 2. By adjusting the delay between
the two driving pulses we were able to enhance (green
curves), or suppress (red curves) the amplitude of the main
AR with respect to single pulse excitation (blue curves).
The oscillations observed in the red curves in Figs. 1(b)
and 1(e) are caused by asynchronous ARs that are not
suppressed by the second pump pulse, as well as residual
oscillations of the main AR. The inital spike in all the
curves is due to the fast electronic Kerr nonlinearity (cross-
phase modulation) in the fibers. Figs. 1(c) and 1(f) show
fast Fourier transforms (FFTs) of the time-domain re-
sponses in Figs. 1(b) and 1(e), after removing these Kerr
spikes. In Fig. 1(c), it is clear from the red curve that the
1.96 GHz AR has been suppressed by a factor of 30 relative
to the response for a single pulse (blue curve), so that the
neighboring AR at 2.39 GHz dominates the residual oscil-
lation. PCF no. 2 behaves in a very similar manner
[Fig. 1(f)]. These results show that one can carry out
selective acoustic spectroscopy in such structures by pref-

erentially exciting or suppressing targeted ARs. In video 1
of the supplementary material [13] we show how the differ-
ent ARs are excited when the interpulse delay is scanned
from 10 to 790 ps.

To test this technique further, we generated time-
sequences of pump pulses spaced by the AR period:
510 ps for PCF no. 1 and 658 ps for PCF no. 2. In
Figs. 2(a) and 2(b) we compare the temporal responses
of these fibers when a single pulse (red curves) and a
sequence of 27 pulses (black curves) are used. To illustrate
the selectivity of the process, we show in Fig. 2(c) the FFT
power spectrum of PCF no. 1 under these two excitation
conditions. There is 100-fold enhancement in the acoustic
power of the 1.96 GHz AR.

To explore how the AR amplitudes grow with pulse
count, we plot on Fig. 2(d) their FFT spectral power as a
function of the number of pump pulses for PCF no. 1 (red
circles) and PCF no. 2 (black triangles). As the pulse count
increases beyond 20 there is a saturation in both cases, even
though the time-windows corresponding to these 20 pulses
are 9.7 and 12.5 ns for PCF nos. 1 and 2. One would expect
the saturation to start when the number of pulses ap-
proaches Ny = 7/T (T is the interpulse period); this
yields Ny, = 22 and N, = 27 for PCF nos. 1 and 2. The
expected amplification in the acoustic power spectrum for
a sequence of N pulsesis (1 +x + ... + x¥1)2, withx =
e~ T/7. This formula is plotted in Fig. 2(d) for both PCF
no. 1 (dashed black line) and PCF no. 2 (dashed red line).
In practice however, the output pulse energy from the
saturated erbium-doped fiber amplifier decreases with the
number k of pulses in the sequence (approximately as
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FIG. 2 (color).
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Multipulse excitation of ARs. (a) Response of PCF no. 1 when excited by a single pulse (red curve) and a train of 27

pulses (black curve). (b) Same as (a) but for PCF no. 2. (c) Fourier transform power spectra obtained from the response of PCF no. 1 to
a single pulse (red dashed curve) and a sequence of 27 pulses (black solid curve); the arrow indicates the multiplication factor used in
the red curve. (d) Spectral power amplitude for the target AR as the number of pulses increases. The black and red curves represent
PCF no. 1 and PCF no. 2, respectively. The dots represent the experimental data, the dashed line the expected amplification, and the
solid line the expected amplification with saturation parameter S = 0.06.

(1 + kS)~!, where S is a saturation parameter) and, there-
fore, the acoustic power increases as (33— 1i§cs)2' This
formula is also plotted in Fig. 2(d) with the best fit value
S = 0.06 for both PCF no. 1 (solid black line) and PCF
no. 2 (solid red line), in good agreement with the experi-
mental data.

To model the observed coupling to the optical fields, one
must first solve the elastic wave equation in the presence of
both viscosity and electrostriction. To accomplish this we
decomposed the fiber motion u into a superposition of all
the acoustic modes u = >, A, |u,)expi€), 7, where Q,,
is the modal angular frequency. Within the linear
elastic approximation, one arrives at damped-driven har-
monic oscillator equations for each A,,, which can be
solved analytically for impulse excitation E(r, 1) =
Ey6(t/1y)|W,), where t, is the pulse duration, E; is the
field amplitude, and |W¥,) is the normalized (W,|¥,) =
1) electric field vector corresponding to the guided optical
mode (HE|;-like). The driving term is obtained by pro-
jecting the electrostrictive force on to each acoustic mode,
B,, = (u,,|Fy)/(u,,|u,,). The electrostrictive force density
is calculated from the electric field vector, the elasto-optic
constants (p, and p44), and the refractive index n accord-
ing to Fy(r, 1) = $n*[p,VIE]* + 2pyu V- (E - EN)] [12].
Because of the radial symmetry of the optical mode, when
pump light is coupled to one polarization state (say X), the
force term with p, will point radially (V|E|? = £) and
drive only radial motion. The term with p,4, however, will
point along the polarization direction (V - (E - ET) « %)
and drive a motion where the core expands in one direction
while it contracts in the other.

The change in the refractive index is obtained by adding
the dielectric tensor perturbation Ae€,,, induced by each
mode via the elasto-optic effect and weighted by the exci-
tation coefficient B,, [12,14]. The refractive index modu-
lation measured by the probe laser coupled to the mode
|¥;) and scattered to the mode |W,) is given by

U
An() = ——2 _S'B (W,|Ae, | W)X, (), (
(0 = g O B X0, ()

where U, is the pump pulse energy, g is the vacuum
permittivity, ng is the optical mode effective index, c is
the velocity of light in vacuum, and p is the silica density.
The time-dependent function is given by X,,(¢) =
w,;," sin(w,,t) exp(—T,,1)0(), where 6(z) is the Heaviside
step function and w,, = +/Q2 —I'2, where T',, is the
modal damping parameter. In our experiment we are inter-
ested in interpolarization scattering and, therefore, we
choose |W;) and |W,) as orthogonally polarized states.

Focusing our attention on PCF no. 1, Fig. 3(a) shows the
numerically calculated excitation coefficient for both lin-
ear (solid blue circles) and circular (open red circles)
polarization states of the pump pulses. The TR, -like
modes are not excited with circular polarization while
the Ry,,-like ones are polarization insensitive. Therefore
Fig. 3(a) is useful to identify the character of the ARs:
overlapping open red and blue solid circles identify
Ry,,-like modes while purely blue circles identify
TR,,,-like modes. Because of a dense clustering of modes
near B,, = 0, we have plotted only those with B,, > 5%.
The strongest ARs in this figure (indicated by arrows) have
frequencies of 1.956 GHz (TR,;-like) and 2.318 GHz
(Ro;-like). The profiles of displacement and dielectric
tensor perturbation are shown in Figs. 3(c) and 3(d) where
the radially symmetric [3(c)] and torsional-radial [3(d)]
motion can be observed (animated versions are available
in videos 2 and 3 of the supplementary material [13]). The
mode amplitudes after a excitation by single 500 pJ pulse
are rather small, 4 fm typically, due to the high frequency
of the motions.

In Fig. 3(b) we show the calculated frequency depen-
dence of the refractive index modulation (assuming I',, =
9.1 X 107 s7!). The red dashed and black solid curves
correspond to the real and imaginary parts. The corre-
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FIG. 3 (color).

Numerically calculated electrostriction excitation and elasto-optic refractive index modulation for PCF no. 1.

(a) Electrostrictive excitation for pump light polarized linearly (blue curve) and circularly (red curve); the arrows indicate the most
optically active modes, shown in parts (c) and (d). (b) Real (red dashed curve) and imaginary (black solid curve) parts of the refractive
index perturbation spectrum; the inset shows the temporal response. (c) A€, + Ae,, for the Ry, -like mode at 2.318 GHz. (d) Ae,, for
the TR,;-like mode at 1.956 GHz. The black solid lines represent the undeformed fiber geometry used in the calculation. The mesh

deformation in the transverse plane was scaled for clarity.

sponding time waveform is shown in the inset. The index
modulation spectrum shows a strong peak only at
1.956 GHz (T R»;-like mode), with much weaker modula-
tions near 2.32 GHz, in contrast to the excitation coeffi-
cients [Fig. 3(a)], where several modes contribute
significantly. This is because most of the excited modes
(large |B,,|) do not efficiently perturb the dielectric tensor
(small |A€,,|). On the other hand, modes that theoretically
have almost no contribution to An might be observed in the
experiments. This happens, for example, for the R -like
mode at 2.318 GHz. In a perfectly symmetric PCF (such as
the one used in the simulations), the R,-like family
behaves much like in a standard optical fiber in the sense
that it does not induce any significant birefringence and
therefore does not couple together orthogonally polarized
optical fields. This results in a very small anisotropic index
modulation for such modes. However, in real PCFs, small
geometric distortions will slightly alter the exact symmetry
of the R, modes, allowing them to induce a degree of
birefringence which can be detected in our experimental
setup. Indeed the R(;-like mode identified in Fig. 3(a)
oscillates at 2.318 GHz, which is close to the experimen-
tally measured AR at 2.39 GHz.

In conclusion, ARs trapped in the small core of highly
nonlinear PCFs, oscillating at GHz frequencies, can be
coherently controlled by sequences of optical driving
pulses with durations shorter than a half-cycle of acoustic
oscillation. Such multipulse excitation can be used to
preferentially amplify or attenuate selected resonances.
Control of ultrahigh frequency resonances may have ap-

plications in mode locking of fiber lasers at very high
repetition rates, in the realization of optically-pumped
acoustic “‘sasers”, or in the design of more efficient
fiber-based acousto-optic devices.
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