
grating structure allows one to access Brillouin 
oscillation at several different frequencies.  

 
2. Experiments 

 
The sample consists of a fused silica substrate 

of 1 mm thickness with a gold grating structure 
with the period d=590 nm, formed on a surface of 
the substrate with the electron beam lithography 
and lift-off technique. The light pulses of central 
wavelength 800 nm and the temporal width ~100 fs 
from a Ti-sapphire laser with a regenerative 
amplifier are used to generate acoustic waves 
through the thermoelastic process at the gold 
grating. The propagation of the acoustic waves with 
grating like wavefront in the fused silica substrate is 
measured by the fequency-doubled and delayed 
light pulses of central wavelength 400 nm. The 
probe light is normally incident to the sample from 
the surface without the grating, and the first order 
diffracted beam emerged from the same surface 
without grating is fed to a photo-detector. The 
polarization of the incident probe light is in parallel 
to the stripes of grating. 

 
3. Results 

 
Figure 1 shows an example of the obtained 

transient intensity variation of the first-order 
diffracted probe beam. The overall shape consists of 
two oscillations of different frequencies: A low 
frequency component around 4 GHz and a high 
frequency component around 40 GHz. 

Figure 2 shows a Fourier spectrum of the 
obtained transient data shown in Fig. 1. Very strong 
low frequency components below 8 GHz are known 
to be caused by the vibration of gold thin stripes[4]. 
In the higher frequency region above 10 GHz, 
unlike the Brillouin scattering data for a simple 
uniform medium without grating, there are many 
peaks.  

 
4. Discussions 

 
These peaks can be explained by considering  

the fact that the wave vector of the probe light may 
vary by the diffraction at the grating structure 
before and after the scattering by the acoustic 
waves i.e. the diffraction by the moving grating-like 
acoustic wave front. Since the diffraction/reflection 
coefficient at the grating surface is reasonably high 
(in our case it is several 10 %), we may expect 
several different whole scattering processes for our 
geometrical setup in which the normal probe light 
incident and the detection at the first order 
diffraction direction are used. They are categolized 
in the following four: 1) the probe light scattered by 

the acoustic waves (back scattering), 2) the probe 
light first scattered by the acoustic waves (forward 
scattering), and then reflected/diffracted by the 
grating surface, 3) the probe light first 
reflected/diffracted by the grating surface, and then 
scattered by the acoustic waves (forward scattering), 
and 4) the probe light first reflected/diffracted by 
the grating surface, then scattered by the acoustic 
waves (backward scattering), and finally 
reflected/diffracted by the grating surface again. In 
the scattering by the acoustic waves, the change in 
the light wave vectors needs to be compensated by 
the absorbed/created phonon wave vector. In the 
reflection/diffraction of the light at the grating 
surface, the variation of the wave vector 
components parallel to the surface needs to be 
integer multiples of the grating wave number 2π/d.  

The above mentioned schemes allow one to 
calculate the possible Brillouin frequencies which 
correspond to the frequency of the phonons 
absorbed/created in the whole scattering process. 
The cross symbols in Fig. 2 indicate the expected 
peak positions calculated in this way with the 
known sound velocity and refractive index of the 
glass substlate[5]. The agreement between the 
actual peak positions and the calculation is 
excellent. This means that one can access several 
different acoustic wave vectors involved in the 
photon-phonon scattering process even observing 
for a single incident direction along a single 
diffracted direction. 

 
5. Conclusion 

 
We can get the Brillouin oscillations for the 

acoustic waves of multiple wavevectors using  
grating structure. This allows one to determine the 
sound velocity and refractive index simultaneously 
for a transparent isotropic medium from a single 
measurement. This also would be advantageous to 
study the dispersion relations for more complicated 
anistropic and dispersive media. 
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1. Introduction 

Instantaneous local heat expansion on a plate 
by pulsed laser irradiation generates flexural 
vibrations. Our previous study described that the 
flexural vibration is generated larger as the plate is 
thinner1. Using the characteristic of the flexural 
vibration, we can measure an amplitude distribution 
(or energy distribution), showing the presence of a 
wall-thinning in a plate2. 

The scanning laser source (SLS) technique 
can be used in the measurement of the amplitude 
distributions. In the SLS technique, elastic wave 
source by laser irradiation is rastered and the 
flexural vibration is detected at a fixed position. As 
the receiver position does not change in the SLS, 
stable measurements are feasible even with laser 
Doppler vibrometer (LDV) and advanced wave 
analyses can be applied using multiple waveforms 
for multiple source positions. The SLS has been 
used mainly for high sensitive detection of surface 
cracks with the broadband pulse wave in the 
frequency range of MHz4-6. On the other hand, 
authors have been developing defect detection in a 
thin plate using the low frequency range of kHz1- 3.  

In this study, the principle of energy 
enhancement at a notch type defect in the SLS 
measurements are described, and then the 
characteristics of this imaging technique are 
discussed from experimental results. 
 
2. Energy enhancement by coupling of 
evanescent modes 

     Pulse laser irradiation onto solid media 
generates elastic waves by thermo-elastic effect or 
ablation. Because the ablation damages the surface 
of solid media, elastic waves by the thermo-elastic 
effect are often used for nondestructive inspection. 
When laser beam is incident on a thin plate, 
in-plane normal stresses are generated at the surface 
of the laser spot in thermo-elastic regime. The 
in-plane stresses at the plate surface, being dipole 
loading on the plate cross-section, generate bending 
moment in the plate. Authors proved with two 
dimensional analyses based on the plane strain 
condition that energy of flexural vibration by the 

dipole loading is proportional to h-3/2, where h is the 
plate thickness1. The flexural vibration is nothing 
but an A0 mode of Lamb wave. When laser beam is 
irradiated onto the plate surface, the propagating A0 
mode and non-propagating modes such as A1 and 
S1 modes are generated simultaneously. It should 
be noted that we now consider a frequency range 
much lower than the cut-off frequency of the A1 
mode, where the wavenumber of A1 mode is pure 
imaginary. The non-propagating evanescent modes, 
having the displacement distributions exponentially 
decreasing with the distance, do not transmit the 
energy, as shown in Fig. 1. On the other hand, when 
the propagating incident wave arrives at the 
reflective object, it generates reflected waves 
consisting of propagating modes of A0 and S0 
together with non-propagating evanescent modes 
such as A1, S1 and other higher order modes. 

As for the propagating modes, incident waves 
and reflected waves independently travel with no 
coupling due to their orthogonality. However, some 
of the evanescent modes generated at the laser and 
the reflective object do not hold orthogonality and 
interact with each other. Because the incident 
flexural wave energy increases by their interaction, 
the coupling of the evanescent modes behaves as 
the source of the energy enhancement3. 

Laser 
generation

Propagating modes

Evanescent modes
without interaction

Laser 
generation

Interaction of evanescent modes
generates extra energy

Energy distribution

(a) Laser source far from a notch

(b) Laser source in the vicinity of a notch

(c) Distribution of flexural vibration energy  
Fig. 1 Principle of energy enhancement  

in the vicinity of a defect 
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Because the evanescent modes exponentially 
decay from the laser source and the reflective object, 
respectively, the evanescent modes do not couple 
when these are far from each other (Fig. 1 (a)). On 
the other hand, if the laser source locates in the 
vicinity of the reflective object, these evanescent 
modes couples strongly, leading to the energy 
enhancement (Fig. 1 (b)). It can be estimated that 
the range of energy enhancement depends on the 
dominant distance of the evanescent modes.  

In order to discuss the dominant distance, Fig. 
2 shows the imaginary parts of wavenumber s of A1, 
S1, A2 modes in gray solid lines, together with the 
wavenumber of an A0 mode in a black solid line. 
The dispersion curves are calculated for a 3 mm 
thick aluminum plate which is used in the 
experiments shown later. Defining the dominant 
distance x1/2 is the distance at which the evanescent 
mode becomes half in amplitude, the A1 mode with 
the smallest imaginary part of wavenumber has the 
longest dominant distance. From the following 
equation, 

2/112/11 )Im(  AA xke   (1) 
the dominant distance of the A1 mode is obtained 
as, 

)Im(/2ln 112/1 AA kx  .  (2) 
Now we consider that the imaginary part of the 
wavenumber of A1 mode )Im( 1Ak  can be 
approximated to the wavenumber of A0 mode 0Ak  
in a low frequency range as, 

)Im( 10 AA kk  ,  (3) 
which is shown in Fig. 2, eq. (2) can be rewritten 
as, 

  00012/1 11.02/2ln/2ln AAAA kx   , 
(4) 

where 0A  is the wavelength of A0 mode. This 
equation indicates that the dominant distance of A1 
mode is much smaller that the wavelength of A0 
mode, and therefore it can be predicted that the 
energy enhancement by the evanescent modes 
occurs in small region compared with the 
wavelength of the flexural propagating wave. 
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Fig. 2 Imaginary part of wavenumbers of A1, S1, A2 

modes and a wavenumber of an A0 mode 
in a 3.0 mm thick aluminum plate. 

3. Experimental results  
A defect image was obtained for a 3.0 mm thick 

aluminum plate with 1.5 mm deep straight notches 
on the back surface as show in Fig. 3 to investigate 
the resolution of the defect imaging. Two notches 
were located with the spacing of 20 mm, 10 mm, 5 
mm, 2 mm, respectively, and the bottom one was 
one straight notch. The image on the right of Fig. 3 
shows that two notches were seen separately up to 5 
mm spacing, while two notches were seen in one 
line in the 2 mm spacing. Considering that the 
wavelength of A0 mode at the frequency used in the 
experiment (8 kHz) was about 59 mm, the 
resolution was much smaller than the wavelength 
and the prediction shown above agree well with the 
experimental result. 

Aluminum alloy plate h=3 mm

50
0 
m
mNotch length: 50  mm

depth:  1.5 mm
width:  1.0 mm

Spacing: 0 mm, 2mm, 
5mm, 10mm, 20 mm

Piezoelectric transducers
Defect image

(40mmx400mm)  
Fig. 3 Specimen used and a defect image.  

 
4. Conclusions 

The role of evanescent modes was discussed 
in imaging for a plate with a notch type defect on 
the back surface.  Theoretical prediction and an 
experimental result show that the defect imaging 
technique realizes much higher resolution than 
wavelength of the A0 mode and the dominant 
distances of evanescent modes affect the resolution. 
 
Acknowledgment 
This work was supported by KAKENHI Grant # 
17H02052. 
 
References 
1. T. Hayashi and S. Nakao: to be published in 

Mater. Trans. 58 (2017). 
2. T. Hayashi, M. Murase and S. Muhammad: J. 
Acoust. Soc. Ame. 126 (2009) 1101. 
3. T. Hayashi, M. Fukuyama: J. Acoust. Soc. Am. 
140 (2016) 2427 
4. K. Kromine, P. A. Fomitchov, S. Krishnaswamy, 
and J. D. Achenbach: Mater. Eval. 58 (2000) 173 
5. Y. H. Sohn and S. Krishnaswamy: J. Acoust. Soc. 
Am. 115 (2004) 172 
6. Dixon, B. Cann, D. L. Carroll, Y. Fan, and R. S. 
Edwards: Nondestruct. Test. Eval. 23 (2008) 25. 

Proceedings of Symposium on Ultrasonic Electronics, Vol. 38 (2017)
25-28 October, 2017


