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The propagating of laser-generated ultrasonic waves in K9 glass was investigated. Many methods have been developed to
detect the laser ultrasound since laser ultrasonic waves can be used to measure material parameters or characterize
materials properties. In order to reduce the measuring time, a Mach–Zehnder interferometer, a full field measuring tool,
was preferred in this paper. The ultrasonic wave was produced on the K9 glass surface by a Q-switched Nd:YAG laser
absorbed in a liquid layer. The interferograms were then taken at various delay times by a CCD camera after single pulse
induced laser ultrasonic waves. Ultrasonic waves in the K9 glass can be observed from interferogram images. The results
provide an understanding of laser ultrasound propagation in K9 glass in the lifetime.
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1. Introduction

Laser ultrasonic technology has been applied more and more in
the field of non-destructive testing[1], including thickness gaug-
ing[2,3], defect detection, and characterization[4–6] for its non-
contact, broad band, andmultiple modes generation advantages.
A variety of laser-based ultrasonic methods were utilized for the
detection and characterization of materials[7]. Unfortunaterly,
most of these methods were implemented to detect the displace-
ment of the sample surface. Results were then processed to
diagnose whether there were defects in the material. It is a chal-
lenge to visually detect the propagation of laser-generated ultra-
sonic waves.
For high contrast and spatial resolution, many methods have

also been developed to generate high amplitude waves in sam-
ples. There are two kinds of generation mechanisms in laser
ultrasonic technology: the thermo-elastic mechanism and the
ablation mechanism. Amplitude of generated acoustic waves
is relatively small under the thermo-elastic mechanism, which
is difficult for detection. Higher energy generation can increase
the amplitude of acoustic waves in samples. The sample would
be destructed by erosion and ablation once the laser fluence
exceeds the damage threshold of the material[8]. Another way
to increase the acoustic wave amplitude is to use an array of
lasers[9–12]. Also, a variety of surface modification technologies
have been developed. Wet surface technology is one of the most
simple and effective surface modification technologies. When

the sample surface is coated with a layer of oil, steamed with
a layer of light absorption film, or a drop of water is put on
it, a strong laser ultrasound can be produced without damage
to the sample surface.
Usually, acoustical signals are detected with the polyvinyli-

dene fluoride (PVDF)/piezoelectric transducer (PZT)[13,14],
optical beam deflection[2,15], and a laser vibrometer[16].
However, with these techniques, themotion was recorded point-
wise, and a long time was needed to finish the measure-
ment[17,18]. In order to reduce the measurement time, full
field measuring methods are preferred, such as thermogra-
phy[19], optical interferometry[20–22], and digital shearogra-
phy[17,18]. They have attracted considerable interest because of
their advantages of real time, non-contact, whole field, and
non-contaminating characteristics[17]. Compared to other
methods, optical interferometry can give more accurate results.
It is a laser-based opticalmeasuring and testingmethod. In order
to capture the rapid vibration process of laser ultrasonic waves, a
nanosecond pulse laser and an accurate delay device are needed
in this technology.
In this paper, a layer of liquid suspended carbon particles

(LSCP) was deposited on the sample surface to increase the gen-
erated acoustic wave amplitude. The Mach–Zehnder interfer-
ometer was used to detect the laser ultrasound propagation in
K9 glass. Signals after the ultrasonic wave propagates for differ-
ent times were obtained by controlling the delay time between
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the generation and detection laser. In order to determine the
waveform of the laser ultrasound, the fast Fourier transform
(FFT) analysis and 2D phase unwrapping are applied to extract
the phase of the reconstructed interferograms. Combinations of
the generation and detection technology presented above pro-
vide amethod of wave propagation visualization. It can also pro-
vide a further understanding of wave–crack interaction for the
possibility that cracks could be modulated at a certain state
(open or close) by time-controlling wave propagation.

2. Experiments and Methods

The experimental setup for the interferometric investigation
of wave propagation is presented in Fig. 1. The Q-switched
Nd∶Y3Al5O12 (Nd:YAG) laser at the wavelength of 1064 nm
was utilized to generate acoustic waves on the surface of the
K9 glass. Combination of the half-wave plate and the PBS
was to flexibly vary attenuation of the generation laser energy
without changing the polarization state. The laser beam was
focused with an f = 70mm lens, providing a 105 μm spot (diam-
eter) on the glass surface. A layer of LSCP deposited on the upper
surface was used not only to increase the amplitude of generated
acoustic waves but also to prevent the glass surface from laser
damage.
The output of Q-switched Nd:YAG generation laser was fre-

quency-doubled to provide a pulsed laser with wavelength of
λ = 532 nm. The detection laser pulse was expanded and then
separated into two beams by a beam splitter (BS). The sample
was placed in one arm of the Mach–Zehnder interferometer.
The Mach–Zehnder interferometer divided the probe laser into
two beams, one passed through the detect area of the K9 glass
and the other one was the reference beam. An interferogram
image was then focused onto the CCD camera. A bandpass filter
(λ = 532 nm) was placed in front of the CCD camera in order to
suppress plasma luminescence and increase the signal-to-noise
ratio of the interferogram. The ratio of the physical distance
scale to the digital image scale of the interferogram image was
determined by recording a precision calibration board. The

delay time between the generation laser and detection laser
was controlled by the DG535 digital delay generator so that
interferogram with different delay times after generation can
be obtained. The interferogram images on the CCD camera were
stored in the computer in real time for further processing.

3. Results and Discussion

3.1. Determination of the interferograms phase distortion

Figure 2(a) shows a typical interferogram image of the ultrasonic
wave with a delay of 0.8 μs. The physical size of the images is
approximately 10.41mm × 8.35mm. The longitudinal wave
and transverse wave can be seen from Fig. 2(a). The FFT analysis
was performed to extract the phase distortion from the
fringe pattern of the interferogram image. The interferogram
image is processed by two-dimensional (2D) FFT algorithm.
Figure 2(b) shows three distinct peaks, at the DC, and ±f 0
(denoting the carried frequency). One of the ±f 0 is filtered
and transformed to a DC, and then an inverse FFT is applied
to the image. The complex logarithm of the image is calculated
to obtain the phase distribution. The resulting phase, which is
wrapped in the interval �−π, π�, is finally applied with a phase
unwrapping algorithm using graph cuts[22,23] to obtain continu-
ous phase. The result of phase distortion is shown as a false color
image in Fig. 2(c).

3.2. Propagation of the laser ultrasonic waves in K9 glass

Interferogram images showing the propagation at different
delay times of the longitudinal wave and the transverse wave
in K9 glass are presented in Figs. 3(a)–3(d). According to the
fringe pattern processing method described above, phase distor-
tion images corresponding to the interferogram images are

Fig. 1. Experimental setup for Mach–Zehnder interferometer: PBS, polarized
beam splitter; BS, beam splitter; LSCP, liquid suspended carbon particles;
CCD, CCD camera.

Fig. 2. (a) Interferogram image of the laser acoustic wave at delay time
0.8 μs, (b) 2D FFT result, and (c) phase distortion as a false color image.
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shown in Figs. 3(e)–3(h). A longitudinal wave followed by a
transverse wave can be clearly seen from interferogram images
and the corresponding phase distortion images. Especially, the
propagation direction of the longitudinal wave and the trans-
verse wave at any time can be determined by controlling the
delay time between the generation laser and the detection laser.
In the case of conventional laser ultrasonic investigations,
propagation of the generated acoustic waves cannot be visually
observed in the experiment. In order to observe particle motion
in the material, displacement of many points distributed on
sample surfaces should be recorded for a time series. After that,
methods based on B-scan, synthetic aperture focusing technique
(SAFT), or other data processing algorithms are adopted to ana-
lyze wave propagation characteristics.
A finite-elementmethod (FEM) based on the COMSOL is uti-

lized for the modeling study. The plane stress condition was
adopted for a 2D simulation to model the propagation of the
longitudinal wave and transverse wave in the plate. The width
and the height of the rectangular plate were set to be 10.41 mm
and 8.35mm, which are the samemagnitude as the visual field of

the CCD camera in the experiment. The plate has a Poisson’s
ratio of 0.208, Young’s modulus of 81.0 GPa, shear modulus
of 33.5 GPa, and density of 2510 kg=m3[24]. Waves were gener-
ated by a force normal to the upper surface of the plate. Its
space and time distribution was written as F = −F0 ·

�
t=t0

�
·

exp�−t=t0� · exp�−x2=r20�, where F0 is the peak force density
of 1017 N=m2, r0 is the spatial distribution radius (0.1 mm) of
the applied force, and t0 is the characteristic temporal duration
(10 ns) of the applied force. Prorogation of the longitudinal wave
and the transverse wave at different time moments after their
generation is presented in Figs. 4(a)–4(d).
Two dominant profiles, i.e., the longitudinal wave and the

transverse wave, can be observed from Figs. 4(a)–4(d).
This can also be seen from experimental results shown in
Figs. 3(a)–3(d). As a result, the experimental results are in good
agreement with the simulation results.
In conclusion, the Mach–Zehnder interferometer was used to

detect the propagation of laser-generated acoustic waves. By
analyzing the experimental results, it is demonstrated that the
optical setup is able to view the acoustic waves. The dynamics
of acoustic wave propagation in K9 glass can be clearly seen from
the interferogram images. It can not only realize the visualiza-
tion of bulk waves in the material, but also control and observe
the characteristics of wave propagation at a certain position
through time delay, which provides us with a more detailed
understanding of the features of the acoustic waves.
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