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Laser generated ultrasound in ablation regime provides a large enhance-
ment of longitudinal mode signal which is useful to investigate defects
and monitor thickness of offshore structures in real time. However, the
simultaneous generation of bulk and surface acoustic waves (SAW) cre-
ate complexities in the detection of appropriate type of ultrasonic wave.
This is due to strong surface waves, which propagate along the surface
interface regions interfering with the reflected longitudinal mode signals
from the defects as well as from the rear substrate surface. Thus, the sig-
nal is mostly overlapped or hidden in the tail of the surface waves detected
causing the determination of the arrival time of the ultrasound a challeng-
ing one. This paper utilizes the property of different frequency distribu-
tions of the bulk and surface waves and applies filtering functions together
with Hilbert transform (HT), which gives instantaneous frequency and
amplitude in order to separate and extract the detailed features of the
ultrasound signal. A single, distinct, unipolar waveform (positive peak)
obtained with bandpass filter followed by HT combination enhances the
signal amplitude which is essential for B and C scans in the laser ultra-
sonics where the threshold voltages are set by the positive peak voltages.
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1 INTRODUCTION

1.1 Laser Ultrasonics

Non-destructive testing and evaluation (NDT&E) together with structural
health monitoring (SHM) are two most common approaches used in struc-
tural investigations of materials with the advantage of real-time detection to
forecast the remaining life cycles of structures and to reduce maintenance
costs and time [1]. Ultrasound detection has been implemented as a NDE tool
in various areas, including thickness measurements and defect detection for
many decades [2]. The problems using conventional piezoelectric transducers
are the need to use a coupling medium, limited bandwidth, limitation of oper-
ational use at elevated temperatures and the requirement of proper orienta-
tions of the phase sensitive piezoelectric transducer for contoured structures.
These limitations can be overcome by laser ultrasonics which has the flexibil-
ity in generating ultrasound over a wide range of frequencies, transmitting
and receiving ultrasound without a coupling medium, the ability to operate in
harsh environmental conditions and the detection of specimens with complex
geometry [3-7]. Furthermore, the laser source can be focused to the microns
scale, at a much higher spatial resolution than the conventional ultrasonic
beam source (size at mm scale). Meanwhile, the laser beam can raster over
the sample surfaces at a high speed (dozens of mm per second) to increase the
NDT throughput. Laser ultrasonics detection is reliable in real industrial situ-
ations and presently used for major industrial applications such as wafer
inspection, inspection of composite components in aircrafts and wall thick-
ness measurement of seamless steel tubes [8-9].

1.2 Generation of ultrasound with a pulsed laser

When the test sample is irradiated with a short laser pulse (ns or ps) at high
energy (mJ), light energy is absorbed strongly by the electrons of the material
and transferred to the lattice. Depending on the energy density, it either leads
to only a temperature rise (creating thermal waves in the thermoselastic
regime) or melting, vaporization and then plasma generation in the ablation
regime (producing shock waves) [10, 11]. At a laser density of < 10’ W/cm?,
the thermoelastic mechanism occurs on the metal surfaces. The absorbed
laser energy produces thermal expansion and contraction resulting in the pro-
duction of elastic waves. For the emission of ultrasound along normal to the
surface, the penetration of laser beam should be deeper, and the diameter of
the beam should be comparable to the wavelength of the ultrasound. How-
ever, when the power density increases above 107 W/ecm?, in addition to a
thermoelastic expansion, the sample surface would melt and material is then
ablated to create a pit of a few microns deep. The ejected material and the
surrounding air are ionised by various physical process, producing plasma
plume and the resulting momentum by the recoiling effect of the outward
ejected materials in addition to the plasma pressure produces a point force
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normal to the surface, which then enhances the amplitude of the ultrasound.
In addition to these regimes, there is also a constrained surface source regime
that occurs at all power densities in the absence of stress free boundary condi-
tions in the transparent coating that produces normal forces and subsequently
enhances the amplitude of the bulk waves even with low power densities.
Among these ultrasound generation mechanisms, the ablation/plasma regime
provides a large enhancement of longitudinal (compression) and surface
waves amplitude to many folds which is essential for some critical applica-
tions, such as online monitoring of thickness of seamless steel tubes and for
weld quality monitoring at elevated temperatures [12]. Strong attenuation of
ultrasound energy occurs in metals at high temperature which is mainly
because of the strong background absorption which increases exponentially
with temperature and the scattering by the growth of the grain size from a few
10s of microns to 100s of micron with the temperature increase from 1000°
C to 1250° C [6].

A laser source of near IR regions of the laser wavelength is used for met-
als. The frequency or wavelength of the longitudinal ultrasound depends on
the pulse duration of laser which is a limiting factor and it controls the amount
of information that can be detected. Usually, thinner samples are measured
using high frequency ultrasound and thicker samples with low frequency due
to the attenuation of ultrasound in high frequency range. For NDT high reso-
lution measurements in microelectronic structures, the theoretical minimum
measurable thickness is one wavelength. So, the thinnest sample or micro
void size of um is measured using short laser pulse (ps) to get high
frequency(1GHz) ultrasound signal and hence the shorter wavelengths that
are comparable to the sizes. Similarly, moderate duration of the laser pulse
(100s of ns) or conventional PZT is used to produce low frequency ultrasound
to measure the thicker samples since the attenuation is minimum for low
frequency ultrasound [6].

1.3 Detection of ultrasound with a continuous wave laser through
optical interferometry

The reflected ultrasound signals from the back surfaces as well as from the
defects create a small transient surface displacement (~ 10 nm). These sur-
face displacements can be detected with an interferometer in terms of inten-
sity variations and the detected photocurrents are displayed as voltage output
signals with time on an oscilloscope or digitizing electrical processor. As the
Fabry -Perot interferometer is less sensitive for low frequencies, there is a
need however to measure the surface displacement with rough surfaces,
therefore two wave mixing PR interferometers have the best capability to
detect broadband signals, were used to overcome these drawbacks. Two wave
mixing is a dynamic holographic process where two coherent optical beams
(reference beam and signal beam) interfere within a photorefractive crystal
(PRC) and the beam emitted from the PR crystals consists of a portion of the
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transmitted signal beam and also a part of the reference beam, which is dif-
fracted in the direction of the signal beam. The diffracted reference beam
appears to be wave-front matched as it is a holographic replication of the
signal beam. These effects can be used to compensate for the distorted wave
fronts reflected or scattered from the rough sample surface [13-15]. Further-
more it can also compensate for environmental noise if the grating response
time is fast enough to adapt to the low frequency noise by changing the
refractive index grating according to the change in the interference pattern
with the homodyne interferometer, However, for the mid-frequency noise
which arises from the motion of the probed object will change the speckle
pattern (phase) of the scattered light or change the frequency by Doppler
effect. To compensate for the Doppler shift, heterodyne interferometers can
be used where frequency of the one of the beam is shifted to produce vibra-
tion free signal at the output [15-16].

1.4 Objective and motivation of the present study

Laser ultrasonics is less sensitive in the detection of tiny surface displacement
(pm or few nm), a higher amplitude signal in the ablation regime increases
the signal to noise ratio by compensating for the long path length in thick
offshore structures. With pulsed laser incidence on the test piece, all three
regimes produce longitudinal, shear and Rayleigh (SAW) waves at the same
time [10, 12]. Compared to thermoelastic regime, where the amplitude of all
the modes increases linearly with the power density, a greater extent of
enhancement is observed for longitudinal and SAW waves in the ablation
regime than shear waves [10]. The Rayleigh wave penetration depth is depen-
dent on the frequency of the ultrasound, thus if the wavelength is comparable
to its thickness, it propagates between the two boundaries of the sample as a
Lamb wave [17] or otherwise it remains on the surface as surface skimming
waves [18-20]. These surface waves are used to detect the microcracks on the
surface and to determine the thickness of thin films with high precision [19-
20]. Using longitudinal mode which propagates into the bulk of the material,
higher amplitude laser generated ultrasound signal with multiple echoes are
observed in the transmission mode to measure the thickness of metals using
our system. Furthermore, to measure the remaining thickness of complex
structures like corroded oil tubes and pipes, and to detect defects from the
internal and surface structures, etc reflection mode signal with pulse echo
technique provides a straight forward and less complicated method [21-22].
The simultaneous generation of longitudinal and SAW waves make the detec-
tion of ultrasound a challenging one in the ablation regime where the interfer-
ometry or the EMAT transducers are sensitive to all modes of the laser
generated acoustic waves [12, 23] and hence the reflected longitudinal mode
signal from the defect can be masked by other modes, especially by higher
amplitude surface skimming waves. In this paper, by utilizing the recent
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advances in digital signal processing technique such as the Hilbert transform
with other filtering functions, it provides better signal acquisition method and
is able to extract detailed features from the defect signal.

2 EXPERIMENTAL PROCEDURES

2.1 Laser ultrasonic system and measurement methods

The experimental arrangement of the integrated laser ultrasonic system
which can measure thickness and detect both surface and internal cracks of
various metals used in this study is shown in Figure 1. This system consists
of a generation laser, optical interferometry detection system and Labview
controller for signal analyses. A Nd:YAG laser operating at a wavelength of
1064 nm and a peak energy of 50 mJ/pulse is focused down to 500 microns
and then irradiated on the steel surface for ultrasound generation with high
spatial resolution. The pulse duration is 8 ns with a repetition rate of 20 Hz.
Then the generated ultrasound propagates from the sample front surface to
the rear-side surface and the subsequent surface displacement of the trans-
mitted or reflected ultrasound signal is detected by the two-wave-mixing
interferometry, where the transmitted signal and diffracted reference are
made to interfere in a photodetector to perform phase demodulation using a
532 nm CW laser. Since the surface displacement caused by the ultrasound
is very small, high powered CW laser of 213mW is used for detection (see
set-up in Figure 1).

With the optimum pulse duration of 8ns, the ultrasound produced has a
centre frequency of 23 MHz and the theoretically calculated minimum mea-
surable defect size or thickness value for steel is 0.26 mm () to obtain good
sensitivity. Minimum measurable defect sizes depend on the velocity of
sound in the material, which also changes significantly with temperature and
reduces the measurement accuracy. In general, the thickness and the defect of
the material can be measured using one of the ultrasonic non-destructive test-
ing technique, such as pulse echo [8], resonance [24], or Lamb wave [17].
Though the pulse echo method is a simple technique to implement for real
life applications, thinner samples (less than 1mm) are difficult to be measured
accurately. It is because the time interval between the incident and echo pulse
is very short and overlapping may occur between two successive pulses for
metals whose acoustic velocities are high. For precise and high time resolu-
tion measurements of thinner samples, the short time interval between the
two successive pulses can be recorded using higher frequency ultrasound
pulse that has short pulse width and fast response detector with bandwidth of
1GHz. Using our available laser ultrasonics system with our high response
time APD detector, we could measure 0.5 mm thick aluminum sample.
Despite the center frequency of 23 MHz, the signal contains broad optical
side bands as well. The unipolar stress signals in ablation regime have strong
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PC LabVIEW
controller

FIGURE 1
Integrated laser ultrasonic system in reflection mode.

low frequency components thus allowing low frequency ultrasound waves to
propagate at longer distances such as thicker (60 mm) samples without much
attenuation. Thus, this laser based ultrasonic detection system has a unique
advantage with higher sensitivity on rough surfaces, better spatial resolution
and more tolerance to the industrial vibrations and object motions.

3 RESULTS AND DISCUSSION

3.1 Problems associated with signal detection in the reflection method

Figure 2a shows the acquired ultrasound signal for thickness measurement in
transmission mode. The waveform shows higher amplitude signal with mul-
tiple echoes. In the reflection mode, the same laser ultrasonic system is used
with similar experimental conditions as in transmission mode except both
beams are irradiated on the same side of the sample for generation and defect
detection. There are some issues related with the interaction between the gen-
eration and detection spots that are in the adjacent regions. Mainly, the sensi-
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tivity of the surface displacement of the detection spot is distorted by the
generation mechanism when two beams are kept close to each other and
hence a very weak signal is observed in the reflection mode. Furthermore, the
strong surface waves which propagate along the interface is interfering with
the reflected longitudinal mode signal. In contrast, the surface skimming
waves propagates only on the generation side in the transmission mode,
hence the detection of the longitudinal mode signal is not affected by these
surface waves. Therefore, some gap between the generation and detection
beam is maintained to increase the sensitivity (surface roughness) of the sur-
face displacement from the unaffected spot and also to avoid the interference
by surface waves if the arrival time of the longitudinal is shorter than the
surface waves.

If the detection and generation beams are kept apart with some distance
over 2mm, the normal incident waves are reflected back without much devia-
tion from the normal direction, that creates the problem of detection loss
whereby the detection laser spot is away from the irradiation spot and this can
be explained by the directivity of ultrasound propagation [25-26]. As the
ultrasound waves generated by ablation regime are very sensitive to the inci-
dent angle, the wave propagation is mostly in the force direction. Since we
used generation beam with normal incidence in order to measure actual val-
ues by the shortest propagation path, the longitudinal wave propagates in the
force direction and thus multiple reflections from the rear side can reach nor-
mal to the surface. In Figure 2b, two beams are kept 2mm apart, so the first
echo (T1) which is normal to the surface doesn’t reach the detection spot and
only slightly deviated higher order echoes would reach the detector. There-
fore, an optimized distance of ~1mm is kept between the two beams without
ablating the detection spot in order to increase the sensitivity, at the same time
to acquire the first echo. The signal in Figure 2c shows multiple echoes
including the first echo (T1) are observed which often overlaps with the tail
of the strong surface waves for a sample that is 4mm thick. For the reflected
signal from the defect or the rear side of thinner samples (~ 1mm), the signal
will mostly be overlapped or hidden in the tail of the surface waves causing
the determination of the arrival time of the ultrasound to be complicated. It is
reported that to separate the longitudinal modes from the surface waves and
other mode converted waves which have different acoustic velocities, a large
gap is given between the two beams to maximise the difference in their arrival
times. Ultimately, the signal reaches the receiver end after multiple reflec-
tions, but the signal, especially reflected from the defect has lower amplitude
and minimal information can be deduced. Studies have also shown that fre-
quency spectra analysis with hanning window is used to extract the useful
longitudinal mode signals in time of flight measurements where all the modes
are mixed in ablation regime. Some authors have designed directional EMAT
to acquire the required laser generated ultrasound mode. Extra or the missing
feature in the A scan will indicate the scattered signal from the defect in the
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longitudinal signal. It may also be possible to detect surface breaking crack if
the surface waves are disrupted. In all these cases, there was a disagreement
between the line scan A and scan image B [12, 23].

3.2 Solutions to extract useful longitudinal mode signal

Utilising the property of varying frequency components of the bulk and surface
waves, the desired frequency components of the longitudinal signal from the
surface waves can be filtered. In most cases, the surface waves have a lower
frequency distribution compared with the frequency spectra of bulk waves [12].
In practice, frequency domain analysis has been done with the original signal
to determine frequency distribution and is then used with a properly designed
selective filter to obtain the required signal from the low frequency surface
waves. Subsequently, the inverse Fourier transform is applied to get the desired
signal in the time domain to determine the arrival time of the reflected signal
from the rear side and the defects for defect locations. Although frequency
domain analysis would be more appropriate for some functions, such as filter-
ing (convolutions), design systems, reconstruction of signals and reduction of
noise, in a case where the signals are more likely complex and mixed, the selec-
tive band pass filter provides a longitudinal mode signal from the SAW. How-
ever, there is a possibility of the presence of some mid frequency component
from the surface wave in the filtered signal. Furthermore, FFT would not give
accurate information in both frequency and time domains simultaneously for
waveforms like ultrasound signals that are nonlinear and non-stationary in
nature. Moreover, to scan the entire sample, there is a need to set positive
threshold voltage values in B and C scan, as the signal detected might have a
stronger negative peak than positive in tripolar waveforms. Hilbert transform
phase shifts all the positive frequency signals by -7/2 and negative frequencies
to /2 and hence it gives out an instantaneous amplitude and frequency of the
component that describes the signal more locally in the time domain [27-29].
Therefore, with a selective band pass filter followed by the Hilbert transform,
the phase shifting of the signal into fully positive signals by Hilbert transform
helps to locate and identify the signal with an increase in instantaneous ampli-
tude and pulse width. This is due to the combined effect of the phase shifted
mono frequency components from the presence of other high frequency com-
ponent of the surface wave.

3.3 Single unipolar waveforms obtained with filter followed
by Hilbert transform

Comparative studies using various sequences of filtering functions with HT
are carried out. Figure 3a shows the oscilloscope image of the reflected signal
from a 1.5mm steel sample. Although the signal has a higher amplitude, it is
overlapped with a surface wave. The subsequent waveforms in Figure 3b and
Figure 3c are obtained after processing the original waveform (Figure 3a) in
the oscilloscope with the Hilbert transform and filter functions in LabVIEW.
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FIGURE 3

Overlapping of ultrasound signal with (i) weak and (ii) strong surface waves amplitude (a) wave-
form obtained directly from the oscilloscope to the labview (b) signal processing using HT only,
(c) bandpass filter followed by HT.

The signal processing of the original signal using only Hilbert transform
(HT) shows a clear and distinct first echo (Figure 3i(b)). Figure 3i(c) shows
the signal obtained with band pass filter followed by HT. However, the signal
is hidden completely in the original waveform as shown in Figures 3ii (a&b)
for samples that exhibit weak reflected signal or with strong surface waves.
The filtering functions followed by HT provides a distinct signal with few
echoes and there is also a presence of some mid frequency component in the
waveform near TO (indicated with a red arrow in Figure 3ii(c)). This may lead
to the inaccurate location of an unknown test specimen. The phase shifted
positive signal from Hilbert transform increases the instantaneous amplitude
and pulse width and thus helps to locate and identify the signal more easily,
shown in Figure 4b. For example, a high frequency component in the wave-
form for the first order is at 500ns, second at 1000ns, etc. (indicated in arrow)
is compared with Figure 4a in which the waveform is obtained directly from
the oscilloscope to the LabVIEW without Hilbert transform. Frequency anal-
yses using FFT are done to know the frequency distribution of the signal and
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SAW waves generated using laser pulse having 8ns pulse duration, so that
proper filtering bandwidth can be chosen to separate the signal. The fre-
quency spectrum of the original signal from the oscilloscope is shown in
Figure 4c. The frequency distribution of the surface wave mainly resides
from 1 to 25MHz, and the longitudinal signal is between 25 to S0OMHz.
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Systematic studies have been done with the same original signal from Fig-
ure 4a with three different sequences of filtering functions and HT. Figure 4a
shows a strong amplitude from surface waves and the longitudinal signal is
overlapped or hidden completely. A band pass, butterworth filter with the 3™
order is selected and lower cut off frequency is set at 25MHz and highest cut
off frequency at SOMHz. In the first approach, only a filter was used to sepa-
rate the signal (Figure 5a) and in the second, the Hilbert transform is applied
first followed by a filter (Figure 5b), and hence both approaches separates the
weak useful signal from surface waves and provides distinct ultrasound sig-
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nal with tripolar waveform (two positive peaks with a trough) although with
high frequency noise in HT-filter combination. In the third approach, we used
a filter first followed by the Hilbert transform. Hence this phase shifts all the
filtered signals into a positive peak, giving one clear distinct peak with an
increase in the amplitude from the rest of the high frequency noise that
improves the signal to noise ratio by denoising (5¢). Single, distinct, unipolar
waveform is obtained with these bandpass filters followed by HT combina-
tion than with the tripolar signal. It is usual that the ultrasound signal may
have only negative or week positive peak voltage, so the phase shifted posi-
tive signal by HT is essential for B and C scans where the threshold voltages
are set by the positive peak values.

3.4 Acquiring signal from defect using this signal processing approach
In Figure 6i(b), despite the clear first echo in 10mm thick sample, there is an
absence in the defect signal which is expected to be between TO and T1
caused by a tendency of overlapping with SAW waves. However, with a filter
followed by HT, a clear distinct defect signal is observed from the tail of the
SAW, as indicated in Figure 6ii(b). The T1 amplitude is lesser, since part of
the ultrasound signal is reflected from the defect. The amplitude of the signal
can be increased with a low noise amplifier. Usually for denoising, filtering
and compression, various signal processing techniques in time and frequency
domain signals such as SIFT, wavelet transform, etc. are used. From the
detailed study of the frequency spectral analysis in the ablation regime, the
distribution of the spectrum is mainly dependent on the material, thickness,
and laser power density and hence the frequency spectra is used to identify
the defect signal [12]. Hilbert Huang transform decomposes the signal into
different intrinsic modes functions in the sifting process, by separating the
desired signal is applied for the ultrasonic inspection of oil pipes and highly
attenuating structures using PZT [27-28]. From the frequency component of
the marginal spectrum which is calibrated from the IMF modes of time
domain signal, the HHT is used to determine the defect characteristics [30].
The signal processing method proposed in our studies using a filter followed
by Hilbert transform phase shifts the mono frequency components in the low
frequency oscillatory signal thus showing a more distinct identification of
defect features from the complex signal with the presence of multimode,
environmental (excitation laser intensity) and electrical noises and multiple
reflections from the interfaces.

4. CONCLUSION

We have successfully extracted the useful longitudinal mode ultrasound sig-
nal from the surface waves with filter followed by the Hilbert transform. The
Hilbert transformed signal shows the instantaneous amplitude for high fre-
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FIGURE 6
Weak defect signal observed from the tail of the surface wave with a) HT only and b) HT and filter.
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quency longitudinal signal which is used as a reference to identify the desired
signal with the filter. The combination of filter followed by HT gives a single
positive peak with higher amplitude and improved SNR which is essential to
set the positive threshold voltages for B and C scan. Integrating this signal
processing method with a portable laser ultrasonic scanning system, high sig-
nal to noise ratio can be achieved without the use of a high voltage supply for
the photorefractive crystal in the two-wave mixing interferometer.
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