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Guided acoustic wave Brillouin scattering (GAWBS) generates phase and polarization noise of light
propagating in glass fibers. This excess noise affects the performance of various experiments operating at
the quantum noise limit. We experimentally demonstrate the reduction of GAWBS noise in a photonic
crystal fiber in a broad frequency range by tailoring the acoustic modes using the photonic also as a
phononic crystal. We compare the noise spectrum to the one of a standard fiber and observe a tenfold noise
reduction in the frequency range up to 200 MHz. Based on our measurement results as well as on
numerical simulations, we establish a model for the reduction of GAWBS noise in photonic crystal fibers.
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The impact of thermally excited acoustic phonon modes
is a severe hindrance for the performance of a variety of
physical systems. In gravitational wave detection, for ex-
ample, the thermal excitation of internal acoustic modes of
the interferometer mirrors is a limiting factor to the mea-
surement sensitivity [1]; in solid state quantum dots,
electron-phonon interactions lead to decoherence [2]; and
also in fiber optics, the detrimental character of acoustic
phonon modes has been encountered [3]. A general strat-
egy to reduce the amplitude of phonon modes is to cool the
environment to extremely low temperatures. This tech-
nique is, however, very inconvenient, in particular, when
employed to fibers connecting distant points. Another pos-
sibility is making use of cavity sound dynamics and mod-
ifying the phonon spectrum by tailoring the boundary
conditions for sound waves through spatial structuring.
This has been discussed, e.g., in connection with quantum
dots: In order to reduce the electron-phonon interaction,
the acoustic mode spectra have been modified by sus-
pended phonon cavities [4], and control of electron de-
phasing in an electron-phonon cavity has been proposed
[5]. Phonon cavities allow for coherent coupling of discrete
electronic states with discrete phonon states [6], in re-
semblance to cavity QED [7]. The possibility to com-
pletely suppress phonon scattering of excitons by combin-
ing different effects, one of them being the fabrication of
smaller structures, has been pointed out in Ref. [8]. Sound
attenuation and phononic band gaps have been studied
theoretically and experimentally in one- [9], two- [10],
and three-dimensional [11] periodic structures. Sonic
band gaps in a preform of a photonic crystal fiber (PCF)
[12] have been calculated and measured in Ref. [13].
Light-sound interactions can, on the other hand, be delib-
erately enhanced by structuring the environment of the
phonons, e.g., in a double cavity being simultaneously
resonant for photons and phonons [14]. Recently, confine-
ment of acoustic modes in the core of a photonic crystal
fiber has been demonstrated [15].

In this Letter, we suggest and experimentally demon-
strate a convenient method to reduce acoustic modes in

optical fibers: By using an appropriately tailored photonic
crystal fiber, we find that the impact of acoustic vibrations
in comparison to a standard fiber can be reduced owing to
the microstructure of the light-guiding core. Thermally
excited mechanical vibrations in glass fibers give rise to
the so-called guided acoustic wave Brillouin scattering
(GAWBS). Photons propagating in the fiber interact with
transverse acoustic phonons and, thus, experience modifi-
cations in phase and polarization. Because of the guiding
properties of a glass fiber, photons can be scattered in the
forward direction which is not possible in bulk media. This
mechanism was first discovered by Shelby et al. [3] and has
since then been widely studied, especially with regard to its
negative impact on the generation of squeezed states [16–
19]. The thermally excited discrete phonon modes are
determined by the fiber geometry [3]. For two types of
these modes, the overlap between the light field and the
acoustic modes is nonvanishing: The radial modes R0;m

and the mixed radial-torsional modes TR2;m produce phase
modulations of the light via strain-induced refractive index
changes. The TR2;m modes additionally depolarize the
light via induced birefringence fluctuations (see Fig. 1).
These modes are also referred to as polarized and depolar-
ized GAWBS, respectively.

GAWBS noise reduction is an important issue for
squeezing experiments making use of the Kerr nonlinearity
of fibers [20,21]. The generation of excess noise has an
adverse impact on many quantum information experiments

FIG. 1. (a) The radial modes R0;m generate phase noise by
strain-induced modulation of the refractive index. (b) For the
same reason, the mixed torsional-radial modes TR2;m also induce
phase noise. They additionally produce polarization noise by
causing birefringence fluctuations in the fiber.
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relying on squeezed states. For applications such as entan-
glement swapping [22,23], dense coding [24], or quantum
cryptography [25], a quantum state with a high degree of
purity is desired. The excess noise due to GAWBS in a fiber
degrades the performance of these applications and, in
some cases, renders them impossible. Therefore, various
efforts have been undertaken to reduce or to compensate
for GAWBS noise. Besides cooling the fiber [26], the
influence of GAWBS has been diminished by removing
the fiber jacket (thus increasing the quality factor of the
phonon modes) or by subtracting the correlated phase noise
accumulated by two consecutive pulses having propagated
through the same fiber [27,28]. All of these approaches are
experimentally challenging. In this Letter, we show that
GAWBS noise can be suppressed by a more convenient
method, namely, by using a photonic crystal fiber which
also acts as a phononic crystal [13]. In a PCF, the core is to
some extent mechanically isolated from the cladding, since
in the structured area the speed of sound is modified and
phonon resonances are induced. We, therefore, expect the
coupling between the vibrational cladding modes and the
light field in the core to be reduced in comparison to a
standard fiber, where core and cladding are strongly
coupled. The modification of the acoustic velocities by a
hole structure has been investigated recently [29].

The internal structure of the PCF under investigation is
shown in Fig. 2. We compare the GAWBS characteristics
of this PCF with the polarization-maintaining standard
fiber HB800G from Fibercore, which has a cladding di-
ameter of 80 �m and a mode field diameter of 4:5 �m. By
always using the same experimental parameters (fiber
length, light power, interferometric visibility), we make
sure that the measurements are directly comparable.

Figure 3 shows our experimental setup for carrying out
phase and polarization noise measurements in fibers. The
light source is a continuous-wave single-frequency diode-
pumped Nd:YAG nonplanar ring oscillator (Innolight
Mephisto 500), which we measured to be shot noise limited
for frequencies larger than 10 MHz. For phase measure-
ments, the local oscillator is unblocked and the setup
represents a Mach Zehnder interferometer. The half wave

plate at the fiber input rotates the linear polarization in
order to inject light along the main axis of the polarization-
maintaining fiber. The half wave plate after the fiber ad-
justs the direction of the linear polarization to the local
oscillator. Control over the polarization state is crucial in
this experiment in order to obtain a large interferometric
visibility. The output from the fiber interferes with the local
oscillator of equal intensity on a 50-50 beam splitter, and
the interference phase is locked to �=2 phase difference
with an active feedback loop. The difference of the ac
signals of the two detectors (New Focus 1611) is fed to a
spectrum analyzer. We determine the shot noise level by
blocking the light beam from the fiber and increasing the
intensity of the local oscillator in order to obtain the same
power on the two detectors as in the interferometric mea-
surement. Since the local oscillator is quantum noise lim-
ited above 10 MHz, its noise properties are known. The
contribution of the fiber phase noise can be inferred by
subtracting the noise power from the local oscillator. Under
the assumption of a shot noise limited local oscillator, the
phase noise is given by the ratio of the variances of the
difference signal (V�) and the shot noise (VSN):

 

V��!�
VSN�!�

�
1

2
�h�Ŷ2�!�i � 1�; (1)

where ! is the measurement frequency (frequency of the
acoustic modes) and h�Ŷ2�!�i is the variance of the phase
quadrature in the beam coming from the fiber. Equation (1)
holds in the case of a large classical amplitude (bright
beams) where only fluctuating terms of first order have to
be considered. We see that, if the phase quadrature is at the
shot noise limit (h�Ŷ2i � 1), the ratio equals one. Excess
phase noise results in an increased ratio. For polarization
noise measurements, we block the local oscillator and
replace the 50-50 beam splitter by a polarizing beam
splitter. The laser beam is again injected onto one axis of

FIG. 2. Cross section and close-up of the photonic crystal fiber
NL-PM-700. The fiber is polarization-maintaining due to an
elliptical core (d1 � 2:4 �m, d2 � 1:5 �m). The pitch between
the holes is approximately 1:6 �m, pitch to hole size ratio�0:8,
diameter of the holey region �10 �m, and cladding diameter
�127 �m [34].

FIG. 3. The setup for phase and polarization noise measure-
ments. For phase measurements, the local oscillator was un-
blocked and the optical phase between the two arms of the Mach
Zehnder interferometer was locked to �=2. This results in two
equally bright beams at the output of the 50-50 nonpolarizing
beam splitter. The visibility in our experiments was 70%. For
polarization measurements, we blocked the local oscillator and
replaced the 50-50 beam splitter by a polarizing beam splitter.
The polarization extinction ratio was 2%. All measured fibers
had a length of 8 m, and the light power incident on each detector
was approximately 0.9 mW.
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the polarization-maintaining fiber. This axis now defines
the polarization of the bright local oscillator, which in this
case travels in the fiber. Depolarizing GAWBS scatters
photons into the orthogonal polarization. These scattered
photons are probed via a homodyne Stokes measurement
where the polarizing beam splitter divides the beam into
two parts of equal brightness. Polarization fluctuations
become visible in the difference current of the two detec-
tors. A high polarization contrast is easily obtained in this
setup since no spatial mode matching is necessary.

The GAWBS noise spectra obtained by our measure-
ments are shown in Fig. 4 (phase noise) and Fig. 5 (polar-
ization noise). The traces were recorded using a spectrum
analyzer at a resolution bandwidth of 1 MHz, a video
bandwidth of 30 Hz, and a 10 times averaging. Since we
use relatively short fibers, all measured peaks are
rather weak. The coating had not been removed from the
fiber, resulting in a broad linewidth, as the acoustic modes
are damped in the plastic [30]. We clearly observe a
strong noise reduction in the frequency range up to
200 MHz: The phase noise is suppressed by a factor of
roughly 7, while the polarization noise is reduced by a
factor of more than 13.

A two-dimensional model where the vibrational modes
of a long cylinder are considered gives the frequencies and
amplitudes of the two sets of transverse modes [3]. By
applying this model, we calculate the theoretically ex-
pected frequencies of the GAWBS modes. In the case of
the standard fiber, we thereby can attribute the measured
peaks to the cladding modes R0;m (m � 0; . . . ; 4) and

TR2;m (m � 0; . . . ; 12). As in Ref. [3], the mode TR2;5 is
not observable in the experimental data. Some peaks ap-
pear additionally to the theoretically predicted. We assume
that these stem from geometrical asymmetries due to the
polarization-maintaining property of the fiber or the details
of the phononic structured area.

In case of the PCF, some of the solid cylinder modes,
namely, R0;m (m � 0; . . . ; 3) and TR2;m (m � 4; 6; 7; 9),
appear in the spectrum in the frequency range below
200 MHz. It is clearly visible that the amplitudes of these
modes are strongly attenuated in comparison to the stan-
dard fiber. Hence, we conclude that the cladding modes
couple only weakly to the light-guiding core. We confirm
this conclusion by numerical finite elements simulations
using the software package COMSOL MULTIPHYSICS

(Femlab): We perform an eigenfrequency analysis in a
two-dimensional plane strain model assuming a free fiber
surface (no constraints on boundaries). The simulations
give us the displacement vector u for each vertex of the
finite elements mesh. From the displacement, we calculate
the strain energy density, depicted in Fig. 6 for the two
fundamental modes (R0;0 and TR2;0). We clearly see that,
due to the hole structure, the strain field cannot penetrate
into the light-guiding core. Elasto-optic index and birefrin-
gence modulations are thus reduced, which leads to de-
creased GAWBS noise. From the numerical simulations,
we also find the refractive index modulation �n as shown
in Fig. 7 for R0;0 [31]. We find a redistribution of the index
modulation due to the hole structure, and we clearly see
that the light-guiding core is less affected by the modula-
tion compared to the standard fiber (dotted curve). The
phase noise power of light propagating in the fiber can be

FIG. 4. Phase noise accumulated by a light beam of 0.9 mW
having passed through 8 m of fiber (solid line: PCF, dotted line:
standard fiber). The plots are measured with an interferometric
visibility of 70% and a detection efficiency of 86%. The small
inset numbers �0; m� mark the cladding R0;m modes visible in the
PCF spectrum as well as the corresponding modes in the
standard fiber. The difference of the fiber diameter (standard
fiber: 80 �m, PCF: 127 �m) leads to frequency shifts between
the standard fiber and PCF.

FIG. 5. Polarization noise accumulated by a light beam of
1.8 mW having passed through 8 m of fiber (solid line: PCF,
dotted line: standard fiber). The plots are measured with an
polarization extinction ratio of 2% and a detection efficiency
of 86%. The small inset numbers �2; m� mark the cladding TR2;m

modes visible in the PCF spectrum as well as the corresponding
modes in the standard fiber.

PRL 97, 133901 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
29 SEPTEMBER 2006

133901-3



determined by averaging the index modulation over the
mode profile of the electrical field amplitude (dashed
curve).

Describing the acoustic modes in the PCF by the stan-
dard modes of a solid cylinder is possible only as long as
the cylinder modes are not essentially perturbed by the hole
structure (apart from the damping of the vibrations in the
core). At frequencies around 200 MHz, the innermost
maximum of the displacement is located near the hole
structure. Thereby, the simulations show a multitude of
new modes, not included in the cylinder model. These
modes lead to a quasicontinuous noise spectrum above
200 MHz, as evident from Figs. 4 and 5.

The core itself can be excited by acoustic vibrations at
frequencies above 1 GHz, which are beyond our measured
range. Ultraefficient acousto-optic devices could be built
making use of the sound confinement for these core modes
[15].

In conclusion, we have found that the investigated pho-
tonic crystal fiber offers the advantage of reducing
GAWBS noise in a wide frequency range. We have shown
that the light propagating in the PCF does not sample a

significant amount of the acoustic vibrations supported by
the cladding structure. For squeezing experiments, the
wide range of design parameters in PCFs offers a twofold
advantage: Besides the possibility to suppress GAWBS
noise in a desired frequency range, the attainable high
nonlinearities potentially allow for utilizing very short
fibers, additionally reducing the excess noise. The intensity
of GAWBS modes could, on the other hand, be deliberately
enhanced by a particular PCF design, e.g., in order to build
sensors for temperature [32] or tensile strain [33] as well as
acousto-optic modulators [15].
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FIG. 7. Cross section plots of the refractive index modulation
of the R0;0 mode in the PCF (solid line), in comparison to a
standard fiber with the same diameter (dotted line). The dashed
curve represents the electrical field amplitude of the light field. x
and y refer to the horizontal and vertical cuts through the fiber
cross section (Fig. 6).

FIG. 6 (color online). Strain energy density for the fundamen-
tal modes R0;0 (left) and TR2;0 (right) in the PCF (blue=dark �
low energy, red=bright � high energy). The hole structure pre-
vents the strain field from entering into the light-guiding core.
Below 200 MHz, a similar behavior is found for the higher order
R0;m and TR2;m modes.

PRL 97, 133901 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
29 SEPTEMBER 2006

133901-4


