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Abstract

In this study, a laser ultrasonic technology (LUT) was employed for seismic physical model (SPM) imaging. To promote an
efficient light-to-ultrasonic-wave conversion, a functionalised Au film was used as a medium because of its stronger photoa-
coustic (PA) effect. Numerical analysis and experiments were performed to characterise the entire SPM imaging process,
including the generation of PA signals, transmission of PA inside the SPM, and collection of echo data for the reconstruction
of SPM images using the time-of-flight algorithm. The results show that the Au film coating on the SPM produces a strong
PA effect, which significantly improves the imaging depth and resolution of the SPM based on the strong high-frequency
ultrasonic wave excitation. The proposed method opens new avenues for SPM imaging using optical technology.

1 Introduction

Seismic physical modelling enables the simulation of
the physical aspects of a large-scale natural scenario in a
small-scale environment. It is a necessary tool for all the
stages in a seismic survey; these stages include the proper
configuration of the seismic exploration experiment, sig-
nal processing, and seismic data interpretation [1, 2]. The
method effectively links computational modelling and field
exploration, allowing the conduct of a study in the absence
of rock matrix in a nearly ideal setting. Current-driven pie-
zoelectric transducers (PZTs) have been used as the stand-
ard source for transmitting ultrasonic waves (UWs) with a
frequency of 100 kHz—-10 MHz into the seismic physical
model (SPM) and detecting their echo from the SPM [3, 4].
The collected seismic data are then reconstructed using the
time—-light algorithm for SPM imaging. However, the forego-
ing approach has several inherent disadvantages that should
be considered. For instance, large-size structures cause low-
efficiency UWs emission into the SPM. The UWs are sim-
ply excited but not flexibly controlled; moreover, the narrow
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emission band restricts the appropriate restoration of the
wide-band information afforded by real seismic explorations.

In this regard, laser ultrasonic technology (LUT) may afford
a solution. It is based on the photoacoustic (PA) effect wherein
acoustic waves are generated after a material sample absorbs
light; this occurs because the optical radiation absorbed by the
material is converted to heat [5, 6]. High-power short-pulsed
lasers are capable of interacting with the SPM surface and
generating thermoelastically induced acoustic waves [7, 8].
The bulk, shear, and surface waves can be simultaneously gen-
erated by PA and detected using a microphone or a PZT. The
generated UWs may be detected at specific positions, such
as at the same side where it was generated, at the back-side
of the SPM, or at a certain angle in-between these two afore-
mentioned positions. The spatial resolution and sensitivity to
specific feature sizes can also be optimised for a broad range
of micro-scale and macro-scale applications. In view of the
aforementioned properties, the use of laser-excited UWs is,
therefore, an alternative instead of employing a PZT source
[9, 10]. However, the pulsed laser usually reaches a high peak
power that can easily cause material ablation and damage to
the SPM surface. However, if the power of the laser is reduced
to realise non-destructive detection, the generated UWs will be
extremely weak for transmission into the SPM. Presently, the
LUT can only recover micro-structure information on the SPM
surface. The key problem is that the light-to-acoustic-wave
transformation efficiency is extremely low to derive strong
UWs emissions, resulting in poor imaging depth of SPMs,
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which are normally constructed using organic materials, such
as plexiglass and rubber [11, 12].

A solution considered for this problem is the use of func-
tionalised materials as media for improving the PA emission
efficiency. To date, diverse advanced materials, such as gra-
phene and its oxides [13], nano-WS, [14], and carbon nano-
tubes [15], are used as PA agents and employed in biological
imaging. These have exhibited outstanding PA performance
and may be used for SPM imaging after solving flexible film
generation and achieving low-cost large-scale film generation.
The use of PA emissions from noble metal nanoparticles is
another attractive approach for generating wideband UWs
from wave-emitting devices, i.e., ranging from several hun-
dreds of kHz to several tens of MHz. These emissions may
also be utilised for imaging [16] and ultrasonic trapping, which
require standing waves in the high-frequency range (> 1 MHz)
[17]. Plasmonic gold (Au), especially that with nanoparticle
morphology, is widely used as a contrast agent in the ther-
mal expansion-based light-to-acoustic-wave conversion as it
affords strong optical absorption when excited at the surface
plasmon resonance wavelength [18-20]. Pulsed laser illumi-
nation accelerates the reaction of Au particles and increases
localised heating, which causes the spontaneous thermal
expansion of the surrounding gas. This expanding gas layer
acts as an acoustic piston and produces acoustic pressure. The
use of two-dimensional (2D) Au films generate PA emission
from a well-defined surface, thus allowing the emissions to be
distributed over a wide range.

In this study, the LUT technology was used for SPM imag-
ing coupled with the pulsed laser irradiation of samples. To
achieve acceptable PA emission performance, the SPM surface
was pre-coated with a thin Au film. The acoustic pressure was
found to be linearly related to the laser irradiation intensity.
The excited UWs were transmitted into the SPM, and the echo
signal intercepted by an optical fibre device was reflected back
by the inner structures. The seismic data were finally recon-
structed using the time-of-flight algorithm for SPM imaging.

2 Theoretical analysis

Assuming that the harmonic frequency (w) of the time-
harmonic electric field (E-field) is under the condition
(1/7,,) > w, the E-field (E) is calculated by the Helmholtz
equation [21]:

Vx(;g‘VxE)—kf)(e,—ji)E:O (1)
e
where €, and ¢ are the relative and vacuum permittivities,
respectively; p,, o, and k are the relative permeability, con-
ductivity, and wave number, respectively.

In the theoretical analysis and simulation, the laser power
density at the incidence surface of the absorption layer (/(¢))
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is simplified to have a Gaussian shape in the time domain.
For pulsed laser illumination, the temperature (7) periodi-
cally increases and decreases in the Au film and surrounding
air, which can be calculated by the following heat diffusion
equation:

pc‘;—f = VkVT + 0% (z,,) 2)

where Qr=7 -E is the energy absorbed by Au assuming a
non-dissipative host medium; J and E are the current density
and E-field intensity, respectively; p, ¢, and k are the density,
heat capacity, and thermal conductivity, respectively; f(7,,)
is the temporal function of the incident laser pulse, as given
by the Gaussian profile in [22].

By assuming that only the linear thermal expansion
occurs as the temperatures in the Au film and air media
increase, the corresponding stress and strain can be evalu-
ated by the Duhamel-Hooke law [23]. The stress tensor, s,
is related to the second derivative of the structure displace-
ment, u, with respect to time and defined at the domain as
follows.

0’u
Vs=p Y 3)

Once the model in the boundary between Au and air
(i.e., thermal expansion domain) is built, the wave equation
describing the pressure distribution versus time and space
can be expressed as follows.

1 o°p, 1
——=L-V(-(Vp,))=0
PR S (vp) @)

By solving the above equations, the generated acoustic
pressure should follow the function p, = A, exp(jwt), where
A, is the acoustic pressure amplitude and w is the angu-
lar frequency of acoustic wave oscillation. The mechanism
described above is easy to understand and includes three
processes: heat conduction, thermal expansion, and acoustic
wave generation.

3 Experiment and results

To verify the assumptions, an imaging system with PA
generation and UWs detection was developed as shown in
Fig. 1. The schematic of the experimental setup, including a
532-nm Nd: YAG nanosecond laser (Coherent) with a pulse
duration of 200 ns, repetition rate of 1 kHz, maximum aver-
age power of 20 W, and beam diameter of less than 8.5 mm
was used as the optical radiation source. The power and size
of the laser spot were controlled by the optical attenuator and
focusing lens. In the receiving part, the echo was detected
by the PZT with a centre resonant frequency of 1 MHz, a
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Fig.1 Schematic diagram of the experimental setup, including two
parts of PA generation and UWs detection

diameter of 2 cm, and an aperture of 60°, as shown on the
right part of Fig. 1. Here, water acts as the agent to reduce
the UWs transmission loss from the model to the PZT.

A 2D cross-sectional representation of the three-dimen-
sional (3D) geometry and boundary conditions of the com-
putational model is used in the simulation. The small arrows
in Fig. 2a show the thermal expansion caused by the sur-
rounding medium and Au; the PA pressure is calculated on
the outer boundary [24-26]. The simulation of the PA gen-
eration process of Au nanoparticles guided the subsequent
simulation to a certain extent. As shown in Fig. 2b, a 3D
model of polymethyl methacrylate (PMMA), on which the
Au film was attached, was built in the water area. The fol-
lowing coupling variables were used. The Gaussian laser
pulse was employed as the heat source for the energy transfer
of the electromagnetic wave interaction with the Au film.
The temperature increase in the Au particle or film and
water medium was used as the input in the linear elastic
thermal expansion calculations of Au and the water domain
in the structural mechanics analysis. The transient tempera-
ture distribution was utilised as the input for the structural

Fig.2 a Cross-section analysis
of Au nanoparticles, b 2D
cross-section representation

of the 3D geometry and
boundary conditions of the
computational model. 130 nm
Au film is set on polymethyl
methacrylate(PMMA)

mechanics analysis to calculate the strain—stress distribution
inside the absorption domain. The acoustic pressure agitated
in the outer domain was solved based the pressure acous-
tic analysis. In the models, setting the boundary conditions
was critical to obtain accurate acoustic profiles. Additional
boundary and domain conditions were used to truncate the
size of the model geometry domain. A perfectly matched
layer was set and used to avoid reflection interference in the
electromagnetic wave loading. The spherical wave radiation
boundary condition was employed in the acoustic pressure
generation to allow an outgoing spherical pressure wave to
leave the modelling domain with minimal reflections. In the
calculations, the typical parameters of the Gaussian pulsed
laser (referred to the commercial laser (Nd: YAG Coherent,
Evolution) used in the experiment) include the wavelength
(A =532 nm), pulse energy (E = 100 pJ—20 mlJ), laser spot
radius (r = 1-10 mm), and pulse duration (t,, = 200 ns).
Moreover, the Au film parameters used in the models include
density (19,300 kg/m3), Poisson’s coefficient (0.42), Young’s
modulus (78 GPa), linear expansion coefficient (14.2 X 107%
K), and heat capacity 129 (J/kg/K). The relevant Au param-
eters were obtained from an authoritative website, MatWeb,
and set in the finite element simulation analysis [27-29].

Once the model was built, the corresponding simulation
results were derived, clearly indicating the PA effect of Au
acting as the function material for the SPM imaging. The
graph of the absorption area spectrum versus different inci-
dent laser wavelengths (100-750 nm) is shown in Fig. 3a.
The inset indicates the Gaussian-shaped energy density pro-
file of the pulsed laser with a 100 ns pulse width. It estab-
lishes a rule that the light absorption capacity of Au is maxi-
mum when the surrounding wavelength is approximately
500 nm. To maintain the consistency in the experimental
procedure, such as that shown in Fig. 3b, the laser absorption
capacity of the Au film was measured; this further demon-
strated that different Au films absorbed different laser wave-
lengths. The pulsed laser wavelength is set at 532 nm in the
following simulations and experiments.

\\
Water
: area
AuFilm__}
130 nm )
PMMA
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Fig.3 Au film absorption spectrum, a theoretical calculation in
absorption Au, where absorption area as a function of the radiated
laser wavelength for 130 nm thick Au nanosphere, the inset is the

A model of the Au film coated on the PMMA was estab-
lished using COMSOL Multiphysics. A 532 nm pulsed
laser was focused on the Au film surface, causing the local
thermal expansion of the gold film surface to act on the
PMMA to generate ultrasound. A finite element model was
employed to practically evaluate how the material properties
and dimensions affected the PA generation when the bound-
ary constraint was afforded by water (Fig. 4a). In Fig. 4b,
¢, the influence of power on the PA signal intensities of the
Au and Ag films were separately simulated using the same
power. The figure indicates that the PA signals increase as
the excitation power increases from 1 to 3 W, clearly dem-
onstrating that laser power has an important function in the
PA signal generation. With the same laser power, if the Au
film is replaced by the Ag film, the latter also exhibits the PA
effect but is 10 times more intense than that of the former,
as shown in Fig. 4c, d.

The SPM imaging is simulated in this study using pulsed
UWs as a source and a detector to intercept the echo data
from multiple interfaces inside the model [30-33]. It is com-
monly acknowledged that the acoustic wave evolves into
several waves (e.g., body and surface waves) as it travels in
the solid bulk, especially through the crack regions inside
the model. This is because, in the experiment, the echo data
were intercepted with water as the coupling agent; hence,
only the longitudinal wave was detected by the PZT. Accord-
ingly, only the longitudinal wave was considered in acoustic
wave travel and echo detection. Then, an uplifting SPM with
an inverted curve profile was built. The SPM material was
plexiglass, which has a low acoustic impedance and a scale
of several centimetre. The acoustic source was set at the
SPM surface, and it radiated a 300 kHz pulsed UW into the
model. The sensor was also installed on the SPM surface
5 cm away from the acoustic source. The simulated UWs
travel and reflection contours are shown in Fig. 5a, b, , where
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Gaussian pulse laser profile, b Experiment test in the optical absorp-
tion spectrum of 130 nm Au film

the partial UW is reflected in the interface of the uplift-
ing region. The time-domain signal of the echo is shown
in Fig. 5c, where the time delay between two signal peaks
corresponds to the position of the reflecting surfaces. Then,
the source and sensor were controlled to move along the
surface at 2-mm intervals, simulating the scanning detection
process. The echo signals indicate the different arrival times
(Fig. 5d, i.e., the time delays in the arrival of information
containing the position of the arched contour. As expected,
after the seismic data reconstruction using the inverse time
algorithm, the uplifting interface profile inside the SPM was
clearly observed (Fig. Se).

As mentioned above, PA excitation is relative to multipa-
rameters, such as excitation laser fluence, light absorption of
target material mentioned above, and surround ambient of
target. Considering our application in SPM imaging, 130 nm
thick gold film was employed, and the test sample was
placed in the water. Experiments were performed to evalu-
ate the PA generation efficiency of Au film under different
excitation laser energy. The gold film was attached to a plex-
iglass surface, and its PA signal was detected using the PZT.
In Fig. 6a, several bipolar UWSs signals were observed as
the laser radiated on the SPM surface with the power rang-
ing from 7.70 to 13.00 W. The shape of the head wave was
consistent with the theoretical simulation, and the extra tail
oscillation was caused by the aftershocks in the Au film; the
laser power increased with the UWs signals intensity. The
peak-to-peak voltage of the UWs signals was recorded and
plotted as the function of laser power, as shown in Fig. 6b.
The figure clearly shows that the excited UWs pressure is
linear relative to the low laser power. This experiment well
identified the PA performance of the Au film. In the follow-
ing experiment, the Au film was employed as the medium
to improve the ultrasonic laser emission on the SPM surface
[34, 35].
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Fig.4 a The ultrasonic excitation generation in 3D model, b UWs signal simulation by increasing excitation laser power, ¢ Compare PA effects
of both Au film and Ag film in simulation, d Experimental testing of PA effects of both Au film and Ag film

Fig.5 Numerically simulated SPM imaging, a the PA transmits into
SPM, b the partial UW was reflected by the inside arched profile, ¢
the recorded echo signals including the direct wave signal and the

The SPM imaging system includes two parts of the
laser: UWs emission and UW detection, as shown in
Fig. 7. Two SPMs were fabricated using the 3D-print-
ing technology, which simulated two simple geological
structures (i.e., sunken and arched structures in natural
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structure signal, d the time delay of echo from the reflections of dif-
ferent positions on the surface of the inside structure, and e the recon-
structed image of SPM by the time-of-flight algorithm

scenarios); the material used was plexiglass with a low
acoustic impedance in water. Unlike the traditional fab-
rication method, the material was flexibly selected, and
micro-scale geological structures were more accurately
prepared.
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Fig.6 PA signals of Au film, a the time-domain pulse signal with the different laser power, b the signal peak as the function of laser power

Fig. 7 Photographs of two
SPMs with Au film coating

The SPM surfaces were smoothed and cleaned well to
ensure that the nano-thick (130 nm) Au films were securely
attached: the upper and bottom areas of the sunken and
arched SPM surfaces were gold-coated. The attachment pro-
cess was simple because it only involved placing the Au film
on the surfaces and then allowing the Van der Waals’ force
to cause the film to tightly adhere [36]. The prepared SPMs
(Fig. 7) were placed into a water tank for laser irradiation.
A focusing PZT was hanged over the model, and its bottom
surface was immersed in water.

To further characterise the influence of laser radiation
on the UWs generation, the laser was modulated into two
shapes: circle (with a diameter of 4 mm) and rectangle
(with a width of 4 mm and length of 8 mm). Their UWs
signals were recorded as functions of the laser power, as
shown in Fig. 8a. It is clearly observed that regardless of
the laser shape, the UWs signals first increase monoto-
nously before reaching the maximum because of the
light-to-acoustic-wave transferring saturation. It is also
found that UWs signal fluctuations appear on the satura-
tion regions of the two curves; this is mainly attributed to
the air bubble generation on the Au film when the laser
power is sufficiently high. As the laser power significantly
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increases, both the Au film and model burn and break,
resulting in the disappearance of UWs signals. This obser-
vation may be used as a valuable reference for choosing
the appropriate level of laser power. Moreover, the result
shows that the UWs generated by the rectangular laser
was stronger than that of the circular laser. It is evident
that more intense UWs are generated by the larger laser.

The Au film surface was irradiated to generate the UWs
at the same laser power. In the SPM imaging process, the
rectangular laser beam with a larger illumination surface
was, therefore, used as the radiation source; the laser
power was set as 9 W.

When the laser irradiated the Au film, the UWs were
generated and transmitted into the SPM material; a high-
speed data acquisition card was used to transfer the seis-
mic signals. The echo signal in the time domain when
the sunken model was irradiated is shown in Fig. 8b; it
contains two waves of the UWs reflected by the upper and
bottom surfaces of the model. The time gap between the
two reflected signals can be used to obtain the relative
position information on the two surfaces according to the
UWs propagation velocity in the SPMs.
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For the imaging of the two SPMs, the laser source and
PZT were placed in the same moving stage with a fixed
distance to move together and scan the models. The echoes
were collected and recorded in real-time using an interroga-
tion system. The 2D images of the SPMs were reconstructed
by the reverse time algorithm. The profiles of the SPM edges
were observed in the 2D images, as shown in Fig. 9. As
mentioned, for the sunken block SPM, the upper surface of
the Au film was coated, and the UWs were excited; the par-
tial UWs energy was directly reflected by the upper surface
to the PZT and transmitted into the SPM. The UWs were
reflected by the inner interface inside the SPM. After data
reconstruction, the two interfaces were clearly observed in
the image. The imaging contrast ratio of the two interfaces
was only determined by UWs generation and transmission
loss. For the arched block SPM, the bottom surface of the Au
film was coated, and the UWs were excited on both the upper
and bottom surfaces. Because of the low PA efficiency of the
SPM, the UWs on the upper surface was weakly excited. In
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=5 Middle surface
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P

e
Bottom surface

10 20 30 40
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contrast, the light passed through the SPM and irradiated the
Au film, exciting a strong UW that propagated back to the
PZT. As aresult, the bottom surface image was considerably
clearer than that of the upper surface. This indicated that the
Au film was an acceptable medium for improving the SPM
imaging effect.

4 Conclusion

In this study, an LUT-based SPM imaging method was
implemented in the theoretical analysis and experimen-
tal demonstration. An Au film was used to considerably
improve the PA generation on the SPM surface. By adjusting
the laser power, different UWs pressure can be generated,
making the UWs generation more flexible as a result of the
acceptable thermal stability of the Au film. By detecting
the seismic echo data, the two SPMs were clearly imaged
by reconstructing the recorded echo signals. This approach

(b)
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Fig.9 Reconstructed images of two SPMs, a sunken block, b arched block
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is satisfactory for promoting the LUT to achieve deep and
high-resolution SPM imaging.
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