Large evanescently-induced Brillouin scattering at the surrounding of a nanofibre
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Brillouin scattering has been widely exploited for advanced photonics functionalities such as mi-
crowave photonics, signal processing, sensing, lasing, and more recently in micro- and nano-photonic
waveguides. So far, all the works have focused on the opto-acoustic interaction driven from the core
region of micro- and nano-waveguides. Here we observe, for the first time, an efficient Brillouin
scattering generated by an evanescent field nearby a sub-wavelength waveguide embedded in a pres-
surised gas cell, with a maximum gain coefficient of 18.904:0.17 m~*W ™!, This gain is 11 times larger
than the highest Brillouin gain obtained in a hollow-core fibre and 79 times larger than in a standard
single-mode fibre. The realisation of strong free-space Brillouin scattering from a waveguide benefits
from the flexibility of confined light while providing a direct access to the opto-acoustic interaction,
as required in free-space optoacoustics such as Brillouin spectroscopy and microscopy. Therefore, our
work creates an important bridge between Brillouin scattering in waveguides, Brillouin spectroscopy
and microscopy, and opens new avenues in light-sound interactions, optomechanics, sensing, lasing

and imaging.

Brillouin scattering involves light-sound interactions
and has been used in nonlinear optics [1-4|, microwave
photonics [5], slow and fast light [6], lasing [7], sensing
[8] and imaging [9, 10]. It has been observed in various
platforms, including optical fibres [8, 11-14], whispering-
gallery-mode resonators [15-18| and integrated waveg-
uides [19-25].

The advent of micro- and nano-photonic waveguides
has recently driven a renewed interest for Brillouin scat-
tering as a tool to perform nonlinear optics and opti-
cal signal processing in waveguides. In 2006, a photonic
crystal fibre was used to greatly intensify the Brillouin
interactions by confining both acoustic and optical fields
to a 1 wm microstructured core [12]. Another interesting
work proposed that Brillouin interactions could be drasti-
cally enhanced by radiation pressure on subwavelength-
scale waveguide boundaries [26], and triggered intense
research interest into Brillouin scattering in micro- and
nano-photonic waveguides. Since the gain of the interac-
tion is proportional to the acousto-optic overlap integral
as well as to the pump power, two different approaches
have been addressed to increase the Brillouin interac-
tions: the first one focused on the design of waveguides
with good optical and acoustic fields overlap [12, 13, 19—
21], while the second approach used ultra-low-loss waveg-
uides with high-Q resonant enhancement [15-18, 22, 24].
Generally, all prior works were devoted to generating effi-
cient Brillouin scattering in the core region of the waveg-
uide. So far, no strong Brillouin scattering has been gen-
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erated from an optical waveguide into the surrounding
medium located in the waveguide’s vicinity.

Free-space Brillouin scattering has found applications
in microscopy: in the past decade, Brillouin microscopy
has been used for analysing the mechanical properties of
biological samples [27] and hydrogel materials [28]. It
provides label-free, non-contact, 3D imaging capabilities
at typical optical resolution. So far, Brillouin microscopy
has exclusively used free-space illumination, which re-
quires careful optical alignment and has limited through-
put [29]. Fluorescence microscopy based on total internal
reflection in photonic waveguides [30] and structured il-
lumination microscopy [31] solve these issues for the case
of fluorescence microscopy; however, there is currently no
alternative for Brillouin microscopy.

Here, we use a nanofibre waveguide and report the first
observation of strong Brillouin scattering generated by
the evanescent field of a guided lightwave in pressurised
carbon dioxide gas located in the immediate vicinity of
the nanowaveguide. We obtain a 11-times higher peak
Brillouin gain coefficient in the nanofibre gas cell com-
pared to the highest Brillouin gain realised in a hollow-
core fibre gas cell [8] and 79-times higher compared to
that in a standard single-mode fibre. The higher gain
results from a tighter optical mode confinement as well
as a large overlap between the evanescent optical field
and the acoustic mode in the surrounding medium. Our
results pave the way for many potential applications in
sensing, lasing, signal processing, etc and suggest a way
to realise a novel waveguide-based Brillouin spectroscopy
and microscopy that no longer requires free-space illumi-
nation.
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Figure 1. Brillouin scattering in a nanofibre gas cell. (a) Conceptual view of the Brillouin scattering in a nanofibre gas
cell. Pump (in green) goes from left to right and the backscattered light includes Rayleigh scattering from the same frequency
and frequency down-shifted Stokes (in red) and frequency up-shifted anti-Stokes (in blue) Brillouin scattering. (b) Computed
spatial optical power distribution of the fundamental optical mode at a wavelength of 1550 nm for a 740 nm diameter nanofibre
surrounded with 40 bar CO2 gas. The effective mode refractive index is 1.0829. (c) Computed longitudinal displacement of
the elastic wave at 350 MHz as a result of backward Brillouin scattering in the surrounding gas. The black circles in (b) and
(c) show the silica nanofibre boundary. See Methods for the simulation details.

Results

Operation scheme. Brillouin scattering is an inelastic
process within a medium involving a net energy trans-
fer from the optical fields to the medium or vice versa.
Spontaneous Brillouin scattering occurs when light scat-
ters from thermally-excited sound waves, giving rise to
frequency-shifted Stokes (i.e. phonon generation) and
anti-Stokes waves (phonon annihilation). A conceptual
illustration of Brillouin scattering around a nanowaveg-
uide is shown in Fig. 1(a). In a waveguide, only pho-
tons scattered in the backward and forward directions
are guided and hence detected. Here we focus on back-
ward Brillouin scattering. The backward scattering ef-
ficiency is maximised when phase matching between all
interacting waves is satisfied. For the Stokes process, an
incident pump photon of frequency wp is converted to a
lower frequency Stokes photon of frequency wg through
the scattering from the acoustic wave and thereby creat-
ing a phonon of angular frequency 2. The phase match-
ing condition requires wp = wg + Q and kp = ks + ¢,
where kp, ks and ¢ are the wave vectors of the pump,
Stokes, and phonon modes, respectively. In this case,
the Brillouin frequency shift vg, which is the frequency
difference between pump and Stokes waves under phase
matching condition, is given by [32]:

VB = 2N Va/ A, (1)

where nqg is the effective refractive index of the optical
mode, v, is the acoustic velocity of the medium - the sur-
rounding gas in our case - and A is the pump wavelength
in vacuum.

The small nanofibre dimensions (740 nm in this work)
compared to the optical wavelength results in 58% of the
light field intensity propagating outside the nanofibre,
which can interact with the surrounding gas or other fluid
material. This evanescent field is visible in the finite-
element simulation of the power distribution of the fun-

damental optical mode illustrated in Fig. 1(b). The gas
molecular displacement of the acoustic mode along the
fibre axis direction is shown in Fig. 1(c) (see Methods
for the simulation details).
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Figure 2. 3D calculation of Brillouin spectra in silica nanofi-
bres surrounded by 40 bar CO; for a diameter ranging from
500 nm to 1.5 pm.

Nanofibre gas cell. The diameter of the nanofibre is
elaborately chosen in order to provide the maximum Bril-
louin backscattering gain generated from the elastic wave
in the gas surrounding the silica nanofibre. The large
evanescent field creates a strong electrostrictive force spa-
tially distributed around the nanofibre. The elastic wave
in the gas generated via electrostriction is confined by the
evanescent optical field. Figure 2 shows a numerical cal-
culation giving the map of the Brillouin spectrum in 40
bar CO; surrounding a nanofibre with diameters ranging
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Figure 3. Backward Brillouin scattering in the silica material of the nanofibre during fabrication process. The
backward Brillouin scattering of the nanofibre is measured with a set-up we developed in 2017 [33]. The Brillouin signal is
normalised to the background noise of the electrical spectrum analyser when there is no pump. The Brillouin spectra from the
surface acoustic modes and the hybrid acoustic modes of the silica nanofibre during fabrication are calculated by the model in
[33]. The blue line shows the measured Brillouin spectrum of the nanofibre on the stages after tapering. The dotted red line
shows the simulated Brillouin spectrum of the nanofibre with a waist diameter of 740 nm. The dotted purple line shows the
measured Brillouin spectrum of the nanofibre after packaging the nanofibre in a metallic tube with a 2.15% strain. Note that
the signal from SMF pigtail is not taken into account in the simulation and any response from interactions in the gas is not
visible in the frequency range covered by the set-up. The Brillouin scattering from the standard single-mode fibre pigtail of the
nanofibre is also observed at a frequency of 10.86 GHz. The inset shows the fabricated nanofibre gas cell with the untapered
SMF segments exiting the gas cell at each end. Gases can be pressurised in or vacuum pumped out through the gas inlet/outlet

port.

from 0.5 to 1.5 um. This calculation indicates the geo-
metrical sizes of the nanofibre maximising the light-sound
interaction in the surrounding gas, which is a trade-off be-
tween the optical mode’s effective overlap and the optical
intensity in the evanescent field. The optimal diameter
of the nanofibre maximising Brillouin scattering by the
evanescent field is calculated to be 740 nm.

The detailed fabrication process of the nanofibre gas
cell is described in Methods. We infer the waist diameter
of the nanofibre with a few nanometre sensitivity by map-
ping the backscattered Brillouin spectrum along the op-
tical fibre taper and fitting with numerical simulations of
the elastodynamic equations (a technique we developed
in 2017 [33]). The fabricated nanofibre sample presented
in this work shows a waist diameter of 740 nm + 5 nm,
a waist length of 10 cm, two adiabatic transitions of 79.4
mm + 5 mm of total length and an insertion loss of 0.14
dB. The backscattered Brillouin signal of the nanofibre is
shown in Fig. 3. The blue and dotted red lines in Fig. 3
are respectively the experimental and numerical simula-
tion results in the nanofibre after the tapering process.
The experimental Brillouin spectrum, including the sur-

face acoustic modes and hybrid acoustic modes, matches
perfectly with the numerical simulation for a nanofibre
with a diameter of 740 nm + 5 nm. After fabrication,
the nanofibre is packaged in a simple metallic tube as a
gas cell while applying a controlled strain. The measured
Brillouin spectrum after applying the strain is shown in
the dotted purple line of Fig. 3. As a result of the strain,
the resonances due to surface acoustic modes and hybrid
acoustic modes both shift to higher frequencies, perfectly
matching with our previous analysis [34].

Evanescently-induced Brillouin scattering in the
nanofibre gas cell. The Brillouin gain coefficient and
spectrum can be obtained from a spontaneous Brillouin
scattering measurement [35]. The detailed calculation
and calibration of the Brillouin gain coefficient from
the spontaneous Brillouin measurements are described in
Supplementary Section 1. All the experiments were per-
formed at an environmental temperature of 24 + 1°C.
Figure 4(a) shows the detailed experimental implemen-
tation. The pump light is amplified by an erbium-doped
fibre amplifier and launched through a circulator into the
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Figure 4. Backward Brillouin scattering in the nanofibre gas cell. (a) Heterodyne experimental set-up. To make
a comparison between peak Brillouin gains, a 53.5 m single-mode fibre (SMF) is connected to the far end of the nanofibre.
The output of a continuous-wave external-cavity diode laser (ECDL) is split: one branch is amplified by an erbium-doped
fibre amplifier (EDFA) and used to pump the nanofibre as well as the SMF. The other branch is up-shifted in frequency
(+110 MHz) by an acousto-optic modulator (AOM) and combined with the backward spontaneous Brillouin scattering for
heterodyne mixing. The total length of the nanofibre (including the adiabatic tapering transition and the nanofibre waist) is
179.4 mm + 5 mm with a 10 cm long 740 nm 4 5 nm diameter nanofibre. Note that the total insertion loss of the nanofibre
is 1 dB including the 0.14 dB tapering-induced loss, the splicing loss of the nanofibre to two fibre pigtails at each end, as well
as the loss of the two angled-physical contact connectors. The heterodyne spectrum is measured by a photodetector combined
with a radio-frequency electrical spectrum analyser (ESA). The AOM is used to separate the Stokes and anti-Stokes Brillouin
scatterings. The polarisations of the pump light and the local oscillator are adjusted using two polarisation controllers (PCs)
to achieve the highest heterodyne response. (b) Heterodyne beating spectra of the 10 cm nanofibre gas cell and the appended
53.5 m SMF. The Brillouin frequency shifts of the 40 bar CO; in the 10 cm nanofibre gas cell, the silica contribution in the
10 cm nanofibre gas cell as well as the 53.5 m SMF are 0.34 GHz, 9 GHz and 10.86 GHz respectively. The red and blue lines
in the inset of (b) are the backward Stokes Brillouin gain spectra for the 40 bar CO2 nanofibre gas cell and for the SMF,
respectively. The horizontal scales span over the same frequency width for a good comparison.

nanofibre gas cell. A 53.5 m single-mode fibre (SMF) is
appended to the nanofibre and provides a direct com-

the 53.5 m SMF are shown in Fig. 4(b). The Brillouin
frequency shift for the 40 bar COy contribution, silica

parative response for the Brillouin gain. The backward
spontaneous Brillouin scattering signal is measured using
heterodyne beating with a frequency-upshifted fraction
of the pump laser (as a local oscillator) and detected by
a radio-frequency electrical spectrum analyser via a pho-
todetector. The beating spectra from the 40 bar COq
contribution in the 10 cm nanofibre gas cell, from the
silica contribution in the 10 cm nanofibre as well as from

contribution and SMF contribution are 340 MHz, 9 GHz
and 10.86 GHz respectively. Note that the 9 GHz signal
is from the silica nanofibre hybrid acoustic mode which
has been analysed in Fig. 3. The +110 MHz frequency-
shifted local oscillator splits the Stokes and anti-Stokes
components. The right peaks identify the Stokes scat-
tering while the left peaks originate from the anti-Stokes
scattering. Remarkably, we can observe that the peak
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Figure 5. Experimental Brillouin gain spectra in the nanofibre placed in a gas cell filled with CO;. (a) Measured
Brillouin gain spectra along the nanofibre gas cell filled with CO2 at different pressures. (b) Normalised Brillouin gain spectra
in 40 bar CO2 obtained in a nanofibre with a waist of 740 nm. The blue line shows the theoretical Brillouin spectrum at the
nanofibre waist; the red line shows the compound theoretical Brillouin spectrum along the nanofibre waist and the tapered
region. The black line shows the experimental Brillouin spectrum along the nanofibre in the gas cell filled with 40 bar CO;.
(c) Measured Brillouin linewidth defined as twice the value of the left half-width measured spectrum using a Lorentzian fitting

on the experimental curves in (a).

Each red data point shows the estimated mean and the RMS error bar for a total of 10

measurements at each pressure. The blue line shows the theoretical Brillouin linewidth of free-space CO2 gas at different

pressures.

Brillouin signal for 10 cm nanofibre filled with 40 bar
COg is ~ 10 times higher than that of the 53.5 m SMF.
The red and blue lines in the inset of Fig. 4 (b) show
the Brillouin gain spectra of the 40 bar CO5 nanofibre gas
cell and the SMF respectively, when the polarisations are
tuned to maximise the specific Brillouin signal. The peak
Brillouin gain coefficient for the nanofibre gas cell filled
with 40 bar CO5 is 8.2040.08 m~'W~! which is 34 times
higher than that of the SMF (0.24 m~*W~1). The error
bar is calculated from the standard deviation of the peak
gain over 10 measurements. Note that the peak Brillouin
gain coeflicient for the SMF obtained from our sponta-
neous scattering measurement is in good agreement with
the standard value for this type of fibre [36], which con-
firms the solidity of our test bench and calibrations based
on spontaneous scattering. The shape of the Brillouin
gain spectrum of the standard SMF is a fully symmetric
Lorentzian distribution while the shape of the Brillouin
gain spectrum of the 40 bar CO, nanofibre gas cell is
evidently asymmetric, as explained in the next section.

Different gas pressures. Figure 5(a) shows the Bril-
louin gain coefficient as a function of the CO4 pressure
in the nanofibre gas cell. The peak gain coefficient in-
creases with the pressure while the linewidth is simulta-
neously reduced, in agreement with the model presented
in [8]. The peak gain coefficient is 18.90 £0.17 m~1W~1
at 57 bar which is 79 times stronger than that in a SMF.
The error bar is calculated from the standard deviation
of the peak gain for 10 measurements.

It is interesting to see in Fig. 5(a) that the shape of the
Brillouin spectra is skewed. This asymmetry results from
the contribution of the tapered transition region, since

this segment shows a position-varying evanescent optical
field that keeps interacting with the sound wave in the
gas. Let us take 40 bar CO, as an example and analyse
its spectrum in Fig. 5(b). The blue line is the theoreti-
cal Brillouin spectrum in 40 bar CO5 (along the homoge-
neous nanofibre section) and the red line is the theoret-
ical Brillouin spectrum including the uniform nanofibre
section as well as the tapered region (see Supplemen-
tary Section 2 for the detailed analysis). The tapered
region only contributes to the higher frequency region be-
cause its gradually larger diameter increases the effective
refractive index, leading to a larger Brillouin frequency
shift, as indicated by the phase-matching condition given
in Eq. 1. So the tapered region presents a higher Bril-
louin frequency shift and makes the Brillouin spectrum of
the nanofibre slightly skewed. The theoretical Brillouin
spectrum taking into account this asymmetry matches
well with our experimental results.

Figure 5(c) shows the measured Brillouin linewidth for
the nanofibre gas cell filled with CO4 at different pres-
sures as well as the theoretical estimation of the free-
space gas Brillouin linewidth. Here, to exclude the contri-
bution from the tapered regions, the Brillouin linewidth
for the nanofibre gas cell is defined as twice the value of
the left half-width-half-maximum of the spectrum fitted
with a Lorentzian (i.e. considering only the left half of the
spectrum). The measured Brillouin linewidth decreases
with pressure in the range from 5 to 50 bar. It then
increases from 50 to 57 bar, as a result of the close vicin-
ity of the gas-liquid phase transition at room tempera-
ture, since the acoustic damping increases when the gas
phase is approaching the liquid transition. It should be
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Figure 6. Experimental Brillouin gain spectra from the nanofibre gas cell filled with different types of gas.
Measured Brillouin gain spectra for 2 bar SFg, 5 bar CO2 and 10 bar N2. For the CO2 and N2 measurements, the noise
equivalent bandwidth of the electrical spectrum analyser (ESA) is 1 kHz, while for the SF¢ measurement, the noise equivalent

bandwidth of the ESA is 100 Hz.

mentioned that the measured Brillouin linewidth for the
nanofibre at a specific pressure is ~ 10 MHz larger than
the free space gas Brillouin linewidth. This linewidth
broadening is thought to originate from the coupling of
the light field with a continuum of free-space modes [37],
unlike in our simulation in which we only considered one
acoustic mode propagating longitudinally.

Different types of gas. We then carried out the study
of Brillouin scattering in a nanofibre gas cell filled with
different types of gas, namely COs, sulfur hexafluoride
(SFg) and nitrogen (Ng). The Brillouin gain spectra for
these three gases at specific pressures are shown in Fig. 6.
This result shows the possibilities of the evanescent Bril-
louin scattering of our nanofibre to be used for Brillouin
spectroscopy and gas analysis as well as the flexibility of
our platform in tailoring the Brillouin gain at will.

Discussion

In this work, we have demonstrated the generation of a
strong Brillouin scattering driven by the evanescent field
of a nanofibre placed in a gas-filled cell. The nanofi-
bre is obtained by fused-tapering of a standard single
mode fibre, so that the mode size transition to a sub-
micron dimension can be adiabatically realised with very
low added loss: this is a crucial advantage for the im-
plementation of such a gain stage in photonic systems.
The tighter light confinement in nanofibre compared with
hollow-core fibre results in a measured Brillouin gain co-
efficient in our 40 bar CO4 gas filled nanofibre gas cell
5-times larger than in a hollow-core fibre under the same
pressure [8], but it is expected that higher gains can be

achieved by using noble gases (e.g. xenon) [38]. Using
our nanofibre, we can increase the pressure close to the
gas-liquid phase transition of COy (64 bar at ambient
temperature) with negligible absorption loss because of
the relatively shorter length of the nanofibre and smaller
percentage of light interact with the gas molecules, in
contrast with hollow core fibres where light molecular
absorption turns out to limit the maximum pressure. In
these conditions, we have achieved a peak Brillouin gain
coefficient of 18.90 & 0.17 m~*W~! at 57 bar, which is
11 times higher than that obtained in a hollow-core fibre
and is 79 times higher than that in a SMF. Furthermore,
unlike in hollow-core fibres [8] where both optical and
acoustic modes are confined in the hollow core, this work
has demonstrated the first possibility to probe the acous-
tic wave in the surrounding medium of a waveguide using
an all-optical method thanks to the strong Brillouin scat-
tering generated by the evanescent field of the waveguide.

This feature offers the attractive possibility to realise
compact optical amplification stages, since a gain similar
to that generated over several tens of meter of standard
fibre can be obtained over a few centimetres along the
nanofibre, with a very minor insertion loss. The concept
may be extended to any planar waveguiding structure
showing a substantial evanescent field and can be the
essence of gain blocks in photonic integrated circuits. For
instance, a suspended [21] or slot nano-waveguide [39]
could be used for strong light-sound interactions in gas.
Various functional optical devices and sensors could be
generated based on this platform.

Our nanofibre gas cell can also be used for novel ap-
proaches in pressure and temperature sensing. For in-



stance, the measured Brillouin frequency shift along the
nanofibre gas cell filled with CO2 at different pressures
(shown in Fig. S2 in Supplementary Section 3) shows a
pressure sensitivity of ~ -1 MHz/bar. This large sensitiv-
ity enables our nanofibre gas cell to be used for pressure
measurement over a range from 5 to 57 bar. Tempera-
ture variations also change the gas acoustic velocity [§]
and hence the Brillouin frequency shift in the nanofibre
gas cell.

In order to estimate the capability of our nanofibre
waveguide for microscopy and spectroscopy of biological
samples, we have simulated the Brillouin gain spectrum
of a nanofibre immersed in water. Since the acoustic ve-
locities in the surrounding medium (e.g. ~ 300 m/s in
gas and 1500 m/s in water) and that of the solid sil-
ica nanofibre (6000 m/s) are very different, the respec-
tive Brillouin frequency shifts in the surrounding medium
and the nanofibre are well separated. The peak Bril-
louin gain is calculated to be 1 m~'W~! for a 450 nm
diameter nanofibre immersed in water, which is 8 times
larger than that in 2 bar of SFg shown in Fig. 6. The de-
tailed simulation is described in Fig. S3 in Supplemen-
tary Section 4. The accessibility of the acoustic wave,
present in the surrounding medium and thus external to
the waveguide, and the high Brillouin gain of a nanofibre
immersed in water opens new perspectives and creates an
important bridge between Brillouin scattering in waveg-
uide and Brillouin microscopy and spectroscopy. So far,
Brillouin microscopy and spectroscopy have exclusively
relied on free-space light excitation. For Brillouin spec-
troscopy (28], our platform provides an efficient way for
light illumination and Brillouin scattering signal collec-
tion. For Brillouin microscopy, our work suggests a novel
imaging modality, namely waveguide-illumination Bril-
louin microscopy, which inherits many benefits of on-chip
based microscopy [30, 31], such as separation between the
illumination and detection light paths, facilitated align-
ment and high throughput [29].

Methods
Simulations. The transverse dimension of the silica
nanofibre is close to the acoustic wavelength. Therefore,

in such a waveguide, the boundaries conditions induce
a strong coupling between longitudinal, shear and sur-
face elastic components. The generation of a confined
elastic wave in the gas-silica rod assembling by the two
components of optical field (guided and evanescent) is
calculated by using the elasto-dynamic equation driven
by the electrostrictive stress [40, 41]. All calculations for
COg at 40 bar are realised using: an optical wavelength
of 1550 nm, a refractive index of 1.01804 [8], an acous-
tic velocity of 250 m/s, and a density of 71.35 kg/m?3.
To exclude the contribution from the tapered regions,
the Brillouin linewidth used in the simulation for 40 bar
CO4 is 14.2 MHz which is defined as twice the value of
the left half-width-half-maximum of the spectrum fitted
with a Lorentzian (i.e. considering only the left half of
the spectrum).

Fabrication of the nanofibre gas cell. The nanofi-
bre is fabricated by tapering a standard single-mode fi-
bre (SMF) using the heat-brush technique. To package
the nanofibre into the gas cell, we applied the following
procedure: first, we move the nanofibre sample from the
tapering translation stage to a fixed-length stage with
two fibre clamps on both ends of the SMF pigtails. Sec-
ond, we orient the stage perpendicular to the ground,
release the lower fibre clamp, insert the lower end of the
nanofibre sample into a metallic tube, to finally hermeti-
cally glue the lower end of the tube. Third, to avoid any
contact of the nanofibre with the tube wall, we apply a
2.15% strain on the nanofibre. We then apply glue on
the other side while precisely controlling the strain and
monitoring the backward Brillouin spectrum.
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