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Visualization of ultrasonic wave field by
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Abstract: A stroboscopic method based on polarization selective imaging is proposed for
dynamic visualization of ultrasonic waves propagating in a transparent medium. Multiple
independent polarization parametric images were obtained, which enabled quantitative evaluation
of the distribution of the ultrasonic pressure in quartz. In addition to the detection of optical
phase differences δ in conventional photo-elastic techniques, the azimuthal angle ϕ and the
Stokes parameter S2 of the polarized light are found to be highly sensitive to the wave-induced
refraction index distribution, opening a new window on ultrasonic field visualization.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Quantitative measurement of ultrasonic waves forms the basis of a wide variety of ultrasonic
applications, such as defect inspection of components [1,2], medical ultrasound diagnostics
[3,4], and photoacoustic tomography (PAT) of biomedical tissues [5]. Ultrasonic detectors with
broad detection bandwidth, small size, high speed, high sensitivity and good spatial resolution,
are desired for ultrasonic visualization in the above applications. Currently, contact ultrasonic
detection is widely utilized due to its high sensitivity and commercial maturity. This concept
typically makes use of ultrasonic transducers, e.g. piezoelectric sensors, to convert the sound wave
pressure to electrical signals. These transducers are sensitive enough for most applications but are
limited in their detection bandwidth and spatial resolution. There is therefore a growing interest
in non-contact optical detection methods, with the goal of overcoming the above limitations. In
these methods, visualization of ultrasonic waves is mainly achieved by measuring the effect of
ultrasonically induced strain on an optical wave passing through or reflecting from the medium.
Since ultrasonic strain goes along with a modified refractive index, the passage of an ultrasonic
wave affects the polarization status, phase or frequency of the optical wave used for detection. The
resulting variations in optical parameters can then be converted into variations in optical intensity
by an interferometric or polarimetric detection scheme, and recorded by using a photodiode or
optical imaging sensor. Hence, the evolution of an ultrasonic wave field can be inferred from a
recorded intensity distribution.
Several optical techniques have been applied for vibrometric measurements in various

transparent and non-transparent materials. Laser Doppler vibrometry (LDV) is an interferometric
technique widely used for scanning measurements and two-dimensional reconstruction of the
acoustic field by demodulating the frequency change of the optical wave at each detection point
[6–10]. A so-called laser beam microphone method has been used to visualize the spatial
distribution of the sound field in a scanning manner [11]. However, scanning measurements
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can be quite time-consuming. In order to address this issue, full-field imaging methods based
on diffraction and interferometry polarimetry have been developed to visualize variations of
the detection optical wave induced by the acoustic waves [12,13]. By combining with a
stroboscopic timing scheme, transient surface acoustic waves have been dynamically visualized
with photorefractive interferometry [14] and white-light interferometry [15]. Also, Schlieren
photography has been utilized to image the dynamic sound pressure in the air [16,17]. A sensitive
optical interferometer based on diffractive optics has been reported to image thermoelastic strain
of non-transparent materials quantitatively [18].
An improved photoelastic visualization system has been utilized to evaluate the ultrasonic

wave field synthesized by a phased array ultrasonic system [19]. Acoustic evanescent waves have
been successfully visualized by a stroboscopic photoelastic method with high spatial resolution
[20]. The photoelastic method was also elaborated to quantitatively evaluate the acoustic waves
by modulating two orthogonal polarizers [21,22]. But it was subject to a low imaging speed.

In current photoelastic techniques, the evaluation of ultrasonic waves is based on measurement
of the phase retardation δ of polarized light. However, the azimuthal angle of the polarized
light, φ, which is another optical wave parameter that carries information about the ultrasonic
waves, is often neglected. Our group has proposed the parametric indirect microscopic imaging
method (PIMI), which allows both the phase retardation and the ellipticity azimuthal angle to be
measured simultaneously [23]. The method maps the variations of the polarization state induced
by static stress with high resolution. This method has been extended for visualizing an ultrasound
field [24]. Untill now, it has been limited in measurement speed and the interpretation of results
has been hindered due to spurious interference patterns produced by multiple reflections from
different parts of the sample. Furthermore, the required rotation of the polarizer during the
measurement leads to mechanical vibrations of the optical system, which acts as a source of
noise. Furthermore, because the sample was illuminated by a continuous laser, the temporal
resolution of the system was determined by the electronic shutter of the camera.

Recently, polarization charge-coupled device (CCD) cameras have been developed, which allow
images to be taken at different polarization directions in a single exposure [25–27]. Researchers
have made use of such devices to image the dynamic birefringence induced by ultrasonic fields
via the stress-optic effect up to high frame rates, i.e. 1.3MHz and 1,550,000 fps, respectively
[28,29]. The highest frequency of ultrasound that can be detected by such systems is determined
by the shortest exposure time tc of the camera. According to the Nyquist sampling theorem, the
upper limit frequency of ultrasound that can be detected is 1/(2tc). Although the measurement
speed is relatively fast, these techniques are limited either by the pixel density of the images
or the upper-frequency limit of measurable ultrasonic waves. Furthermore, extra information
carried by other independent polarization parameters of the detection beam, e.g. the azimuthal
angle of the polarized light, has not been exploited [28,29].

In this paper, we propose a stroboscopic polarization selective imaging method to visualize the
phase retardance and azimuthal angle of the detection optical wave. We utilize the approach to
evaluate the ultrasonic field distribution with fast speed and high-resolution. Compared with
previous work of the authors’ group [24], the upper frequency limit of measurable ultrasound
by the system is significantly improved by using a nanosecond pulsed laser as a stroboscopic
illumination source. The short pulse duration, i.e. 10 ns, overcomes the above mentioned
limitations of the relatively long electronic shutter time of current polarization cameras and allows
the propagation of ultrasound at frequencies up to approximately 50MHz to be observed. Besides,
by avoiding to use a rotating polarizer, the mechanical vibration noise is eliminated and the
image contrast is improved further. The polarization camera (PHX050S Lucid, with a resolution
of 2448�2048 pixels) ensures the possibility of full-field imaging of an ultrasound field with a
much bigger pixel number and spatial resolution than previously reported measurements using a
polarization CCD [28,29]. Furthermore, the birefringent phase retardance and the azimuthal
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angle can be imaged in a single exposure, which provides two independent measurements of the
ultrasonic field simultaneously.

2. Methods

When ultrasonic waves propagate through a medium, the shear waves produce stress anisotropy.
The stress anisotropy can be evaluated by measuring changes in an optical probing beam passing
through the medium, which is affected by ultrasound-induced photoelastic effects. Assuming
light passing through a thin specimen made of optically isotropic material, the magnitude of the
relative phase retardation in the [1 2] xy plane can be described in 2D by the stress-optic law [30]:

�δxy12 =
2π
λ
�

d
0 C„σx � σy”dz, (1)

where ∆δxy12 is the stress-induced retardation, d is the specimen thickness, λ is the optical
wavelength. This phase retardation changes the polarization status of the transmitted light. C = c2
-c1 is the relative stress-optic coefficient, where c1, c2 are stresses optic coefficients along the x
and y axes, respectively and σx, σy are principal stresses along the x and y axes, respectively.

A schematic diagram of the stroboscopic polarization selective imaging is presented in Fig. 1.

Fig. 1. Schematic diagram of the stroboscopic polarization selective imaging method. (a)
Phase shift δ, (b) Azimuthal angle of polarized light ϕ.

When circularly polarized light passes through a transparent material exhibiting stress
anisotropy, due to stress-induced effects, the orthogonal polarization components along the
two principal stress directions experience different values of the refractive index. The phase
retardation between the two orthogonal polarization components changes the polarization states
of transmitted light. After passing through the specimen, the polarization states of the output
light, as described by the polarization ellipse shown in Fig. 1(b), can be written as:
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where Ex and Ey are the electric vector components of the output light, Eox and Eoy are the
amplitudes of the output light, along the x and y axes, respectively.
The Stokes polarization parameters of the polarized light can be calculated through the four

different polarization directional images [31]:8>>>>>>>><>>>>>>>>:
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, (3)
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where four polarized plates with different angles (0°, 45°, 90°, 135°) are used to detect the
polarized light. I(0°) is the intensity of linearly horizontal polarized light component, I(90°) is
the intensity of linearly vertical polarized light component, I(45°) is the intensity of linear +45°
polarized (L+45P) light component, I(135°) is the intensity of linear -45° polarized (L-45P)
light components, IRCP is the intensity of the right circularly polarized light component, ILCP
is the intensity of the left circularly polarized light component. The quantities S0, S1, S2 and
S3 are the observables of the output polarized field. The first Stokes parameter S0 describes
the total intensity of the optical beam; the second parameter S1 describes the preponderance of
linearly horizontal polarized (LHP) light over linearly vertical polarized (LVP) light; the third
parameter S2 describes preponderance of L+45P light over L-45P light and, finally, S3 describes
the preponderance of right circularly polarized (RCP) light over left circularly polarized (LCP)
light.
Given the above definitions, the phase difference δ can be written in terms of the Stokes

parameter:

δ = arccos
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The azimuthal angle ϕ of the polarized light can be written as follows:
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By taking the pixels with polarization azimuth at 0°, 45°,90° and 135°, Eox, Eoy and δ can be
calculated using Eq. (3) and Eq. (4). The azimuthal angle ϕ can then be obtained from Eq. (5)
and the stress distribution induced by the ultrasonic field can be reconstructed using Eq. (1).

3. Experimental setup

As illustrated in Fig. 2, the experimental setup consists of two parts: an optical imaging system
and a synchronization controlling system. The optical part of the system includes a pulsed
frequency-doubled Nd:YAG laser, a beam expander (BE), a polarizer (P), a quarter-wave plate
(QWP), a 4F imaging system (L1 and L2) and a polarization CCD. A pulsed Nd:YAG laser (Grace
Laser TINY-200L, wavelength 532 nm, beam diameter �5mm) was used as the stroboscopic
light source, providing an exposure time of about 10 ns. The linearly polarized beam from the
laser was first expanded to about 10mm by the beam expander. After passing through a polarizer
and a quarter-wave plate with its fast axis oriented at 45° with respect to the transmission axis of
the polarizer, the incident light was converted to circularly polarized light. Next, the collimated
beam was passed through a transparent isotropic quartz glass with an ultrasonic wave transmitted
from one end to the other transverse to the optical axis. As shown in Fig. 2(b), the ultrasonic
wave was generated by a piezoelectric ceramic transducer (PZT 1) attached to the end face of
the quartz glass, with size of 10mm�10mm�20mm and 5mm�7mm for the glass and PZT,
respectively. The polarization CCD (PHX050S Lucid, with a pixel size of 3.45 µm) acquired
images of the sample through the 4F system and I(0°), I(90°), I(45°), I(135°) linear polarizers in
a single exposure. In the experiment, transducer PZT 1, with a resonant frequency of 5MHz,
was used for generating the ultrasonic waves, which were monitored by PZT 2 at the opposite
face of the sample.

A diagram for the timing of the stroboscopic exposure system is presented in Fig. 3(a), which
collected images at different moments during the propagation of the ultrasonic wave from PZT 1
to PZT 2. Synchronization signals were used to trigger the generation of the ultrasonic wave, the
laser illumination and the exposure of the imaging system. A trapezoidal pulse with a duration of
170 ns that was used to drive PZT 1 and a typical ultrasonic pressure signal captured by PZT 2
are shown in Figs. 3(b) and (c) respectively. The frame rate of the CCD camera is 10 fps. The
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Fig. 2. Experimental setup for the stroboscopic polarization selective imaging of the
ultrasonic field. (a) The stroboscopic light passes through a transparent isotropic quartz
glass with ultrasonic wave transmitting from one end to the other. Two synchronization
signals are used to trigger the generation of the ultrasonic wave and the exposure time of the
imaging system. (b) The structure of sample.

repetition frequency of the laser pulse and the ultrasound excitation signal was 10Hz and 5 kHz,
respectively, as shown in Fig. 3(a). The excitation time of the PZT was delayed by 1 �s with
respect to the output triggering signal of the laser, i.e. Q in Fig. 3(a). This delay is calculated as
the time needed for the ultrasound propagating from the PZT to the area covered by the probe
beam. The shutter of the camera was triggered to open before the output of the probe laser pulse
and close after imaging the pulse. The delay between generation of the ultrasonic wave and the
exposure period was set to ensure images taken when the ultrasonic wave-front was within the
imaging area (approximately 8.45mm � 7.07mm) covered by the probe beam.

Fig. 3. (a) Timing chart of the stroboscopic system. (a) Q depicts the timing of the laser
pulses. Trigger signals with a proper delay with respect to the ultrasonic generation pulse
are used to trigger the polarization CCD and the pulsed laser, making the opening period of
the CCD shutter covers the pulses from the laser. (b) A trapezoidal pulse with a duration of
170 ns is used to trigger PZT 1. (c) A typical ultrasonic pressure signal measured by PZT 2.

The utilization of a short pulse stroboscopic light source overcomes the limitation of the slow
electronic shutter of the CCD and enables the system to visualize the ultrasonic wave dynamically
with high temporal resolution.
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4. Results and discussions

Figure 4 shows images of Stokes parameters, i.e. S0 to S3, phase retardation δ, and azimuthal
angle ϕ, calculated from the I(0°), I(90°), I(45°), I(135°) linear polarized images acquired by the
polarization CCD. The S0 image in Fig. 4(a) represents the total intensity of light. The S1 image
in Fig. 4(b) is the difference between I(0°) and I(90°), and shows the output light is no longer
circularly polarized after passing through the ultrasonic field. The S2 image in Fig. 4(c), i.e. the
difference between I(45°) and I(135°), shows the image includes information of the ultrasound
field, but with relatively low contrast. As shown in Figs. 4(e) and (f), the images of the phase
difference δ and the azimuthal angle ϕ demonstrate relatively high sensitivity to the ultrasonic
field. The changes in the parameter δ are related to the sound-induced stress according to Eq. (1)
and (4). Similarly, azimuthal angle φ is related to the stress distribution according to Eq. (5).
These images represent the distribution of tangential displacement caused by the ultrasonic wave
passing through the imaging area of the sample covered by the probe beam. The images (c), (e),
(f) indicate the up-down symmetry, while the others indicate circular symmetry induced by the
high coherence of the laser.

Fig. 4. Polarization parameters images. (a)-(d) Stokes parameters, respectively S0, S1, S2,
S3. (e) Phase difference δ, (f) Azimuthal angle ϕ.

In order to analyse the sensitivities of different parametric polarization images, intensity profile
curves were extracted from images of the parameter S2, the phase difference δ, and the azimuthal
angle ϕ, along the vertical line shown in Fig. 5. Figures 5(a) and (d) show the variation of δ is
approximately identical to the measured ultrasonic pressure in Fig. 3(c). Figures 5(b) and (e)
show parameter ϕ is even more sensitive, with a higher contrast and sensitivity to the ultrasonic
pressure than δ. Besides, the intensity profile curve in Fig. 5(e) is similar but not identical to
Fig. 3(c). This demonstrates that parameter S2, i.e. Figures 5(c) and (f), is equivalent to the
image that would be obtained in conventional photoelastic measurements.

Figure 6 shows time-sequential images of the ultrasonic wave propagation with a delay
time step of 0.2 �s between subsequent images. In addition to the clear evolution of the main
propagating ultrasonic wave, a reflected wave is also visible in the bottom right corner. The
number of pixels corresponding to the distance propagated in one delay step is counted as 326, so
with a pixel size of 3.45 �m, the actual distance is 326 � 3.45 �m= 1124.7 �m. The speed of the
ultrasound propagating in quartz glass can then be calculated from the propagation distance and
propagation time, i.e. approximately 5623.5 m/s, which is in accordance with literature values,
ranging from 5570 m/s to 5930 m/s [32], validating the accuracy of the measurement system.
Factors of uncertainty in this measurement include the relative delay error between triggering
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Fig. 5. Intensity profile curves of parametric polarization images. Intensity curves for (d) δ,
(e) ϕ, and (f) S2, extracted from (a) δ, (b) ϕ, (c) S2 along the vertical dashed line respectively.

pulses from the function generator or the digital delay generator and the jitter time of the pulsed
laser.

Fig. 6. Time-sequential images of the ultrasonic wave propagation with a delay step of
0.2�s between the subsequent stroboscopic illuminations. (a1) - -(a4) phase retardance δ
images. (b1)- -(b4) the azimuthal angle ϕ images. No averaging was taken.

In order to analyse the frequency response of the system, a continuous sinusoidal input signal
around the resonant frequency was applied to PZT 1. The experimental results are shown in
Fig. 7. The polarization parametric images of δ and ϕ show the distribution of the ultrasonic
induced stress under the same experimental conditions, except for a different frequency applied
to PZT 1, i.e. 5MHz to 6.5MHz in steps of 0.1MHz. The results illustrate that the imaging
system has a relatively flat frequency response, which is important for detecting ultrasound with
broad bandwidth. The frequency range of 5MHz to 6.5MHz was selected around the center
frequency of the PZT in order to ensure the generated ultrasound had a flat amplitude across the
frequency range.
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Fig. 7. Imaging results of ultrasound fields with different frequencies. The frequency
ranged from 5MHz to 6.5MHz with 0.1MHz step in (1)-(16), respectively. (a1)-(a16) are
phase retardance δ images, (b1) -(b16) are azimuthal angle ϕ images.

As can be seen from Eq. (1), the phase retardation ∆δxy12 is directly proportional to the
distribution of the ultrasonically induced stress. In other words, the phase retardation of the output
light is proportional to the sound pressure. In order to illustrate the accuracy of this technique,
numerical simulations were performed using the k-wave MATLAB toolbox [33] and compared
with the experimental results. The simulation was configured with the same parameters of the
experimental setup as described in section 3, including the sample size, transducer excitation
signal, probe beam parameters, etc. The simulation was performed with a grid size of 46.3 µm
� 46.3 µm, a time step of 2.46 ns, the sound speed of 5640 m/s, the attenuation coefficient of
0.75, and the initial sound pressure at the source PZT was configured to be the same as that of
the pulse shown in Fig. 3(b). A comparison between the simulated sound pressure distribution
and the experimental result of δ is shown in Fig. 8. Figures 8(a) and (b) show consistency in the
distribution of ultrasound except for random noise in the image of δ. As shown in Fig. 8(c), the
experimental measurements of the phase difference δ agree well with the simulated ultrasonic
pressure distribution.

Fig. 8. Comparisons of experimental and simulated results. (a) A 3-dimensional image of
δ, (b) 3-dimensional simulated image of ultrasound pressure, (c) intensity curves extracted
from (a) and (b) along the y-axis.
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5. Conclusion

In this article, an optical method for sensing and visualizing the ultrasonic wave using multiple
polarization parameters of the probe light was implemented. A theoretical model for the
quantitative relation between the ultrasonic wave field and the polarization parameters of the
probe light has been elaborated. By utilizing a stroboscopic illumination method, parametric
images of the phase difference δ, the azimuthal angle ϕ, and the Stokes parameters of the probe
light were extracted from polarization images taken by a polarization CCD. It turns out that
parametric images of δ, ϕ and Stokes S2 are sensitive to the ultrasonic field, while S0, S1, S3.
are not or only weakly. Good agreement was found between snapshots of simulated ultrasonic
pressure fields and parametric images of δ.
The results show that the proposed method can be used to visualize an ultrasonic field

using multiple independent polarization parametric images, and that, provided the photoelastic
coefficient, the effective optical path length, and the illumination condition of the sample are
calibrated carafully, the ultrasonic pressure distribution can be evaluated quantitatively. This
makes the technique very useful for fast and non-contact detection of ultrasonic waves in
photoacoustic sensing and imaging applications when it is implemented in a reflection mode.
However, extension of this method to image ultrasound wave propagation in turbid medium is
facing various challenges such as the optical and acoustic scattering, low reflectivity, etc.

In future implementations, we will replace the Nd:YAG laser with a polarization controllable
semiconductor laser source [34]. This will enable the measurement system to be miniaturized,
the laser pulse frequency to be increased, and the polarization state of the light to be tuned
rapidly [35]. In this way, it will be possible to average a large number of camera snapshots
to increase the imaging quality. Furthermore, polarization-sensitive imaging can be achieved
without an expensive polarization CCD, by controlling the polarization of the probe beam. To
ensure sufficient light is available, a bar of such sources will be used, containing a number of
semiconductor lasers operating incoherently. Multiple ridge waveguide semiconductor lasers
each operating in a single transverse mode will be driven in parallel. In addition, low-current
polarization controllers (one for each laser) will be driven in parallel to control the polarization
state. This device will make it possible to generate optical pulses and rotate the polarization of
the output on a timescale down to 10s of nanoseconds.
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