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Abstract: Laser ultrasonics is a remote nondestructive evaluation technique suitable for real-
time monitoring of fabrication processes in semiconductor metrology, advanced manufacturing,
and other applications where non-contact, high fidelity measurements are required. Here we
investigate laser ultrasonic data processing approaches to reconstruct images of subsurface
side drilled holes in aluminum alloy specimens. We demonstrate through simulation that the
model-based linear sampling method (LSM) can perform accurate shape reconstruction of single
and multiple holes and produce images with well-defined boundaries. We experimentally confirm
that LSM produces images that represent the internal geometric features of an object, some of
which may be missed by conventional imaging.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Laser ultrasonics is a non-contact nondestructive inspection technique that can be advantageous
relative to conventional ultrasonics in harsh environments or in settings where contact to the
sample is not possible or desirable [1]. The technique has seen widespread adoption in, for
example, measuring the mechanical properties of thin films [2,3], monitoring materials behavior
in high temperature environments [4,5], and, more recently, in the inspection and potential online
monitoring of additively-manufactured parts and processes [6–8]. Laser sources and detectors
can be rapidly moved over a sample surface using galvanometric scanners to generate an array of
ultrasonic data. Post processing can then be employed to create subsurface images of material
inhomogeneities or to map materials properties.

A thermoelastic laser source generates longitudinal, shear, and surface acoustic waves in
a semi-infinite half-space. In finite samples the mode conversion of bulk waves at interfaces
complicates the detected wave field. Ultimately, one seeks to maximize sample information
including defect presence, size, and shape. This work integrates laser ultrasonics and analytics
to facilitate high-fidelity in situ imaging of such anomalies in elastic solids. Specifically, we
identify a suitable waveform inversion tool for laser ultrasonic experiments and demonstrate the
utility of the linear sampling method (LSM) of the inverse scattering theory for imaging. We
then compare results from LSM to the conventional delay and sum (DAS) approach.

Delay and sum methods (also known as time-of-flight methods) synthetically refocus the
measured waveforms at various locations in the sample by calculating the travel time of probing
waves along potential pathways between sources and receivers. An example of this approach
is the synthetic aperture focusing technique (SAFT) [9,10] which performs time- or frequency-
domain refocusing of signals between sources and receivers. Laser ultrasonic imaging using
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SAFT in finite samples suffers from the fact that images are reconstructed using a particular wave
mode (longitudinal or shear waves) and the expected ray path must be specified. It is known
that a single-mode elastic wave impinging on a boundary generates multi-modal reflections
(and/or transmissions) propagating in different directions with distinct velocities. Such mode
conversion [11] along with potential interactions with multiple surfaces of different boundary
conditions result in quite complex propagation patterns which may lead to ray-path-dependent
images featuring various artifacts. Artifacts that occur due to this kind of cross-talk have been
previously identified and suppressed to improve defect detection [12,13]. Iterative algorithms
have also been applied to remove such artifacts by using prior knowledge in the form of sensitivity
maps [14–16]. Nevertheless, these artifacts are unique for different sensing configurations, and
an optimization process will have to be repeated for different experimental systems. It is therefore
beneficial to have an imaging algorithm that uses all the recorded information independent of the
sensing configuration and does not require ray tracing.

Another approach to ultrasonic imaging is time-reversal [17–19], wherein recorded wavefields
are back-propagated into the sample to refocus the energy onto hidden scatterers based on the
reciprocity principle. Adopting a similar approach, the linear sampling method (LSM) provides
a different non-iterative waveform inversion process [20]. For a given background, LSM makes
use of the scattering footprints of hidden obstacles to recover their support without requiring
a priori knowledge of their geometric or material properties, or boundary conditions. This is
accomplished by reducing the error between linear compositions of scattered measurements
and the impulse response of the background at various sampling points in a search region. It
has been applied in a wide range of applications including electromagnetics, acoustics and
elastodynamics [21–23]. Recent laboratory demonstration of LSM for ultrasonic imaging [24,25]
makes it an appealing candidate for inverting the complex waveforms obtained by laser ultrasonics
experiments.

In this paper we demonstrate the feasibility of the linear sampling method with laser ultrasonic
data through time domain finite element simulations validated with experiments. We start by
imaging a simple sample with a single hole defect. We next image a sample with two holes
horizontally offset from one another to investigate cross-talk. Finally, we image two holes
vertically offset from one another, with the hole on the top being larger and shadowing the lower
hole. For all samples we compare the LSM reconstructions against DAS results. This study then
establishes how LSM can image hidden objects that may missed by conventional approaches.

2. Background and theory

Scattered displacement data are employed to reconstruct the sample’s interior within a designated
search volume using two imaging schemes: DAS and LSM. The DAS algorithm calculates the
time-of-flight along specified paths between sources, potential defects, and receivers to build
a map of hidden anomalies [26]. LSM, by contrast, makes use of the measurement spectra
for non-iterative data inversion as described in this section. Experiments involve multimodal
ultrasonic waves induced by a pulsed laser on the incident surface Sinc which is a subset of the
specimen’s boundary, while the resulting displacements are captured by a continuous wave (CW)
laser on the observation surface Sobs. In this setting, let uf(x, t; y) (resp. ut(x, t; y)) denotes the
response of the intact (resp. damaged) specimen along the CW laser beam at x ∈ Sobs due to
excitation at y ∈ Sinc as a function of time t. The scattered field us(x, t; y) is given by

us(x, t; y) = [ut − uf](x, t; y), x ∈ Sobs, y ∈ Sinc, t ∈ (0 T], (1)

wherein T indicates the total measurement period. Now, let F(x,ω; y) be the spectral scattering
operator such that

[F (g)] (x,ω) : =
∫
Sinc ûs (x,ω; y) g (y,ω) dSy, ω ∈ Ω: = [ωmin ωmax], (2)
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wherein ûs is the Fourier-transformed scattered displacement us, and g(y,ω) is the spectrum of
source density on Sinc. The LSM indicator is then built by probing the range of the discretized
scattering operator F by solving

Fg = U, F(Nmk + i, Nsk + j) = ûs(xi,ωk; yj),

U(Nmk + i, l) = Φl(xi,ωk; (Z, n)l), g(Nsk + j, l) = g((xi,ωk; (z, n)l))

i = 0, · · · , Nm − 1, j = 0, · · · , Ns − 1, k = 0, · · · , Nω − 1,l = 0, · · · , Nsp − 1,

(3)

for wavefront density g. Note that in constructing F, it is assumed that in the test configuration
the incident and observation surfaces are respectively discretized by Ns and Nm points, while Ω is
sampled Φl at Nω frequencies. In parallel, a set of trial pairs (z, n)l, l = 0, . . . , Nsp − 1, is defined
in the sampling region, i.e., a subset of the background domain where we search for anomalies,
wherein zl indicates the sampling point coordinates and nl is a unit polarization vector. For every
pair, the impulse response Φl of the background to a dipole force applied at zl with polarization nl
is computed on the observation grid xi ∈ Sobs, i = 0, . . . , Nm − 1, at ωk ∈ Ω, k = 0, . . . , Nω − 1.
These synthetic displacements are then used to construct the right-hand side U of the scattering
equation. For every (z, n)l, Eqn. (3) is solved via non-iterative minimization of the Tikhonov cost
function

gz,n := argmin
gz,n

(︂
∥ Fgz,n − Φl∥

2 + ηl ∥ gz,n∥
2
)︂

, (4)

where ηl is a regularization parameter calculated via the Morozov discrepancy principle [27].
Whereby, the LSM indicator L, affiliated with the bandwidth Ω, is defined in the sampling region
as the following

L (z;Ω) : 1
∥gz ∥

, gz := argmin
gz,n

∥ gz,n ∥ . (5)

In this setting, the main LSM theorem [21] requires that L achieves its highest values at
the loci of hidden scatterers, while assuming near-zero values otherwise. The selection of the
regularization parameter requires an estimate of the noise level in the scattered field. In this
study, the reconstructions are conducted for a set of noise level estimates in order to identify the
appropriate value. Once this parameter is identified, the reconstructions remain remarkably stable
with not much sensitivity to perturbations in signal processing or other inversion parameters.

3. Numerical simulations and results

We simulated the laser ultrasonic response with the commercial time domain finite element
software (OnScale). We model our test geometry as a 2D problem under the assumption of plane
strain, with an infinite laser line source used to generate the ultrasonic signals. The spatial profile
of the line source is given by a Gaussian of full-width-at-half-max (FWHM) of 50 µm. The initial
surface force imparted into the sample is proportional to the generated thermal gradient, and thus
proportional to the derivative of the laser source in space. Nanosecond surface heating occurs
quickly with respect to the cooling process. To model the temporal profile produced by a 9.0 ns
heating pulse, we assume the temporal forcing function is the integral of the heating pulse. The
simulation output is then the normal surface displacement in response to this laser heating.

We performed numerical simulations on aluminum plates with a density of 2.73 g/cm3, shear
wave velocity (cT) of 3224 m/s, and longitudinal wave velocity (cL) of 6482 m/s. The thickness
of the plates was approximately 3.0 mm, and traction-free boundary conditions were employed
on the top and bottom surfaces. Absorbing boundary conditions were used on the sides to prevent
reflections. Figure 1(a) shows the measurement array on the surface of the sample, with a total
aperture of 9 mm and a spacing between measurement points of 75 µm. This spacing corresponds
to approximately one-half wavelength of the shear wave at 20 MHz. Within the aperture there
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are 121 total source and receiver positions. This sensing configuration was chosen so that there
is a dense enough dataset to perform the synthetic wave-front shaping via the LSM inversion.
Images of scatterers are reconstructed within a 2.1 mm× 2.1 mm window centered between the
plate walls and directly below the array.

Fig. 1. Schematic of the 2D simulation setup. (a) A 121-element array is created in the
middle of the sample to record data. The total aperture length is 9 mm with an array spacing
of 75 µm. (b) The three samples to be imaged are shown within the imaging region.

To perform the LSM inversion, a library U (see Eqn. (3)) is required. Within the imaging
region shown in Fig. 1(a), we chose a rectangular grid consisting of 71× 71 points as centers
to calculate impulse responses. These points are spaced by 30 µm. At one point within this
grid, a dipole impulse force is applied to the sample to generate a wave field, and the resulting
out- of-plane time domain response is determined at each of the 121 detection positions. This
process is repeated for all points on the grid. All time domain waveforms are then multiplied by
a Tukey window of cosine factor 0.1 and Fourier transformed. Once in the frequency domain, the
amplitudes of the individual frequencies within the bandwidth Ω are used to build the library U.
The DAS images are also computed in the same reconstruction region using the time domain
signals filtered within the same bandwidth.

We simulated experimental data using sample 1 shown in Fig. 1(b). The sample has a 270 µm
diameter hole, and the top of the hole is 1.237 mm below the sample surface. The source is
placed on the first array element on the surface, and the out of plane displacement response
is collected at all 121 detection points. The process is then repeated for every source position
thus generating a full matrix of ultrasound data. An analogous set of simulations is performed
on a pristine sample of the same dimensions but without a hole to generate a full “background
data” matrix. Figure 2(a) shows the out-of-plane displacement as a function of time for a single
source to detector distance (1.95 mm) for sample 1 and the background data. For sample 1,
the source is located approximately 1.0 mm to the left of the hole, and the receiver is on the
right side. The waveforms are bandpass filtered between 6 MHz and 21 MHz using a 2nd order
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Butterworth filter. In the background waveform, the first signal in time is the surface skimming
longitudinal wave (SSL), followed by the surface acoustic wave (SAW), and several direct and
mode-converted longitudinal and shear bulk waves (BW) reflected from the back surface. In the
sample 1 waveform, additional arrivals are observed associated with scattering from the hole
including a direct shear wave reflection (SS) and a half-skip shear wave which interacts with both
the hole and the back surface of the sample (SSS).

Fig. 2. (a) A simulated waveform from sample 1 and the corresponding background signal
when the source and receiver distance is 1.95 mm with the hole located approximately
halfway in between them. (b) The subtracted waveform showing the scattering signature
from the hole. (c) The scattered field at all the detector positions in the array. The dashed
line is the location of the waveform in (b).

To isolate the impact of the hole from the background wave field, the two signals are subtracted
and the “scattered field” result is shown in Fig. 2(b). Here two additional arrivals that had been
hidden by the SAW can be identified: a direct longitudinal reflection (LL) from the hole and an
arrival associated with a shear wave that travels from the source to the hole where it is mode
converted to a longitudinal wave that propagates to the detector (SL). In addition, a complex
set of arrivals is seen that is associated with multiple reflections within the sample that have
interacted with the hole. Figure 2(c) shows the scattered field from all of the detectors in response
to a source located 1.0 mm to the left of the hole, and the dashed line shows the location that the
signals in Fig. 2(a) were recorded. The color scale represents the normal displacement amplitude,
with the amplitude normalized to the SAW amplitude in the data set prior to subtraction. The
prominent arrivals labeled for the single trace in Fig. 2(b) are labeled on the image. The scattered
signals arriving later in time provide additional information regarding the hole size and location.
The amplitude for each arrival changes with detector position due to both the longitudinal and
shear wave directivity of the thermoelastic laser source and the angle-dependent mode conversion
at the hole and back surface.

The DAS reconstruction in the time domain and the LSM imaging technique in the frequency
domain are performed on the scattered field to image subsurface inhomogeneities. To perform
the LSM inversion, the scattered field signals are multiplied by a Tukey window of cosine factor
0.05 and Fourier transformed. The amplitudes (corresponding to Ω) from 6 MHz – 21 MHz are
collected in steps of 0.3 MHz and used to construct the F matrix. The images reconstructed using
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the direct longitudinal and shear wave arrivals using DAS are shown in Fig. 3(a) and Fig. 3(b),
respectively. The hole is present in both images, but there is little indication of the shape or
extent of the hole. The image shown in Fig. 3(c) was reconstructed using the LSM algorithm,
and in contrast, shows the distinct edges of the circular hole. Figure 3(d) shows the amplitude
of a horizontal line cut through the center of the circular inclusion, together with the actual
extent of the inclusion at that point (dashed line). While quantification of the accuracy of the
imaging technique in sizing defects is difficult, it is apparent that the LSM is advantageous in
reconstruction. This is because the LSM algorithm takes into account the entire wave field rather
than a single wave mode.

Fig. 3. DAS reconstruction of the direct (a) longitudinal and (b) shear arrivals within the
6 MHz-21 MHz bandwidth. (c) LSM reconstruction of the defect in the same frequency
range discretized in 0.3 MHz steps. (d) A line profile of the LSM reconstruction taken at a
depth of z = 1.36 mm overlaid with the true object dimensions at the same depth (dashed
line).

We investigated the effect of random noise by adding white noise to the sample data set,
assuming that we have a background data set that has very low noise with respect to the collected
data. Such a data set could be measured or obtained through numerical simulation. The noise
level is arbitrarily defined as the standard deviation of the added noise as a percentage of the
mean SAW amplitude, where both have been filtered within the reconstruction bandwidth Ω.
Note that the SAW amplitude is high compared to the amplitude of the reflections from the hole,
and that the noise estimates in this scenario are consistent with those observed experimentally.
Three levels of noise are added: 0.1%, 0.5%, and 3%. Figure 4(a) shows waveforms with noise
added for a source-to-receiver distance of 1.95 mm and filtered over the reconstruction bandwidth
Ω. At a 3% noise level, for example, it is difficult to identify any arrivals from the hole or back
wall. The LSM reconstructions are shown in Fig. 4(b)-(d) for 0.1%, 0.5%, and 3% noise levels,
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respectively. At 0.1% noise, the reconstruction is similar to the noise-free case shown in Fig. 3(c).
When the noise is increased to 0.5%, the hole is still visible, but the background level increases
from close to 0 to approximately 0.2. At 3% noise, the LSM technique starts to break down,
resulting in artifacts and blurring of the edges of the hole. We note that DAS is more robust to
noise than LSM. At a 3% noise level, for example, we observe little change in the DAS image
compared to the noise free case.

Fig. 4. LSM reconstruction of sample 1 in the presence of noise. (a) Waveforms when the
source-to-receiver distance is 1.95 mm with noise added. LSM reconstructions with noise
added of (b) 0.1%, (c) 0.5%, and (d) 3%.

We next describe results obtained on the more complex objects. Sample 2 (see Fig. 1(b)) has
two holes of diameter 196 µm separated by 163 µm edge-to-edge. The LSM inversion of this
object is shown in Fig. 5(a) and the DAS reconstruction using the direct longitudinal arrivals is
shown in Fig. 5(b). Both approaches can identify the presence of the holes. However, the DAS
reconstruction is dominated by the direct reflection from the top of the hole and reconstruction of
the hole shape is not possible. The LSM inversion captures both the location and shape of the
holes. We note that other ray paths can also be used in DAS to obtain additional information.
Half-skip paths (longitudinal, shear, or mode converted), for example, may be more sensitive
to the location of the bottom surface of the hole. Nevertheless, LSM has the advantage that
it automatically takes into account all ray paths, combining multiple views to create a single
reconstructed image.

Sample 3 (see Fig. 1(b)) has two holes that are vertically separated by 164 µm edge-to-edge.
The hole on the top has a diameter of 304 µm which shadows a smaller 210 µm hole below it.
The image of this object using LSM inversion is shown in Fig. 5(c). Both holes are present, but
the edges between the holes are poorly reconstructed because few ray paths interact with these
surfaces. In addition, multiple scattering events between the holes could lead to artifacts as these
are not included in the scattering library U. Figure 5(d) gives the DAS image using the direct
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Fig. 5. (a) The LSM reconstruction of sample 2. (b) The corresponding DAS reconstruction
using the direct longitudinal arrivals. (c) The LSM reconstruction of sample 3. (d) The
corresponding DAS reconstruction using the direct longitudinal arrivals.

longitudinal wave. The image is again dominated by the direct reflection from the proximal
surface of the upper hole while shadowing prevents direct rays from interacting with the bottom
hole.

4. Experimental configuration

A scanning laser ultrasonic system is used to collect ultrasonic data across the sample surface.
The excitation source is a Q-switched Nd:YAG laser (λ= 1064 nm) with a repetition rate of
15 Hz and a pulse width of 9 ns. The output is collimated and sent through a cylindrical lens
to produce a line source with a FWHM of 50 µm and a length of 11 mm on the sample surface.
The pulse energy is fixed at 0.85 mJ to operate in the thermoelastic regime. A motorized
translation stage is used to scan the excitation laser over the surface. The resulting out-of-plane
displacements are detected using a photorefractive crystal (PRC) based interferometer. The
interferometer incorporates a CW frequency doubled Nd:YAG laser (λ= 532 nm) and a Bismuth
Silicon Oxide photorefractive crystal. Addition details on the optical configuration and operation
of the interferometer are available in the literature [28–31]. The output from the interferometer
was captured on an oscilloscope with a 200 MHz bandwidth and transferred to a computer for
processing.

Three aluminum alloy samples were used in this study. The defects in the samples were
machined using precision electrical discharge machining (EDM). The hole diameters were
measured using an optical microscope with the pixel size calibrated with a Ronchi ruling. The
depth of the holes was 8 mm for sample 1 and 5 mm for samples 2 and 3. The sample geometries
are consistent with those used in the simulation and shown in Fig. 1(b) with the caveat that for
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sample 2 the average hole size (196 µm) was used in the simulations while in the EDM sample the
left hole was found to be slightly smaller than the right hole (195 µm and 198 µm, respectively).
The sample surfaces were polished to a mirror-like finish prior to inspection.

A LabView program was written to scan the translation stages to move both the sample and
excitation position on the surface. The experiment involved fixing a single detection position
by keeping the sample fixed and then moving the excitation position across the 121 locations
within the imaging aperture. The detection location was then changed by moving the sample, and
the excitation was once again scanned to illuminate the same 121 locations across the imaging
aperture. The excitation line source was positioned parallel to the side drilled hole and the
detection laser was 4.5 mm from the sample 1 edge and 2.5 mm from the edge for sample 2 and
3. The hole was positioned near the center of the 9.0 mm array aperture and at each source laser
position, data was collected at all 121 receiver positions for full matrix acquisition. At each
source and receiver distance, the waveform was averaged 100 times. To collect the background
data set, the sample was translated such that the holes were outside of the field of view of the
array. The background data in the defect free region requires only a small subset of the full
matrix: at least one waveform at each source to receiver distance. Each background waveform
was averaged 1000 times.

5. Results and discussion

We first compare the background data to the numerical simulation to ensure accurate modeling of
the laser source and correct material properties. Note that as with the simulations, all waveforms
are bandpass-filtered between 6 MHz - 21 MHz. Figure 6(a) shows a comparison of theory and
experiment for a source-to-receiver distance of 1.95 mm. The waveforms show the arrival of the
SSL, the SAW, and several direct and mode-converted reflections from the back surface (LL,
SL, and SS). There is excellent agreement in both the shape of the waveform as well as times of
the arrival. Waveforms were also compared at a source-to-receiver distance of 3.45 mm, where
small differences in arrival times may be more evident. In Fig. 6(b), we magnify the time scale to
examine later arrivals (after the SAW) and better compare bulk waves arrivals. The waveforms
are again quite similar for both the mode-converted SL reflection from the back surface arriving
at about 1.6 µs and the SS reflection from the back surface arriving at about 2.2 µs. Bulk wave
arrivals that occur later in time in the simulation are close to the noise level in the experimental
data.

Fig. 6. Comparison of the experimental and simulated background data. (a) Waveforms
when the source-to-receiver distance is 1.95 mm. (b) Arrival times and waveform shapes
compared when zoomed in on the bulk arrivals from the back of the sample at a source to
receiver distance of 3.45 mm.
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Figure 7(a) shows a comparison of simulation and experimental waveforms for sample 1, at a
source to receiver distance of 1.95 mm. The source was placed approximately 1.0 mm to the left
of the hole, with the receiver to the right of the hole. As expected, we see arrival times consistent
with the background data, including the SSL and SAW. We also see new features associated
with scattering from the hole, including a direct shear wave reflection (SS) and a shear wave
scattered from the hole and reflected from the back surface (SSS). Note that in the experiment
the hole in sample 1 was slightly offset from the center of the aperture, and this geometry was
mirrored in the simulation. The signal-to-noise ratio of the experimental defect data is lower than
the background data due to the reduced number of averages. To isolate the scattered field, the
background waveform is subtracted from the sample 1 waveform, and the results for both the
simulation and experiment are shown in Fig. 7(b). In the scattered field for the experimental data,
there are some residual surface acoustic wave arrivals. We believe that this is due to sight changes
in the surface condition across the sample affecting the laser source. The issue is exacerbated by
the fact that SAW signal has a large amplitude relative to the signal from the scattered field. Just
after the SAW residual, there is reasonable agreement between simulation and experiment in the
arrivals of the SL, SS, and SSS reflections from the hole. At this source and receiver location,
however, additional arrivals are near the noise level and difficult to identify. Figure 7(c) shows
the scattered signals from all 121 detector positions across the array, with the color bar indicating
the displacement and the x-axis indicating the detector location. Here we observe the wavefronts
associated with several of the arrivals. In addition, we observe the residual SAW signal from the
direct field and an edge artifact associated with the line source interacting with the sample edge.

Fig. 7. (a) Comparison of experimental and simulated waveforms in sample 1 when the
source and receiver are 1.95 mm apart. (b) Comparison of the experimental and simulated
scattered signals. (c) A waterfall plot of the experimental waveforms at all the detector
locations within the aperture. The dashed line is the location of the waveform in (b).

Figure 8(a) shows the LSM reconstruction from the experimental scattered field data for sample
1. The inset in the figure shows an image of the hole taken using an optical microscope. The LSM
image captures most of the hole boundaries, with some distortion and a relatively weak bottom
surface. To compare the result to simulation, 0.5% random noise is added to the simulation
data set, with noise again defined by the standard deviation as a percentage of SAW amplitude
in the reconstruction bandwidth Ω. The result is shown in Fig. 8(b). The image contrast with
the background is sharper in the simulation results, which we believe is primarily due to the
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incomplete subtraction of the background signal in the simulated data. The remaining SAW
residual and edge artifact effectively add additional noise to the experimental data. For a more
quantitative measure of the visibility of the hole, we take the difference between the maximum
and minimum intensity of the image and divide this by the standard deviation of the background,
defined as the region outside a 500× 500 µm square centered on the hole. This gives a value of
19.2 for the simulated image and 13.1 for the experimental image. By simply taking the distance
between the peak amplitude values across the center of the hole, the hole size is estimated to be
very close to 270 µm.

Fig. 8. (a), (c), (e) LSM reconstruction of experimental data of the three sample in the
6 MHz-21 MHz frequency range. (b), (d), (f) The corresponding LSM reconstruction of
the simulation data with a similar amount of noise added. The insets in the top row are
microscope images of the samples.

The experimental and simulation results for sample 2 are given in Figs. 8(c) and 8(d),
respectively. While the experimental results clearly show the presence of two defects, the image
is blurred, and contrast is reduced compared to the simulation. Sample 3 LSM images for
experiment and simulation are given in Figs. 8(e) and 8(f), respectively. The experimental
results are again blurred in comparison with simulation data and additional artifacts are present.
Nevertheless, imaging a smaller feature with direct rays blocked by the larger hole is challenging
and the LSM algorithm is effective in isolating some of the hole boundaries and indicating the
presence of two features. For comparison, the DAS image reconstructions for sample 2 using
direct longitudinal and shear waves are given in Figs. 9(a) and 9(b), respectively, while those
for sample 3 are shown in Figs. 9(c) and 9(d), respectively. One advantage of DAS is that the
image contrast is much higher than LSM, and thus DAS is effective in detecting the presence
of a scatterer within the field of view. However, in the absence of further post processing to
combine multiple ray paths (such as half-skip or full-skip modes in the case of sample 3, for
example) shape reconstruction is not possible. This is a key advantage of using model-based
imaging approaches such as LSM for laser ultrasonic signals.

We used a 15 Hz experimental repetition rate laser, and thus we restricted the signal averaging
to 100x for the collection of a 121× 121 full matrix of data. Higher repetition rate lasers (up
to 10 kHz and above) are commonly available and could lead to significant improvements in
signal-to-noise ratio and LSM reconstruction. Effective subtraction of the background data
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Fig. 9. DAS reconstruction of experimental data for the 2-hole objects in the 6 MHz-21 MHz
frequency range. Sample 2 is reconstructed using the (a) direct longitudinal arrivals and
(b) direct shear arrivals. Sample 3 is reconstructed using the (c) direct longitudinal arrivals
and (d) direct shear arrivals.

remains challenging, and for laser ultrasonic measurements this requires uniformity of the sample
surface as well as stability of the laser source. While this may limit some industrial applications,
we believe that improvement in subtracting the background over what we have shown here is
possible through careful surface preparation and, in this case, by taking the reference data near an
edge to remove the edge artifact. Given the excellent agreement between background simulation
and experiment, it may also be possible to use a simulated data set for background subtraction.

6. Conclusion

We demonstrate the usefulness of the linear sampling method (LSM) from inverse scattering
theory for imaging with laser ultrasonic data. Using experiments and finite element time domain
simulations, we showed that the LSM, in the presence of low background noise, can perform
accurate shape reconstruction of single and multiple side-drilled holes, and produce images with
high resolution and well-defined boundaries. This approach has the advantage over DAS in that
it uses all of the ultrasound ray paths to reconstruct scatterers within the field of view. LSM can
therefore complement DAS, providing an attractive alternative when accurate reconstruction of
subsurface features is required.
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