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Optical sensors of ultrasound are a promising alternative to piezoelectric techniques, as has been recently demonstrated in the field of
optoacoustic imaging. In medical applications, one of the major limitations of optical sensing technology is its susceptibility to environmental
conditions, e.g. changes in pressure and temperature, which may saturate the detection. Additionally, the clinical environment often imposes
stringent limits on the size and robustness of the sensor. In this work, the combination of pulse interferometry and fiber-based optical sensing
is demonstrated for ultrasound detection. Pulse interferometry enables robust performance of the readout system in the presence of rapid
variations in the environmental conditions, whereas the use of all-fiber technology leads to a mechanically flexible sensing element compatible
with highly demanding medical applications such as intravascular imaging. In order to achieve a short sensor length, a pi-phase-shifted fiber
Bragg grating is used, which acts as a resonator trapping light over an effective length of 350 um. To enable high bandwidth, the sensor is
used for sideway detection of ultrasound, which is highly beneficial in circumferential imaging geometries such as intravascular imaging. An
optoacoustic imaging setup is used to determine the response of the sensor for acoustic point sources at different positions.

Video Link

The video component of this article can be found at https://www.jove.com/video/50847/

Introduction

Ultrasound detectors play a key role in many imaginq applications. Conventionally, ultrasound is detected by piezoelectric transducers,

which transform pressure waves into voltage signals . In optoacoustic imaging, ultrasound is generated via a process of thermal expansion

by illuminating the object with high-power modulated Iight2'6. Although piezoelectric transducers are the method of choice in optoacoustic
applications, their use often hinders miniaturization mainly because miniaturized piezoelectric transducers are often characterized by low
sensitivity. Additionally, since piezoelectric transducers are optically opaque, they may severely interfere with light delivery to the imaged object,
limiting possibilities for usable imaging configurations. Light that is back-scattered from the object to the transducer may also limit the proper
detection of ultrasound and complicate the design of the imaging system due to optically induced parasitic signals in the transducer’.

Optical detectors of ultrasound have been recognized as a possible alternative to piezoelectric transducers that offers many benefits in
optoacoustic imaging scenarios®'% They are often transparent and can be usually miniaturized without loss of sensitivity. The working principle
of optical detectors is interferometric detection of the minute deformation created in the optical medium due to the presence of ultrasound. Often,
optical resonators are used to enhance detection sensitivity by trapping light in the perturbed medium for extended durations, thus increasing the
effect of the deformation on the phase of the optical signal. In those cases, optical detection schemes are based on monitoring variations in the
resonance wavelength, which directly relate to structure deformations in the resonator. Most commonly, narrow-linewidth continuous wave (CW)
techniques are used in which a CW laser is tuned to the resonance wavelength. Small shifts in the resonance wavelength change the relative
position of the laser’s wavelength within the resonance, thus causing variations in the intensity of the transmitted/reflected laser light, which can
be readily monitored. However, if the resonance shifts are too strong, e.g. owing to large variations in 3pressure, temperature, or vibrations, the
resonance may shift completely away from the laser’s wavelength, effectively saturating the detector™.

Pulse interferometry14 offers a solution to the limitation of signal saturation and enables ultrasound detection under volatile environmental
conditions. In contrast to narrow-linewidth CW schemes, pulse interferometry employs a wideband pulse source to illuminate the resonator. In
this case, the resonator acts as a bandpass filter, transmitting only those wavelengths that correspond to its resonance frequency, while the
resonance shifts are detected by measuring the wavelength variations in the optical signal at the resonator’s output, e.g. by using a Mach-
Zehnder interferometer locked to quadrature14’15. An automatic reset circuit is used to immediately restore the interferometer’s working point in
the case it is lost due to extreme variation in environmental conditions. Because of the relatively broad bandwidth of the source, the resonance
wavelength stays within the illuminated band even under strong perturbations, enabling stable detector operation even under harsh ambient
conditions. The use of a coherent source for interrogation, i.e. optical pulses, facilitates low-noise detection.

The corresponding pulse interferometry system used in our experiments is shown in Figure 1. The pulse laser used for interrogation produced
90 fsec pulses at a repetition rate of 100 MHz with output power of 60 mW and spectral width of over 100 nm. The optical filter had a FWHM
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spectral width of approximately 0.4 nm and was tuned to the frequency of the resonance. Following the filter, an optical amplifier was used to
compensate for the significant loss in the filtering. Additional filtering was applied after the amplification stage to reduce amplified spontaneous
emission from the amplifier. The resonator used in our experiments is a pi-phase-shifted fiber Bragg grating (1T-FBG)8, manufactured by
Teraxion Inc. Particularly for the medical application of ultrasound sensing, T-FBGs have the benefit of being all-fiber components, and thus
robust and small. Figure 2 shows a comparison between the dimensions of the optical fiber used in this work and a 15 MHz miniaturized
intravascular ultrasound (IVUS) piezoelectric transducer. Some alternative resonance-based detection approaches, such as micro-ring
resonators fabricated in planar waveguides, require coupling fibers at the component’s input and output, either leading to more fragile devices or
hindering miniaturization. In contrast, T-FBGs are in-fiber components, and do not require additional fiber coupling. The resonance in -FBGs is
created by the pi phase shift in their center; light is trapped around the pi phase shift over portion of the fiber which is considerably shorter than
the length of the grating itself. In our experiments, the T-FBG had a length of 4 mm and coupling coefficient of k = 2 mm™” and its sensitivity was
distributed non-uniformly along its length, with the sensitivity exponentially decreasing from the grating’s center with a rate of k. The full-width-
half-maximum (FWHM) of the sensitivity distribution (SD) was approximately 350 pm. The resonance width of the grating is determined by both
its length and its coupling coefficient according to the following equation:

2% exp(—«L) "
-]
TN 5
where A is the resonance wavelength and n. is the effective refractive index of the mode guided in the fiber®.

AA=

To assess whether the T-FBG detector is appropriate for imaging applications, its spatially dependent response needs to be measured over

a wide frequency band. However, this task is extremely challenging when conventional acoustic techniques are used. We therefore employ

an optoacoustic method for ultrasound detector characterization'® in which a dark microscopic sphere embedded in transparent agar serves
as an optoacoustic point source. In our experiment, the microscopic sphere has a diameter of approximately 100 um and is illuminated with
high power nanosecond optical pulses with a repetition rate of 10 Hz, pulse duration of approximately 8 nsec, and average power of 200 mW.
The optical energy deposited in the microscopic spheres generates broadband ultrasound signals owing to the optoacoustic effect. The T-FBG
detector is translated relatively to the microscopic sphere to obtain its spatially dependent acoustic response. Figure 3 shows an illustration of
the optoacoustic experiment. Generally, this technique can be employed to characterize different kinds of ultrasound detectors.

1. Optoacoustic Characterization of the m-FBG Detector

1. Preparation of a microscopic sphere suspended in agar:

1. Mix agar powder (1.3% by weight) with distilled water in a glass beaker. Use a hot plate magnetic-stirrer device to heat the solution
close to boiling temperature and dissolve the agar powder until the solution becomes clear and free of air bubbles. Alternatively, the
agar solution may be heated using a conventional microwave with stirring performed manually using a glass stirrer. Pour the hot
solution into a plastic mold, e.g. syringe with its tip cut out.

2. Sprinkle a small amount of microscopic spheres on the agar solution and wait until the solution fully solidifies. Take the solid agar

phantom out of the mold by pushing the plunger.

View the phantom under a stereoscopic microscope cut a small piece of agar which contains a single microscopic sphere.

Repeat step 1.1.1 and add to the agar solution the solid agar piece containing the single microscopic sphere.

After solidification, cut the agar phantom under the microscope such that the microscopic sphere is located close to the phantom's
surface.

ok o

2. Optoacoustic measurement
1. Use two v-groove fiber holders to hold the fiber tightly on both sides of the -FBG, and connected the holder to a three dimensional
(XYZ) translation computer-operated stage. Ensure that the fiber is submerged to enable the propagation of ultrasound.
2. Find the approximate location of the sensing -FBG element by illuminating different parts of the fiber with the high-power nanosecond-
pulse laser beam. The optical absorption of the coating, however weak, will create a signal when the illumination is performed on the -
FBG.
3. Place the agar-embedded microscopic sphere directly underneath the -FBG. The microscopic sphere should be visible to the naked
eye.
4. Using the translation stage, perform a 2D scan of the -FBG in the plane parallel to the ground to find the location where the signal
from the microscopic sphere is strongest and its corresponding time delay is shortest.
Perform last adjustments to the illumination to deliver maximum power to the microscopic sphere.
Using the translation stage perform a 3D scan of the -FBG and record the signal for each position.
To obtain the spatially dependent frequency response of the ultrasound detector, perform the Fourier transform on the recorded time-
domain ultrasound signal.

Noo

2. Estimation of Robustness and Sensitivity of the m-FBG Detector's Performance

Use two v-groove fiber holders to hold the fiber tightly on both sides of the -FBG and submerge the T-FBG.

Place a dark plate or a graphite rod sturdily to face the m-FBG and illuminate it with the high-power nanosecond-pulse laser beam to create a
strong acoustic field.

3. Place a water pump inside the water tank and turn it on in order to create rapid variations in the environmental conditions.

N =
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4. To estimate the robustness of the system, measure the output with the locking circuit turned both on and off. When no locking is performed, it
is not possible to accurately detect the ultrasound signal.

Turn the water pump off.

To estimate the benefit in sensitivity due to the high coherence of the source, replace the wideband pulse laser with a low coherence source
and repeat the acoustic measurement. A decrease of over an order of magnitude in sensitivity is expected when the low-coherence source is
used.

oo

Representative Results

Figures 4a and 4b respectively show the signals and their corresponding spectra from the microscopic sphere at a distance of 1 mm from
the fiber for three offsets from the center of the T-FBG. The offsets are given in the z direction, as depicted in Figure 3. Clearly, The optical
detector’s sensitivity to high frequency ultrasound (f > 6 MHz) is anisotropic and is highest when the center of the T-FBG is directly above the
microscopic sphere. Despite the high acoustic impedance mismatch between the silica fiber and water, no distinct resonances are observed
at frequencies above 6 MHz, leading to a well-defined sharp optoacoustic signal, required for imaging applications. Generally, although

the resonance frequencies at f < 6 MHz may be used for sensing, their use for imaging would require their incorporation in a model-based
reconstruction model, significantly complicating the image formation algorithm”.

Figure 5 shows a comparison between ultrasound signals measured using a pulse source and a low-coherence source. Because of the low
sensitivity obtained by the low-coherence source, an optoacoustic source with a higher magnitude was used in comparison to the one used in
the experiment of Figures 3-4. Namely, the optoacoustic source was a graphite rod with a diameter of 0.7 mm, positioned at an approximate
distance of 1.5 mm from the fiber and illuminated with the same laser used in the experiment of Figures 3-4. A significant reduction in sensitivity
of a factor of 18 is observed for the signals detected with the low-coherence source. The lower sensitivity that is obtained in the case of the
incoherent wideband source is inherent as the wideband spectrum of the source is generated by a random process. In contrast, in the coherent
pulse source, the wideband response is a result of a deterministic process.

Mach-Zehnder interferometer
Optical for detecting wavelength shifts

Filter n-FBG (-WJSU Pz

Optical

szl amplifier

Filter

‘Wideband

_pulse laser

Figure 1. The optical setup used for ultrasound detection. The sensing element is a pi-phase-shifted fiber Bragg grating, and the read-out
system is based on pulse interferometry. Click here to view larger image.
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Figure 2. A size comparison between a commercial intravascular ultrasound probe with a centfal frequency of 15 MHz and the optical-
fiber based sensing element used in this work. Click here to view larger image.

SD

m-FBG
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Figure 3. An illustration of the optoacoustic setup used for measuring the acoustic response of the optical detector. A dark microscopic
sphere illuminated with high-power nanosecond pulses constitutes an acoustic point source, which is translated in three dimensions to obtain a
spatially dependent acoustic response of the detector. Click here to view larger image.
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Figure 4. The signals (a) and their corresponding spectra (b) detected from the microscopic sphere (as depicted in Figure 3) at a distance of 1
mm from the fiber for three offsets from the center of the T-FBG. The spectra are compared to the spectrum of an ideal spherical source with a
diameter of 100 um. Click here to view larger image.
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Figure 5. A comparison between ultrasound signals obtained using a pulse source and a low-coherence source. A significant reduction
in sensitivity is observed for the signals detected with the low-coherence source. Click here to view larger image.

In conclusion, a new optical method for ultrasound detection is introduced, which is based on a combination of a m-FBG and pulse interferometry.
The technique is especially suited for optoacoustic imaging applications owing to the transparency of the sensing element, which enables almost
arbitrary object illumination patterns. In contrast, standard piezoelectric based ultrasound detectors are opaque and thus block some of the
optical paths to the imaged object, leading to bulky imaging setups. The developed optical detector can thus facilitate the miniaturization of
optoacoustic technology and its clinical translation.

The physical and mechanical properties of the sensing element depend on the fiber used. Commercially available single mode fibers are
relatively durable and small. For example, in silica fibers, such as the one used in this paper, diameters of 250 ym or smaller and breakage bend
radii of less than 1 cm are standard. Plastic fibers may also be used and may have better mechanical properties; however, the fabrication of high
quality FBGs is currently commercially available only in silica fibers.

The design of the pi-phase-shifted FBG determines the sensitivity and spatially dependent acoustic response of the optical detector. Generally, it
is desired that the resonance be as narrow as possible to achieve maximum sensitivity. However, the width of the resonance measured in Hertz,
must be higher than the desired acoustic bandwidth for the detector to allow its proper operation. Additionally, a high-quality T-FBG is currently a
custom-made product whose fabrication requires high-precision manufacturing capabilities offered by only few companies.

Pulse interferometry is used for reading the signal from the optical sensing element and enables robust performance under volatile
environmental conditions. The bandwidth of the source determines the tradeoff between robustness and performance: If the bandwidth is chosen
to be too small, it will cover the resonance only for weak perturbations. If the bandwidth is too large, only a fraction of the energy at the input of
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the FBG will be transmitted. The bandwidth is controlled by optical bandpass filters, which also provide an additional benefit of reducing noise in
the system due to amplified spontaneous emission.

The sensitivity field of the ultrasound detector plays an important role in optoacoustic imaging applications. It is therefore recommended that
the response of the detector be characterized before its incorporation in an optoacoustic setup. In our experiments, the T-FBG provides good
sensitivity at high frequencies (f > 6 MHz) only when the point source is positioned close to the grating’s center (Figure 4). This suggests that
the detector has a relatively non-diverging sensitivity field. Therefore, when used in optoacoustic imaging experiments, it is highly beneficial for
illumination to be delivered to regions in which high ultrasound detection sensitivity is obtained.
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