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ABSTRACT
Sensitive optical experiments in fiber, including for applications in communications and quantum information, are limited by the noise
generated when light scatters from thermally excited guided-acoustic phonons. Novel fibers, such as microstructured fibers, offer control
over both optical and acoustic waveguide properties, which can be designed to mitigate optomechanical noise. Here, we investigate the
optomechanical properties of microstructured anti-resonant hollow-core fibers and demonstrate their promise as a low-noise fiber platform.
By developing an ultra-sensitive spectroscopy technique, a seven capillary anti-resonant hollow-core fiber is found to exhibit record low
optomechanical coupling (<10−4 W−1 m−1), in agreement with comprehensive numerical calculations. The largest scattering occurs from a
guided acoustic mode in the air confined in the core of the fiber. Acoustic resonances in the silica, due to minimal overlap with the optical mode
in the core, scatter a hundred times less, resulting in negligible depolarization noise. The largest optomechanical interactions in anti-resonant
hollow-core fibers are found to be at least three (five if evacuated) orders of magnitude weaker than those in conventional single-mode fibers,
which makes this class of fibers a promising platform for low noise applications, including quantum information processing and optical
communication.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0017796., s

I. INTRODUCTION
Light scatters from guided acoustic waves through a nonlin-

ear optomechanical interaction referred to as guided acoustic wave
Brillouin scattering. Thermally excited guided acoustic phonons can
scatter incident light to new up-shifted (anti-Stokes) and down-
shifted (Stokes) optical frequencies [Fig. 1(a)]. The scattered opti-
cal waves propagate in the same direction as the incident light, in
contrast to traditional Brillouin scattering in which the incident
and scattered waves counter-propagate.1–4 These so-called forward
Brillouin interactions are valuable for applications, including high-
performance sensors,5–7 on-chip Brillouin lasers,8–10 RF filters,11–13

isolators,14,15 and amplifiers.16,17 However, forward optomechanical
interactions can also produce an unwanted source of noise in optical
systems and can lead to quantum decoherence in quantum informa-
tion systems. Forward Brillouin scattering in fibers has been shown
to exceed the shot-noise limit18–24 and presents fundamental limita-
tions to quantum operations such as squeezing,21–23,25 entanglement
generation and distribution,26 quantum state communication,27 and

quantum key distribution.28 This optomechanical noise degrades
the signal quality in conventional optical communication systems
as well.29 Techniques for mitigating forward Brillouin scattering
in fibers involve complex solutions such as cryogenic cooling23 or
quantum error-correcting algorithms.27 An improved understand-
ing of forward Brillouin interactions is needed for engineering a new
practical approach for mitigating optomechanical noise in fibers.

Photonic crystal fibers (PCFs) enable a wide range of possi-
bilities for customizing the properties of an optical waveguide.30,31

The optomechanical properties and prospects of these fibers have
recently attracted interest as well. For example, PCFs have been
explored for significantly enhancing the forward Brillouin inter-
action. Strong confinement is possible for both the optical and
acoustic waves within the solid core of a PCF, resulting in almost
two-orders of magnitude more optomechanical coupling than in
standard fibers.2,32 PCFs also open up new pathways toward reduc-
ing optomechanical interactions and noise. Hollow-core PCFs, for
example, which guide light in a hollow-core, avoid the dominant
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FIG. 1. Forward Brillouin scattering in fiber. (a) The salient frequencies partici-
pating in the interaction. A single frequency pump coupled into an optical fiber
scatters from thermally excited guided acoustic phonons with frequency Ωn into
Stokes (ωs

n) and anti-Stokes (ωas
n ) sidebands with linewidths (Γn) determined by

the acoustic dissipation in the medium. (b) SEM cross section of the ARHCF under
investigation.

interaction with acoustic waves in the silica core. However, the
guided light can interact with acoustic waves supported by the
microstructured silica cladding, which introduces considerable
undesirable scattering and depolarization noise.18,19,33,34 The resid-
ual air, or other gas, in the core supports guided acoustic waves as
well, providing an additional source of noise.34 While PCFs can offer
reduced overall scattering in comparison with conventional fiber,
further reduction in noise will require an alternative cross-sectional
design, which is complicated theoretically and experimentally by the
geometrically intricate silica microstructure.33

Anti-Resonant Hollow-Core Fibers (ARHCFs) are an emerging
class of hollow-core fibers that enable new opportunities for optome-
chanical interactions. ARHCFs guide light through an inhibited-
coupling design that strongly reduces the coupling of light in
the core to the continuum of cladding modes.35–39 These fibers
have gained attention recently owing to their ultra-low loss across
broad bandwidths,40–43 strong optical confinements,44 high dam-
age thresholds,45 and relatively simple fabrication requirements.
While little is known to date about the optomechanical prop-
erties of ARHCFs, the unique geometrical structure of ARHCFs
featuring sparse, thin segments of silica may enable new oppor-
tunities for optomechanical interactions. In addition, the tight
confinement of the optical mode and lack of material in and
around the core suggest that these fibers could be an attrac-
tive alternative for suppressing optomechanical noise for sensitive
applications. However, characterizing such weak optomechanical
effects will require measurement sensitivities significantly beyond
those demonstrated in previous investigations of forward Brillouin
scattering.33,34

In this manuscript, we detail the comprehensive characteriza-
tion of optomechanical interactions in an air-filled seven-capillary
ARHCF [Fig. 1(b)] theoretically and experimentally for the first
time. Measurements are made with a modified spectroscopy tech-
nique capable of achieving sensitivities improved by two orders of
magnitude over previous results. Experimental results are explained
through a simple physical model, and approaches toward improved
optomechanical gain sensitivities are identified.

II. THEORY
Optical fields in a waveguide stimulate resonant acoustic

modes through electrostrictive and radiation pressure forces. Once
generated, guided acoustic modes modulate the refractive index,
which scatters incident light into Stokes and anti-Stokes sidebands
[Fig. 1(a)], inducing a phase modulation on the incident optical
field.2,33 The relative strength of the scattered light (the modulation
depth of the induced phase modulation), or optical noise, can be
quantified with an optomechanical (Brillouin) interaction gain.2,33

Brillouin gain, determined by energy conservation, is calculated
using the specific spatial distribution of the optical and acoustic
modes in the fiber under consideration. These modes are calculated
numerically for ARHCF using finite element simulations. The inci-
dent and scattered optical fields are designed to be guided by the
fundamental propagation mode of the fiber. Simulations reveal an
axially symmetric, linearly polarized, HE11-like optical mode with a
mode-field diameter of 28.7 μm [Fig. 2(a)]. The electrostrictive force
from light guided by this mode is radial with an annular distribu-
tion [Fig. 2(b)]. The acoustic modes can be classified as being either
supported by the air confined in the core or supported by the sur-
rounding silica capillaries and cladding. The silica resonances are
densely arranged in frequency with a variety of displacement dis-
tributions, similar to those in hollow-core PCFs.18,33 The acoustic
modes supported in air are found to have radial displacement with
Bessel-like spatial profiles [Figs. 2(c) and 2(d)]. These modes resem-
ble the Bessel-shaped modes supported by air in a rigid hollow cylin-
der, but with noticeable perturbations stemming from the thin silica
capillaries. The frequencies of these resonances can be predicted
using a simple model that combines the Bessel modes from a cylin-
der with the radius of the core with those from a cylinder with the
radius that extends to the beginning of the solid silica cladding (see
the supplementary material). This simple model is expected to be
relevant to fibers beyond this specific structure, given the structural
similarity of a wide range of ARHCFs.46

The Brillouin coupling strength is proportional to the spa-
tially integrated vectoral overlap between the optical forcing and the

FIG. 2. Numerical calculations of the forward Brillouin response of the ARHCF.
(a) The electric field distribution of the fundamental optical mode of the ARHCF.
(b) The electrostrictive force distribution produced by light from the fundamental
optical mode. The absolute value of transverse radial displacement for the air-
supported acoustic modes with the (c) first and (d) second highest optomechanical
coupling. (e) Calculated Brillouin gain for acoustic modes supported by the air-filled
core (blue) and acoustic modes supported by the surrounding silica (orange) for
the case where the incident and scattered fields are co-polarized (relative to the
probe).
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acoustic displacement distributions.47,48 Electrostriction within the
material is found to be the dominant contribution to the optical
forcing, larger than surface forces from electrostriction and radi-
ation pressure3,48,49 (see the supplementary material). The forcing
distribution within the material [Fig. 2(b)] closely overlaps with
acoustic modes supported by the air confined in the core of the
fiber [Figs. 2(c) and 2(d)], leading to the largest gain for this fam-
ily of modes. Brillouin gain is calculated for all the simulated guided
acoustic modes and plotted as a function of frequency [Fig. 2(e)].
Results are shown for the case where the incident field and the
scattered fields are co-polarized relative to the probe. Coupling is
significantly reduced if the fields are counter-polarized (see the sup-
plementary material). A single resonance is anticipated to produce
a signal that rises above the experimental noise floor of the spec-
troscopy described below. This resonance, from the family of Bessel-
like modes supported by air [Fig. 2(c)], has a resonant frequency of
9.4 MHz and a Brillouin gain of 9 × 10−5 W−1 m−1. The reduced
coupling compared to previous fibers can be understood because (1)
the optical and acoustic mode sizes are larger and (2) the optome-
chanical overlap is reduced because while the light is confined to
the core, the acoustic mode extends to the inner cladding. The other
acoustic modes supported by air [indicated by blue in Fig. 2(e)] have
a weaker overlap with the optical forcing distribution, which cor-
responds to reduced coupling. The acoustic resonances supported
by silica [indicated by orange in Fig. 2(e)] have much lower overlap
with the optical forcing in the core and consequently have coupling
strengths that are at least two orders of magnitude lower than the
acoustic resonances supported by air.

III. EXPERIMENTAL RESULTS
Sensitive forward Brillouin spectroscopy is developed experi-

mentally based on a two-color technique33,34 (see the supplementary
material). An optical drive is first generated by modulating a narrow-
linewidth laser with a carrier-suppressed intensity modulator. The
interference between the resultant two optical frequencies reso-
nantly drives the acoustic modes when the modulation frequency
matches the frequency of the acoustic resonance. A second, probe
laser, separated by several nanometers in wavelength from the drive
laser, scatters from the driven acoustic resonances to generate Stokes
and anti-Stokes sidebands. In contrast to backward Brillouin scatter-
ing, optical fields widely separated in wavelength can interact via the
same acoustic mode because weak group velocity dispersion leads to
an acoustic mode wavevector that changes negligibly as a function of
the optical wavelength.33 The scattered sidebands are distinguished
through a heterodyne detection process through which the scattered
fields are mixed with an optical tone that is frequency upshifted
from the probe laser using an acousto-optic modulator. The swept
spectral response of the measurement is a coherent sum of the reso-
nant Brillouin interactions of interest and a frequency independent
background resulting from Kerr four-wave mixing and interference
effects, leading to well-known Fano-like resonance profiles.33 The
experimentally observed Brillouin resonances are numerically fit to
obtain the center frequency, linewidth, and on-resonance Stokes (or
anti-Stokes) sideband power. The optomechanical coupling strength
(G) is determined using the on-resonance Stokes power (Ps), acous-
tic drive powers (Pp1, Pp2), probe power (Ppr), and the length of the

fiber (L) under test using the relation Ps = ( 1
4)G2L2Pp1Pp2Ppr .33 The

experimental sensitivity is found to be primarily limited by the non-
resonant background arising from mismatched optical paths of the
probe and reference arms. Path mismatch is minimized by monitor-
ing the noise spectrum of the heterodyne interference signal in the
absence of the acoustic drive. This noise spectrum arising from the
finite optical linewidths of the laser sources is used as a signature for
path length mismatch minimization.50 Optimization through this
procedure enables fW sensitivity and the ability to resolve Brillouin
gain coefficients at the level of 2 × 10−5 W−1 m−1. At this low signal
level, conventional numerical fitting procedures are insufficient to
extract optomechanical gain coefficients, and additional considera-
tions become important, such as non-unique optomechanical gain
coefficients (see the supplementary material for further details). Pre-
vious measurements, in hollow-core PCFs, reported a gain sensitiv-
ity at the level of 1 × 10−4 W−1 m−1 but with acoustic drive powers
roughly a factor 3 larger than acoustic drive powers employed in
our work.33 Altogether, the experimental technique demonstrated
here features Stokes power sensitivities improved by ∼225 times or,
equivalently, gain sensitivities improved ∼15 times. Previous tech-
niques lack the signal-to-noise ratio needed to characterize guided
optomechanical processes inside anti-resonant hollow-core fibers.
Further suppression of the non-resonant background could enable
sensitivities that are limited only by the Kerr nonlinearity of the
medium.

The optomechanical spectral response of a 1-m long air-
filled seven-capillary ARHCF is characterized to frequencies up to
50 MHz. A single resonance is observed above the noise floor for
measurements where the scattered signal is co-polarized relative to
the input probe [Fig. 3(a)]. This resonance is found at 9.4 MHz,
with a linewidth of 1.6 MHz and an optomechanical coupling
strength of 8.6 × 10−5 W−1 m−1. The resonance frequency and
coupling strength agree well with theoretical predictions, and the
linewidth is consistent with the acoustic loss known for 10-MHz
acoustic waves in air.51 No additional resonances are observed over
the noise floor regardless of whether the scattered signal is co-
[Fig. 3(a)] or counter-polarized [Fig. 3(b)] relative to the input
probe, in agreement with theoretical predictions. In stark contrast

FIG. 3. Measured forward Brillouin response of the ARHCF. (a) Co-polarized (rela-
tive to the probe) optomechanical response as a function of drive frequency (blue).
The distinct resonance at 9.4 MHz is the inset with an analytical fit in red. This
signature is absent when the acoustic drive is off (gray). (b) No optomechanical
signatures are observed from the orthogonally polarized scattered light (relative to
the probe) with (blue) or without (gray) the acoustic drive.
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to previous measurements of hollow-core PCFs, no response corre-
sponding to acoustic resonances supported by the silica is observed.
The weak feature near 33 MHz in Figs. 3(a) and 3(b) was verified as
a radiofrequency artifact originating from the experimental setup.

IV. DISCUSSION AND CONCLUSION
In this work, we report on nonlinearities inside a 7-capillary

ARHCF from an acoustic resonance supported by the air confined to
the fiber core. The optomechanical coupling is reduced from previ-
ous hollow-core fibers because the effective mode sizes of the optical
and acoustic modes are larger and because the optomechanical over-
lap is reduced owing to their unequal sizes. If the gas in the hollow
fiber were evacuated, the optomechanical response and correspond-
ing noise from this fiber would be reduced to the level of scattering
from the silica alone, which is two orders of magnitude weaker.
The optomechanical response is measured with a two-color pump–
probe scheme combined with a heterodyne readout. The sensitivity
of this technique is currently limited by the common mode noise
arising from residual optical path length mismatch between the sig-
nal and reference paths used for heterodyne readout. By reducing
this mismatch from the cm to mm scale, we expect the sensitivity
to improve further. This work presents some of the most sensi-
tive measurements of optomechanical nonlinearities to date. While
recipes have been suggested previously for obtaining lower optome-
chanical couplings, they have not yet been validated experimentally.
The ability to measure optomechanical interactions with previously
unattained sensitivities could enable measurements of qualitatively
new phenomena in other optomechanical systems as well.

This study also suggests alternative uses for ARHCF. For exam-
ple, this fiber may be valuable in the opposite limit of very strong
optomechanical coupling. A larger overlap between the optical mode
and the acoustic mode in the gas-filled core can be engineered by
adjusting the fiber parameters appropriately. In addition, the cou-
pling can be increased significantly by either increasing the gas pres-
sure52 or operating near an atomic resonance. This fiber would bene-
fit from large gas coupling without additional unwanted interactions
with the surrounding silica microstructure. A high-gain ARHCF sys-
tem could, therefore, enable a powerful new technique for sensing,
lasers, and signal processing.

In this report, we demonstrate record-low optomechanical
nonlinearities in anti-resonant hollow-core fibers. We measure this
ultra-low coupling through an improved phonon mediated four-
wave mixing experimental technique, allowing us to achieve two
orders of magnitude improved optomechanical sensitivities than in
previous studies. The maximum optomechanical coupling in these
fibers is found to be a thousand times lower than that from single-
mode fibers, an order of magnitude lower than that from alternative
hollow-core fibers, and with negligible scattering from the surround-
ing silica microstructure. This ultra-low optomechanical noise and
negligible depolarization noise makes this class of fibers ideal for
low-noise applications, including quantum information processing
and optical communication.

SUPPLEMENTARY MATERIAL

See the supplementary material for an approximate model
of the fiber acoustic resonances, further details regarding the

experimental setup and analysis, and additional experimental and
numerical results.
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