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Non‑contact ultrasonic inspection 
by Gas‑Coupled Laser Acoustic 
Detection (GCLAD)
Michelangelo‑Santo Gulino1*, Mara Bruzzi2, James Norbert Caron3 & Dario Vangi1

Gas‑Coupled Laser Acoustic Detection (GCLAD) is an ultrasonic, non‑contact detection technique 
that has been recently proven to be applicable to the inspection of mechanical components. GCLAD 
response raises as the intersection length between the probe laser beam and the acoustic wavefront 
propagating in the air increases; such feature differentiates the GCLAD device from other optical 
detection instruments, making it a line detection system rather than a point detector. During the 
inspection of structures mainly extending in two dimensions, the capability to evidence presence 
of defects in whichever point over a line would enable moving the emitter and the detector along a 
single direction: this translates in the possibility to decrease the overall required time for interrogation 
of components compared to point detectors, as well as generating simpler automated monitoring 
layouts. Based on this assumption, the present study highlights the possibility of employing the 
GCLAD device as a line inspection tool. To this end, preliminary concepts are provided allowing 
maximization of the GCLAD response for the non‑destructive testing of components which 
predominantly extend in two dimensions. Afterwards, the GCLAD device is employed in pulse‑echo 
mode for the detection of artificial defects machined on a 12 mm‑thick steel plate: the GCLAD probe 
laser beam is inclined to be perpendicular to the propagation direction of the airborne ultrasound, 
generated by surface acoustic waves (SAWs) in the solid which are first reflected by the defect flanks 
and subsequently refracted in the air. Numerical results are provided highlighting the SAW reflection 
patterns, originated by 3 mm deep surface and subsurface defects, that the GCLAD should interpret. 
The subsequent experimental campaign highlights that the GCLAD device can identify echoes 
associated with surface and subsurface defects, located in eight different positions on the plate. 
B‑scan of the component ultimately demonstrates the GCLAD performance in accomplishing the 
inspection task.

The application of non-contact ultrasonic excitation and detection techniques are now standard practice in 
the non-destructive inspection of mechanical components, structures and systems. The most typical of these 
techniques are based on excitation via pulsed lasers and optical detection via vibrometers or interferometers, 
as well as excitation/reception by electromagnetic acoustic transducers (EMATs) in conductive  materials1 or 
piezoelectric Air-Coupled Transducers (ACT). The ability to excite and detect ultrasonic waves without cou-
pling means makes these techniques advantageous over more traditional contact  methods2. In fact, they avoid 
contamination of the component’s  surface3, to operate in aggressive environments (corrosive or at elevated 
 temperatures4,5), to prescind from the piece geometry and from any limitation in the accessibility and finish of 
the  surfaces6, to monitor moving parts during their  operation7–9. Moreover, these techniques often allow speed-
ing up the inspection process by adopting flexible movement patterns for the  detector10, a particularly desirable 
condition in sectors such as aeronautics where the control of extensive aircraft structures has become a mainte-
nance practice. In this landscape, optical techniques appear to be conceivably the most promising ones because 
of their versatility, good sensitivity and resolution, the wide frequency band of the signal they can generate and 
receive, and their applicability to almost all types of material. The excitation of ultrasound is quite easy to obtain 
with pulsed  lasers11–14 or continuous modulated  lasers15,16, using the photoacoustic effect in elastic or ablation 
regime (plasma-generated ultrasound), applicable practically both on any material of engineering interest and 
on various types of surfaces, being rough, smooth, reflective or opaque.
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The detection of ultrasonic waves with optical techniques features a high level of complexity: many technolo-
gies are sensitive to the degree of finish/reflectivity of the surface and currently require expensive instruments, 
not always suitable for use in industrial environments. In recent years, however, many steps forward have been 
made and tools are presently available that can detect ultrasonic waves even in the presence of non-reflective 
surfaces and with a certain roughness. Interferometers (Michelson’s variant, in their simplest  form17,18) are based 
on the interference between the optical beam emitted by the instrument and the optical beam reflected from the 
surface to be inspected. Vibrometers represent a particular type of interferometers based on the Doppler effect 
(laser Doppler  vibrometers19): for effective ultrasound detection, the emitted laser beam is immediately split into 
two beams, one with an additional frequency component resulting from the passage through an acousto-optic 
modulator; the differences between the two beams in frequency terms, more evident because of the preliminary 
passage in the modulator, provide the speed of the particles on the surface rather than their displacement. Inter-
ferometric techniques are characterized by high sensitivity, broad band and point  detection20. Optimization of the 
tools made these techniques usable even on not perfectly smooth or reflective  surfaces21,22, finding applications in 
numerous industrial fields. Alongside these techniques and tools, there are less established technologies like the 
Optical Beam Deflection (OBD)23, where a laser probe beam is incident on the surface of the piece with a certain 
angle. The laser beam is reflected from the surface at an angle that depends on the shape of the surface itself, 
altered by the passage of the ultrasonic wave. Using a spatial filter (knife-edge), part of the beam is intercepted, 
and the overcoming part determines changes in the light intensity that reaches a detection  photodetector24. OBD 
is a point detection technique, and its response strongly depends on the quality of the piece surface reflecting 
the laser beam, effectively limiting its use in cases of industrial interest.

Another optical technique is the Gas-Coupled Laser Acoustic Detection (GCLAD), whose physical principle 
leverages on the deviation of a probe laser beam propagating in air or water, in correspondence of areas with 
variations in the refractive  index25. When the ultrasonic waves propagating inside the component reach the 
surface, they are transmitted to the air, generating pressure waves that alter the refractive index. This causes the 
deviation of the probe beam, acquired by a position-sensitive photodetector. The sensitivity of the technique 
depends on how much the ultrasound is attenuated because of the transmission from the solid component to 
the air, as in a typical ACT. However, the displacement of the beam in correspondence of the photodetector is 
provided by the integral along the path of all the displacements sustained by the laser beam immersed in the 
variable pressure field. Consequently, in certain inspection configurations, the response can be high and even 
exceed that for a confocal Fabry–Pérot  interferometer26. The frequency response of the technique can reach up 
to 20 MHz in fluids like water, but it commonly covers ranges up to 8 MHz in  air27; furthermore, since the laser 
beam does not interact directly with the surface of the piece, the response is independent of the optical properties 
and not particularly sensitive to the surface finish of the  component28.

The GCLAD technique has currently few industrial applications and there is no evidence of implementation 
in NDT processes. The knowledge on the physical principles that regulate the detection, useful for optimizing 
the GCLAD technique for NDT applications, has recently been deepened in some studies by the  authors29,30: the 
GCLAD system can be exploited in various experimental configurations, obtaining the maximum sensitivity 
in configurations where the interaction zone between the probe laser beam and the ultrasonic wave refracted 
in air is maximized. The study also illustrates how the GCLAD system allows detecting Surface Acoustic Waves 
(SAWs) refracted in the air from any point belonging to a line on the surface. The presence of a defect anywhere 
on this line generates a signal that can be detected by the system. This makes the GCLAD a line inspection tool 
rather than a point detection device, with consequent advantages in terms of defect detection capabilities. A 
defect with depth, width, and thickness significantly lesser than the ultrasonic wavelength is overcome by the 
oscillations: following the acquisition by a point detection device, ultrasonic waves will exhibit the same signal 
amplitude independently of the defect presence, should the defect be positioned far from the detection  location31. 
The defect can hence be identified only if the transducer is moved along an entire line starting from the ultra-
sonic emission location, until the transducer position corresponds to that of the defect. With a line inspection 
tool as the GCLAD, such line can be entirely scanned at once without moving the apparatus, since whichever 
discontinuity in the material surface translates in a discontinuity in the acquired ultrasonic  signal32. Currently, 
these features of the GCLAD have been preliminarily investigated on specimens, but never applied to perform 
line inspections on mechanical components.

The objective of the present work is to pinpoint the characteristics of the GCLAD technique in line inspec-
tions, useful for speeding up the ultrasonic monitoring processes of wide surfaces. For this purpose, application 
for SAW detection and identification of surface defects on an element chiefly extending in one dimension (i.e., a 
bar) is first illustrated, both in pitch-catch and pulse-echo mode. Subsequently, an application to the control of a 
two-dimensional plate with surface defects is reported, where the scanning of the whole component takes place 
with the system moving along a single direction. Finally, the effectiveness of the technique is also highlighted in 
detecting subsurface  defects33, introduced in the same plate.

GCLAD technique
The principle behind the probe beam deflection or Gas-Coupled Laser Acoustic Detection (GCLAD) 
 technique26,34,35 is the deflection and displacement of a probe laser beam when it crosses a fluid region which 
is subjected to refractive index fluctuations. Such fluctuations can be associated with a variable pressure field 
triggered by the propagation of ultrasonic waves inside the fluid  domain36. Total deviation of the probe laser 
beam is acquired by a photodetector and transduced into a proportional voltage, which has been thoroughly 
investigated by  Caron26.

To explain the GCLAD functioning, a pressure field with sinusoidal profile and generated by an acoustic wave 
which propagates along the z axis is preliminarily referred to:
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In Eq. (1), ω is the acoustic wave angular frequency in the fluid, ρ0 is the density of the unperturbed fluid, ν 
the wave speed in the fuid, k the wavenumber ω/ν , z its distance from the surface of the component and δ the 
displacement of the surface itself (that generates the ultrasound in the fluid). Referring to Fig. 1, based on the 
eikonal  equation37, the displacement ∆z of the optical ray which travels along the x axis in an ortogonal direction 
with respect to a pressure wave p(z, t) can be obtained in correspondence of the photodiode:

In Eq. (2), n0 is the unperturbed fluid refractive index, f its frequency, xs the length of the acoustic pressure 
field and θ=d(∆z)/dxs the deflection angle.

The deviation of the probe beam is acquired by a position-sensitive photodetector constituted of two photo-
cells and transduced in a proportional voltage  difference26:

where G is the amplifier gain, R is the resistance employed to convert the current from the photodiode to voltage 
difference, P the average power of the laser beam at the photodetector, w is the diameter of the probe laser beam, 
d is the diameter of the active area of the photodetector, t the separation distance between the cells, and κ is the 
photodetector sensitivity. Based on Eqs. (2) and (3), response increases as the length of the acoustic pressure 
field xs and the distance from the photodiode x1 are increased.

Equation (2) refers to parallel directions for probe laser beam and wavefront. Assuming that a finite angle 
α exists between such directions (Fig. 2), the GCLAD response consequently modifies: the beam encounters a 
variable pressure gradient, so that ∆z equals the integral of all deviations the laser beam sustains while travelling 
along xs . Let us indicate with αcr the angle represented by αcr =  tan−1(�/xs ), where � is the ultrasonic wavelength. 
αcr is generally lesser than one degree; Fig. 2 shows the theoretical value of ∆z as the ratio of  α /αcr is modi-
fied (the trend is the same for positive or negative values of α29): the amplitude of ∆z rapidly decreases when a 
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Figure 1.  The ultrasonic pressure field p(z, t) generates a refractive index variation in an xs-long fluid region; 
the GCLAD laser beam sustains deflection and displacement in such region, propagating unperturbed afterward 
along a x1-long path. The position-sensitive photodetector identifies the overall ∆z displacement and transduces 
it into a voltage.

Figure 2.  Amplitude of the probe laser beam total deviation along z ( ∆z ) normalized to its maximum, based 
on the value of the propagation angle α normalized to the critical angle αcr (modified from Gulino et al.29).
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significant difference exists between laser beam orientation and propagation direction of the acoustic wavefront. 
The system is hence selective to the propagation direction of the wavefront, being able to mainly detect pressure 
waves in perpendicular directions.

Therefore, to obtain the maximum sensitivity in the visualization of the ultrasonic waves, it is convenient to 
employ an experimental configuration in which the laser beam is parallel to the wavefront refracted in the air. 
The layout hence enables identification of patterns associated with specific acoustic waves, namely the direct 
(pitch-catch) or the reflected ones (pulse-echo) also in a context of defect  detection30. For example, Fig. 3 depicts 
the experimental arrangement for detecting a surface wave propagating on a plate with maximum sensitivity. 
The plate is made of S355 steel, has a thickness of 12 mm, a length of 520 mm, and a width of 70 mm. The laser 
beam is inclined relative to the solid surface for making it normal to the propagation direction of the refracted 
Rayleigh wave. An identical configuration can be used to detect bulk waves, employing a diverse angle between 
the probe laser beam and the surface because the refracted waves feature a diverse propagation direction. To 
maximize response, the beam must pass as close as possible to the surface to be interrogated (amplitude halves 
when the distance from the surface  doubles32). The minimum vertical distance between the specimen surface 
and the beam has been set as 110 mm to avoid conflict among positions of the laser source, the photodetector, 
and the ultrasonic probe. Such distance has been applied to all reported experiments.

As an example, Fig. 4 shows the signals received with GCLAD in the configuration of Fig. 3, in case of a 
SAW generated by a contact probe with central frequency of 1 MHz, xs = 280 mm, x1 = 100 mm, and a diameter 
of the laser beam equal to 1 mm, obtaining a signal to noise ratio (S/N) of 35 (32 ensemble averages). Based on 
the mutual inclination between the probe and the wedge, among the different types of SAW, Rayleigh waves are 
induced in the  specimen38; because of the high ratio between the bar thickness and the acoustic wavelength in 
the metal (higher than two), excitation by the probe does not produce Lamb  waves39,40.

Figure 5 depicts the power spectrum density (PSD) of Fig. 4 signal acquired by the GCLAD. As can be seen, 
the GCLAD interprets the signal from the 1 MHz piezoelectric probe as a broadband ultrasound with a central 
frequency equal to 700 kHz. This effect depends on the finite spot of the probe laser beam compared to the 
acoustic wavelength. Equation (2) applies to infinitely small rays subjected to a variable pressure field at a quote 
z; if the beam has finite size, the infinitely small rays it is constituted of will occupate different z quotes; total 
deviation of the beam will be hence the sum of the deviations sustained by the constitutive rays, with a different 
overall form compared to the trend of Eq. (2); in particular, negligible interaction with acoustic wavelengths 
smaller than the beam spot will occur, resulting in no significant deviation for the probe laser beam (low pass 
filtering  effect29,41). In the specific case, contents with higher frequencies will be relevantly attenuated because 
the laser spot (0.70 mm minor axis) approximately doubles � (0.34 mm).

In case a defect is present reflecting the ultrasonic wave, the propagation direction of the ultrasound is mir-
rored both in the component and in the air. Figure 6 depicts a layout scheme for defect detection by SAWs in 
pulse-echo mode. The piezoelectric contact probe employed to induce SAWs in the rectangular-section bar has 
a central frequency of 500 kHz, while the probe beam is tilted of − 6.8◦ relative to the solid surface; this allows 

Figure 3.  Experimental setup which enable maximizing the GCLAD response for ultrasound detection.

Figure 4.  Signal from a surface wave propagating in the component as in the scheme of Fig. 3, refracted in air 
and subsequently detected by the GCLAD device.
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detecting solely the waves reflected by the backwall and the defect. The defect has a length of 15 mm and a depth 
of 3 mm (the depth almost equals the wavelength of the SAW in the bar). The distance of the probe beam from 
the specimen surface is 130 mm in correspondence of the defect.

Figure 7 depicts the echoes from the defect and the back wall, obtained employing a configuration in which 
x1 = 540 mm and xs = 85 mm (32 ensemble averages). Also in this case, the distance between the specimen sur-
face and the probe lase beam is minimized to increase the signal amplitude, consequently increasing the defect 
detectability. Since the defect depth is similar to the acoustic wavelength in the solid, part of the ultrasonic energy 
is unreflected by the defect and reaches the backwall. The signal associated with the backwall is consequently 
constituted of lower frequency  components42–44. A similar signal can be obtained also by point detection devices 
as  ACTs30 or  vibrometers22, but their movement is required to scan the surface in search of defects whose dimen-
sions are lower than the ultrasonic wavelength: the elastic waves are initially obstacled by the defect, but tend to 
regain their initial propagation pattern after a certain distance from the defect  location31.

Figures 3, 4, 5, 6 and 7 evidence that the GCLAD device is efficient in highlighting ultrasonic waves which 
propagate on the specimen surface and are then refracted in air, as well as the presence of eventual surface 
defects. In this sense, the GCLAD does not differ from point detection devices in terms of defect identification: 

Figure 5.  Power spectrum density (PSD) of the GCLAD signals in Fig. 4, obtained from a signal generated by a 
1 MHz piezoelectric probe.

Figure 6.  Scheme of experimental layout employed for the identification of defects in pulse-echo mode, with 
excitation of SAWs in the component by a contact piezoelectric probe and detection in air by the GCLAD 
device.

Figure 7.  Echo signals from the defect and the back wall obtained in the configuration of Fig. 6.
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as a traditional piezoelectric probe or an ACT, the decrease in the signal amplitude and the time-of-flight can be 
used for defect sizing and localization respectively, in both pulse-echo or pitch-catch mode. It is however clear 
that the GCLAD acquired signals feature both a high amplitude and a low signal-to-noise ratio, the latter being 
the consequence of a relevant noise; the noise outputted by the detector is a combination of shot noise, dark 
current noise, thermal noise, laser intensity fluctuations and laser pointing instabilities. Additional noise from 
the circuitry or environment could affect the acquisition quality. Fine-tuning from all these diverse perspec-
tives would be required to increase the acquisition quality. A previous research by the authors highlighted that, 
employing a 500 kHz central frequency piezoelectric probe as a source, a 500 kHz receiving ACT features an 
S/N that doubles the GCLAD  one30. From a monitoring perspective and since the GCLAD device is extremely 
sensitive to vibrations, the best alternative to preserve the S/N is to move the component to be inspected, rather 
than the GCLAD device.

The detected signal amplitude depends on the considered value for the parameters d, x1 , xs , but also on φ . The 
liftoff distance d should be as low as possible, to mimize attenuation of the ultrasound during its propagation 
in air towards the probe beam. x1 and xs must be conversely increased to obtain a proportional enhancement 
in the amplitude of the echo. For what regards φ , it must be noted that a large beam spot makes the GCLAD 
device insensitive to high frequency components of the wave, but it contextually augments the photodetector 
 response26,41.

Materials and methods
The experimental layouts depicted in Figs. 3, 6 are functional to carry out an inspection on the line the probe 
laser beam insists on (i.e., line inspection). This can ease the automation of the monitoring setup, allowing to 
move the GCLAD and the source along a single direction to inspect a component which mainly extends in one 
or two dimensions. This would also result in a relevant decrease in inspection time compared to highly auto-
mated inspection methodologies as the Scanning Laser Source (SLS) or the Scanning Laser Line Source (SLLS) 
techniques: a pulsed laser source is moved along both directions in the defect proximity, evidencing the presence 
of a defect based on enhancements in the detected signal amplitude, determined by constructive interference 
between the direct surface waves and those reflected by the  discontinuity44.

As an application example of line inspection, the GCLAD technique has been applied to scan a metal plate on 
which artificial defects have been machined. The plate is in S355 structural steel, with a thickness of 12 mm and 
dimensions of 500 × 400  mm2. The defects have been triggered in the positions indicated in Fig. 8. The defects 
consist of an elliptical section notch with a thickness of 1 mm, with a depth (semi-minor axis) of 3 mm and a 
major axis of 20 mm. The defects have been obtained on both faces of the plate in different positions and at differ-
ent times, to analyse the ability of the laser scanning technique to simultaneously detect defects on opposite faces.

In the scheme of Fig. 8, the projection of the GCLAD laser beam is oriented along the x axis; however, based 
on Fig. 6 or Fig. 8, the laser beam must also be perpendicular to the propagation direction of the SAW refracted 
by the metal in the air. The configuration used for the tests therefore requires the laser beam to be inclined of 6.8◦ 
relative to the plate surface, corresponding to the refraction angle of SAWs in the air for the considered plate. 
Because of the inclination, the laser beam in this case has a variable distance from the surface along its path. 
Exploiting the selectivity of the system, the inclination of the laser beam can be equal to + 6.8◦ or − 6.8◦ relative 
to the surface normal direction to detect respectively: (a) the wave propagating from the piezoelectric probe 
towards the piece or (b) the echo caused by a reflection on a defect. In this sense, like for air-coupled probes, it 
is possible to orient the beam to work in pitch-catch or pulse-echo mode. The inspection of the plate has been 
conducted in pulse-echo mode, i.e., with the laser beam oriented as shown in Fig. 6. The ultrasound propagating 
in the specimen is induced by a Panametrics contact piezoelectric probe with a central frequency of 500 kHz (600 
kHz bandwidth) and a 25.4 mm diameter. For the excitation of SAWs, a Panametrics plexiglass wedge support 

Figure 8.  Plate with indications regarding position of the artificial defects: defects on the upper surface are 
depicted in black, in white on the inferior face.
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is employed. A 2 mW TOPTICA iBeam Smart 640 laser is employed with a wavelength of 640 nm; the elliptical 
spot dimensions, equal to 1.2 × 0.7  mm2, are obtained by a beam profiler positioned at the exit of the laser source. 
The photodetector is a Red Enhanced Quad Cell Silicon Photodiode (SD 197-23-21-014, Luna Optoelectronics), 
and the acquired signals are pre-processed through a Brüel–Kjær 2638 wideband conditioner (filter from 300 
kHz to 2 MHz, gain of 30 dB). The photodetector signal is acquired by an oscilloscope, triggered on the excita-
tion of the piezoelectric probe so that the time scale origin corresponds to the emission of the acoustic wave at 
the probe/wedge interface. In Fig. 9, the experimental layout is highlighted.

Results and discussion
Initially, the scanning of the plate has been obtained by generating only defects on the upper surface. Figure 10 
shows an example of signal acquired in correspondence of a defect (32 ensemble averages). The wave pattern 
caused by reflection on the defect and that due to the reflection on the backwall are clearly visible. The signal has 
a limited amplitude because of the high distance between the surface and the laser beam, which varies between 
85 mm and 145 mm and resulting in higher attenuation to the ultrasonic wave. The low S/N, however, largely 
depends on the noise produced by the employed laser and on the electronics used to convert the signal into 
current from the bi-cell photodetector into voltage, which is not optimized.

It is also observed that, after the defect, several long-lasting peaks are visible. These peaks are due to the 
interaction of the SAW wave with the defect. The defect has a depth of 3 mm, less than the wavelength, which 
is approximately 5.7 mm in the air. The defect has an extension of about 20 mm and the SAW wavefront emit-
ted by the piezoelectric probe reaches the defect with a width greater than the defect, because of the wavefront 
divergence. This causes part of the wave to pass through the defect, both below and to the side, with diffraction 
phenomena producing the signals which are visible after the first echo. Figure 11 shows the B scan of the plate 
(32 ensemble averages for each acquisition). To better visualize the signals deriving from the defects, the signals 
have been isolated before the back wall echo, so as not to display it on the 3D map. The four defects have been 
all correctly detected.

The amplitude of the echo signal is different based on the defect position on the plate. The GCLAD response 
depends in fact on the beam displacement in correspondence of the photodetector, affected by several factors: 

(a) Distance x1 between the defect and the photodetector and distance xs between the defect and piezoelectric 
probe, as highlighted in Eq. (2). Figure 12 highlights the trend of ∆V  as a function of the x1 and xs distances 
(refer to Fig. 1), obtained by Eq. (3) with ∆z values given by Eq. (2) and the values of the beam diameter 
provided by  Caron26: 

Figure 9.  Experimental setup for the tests on the metal plate; presence of defect on the upper surface is 
highlighted by four black dashed rectangles.

Figure 10.  Signal acquired in correspondence of a surface defect. The signals associated with the defect and the 
the backwall echo are visible.



8

Vol:.(1234567890)

Scientific Reports |           (2022) 12:87  | https://doi.org/10.1038/s41598-021-04191-x

www.nature.com/scientificreports/

 where w0 is the original waist of the beam, x is the distance along the optical path, � is the wavelength of 
light, and n is the index of  refraction45. Calculation considers G = 100, R = 100 Ω , κ = 0.119 A/W, P = 133 
mW, d = 6 mm, t = 0.25 mm, w0 = 0.5 mm, � = 6.8 mm, δ = 1 nm. The system sensitivity (i.e., to increase the 
response of the photodetector) increases as xs increase. Moreover, with high values of xs , higher deflection 
angles are obtained and the influence of x1 on the response of the system is greater. Hence, defects which 
are closer to the laser source, based only on this dependence, would produce a lesser response;

(b) intensity of the echo. Defects closer to the piezoelectric source intercept a greater percentage of the ultra-
sonic wavefront; therefore, the echo has higher amplitude and pressure in the air by the refracted wave is 
greater. In the employed experimental arrangement (see Fig. 6), the defects which are closer to the laser 
source produce a greater response, based only on this dependence;

(c) divergence of the laser beam. As evidenced by the authors in a previous  research29, the sensitivity of the 
GCLAD depends on the relationship between beam diameter and wavelength in air. The smaller this ratio, 
the greater the response of the system. In the experimental layout (see Fig. 6), the beam waist is achieved 
approximately in the middle of the plate;

(d) distance between the laser beam and the surface of the piece. In the employed experimental arrangement, 
a defect closer to the piezoelectric source makes the ultrasonic path in steel shorter. As a consequence, 
also the path in the air for the refracted waves is shorter. Therefore, accounting only for this dependence, 
defects closer to the laser source would produce a greater response analogously to point (b).

To verify the system’s ability to detect even sub-surface defects, further notches have been obtained on the 
lower face of the plate, as shown in Fig. 8. The defects were practiced on the same scan lines as the upper defects, 
so that they could be simultaneously identified. Figure 13 depicts a signal (32 ensemble averages) acquired in 
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Figure 11.  3D map of the plate B-scan, with four peaks associated with the defects, all correctly detected and 
highlighted following the nomenclature in Fig. 8.

Figure 12.  Trend of the photodetector response as a function of the distance between defect and laser source 
(namely, as xs increases).



9

Vol.:(0123456789)

Scientific Reports |           (2022) 12:87  | https://doi.org/10.1038/s41598-021-04191-x

www.nature.com/scientificreports/

correspondence of a line where the two defects are present, one on the upper face and the other on the lower 
face of the plate.

To understand the generation mechanism and the type of waves present within the ultrasonic signal in 
Fig. 13, numerical simulations have been carried out. In fact, the interaction between SAWs, the specific surface/
subsurface defects, and the fluid domain (where the GCLAD detection occurs) is not documented in the plate 
inspection-related literature. The simulation layout is shown in Fig. 14 for the 2D solution of the visco-elastic lin-
ear wave propagation problem. The Wave  2000© special-purpose software (https:// www. cyber logic. org/ wave2 000. 
html) is used to simulate the propagation of longitudinal waves in the plexiglass wedge, whose mode varies at the 
interface with the metal component generating SAWs. The wave excited by the probe consists of an exponential 
damped pulse: in five periods, the amplitude of the 500 kHz oscillation is reduced to 10% of its maximum value. 
A 2D simulation is sufficient to highlight the patterns of the direct and reflected SAWs, as well as their refraction 
in the air: along the path, a limited amount of energy propagates transversally to the primary wave direction, so 
that a 3D analysis would unnecessarily complicate the numerical model without adding significant information.

The SAWs propagating in the metal first encounters the subsurface defect, on which they are reflected as 
illustrated in Fig. 15: considering the instant 0 µ s as the instant in which the SAW reaches the defect, part of the 
ultrasonic energy is reflected resulting in generation of bulk waves which propagate in various directions (4 µ
s). When the bulk wavefront reaches the upper surface of the piece (8 µs), a mode conversion occurs that gives 
rise to SAWs which propagate in the opposite direction compared to the original SAWs, refracted in the air at 
an angle of − 6.8◦.

The phenomena highlighted in Fig. 15 are retrieved also in correspondence of the surface defect (Fig. 16), 
in which the SAWs are reflected by the transversal surface of the defect (43 µ s) and the echo propagates in the 
opposite direction compared to the original wave (47 µs), being subsequently refracted in the air (51 µs).

Figure 13.  Signal acquired along a line on which both a surface and a subsurface defect are present; the echoes 
associated with to the two defects and that by the backwall are visible.

Figure 14.  Simulation layout replicating the experimental configuration in Fig. 9.

Figure 15.  Simulation of SAW propagation in proximity of the subsurface defect position, at different instants. 
The arrows indicate the position of the ultrasound reflected by the defect at the different time steps.

https://www.cyberlogic.org/wave2000.html
https://www.cyberlogic.org/wave2000.html
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Figure 17 shows the B-scan map obtained for the plate after introducing subsurface defects (32 ensemble 
averages for each acquisition). All surface and subsurface defects, with a depth lesser than the acoustic wavelength 
(approximately half), have been correctly identified. Similar considerations to those for the surface scanning of 
surface defects alone apply regarding the relative amplitude of the detected signal peaks. For what regards the 
inspection time, let us refer to an analogous monitoring process performed by an ACT. This requires to move 
the ACT along both x and y directions rather than solely along y, as in the case of the GCLAD. Employing the 
GCLAD, the time for inspection will be hence reduced of 50%. An increase in the reliability of the measurement 
will also result, since the movements of the apparatus (and related inaccuracies) are minimized.

Conclusions
Gas-Coupled Laser Acoustic Detection (GCLAD) is an optical, non-contact ultrasonic detection technique 
unestablished in the field of non-destructive inspections, yet potentially interesting for its features as a line 
inspection technology. The GCLAD technique is based on the deviation and displacement sustained by a laser 
beam when crossing a pressure field in the air, attributable to an ultrasonic wave refracted in the air from the 
surface of a component under examination. This displacement and deviation of the beam is transduced in voltage 
by a position-sensitive photodetector. Some previous works have applied the GCLAD technique to ultrasonic 
detection on mechanical components, but without investigating the actual capabilities of the system regarding 
defect identification.

Referring to a case study of application to a metal plate, this work highlights that line inspection is possible 
and effective, as well as detection of surface or subsurface defects oriented perpendicular to the direction of 
propagation of surface acoustic waves (SAWs). The waves reflected by surface and subsurface defects propagate on 
the surface and refract in the air, propagating in the opposite direction to that of the direct SAWs; the consequent 
experimental positioning of the GCLAD laser beam as to be perpendicular to this direction allows simultane-
ously highlighting the perturbations caused by surface or subsurface defects located along the inspection line.

Unlike point detectors such as piezoelectric probes in air or interferometers/vibrometers, the GCLAD probe 
laser beam insists on an extended region of fluid above the component, allowing detection of oscillations present 
along the entire line. By this solution, the plate inspection is based on the relative movement of the piece/instru-
mentation in a single direction, instead of the two-dimensional movements of the source and receiver required 

Figure 16.  Simulation of SAW propagation in proximity of the surface defect position, at different instants. The 
arrows indicate the position of the ultrasound reflected by the defect at the different time steps.

Figure 17.  3D map of the plate B-scan, with the eight peaks associated with the surface and subsurface defects 
all correctly identified (subsurface defects are evidenced following the nomenclature in Fig. 8).
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for traditional point monitoring. This instance results in a double benefit, namely a significant simplification 
of the motion systems for the instrumentation or the component, as well as a contextual reduction in the time 
required for the structure non-destructive monitoring.

Received: 23 July 2021; Accepted: 7 December 2021

References
 1. Yang, L.-J. et al. Development of a biaxial grid-coil-type electromagnetic acoustic transducer. Meas. Sci. Technol. 32(2), 025102. 

https:// doi. org/ 10. 1088/ 1361- 6501/ abbc88 (2021).
 2. Mohammed, A. A., Neilson, R. D., Deans, W. F. & MacConnell, P. Crack detection in a rotating shaft using artificial neural networks 

and PSD characterisation. Meccanica 49(2), 255–266. https:// doi. org/ 10. 1007/ s11012- 013- 9790-z (2014).
 3. Dubois, M. & Drake, T. E. Evolution of industrial laser-ultrasonic systems for the inspection of composites. Nondestruct. Test. Eval. 

26(3–4), 213–228. https:// doi. org/ 10. 1080/ 10589 759. 2011. 573552 (2011).
 4. Hutchinson, B., Lundin, P., Lindh-Ulmgren, E. & Lévesque, D. Anomalous ultrasonic attenuation in ferritic steels at elevated 

temperatures. Ultrasonics 69, 268–272. https:// doi. org/ 10. 1016/j. ultras. 2016. 03. 005 (2016).
 5. Dewhurst, R. J., Edwards, C., McKie, A. D. W. & Palmer, S. B. A remote laser system for ultrasonic velocity measurement at high 

temperatures. J. Appl. Phys. 63(4), 1225–1227. https:// doi. org/ 10. 1063/1. 339987 (1988).
 6. Montinaro, N., Epasto, G., Cerniglia, D. & Guglielmino, E. Laser ultrasonics inspection for defect evaluation on train wheel. 

NDT&amp; E Int. 107, 102145. https:// doi. org/ 10. 1016/j. ndtei nt. 2019. 102145 (2019).
 7. Mineo, C., Cerniglia, D. & Pantano, A. Numerical study for a new methodology of flaws detection in train axles. Ultrasonics 54(3), 

841–849. https:// doi. org/ 10. 1016/j. ultras. 2013. 10. 008 (2014).
 8. Cavuto, A., Martarelli, M., Pandarese, G., Revel, G. & Tomasini, E. Experimental investigation by laser ultrasonics for high speed 

train axle diagnostics. Ultrasonics 55, 48–57. https:// doi. org/ 10. 1016/j. ultras. 2014. 08. 010 (2015).
 9. Canle, D. V., Salmi, A. & Hæggström, E. Non-contact damage detection on a rotating blade by lamb wave analysis. NDT&amp; E 

Int. 92, 159–166. https:// doi. org/ 10. 1016/j. ndtei nt. 2017. 08. 008 (2017).
 10. Römmeler, A. et al. Air coupled ultrasonic defect detection in polymer pipes. NDT&amp; E Int. 102, 244–253. https:// doi. org/ 10. 

1016/j. ndtei nt. 2018. 12. 004 (2019).
 11. Faëse, F., Jenot, F., Ouaftouh, M., Duquennoy, M. & Ourak, M. Laser-ultrasound-based non-destructive testing—Optimization of 

the thermoelastic source. Meas. Sci. Technol. 26(8), 085205. https:// doi. org/ 10. 1088/ 0957- 0233/ 26/8/ 085205 (2015).
 12. Zhang, K., Zhou, Z. & Ma, L. Research on a laser ultrasound method for testing the quality of a nuclear radiation protection 

structure. Meas. Sci. Technol. 28(2), 025204. https:// doi. org/ 10. 1088/ 1361- 6501/ 28/2/ 025204 (2017).
 13. Liu, P., Nazirah, A. W. & Sohn, H. Numerical simulation of damage detection using laser-generated ultrasound. Ultrasonics 69, 

248–258. https:// doi. org/ 10. 1016/j. ultras. 2016. 03. 013 (2016).
 14. Li, Y., Wang, W., Wei, P. & Wang, C. Reflection and transmission of elastic waves at an interface with consideration of couple stress 

and thermal wave effects. Meccanica 53(11–12), 2921–2938. https:// doi. org/ 10. 1007/ s11012- 018- 0842-2 (2018).
 15. Caron, J. N., DiComo, G. P., & Nikitin, S. Continuous laser generation of ultrasound for nondestructive evaluation. In: Review of 

Progress in Quantitative Nondestructive Evaluation, vol. 31 243–250(Burlington, 2012). https:// doi. org/ 10. 1063/1. 47162 36.
 16. Vangi, D., Banelli, L. & Gulino, M.-S. Interference-based amplification for CW laser-induced photoacoustic signals. Ultrasonics 

110, 106270. https:// doi. org/ 10. 1016/j. ultras. 2020. 106270 (2021).
 17. Gang, T. et al. Fiber-optic Michelson interferometer fixed in a tilted tube for direction-dependent ultrasonic detection. Opt. Lasers 

Eng. 88, 60–64. https:// doi. org/ 10. 1016/j. optla seng. 2016. 06. 024 (2017).
 18. Pryputniewicz, R. J. Novel optoelectronic laser interferometric microscope (OELIM) methodology for NDE of microsystems. 

Meccanica 50(2), 533–540. https:// doi. org/ 10. 1007/ s11012- 014- 9946-5 (2015).
 19. Tomasini, E. P. & Castellini, E. P. (eds) Laser Doppler Vibrometry: A Multimedia Guide to Its Features and Usage (Springer, 2020). 

https:// doi. org/ 10. 1007/ 978-3- 662- 61318-4.
 20. Meeß, R., Dontsov, D. & Langlotz, E. Interferometric device for the in-process measurement of diameter variation in the manu-

facture of ultraprecise spheres. Meas. Sci. Technol. 32(7), 074004. https:// doi. org/ 10. 1088/ 1361- 6501/ abe81c (2021).
 21. Zamiri, S., Reitinger, S., Grün, H., Roither, J., Bauer, S., & Burgholzer, P. Laser ultrasonic velocity measurement for phase trans-

formation investigation in titanium alloy. In 2013 IEEE International Ultrasonics Symposium (IUS), 683–686 (IEEE, 2013).
 22. Roither, J., Mitter, T., Reitinger, B., Wiesinger, A., Hofer, C., Grün, H., & Burgholzer, P. Detection of casting defects in aluminum 

slabs by laser ultrasonic measurements. In 19th World Conference on Non-Destructive Testing, Munich, Germany, 1–7 (2016).
 23. Požar, T., Rus, J. & Petkovšek, R. Optical detection of impact contact times with a beam deflection probe. Exp. Mech. 57(8), 

1225–1238. https:// doi. org/ 10. 1007/ s11340- 017- 0289-8 (2017).
 24. Monchalin, J.-P. Laser-ultrasonics: From the laboratory to industry. In AIP Conference Proceedings, vol. 700 3–31 (AIP, 2004). 

https:// doi. org/ 10. 1063/1. 17116 02.
 25. Caron, J. N., Mehl, J. B., & Steiner, K. V. Ultrasonic NDE of composite panels with gas-coupled laser acoustic detection. In Review 

of Progress in Quantitative Nondestructive Evaluation (eds. Thompson, , D. O. & Chimenti, D. E.) 635–642 (Springer US, 1998). 
https:// doi. org/ 10. 1007/ 978-1- 4615- 5339-7_ 82.

 26. Caron, J. N., Thompson, D. O., & Chimenti, D. E. Displacement and deflection of an optical beam by airborne ultrasound. In AIP 
Conference Proceedings, vol. 975 247–254 (AIP, 2008). https:// doi. org/ 10. 1063/1. 29026 66.

 27. Caron, J. N., Yang, Y., Mehl, J. B. & Steiner, K. V. Gas-coupled laser acoustic detection at ultrasonic and audio frequencies. Rev. 
Sci. Instrum. 69(8), 2912–2917. https:// doi. org/ 10. 1063/1. 11490 33 (1998).

 28. Johnson, J. L., van Wijk, K., Caron, J. N. & Timmerman, M. Gas-coupled laser acoustic detection as a non-contact line detector 
for photoacoustic and ultrasound imaging. J. Opt. 18(2), 024005. https:// doi. org/ 10. 1088/ 2040- 8978/ 18/2/ 024005 (2016).

 29. Gulino, M.-S., Bruzzi, M. & Vangi, D. Gas-coupled laser acoustic detection technique for NDT of mechanical components. Ultra-
sonics 114, 106415. https:// doi. org/ 10. 1016/j. ultras. 2021. 106415 (2021).

 30. Vangi, D., Bruzzi, M., Caron, J. N. & Gulino, M. S. Crack detection with gas-coupled laser acoustic detection technique. Meas. Sci. 
Technol.https:// doi. org/ 10. 1088/ 1361- 6501/ abfced (2021).

 31. Zhou, P., Zhang, C., Xu, K. & Ren, W. Defect detection of aluminium plates based on near-field enhancement of lamb waves gener-
ated using an electromagnetic acoustic tranducer. Sensors.https:// doi. org/ 10. 3390/ s1916 3529 (2019).

 32. Vangi, D., Bruzzi, M., Caron, J. N. & Gulino, M. S. Signal enhancement in surface crack detection with gas-coupled laser acoustic 
detection. J. Nondestruct. Eval. 40(4), 1–12 (2021).

 33. Atzlesberger, J., Zagar, B. G., Cihal, R., Brummayer, M. & Reisinger, P. Sub-surface defect detection in a steel sheet. Meas. Sci. 
Technol. 24(8), 084003. https:// doi. org/ 10. 1088/ 0957- 0233/ 24/8/ 084003 (2013).

 34. Diaci, J. Transfer function of the laser beam deflection probe for detection of cylindrical acoustic waves in a transverse arrange-
ment. Le Journal de Physique IV 04(C7), C7-773–C7-776. (1994). https:// doi. org/ 10. 1051/ jp4: 19947 182.

 35. Barnes, R. A., Maswadi, S., Glickman, R. & Shadaram, M. Probe beam deflection technique as acoustic emission directionality 
sensor with photoacoustic emission source. Appl. Opt. 53(3), 511. https:// doi. org/ 10. 1364/ AO. 53. 000511 (2014).

https://doi.org/10.1088/1361-6501/abbc88
https://doi.org/10.1007/s11012-013-9790-z
https://doi.org/10.1080/10589759.2011.573552
https://doi.org/10.1016/j.ultras.2016.03.005
https://doi.org/10.1063/1.339987
https://doi.org/10.1016/j.ndteint.2019.102145
https://doi.org/10.1016/j.ultras.2013.10.008
https://doi.org/10.1016/j.ultras.2014.08.010
https://doi.org/10.1016/j.ndteint.2017.08.008
https://doi.org/10.1016/j.ndteint.2018.12.004
https://doi.org/10.1016/j.ndteint.2018.12.004
https://doi.org/10.1088/0957-0233/26/8/085205
https://doi.org/10.1088/1361-6501/28/2/025204
https://doi.org/10.1016/j.ultras.2016.03.013
https://doi.org/10.1007/s11012-018-0842-2
https://doi.org/10.1063/1.4716236
https://doi.org/10.1016/j.ultras.2020.106270
https://doi.org/10.1016/j.optlaseng.2016.06.024
https://doi.org/10.1007/s11012-014-9946-5
https://doi.org/10.1007/978-3-662-61318-4
https://doi.org/10.1088/1361-6501/abe81c
https://doi.org/10.1007/s11340-017-0289-8
https://doi.org/10.1063/1.1711602
https://doi.org/10.1007/978-1-4615-5339-7_82
https://doi.org/10.1063/1.2902666
https://doi.org/10.1063/1.1149033
https://doi.org/10.1088/2040-8978/18/2/024005
https://doi.org/10.1016/j.ultras.2021.106415
https://doi.org/10.1088/1361-6501/abfced
https://doi.org/10.3390/s19163529
https://doi.org/10.1088/0957-0233/24/8/084003
https://doi.org/10.1051/jp4:19947182
https://doi.org/10.1364/AO.53.000511


12

Vol:.(1234567890)

Scientific Reports |           (2022) 12:87  | https://doi.org/10.1038/s41598-021-04191-x

www.nature.com/scientificreports/

 36. Johnson, J. L., van Wijk, K., Caron, J. N., Timmerman, M. Photoacoustic and ultrasound imaging with a gas-coupled laser acoustic 
line detector. In SPIE BiOS, San Francisco, California, United States (eds. Oraevsky, A. A. & Wang, L. V.) 970814 (2016). https:// 
doi. org/ 10. 1117/ 12. 22118 00.

 37. Yariv, A. et al. Optical Electronics in Modern Communications Vol. 1 (Oxford University Press, 1997).
 38. Bucur, A. V., Passarella, F. & Tibullo, V. Rayleigh surface waves in the theory of thermoelastic materials with voids. Meccanica 

49(9), 2069–2078. https:// doi. org/ 10. 1007/ s11012- 013- 9850-4 (2014).
 39. Sharma, J. N. & Kumar, S. Lamb waves in micropolar thermoelastic solid plates immersed in liquid with varying temperature. 

Meccanica 44(3), 305–319. https:// doi. org/ 10. 1007/ s11012- 008- 9170-2 (2009).
 40. Vinh, P. C. & Anh, V. T. N. Rayleigh waves in an orthotropic elastic half-space overlaid by an elastic layer with spring contact. 

Meccanica 52(4–5), 1189–1199. https:// doi. org/ 10. 1007/ s11012- 016- 0464-5 (2017).
 41. Gulino, M.-S., Bruzzi, M., Vangi, D. Application of the gas-coupled laser acoustic detection technique to non-destructive testing 

of mechanical components. In XXVIII AIVELA Conference, Online (2020) (in press).
 42. Jeong, H. & Park, M.-C. Finite-element analysis of laser-generated ultrasounds for wave propagation and interaction with surface-

breaking cracks. Res. Nondestruct. Eval. 16(1), 1–14. https:// doi. org/ 10. 1080/ 09349 84059 09616 52 (2005).
 43. Zhou, Z., Zhang, K., Zhou, J., Sun, G. & Wang, J. Application of laser ultrasonic technique for non-contact detection of structural 

surface-breaking cracks. Opt. Laser Technol. 73, 173–178. https:// doi. org/ 10. 1016/j. optla stec. 2015. 04. 026 (2015).
 44. Dutton, B., Clough, A. R. & Edwards, R. S. Near field enhancements from angled surface defects. A comparison of scanning laser 

source and scanning laser detection techniques. J. Nondestruct. Eval. 30(2), 64–70. https:// doi. org/ 10. 1007/ s10921- 011- 0091-y 
(2011).

 45. Encyclopedia of Optical Engineering. (Taylor & Francis, 2011). https:// doi. org/ 10. 1081/E- EOE.

Author contributions
Conceptualization: M.S.G. and D.V.; methodology: M.S.G., D.V. and J.N.C.; software: M.S.G.; formal analysis: 
M.B.; investigation: M.S.G. and D.V.; writing—original draft preparation: M.S.G. and D.V.; writing—review and 
editing: M.B. and J.N.C.; visualization: M.B.; supervision: D.V. All authors reviewed the manuscript.

Funding
The work has been carried out in the context of the STILUS project (Sviluppo di Tecniche Innovative di controllo 
non-distruttivo mediante Laser-Ultrasuoni per la Sicurezza degli assili ferroviari), supported by Fondazione CR 
Firenze (https:// www. fonda zione crfir enze. it/).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.-S.G.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1117/12.2211800
https://doi.org/10.1117/12.2211800
https://doi.org/10.1007/s11012-013-9850-4
https://doi.org/10.1007/s11012-008-9170-2
https://doi.org/10.1007/s11012-016-0464-5
https://doi.org/10.1080/09349840590961652
https://doi.org/10.1016/j.optlastec.2015.04.026
https://doi.org/10.1007/s10921-011-0091-y
https://doi.org/10.1081/E-EOE
https://www.fondazionecrfirenze.it/
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Non-contact ultrasonic inspection by Gas-Coupled Laser Acoustic Detection (GCLAD)
	GCLAD technique
	Materials and methods
	Results and discussion
	Conclusions
	References


