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Ultrasonic imaging using a phased array probe with a buffer consisting of a 
bundle of circular cylinders

Mingqian Xia , Kohei Nishiuchi , Takahiro Hayashi * , Naoki Mori
Graduate School of Engineering, The University of Osaka, Japan

A B S T R A C T

The authors have previously investigated defect imaging using a phased array probe with a buffer consisting of thin plates. Although the phased array probe with a 
stacked plate buffer works well in defect imaging, there remains the issue of spurious images due to trailing waves generating at the side walls of a plate, and large 
stacked plate buffers are required to avoid the trailing waves. To solve these issues, a buffer consisting of circular cylinders is introduced. Considering dispersion 
characteristics of longitudinal vibration mode of guided waves in a circular cylinder and dimensions of phased array probe, cylinder buffers were designed and 
fabricated. Using the buffer consisting of circular cylinders, defects were well visualized with two imaging algorithms, plane wave imaging and total focusing method.

1. Introduction

Inspection techniques including visual checking for working plants, 
ultrasonic and radiographic inspections are required for regular health 
monitoring for all industrial plants, including nuclear power plants, steel 
mills and chemical plants for guarantee the work safety. Particularly, 
pipes are often experiencing stress corrosion cracking (SCC) and fatigue 
cracking due to the content and pressure changing inside pipes [1–6]. 
Since pipe collapse caused by SCC and fatigue cracks often happen in 
heat-affected zones (HAZs) near welds in pipes, inspecting HAZs in 
pipeworks is a key technology to locate the cracks precisely and to make 
sure the remaining service life in working environment [7–16].

Phased array ultrasonic testing (PAUT) have been widely used 
recently for such pipe weld inspection, in which many equally spaced 
piezoelectric elements transmit and receive ultrasonic signals, and the 
ultrasonic signals are processed into defect images through imaging 
algorithms. Many data acquisition methods in the phased array (PA) 
imaging such as sectorial scanning, full matrix capture, plane wave 
imaging, and imaging methods such as total focusing method, delay- 
and-sum, synthetic aperture focusing, are widely used in practical 
testing [17–22]. In this study, Plane Wave Imaging (PWI) and Full Ma
trix Capture/Total Focusing Method (FMC/TFM) are used in experi
ments. The PWI simultaneously excites signals from N array elements to 
the specimen to be tested, then the 1 × N signals received at the N array 
elements are processed for defect image. In FMC/TFM, N × N signals are 
acquired by switching the incident array element and receiving with N 
array elements in one signal emitting and receiving period, and a defect 
image is generated based on the N × N signals.

Although the PAUT has become a standard technique for nonde
structive inspection in plants, there are still challenges when considering 
harsh environment of working pipelines. Normally in the PAUT, the PA 
probe has to be in contact with the object to be inspected, but this is not 
possible if the temperature of object is high or low enough to damage the 
PA probe. For example, liquid sodium has been a type of liquid coolant 
for some newly built nuclear power plants, where the temperature of the 
pipeline system that transports the coolant is around 500 ◦C. At the same 
time, the PA probe often needs to be kept at no more than adhesive 
endurance temperature, e. g., 60 ◦C, to maintain normal operation. A 
bulk buffer rod can be a solution for ultrasonic testing in such high 
temperature, by cooling with coolants such as water and air, emitting 
ultrasonic waves, and keeping the contact area with the ultrasonic probe 
within a tolerable temperature range. However, a bulk buffer rod can be 
used as a solution for a single ultrasonic probe, which cannot be applied 
for PA probes because the image cannot be obtained due to the near field 
limit [23–25].

In our previous studies, a stacked plate structure was considered 
instead of a bulk buffer rod as a solution for the PA imaging with a 
buffer. Fukuchi. et al. numerically investigated the ultrasonic focusing 
by a stacked plate structure and revealed that ultrasonic focusing is 
possible by stacked thin plate structure beyond the near field limit [26]. 
Based on the numerical analyses and experimental investigations of the 
wave propagation in the stacked plate structure, the authors of the 
current paper confirmed that the defect imaging with a PA probe with a 
stacked plate buffer works well [27,28]. However, spurious images were 
also observed in the images, and our previous paper about the experi
mental investigation of feasibility of stacked plate buffer proved that 
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they are caused by the trailing waves generating at the side walls of the 
plate with finite width [28]. To eliminate the spurious images caused by 
the trailing waves, our previous study proposed the use of wider plates of 
the buffer. Although the solution successfully removes the spurious 
images, it necessitated the use of large buffer plates, which often hinders 
inspection personnels in the limited space of inspection sites. In this 
paper, a thin circular cylinder is proposed as a waveguide to solve these 
issues.

The purpose of this research is to experimentally confirm the feasi
bility of PA imaging using a probe with a buffer consisting of a bundle of 
circular cylinders. As a fundamental investigation, we first conduct an 
experimental study at room temperature. In Section 2, the principle of 
the PA imaging using a buffer consisting of a bundle of circular cylinders 
is explained. Section 3 describes the experimental devices and methods, 
including the PA probe, specimen, buffer, and imaging algorithms used 
in the experiments. In Section 4, the results of experiments with different 
length buffers are provided.

2. Use of circular cylinder bundle for a phased array buffer

Our previous studies proved using numerical simulations and ex
periments that PA defect imaging is feasible when a buffer consisting of 
a bundle of thin flat plates is attached to a PA probe. All waves propa
gating in plates maintain their waveforms and time delays due to small 
dispersion characteristic of S0 mode of Lamb waves in low frequency- 
thickness product range, and therefore the stacked-plate buffer can 
extend the imaging range compared to the bulk buffer rod. However, 
these studies showed that there are two limitations to the use of the 
stacked-plate buffer. One is the limitation of imaging area due to mul
tiple reflections at both ends of the buffer [27], and the other is gener
ation of spurious images due to trailing waves caused by mode converted 
waves at both side walls of the plates [28]. Although the first limitation 
is inevitable as long as buffers are used for phased array imaging, the 
second one about trailing wave was solved in the previous study by 
expanding the width of the buffer plate. However, the use of larger 
buffer may pose problems in inspection sites, considering that many 
inspection areas do not have sufficient space.

In this paper, an alternative way to solve the issue of trailing waves is 
proposed by using circular cylinders. The method of eliminating trailing 
waves from the waveguide can be explained qualitatively from the 
theory of generation of trailing waves and more precisely from the 
theory of propagation of guided waves in a circular cylinder, as follows.

Trailing waves in a flat plate with finite width are generated by mode 
conversion that occurred at the side walls of the plate. An S0 mode of 
Lamb wave propagates in a plate and the spread wave reflects at the side 
walls, causing some mode conversion, resulting in shear horizontal 
waves. In such case, due to differences in the propagation distance and 
propagation speed, it is known that even if a single longitudinal pulse 
wave is incident on the end of the buffer, multiple trailing waves are 
observed on the opposite side of the buffer with a certain time interval 
following the incident main straight wave pocket [28,29].

In the previous study of stacked plate buffer, we analyzed the trailing 
wave for an isotropic thin plate with a finite width under the assumption 
of plane stress condition. When the plate width of the buffer is w, the 
wave velocity of the S0 mode and the transverse wave velocity in the 
thin plate are cplate and cT, respectively, and the reflection angle when 
the mode conversion from the S0 mode to the SH wave occurs is α, the 
interval of multiple trailing waves, Δtplate, can be expressed as 

Δtplate =
w

cT cos α −
w

cplate
tan α, (1) 

Based on Eq. (1), increasing the width of the thin plate w leads to 
longer time interval Δtplate, and resulting elimination of the influence of 
the trailing wave from the imaging area.

The interval of the trailing waves can be calculated in the same way 
for a circular cylinder. The interval after which the trailing wave ap

pears, Δtcylinder, can be expressed as 

Δtcylinder =
d

cT cos β
−

d
cL

tan β, (2) 

where d is the diameter of the circular cylinder, cL and cT, are the lon
gitudinal wave velocity and the transverse wave velocity in the circular 
cylinder, respectively, and β is the reflection angle when the mode 
conversion from longitudinal wave to transverse wave occurs at the 
cylinder side wall [29].

Therefore, as with the thin plate, by increasing the diameter of the 
circular cylinder and delaying the arrival time of the trailing wave, it 
may be possible to eliminate its influence outside the imaging area. 
However, circular cylinders with a large diameter cannot be used as the 
PA buffer because the contact area to the PA probe becomes larger than 
the width of the single element of the linear array PA probe. Conversely, 
by reducing the diameter of the circular cylinder and shortening the 
interval of the trailing wave, it may be possible to concentrate the 
trailing waves closed to the main straight wave pocket, which will be 
used in this study.

To accurately analyze wave propagation in a circular cylinder, the 
wave field must be considered as guided waves. Fig. 1 shows the group 
velocity dispersion curves for a stainless-steel circular cylinder with 
longitudinal wave velocity 5790 m/s, transverse wave velocity 3100 m/ 
s, used in later experiments. The dispersion curves were obtained by the 
semi-analytical finite element method [30]. The horizontal axis is the 
product of frequency (f) and diameter(d) of a circular cylinder, and the 
vertical axis is the group velocity (cg). The mode with the largest group 
velocity represents the mode of longitudinal vibration, which can be 
generated by excitation in the axial direction from the cross-section of 
the circular cylinder. The longitudinal vibration mode has low disper
sion in the low fd range and can be used as buffers in the same way as 
thin plates [27,28]. Namely, pulse wave generated at the one end of a 
circular cylinder can reach the opposite end with nearly the same 
waveform. In the latter experiments, the fd range shown in the red band 
is used, and the group velocity obtained by the calculation is 5060 m/s. 
Theoretically, it may be possible to use square cylinders and cylinders 
with an arbitrary cross-section as well as circular cylinders, but due to its 
availability, circular cylinders are adopted as a buffer element in this 
study.

Considering the use of circular cylinders as a PA buffer, the config
uration is as shown in Fig. 2. The pitch and diameter of a buffer 

Fig. 1. Group velocity dispersion curves of guided waves for a circular cylinder 
with longitudinal and transverse wave velocities of 5790 m/s and 3100 m/s, 
respectively.
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consisting of a bundle of circular cylinders are adjusted so that each 
piezoelectric element of the PA probe corresponds to the end of a bundle 
of circular cylinders. Vibrations of the individual piezoelectric elements 
can propagate through each circular cylinder to the other end when the 
PA probe contacts with the end of the buffer consisting of a bundle of 
circular cylinders. In other words, the presence of the buffer can still 
transmit the vibrations from the PA probe and the object contact with 
the end of the buffer can be vibrated, as if the PA probe directly contact 
with the object. The nature of guided waves propagating through the 
circular cylinder is used.

The individual vibrating elements of the PA probe emit longitudinal 
waves with displacements perpendicular to the vibrating surface, so that 
vibrations in the longitudinal direction of the circular cylinders are 
incident on the edge surface of the circular cylinders. Because this vi
bration resembles the vibration distribution of the first longitudinal 
mode on the cross-section of the circular cylinder, most of the wave 
modes propagating in the circular cylinder are the first longitudinal 
mode.

When these ends are in contact with the object and delays are given 
to the elements in the PA probe as shown in Fig. 2, for example, the 
delays given by a PA probe and the ultrasonic pulses are almost un
changed at the other end. Thus, the ultrasonic PA technology can be 
used nearly without modification by using a buffer consisting of a 
bundle of thin circular cylinders.

3. Experimental equipment, buffer, and test specimen

This section describes the experimental equipment and test specimen 
used in the imaging experiment and fabrication of a buffer consisting of 
a bundle of circular cylinders.

A linear array PA probe consisting of 64 elements with an element 
size of 15 mm × 0.9 mm, a pitch of 1 mm, an element gap of 0.1 mm, and 
a total aperture of 15 mm × 63.9 mm is used in the experiments. The 
bandwidths of all elements are almost identical, with a center frequency 
of 1.0 MHz and a full width at half maximum of approximately 1.0 MHz. 
The experimental data were acquired by PWI and FMC using PA 
equipment (The Phased Array Company, Explorer). The system uses a 
14-bit 64-channel architecture and can perform acquisition of all 64 
channels in parallel at a sampling frequency of 50 MHz. In these ex
periments, the controller was driven by a PC using a LabVIEW interface. 
Each element of the PA probe can apply a longitudinal force at the edge 

of each circular cylinder and inject an ultrasonic pulse wave with a 
center frequency of 1 MHz into each circular cylinder paired with each 
piezoelectric element.

Fig. 3 shows a picture of the buffer consisting of a bundle of circular 
cylinders used in the experiments in the next section. The SUS304 cir
cular cylinder is with 0.9 mm diameter, which is the same as the width of 
the piezo element of the PA probe, and 100 mm long, which is the same 
length of the stacked plate buffer investigated by numerical calculations 
and experiments in the previous study. Fig. 4 shows the end surface of 

Fig. 2. Schematic diagram of phased array focusing with a buffer consisting of a bundle of circular cylinders.

Fig. 3. Pictures of a buffer consisting of a bundle of circular cylinders has been 
formed by circular cylinders.
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the buffer. 64 circular cylinders were arranged horizontally on a solid 
fixture with parallel notches of a 1 mm pitch, and the positions were 
fixed by curing the area about 3 mm from the ends of circular cylinders 
with a UV-curable adhesive which is shown in yellow between circular 
cylinders. The resulting gaps between the horizontally-arranged cylin
ders are 0.1 mm, and maintaining this gap is important for reducing 
crosstalk between each channel. Each layer consisting of 64 circular 
cylinders was then bonded with double-sided tape of 5 mm wide and 
about 0.1 mm thick. Stacking 15 layers created a cylinder-bundled 
buffer of about 15 mm wide. After that, to fix the buffer and to pre
vent the penetration of couplant, the gaps at both ends of the buffer were 
filled with UV-curable adhesive again. In this way, 15 circular cylinders 
arranged in a line can be paired with one piezoelectric element of the PA 
probe. Similarly, each piezoelectric element is paired with the other 15- 
cylinder row, as shown in Fig. 4.

Longitudinal wave with center frequency of 1 MHz from each 
piezoelectric element is applied on each circular cylinder and a longi
tudinally vibrating guided wave mode which has similar vibration form 

on the cylinder edges as the incident wave from piezoelectric elements, 
mainly propagates in the circular cylinders. Considering the dispersion 
curve of low fd range of 0.9 MHz mm, the longitudinal mode of guided 
wave can propagate in a very low dispersion.

As shown in Fig. 5, the aluminum alloy (A5052) specimen is a 100 
mm × 100 mm × 50 mm rectangular solid having three side drilled holes 
(SDHs). The SDHs #1, #2, and #3 are located at 20 mm, 25 mm, and 30 
mm from the upper surface, and at 20 mm, 40 mm, and 60 mm from the 
left surface, respectively. The diameter of # 1 and #3 are 3.0 mm, while 
diameter of #2 is 3.5 mm.

Waveforms were collected and processed in two different ways, PWI 
and FMC/TFM, respectively. For a PA probe having N elements, in PWI, 
all piezo elements excite the signals simultaneously and all the elements 
collect waveforms independently. Then 1 × N waveforms are collected. 

Fig. 4. Schematic diagram of the end surface of buffer consists of a bundle of circular cylinders.

Fig. 5. A picture of the specimen with three side-drilled holes as internal re
flectors to test the effectiveness of the buffer consisting of a bundle of circu
lar cylinders.

Fig. 6. Pictures of the experimental devices and specimen when (a) phased 
array probe without buffer, and (b) with the buffer consisting of a bundle of 
circular cylinders.

M. Xia et al.                                                                                                                                                                                                                                     NDT and E International 158 (2026) 103576 

4 



When using FMC/TFM, in each testing period, one element emits the 
signal and all the elements receive the echo from the specimen. This 
pulse emission from a single element and signal acquisition with all el
ements is performed repeatedly and then collect an N × N waveform set. 
Then the delay and sum processing based on the TFM are applied to the 
waveform set. Intensity of each specific position in the imaging area is 
calculated based on the expected delay.

Before the imaging experiment of the buffer consisting of a bundle of 
circular cylinders, the imaging experiment was performed with the PA 
probe without the buffer, as shown in Fig. 6 (a). After confirming that 
the defect image can be obtained with the PA probe, the imaging 
experiment was performed with the buffer consisting of a bundle of 
circular cylinders, as shown in Fig. 6 (b). During the experiments, a 
regular couplant for longitudinal waves was applied on the surface 

Fig. 7. Defect images when using the PA probe with and without the buffer consisting of a bundle of circular cylinders. (a) PWI without buffer. (b) FMC/TFM without 
buffer. (c) PWI with 100 mm buffer. (d) FMC/TFM with 100 mm buffer. (e) PWI with 200 mm buffer. (f) FMC/TFM with 200 mm buffer.
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between contact surfaces such as the PA probe and specimen, the PA 
probe and buffer, and the buffer and specimen. When performing actual 
inspections at high temperatures, an adhesive or couplant that can be 
applied at the expected high temperatures is required. The imaging area 
called regions of interest (ROI) in the latter experiments are rectangular 
of 60 mm × 60 mm (white square) and 60 mm × 130 mm (black dashed 
rectangular) as shown in the figure. The upper and lower edges of the 
buffer consisting of a bundle of circular cylinders are connected to the 
PA probe and upper surface of the specimen, respectively.

4. Results and discussions of experiments using buffer 
consisting of a bundle of circular cylinders

Fig. 7 shows the defect images using the PA probe with and without 
the buffer in two different ways as PWI and FMC/TFM. In the first row of 
the figure, (a) and (b), are images without buffer, and the second and 
third rows show the images with 100 mm and 200 mm long buffers, 
respectively. Columns denote the images for PWI and FMC/TFM. These 
imaging processes were done by assuming the guided waves of longi
tudinal mode propagates in the buffer with a group velocity of 5060 m/s, 
and longitudinal waves propagate with a velocity of 6200 m/s in the 
aluminum specimen used in the experiment. The colors of the images 
represent intensities expressed in a range from − 90 to 0 dB, where the 
intensity values are normalized by the maximum intensity value of each 
figure.

In Fig. 7 (a) and (b) without a buffer, clear images of three SDHs were 
obtained at the correct positions and the images with FMC/TFM are 
clearer than those of PWI due to the difference of imaging algorithm. 
These images serve as a reference for comparison with conventional 
imaging using a PA probe. In Fig. 7(c) and (d), the SDH images are also 
clearly shown at the correct positions even with a buffer consisting of a 
bundle of circular cylinders, which indicates that the issues caused by 
trailing waves observed in the previous paper using a plate buffer [28] 
have been resolved as expected.

In Fig. 7 (e) and (f) with 200 mm long buffer, both for PWI and FMC/ 
TFM, the intensity is lower at the defect positions, compared to (a) - (d), 
and defects cannot be recognized in (e), with PWI. There are several 
possible reasons for this degradation of the images; one is the attenua
tion of the guided waves in cylinders by using longer cylinders, the 
second one is the dispersion of the guided waves, and the third one is 
crosstalk between cylinders. At present, the third reason seems to be the 
dominant one, because the images were greatly distorted and defect 
images were not obtained when the coupling medium got into the gaps 
between the cylinders. Moreover, longer thin cylinders are also easy to 

be bended and easy to be contacted with each other in which way cause 
the crosstalk between the cylinders. In the next fabrication of the cir
cular cylinder buffers, we aim to create a buffer with minimal crosstalk 
by placing appropriately sized rigid balls with small contact areas in the 
gaps between the circular cylinders, thereby preventing cylinder contact 
and improving defect imaging.

Compared to (a) and (b), (c) – (f) have a high intensity area at the 
upper edge of the ROI indicating the echo noise generated at the inter
face between the buffer and the specimen, which leads to the lower 
intensity at the defect positions. To discuss this dead zone, Fig. 8 shows 
part of the waveforms used to obtain the images in Fig. 7. These are the 

Fig. 8. Typical waveforms recorded in FMC. Element #6 is the incident 
element and the waveforms at the adjacent elements are shown.

Fig. 9. Defect images when using the PA probe with and without the buffer 
consisting of a bundle of circular cylinders when the ROI is set to be 60 mm ×
130 mm. (a) PWI without buffer. (b) FMC/TFM without buffer. (c) PWI with 
100 mm buffer. (d) FMC/TFM with 100 mm buffer. (e) PWI with 200 mm 
buffer. (f) FMC/TFM with 200 mm buffer.
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waveforms received by the first to 14th elements of the linear array 
probe when incident wave is generated only at the 6th element, at which 
a 100 mm buffer is attached. The wave packet at around 40 μs in the 
waveform received by the sixth element is the first reflected wave at the 
interface between the cylinder and the test specimen, and the wave 
packet at around 80 μs is two-round-trip wave in the cylinders of 6th 
row. Although only the sixth element is emitting the ultrasonic pulse, it 
can be seen in the neighboring elements that the one-round-trip wave 
and two-round-trip wave are received slightly later from the reflected 
waves received at 6th element. These delayed round-trip waves suggest 
the wave propagates in the buffer and specimen as follows; when the 
guided wave propagating through the sixth cylinder reaches the test 
specimen, it becomes not only a longitudinal wave propagating inside 
the test specimen but also interface waves propagating between the 
specimen surface and the buffer surface, which then propagates to the 
adjacent cylinder (solid arrow in Fig. 8). As the other propagation paths, 
the dashed arrows are also available. Namely, incident guided wave in 
the 6th cylinder reflects and propagates back in the same and/or the 
other cylinders, and then interface waves between the PA probe and the 
buffer surface reach the receiving elements. These delayed waves 
propagation partially at the interfaces are mixed in the receiving 
waveforms.

In the imaging using a buffer, the time of the one round-trip wave 
corresponds to the image of the interface between the buffer and the test 
specimen, and the subsequent time creates an image at the vicinity of the 
interface. Therefore, due to the influence of the slightly delayed round- 
trip wave propagated into the adjacent element, a high-intensity area, or 
dead zone, formed widely at the upper end of the ROI.

When using a buffer, imaging is performed using echoes from defects 
that appear between the first and second round-trip waves in the 
waveforms as shown in Fig. 8. Since the one and two round-trip waves 
appear very large, the echoes between them are invisible in the figure. In 
other words, when acquiring images, inclusion of the one and two 
round-trip waves significantly affects the results. In our previous study 
[27], we defined and theoretically and experimentally discussed the 
effective detecting region (EDR) that can be imaged only from the time 
range between the one and two round-trip waves, considering the ve
locity dispersion of guide waves in the buffer and the propagation of 
ultrasonic longitudinal waves in the test specimen, based on theoretical 
and experimental results.

Fig. 7 revealed that a long buffer cannot effectively acquire defect 
images due to the signal distortion, but a short buffer has the problem 
that the interval between the one and two round trips becomes shorter, 
resulting in a smaller EDR. Therefore, we discuss EDR by acquiring 
images of the bottom of the test specimen. Fig. 9 shows the images ob
tained when the imaging area was set to 60 mm × 130 mm using the 
same recorded waveform data as in Fig. 7. As in Fig. 9, the images using 
PWI and FMC/TFM, as well as those with no buffer, a 100 mm buffer, 
and a 200 mm buffer, are shown. The images are normalized using the 
maximum intensity value within each image, and the intensity values 
are displayed in color using a decibel scale from − 120 to 0 dB. In the 
images without a buffer (a) and (b), in both cases, the defect images are 
accompanied by a large intensity value at the bottom surface of the test 
specimen, which is 100 mm away from the top surface where the PA 
probe is in contact. On the other hand, in cases (c) and (d) using a 100 
mm buffer, a region with high intensity values appears below the bottom 
surface position. This is due to two round-trip waves that have traveled 
back and forth twice within the buffer, representing the limit region of 
EDR. Due to these regions, the image of the test specimen bottom be
comes unclear. Conversely, in cases (e) and (f) where the buffer is 
extended to 200 mm, the high intensity areas disappear, making the 
image of the test specimen bottom clearer. As such, it was also 
demonstrated, while using a longer buffer tends to result in image 
blurring due to crosstalk, as seen in Fig. 7, this has the beneficial effect of 
expanding the EDR.

5. Conclusion

Defect imaging using a PA probe attached with a buffer consisting of 
a bundle of circular cylinders was proposed and its feasibility was 
experimentally investigated. A circular cylinder with a diameter of 0.9 
mm was used as a waveguide to transmit ultrasonic waves output from 
each vibrating element of a PA probe. This was determined by consid
ering the width of the vibrating element of the PA probe and the char
acteristics of the guided wave longitudinal vibration mode propagating 
in the waveguide. Experiments were conducted to image the SDH and 
bottom surface of an aluminum block using buffers with lengths of 100 
mm and 200 mm, fabricated by arranging the circular cylinders. The 
results showed that the shorter 100 mm buffer produced clearer images 
due to factors such as guided wave attenuation, dispersion, and crosstalk 
between the circular cylinders. On the other hand, it was also confirmed 
that the effective detecting region narrowed when using the shorter 
buffer. Additionally, delayed reflected waves were observed, where the 
waves emitted from the circular cylinders propagated as Rayleigh waves 
on the test specimen surface and transmit into other cylinders, thereby 
enlarging the dead zone near the test specimen surface.

This technology is expected to be used for imaging objects that 
cannot be directly contacted with a PA probe, such as those at high or 
extremely low temperatures.
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