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Abstract: Laser-deflection-based acoustic sensing is known for high bandwidth but low
sensitivity. By embedding the sensing laser within a Sagnac interferometer and incorporating
split-beam detection—originally developed for optical trapping microscopy—we demonstrate
sensitive acoustic detection in air with a 2 MHz bandwidth. In a direct comparison, our method
far-exceeds performance metrics of a state-of-the-art, commercially-available, high-bandwidth
microphone. In upcoming large-volume-bubble-chamber searches for dark matter, our method
could replace traditional acoustic sensors confined to the chamber’s exterior where signals are
weakest.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It has long been known that sound influences the propagation of light [1,2]. Physically, the
pressure variations of a sound wave induce proportional variations in density and hence also
refractive index. For example, optical diffraction from ultrasonic standing waves forms the basis
of acousto-optical laser frequency modulation and beam steering. Recently, high power lasers
have been deflected by ultrasound in air using this effect [3]. By the same physics, light may be
used to quantify sound in a variety of ways [4,5]. Acoustically driven variations of a medium’s
refractive index may be detected interferometrically by comparing the phase of a light beam
passing through a sound wave to that of an otherwise-identical reference beam [6]. Separate from
interferometric methods, sound may be detected by small deflections of a probe beam passing
through a sound wave, partially masked by a knife edge, and incident upon a fast photodiode.
This technique is often called probe-beam deflection [4,7], but it is also known as gas-coupled
laser acoustic detection [8,9] or optical probing of the acoustic refractive-index gradient [10].
Early uses for this technique studied the relaxation dynamics in fluids after passage of a shock
wave [11]. Later refinements used a focused laser as the probe beam. A focused beam greatly
enhanced the detection bandwidth that scales as the speed of sound divided by the probe beam’s
width. Such refinements enabled resolution of sound speeds in liquids [7], ultrasonic nozzle flow
[12], and shock wave profiles [13].

Like related Schlieren imaging techniques – which can be traced back to the work of R.
Hooke in 1672 [14] – the probe beam deflection signal is proportional to the gradient of acoustic
pressure, integrated along the probe beam’s path. In fact, the deflection signal is proportional to
the pressure gradient for plane acoustic waves; for spherical waves, corrections can account for
acoustic wavefront curvature [15]. Modern probe-beam deflection setups typically use a quadrant
photodiode in place of a knife edge and single-photodiode. The quadrant photodiode signal of
acoustically driven probe-beam deflections enables all-optical photoacoustic microscopy [16],
non-contact defect detection [9], and determination of sound’s propagation direction. [17].

In this article, we report on an apparatus improving the state-of-the art in probe beam deflection
for acoustic sensing. Our approach, depicted schematically in Fig. 1(a) and further detailed in
Supplement 1, consists of two unique features. First, inspired by optical trapping microscopy
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methods for monitoring Brownian particles [18–20], we employ a cut-mirror and balanced-
photodetector to measure the probe beam’s acoustically-driven deflections. This method, which
we call split-beam (SB) detection, allows the use of small, and hence fast, photodiodes (like the
traditional knife-edge technique) while still rejecting common-mode relative intensity noise (like
the quadrant detector technique). Second, we align our probe beam as a Sagnac interferometer
[21,22] and detect deflections at the system’s dark port. We say the Sagnac interferometer is a
witness to beam deflections, leading to quantifiable metrological gain. We predict interference
patterns at the cut mirror position and the resulting SB signal using ray tracing simulations in
Fig. 1(b) and (c) (see Supplement 1 for simulation details).
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Fig. 1. The Sagnac-witnessed laser deflection for acoustic sensing. (a) Schematic of the
setup. The detection laser beam is divided by a 50/50 beamsplitter. The resulting beams
traverses counter-propagating loops, forming a Sagnac interferometer. One arm of the
interferometer is aligned through a 1:1 telescope formed by identical 150 mm focal length
lenses. Another arm features a quarter-wave, half-wave, quarter-wave-plate triplet used
to adjust the relative phase between the two beams. A D-shaped cut mirror and balanced
photodetector are aligned at the dark port of the interferometer for split-beam detection. To
generate test sounds, a pulsed excitation laser is focused onto an aluminum target positioned
between the Sagnac’s telescope arm and a high-bandwidth reference microphone. When
the beamsplitter is removed, the Sagnac effect is destroyed and the system resembles a
traditional beam-deflection-based acoustic sensor. (b) Example interference patterns at the
cut mirror’s position, simulated by ray tracing. Colors correspond to different times during
excitation with a 40 kHz sinusoidal refractive index gradient across the telescope arm. (c)
The simulated split-beam signal for one excitation cycle. Vertical lines mark specific times
and are color coded with the interference patterns shown in (b).

Beyond their traditional use as inertial sensors [22], Sagnac interferometers have demonstrated
picoradian /

√
Hz-sensitivity to mirror-driven beam deflection [23,24], technical noise reduction

[25,26], ultra-fast response to temperature-induced refractive index variations [27], enhanced
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beam-deflection-based photothermal spectroscopy [28], and enhanced position monitoring
of optically trapped microspheres [29,30]. Theoretically, the Sagnac enhancement may be
understood as classical wave interference [29] or as a quantum weak-value measurement [24,26].
Optical-fiber-based Sagnac interferometers have been used for several years as hydrophones and
surface acoustic wave sensors [31–34]. There, the detection mechanism is based on strain-induced
refractive index changes within kilometer-length fiber coils. Our method relies on beam deflection
within a free-space Sagnac loop and our emphasis is on ultrasonic measurements in air. Despite
this relevant prior work, Sagnac-enhanced detection of acoustically driven probe beam deflection
has thus far remained unexplored.

Though our proof-of-principle experiments take place in air, it is quite straight forward to pass
the probe beam through a fluid-filled chamber [28]. One particularly promising application is
towards dark matter detection in a bubble chamber. Over the past decade, bubble chamber searches
for weakly-interacting massive particles (WIMPs), a family of theoretical dark matter candidates,
have provided the tightest direct-detection constraints on spin-dependent WIMP-proton scattering
cross sections [35,36]. Critical to this technique’s sensitivity is acoustic discrimination between
alpha-particle recoils and single-proton recoils [37,38]. Lead zirconate titante piezoelectric
acoustic transducers epoxied to the outer chamber wall veto alpha recoil events. However, this
technique grows less sensitive as the chamber volume grows, and planning for a tonne-scale
chamber is underway, promising a >4× increase in detector volume compared to the current
apparatus [39]. To address the loss of acoustic sensitivity, we propose our acoustic detection
scheme replace surface-confined piezoelectric transducers. Our detection laser (or arrays of them)
could be passed through the chamber such that bubble events are, on average, approximately 100
times closer to the detection point. Assuming only geometric loss, the acoustic amplitude at
our sensor would be 104 times larger. The existing technique also suffers loss due to acoustic
reflection at the impedance-mismatched boundary, which we crudely estimate as a factor of 10.
Therefore, our probe beam could be subject to a 105 times greater acoustic impulse, as compared
to the outer-surface-confined sensors, for the same bubble event.

In the remainder of this article, we discuss experiments undertaken to characterize our Sagnac-
enhanced, probe-beam deflection acoustic sensor. Using laser ablation as a high-frequency-
content impulsive test sound, we compare the bandwidths of traditional and Sagnac-enhanced
beam-deflection measurements. The traditional measurement is made by simply removing the
beamsplitter in our setup, but maintaining our SB detection. For reference, signals are compared
to a calibrated, high-bandwidth gas-coupled microphone. Then, using a continuous 40 kHz
tone, we compare signal-to-noise ratios (SNRs) between our microphone, Sagnac-enhanced SB,
and Sagnac-enhanced single-photodiode (SPD) measurements. Taken together, our experiments
quantify the meteorological gain afforded by SB detection and Sagnac interferometry.

2. Results

Pulsed lasers provide a convenient and tuneable impulsive acoustic source [40–43]. When a
focused pulse impinges on a metal surface, at least two distinct regimes of sound generation
are possible. At lower laser intensities, the material responds thermoelastically to the sudden
laser-induced heating, sourcing a relatively weak acoustic impulse [44]. Beyond some critical
fluence, usually a few J/cm2 for nanosecond laser pulses [45–47], the material is vaporized and
ionized in a complex process known as laser ablation. Compared to the thermoelastic response,
laser ablation sources a weak shock wave with significantly higher peak pressures and a universal
N-shape [48]. We focus a variable-energy pulsed laser (pulse width 5 ns, wavelength 532 nm) to
approximately 100µm on an aluminum target to generate either ablative or thermoelastic acoustic
impulses as test sounds.

Figure 2 reports a typical laser ablation signal as measured by (i) a calibrated (0.68 mV/Pa
nominal sensitivity) high-bandwidth (200 kHz) microphone, (ii) traditional beam deflection
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measured with SB detection, and (iii) Sagnac-enhanced SB detection. The laser deflection signals
are shown in physical units by accounting for the system’s theoretical response function [15]
and rescaling to match the slower trough portion of the calibrated microphone’s signal (see
Supplement 1 for details).
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Fig. 2. Estimating bandwidth using laser ablation acoustics. (a) Example single-shot
time-domain signals as recorded by the microphone (blue, dot-dashed), split-beam (SB)
sensing of probe beam deflection (green, solid) and Sagnac-enhanced SB detection (orange,
dashed). (b) Power spectral densities (averaged over 50 shots) of the signals (darker curves)
in (a) compared to noise (lighter curves). Colors are coordinated with panel (a). The pulsed
laser energy is 7 mJ so the fluence at the target is approximately 89 J/cm2.

Figure 2(a) shows the signal in the time domain lasts approximately 10µs. The microphone’s
limited bandwidth significantly distorts the signal’s leading edge. The microphone resolves a
longer initial rise time – defined here as the time it takes for the signal to change from 10% to 90%
of its peak value – of 2.0(3)µs and a lower peak pressure of 115(3) Pa. Numbers in parentheses
report uncertainty in the last digits of quoted results. The quoted results reflect the average, while
uncertainty is the standard deviation, of values measured across 50 shots. By comparison, laser
deflection measured with SB detection registers a faster initial rise time of 0.8(4)µs and a higher
peak pressure of 270(29) Pa. The Sagnac-enhanced SB detection resolves a peak pressure of
250(12) Pa and a rise time of 0.50(4)µs.

In Fig. 2(b), the power spectral densities of the same signals quantifies their frequency content
in comparison to each sensor’s self-noise. In the frequency domain, we estimate the bandwidth
of the sensor as the point where the signal decays to the noise floor. For the microphone, this
method roughly agree with the manufacturer’s stated bandwidth of 200 kHz. For SB detection,
the bandwidth is at least 1.2 MHz alone or 2.0 MHz with Sagnac enhancement.

https://doi.org/10.6084/m9.figshare.26789920
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Due to its greater high-frequency acoustic sensitivity, the Sagnac-enhanced SB acoustic
detection can measure signals that the microphone cannot. This is demonstrated in Fig. 3 where a
weak, thermoelastic acoustic impulse is simultaneously measured via probe beam deflection, but
obscured by noise in the microphone. Figure 3(a) shows the Sagnac-enhanced SB signal, which
last approximately 2.5µs. We show raw voltage signals, but the peak pressure in the acoustic
impulse is estimated to be on the order of 1 Pa based on the microphone’s sensitivity and observed
noise levels in Fig. 3(b). Even upon averaging 10 independent shots (black lines), the microphone
does not resolve the thermoelastic acoustic impulse. Meanwhile, the Sagnac-enhanced SB
detection resolves the same impulse at the single-shot level, albeit with a signal-to-noise-ratio
(SNR) on the order of unity.
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Fig. 3. Minimum-detectable thermoelastic acoustic signal. (a) The raw voltage signal from
the Sagnac setup, measured with split beam (SB) detection. (b) The microphone’s raw
signal. In both panels, the black line reflects a 10-shot average. The pulsed laser energy is
0.063 mJ, so the fluence at the target is approximately 0.81 J/cm2.

As demonstrated previously in Sagnac-enhanced photothermal spectroscopy [28], the Sagnac
interferometer offers an alternative beam deflection sensing modality. Split-beam detection
measures the power imbalance between two halves of the laser mode exiting the interferometer’s
dark port. In addition to asymmetry in the interference pattern, the total power exiting the dark
port is modulated by the passage of acoustic waves. Therefore, focusing the dark port’s output
onto a single-photodiode (SPD) also provides acoustic sensitivity. For this sensing modality,
we find it necessary to optimize the relative phase between the two Sagnac beams so that the
dark port is slightly bright. Alternatively, the Sagnac can be intentionally misaligned by an
optimal, beam-size-dependant amount [28]. To adjust the Sagnac phase, we use two quarter-wave
plates surrounding a half waveplate in one arm of the interferometer loop [23] (see Fig. 1(a)).
The two quarter wave plates’ fast axes are at 45◦ and 135◦ with respect to the input beams
polarization, respectively. As the half-waveplate’s fast axis is rotated by β the relative phase
between the two Sagnac beams is adjusted by θ = 4β. Even with careful alignment, the dark
port is never completely dark. We estimate the Sagnac phase in our system by measuring the
power entering the interferometer Pin and the power exiting the dark port Pout. We achieve an
extinction ratio of Pout/Pin ≈ 1/100 from which we estimate the minimum Sagnac phase as
θ = 2 arcsin

√︁
Pout/Pin = 11.5◦.

In Fig. 4 we compare Sagnac-enhanced SB and SPD detection in terms of SNR. For this
experiment, we use as the sound source a 40 kHz piezo buzzer driven at its resonant frequency by
a 1 V peak-to-peak sine wave. The SNR for both interferometric detection schemes is measured
at various Sagnac phase angles θ and compared to the microphone’s SNR. The Sagnac-enhanced
SB detection method achieves a typical max SNR of 25 dB, comparable to the microphone. The
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SNR decays rapidly upon increasing θ as -2.7(2) dB per degree. Conversely, the SPD detecion
method exhibits a broadly peaked SNR of approximately 13 dB at θ = 30◦.
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Fig. 4. Signal to noise ratio comparison. A continuous 40 kHz acoustic stimulus is measured
approximately 1 cm from the source using three methods. The microphone (blue, dot-dashed)
achieves an SNR of 25(2) dB. Uncertainty, represented by the shaded band, expresses the
standard deviation of 100 trials. Sagnac-enhanced split beam (SB, orange, dashed) and
single-photodiode (SPD, red, dotted) detection SNRs represent accumulated statistics over 5
Sagnac phase scans across three days of testing. Error bands account for uncertainty in the
phase and SNR at each setting of the 5 scans. The best single SNR measurement was 27(2)
dB, achieved by the Sagnac+SB method with a phase of 11.5◦.

3. Conclusions

In this article, we have proposed and demonstrated a novel laser-based acoustic detection scheme.
By combining a Sagnac interferometer and split-beam detection we achieve high bandwidth and
high signal-to-noise ratio acoustic detection in air.

We now provide a summary analysis of our data. First, using laser ablation as a sound
source, we demonstrate the Sagnac interferometer enables a 67% increase in bandwidth and
an order of magnitude lower statistical fluctuation in acoustic-impulse rise time compared to
split-beam detection alone. Second, using weak thermoelastic acoustic signals and comparison
to a calibrated microphone, we estimate our system’s noise-equivalent pressure is on the order of
1 Pa at 400 kHz. The 400 kHz frequency is estimated by the inverse of the weak signal’s 2.5µs
duration. Under the same stimulus, the microphone registers only noise with a signal amplitude
less than 0.5 mV, or pressure on the order of 1 Pa within its 200 kHz bandwidth. Assuming
that there is not significant additional noise in the 200 kHz to 400 kHz band leads us to the
above noise equivalent pressure estimate. More quantitatively, the integral of the noise spectrum
(Fig. 2(b), light orange curve) to the 1/2-power gives a noise-equivalent pressure of 2.6 Pa at
400 kHz (3.0 Pa at 2 MHz). Finally, split-beam, as compared to single-photodiode, deflection
measurements afford more than 10 dB enhancement to signal-to-noise ratios after optimizing the
Sagnac beams’ relative phase for each measurement.

Our demonstration has taken place in air, but our methods apply equally well to other
media: Bandwidths scale with the medium’s speed of sound and sensitivity scales with the
rate at which the medium’s refractive index changes with pressure. Applying our methods to
existing laser-deflection-based measurements could improve, e.g., spatial resolution of all-optical
photoacoustic microscopy, sensitivity of all-optical photoacoustic- and photothermal-spectroscopy,



Research Article Vol. 32, No. 22 / 21 Oct 2024 / Optics Express 40036

and reliability of acoustically transduced noncontact defect detection in solids. A particularly
promising application of our method is to acoustic discrimination in bubble-chamber searches
for dark matter.
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