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A Photoacoustic Sensing Probe Using Single
Optical Fiber Acoustic Delay Line
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Abstract—In this paper, we report a new photoacoustics (PA)
sensing probe design using a single optical fiber for both light
delivery and ultrasonic detection. This is made possible by the
development and use of an optically transparent ultrasound
transducer, which allows the excitation light to pass through
and travel along the optical fiber to reach the target. In return,
the transducer senses the generated PA signal transmitted
through the optical fiber as an acoustic delay line. Optical trans-
mission testing was performed to determine the transparency of
the PMN-PT transducer. For demonstration, a prototype probe
was designed, fabricated, and tested with black tape and red dye
solutions as the target. The detection of an embedded target in
the chicken breast was also demonstrated.

Index Terms— Photoacoustic sensing probes, biopsy needles,
acoustic delay line, optical fiber, transparent transducer.

I. INTRODUCTION
OR biomedical applications, photoacoustics (PA) has
become a useful technique that combines both rich opti-
cal absorption contrast and good acoustic penetration depth
beyond optical diffraction limit [1], [2]. Although better than
conventional optical methods, the penetration depth of PA
sensing and imaging in tissues is still limited by the maximal
allowable laser fluence and the optical absorption and acoustic
attenuation in tissues [3]. In recent years, new PA sensing
probe [4]-[6] or guided biopsy needles [7]-[9] have been
developed to conduct localized measurements. Different from
conventional optical sensing probes [10] (which could only
consists of a single optical fiber for simultaneous light delivery
and reception), the need for both light delivery and ultrasound
detection poses some challenges in the design and construction
of PA sensing probes, especially in terms of compactness. For
in-vivo applications, the sensing probe needs to be as compact

as possible to minimize its invasiveness.

To address this issue, we have demonstrated a new PA
sensing probe design using two optical fibers [11]. One optical
fiber serves as the optical waveguide for delivering excitation
laser pulses onto the target. The second optical fiber functions
as an acoustic delay line to detect and transmit the generated
PA signals from the target to an outside ultrasound transducer,
while creating a desirable amount of time delay. With the
transducer located outside, the PA probe consists of only
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Fig. 1. a) Schematic of PA sensing probe design and b) picture of the
constructed prototype.

two optical fibers placed closely to each other to provide
a small probe diameter. In addition, by adding extra time delay,
the PA signal will arrive at the transducer after all interference
signals diminish and therefore can be easily distinguished and
recorded for data processing. Still, with the use of two optical
fibers, the PA sensing is not as compact as many optical
sensing probes (with single optical fiber). In addition, the light
delivery and the ultrasound detection areas are offset with
each other, resulting in a non-ideal configuration for PA signal
detection.

In this paper, we report a new PA sensing probe design using
a single optical fiber for both light delivery and ultrasound
detection. This is made possible by the development and use
of an optically-transparent ultrasound transducer, which allows
the excitation light to pass through and travel along the optical
fiber to reach the target. In return, the transducer senses the
generated PA signal transmitted through the optical fiber as an
acoustic delay line. To make the optically-transparent ultra-
sound transducer, single-crystalline piezoelectric substrates
and suitable electrode materials have been investigated. For
demonstration, a prototype probe was designed, fabricated,
and tested with different concentration of dye solutions and
biological tissues with an embedded target.

II. PROBE DESIGN AND CONSTRUCTION

Fig. 1a shows the schematic design of the PA sensing
probe. It consists of one single optical fiber laid out along
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the probe, which is housed inside a polyimide tubing. The
polyimide tubing provides good structural protection and also
acoustic insulation for the optical fiber [11]. During the
operation of the probe, the optical fiber can easily contact with
the surrounding tissue or medium. Without proper acoustic
isolation, the transmitted PA signals can be completely damped
out before reaching the transducer. The optical fiber serves
a combined optical waveguide and acoustic delay line for
sending laser pulses to the target and transmitting PA signal
back from the target. To achieve this, the transducer is made
optically transparent to avoid blocking the excitation light.
A hollow needle can be used to provide better stability for the
fiber tip of the probe. Fig. 1b shows the constructed prototype
of the single optical fiber PA probe, which was securely
positioned in a few acrylic spacers for stable measurements.

A. Optical Fiber Acoustic Delay Line

A single multimode optical fiber (FT400UMT, 0.39NA,
Thorlabs, Newton, NJ) was used to make the optical fiber
acoustic delay line. The polymer jacket layer of the acoustic
delay fiber was removed to reduce the acoustic attenuation.
The fiber core together with the cladding layer (12.5-xm
thick) was placed inside a polyimide tubing (Microlumen,
Oldsmar, FL) with an inner diameter (0.53 mm) slightly
larger than that of the acoustic delay fiber. The polyimide
tubing provides good structural protection and also acoustic
insulation for the acoustic delay fiber. Without this isolation,
the transmitted photoacoustic signals can be easily damped
out by surrounding media. The diameter of the polyimide
tubing does not significantly affect the PA response, as long as
the optical fiber is loosely fitted inside the tubing. Therefore,
a polyimide tube with an inner diameter slightly larger than
the outer diameter of the optical fiber was used.

With a core diameter of 400 um, the multimode optical
fiber provides a good balance of both optical and acoustic
performances [12]. First, it can transmit 10s of ul level
nanosecond laser pulses without burning the tips. Second,
the non-dispersive single-mode transmission frequency limit
of the optical fiber is around 0.1~0.2 ¢/d, where ¢ and d
are the acoustic velocity and the core diameter, respec-
tively [13]. Suppose the acoustic velocity of the fiber core
is ~5500 m/sec, this gives 1.25~2.5 MHz for a core diameter
of 400 pm, which covers the peak frequency components of
PA signals generated under unfocused illumination conditions.
At 1~2 MHz, the acoustic attenuation of the 400-xm fused
silica core is very low, especially after the jacket layer is
removed [11]. Therefore, the length of the optical fiber (and
also the probe) can be determined mainly based on the need of
the actual applications, as long as it is long enough to provide
sufficient acoustic time delay to separate the real PA signal
from interference caused by the firing of the pulsed laser.

Two-port ultrasound transmission test was performed to
characterize the acoustic properties of the optical fiber (with
jacket layer removed and placed inside the polyimide tubing).
Two 2.25 MHz flat contact transducers were used to transmit
and receive the ultrasound signals (Fig. 2a). The two ends of
the acoustic delay fiber were polished and contacted onto the
transmitting and receiving transducers, respectively. Mineral
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Fig. 2. Two port US transmission test results for the optical fiber acoustic

delay line with no jacket layer a) testing setup b) pulse, received and reflected
signals c) frequency spectrum of the received signal through the optical fiber
acoustic delay line.

oil was applied onto the contacts between the ends of the
optical fiber and the surfaces of transmitting & receiving trans-
ducers to enhance coupling efficiency and minimize unwanted
reverberation. Each received ultrasound signal was averaged
16 times and recorded on a digital oscilloscope. Fig. 2b shows
the ultrasound transmission of the optical fiber with a length
of 54 mm. The received ultrasound signal is located at ~99 us,
which is close to the calculated time delay based on the
acoustic velocity of the fused silica [13], [14]. Fig. 2c shows
the frequency spectra of the transmitted ultrasound signal.
The received (time-domain) ultrasound signal is truncated
to remove the unwanted reverberations (i.e., the long tail).
In other words, only significant time-domain information of
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Fig. 3. Optically transparent PMN-PT transducer assembly in a) side view

illustration and b) photo of the assembly.

the received ultrasound signal is selected. FFT (Fast-Fourier
Transform) was performed in Matlab® to calculate the fre-
quency spectra. The central frequency of the received signal
is clearly seen at 2 MHz, matching the lowest longitudinal-
mode transmission signals through the optical fiber [13].

B. Transparent Transducer

A piece of single crystalline PMN-PT (Pb(Mg;,3Nbz/3)—
PbTiO3) substrate (HC Materials Corporation, Bolingbrook,
Illinois, USA) was used to make the transparent transducer
due to its good optical transparency and piezoelectric property.
It has 27-33% PT content that varies the piezoelectric con-
stant from 2000 pC/N and 3000 pC/N with <001> pol-
ing [15], [16]. The thickness of the PMN-PT substrate was
0.6 mm, which provides a resonance frequency of ~3.5 MHz
in the thickness mode [15], which is high enough to cover the
center frequency of the optical fiber (2 MHz) and its effective
bandwidth. The surface area (~5 mm x2 mm) of the PMN-PT
transducer was kept small to reduce the parasitic capacitance
to the transducer. No matching layer was added between
the PMN-PT transducer and the optical fiber because their
acoustic impedance is close to each other. Both top and bottom
surfaces of the PMN-PT substrate were first polished to reduce
the surface roughness. To form the transparent electrodes, a
120-nm thick ITO (indium-tin oxide) layer was coated on both
surfaces by sputtering which provides both sufficient optical
transparency and good electrical conductivity [5]. To facilitate
the wiring, two chromium and copper contact pads (one on
the top and one on the bottom) were directly formed by
evaporation through a shadow mask. After the deposition is
complete, the PMN-PT transducer was mounted onto a glass
holder. For the connection between the transducer and the
glass pad, silver epoxy (Von Roll 3022 E-Solder®, Conductive
Adhesive, Schenectady, NY, USA) was applied and cured.
Transducer mounting was completed by attaching an SMA
connector to the glass-transducer assembly (Fig.3).
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ITI. TESTING AND CHARACTERIZATION

A. PA Testing Setup

The testing setup of the PA sensing probe is shown in Fig. 4.
The light source was an Nd:YAG laser (SPOT-10-200-532,
Elforlight Ltd, Northants, UK) operating at the wavelength
of 532nm. Its pulse duration and maximum output energy were
1.75 ns and 20 uJ/pulse, respectively. The pulse repetition rate
was set to 1 kHz. The output beam diameter was roughly
0.7 mm. A convex lens was used to focus the light onto
the transparent transducer at a specific point. The optical
fiber was aligned to the focal point of the light to provide
maximal coupling efficiency. Multiple acrylic spacers and
polyimide tubing were used to fix the optical fiber in a stable
position. The focused light transmitted through the transparent
transducer and the optical fiber, and then reached the target,
which is made of a black vinyl electrical tape (Scotch® Super
33+ Vinyl Electrical Tape, USA). The black vinyl electrical
tape has a high optical absorption coefficient and therefore
provides high efficiency for PA signal generation. The contact
conditions between the fiber tip and the transducer and target
were carefully maintained during tests to reduce acoustic cou-
pling loss between the optical fiber and the target or between
the transducer and optical fiber. A home-made PCB amplifier
was used to amplify the acoustic signal coming from the
transparent transducer. Its amplitude gain was set to be 23 dB
based on the values of feedback resistor and input resistor in
an inverting amplifier [17]. The amplified PA signal is received
by a digital oscilloscope with a sampling rate of 100 MHz.

B. Probe Characterization
After necessary alignments were made, the overall optical
transmission efficiency through the transparent transducer was
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TABLE I

OPTICAL TRANSMISSION EFFICIENCY MEASUREMENTS FOR
DIFFERENT TRANSDUCER SAMPLES

Material Thickness Transmission Efficiency (%)
Unpolished PMN-PT 1.6mm ~-2%
Unpolished PMN-PT 0.6mm ~11 %
Polished PMN-PT
with ITO 1.6mm ~9%
Polished PMN-PT a
with ITO 0.6mm ~25%

first characterized. The target was replaced with the photode-
tector of an optical power meter. As a reference measurement,
the transducer was first removed from the measurement setup
and the optical power at the end of the fiber was measured by
the power meter. The transducer substrate was put back and
the optical power was measured again. The output laser power
measured at the tip of PA sensing probe with and without
the transparent transducer was 1.464 mW and 5.88 mW,
respectively, which corresponds to an overall optical trans-
mission efficiency of 24.9%. For comparison, an un-polished
and also a thicker PMN-PT substrate was also measured
to evaluate the transmission loss due to surface scattering
and optical absorption inside PMN-PT (Table.1). As listed in
Table.1, both thickness and surface condition of the PMN-PT
substrate play a significant role in the optical transmission
efficiency. To avoid excessive attenuation due to absorption,
the thickness of the PMN-PT substrate needs to be carefully
chosen to satisfy the requirements on both optical and acoustic
performances. In addition, the surface roughness should be
minimized to reduce the light loss due to scattering. Moreover,
both PMN-PT and ITO have excellent transparency in the
visible and near-infrared range. Since the optical transparency
of PMN-PT and ITO have been well studied before [18]-[20],
the optical transparency for the transducer quantified at single
wavelength.

Fig. 5a shows a representative PA signal received from the
black tape target after being averaged by sixteen times. In addi-
tion to the original PA signal (which arrived first), the second,
third, and fourth reflected signals were also received at later
times. This shows that the optical fiber can serve as a low-loss
acoustic delay line to transmit the PA signal from the target
to the transducer. Fig. 5b shows the FFT spectrum of the
received PA signal. It covers a wide frequency range up to
2.1MHz, which corresponds to the cut-off frequency of the
lowest longitudinal mode of the optical fiber.

For probe characterization, different laser power levels were
used to reveal the relationship between the optical fluence and
the resulting PA signal strength (Fig. 6). The laser pulse energy
and the optical fluence were determined based on the measured
laser power, the pulse repetition rate, and also the estimated
illumination area. At the probe tip, the maximal pulse energy
was 5.36 pl/pulse and the maximal optical fluence was
4.27 mJ.-’cmz, which is far below the ANSI (American National
Standard Institute) safety limit of 20 ml/cm? [21]. As shown
in Fig. 6, the PA voltage increase with the optical fluence with
strong linear correlation (R% = 0.991).
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With an almost constant noise floor, the SNR increases with
optical fluence by following a logarithmic relationship.

C. Dye Characterization

The PA testing setup was also used to demonstrate the
PA characterization of dye concentration. The dye concen-
tration testing is a common procedure to evaluate the sen-
sitivity and linearity of a PA sensing or imaging system.
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When a single die is used, the absorbed optical energy and
the resulting PA response (i.e., the first peak of the PA
signal from the transducer) should increase linearly with the
dye concentration. By measuring the PA signals from dye
solutions with different concentrations, the linearity of the PA
sensing probe can be characterized. In addition, the lowest
detectable dye concentration can serve as a good indication
of the sensitivity. Dye solutions were prepared with red dye
powders (Rit® Dye, Phoenix Brands, Stamford, CT). Powders
were first dissolved in DI water and was transferred into an
acrylic container. The PA sensing probe was first mounted
onto a Z-stage and gradually lowered till the tip of the optical
fiber just touched the surface of the dye solution. For each
concentration, the PA measurement is repeated five times. The
captured PA voltages were averaged to determine the overall
PA response.

Fig. 7a shows the PA signals received from 0.1 g/mL,
0.04 g/mL, and 0.01 g/mL red dye solutions. The change
in the average PA voltage of the first peaks as a function
of the red dye concentration from 0.001 g/mL to 0.1 g/mL
is shown in Fig. 7b. The peak PA voltage increases with
the dye concentration, showing a significant linear correlation
between the dye concentration and the PA response of the
probe (R? = 0.928). When the dye concentration was reduced
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Fig. 8. PA ex-vivo tests with chicken breast a) testing setup and b) PA
signals from different depths.

down from 0.1 g/mL to 0.001 g/mL, SNR dropped from
19.2dB to 5.63dB. The received PA waveform started to bury
under the noise level, which indicates a detection limit of
about 0.001 g/mL.

D. Target Depth Detection in Biological Tissues

Detecting targets at different depths in biological tissues is
another important function of the PA sensing probe. The PA
measurements at different depths were performed in chicken
breast to mimic ex-vivo testing in biological tissues. As shown
in Fig. 8a, a piece of black tape was placed underneath the
chicken breast to serve as the target. The PA sensing probe
was placed onto a piece of chicken breast, with its tip gently
touching the surface of the chicken breast. Fig. 8b shows
the received PA signals at three different depths (t) of 0 mm
(black), 1.50 mm (red), and 2.50 mm (green), respectively.

Upon excitation of laser pulses, the PA signal from the
black-tape target travels through the chicken breast tissue
and the optical fiber, and reaches the transducer after certain
amount of time. The first positive or negative peak of the
recorded PA voltage represents the original PA response. After
impinging on the transducer, the PA signal could induce
some secondary resonant responses on the transducer, which
manifest themselves as lower-frequency oscillations at later
times. The PA signal amplitude dropped when the thickness
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of the chicken breast increased, which is mainly due to
lower optical fluence caused by stronger light diffusion at
larger depth. At t = 2.5 mm, the PA signal started to be
buried into noise, indicating the maximal detection depth
under the current testing condition. Based on the chicken
breast’s acoustic velocity, the depth of the target was estimated
from the time delay difference between the corresponding
positive or negative peaks of the PA signals between the two
measurements (0 mm (red) and 1.5 mm (black)). As shown
in Fig. 8b, the delay time difference of the two first positive
and negative peaks of the PA signals from the target at 0 mm
and 1.5mm is 1.2 us and 0.96 us, respectively. Assuming
the acoustic velocity of the chicken breast is 1540 m/s,
the estimated depth is 1.77 mm and 1.48mm, respectively,
which match the actual depth (1.5 mm) of the black tape target.

I'V. CONCLUSIONS

In this paper, a new PA sensing probe design using a single
optical fiber acoustic delay line and an optically-transparent
PMN-PT transducer has been demonstrated. By using a single
optical fiber for both light delivery and ultrasound reception,
a compact and minimally-invasive probe structure can be
achieved. Capitalizing upon the optical transparency of the
PMN-PT substrate, the transducer can be placed between the
optical source and the optical fiber, allowing the light delivery
and transmission of the acoustic signals through the same
optical fiber. As a result, the light delivery and the ultrasound
detection are automatically aligned with each other, thereby
resulting in an optimal configuration for PA signal detection.
Although the initial concept has been demonstrated, several
improvements will need to be investigated in future work.
First, the optical transmission efficiency can be improved by
optimizing the contacts and refractive index matching between
the PMN-PT substrate and optical fiber. Second, an acoustic
impedance matching layer can be added onto the optical
fiber to improve the efficiency of PA signal collection. Third,
a bundle of smaller optical fibers can be used to transmit higher
frequency components of the PA signal to enhance the depth
resolution of PA detection.
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