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Abstract. Photoacoustic (PA) waves using the transmission of a laser beam
are being introduced in recent nondestructive ultrasonic testing. Not parameters
related to acoustic, optic, and thermal phenomena but also spatial and time con-
ditions of the laser irradiation affect the generation of the PA wave. Therefore, an
appropriate design and preparation are required for reliable laser ultrasonic testing.
Numerical simulation can be an effective tool for predicting PA signals. This study
aims to develop a numerical model to simulate PA wave generation and propaga-
tion. Here, the heat conduction and the elastic wave equations were solved in a
coupled manner based on discretization by the finite integration technique (FIT).
We simulated two cases where the laser were irradiated on the target material in
the air and underwater. The amplitude of the longitudinal PA wave propagating in
the depth direction in the case of laser irradiation in water became more extensive
than in the case of laser irradiation in the air. This reason was that the presence of
water in the upper part caused a reaction force against the stress generated by ther-
mal expansion. The FIT simulation was validated by experimental measurement
of the PA wave.

Keywords: Laser ultrasonics - Photoacoustic wave - Coupled finite integration
technique - Simulation - Experimental measurement - Solid-water interface

1 Introduction

Laser ultrasonics in nondestructive testing (NDT) is a technology for transmitting and
receiving ultrasonic waves in a non-contact manner. Since laser ultrasonics enables us to
generate ultrasonic waves at a distance from the target object, it is effective for inspec-
tion of structural components in infrastructure [1, 2]. Laser ultrasonics uses different
mechanisms for transmitting and receiving ultrasonic waves [3]. For the transmission,
a pulse laser beam is irradiated onto the surface of the target to generate an ultrasonic
wave into the target. On the other hand, a continuous laser pulse is irradiated onto the
target surface to receive ultrasound waves. At that time, surface deformation is detected
using interference between reflected and reference light. A combination of ultrasonic
transmission and reception makes a complete non-contact inspection [4, 5] possible.
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There are two ways to generate the ultrasonic wave using the laser as shown in
Fig. 1. One is a laser ablation that needs intense pulse energy (Fig. 1(a)). Although
the laser ablation mode might deface the target material, several NDT case studies
using the ablation mode [6] and the modeling [7] have been reported. The other is a
photoacoustic (PA) mode, sometimes called a thermal expansion mode, that uses small
laser energy compared with laser ablation (Fig. 1(b)). In the PA mode, the sudden change
and confinement of heat generate the stress wave with an ultrasonic frequency range.
Diagnostic imaging methods [8] using the PA wave are being introduced actively in the
medical field. A photoacoustic microscopy (PAM) using the PA wave was developed as a
tool for visualizing vascular networks [9], and recent applications propose a measurement
of the oxygen saturation in the vascular [10] based on the difference of light absorption
by wavelength. In the human body, the laser penetrates the interior of the body so that
PA waves are generated from internal light absorbers such as blood, lipids, lymph, and
among others [11]. However, the laser cannot penetrate a deeper portion of industrial
materials such as metal and concrete, and the PA wave generates near the surface.
Therefore, the generating position of the PA wave and its spreading characteristics in
the NDT application are different from those in the medical one.
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Fig. 1. Ultrasonic wave generation by (a) laser ablation and (b) photoacoustic phenomenon

Theoretical and experimental investigations for the laser ultrasonics for the NDT
were carried out widely and diligently in the 1980s [12]. Since entering the 21st century,
numerical models for laser ultrasonics have been proposed due to advances in hardware
performance and computational techniques. To model the generation and propagation
of PA waves induced by laser, it is necessary to solve the coupled equations of heat
conduction and wave equation. Yoshikawa and Nishimura [13] analyzed the coupled
problem of thermal expansion of a material due to laser irradiation and elastic wave gen-
eration in a semi-infinite three-dimensional domain using the boundary element method.
Effects of a laser pulse duration and a beam radius in PA wave generation were investi-
gated using the finite element method [14]. Although the laser pulse duration is on the
order of nanoseconds, the propagation time of the PA wave in a solid is several tens of
microseconds in general nondestructive testing. This time-scale difference sometimes
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needs technical and computational operations to simulate the entire process from gen-
erating and propagating PA waves in the target area [15]. Nevertheless, the actual PA
signal might be received with a low frequency due to the material attenuation and the
bandwidth limitation of the receiving sensor. Therefore, a simplified model based on the
directivity pattern [16] shown in Fig. 2 is often incorporated into the simulation without
solving the coupled equation rigorously. Figure 2 shows the analytical representation
of the radiation patterns of longitudinal (L) and transverse (T) waves generated in laser
irradiation. This was derived assuming the surface is traction free, and light penetration
is very small compared to the acoustic wavelength. In reality, however, the PA waves
generated by pulsed laser irradiation highly depend on the laser intensity, pulse dura-
tion, spot size, physical properties of the material, interface conditions, etc. Therefore,
it should be carefully confirmed whether the model in Fig. 2 is applicable in advance.

We here present a simulation method of the PA wave. In this study, we couple both the
heat conduction equation and the wave equation in the framework of the finite integration
technique [17] (FIT) to simulate the generation of thermal stresses and the propagation
of the PA wave rigorously. Here we model the PA wave generation and propagation in
solid using the coupled FIT approach. Sometimes, the laser is used in fluid as water,
so it should be helpful to investigate the PA wave by considering the effect with or
without a fluid layer. Further, a validation of the simulation is discussed using the PA
wave measurement in the later section. Finally, we summarize our research findings and
mentions future lines of work.
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Fig. 2. (a) Directivities of (a) L-wave and (b) T-wave generated by photoacoustic phenomena
[16].
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2 Modeling of Generation and Propagation of PA Wave

2.1 The Governing Equations for Elastic Wave Propagation

The Cartesian coordinates (xp, x2, x3) are used in this formulation. Since index notation
is convenient for the expression in discretization, the summation convention rule is
applied below. Let x and ¢ be the position vector and time, respectively. We denote the
stress and the strain in solid/fluid by o;;(x, t) and ¢;;(x, t), respectively. When the target



362 K. Nakahata et al.

material is illuminated with a laser pulse with an energy less than the melting threshold
of the material, a transient stress field is excited due to the thermoelastic expansion.

oij = Cijuen — ByT (D

Above equation is known as the Duhamel-Neumann relation [12], which is used for
the constitutive relation for a linear elastic body with a change in temperature 7 (x, 7).
Assuming the material is isotropic, the elastic stiffness tensor Cyjy(x) in Eq. (1) is
expressed using the Lame constants A (x), u(x) and Kronecker’s delta tensor §;; as follows

Cijki = A6ijdp + (i djt + dudji) (2)

In addition, B;;(x) in Eq. (1) can be written using the linear expansion coefficient
a(x) for an isotropic material as in the following equation:

Bij = BGA +2u)ad; 3)

Substituting Eqs. (2) and (3) into Eq. (1) and replacing the strain ¢;;(x, ¢) by the
displacement u;(x, t), we obtain

oug du;  Ju;
O = A — o 8,] +n 8_ + 8_x, — Gr+2w)ad;T 4

For the discretization of the FIT, we provide an expression for the time derivative of the
above equation as

. A ov v;
Gy = ,\malj + (a_ + §> Gh + 2u)ad;T (5)

The dot ((3’,‘]') on the character means the derivative in terms of time. The stress
ojj(x, t) and velocity v;(x, t) satisfy the following equation of motion
. aUlj
pVi = —— (6)
3Xj
where p(x) is the density.
In the FIT for wave propagation, we solve for the stress and velocity in Egs. (5)
and (6). In the case of PA waves, the time evolution of temperature must also be taken
into account. The L-wave and T-wave velocities ¢y and cr in a solid, respectively, are

expressed as follows
A+2u n
=/ ot == @)
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To represent the acoustic wave in a fluid, u(x) = 0 in Eq. (5). Also, since shear
stress does not act in a fluid, o;;(x, 1) = 0 (i #j) in Eq. (6).

2.2 The Governing Equations for Heat Conduction

When the laser is irradiating the material, the temperature 7T (x, f) is governed by the
following heat conduction equation:

99

T =—
P 3)6,'

+0 )
where c(x) is the specific heat at constant volume and Q(x, t) is the heat source. In
Eq. (8), gi(x, t) is the heat flux and satisfies the following Fourier’s law

1 oT
SGi=— ©)

k 3xi
where k(x) is the thermal conductivity.

To calculate the generation and propagation of PA waves due to laser irradiation,
the velocity v;(x, 1), stress o (x, 1), temperature 7 (x, ¢), and heat flux g;(x, 1) are solved
using Eqgs. (5), (6), (8), and (9). When the laser irradiates in the target area for a short
time, the stress changes due to the rapid temperature rise, as shown in Eq. (5). Here, the
deformation by the stress change has little effect on the temperature, so we solve a one-
way coupled analysis in which the temperature change contributes to the deformation.

2.3 The Finite Integration Technique

Although the discretization for elastic wave equations was described in detail in past
research [17], a coupled approach of the heat conduction and wave equations is focused
on below. For simplicity, we consider a two-dimensional (2D) plane strain field (xp, x7).
Integrating Eq. (5) over volume V and applying Gauss’ divergence theorem, we obtain

/dlldV=/(A+2M)v1n1d5+/kvzn2dS—/ (3A+2M)aTdV (10)
\% N N \%

where, n is the outward normal on V. As the integration volume V in Eq. (10), we
consider a square cell with a side length of Ax. Assuming that stress and temperature
are constant values in the integration cell, we obtain

= 6o+ 2 =P ar+ 2o =P ax - Gi+ 2watar ()

where superscripts denote the positions of the physical quantities of the integral volume,
as shown in Fig. 3(a). The material constants A, u, and p are assumed to be uniform in
the integral cell of stress. Rewriting Eq. (11), we obtain the following equation.

. A2 ® AT W) D .
GIIZT[VI -V ]—I—E[vz -V, ]—(3)»+2,u)aT (12)
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Fig. 3. Integration cells for (a) normal stress o1 and (b) particle velocity vy

Similarly, integrating and discretizing Eq. (6) yields

1
s ®_ O, O _ (D)] 13
Vi 51Ax[0“ o ton —on (13)
Since the density is given in the o1 integration cell, as shown in Fig. 3(a), the average
value 5 = 4 (p© + p®) is used in the integration of vy, as shown in Fig. 3(b).
Next, we show the discretization of Eq. (8). Integrating Eq. (8) over volume V and
applying Gauss’ divergence theorem, we obtain

/ pcTdV = — / (qin1 + qanz)dS + / Qdv (14)
Vv S Vv

As shown in Fig. 4(a), the integration cell for T is denoted by blue color. From
Eq. (5), it is convenient for the discretization to have a common grid for stress o;;(x, 1)
and temperature 7 (x, ¢). The parameters c, p, and k related to heat conduction are defined
in the integral cell of T'. Since T is assumed to be constant in the cell, Eq. (8) becomes.

. 1 L R D U 0
P=—nla? - v - d ]+ (15)

Using Eq. (9), the discretization of ¢ is carried out in the same way. As shown in
Fig. 4(b), k is defined by the integration cell for 7', then we have

k
q1 = _I[T(L) _ T(R)] (16)
Ax

where the averaging calculation is performed as k| = 2 / (1<<]_L) + k(l—R)>
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Fig. 4. Integration cells for (a) temperature T and (b) heat flux ¢

2.4 Coupled Analysis

The physical quantities are arranged on a grid, as shown in Fig. 5. Velocity and heat flux,
normal stress, and temperature are placed on the same grid. The stresses and velocities
are updated using the central difference approximation. In the time domain, the stress
components oj; are allocated at half-time steps, while the velocities v; are allocated at
full-time steps. The following time discretization yields an explicit leap-frog scheme:

{0y} = {og )72 + Arfey ) (17

Wit = (i 4 A2 (18)

where At is the time step and the superscript z is the integer of the time step.

The temperature effect must also be considered in the calculation of &;; in Eq. (5).
As shown in Eq. (17), the updates of the stresses are performed at the integer step
z. Therefore, the temperature updates are computed in the integer step by using the
forward-difference approximation as:

TV =(TF + At]TY (19)

The entire calculation process is summarized below.

e Step 1: Determine the initial and boundary conditions [17].

e Step 2: Calculate heat transfer. Set the heat source Q and then calculate using Eq. (15).
Also, update the temperature and heat flux using Egs. (19) and (16), respectively.

e Step 3: Calculate the stresses. Using the data 7 obtained in Step 2, calculate the
stress ('TZ.JZ. in Eq. (12) and then obtain UI;H/Z using Eq. (17).

z+1/2

e Step 4: Substitute o into Eq. (13) to obtain \'}f“. Then, substitute \')f“ into

;
Eq. (18) to obtain the velocity field v:*'/%.

e Step 5: Repeat Steps 2—4 for the estimated time step, and output the calculation results
at the required interval.
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Fig. 5. Allocation of physical quantities in the 2D FIT

2.5 Stability Conditions for Coupled FIT

Since Eqs. (17)—(19) are explicitly updated, the numerical stability conditions must be
fulfilled based on Von Neumann’s stability analysis [18]. In the case of the 2D wave
equation, the time step Atf must satisfy the following conditions:

1 Ax
At <

" CLmax E

where ¢z max 1s the velocity of the fastest wave in the medium. To solve the 2D heat
conduction equation with stability,

(20)

2
_ pe(ay
Tk 4

At

21

is required.

The laser pulse duration is short in the PA wave generation, so the time step At
should be small. This means that the increment number becomes necessarily large, so
the update with different time steps between Eqs. (17) and (19) is not beneficial from
the standpoint of computational time. In this method, the solutions of the wave equation
and the heat conduction equation are updated with the common At, which satisfies both
Egs. (20) and (21).

3 Numerical Simulation

3.1 Numerical Models

Figure 6(a) shows numerical model A when the laser is irradiated from air to aluminum.
The simulation area (x1, x2) is a 5 x 4 mm rectangle with 0.1 mm absorption layers
(perfectly matched layers) on the left, right and bottom sides of the region. Figure 6(b)
shows numerical model B when the laser irradiation is from water. In model B, a water
layer of 1 mm is placed on top of the aluminum. The material constants are listed in
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Table 1. The cell size is set to Ax = 0.5 wm, and the time step At = 0.05 ns. The center
of the laser irradiation is (x1, x2) = (2.5 mm, 4.0 mm), and the spot radius of the laser
and the pulse laser duration are defined as rg and fy, respectively. The heat source Q is
fed into the cell in the spot radius on the aluminum surface. In reality, the PA wave is
generated in water by laser irradiation. However, the pressure of the PA wave generated
on the aluminum surface is much greater than that in water because of the Griineisen
coefficient [11], representing the efficiency of light-to-heat conversion. In this study,
therefore, we ignore the generation of PA waves in water.

Table 1. Material and thermal parameters for aluminum and water.

Material Aluminum Water
Density p (kg m™2) 2688 996.6
Longitudinal wave velocity ¢y, (m s_l) 6400 1470
Transverse wave velocity ¢ (m s_l) 3150 -
Linear expansion coefficient « (Kil) 231 x 107 1.00 x 1074
Specific heat ¢ T kg~! K~ 1) 905 4179
Thermal conductivity k (W m~—! K—1) 237 0.6104
i Laser i Laser
; E Imm E Water
— :
T
4mm 4mm
X2 X2
T_} Aluminum T_» Aluminum
X1 X1
Smm Smm
() (b)

Fig. 6. (a) Numerical model of laser irradiation from air to aluminum body (Model A), (b)
numerical model of laser irradiation from water to aluminum body (Model B)

3.2 Simulation Result for Model A

Figure 7 shows the simulation results in Model A when the laser pulse duration f is 7 ns,
and the spot radius rp is 0.05 mm. The plots of the Mises stress at + = 320 and 480 ns
after laser irradiation are shown in Fig. 7. The stress values are normalized by dividing
the maximum value throughout the entire time step. First, it is shown that the L-wave is
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generated mainly in the direction of 60°, not in the x, axis direction. On the other hand,
the T-wave has more significant stress in the direction of 30° than the L-wave. It can
be seen that the wave propagation directions in Fig. 7 are in good agreement with the
directivity pattern, as shown in Fig. 2.

Figure 8 shows the simulation results when the spot radius rg is 0.428 mm. Here
we consider two types of laser pulse duration #y. One is 7 ns, and the other is 30 ns.
In Fig. 8(a), an L-wave wavefront with a small amplitude can be seen in the x, axis
direction. The generation of this L-wave wave is caused by the finite spot radius. On
the other hand, the Rayleigh waves in the x; direction are smaller than those in Fig. 7.
Figure 8(b) shows the simulation results in the case of the laser pulse duration #g = 30 ns
while keeping the spot radius ro = 0.428 mm. The L-wave is hardly seen in the x, axis
direction. The amplitude of T-waves becomes smaller than in Fig. 8(a).

Let us summarize these simulation results. The key point to increase the gain of
the PA wave is that light-thermal conversion takes place in a brief period. Also, the
directivity pattern of the PA wave shown in Fig. 2 is applicable when the pulse duration
is short, and the spot area is small. Nevertheless, it was demonstrated that the L-wave
could be generated in the bottom direction if the laser spot area gets to a specific size.

N ~ .
0 Normalized stress [Pa]  0.05

X1

320ns 480ns

Fig. 7. Snapshots of PA wave generated by laser irradiation in the case of the laser pulse duration
to = 7 ns and spot radius ry = 0.05 mm in Model A.

3.3 Simulation Result for Model B

Figure 10 shows the simulation results for Model B when the laser pulse duration ¢y is
7 ns, and the spot radius rg is 0.428 mm. It can be seen that pressure (P) waves in water
as well as the L- and T-waves in aluminum are generated. The amplitude of the L-wave
generated in the x, axis direction in aluminum is more significant than that of the laser
irradiation in the air. This is considered because the presence of water at the top layer
exerts a reaction force on the vertical stress in the solid against the thermal expansion,
and then the amplitude of the PA wave in the x, axis direction becomes large.



Simulation of Photoacoustic Wave Generation and Propagation 369

|
0 Normalized stress [Pa]  0.05

> ——

(a) (b)

Fig. 8. Snapshots of the PA wave at t = 480 ns in the case of the spot radius rg = 0.428 mm in
Model A. (a) Laser pulse duration 7y = 7 ns and (b) #9 = 30 ns.

In the next section, this phenomenon is validated by experimental measurement of
the PA wave (Fig. 9).

HE  42444°0°00ha.
0 Normalized stress [Pa]  0.05

[ Smm_ ]
320ns 480ns

Fig. 9. Snapshots of PA wave generated by laser irradiation in water (Model B). The laser pulse
duration 7y = 7 ns and spot radius ry = 0.428 mm.
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4 Validation by PA Wave Measurement

In this experiment, the laser irradiation is scanned, and the generated PA waves are
received by a fixed ultrasonic probe. Although the frequency range of the PA wave is
wide in reality, the PA waves are modulated by the bandwidth of the receiving probe.
Therefore, this experiment cannot be directly compared with the previous section’s
simulation. Still, the generation of L- and T-waves and their spreading are helpful to
validate the simulation.

4.1 Experimental Setup and Specimen

Figure 10 shows the system configuration for acquiring photoacoustic waves. The gen-
eration of laser light is driven by a compact Q-switched Nd:YAG laser operating at
approximately 1.0 mJ pulse energy (Nano L90-100, Litron). The laser light source emits
a laser with a wavelength of 532 nm and a pulse duration of 7.0 ns. The generated PA
waves are detected using an ultrasonic probe (V112-RM, Olympus) with a radius of
approximately 6.4 mm and a center frequency of 10 MHz. The measured signals are
digitized at a sampling rate of 100 MS/s. Figure 11 shows the laser scan area on an
aluminum specimen (c;, = 6400 m/s and c7 = 3150 m/s). The size of both specimens
is 100 x 100 x 10 mm. Figures 11(a) and (b) show the cases of laser irradiation from
the air and water, respectively. The laser spot radius is approximately 0.43 mm. We scan
for 60 mm in the x direction at a pitch of 0.05 mm while recording the waveform at the
probe for each irradiation.

Trig.

I Q-sw Nd:YAG

L b 532
' DAQ |¢ HEEE aser beam (532nm)
Sig. Data —

r X
- Z
< !_I Contact transduer (fixed)

Fig. 10. Flaw diagram of PA measurement system.

PC
(Control Unit)

Lens unit (movable)

Laser Laser

Scanning length : 60mm Scanning length : 60mm

: T 2mm
4 ' X g
2 6.4mm Il Omm Z 6.4mm 10mm
Receiver ) Receiver U\E Ultrasonic

<~ Ultrasonic transducer

transducer

(2) (b)

Fig. 11. Experiment in the case of laser irradiation from (a) air and (b) water
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4.2 Experimental Results

In Fig. 12, time history waveforms at each irradiation in the x-direction are plotted
throughout the scan. The vertical and horizontal axes are the arrival time of the signal
and scanning point, respectively. The L-wave arrives at approx. 1.6 ps, and the T-wave
arrives later in Fig. 12. From Fig. 12(a), we can observe the L-wave propagating in
the bottom direction of the specimen. The L-wave propagates in the vertical direction
at the simulation result in Fig. 8(a), and the measurement shows similar results to the
simulation. Figure 12(b) shows the measurement results when a laser is irradiated onto
aluminum from water. The amplitude of the L wave is larger than the measurement
result in the case of laser irradiation from the air. As the simulation results are shown in
Fig. 9, we can observe the amplitude of the L-wave propagating in the vertical direction
becomes more significant in water in Fig. 12(b). The above measurement results show

the same tendency concerning the L- and T-waves generation as the simulation models
A and B.

-1 Volt [arb. Unit] 1
N
a B ‘ 4 \/
-

@ T-wave a T-wave
=31 3.3
kot T ho, 00
E 24 — &2 s’
= L-wave = L-wave

1 1

o P —————— N

0 10 20 30 40 50
x(mm) Laser irradation time on specimen x(mm)
(a) (b)

Fig. 12. Time history waveforms at each irradiation in the x-directional scan. The vertical and
horizontal axes are the arrival time of the signal and scanning point, respectively. The color shows
the amplitude of waveforms in the case of laser irradiation from (a) air and (b) water.

5 Concluding Remarks

In this study, simulations were presented to simulate the PA wave generation and propa-
gation in solid and water. To model the phenomena, we numerically solved the coupled
heat conduction equation and wave equation using the FIT. It was shown that the PA
waves generated by laser irradiation varied depending on the spot size, laser pulse dura-
tion, the material surface condition, and others. We simulated two cases where the laser
was irradiated on the target material in the air and underwater. The amplitude of the
L-wave propagating in the bottom direction in the case of laser irradiation in water
becomes more extensive than in the case of laser irradiation in the air. This reason was
assumed that the presence of water in the upper part generated a reaction force against the
stress caused by thermal expansion. A similar trend was observed in the measurement;
therefore, the proposed FIT modeling was well-validated by the experiment.
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We did not reach a direct comparison between the simulation and the experiment
in this study. The comparison requires a measurement device such as a laser Doppler
vibrometer, which can receive the PA signal at a narrow area. In the future, we would
like to extend the 2D simulation to large-scale 3D calculation and model the generation
of ultrasonic waves by ablation.
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