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Photoacoustic spectroscopy, a powerful tool for gas analysis, typically uses bulky gas cells and discrete microphones.
Here we exploit light-gas-acoustic interaction in a gas-filled anti-resonant hollow-core-fiber (AR-HCF) to demonstrate

photoacoustic Brillouin spectroscopy (PABS). Pump absorption of gas molecules excites the acoustic resonances of the
fiber, which modulates the phase of a probe beam propagating in the fiber. Detection of the phase modulation enables
spectroscopic characterization of gas species and concentration as well as the fiber microstructure. Studying the acoustic
resonances allows us to characterize the longitudinal inhomogeneity of the fiber microstructure. By tuning the pump
modulation frequency to a wine-glass-like capillary mode of a 30-cm-long AR-HCF and the pump wavelength across

a gas absorption line, we demonstrate detection of acetylene at the parts-per-billion level. PABS has great potential for

high sensitivity gas sensing and non-invasive fiber characterization.
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1. INTRODUCTION

Photoacoustic spectroscopy (PAS) is a powerful tool for trac-
ing gas by detecting the acoustic wave generated during optical
absorption [1,2]. Typically, an open-path absorption cell is used for
photoacoustic generation, and a microphone is used for acoustic
detection. The types of microphones used include a quartz tuning
fork [3], interferometric cantilever [4], fiber-optic microphone
[5], etc. The detection sensitivity can be enhanced by using an
additional resonant acoustic cavity [6], and a parts-per-billion
(ppb) level or lower limit of detection has been demonstrated for a
variety of gases [7—-11].

Forward Brillouin scattering (FBS) refers to the process of
acousto-optic interaction between an optical mode and a guided
acoustic mode in a waveguide. The acoustic wave is excited by
optical forces such as electrostriction and radiation pressure, and
the resonant accumulation of acoustic energy occurs when the
acoustic frequency matches to an acoustic mode of the wave-
guide, enabling enhanced photon—phonon interaction along the
waveguide. FBS has been demonstrated on a variety of platforms,
including single-mode fibers (SMFs) [12], multi-core fibers [13],
solid-core photonic crystal fibers [14—16], and integrated silicon
waveguides [17], and has been exploited for sensing [18-21],
coherent information processing [22], optical amplification [23]
and lasing [24], frequency comb generation [16], mode-locked
lasers [25], etc. Recently, Brillouin scattering in hollow-core fibers
(HCFs) has been studied [26-31]. Intense backward stimulated
Brillouin scattering was observed at high gas pressures and was used
for lasing and distributed temperature sensing [30]. However, FBS
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at atmospheric pressure is extremely weak in HCFs, and no useful
application has been reported to the best of our knowledge.

Here, we demonstrate that the acoustic mode can be excited by
optical absorption of gas molecules inside an anti-resonant HCF
(AR-HCF) via the photoacoustic effect, and the excitation can be
two orders of magnitude more efficient than by the optical forces.
We then report a new approach of PAS by exploiting the enhanced
interaction of the acoustic mode with a probe optical mode in the
AR-HCE which is named photoacoustic Brillouin spectroscopy
(PABS). The AR-HCE, as a vibroacoustic system, offers a gas-filled
region for acoustic wave generation and silica microstructures as an
acoustic resonator. The acoustic wave generated by optical absorp-
tion is resonantly amplified in the fiber and modulates the phase of
a probe light beam propagating along the fiber. The accumulated
phase modulation is measured by a dual-mode interferometer
formed in the same AR-HCE which has the advantages of simplic-
ity in system setup and stability against environment disturbance
[32]. The acoustic resonances detected by PABS reveal the delicate
microstructures of the AR-HCF and can be used to characterize
the inhomogeneity along the fiber. The optical spectral absorption
at an acoustic resonance provides a means of photoacoustic gas
spectroscopy with enhanced sensitivity.

2. PRINCIPLE OF PABS IN AR-HCF
A. Acoustic Mode in AR-HCF

Figure 1(a) shows a scanning electron microscopy (SEM) image of
the AR-HCEF used in the experiment. It consists of an air-core and
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Fig. 1. (a) SEM image of the AR-HCE The white bar is 20 um.
Capillaries have slightly different sizes. (b) A capillary mode (w,). The
deformation of the capillary is enlarged for clarity. (c) An air mode (Ry;).
The geometry of the AR-HCEF used for simulation is built from the SEM
image of the real AR-HCE and the simulation is conducted at 293.15 K
and 1 bar (see Supplement 1 for details).

seven suspended silica capillaries of slightly different sizes. Finite-
element-method (FEM) analysis based on the thermo-viscous
acoustic model shows that the fiber supports a few coupled acoustic
modes in the frequency range up to 8 MHz.

Intuitively, the structure of a gas-filled AR-HCF supports
acoustic modes in air (termed air mode) and silica capillaries
(termed capillary modes [29]). They form hybrid acoustic modes.
The air mode is described by the density change (p), which
accounts for both pressure change and temperature change.
The capillary mode is described by the displacement of the silica
capillary (w).

As examples, Fig. 1(b) shows a capillary mode (the first-order
wine-glass-like mode w;) with an eigenfrequency of 4.50 + 0.018:
MHez. The imaginary part of the eigenfrequency accounts for the
loss of the mode. The loss of the capillary mode is dominantly
due to air damping. Figure 1(c) shows an air mode (the first-order
radial-like mode Ry;) with an eigenfrequency of 5.15 4+ 0.707
MHz, which is more lossy compared with the capillary mode.
There are seven similar capillary modes, corresponding to the
number of capillaries. The different sizes of capillaries reduce
their coupling to the air mode and also reduce the loss of capillary
modes. With increasing gas pressure, the loss of air mode reduces,
while the loss of capillary mode increases due to stronger air damp-
ing. Hence, the capillary mode would dominate at atmospheric
and lower pressures, while the air mode would dominate at high
pressures.

Different from the commonly used methods to excite FBS,
here, an acoustic mode is excited via the photoacoustic effect by gas
absorption of a modulated pump laser beam propagating in the
gas-filled AR-HCE. The wavelength (A p) of the pump is tuned to
an absorption line of the gas and the modulation frequency ( f) of
pump to the frequency of an acoustic mode. At low frequency of
several megahertz (MHz), the acoustic mode is very close to cutoff
and almost transverse, and the eigenfrequency may be approxi-
mated by the cutoff frequency f;. Hence, the FBS is also referred to
as Raman-like scattering [14].

Considering a simplified two-level system, the amplitude of the
acoustic signal is proportional to the optical absorption induced
harmonic heat source Q x @ C Pp/+/Q%t% + 1, where « is the
absorption coefficient, C is the gas concentration, Pp is the pump
power, 2 =27nf, and 7 is the thermal relaxation time of the sys-
tem. For many gases or gas mixtures, the values of T are in the range
of micro- to nanoseconds [33,34], and, hence, the photoacoustic
effect is particularly suited for exciting the lowest-order capillary
and air acoustic modes of the AR-HCE, which is in the frequency
range of MHz.
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B. Probe the Acoustic Modes with an Optical Wave

The acoustic resonances or modes may be detected by co-
propagating a probe beam (A7) with the pump beam (Ap) in
the gas-filled AR-HCE Acousto-optic interaction over the length
of the fiber modulates the phase of the probe, which can be detected
by optical interferometry. The AR-HCF used here primarily sup-
ports two groups of optical modes (i.e., L Py and L Pp;), and,
due to different overlap with the acoustic modes, the phases of
the two optical modes are modulated differently by the acoustic
resonances. We choose to use a mode interference method to
measure the phase difference between the two optical modes. The
index difference between L Py; and L Py modes, An = ny; — n11,
depends on the size of the hollow core and is in general smaller for
a larger-core diameter [35]. For the fiber shown in Fig. 1(a), the
index difference is about 1072. The differential phase is insensitive
to external disturbance due to common-path noise cancellation.
Compared with the phase modulation of an individual mode, the
differential phase is more robust against environment disturbance
with an enhanced noise rejection ratio on the order of 791 /An
[32].

The phase modulation exerted on a probe optical mode results
mainly from two contributing factors, the gas density change [36]
and the shifting boundary of silica capillaries [37]. It includes two
parts: a non-resonant part due to the temperature modulation of
gas induced by optical absorption, named photothermal phase
modulation; a resonant part due to the photoacoustically excited
acoustic resonance. The differential phase modulation may be
calculated by using A¢ = (2w /A) fOL dz[Ang1(z) — Ani1(2)]
and expressed in the form of

AP, Ap) =5(Qa(rp)CLgPp, (1)

where Leg= (1 — ¢ 1) /aC is the effective interaction length
of the AR-HCE and it approximates the length of fiber when
aCL < 1, assuming the loss of AR-HCF can be ignored. £ is a
normalized phase modulation coefficient that describes the fre-
quency response of the fiber and would become significant around
the acoustic resonances. We could define a photoacoustic Brillouin
nonlinear coefficient ¥y =&(Q)a(Ap)C. Since Ap(2, Ap) is a
function of the modulation frequency € =27/ and the wave-
length of pump A p, the proposed PABS method may be used for
gas spectroscopy via the (A p) C dependence and for spectroscopy
of microstructure via the £ (€2) dependence.

3. RESULT
A. Experiment Setup

The experiment setup is shown in Fig. 2(a). The pump laser is a dis-
tributed feedback (DFB) laser with a wavelength at 1532.83 nm,
which is near the P(13) absorption line of acetylene. The wave-
length of the pump is tuned across the absorption line by thermal
tuning, and the intensity of the pump is modulated sinusoidally
at the frequency of € by use of an acoustic optical modulator
(AOM). The pump power is further amplified by an erbium-
doped fiber amplifier (EDFA). An optical bandpass filter (BPF) is
used to filter out the amplified spontaneous emission noise from
the EDFA. The 3 dB bandwidth of the BPF is about 1 nm. The
probe light is from an external cavity diode laser (ECDL) and is
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Fig.2. (a) Experimentsetup for PABS in an AR-HCE Light is coupled
into AR-HCF with optical fiber collimators and optical lenses. A p and A,
wavelengths of pump and probe laser beams; PC, polarization controller;
ECDL, external cavity diode laser; PD, photodetector; BPD, balanced
photodetector. (b) Transmission spectrum of the AR-HCF dual-mode
interferometer. The red circle indicates the wavelength of the probe at a
quadrature point of the interferogram.
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multiplexed/de-multiplexed with the pump beam by wavelength-
division multiplexers (WDMs). Optical lenses are used to couple
lightinto and collect light from the AR-HCE.
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By using lateral offset coupling, both L Py; and L P;; modes
are excited in the AR-HCF and combined at the output SMF
to form a dual-mode optical interferometer for the probe beam.
The polarization controller (PC) and optical lenses are carefully
adjusted to achieve maximum fringe contrast at the interferometer
output. Figure 2(b) shows the transmission spectrum of the modal
interferometer measured with a broadband light source and an
optical spectrum analyzer. The near perfect sinusoidal interference
spectrum indicates that only two spatial optical modes (i.e., L Py;
and L Py) are guided in the AR-HCE. The probe laser wavelength
Ay is then fixed at the quadrature point of an interference fringe.
The probe beam is detected by a balanced photodetector to reduce
the effect of intensity noise. A lock-in amplifier is used to measure
the harmonic signal at the modulation frequency = Q/2x.

B. PABS of Fiber Microstructure

We first measured the PABS signal of a 30-cm-long AR-HCEF (fiber
sample A) filled with pure C, H, at a pressure of 10 mbar. The gas
filling time can be down to 20 s by pressurizing gas into the fiber.
Figure 3(a) shows the measured probe phase modulation in the
frequency range from 25 kHz to 7 MHz when the pump is tuned
to the P(13) absorption line of the vy + v3 band of acetylene (blue
trace). Seven strong resonances are observed around 5 MHz, cor-
responding to the seven capillaries of the AR-HCE. The Fano-like
profiles are possibly due to the photothermal phase modulation not
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Fig. 3.

PABS spectra of 30-cm-long AR-HCF:s filled with 10 mbar pure C, /. (a) The frequency response of fiber A. The blue and red curves are mea-

sured by tuning the pump to the P(13) absorption line and away from P(13) to 1532.7 nm, respectively. (b) The absorption spectrum of C, /, measured
with PABS with fiber A with pump modulation frequency fixed at4.545 MHz. (c) Comparison of the frequency response of two 30-cm-long AR-HCF sam-
ples (fibers A and B). (d) A closer look of the gray regions in (c) with their frequencies shown on the bottom (blue) for fiber A and on the top (red) for fiber B,

respectively.



Research Article

= 250

rad

N
o
o

-
(o))
o

Phase modulation (u
=)
)

50
0 ‘ ‘ ‘ ‘ .
4 4.5 5 5.5 6 6.5 7
Frequency(MHz)
= 250 T T T T
©
< (b) —Total
= 200 - I —SB ]
2 150 i eb
r_; M —— Raman gain
g 100 I :
v 50 ]
©
i 05 I —~ I —
4 4.5 5 6.5 7
Frequency(MHz)
Fig.4. (a) Frequency dependence of probe phase modulation for fiber

A at the pressures of 1 bar and 11 bar. The phase modulation is retrieved
from the interferogram of the modal interferometer (see Supplement 1
for details). The dashed line shows the simulation results. The simulation
is based on a model built from the SEM of the sample. (b) Contribution
of phase modulation due to shifting boundary (SB), gas density change
(GD), and the Raman gain of SMF pigtails (see Supplement 1 for details).

being in phase with the acoustic resonances. The capillary modes
are stimulated by optical absorption. When the pump wavelength
is tuned away from the absorption line, the phase modulation
reduces to nearly zero (red trace). The small background signal
is believed to be stimulated by the electrostriction and radiation
pressure of the pump beam, which is about 200 times weaker than
the largest PABS resonance. We also measured the gas absorption
spectrum with pump modulation frequency fixed at an acoustic
resonance while sweeping the pump wavelength across the P(13)
absorption line of acetylene around 1532.83 nm. A Doppler lim-
ited lineshape is observed, and an isotope of C, H, is resolvable, as
shown in Fig. 3(b).

For comparison, we conducted the experiment with another
piece of 30-cm-long AR-HCF (labeled as fiber sample B) from
the same fiber drawing process. As shown in Fig. 3(c), the two
samples show similar acoustic responses, but the response for fiber
B is upshifted by about 8%. The upshift is due to the scaling of the
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fiber structure during the drawing process. The blow-up of one
of the capillary modes near 4.55 MHz and 4.95 MHz is shown in
Fig. 3(d). The measured Q-factors of the capillary mode of fibers
A and B are, respectively, about 480 and 256, which is smaller than
the calculated Q-factor limited by gas damping of C, H, (about
940). The multi-peak spectra are due to the inhomogeneity of the
capillary along the fiber over a length of L . = 76 mm, the effective
absorption distance for pure acetylene at 10 mbar. For fiber A, the
frequency difference between the two peaks is about A /= 6 kHz.
FEM analysis shows that such a frequency difference is equivalent
to a wall thickness variation of 0.5 nm or a capillary diameter varia-
tion of 28 nm, corresponding to an inhomogeneity of 1.6%/m in
the wall thickness or 2.4%/m in the capillary diameter. This value
is quite close to the inhomogeneity estimated by the relative change
of the resonant frequency A f/( f; Leg) = 1.7%/m. For fiber B,
the inhomogeneity is estimated to be 2.3%/m in the wall thickness
or 3.6%/m in the capillary diameter.

We conducted further experiments with fiber A for gas pres-
sure from 1 to 11 bar. The fiber is now filled with 106 ppm C, H,
balanced with nitrogen. Pump depletion may be ignored in this
experiment because of the low concentration of C; H,. The experi-
mental results are shown in Fig. 4(a). At a pressure of 11 bar, the air
mode dominates, and the first-order radial-like mode is observed.
The frequency shift of the capillary modes is due to the coupling
with the air mode. The coupling between the capillary mode and
the air mode gives them a complicated dependence on the gas
pressure. We numerically calculate the phase modulation, and the
result matches well with our experiment. As shown in Fig. 4(b), at
a pressure of 1 bar, the signal detected consists of the phase modu-
lation induced by the shifting boundary, the gas density change,
and the Raman gain of SMF pigtails. For air mode dominated
situations, for example, the radial air mode (Ry; etc.), they are
proportional to the gas pressure. The small compressibility of gas at
high pressure reduces the acoustic attenuation in gas, which results
in a higher amplitude of the air mode. However, the irregular
silica-air boundary of AR-HCEF introduces additional viscous and
thermal dissipation at the boundary.

C. PABS for Gas Sensing

Gas detection with PABS was performed with fiber A by employing
the capillary acoustic mode at 4.51 MHz, which gives a Q-factor
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(a) Results of gas detection experiment with fiber A filled with 106 ppm C, H, balanced with nitrogen at a pressure of 1 bar. The time constant of

the lock-in amplifier is 1 s with a filter slope of 18 dB/Oct. (a) The measured PABS signal around the P(13) absorption line of C, /5. The blue and red curves
show the spectrum at resonance and off-resonance, respectively. The blue curve can be well fitted to a Lorentzian lineshape, and the residuals are shown as
the black curve. The residuals are mainly due to the power drift during the tuning of the pump. (b) The power dependence of the photoacoustic signal. The
error bar for the signal is enlarged 20 times for clarity. (c) Allan deviation analysis of noise by offsetting the wavelength of the pump to 1532.7 nm.
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about 120 at the pressure of 1 bar. The differential phase modula-
tion of the capillary mode at 1 bar is about 20% larger than that of
the strongest air mode (the second-order radial mode) at 11 bar.
We measure the absorption spectrum of C, A, by fixing the pump
modulation frequency to 4.51 MHz and slowly sweeping the
wavelength of the pump laser across the P(13) absorption line
near 1532.83 nm. The acoustic signal is defined as the amplitude
subtracted by the background, as shown in Fig. 5(a). The back-
ground is due the Raman gain of SMF pigtails (see Supplement 1
for details). As shown in Fig. 5(a), the acoustic signal is enhanced
by about 14 times when compared with the non-resonant signal at
4.3 MHz. The absorption spectrum has a Lorentzian lineshape.

The measured photoacoustic signal is proportional to the
pump power, as shown in Fig. 5(b). The maximum amplitude is
about 122 puV. The maximum phase modulation is estimated to
be 214 prad with a 162 mW pump power and 106 ppm C, H,
corresponding to a normalized phase modulation coefficient of
Emax = 0.39 rad/W or a photoacoustic Brillouin nonlinear coef-
ficient of Yimay = 4.4 x 107> W 'm™! for 106 ppm C, H,. The
Brillouin nonlinear coefficient could be further increased by using
a higher concentration of C, H,. Allan analysis is performed based
on the measurement data obtained over a period of 3600 s when the
pump was tuned away from the absorption line to 1532.7 nm, and
the results are shown in Fig. 5(c). The noise level is about 9.1 nV for
an integration time of 100 s, giving a signal-noise-ratio of 13,406.
The noise-equivalent concentration is calculated to be 8 ppb.

4. DISCUSSION AND CONCLUSIONS

In conclusion, we demonstrated PABS of gas-filled HCFs. Study of
the intriguing acoustic resonances of the AR-HCFs reveals its deli-
cate microstructures and allows characterization of inhomogeneity
along the fiber. Experiments with fiber samples from the same
fiber drawing process reveal longitudinal inhomogeneity of a few
percent per meter along the fiber. By employing a wine-glass-like
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acoustic mode of the silica capillary, we demonstrate a PABS for gas
sensing with a noise-equivalent concentration of 8 ppb C, H,.

Compared with FBS in AR-HCF stimulated by electrostriction
and radiation pressure, the strength of PABS is about 200 times
larger even with a relatively low concentration (i.e., 106 ppm)
of Cy Hy, which makes it possible for fiber characterization and
sensing applications. Besides, HCFs may be filled with different
gas species and different concentrations to provide flexibility to
engineer the acoustic property of the fiber.

The approach of PABS demonstrated here is very different
from the traditional methods of PAS. It has unique advantages.
First, compared with traditional methods, our approach allows
the accumulation of acoustic signals simultaneously in an acoustic
mode and along the fiber length. The total acoustic signal is pro-
portional to the Q-factor of the acoustic mode as well as the length
of the HCE Second, the detection of differential phase modulation
reduces the noise level of PAS and makes it more robust against
environmental perturbations. In addition, using a light beam
propagating in the same HCF as the acoustic probe avoids the
use of an additional microphone, which intrinsically minimizes
the disturbance of the microphone on the acoustic mode. HCFs
may be conveniently integrated into standard fiber-based systems
for cost-effective sensors and instruments with compact size and
remote detection capability.

Different probe optical modes have different phase sensitivities
to the acoustic mode. For the AR-HCF we used, the phases of the
high-order optical modes are more sensitive to the capillary mode,
since the optical field intensities are stronger in the vicinity of the
silica-gas boundary. The maximum displacement of the capillary
mode w; isabout § = 2.9 pm, corresponding to a sensitivity to the
deflection of about [d711,/98| ~ 41 m™! for the most sensitive
L P11, mode. From another perspective, increasing the sensitivity
of the probe on the acoustic mode is actually equivalent to maxi-
mizing the work done by its optical force during an acoustic period.
The sensitivity can be enhanced by optimizing the waveguide
structure. For example, the parallel evanescent-field-bonding
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a pump power of 162 mW, and the 30-cm-long HCFs are filled with 106 ppm C, H,. PABS signal of the PBG-HCF [Fig. 5(d)] is measured with a Mach—

Zehnder interferometer with the PBG-HCF as one of the arms.
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waveguides [38—40] could increase the sensitivity on the acoustic
mode significantly. A sensitivity of |07.4/38| = 64 x 10° m™!
has been demonstrated on a dual-nanoweb fiber [40]. In our
experiment, the AR-HCEF is not designed for high-Q acoustic
performance. A well-designed wine-glass mode of a silica capillary
could reach a Q-factor of a few thousands under atmospheric con-
dition [41] and could be even higher at lower pressures. The length
of AR-HCEF can also be at least 100 times longer, providing that the
inhomogeneity is not a problem. For a longer HCF, microchannels
may be fabricated along the fiber to speed up the gas filling process
[42]. A potential enhancement of the PABS signal by several orders
of magnitude is possible under atmospheric conditions.

Compared with photothermal spectroscopy with HCFs
[32,43], PABS measures the acoustic resonances instead of the
gas temperature change in the fibers. HCFs, which are typically
made of silica, are not good at confining heat. The heat generated
due to optical absorption is easily dissipated into the environment
via the silica cladding. However, the microstructure of the fibers
can resonantly accumulate acoustic waves with a Q-factor of a
few hundred. As shown in Fig. 3(a), the photoacoustic signal at
4.51 MHz is much higher and even higher than the photothermal
signal ata few kilohertz, which allows the system to work at a higher
frequency to minimize the 1/ f” noise. Furthermore, the probe
optical mode could be made much more sensitive to the acoustic
mode by optimizing the fiber microstructure, as discussed above.
We believe that PABS would represent a new paradigm for highly
sensitive gas detection by further exploiting the opto-acoustic
interaction in micro-structured fibers.

The highly tailorable microstructure of HCFs gives them
intriguing acoustic properties. It has been a challenge to char-
acterize the delicate microstructure of HCFs non-invasively.
Recently, measurement of the capillary sizes of AR-HCFs by using
whispering gallery mode spectroscopy has been reported [44].
PABS of HCFs provides an alternative method to characterize the
microstructures. We have performed PABS of several different
HCFs, and the results are shown in Fig. 6. For the AR-HCFs in
Figs. 6(a)-6(c), both the capillary mode (w;) and the air mode
(Ro1 and Ry;) are observed. For the photonic bandgap (PBG)
HCF in Fig. 6(d), the Ry; air mode is clearly visible, and the ripples
around the air mode would be due to the seriously damped acoustic
resonances of the complex cladding microstructure. The capillary
mode of AR-HCEF could be used to characterize the relative sizes as
well as the longitudinal inhomogeneity of the capillaries.

The ultimate Q-factor of the capillary mode of HCFs might be
limited by the surface roughness from the frozen surface capillary
wave during the fiber fabrication [45]. In our experiment, the
estimated maximum displacement of the capillary is about a few
picometers, which is much smaller than the rms surface rough-
ness (about 0.1 nm [46]). By using a short length of AR-HCF or
AR-HCEF with very good inhomogeneity, it might be possible to
characterize the surface roughness of HCFs, which accounts for
an important optical loss mechanism of them. Furthermore, the
concept of PABS demonstrated here is not limited to HCFs. It
could be applied on other platforms such as opto-mechano-fluidic
resonators [47], dual-nanoweb fibers [40], and integrated photonic
circuits [39].
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