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Detection of deposits adhered on the back surface of plate-like structures 
using a scanning laser source technique

Shoma Tanaka , Takahiro Hayashi *, Naoki Mori
Department of Mechanical Engineering, Graduate School of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

A B S T R A C T

An imaging technique using a scanning laser source (SLS) was applied to detect deposits inside pipes, which are necessary for the safe decommissioning of the 
Fukushima Nuclear Power Plant. Experimental results showed that the more firmly adhered the deposit on the back surface of a flat plate, the clearer it is to obtain an 
image of the deposit. This result is as expected because the imaging by an SLS technique is dependent on the bending stiffness of the thin plate structure. Furthermore, 
even epoxy putty as large as 50 mm in diameter adhered to the inner surface of the pipe could be imaged, and even when the receiver device was changed from a 
piezoelectric device to a non-contact laser doppler vibrometer, the image of the deposit could be obtained properly with some degradation of the image due to the 
effect of a lower signal-to-noise ratio.

1. Introduction

Numerous pipes in chemical, thermal, and nuclear power plants play 
a very important role in transporting liquids, gases, and slurries. These 
pipes are subjected to erosion and corrosion, and to various loads from 
the external environment, and in some locations, extremely severe fa
tigue can accumulate. Therefore, piping inspections are performed on a 
regular basis, and various piping inspection methods are applied ac
cording to the inspection target [1,2].

Radiographic and ultrasonic testing are commonly used for pipe 
inspection. Radiographic inspection is a very effective means of 
obtaining fluoroscopic images of the inside of pipes, but it requires a 
thorough knowledge of radiation for safe handling. On the other hand, 
ultrasonics, which is also used to obtain images of the inside of the 
human body, has no major safety hazards and is very easy to handle in 
the development of new techniques. However, all of these methods 
require probes and measuring devices to be mounted close to the pipe to 
be inspected, and workers must climb up to the target pipe on scaf
folding and then approach it for inspection. This is one of the main 
factors that increase the burden of pipe inspection.

Therefore, research and development has been conducted on guided 
wave inspection, in which an ultrasonic mode called a guided wave is 
propagated in the longitudinal and circumferential directions of a pipe 
for efficient inspection, and it was put into practical use in the 2000’s 
[3–10]. However, it is necessary to use a low-frequency range having 
low attenuation for long-distance inspection, and the resolution of 
defect detection is limited by the diffraction limit, making it impossible 

to detect defects of the desired size. For this reason, the authors have 
studied a remote defect imaging method using a scanning laser source 
(SLS) technique [11–20]. This method utilizes the fact that the vibration 
energy generated by laser irradiation depends on the bending stiffness of 
the area near the irradiated point. Therefore, its defect detection reso
lution is independent of the diffraction limit of the pulse echo method, 
and it also has the advantage that defects can be detected by remote 
measurement.

The ultimate goal of this research is to apply this imaging technique 
to the evaluation of deposits in pipes and to contribute to the decom
missioning of the Fukushima Daiichi Nuclear Power Plant. The 
Fukushima Daiichi Nuclear Power Plant lost its power supply due to the 
tsunami that struck in March 2011, and as a result, important safety 
functions such as water injection to the reactors and condition moni
toring were lost. Units 1–3, which were in operation, experienced 
meltdowns, and Unit 4 experienced a hydrogen explosion during routine 
inspections. Currently, the decommissioning of all Units 1–6 is under
way [21]. In the decommissioning process, before removing the fuel 
debris and dismantling the reactor buildings and pressure vessels, the 
removal of unneeded piping in the surrounding areas is also a major 
workload. This is because the piping of the Fukushima Daiichi Nuclear 
Power Plant, which was shut down by the tsunami, may contain various 
kinds of deposits including radioactive materials. Therefore, we must 
carefully remove while confirming their presence [22]. Since some areas 
around these pipes have high radiation level, the detection of internal 
deposits should be done remotely, if possible, to ensure the safety of 
workers with limited cumulative exposure doses, and an imaging 
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method using an SLS technique meets this need.
With the above background, this study attempts to apply an SLS 

technique to objects adhering to the backside of thin objects. First, basic 
experiments are conducted on a solid piece adhered to a flat aluminum 
plate, and then a deposit in a pipe is visualized.

2. Imaging principle using an SLS technique

Before describing the evaluation of deposits, the principle of imaging 
the back surface of plate-like structures using an SLS is explained. When 
a laser is instantaneously irradiated onto a metallic material, elastic 
waves are generated due to the effects of thermo-elasticity and ablation 
[23–26]. Generally, when the laser output power is high, ablation of the 
material surface generates ultrasonic waves. When the laser power is 
low enough not to cause ablation, ultrasonic waves are generated due to 
the thermo-elastic effect. In this study, experiments were conducted 
using laser power at which only the thermo-elastic effect occurs so as not 
to damage the material surface.

When a laser is instantaneously irradiated onto the surface of a plate- 
like structure, a low-frequency antisymmetric mode of Lamb wave, 
generally called A0 mode, is generated with bending vibration [26]. In 
previous studies by the authors [11–20], damage to the back surface of a 
thin plate and wall thinning on the inner surface of a pipe were imaged 
using the phenomenon that the bending stiffness varies with the plate 
thickness at the laser irradiation point and the bending vibration energy 
generated changes accordingly. Here, the decrease in vibration energy 
caused by the increase in bending stiffness due to deposits is imaged. 
Fig. 1 shows a schematic diagram of the principle. If the laser irradiation 
point is directly above the damaged area where the plate thickness is 
thinner, the flexural vibrations generated will be large because the 
bending rigidity is smaller (Fig. 1 (a)). On the other hand, if the laser 
irradiation point is on a thicker plate, the flexural vibrations generated 
are smaller due to the higher bending rigidity (Fig. 1 (b)). If the laser 
irradiated point is a thicker plate with a deposit the flexural vibration 
generated will be even smaller due to the greater bending rigidity (Fig. 1 
(c)). In this study, based on this prediction, imaging of the deposits is 
performed.

Summarizing above, the magnitude of the waveform changes 
depending on the thickness of the plate at the laser irradiation point, and 
by mapping the amplitude change and spectral peak change of the 
waveform, a distribution as shown in Fig. 1 (d) is obtained. By obtaining 
such a distribution in two dimensions, we believe that an image of the 
deposits under the laser irradiation area can be obtained.

Researches on SLS imaging done by one of the authors of the current 
paper showed that by using the wave field after diffusion, it is possible to 

image internal wall thinning even in complex geometries such as 
branching pipes, independent of the receiving position [19,21]. In 
addition, by using LDV and wireless microphones, damage imaging by 
remote measurement was realized [16,18,20]. Furthermore, imaging 
disturbance caused by high-speed laser scanning was analyzed in detail, 
and it was shown that spurious images can be reduced by using multiple 
receiving points [16].

3. Experimental set-up and imaging procedure

3.1. Laser modulation

Generally, since a large pulse output is required to generate elastic 
waves, Q-switched YAG and CO2 lasers have been used [24]. However, 
the use of such pulsed laser prevents us from controlling the frequency 
and waveform of the generated ultrasonic waves, and the broadband 
pulsed waves generated by the laser are generally small in the diffuse 
field. On the other hand, fiber lasers can now realize switching or 
amplitude modulation of laser output by external signals, making it 
possible to create arbitrary waveforms such as long-duration burst 
waves and chirp waves in the excitation of ultrasonic waves.

By employing a fiber laser for excitation of elastic waves, burst waves 
and chirped waves can be used. Narrowband burst waves generate res
onances within the structure, and a diffuse field is not well formed, 
making it difficult to obtain a clear image in the SLS. On the other hand, 
chirp waves have a broader bandwidth, so the effect of resonance in the 
structure is reduced and a clearer image can be obtained. However, since 
we are considering a completely remote inspection using an LDV for 
receiving waveforms, the signal level of the elastic wave excited by the 
chirp wave may be insufficient.

Therefore, a previous study done by one of the authors presented that 
defect images can be acquired by excitation of elastic waves using a 
continuous wave laser modulated by an external modulation signal 
consisting of three different frequencies [17]. In this paper, we also used 
a fiber laser (Fujikura FLC-0300S, wavelength 1095 nm, maximum 
output power 300 W) that outputs a continuous wave and is modulated 
by an external signal to excite ultrasonic wave. The external modulation 
signal was a rectangular wave created by a digital-to-analog converter 
(NI, USB-6351). A schematic diagram of the laser output, the modula
tion signal provided, and the ultrasonic wave excited by the modulation 
signal are shown in Fig. 2. If no modulation signal is applied to the laser, 
a continuous wave shown in Fig. 2(a) is output, but when a rectangular 
signal with one period of 1/f1, 1/f2, and 1/f3 as shown in (b) is given as a 
modulation signal, a laser beam corresponding to it as shown in (c) is 
output. By irradiating the laser beam onto the material, elastic waves 
with a time interval roughly similar to the laser output are excited as 
shown in (d). In the experiments, the duty ratio of the modulation signal 
is 55 %, and therefore, the laser output becomes 165 W. As a result, at 
the frequency of f, 165/f J is the output energy of one laser shot. Since 
the frequency used is from 5 kHz to 29 kHz in this study, the output 
energy of one laser shot is from 5.7 mJ to 33 mJ. The elastic wave 
generated by the modulation laser is measured and Fourier transformed 
to obtain a frequency spectrum with peaks at f1, f2, and f3 as shown in 

Fig. 1. Differences of vibration energy depending on the plate thickness at laser 
irradiation points.

Fig. 2. Laser output, modulation signals, excited waveform and its fre
quency spectrum.
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Fig. 2 (e). These frequency peaks are often easy to detect even when the 
time waveform is buried in noise. Therefore, although the use of a laser 
and a diffuse field in this method reduces the signal-to-noise ratio, the 
ultrasonic measurement method using such a laser modulation tech
nique can significantly improve the signal-to-noise ratio, thereby 
enabling imaging of deposits.

3.2. Image enhancement with multiple frequencies and multiple receivers

In this study, two averaging methods are used to clarify images in an 
SLS, following [17]: the first is the averaging of images obtained at 
several frequency peaks when modulation signals with multiple fre
quencies as shown in Fig. 2 are used, and the second is the averaging of 
images obtained at multiple receiving positions.

The SLS images provides darker areas representing larger spectrum 
peaks due to the presence of thin damaged areas, while lighter areas 
represent smaller spectrum peaks due to intact areas. However, actual 
SLS images have spurious dark areas even at intact areas. Previous 
studies on the SLS imaging have demonstrated that this pattern origi
nates from the resonance of the entire structure [11–20]. Since the 
pattern caused by the resonance varies depending on the frequency of 
the excited wave, in the previous study, ultrasonic waves of multiple 
frequencies were excited simultaneously by giving a modulation signal 
to the laser with three different frequencies connected in series, as 
shown in Fig. 2 (b). Since multiple peaks appear in the frequency 
spectrum obtained from the waveform of the ultrasonic wave excited in 
this way, as shown in Fig. 2(d), an average image was obtained from the 
average value of each frequency spectrum peaks [17]. In this study as 
well, an averaging method using multiple frequencies was used to 
reduce the influence of resonance patterns.

In basic experiments of this study, four piezoelectric disks with the 
diameter of 15 mm and resonant frequency of 6 kHz were used to 
measure the elastic waves on plates and pipes. When a piezoelectric disk 
is used as a security buzzer, it emits a sound at a resonant frequency of 6 
kHz, but when attached to a metal material, it can detect vibrations up to 
about 100 kHz, covering the frequency band used in this study. The 
resonance pattern, signal level, and sensitivity of the sensor differ 
depending on the measurement position. Therefore, multiple piezo
electric disks were placed at multiple positions to measure the wave
forms simultaneously at different positions. This allows us to acquire 
images at multiple positions, and a clearer image is stably obtained by 
averaging these images [17].

3.3. Experimental systems

Fig. 3 shows the experimental system used in this study. The distance 
between the specimen and the measurement system was about 3.5 m. 
The next section shows the results of the imaging experiment using a 
specimen with various kinds of deposits adhered on the back side of an 
aluminum plate, and Sect. 5 shows the results of detecting bonded ob
jects on the inner surface of an aluminum pipe. As described in Sect. 3.1, 
the DA converter provided a modulation signal to irradiate a modulated 
laser beam onto the test object and to excite ultrasonic wave with a 
frequency matching the modulation signal. The modulation signals used 
in the experiments are described in detail in Sects. 4 and 5. The laser 
irradiation point was scanned two dimensionally on the surface of 
specimens by rotating two mirrors with rotation stages. The focal spot 
was set to be about 0.3 mm in diameter on the surface by adjusting the 
distance between the concave lens (f = -50) and convex lens (f = 200) 
located on the optical path before these mirrors. Strictly speaking, the 
spot diameter changes slightly because the distance from the convex lens 
changes depending on the laser irradiation position. However, the laser 
spot is sufficiently small at any scanning point compared to the wave
length of the Lamb wave generated on the plate, and therefore special 
calibration and adjustment of the spot diameter are not required. The 
scanning pitch was set, on the plane at the distance of 3.5 m from the 
experimental system, to Δx, Δy = 4 mm in the horizontal and vertical 
directions, respectively, but the scanning pitch was not the same dis
tance on the pipe surface. At each point, a modulated laser beam was 
irradiated for 10 ms.

The waveform detected by the piezoelectric disks attached to the test 
object was amplified by 60 dB using an amplifier, and then stored to PC 
memory through an analog-to-digital converter (NI, USB-5133) for 
image processing. The waveforms measured by the LDV were directly 
captured by the AD converter and processed in the same manner. The 
waveforms were recorded for 20 ms after laser irradiation, filtered with 
a 1 kHz high-pass filter and an 80 kHz low-pass filter in the PC, and then 
subjected to a fast Fourier transform to obtain images using the methods 
described in Sects. 3.1 and 3.2. Since waveforms obtained vary greatly 
depending on the laser irradiation position, they are not shown here. 
References [14–18] may be useful.

4. Imaging results for a flat plate with deposits

First, in order to investigate the possibility of detecting deposits by 
an SLS and the effects of the size, shape, adhesion method, and fre
quency bandwidth used, we conducted experiments of imaging simu
lated deposits using a flat plate with an object attached to its back 

Fig. 3. Experimental system and specimens.

Fig. 4. Aluminum plate with bonded objects.
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surface. Fig. 4 shows a 300 mm × 400 mm × 3 mm aluminum plate used 
in the experiment. Four piezoelectric disks for measuring vibrations 
were attached to the four corners of the plate on the laser irradiated 
surface with vinyl tape. On the reverse side of the plate, opposite to the 

laser irradiated surface, three different shapes of simulated deposits 
were attached in three different ways. As shown in Fig. 4, (1) circular 
plates (diameter 30 mm, thickness 2 mm), (2) large rectangular plates 
(20 mm × 30 mm × 2 mm), and (3) small rectangular plates (10 mm ×
20 mm × 2 mm) are adhered from the top. In the left column (A), cir
cular and rectangular aluminum plates of 2 mm thickness were bonded 
with a silicone sealant (Konishi Co., Ltd., Bath Bond Q #04891). This 
silicone sealant is usually used for repairing and filling bathtubs and 
metal pipes, and is used to fill gaps between adherends. Therefore, the 
adhesive itself has low rigidity. The center column (B) shows a similar 
example, in which circular and rectangular aluminum plates of 2 mm 
thickness are bonded with an acrylic modified silicone resin-based 
elastic adhesive (Cemedine Co., Ltd., SUPER XG AX-014). Generally, 
this adhesive is used where strong adhesion is required. In the rightmost 
column (C), epoxy putty (Cemedine Co., Ltd., HC-115) was molded into 
the same shape as the aluminum pieces in (A) and (B) and attached to an 
aluminum flat plate. This epoxy putty is often used to repair or fill in 
missing parts of materials, and it can be freely formed with two different 
clay-like materials in its initial state, and it becomes rigid like metal after 
drying by mixing these two materials. This specimen simulates (A) a 
softly bonded metal deposit, (B) a tightly bonded metal deposit, and (C) 
a rigid deposit that is hard to deform.

Three areas of 84 mm × 336 mm, indicated by the white dashed lines 
in Fig. 4, were irradiated with lasers at a scan pitch of Δx, Δy = 4 mm to 
image the bonded objects according to the method described in Sect. 3. 
For each area, an external modulation signal of three frequencies was 
applied for 10 ms (3.3 ms per frequency) within the frequency range of 
the amplifier used, in (a) the low frequency range (5, 7, 9 kHz), (b) the 
medium frequency range (15, 17, 19 kHz), and (c) the high frequency 
range (25, 27, 29 kHz), respectively. Figs. 5–7 show the results for (1) 
circular bonded objects, (2) large rectangular bonded objects, and (3) 
small rectangular objects, respectively.

Since the images with one frequency each (upper left, upper right, 
and lower left) may not give a correct trend due to the influence of the 
resonance of the whole structure at that frequency, we will focus on the 

Fig. 5. Imaging results for circular bonded objects for various fre
quency ranges.

Fig. 6. Imaging results for large rectangular bonded objects for various fre
quency ranges.

Fig. 7. Imaging results for small rectangular bonded objects for various fre
quency ranges.
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lower right figure, which is the average of these three images. First, in 
the case of the 30 mm diameter circular deposits shown in Fig. 5, we can 
see the circular images become clearer in the order of (C), (B), and (A). 
The circular area is white, which indicates that the bending vibration 
generated by the laser irradiation is suppressed due to the bonded ob
jects. The fact that almost no image was obtained in the case of bonding 
with the silicone sealant in (A) indicates that the silicone sealant was soft 
even after curing and had little effect on the deformation caused by the 
laser irradiation. The same tendency is observed in Figs. 6 and 7. 
Comparing the average images in Figs. 5–7 and examining the frequency 
band, the clearest image of the bonded objects was obtained in the low- 
frequency band in (a). As shown in Sect. 3.2, the resonance pattern of the 
entire structure is reduced by using multiple receiver locations and 
frequencies, but it is still considered to have a larger effect than the small 
changes in the bending vibration due to the bonded objects. Especially 
when the resonance pattern is as large as the size of the objects (e.g. (b) 
and (c) in Fig. 7), it was impossible to obtain images of the bonded 
objects.

When the bonded objects were obtained as an image, for example, in 
the averaged images shown in Fig. 5 (a) and 6 (a), a black contour 
indicating higher vibration energy is shown around the white area 
representing the bonded objects. This is due to the fact that, as shown in 
Ref. [15], reflections from the edge surfaces of the bonded objects occur 
and the evanescent modes are superimposed, resulting in an increase in 
vibration energy. This contour tends to be easier to recognize the larger 
the size of the deposit, which can be seen in the comparison between 
Figs. 5 and 7.

5. Imaging of an object attached on the inner surface of a pipe

5.1. Experiments with piezoelectric disks

This section shows the imaging results of an aluminum pipe with an 
object attached to its interior, as shown in Fig. 8. The dimensions of the 

specimen are 115 mm in outer diameter, 1000 mm in length, and 3 mm 
in thickness, with the object attached at approximately 270 mm from the 
left end. Epoxy putty, which was used in Sect. 4, was employed as the 
object attached to the inner surface of the pipe. The epoxy putty was a 
circular disk with a diameter of approximately 50 mm and a thickness of 
approximately 10 mm. Piezoelectric disks were attached to the surface 
of the specimen at four locations as shown in Fig. 8, and an imaging area 
was 170 mm × 200 mm in the experiments. The imaging experiments 
were performed with the laser modulated at low frequencies (5, 7, and 9 
kHz), which were relatively good results obtained in the experiments 
with the flat plate described in the previous section. In the case of such 
curved surfaces as pipes, the laser spot size varies significantly 
depending on the laser irradiation position, but in most areas the spot 
size is sufficiently smaller than the wavelength of the generated guided 
wave. Therefore, the effect of the difference in spot size on the image is 
small. For example, in Ref. [16], images are obtained appropriately even 
if the wall thinning in the pipe is at various circumferential positions.

Figs. 9 and 10 show the experimental results: Fig. 9 is the image 
obtained using only the waveform received by the piezo disk at PZ1 in 
Figs. 8 and 10 is the result of averaging the waveforms at the four lo
cations from PZ1 to PZ4. The images (a)-(c) are obtained by plotting the 
values of the frequency peaks at 5 kHz, 7 kHz, and 9 kHz, respectively, 
and (d) is the average of these images.

The image in Fig. 10, which is averaged over four points, is slightly 
clearer, but all of them are white at the location of the bonded object, 
indicating that the vibration energy is low, which shows that the bonded 
object is properly imaged. In addition, the overall resonance pattern can 
be seen at locations other than the object. For example, in the image in 
Fig. 9 (c), two black bands are seen to the left of the circular adhesion, 
and this periodic pattern represents the resonance of the entire struc
ture. Lines also appear at the upper end of the pipe, indicating an overall 
resonance pattern, which was obtained in the previous paper for pipes 
[16]. As in the flat plate case, there are also black outlines of the circular 
object, which also indicates the areas of increased energy due to inter
action with the evanescent mode.

5.2. Experiments with a laser Doppler vibrometer

In the decommissioning site, we cannot usually get close to the object 
to be inspected due to radiation. Therefore, it is desirable to be able to 
remotely measure the ultrasonic waves excited by laser irradiation. The 
LDV (Polytec, OFV-5000) was placed right next to the laser excitation 

Fig. 8. Aluminum pipe and a bonded object.

Fig. 9. Images created by the signals only at PZ1.

Fig. 10. Images created by the signals at four positions, PZ1 – PZ4.
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device at a distance of about 3.5 m from the specimen. Fig. 11 shows the 
distribution plots of the frequency peaks at 5 kHz, 7 kHz, and 9 kHz as in 
Figs. 9 and 10, and (d) is the average of these peaks. Compared with 
Fig. 9, the signal-to-noise ratio of the LDV signal is lower than that of the 
piezoelectric signal, and although the image is blurred, the position, 
shape, and size of the bonded object can be generally captured. The 
laboratory tests at a distance of about 3.5 m represents that bonded 
objects in a pipe can be detected by the non-contact manner of an SLS.

6. Conclusions

This study presented the experimental results to apply an SLS im
aging method to the detection of deposits inside pipes, which is required 
for the decommissioning of the Fukushima nuclear power plant. First, 
ultrasonic measurements were performed on a test specimen with a 
bonded object attached to the back of a flat plate using an SLS with 
piezoelectric disks as the receivers. The results showed that the image of 
the bonded object was clear for strong adhesion, but the smaller the size 
and the weaker the strength of adhesion, the blurrier the image became, 
as expected. It was also shown that bonded objects inside the pipe could 
be detected by the same experimental system. Furthermore, when LDV 
was used to measure ultrasonic waves, images of bonded objects were 
obtained appropriately, although some degradation of images was 
observed due to a lower signal-to-noise ratio. In the future, it is neces
sary to evaluate the effectiveness of this method for the size and strength 
of bonded objects expected in decommissioning process.
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