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ABSTRACT

Optical resonators offer a promising alternative to conventional piezoelectric transducers in ultrasound detection because they can
be miniaturized without a decrease in sensitivity. However, optical-resonator-based detectors still possess a significant sensitivity
disadvantage compared to millimeter-scale piezoelectric transducers, preventing the dissemination of these micro-detectors. In
this manuscript, we present a new detector design that bridges the sensitivity gap between optical-resonator-based detectors and
piezoelectric transducers by amplifying light-ultrasound interaction in a pi-shifted Fiber Bragg grating. The proposed detector
has a noise equivalent pressure density <0.5 mPa/ \/ Hz, an ultra-broad bandwidth of more than 100 MHz. We perform a side-by-
side comparison between our detector and state-of-the-art piezoelectric bulky transducers employed in pre-clinical optoacoustic
systems, revealing comparable performance of the devices. These demonstrations with the detector length of approximately 500 pm
and a diameter of only 125 pm pave the way for miniaturized and high-performance implementations of our detector in a wide
range of minimally invasive applications, especially intravascular and endoscopic.

1 | Introduction the excitation fluence under medical approval thresholds, and

a broad detection bandwidth reduces temporal and spatial

Ultrasound detectors (UDs) play a vital role in many applications,
such as biomedical imaging [1] and non-destructive testing [2].
Recently, UD development has been geared toward adaptation
in space-constrained working environments such as endoscopic
imaging [3-5], intravascular imaging [6] or in multimodal optical-
optoacoustic microscopy [7]. In those implementations, it is
critical to miniaturize the UDs without degrading their per-
formance, i.e., their detection sensitivity and bandwidth [8].
A high sensitivity enhances the detection limit of the system
by increasing the signal-to-noise ratio (SNR) while retaining

uncertainties in the measurement, thus improving the achieved
spatial resolutions [9]. A prominent example is the diagnosis of
atherosclerosis associated with coronary artery disease, which
requires the UD size of well under millimeter scale to fit into a
conventional intravascular sheath, and the detection bandwidth
of 100 MHz to accurately resolve the fibrous cap thickness,
which is a hallmark of plaque stability [10]. Commonly used
state of the art intervascular-ultrasound (IVUS) has limited
ability to characterize the fibrous cap thickness [11], typically
on the order of 50 um, because the sensitivity of piezoelectric
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transducers (PZTs) decreases quadratically with size, preventing
PZTs miniaturization beyond the millimeter scale [12]. Therefore,
commercial IVUS systems offer resolutions of only 40-50 pm
[13], which prohibit accurate measurement of the fibrous cap
thickness.

UDs based on microscale optical resonators (microresonators)
have been proposed as alternatives to PZTs in applications that
necessitate miniaturization [14]. The sensitivity with regard to
miniaturizability, measured by per-area noise-equivalent pres-
sure density (NEPD), of microresonator-based UDs was reported
to be several orders of magnitude better than that of PZTs [14].
Unfortunately, achieving simultaneously high sensitivity and
large bandwidth in a miniaturized microresonator-based UDs is
not a trivial task. The most sensitive microresonator-based UDs
employed acoustic membranes to exploit strong optomechanic
coupling, which limits the detection bandwidth to several MHz
around the resonant frequencies of the mechanical resonators [15,
16]. For Fabry-Perot resonators, increasing the bandwidth facil-
itates reducing the cavity thickness, which inherently degrades
the sensitivity of the UDs [17]. UDs based on thin photonics
waveguides, i.e., polymer micro-ring resonators and silicon pi-
shifted Bragg grating, seem to be exempted from the sensitivity-
bandwidth trade-off because of the strong confinement of light in
the sub-wavelength cross-sections [18-21]. However, this method
is associated with complex microfabrication routines that are
available only at high-end fabrication institutions. In addition,
the small cross-section of these photonics waveguides appears
to be a double-edged sword, as on one hand, a small cross-
section enables a large detection bandwidth, but on the other
hand, it necessitates advanced packaging for interrogation of
the microresonators using external laser sources [22]. Those
packaging strategies—originally developed for optical communi-
cation or encapsulated stationary devices in data centers [23] -
lack both the miniaturization and reliability required to operate
in demanding biomedical applications such as intravascular
imaging. To the best of our knowledge, there is no existing
microresonator-based UD with an overall footprint of less than
1 mm that simultaneously supports high sensitivity (i.e., NEPD
of <1 mPa/ \/ Hz) and a broad bandwidth (i.e., 100 MHz), both
of which are achievable by bulky PZTs (see Section S1). Thus,
microresonator-based UDs still lag behind PZTs despite the
apparent appeal to intravascular or endoscopic applications.

We have recently demonstrated a sensitive UD based on rigid
silica microresonators over an ultra-broad bandwidth (160 MHz),
owing to the enhanced interaction between light and ultrasound
within the distance of several acoustic wavelengths from the
detection aperture [24]. However, the light-ultrasound interaction
of the reported UD cannot be enhanced without sacrificing
the Q-factor, limiting the overall sensitivity to approximately 3
mPa/ \/ Hz in NEPD. We hypothesize that by decoupling the light-
ultrasound interaction from the Q-factor of a microresonator-
based UD, the overall sensitivity of the UD could be further
enhanced without loss of bandwidth.

Here, we present the most sensitive microresonator-based UDs
to date with an overall NEPD as low as <0.5 mPa/\/Hz, a
detection bandwidth of approximately 100 MHz, and a diameter
of ¢125 pm. We achieved this by increasing the interaction
between the ultrasonic field and the optical field, which is

confined in the cavity of the pi-shifted Fiber Bragg grating
(pFBG) resonator. Using an OptA-based visualization and optical
simulation, we were able to control the relative position of the
confined optical field with respect to the ultrasound collecting
aperture at resolutions of a few micrometers, maximizing light-
ultrasound interaction without altering optical confinement. We
show comparable performance of our new optical resonator-
based UD, which we have named the D-shaped Fiber Bragg
grating (DFBG), to state-of-the-art PZTs employed in pre-clinical
OptA systems, despite the aperture of the DFBG being three
orders of magnitude smaller in size. Finally, using the DFBG,
we demonstrate the ability to detect OptA signals emitted from
a single cell-sized absorber, which is commonly employed as an
imaging phantom [25, 26], with an SNR of ~17 and without signal
averaging at an exposure level less than 20% of the safety limit
prescribed by the American National Standards Institute (ANSI).

2 | Results

Figure 1a illustrates the structure of the DFBG, which features a
pi-shifted optical cavity sandwiched between two Bragg reflectors
in the core of an optical fiber. We exposed this cavity to the
detector’s aperture by partially removing the cladding of a pi-
shifted Fiber Bragg grating (pFBG). Removing the cladding
enabled incident ultrasonic waves to hit the detection aperture,
causing the physical dimensions and refractive index of the
proximal cavity to be strongly perturbed. This is different from
normal pFBGs, wherein the core region is buried deep inside the
fiber. The large acoustic impedance mismatch between the glass
cladding and water results in only a small fraction of the incident
ultrasonic energy being transmitted from the outer media into the
core of the pFBG, therefore only a small fraction of the ultrasound
wave perturbs the core region [27]. Ultrasound-induced pertur-
bation was read out by interrogation of a continuous wave laser
whose emission wavelength corresponded to the maximum slope
of the resonant dip (see Method section “Detector interrogation”).

To fabricate the DFBG, a pFBG was glued to a metallic fiber holder
using ultraviolet (UV) curable epoxy (Figure 1b) so that the pFBG
was bent along the curved surface of the holder. The cladding of
the pFBG was partially removed by polishing the curved surface
of the holder with diamond lapping film, resulting in a pFBG with
a D-shaped cross section and a remaining thickness h (Figure 1c)
(see Method section “Cladding removal”). The fiber cladding at
the apex of the curved surface is removed the most compared to
the cladding of the proximal region. Thus, it was necessary to
align the invisible pi-shifted cavity to the apex of the curvature
in order to bring the ultrasound collecting aperture as close as
possible to the confined light. We achieved this by aligning two
physical markers: a groove on the fiber holder at the apex of the
curved surface, and a second marker on the outer cladding of the
pFBG at the position of the pi-shifted cavity (see Figure 1a).

To make the second marker, we first located the pi-shifted
cavity using a method called optoacoustic mapping of optical
distribution (OMOD) (see Method section “Optoacoustic Map-
ping of Optical Distribution”). Figure 1d depicts the OMOD
setup, wherein the pFBG was scanned over an ultrasonic point
source generated by tightly focusing a nanosecond pulsed laser
beam onto a thin gold film. The OMOD method mapped the
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FIGURE 1 | Structure and fabrication of the D-shaped Fiber Bragg grating (DFBG). (a) Schematic illustration of the DFBG, which was created by
partially removing the cladding of a pi-shifted Fiber Bragg grating (pFBG) and leaving the pi-shifted cavity exposed to the detection aperture. It is critical
to place the pi-shifted cavity at the center of the fiber holder via co-alignment of two markers that indicate the correct position on the holder (first marker)
and on the fiber (second marker). (b) A photograph of the pFBG, which is immobilized onto the holder prior to fabrication of the DFBG. (c) An image
showing the D-shaped cross-section of the DFBG with a remained thickness h of 70 pm. The center of the fiber is marked with a dashed square. The
core region is interrogated with white light for visualization. (d) A schematic illustration of the optoacoustic mapping of optical distribution (OMOD)
setup used to precisely determine the position of the pi-shifted cavity and create the second marker. (¢) Simulated optical distribution inside the pFBG

compared to the measured distribution using the OMOD setup.

sensitivity distribution of the pFBG, representing the local optical
intensity [28]. Figure 1e highlights the excellent match between
measurements of the optical distribution of the pFBG using
the OMOD method and a simulated theoretical distribution.
The location of the pi-shifted cavity at the point of maximum
optical distribution was visually marked (see Method section
“Cavity marking”) and aligned on top of the first marker under
a microscope.

In order to quantify the effect of light-ultrasound interaction on
the sensitivity of the detector, we measured the relative sensitivity
of the DFBG as a function of the distance between the aperture
and the center of the pFBG core—which is represented by the
remained thickness h of the fiber (Figure 2a). The sensitivity
shows a five-fold improvement as h decreased from 125 pm
to 75 um while the Q-factor remained unchanged (decoupling
regime). This finding suggests that the change in sensitivity
of the DFBG was solely the result of stronger light-ultrasound
interaction (see Section S2) as opposed to sensitivity gain that
results in a sacrifice of the Q-factor due to degradation of
the optical confinement when bringing the aperture closer to

the center of the pFBG core **. As both the distance to the
aperture and the Q-factor contribute to the sensitivity, the method
presented in this work results in superior sensitivity. When h
decreased below 75 pm, the Q-factor drops significantly and the
sensitivity collapses (lossy regime).

Figure 2b presents a simulation of the optical confinement inside
the DFBG, elaborating on the relationship between Q-factor and
h observed in Figure 2a. When h decreased from 125 um to
75 um, the DFBG experienced negligible effects from the polishing
process, and the Q-factor remained stationary. As h decreased
to approximately 65 um, the guided mode became distorted
in profile and experienced noticeable energy loss because the
aperture alters the guiding condition and induces substantial
propagation losses. This results in a sharp drop in the Q-factor
(see Section S3). Ath < 63 um, the optical fiber supports only leaky
modes. Therefore, the optical energy is no longer confined in the
cavity, and the resonant behavior of the DFBG disappears.

Figure 2c,d displays OptA microscope (OAM) images of a knotted
suture phantom under the same optical excitation using two dif-
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FIGURE 2 | Sensitivity enhancement of the D-shaped Fiber Bragg Grating (DFBG) due to increased light-ultrasound interaction. (a) Sensitivity and
optical Q-factor of the DFBG with respect to the remaining thickness (h). (b) Mode distribution inside the D-shaped fiber at different values of h. All
sub-figures show the optical intensity of the guided mode of the DFBG within a 20 x 20 um region around the center of the fiber (the region marked
with a dashed square in Figure 1c). The white scale bar corresponds to 5 um. The white dashed circle represents the boundary between the core (inner
region) and the cladding (outer region) of the fiber. The pink dashed line represents the detection aperture. The space above the detection aperture is
filled with water (light grey). (c, d) Optoacoustic (OptA) microscope images of a knotted suture using a pi-shifted Fiber Bragg Grating (pFBG) (c) and the
DFBG (d) as the OptA detector under the same excitation. (e) A comparison of intensity profiles from two different locations on the microscope images

in Figure 2c,d. Solid and dashed profile lines correspond to the solid (A-line) and dashed (B-line) lines in Figure 2c,d, respectively.

ferent OptA detectors, an original pFBG detector with h =125 pm
(Figure 2c) and the DFBG detector with h = 75 um (Figure 2d),
to visualize the effect of enhanced light-ultrasound interaction
on image quality (see Method section “Suture microscopy”).
The laser energy was set at approximately 75 nJ/pulse—which
is several orders of magnitude smaller than the energy used in
other optical-sensor-based microscopy [7, 29]. Figure 2e presents
intensity profiles from both OptA microscope images, showing
that the improved sensitivity of the DFBG resulted in a clearly
observable enhancement in OptA image contrast.

Figure 3 illustrates a side-by-side comparison between the DFBG
and two state-of-the-art focused PZTs transducers employed
in commercial OptA mesoscopy systems, namely fPZT25 and
fPZT50 (see Section S4). Figure 3a depicts the spectral response of
the three detectors. The DFBG demonstrates a broader bandwidth
and a higher center frequency than the two PZTs, but also a non-
uniform frequency response, which is typical of fiber-based UDs
[29, 30]. The gaps in the DFBG’s bandwidth (around 50 MHz
and a second harmonic around 100 MHz) correspond to the
reverberation of acoustic waves within the fiber, because the large
acoustic impedance mismatch between silica and water/acoustic
gel creates an acoustic resonator [31]. The exact location of the
spectral gap is governed by the dimension of the fiber itself.
In our case, the locations of the major dips correspond to the
longitudinal reverberation across the whole remained thickness
(h = 75 um) of the silica fiber. This effect can be mitigated
by deposition of matching layers at the back side of the DFBG

opposite to the aperture [32]. Nevertheless, this broad bandwidth
enables axial resolution of 6.5 (for resolution characterization
see Section S5)—which is at least 7-folds finer than that of a
state-of-the-art IVUS [13].

Figure 3b shows the amplitude of the recorded OptA signals
from all three detectors with respect to the distance between the
OptA source and the detection apertures. The OptA signal was
created by focusing a nanosecond laser onto a black vinyl film,
which emitted the OptA signal in the frequency range of 10-
30 MHz. The amplitude of the OptA signal from the DFBG (blue
dashed curve) followed the amplitude of a spreading spherical
wave, i.e., inversely proportional to the distance, suggesting that
the sensitivity of the DFBG was independent of the distance
between the detector and the source. In contrast, the signal
amplitudes of the two focused PZTs (red and orange dashed
curves) strongly depended on the source-to-detector distance due
to the acoustic focusing [1] and reached the maximal values
at distances corresponding to their focal length. At the focal
distances, the overall NEPDs of the two focused PZTs were
characterized to be 0.35 and 0.40 mPa/y/Hz for the fPZT25
and fPZT50, respectively, over a 20-MHz bandwidth around
their center frequencies. The overall NEPD of the DFBG was
characterized to be 0.42 mPa/ \/ Hz over the same bandwidth (see
Method section “Sensitivity characterization” and Section S6).
However, our results show that the DFBG has a more robust
sensitivity response, as the sensitivity of the two focused PZTs
falls very quickly below the sensitivity of the DFBG when the
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FIGURE 3 | Comparison of the D-shaped Fiber Bragg Grating (DFBG) and two focused piezoelectric transducers (PZTs). (a) Frequency response

of all three detectors. The -6 dB bandwidths of the three detectors are approximately 30 MHz, 80 MHz, and 100 MHz for the fPZT25, fPZT50, and DFBG,
respectively. (b) Optoacoustic (OptA) signals measured by all three detectors from the same OptA point source as a function of the distance between
the source and the detector. All signals were normalized to the background. Corresponding fits are depicted by dashed lines. (c) Illustration of the
single-particle sensing experiment, where a black microsphere immobilized on a cover slip using transparent adhesive is irradiated by a loosely-focused
nanosecond laser beam, and the emitted OptA signal is detected by an ultrasound detector (UD). (d) A microscope image of the coverslip used in the
single-particle sensing experiment. The dashed white circle contains the microsphere selected for analysis. (e) Spectra of the two OptA signals recorded
from the microsphere using the DFBG (blue) and the fPZT50 (red) as the UD during the experiment depicted in Figure 3c. Differences between these
spectra result from differences in the frequency response of the two UDs used to record the OptA signals (Figure 3a). (f) Time-domain OptA signals

recorded using the DFBG (blue) and the fPZT50 (red).

acoustic source is located outside of the focal plane, even by a
small distance (~150 pm for the fPZT25, ~60 um for the fPZT50).

Next, we compared the OptA sensing performance of the DFBG
and the fPZT50, which was chosen for comparison due to having
the most similar frequency response to the DFBG (Figure 3a).
Figure 3c illustrates the experiment setup, wherein a polystyrene
microsphere with a diameter of approximately 15 um was illu-
minated by a loosely-focused laser beam (see Method section
“Single microsphere sensing”). Figure 3d depicts a microscope
image of the cover slip used for this experiment. To ensure that the
recorded OptA signals were emitted from a single microsphere,
we chose an isolated microsphere (enclosed by a dashed circle)

and illuminated it with a laser beam with a diameter of approx-
imately 60 pm to avoid co-illumination of nearby microspheres.
The OptA signal emitted from the microsphere was recorded
by the DFBG at a distance of 0.5 mm and by the fPZT50 at
its optimal (focal) distance. Figure 3e shows the spectra of the
OptA signals captured by the two detectors, confirming that the
recorded OptA signals originated from a single microsphere. Both
spectra have a noticeable dip at ~45 MHz, which is attributed
to the destructive interference between the OptA signal reflected
at the interface of the adhesive layer and the cover slip and the
OptA signal propagating directly toward the detector (see Section
S7). The spectrum of the signal obtained by the DFBG showed
additional dips that reflect the dips in the frequency response
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of the DFBG (Figure 3a). The time-domain signal-to-noise ratios
(SNR) without signal averaging were 17 for the DFBG and 17.9 for
the fPZT50 (Figure 3f).

3 | Discussion

In this work, we constructed one of the most sensitive optical-
resonator-based UDs to date by successfully decoupling the light-
ultrasound interaction from the Q-factor of the resonator. The
sensitivity, bandwidth, and imaging performance of the DFBG
are demonstrated to be comparable to state-of-the-art focused
PZTs that are hundreds of times larger than the DFBG. The high
bandwidth of the DFBG is also shown to enable axial resolution of
6.5 um, which is very attractive for intravascular applications like
characterizing the fibrous cap thickness that is associated with
coronary artery disease, surpassing the state-of-the-art IVUS by
~7-fold.

While the sensitivity of focused PZTs depends on their working
distance, the sensitivity of the DFBG is generally independent of
the working distance. This characteristic could favor the DFBG
in OAM because typical systems employing focused PZTs must
defocus the PZT so that the acoustic detection field of the focused
PZT covers the microscope field-of-view [33]. This defocusing
forces PZTs to operate outside of their optimal working distances
and reduces the sensitivity of the system by several fold.

In addition, the distance-independent sensitivity and the
microscale dimension of the DFBG would enable easy and
seamless integration of OptA contrast into intravascular
catheters and endoscopes, as well as any conventional optical
microscope. Furthermore, the overall NEPD of the DFBG can
be further enhanced with advanced low noise interrogation
systems, such as pulse interferometry [34], phase detection
[35] or balanced detection [36, 37] (see Section S8 for detailed
explanation).

Using the DFBG, we also demonstrated OAM and OptA sensing
using low laser energy, with conditions that are easily achievable
by over-driving continuous wave (CW) laser diodes [38]. The
excitation pulse energy in the microsphere sensing experiment
was roughly 75 nJ/pulse, while the OAM experiment used an
excitation pulse energy of 120 nJ/pulse, and a typical CW laser
diode can emit pulse energy up to >200 nJ/pulse [38]. Previously
demonstrated OptA systems, which employ optical-resonator-
based UDs, often use excitation energies two to three orders
of magnitude higher than the energy used here, which can
only be accomplished by using expensive and bulky Q-switch
lasers [7, 29]. Integrating laser diodes would significantly reduce
the complexity and increase the affordability of potential OptA
systems. Furthermore, laser diodes offer high repetition rates at
hundreds of kHz, which enable the acquisition of large numbers
of measurements and the averaging of thousands of signals while
still maintaining video-rate sensing or imaging (tens of Hz). This
would further improve SNR and enable fast imaging in clinical
volatile environmental conditions.

We have presented a sensitive and miniaturized UD using
an innovative method that does not require complex micro-
fabrication facilities. By accurate removal of the fiber cladding,

the enhanced interaction between the confined light field and the
outer ultrasound field facilitates a boost in sensitivity. However,
the mechanical strength of the fiber is reduced as a consequence
of the cladding removal, necessitating gentle handling or proper
mechanical protection. Improving the mechanical stability would
require the use of guiding sheaths, which are common in
intervascular and endoscopic applications [6, 39], and filling the
polished area with polymers or UV-curable epoxies that improve
the acoustic impedance matching and mechanical durability of
the sensor.

In addition, it is worth mentioning that the current DFBG
was optimized for operation in water. For other operational
environments, i.e., air-coupled ultrasound sensing, the guided
mode behaves differently, so additional analysis is required to
find the optimized configuration. Nevertheless, our proposed
DFBG detector, which is embedded inside a conventional optical
fiber, has essentially solved the sensitivity versus miniatur-
ization problem associated with both mature PZT technology
and microresonator-based detectors, and thus could facilitate
advancements in miniaturized and minimally invasive OptA
imaging systems.

4 | Methods

4.1 | Optoacoustic Mapping of Optical
Distribution (OMOD)

To visualize the optical intensity distribution inside a pFBG
(TeraXion, Canada), we scanned the pFBG over an OptA point
source created by focusing a nanosecond laser (Flare PQ H GR 2k-
500, Innolight, Germany) onto a 200-nm-thick gold layer coated
on a cover slip. A microscope objective (PLN 10x—NA = 0.25,
Olympus) was then used to create a spot size of less than 5 ym
in diameter. The pFBG was immobilized on a high-precision
scanning stage (MLS203-1, Thorlabs, USA), parallel to and almost
touching the gold-coated surface. The space between the gold-
coated surface and the pFBG was filled with water for ultrasound
coupling. The pFBG was scanned with a step size of 2 ym with
the scan direction parallel to the axial direction of the pFBG. At
each scanning point, the peak-to-peak amplitudes of the OptA
signal emitted from the point source were recorded. Those peak-
to-peak amplitudes were directly proportional to the intensity of
the optical field inside the pFBG at the position above the OptA
point source [28] and were plotted in Figure 1le.

4.2 | Cavity Marking

While preparing to create the DFBG, we created a visual marker
on a pFBG at the position of the pi-shifted cavity to facilitate
alignment of this cavity with the fiber holder. After measurement
with the OMOD method, the pFBG was moved using the scan-
ning stage to the position where the pFBG reached its maximum
sensitivity, ensuring that the pi-shifted cavity was at the position
of the OptA point source (illustrated by the inset in Figure 1d).
Then, the coupling water was drained, and the gold-coated cover
slip was carefully removed so as not to touch the pFBG. Next, we
slightly lifted the microscope objective to focus the laser beam
onto the surface of the pFBG and increased the laser power. Under
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sufficient laser power and after enough time (approximately 10-
15 s), the focused laser beam burned a dark spot onto the surface
of the pFBG with a diameter not larger than that of the focal
spot (<5 pum). This burned spot served as the cavity marker for
alignment of the pFBG onto the fiber holder.

4.3 | Cladding Removal

To create the DFBG, we fixed the pFBG onto a custom metallic
holder designed to have a flat bottom surface and a curved top
surface with a radius of curvature of 5 cm. We fabricated a
marker using a high-precision computer numeric control (CNC)
machine and used it to mark the apex position of the curved
top surface. A V-groove running across the direction of the
curve was used to hold the pFBG. We used a microscope to
carefully align the pFBG onto the V-groove so that the cavity
marker on the pFBG aligned with the marker on the holder.
This step ensured maximum exposure of the pi-shifted cavity to
the polished detection aperture. Then, UV curable epoxy (NOA
81, Norland, USA) was dropped along the V-groove and cured
to firmly fix the pFBG onto the holder. The holder was then
inserted into a custom metallic polishing disk and polished with
diamond lapping films (LFID and LFCF, Thorlabs, USA) to
partially remove the fiber cladding, forming the DFBG. Once
finished, the DFBG was removed from the metallic holder by
heating the holder to approximately 200°C. The high temperature
softened the epoxy glue used to fix the DFBG, allowing the DFBG
to be lifted from the holder. The residual epoxy on the surface
of the DFBG was removed by soaking the DFBG in methylene
chloride (CH,Cl,, Sigma Aldrich, USA).

4.4 | Detector Interrogation

To measure ultrasound signals, the DFBG detector was inter-
rogated by a tunable CW laser (ITUNX 1550B, Thorlabs Inc.,
USA) that emits laser light at a wavelength of approximately
1549 nm and at an output power of approximately 10 dBm. The
reflected optical output from the detector was then directed to
a balanced photodetector (PDB480C-AC, Thorlabs Inc., USA) by
an optical circulator (CTR1550PM-APC, Thorlabs Inc., USA). The
high-frequency (30 kHz-1.5 GHz) output of the photodetector,
which contains collected ultrasound data, was digitized using a
high-speed data acquisition card (CSE123G2, GaGe, USA). The
same method was used to interrogate a pFBG when it was used
as an OptA detector [27].

4.5 | Suture Microscopy

To test the image contrast afforded by the DFBG during OR-
OAM, we prepared a suture phantom by tying a black suture
(Dafilon Polyamide, B. Braun Melsungen) with a diameter in the
range of 10-19 um into the shape of a knot. A layer of optically
clear adhesive tape (OCA8146-2, Thorlabs, USA) was applied onto
the surface of a cover slip. The knotted suture was then placed
on top of the adhesive tape for immobilization. The same ns-
laser and microscope objective as described in the Method section
“Optoacoustic mapping of optical distribution” were used for
optical excitation. The DFBG and pFBG detectors were placed

0.5 mm away from the knotted suture, and the space between
the phantom and the detectors was filled with distilled water for
ultrasound coupling.

The suture phantoms were fixed on top of a high-precision
microscopic stage (MLS203-1, Thorlabs Inc., USA) and raster-
scanned with a step size of 3 um in both X and Y directions. The
excitation pulse energy of the laser was 120 nJ/pulse, and the laser
repetition rate was 1.35 kHz. At each position, the OptA signal was
recorded once. The OR-OAM image was plotted by mapping the
maximum intensity projection of the recorded OptA signals.

4.6 | Sensitivity Characterization

To characterize the sensitivity of the OptA detectors, we calibrated
their response with a reference needle hydrophone (0.5-mm
diameter, Precision Acoustics, UK) in the frequency range from
10 MHz to 30 MHz. The OptA source for calibration was generated
by focusing the ns-laser pulse onto a black vinyl film with water as
the coupling medium. The pulse energy for OptA excitation was
set at 230 nJ/pulse, and the responses of the OptA detectors were
recorded without signal averaging.

4.7 | Single Microsphere Sensing

To prepare the sample for the microsphere sensing experiment,
we first put a layer of optically clear adhesive tape (OCA8146-
2, Thorlabs, USA) onto the surface of a cover slip. Polystyrene
microspheres with diameters ranging from 10 pm to 20 pym
were dropped onto the adhesive tape layer. The polyester release
liner of the tape was used to gently press the microspheres
onto the tape to ensure good adhesion. We used a microscope
to locate an isolated microsphere with no nearby neighbors
and illuminated the microsphere with an ns-laser beam focused
through a microscope objective. The objective was defocused, so
the diameter of the beam was approximately 60 um, which is
sufficient to cover the whole microsphere. The laser energy was 74
nJ/pulse, and the repetition rate of the laser was 1.35 kHz, which
corresponds to an energy exposure of 2.6 mJ/cm? and an optical
power exposure of 3.5 W/cm?. These exposure levels are less than
20% of the ANSI safety limit for visible radiation (20 mJ/cm? and
18 W/cm?) [40].
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