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ABSTRACT

Spatially resolved acoustic spectroscopy (SRAS) is a laser ultrasound technique used to determine the crystallographic orientation (i.e.,
microstructure) of materials through the generation and measurement of surface acoustic wave velocity on a sample. Previous
implementations have used a grating pattern imaged onto the surface to control the frequency of the generated wave in a single direction—
grain orientation can be computed by acquiring wave velocities in different directions on the surface (gathered by physically rotating the
grating pattern). This paper reports an advance to this methodology, inspired by single pixel cameras, using a coded grating pattern, created
using a spatial light modulator, to excite surface acoustic waves in multiple directions simultaneously. This change to the optical
arrangement can simplify the overall system alignment, remove mechanical complexities, and is well suited for point-by-point full
orientation imaging, potentially allowing for faster orientation imaging using SRAS microscopy. Improvements to the robustness of
measurement may be expected to extend the applicability of SRAS in the materials science field. To demonstrate this methodology,
experiments were conducted on isotropic and anisotropic samples.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
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Spatially resolved acoustic spectroscopy (SRAS) is a nondestruc-
tive laser ultrasound technique capable of rapidly mapping the veloci-
ties of generated surface acoustic waves (SAWs) on the surface of
materials.1,2 In a typical configuration, a binary grating pattern with
fixed fringe separation, k, is imaged onto a surface using a short pulsed
laser, forcing thermo-elastic generation of SAWs along one predomi-
nant axis. Since the wavelength of the SAWs is fixed by k, the fre-
quency of the generated wave is proportional to the phase velocity
along the particular direction, where v ¼ f � k.1 A separate continu-
ous wave laser is used to measure the perturbation on the sample sur-
face, illustrated in the upper part of Fig. 1. When the material under
inspection can be approximated as an infinite half-space (practically
satisfied if the thickness of the sample is much larger than k), then the
generated wave is a non-dispersive Rayleigh wave; for thinner samples,
the waves generated are predominantly Lamb waves.3 The spatial reso-
lution of the system is determined by the total area of the generation
pattern incident on the sample surface, which is practically determined
by k, the number of fringes in the pattern, generation laser pulse
energy, and the required signal amplitude.2

In order to determine the crystallographic orientation at different
points on the surface of a sample, the SAW velocity is required over a
range of rotational angles on the 2D surface [i.e., the velocity as a func-
tion of propagation direction on the sample surface, vðx; y; hÞ]. The
measured velocity surfaces are compared to velocities calculated using
elastic constant and density information of different materials from
the literature—since these velocity surfaces vary with orientation, the
local texture can be obtained by the best fit between the measured and
calculated velocity surfaces corresponding to different orientations.
This approach has been used to map the material microstructure of
aluminum, steel, nickel alloys,4 and titanium alloys.1,2,5,6 Through
coating or adjustment of the generation and detection laser wave-
length, it is also possible to image other materials such as silicon solar
cells.7 For SRAS, a measurement corresponds to the velocity of a sur-
face wave mode that has the largest out-of-plane amplitude under the
generation area � obtaining all required SAW velocities for a single
mapped point requires making measurements while rotating the grat-
ing pattern along with the point of detection. This is currently done
mechanically and is an inspection speed bottleneck in the system.
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The idea behind the single pixel camera (SPC) is that a number
of linear projections of a signal or image can be used for reliable recon-
struction—the number of projections required depends on the infor-
mation content of the signal.8 Light from a scene can be encoded
using a changing pseudo-random 2D binary pattern, e.g., on a digital
mirror device, with the encoded scene detected entirely on a single
light detector.9 With knowledge of the patterns and the measured light
intensities corresponding to each sequence, images can be recon-
structed. If the image is sparse in some domain, it to possible to make
fewer measurements than the number of pixels in the recovered
image.10,11 In the present work, however, we do not apply sparsity
other than to recognize that waves traveling along the same line in
opposite directions will have the same velocity.

This paper explores the use of coded segmented patterns to gen-
eration surface acoustic waves for the SRAS system, as shown in Fig.
1(b). If a generation pattern is produced such that the surface waves
will always travel to a single point (i.e., the center of a pattern), then
the overall optical design can be simplified, with mechanical rotation
complexities removed, and improving data acquisition times for full
orientation imaging.

In a conventional SPC, the image to be reconstructed is illumi-
nated by a sequence of patterns, with each pattern in the sequence
integrated onto a single detector. Since the illumination patterns in the
sequence, as well as the detector output at each position in the
sequence are known, the image may be reconstructed, or in other
words, the different image points can be isolated from each other. In
the case of SRAS, the “image points” correspond to the segments asso-
ciated with different propagation directions—it is then natural for the
detector to be located at the center of these segments where the sum-
mation takes place. The vibrometer at the center thus fulfills the role
of a single pixel detector. It is critical that the segments are illuminated
with a unique code so that, after applying the sequence of codes, the
wave pattern from each segment may be separated.

With these considerations, a SAW generation pattern consisting
of concentric arcs, with the detection point in the center of the pattern,
was used. Radially, this forms an intensity grating pattern on the sam-
ple with each segment consisting of light and dark arcs (see Fig. 2)—
this provides wave focusing at the detection point thus maximizing the
displacement at the detection point. The radial grating pattern was
segmented, and each opposing segment pair was encoded using a
known pseudo-random code. Since opposing segments contain the
same velocity information, the 32 segment array has only 16 indepen-
dent values. Indeed, mirroring the pattern at 180�, allows the signals
from the opposite sectors to interfere constructively to create a larger
detectable amplitude. Each sector generates a surface wave that propa-
gates along the radial axis toward the center of the arcs, where the sin-
gle point detector point is located. Figure 2 shows an example
generation pattern with 32 segments (16 segment pairs), produced
using Hadamard coding. We will take segment “c” to illustrate the
idea, this is illuminated with [�1�1 1 1�1�1 1 1�1�1 1 1�1�1
1 1] as shown by the light and dark blocks in the c column of the cod-
ing diagram of Fig. 2. Physically, the code values are obtained by
switching the phase of the grating (swapping the light and dark sec-
tions) so that 1 corresponds to a grating phase of 90� and�1 to�90�.
This inverts the temporal phase of the SAW that is generated by that
segment.

The detection process may be summarized as follows: (1) apply
the fixed period grating structure with the appropriate phase corre-
sponding to the Hadamard code element for each segment pair. (2)
For each element in the Hadamard code, acquire the corresponding
temporal waveform. In the present case, 16 waveforms are acquired,
corresponding to the elements in the Hadamard code. The waveforms
at this stage are a summation of the outputs from each segment pair.
(3) Since the codes associated with each segment pair are orthogonal,
the waveforms associated with each segment pair are obtained by mul-
tiplying the waveforms by the code associated with the desired seg-
ment pair. This selects out the specific segment pair and this process is
repeated for each segment. The orthogonality suppresses signals from
other segments and reinforces the signal from the desired segment. (4)
Take the recovered waveform from each segment pair and Fourier
transform to acquire the predominant frequency and convert to a
velocity by multiplying by the grating period.

This process may be formalized as follows: the reconstructed sig-
nal for the ith segment pair is given by RiðtÞ ¼ MðtÞ � Hi, where
RiðtÞ is the reconstructed signal corresponding to the ith segment pair,
M is the measured signal at the point detector, and Hi is Hadamard
code associated with the ith segment pair. This method of

FIG. 1. Schematic of the (a) conventional SRAS system and (b) encoded SRAS
system. In both cases, a pattern is imaged onto a sample using a pulsed IR laser
(as describe in previous publications1,2)—SAWs are generated which are detected
using a green continuous-wave laser. A vibrometer employing a heterodyne interfer-
ometry is used to measure the waveform of the surface perturbation produced by
the generation laser. To determine the material property, the SAW must be mea-
sured in multiple directions—conventional SRAS requires the pattern and detection
beam to rotate through at least 180�, while the encoded SRAS system only
requires a change in pattern.
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reconstruction is similar to that used in the fields of ultrasound array
testing12 and structured light systems.13

It is worth pointing out that a truly orthogonal code such as a
Hadamard code requires both positive and negative values. In ultra-
sonics where we have access to the waveform associated with the
acoustic field, this may be easily implemented by inverting the phase
of the signal. In optics where only intensity measurements are usually

available, it is necessary to subtract a background image to replicate a
bipolar output, there is thus a distinct advantage of applying this cod-
ing methodology in ultrasonics.

The new system was rearranged with the SAW generation pat-
tern constructed using a 512� 512 element spatial light modulator
(SLM; Boulder Nonlinear Systems DS XY1110), which can support
frame rates of up to 1 kHz. A high sensitivity vibrometer (Polytec
OFV-5000) was used to detect the surface perturbation at the center of
the generation pattern. It may be shown that, in principle, the signal to
noise ratio (SNR) of the present approach is similar to a conventional
SRAS with the same incident light energy.

Initial tests using the encoded pattern SRAS system were imple-
mented on a glass substrate coated with a thin layer of aluminum
(1–2lm) in order to improve surface wave generation and detection.
As glass is an amorphous solid, Rayleigh waves propagate at a constant
speed in all directions, and as such is often used for calibration.

It is possible to use the SLM to illuminate a pair of opposing sec-
tors i.e., without employing sector encoding. Figure 3 shows measure-
ments made using the vibrometer when a single sector pair was
illuminated (top) and when a complete encoded pattern was illumi-
nated (bottom) on the glass sample using the SLM. The pattern used
had 32 total sectors (16 sector pairs) shown on the left of the figure,
with the pattern wavelength, k¼ 200lm. The upper right side of the
figure shows the measured signal arising from the pair of gratings
shown in the left. The lower right figure shows the waveform after the
reconstruction algorithm was applied to the coded pattern. It should
be noted that in this implementation, using the SLM to illuminate a
single sector pair means that only a fraction of the laser energy trans-
lates to wave generation when compared to illuminating a full pattern.
Additionally, there is strong common-mode noise (caused by the gen-
eration laser) visible in the single sector pair waveform which is signifi-
cantly reduced in the encoded waveform after the reconstruction
algorithm is applied.

In order to verify the multi-direction SAW velocities obtained
after applying the reconstruction algorithm, the results from different
samples were compared against results obtained using a conventional
SRAS system. Figure 4 shows the radial SAW velocity spectra—polar
plots that show the velocity spectrum in all directions on a sample
surface—conducted on glass (top) and single crystal nickel samples
(bottom), made using the encoded pattern SRAS system (left) and
conventional SRAS system (right). For these results, 16 sector pairs
were used. To evaluate whether the results match, the shape of the
radial velocity spectra map should be compared.

The glass sample shows constant velocity with respect to the
propagation direction (to within experimental error) for both SRAS
implementations, consistent with the isotropic nature of the material.
The standard deviation in the SAW velocity was 16ms�1 and 11ms�1

for the encoded and conventional SRAS systems, respectively. Nickel
was chosen as the other measurement sample as it is highly aniso-
tropic—both measurements show a similar shape demonstrating the
encoded pattern SRAS system feasibility. Since this sample is aniso-
tropic, the standard deviation is not indicative of the noise. It is appar-
ent, however, that the signal to noise in the anisotropic sample is not
as good as the isotropic sample, this is because the light absorption
and the thermoelastic ultrasonic generation efficiency are not so good
in nickel. This effect arises from the material rather than any specific
measurement methodology.

FIG. 2. Table of Hadamard codes (top) used to encode a 32 segment radial SRAS
pattern (bottom). The codes are displayed on the SLM sequentially and are mea-
sured for each code. The green point indicates the centrally located detection point.
This particular pattern represents the 16th code in the sequence.

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 118, 051102 (2021); doi: 10.1063/5.0040123 118, 051102-3

VC Author(s) 2021

https://scitation.org/journal/apl


It is important to understand how the present encoding
approach can dramatically improve the usability of orientation
measurement using SRAS.14 For a single image, revealing the grain
structure in a qualitative manner propagation in a single direction
often suffices, but quantification of orientation requires velocity
measurements at typically 10 different propagation directions.
There are two ways that this is done currently: (i) rotate the sample,
rescan, and then reregister the images. This requires a raster scan
for each propagation direction greatly slowing the data acquisition
process. Rotation of the sample can also be practically inconvenient
for large components, or (ii) rotate the optics so the grating and
detection direction are changed, this usually requires realignment
of the optics, as well as reregistration of the images. This also
requires multiple raster scans that drastically increases data acquisi-
tion time. The modest increase in complexity in the signal genera-
tion and processing thus greatly reduces the mechanical
inconvenience and complexity of quantitative SRAS.

In conclusion, this paper has presented a new implementation of
the SRAS system in which the method of generating multiple and sep-
arable SAWs propagating in different directions has been achieved
using a coding methodology analogous to the SPC. This enables full
multi-direction scans by sending generation patterns to an SLM, where
sectors within the pattern are excited with different orthogonal codes.
As shown in Fig. 4, the results from both isotropic and anisotropic
samples show that the acquired multi-direction velocities with the new
method are comparable to those obtained with the conventional SRAS
system.

This methodology has the potential to remove mechanical trans-
lation complexities, is well suited for point-by-point full orientation
mapping, and can improve system robustness through a simplification
of the system arrangement. Optical alignment of the system remains
important as velocity error is dependent on the detection point posi-
tion relative to the center of the generation pattern—this may be over-
come using additional optical methods (e.g., using beam-steering and

FIG. 3. Waveforms of measured/reconstructed signals (right) give the pattern imaged on an aluminum coated glass substrate (left). The single sector pair signal shows
common-mode noise (measured using a commercial vibrometer with a conversion of 1 V/50 nm with capture triggered by the measurement of the generation laser pulse)—this
is suppressed in the encoded reconstructed measurement signal.
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reticles) for alignment. Additionally, the system requires the pattern to
be correctly focused to maximize the measured signal.

In contrast to many optical systems, the Hadamard code in this
method is implemented with out-of-phase segments giving true þ1
and �1 codes without a DC component—the lack of DC component
helps suppress common-mode noise and to enhance the detectability
of small signals.
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