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Abstract
Background Gas-Coupled Laser Acoustic Detection (GCLAD) is a non-contact ultrasonic detection technique whose func-
tioning relies on the deviation that a probe laser beam sustains when intersected by an acoustic wavefront propagating in a 
fluid. The maximum sensitivity of the technique is typically obtained when the ultrasound insists on an ample portion of the 
probe laser beam extension, but such a condition can be unfeasible in several non-destructive testing applications (as in case 
of limited accessibility to the component).
Objective In the present work, a solution is provided enabling transformation of the GCLAD device in a point detector. This 
is based on the use of two mirrors for confining the laser beam in an area with limited width and depth, where reflections 
however maximize the portion of the probe laser beam subjected to ultrasonic oscillation.
Methods The characteristics of the obtained GCLAD probe are thoroughly analysed by applying the device to the detection 
of surface acoustic waves, propagating on a metal bar and refracting into the air. Two different inspection configurations are 
considered, whose difference lies in the mutual orientation between laser beam and solid surface. The effect on the received 
signal amplitude of the number of beam reflections, the dimensions of the resulting device, and the bar axisimmetry is 
investigated in both configurations. 
Results The optimization of all the analysed standpoints enables obtaining a compact GCLAD probe that features the same 
signal amplitude of the non-compact alternative. To obtain maximum responsivity of the system, the number of reflections 
must be maximized, while the distance between the mirrors must be carefully set based on the employed inspection con-
figuration and the eventual axisimmetry of the specimen. The devised GCLAD compact probe is capable of expanding the 
application range of the technique also to those cases in which the use of point detectors is desirable, without compromising 
the signal-to-noise ratio of the resulting acquisitions compared to the non-compact alternative.

Keywords Surface acoustic wave (SAW) · Bidimensional components · High reflection mirror · Cylindrical wavefront · 
Point detection

Introduction

The Gas-Coupled Laser Acoustic Detection (GCLAD) tech-
nique belongs to the class of optical, non-contact methods 
for ultrasonic wave detection [1]. The GCLAD technique 

is based on the deviation of an optical beam when the laser 
light passes through fluctuations in the refractive index 
caused by ultrasonic waves, moving typically in the air 
from a solid surface; the total deviation of the probe laser 
beam is detected by a position-sensitive photodetector [2, 
3]. Such technique is extremely simple and economical from 
the required instrumentation standpoint, exhibiting also the 
advantage of being almost uninfluenced by the component’s 
surface finishing or reflectivity [4] in contrast to other opti-
cal detection techniques [5, 6]; it has been shown that the 
GCLAD is characterized by a higher sensitivity to that of 
a Fabry-Pérot confocal interferometer for ultrasonic signals 
in the range between 2 MHz and 7 MHz, even if one order 
of magnitude lower for a frequency of 500 kHz [7]. The 
technique features a wide frequency band that enables high 
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resolution in time of the detected echoes, as well as detect-
ing higher energetic components for broadband ultrasonic 
sources (as in the case of excitation by photoacoustic signals 
from pulsed or modulated lasers [8–15]).

To date, no significant application of the GCLAD exists 
in the non-destructive testing (NDT) field; nevertheless, the 
characteristics of the technology and the suitability in detect-
ing defects have been demonstrated by [16]: signals received 
by Air-Coupled Transducers (ACTs) are less noisy, but the 
amplitude for the GCLAD is up to 100 times higher than 
that for an ACT. The technique can be exploited in various 
configurations, depending on the geometry of the component 
and the type of wave (surface or bulk) refracted in the fluid 
(air or liquid) surrounding the piece [16]. Some arrange-
ments of the laser beam with respect to the component allow 
a line inspection, i.e., detecting any defect present along a 
complete line of the piece without the need to scan the laser 
source along such line [17]. This peculiarity makes the 
GCLAD potentially advantageous compared to techniques 
where an x-y scan of the entire surface is required, as only 
scanning along one direction of the piece is necessary. In 
addition, the GCLAD can enable effectively using a signal 
amplification effect deriving from constructive interference 
(occurring in the air) between surface waves propagating in 
air and that reflected by a surface defect. This effect, clearly 
visible a few millimetres from the surface of the piece, 
allows the component to be inspected with techniques like 
scanning laser source (SLS) or scanning laser line source 
(SLLS) [9, 18, 19], without the need to observe echoes 
caused by the defect but only the primary wavefront, with 
an evident increase in reliability in the detection of defects.

The curvature and displacement of the laser beam depend 
on the refractive index gradient, generated by the pressure 
variations within the wave refracted in the fluid. The total 
deviation of the laser beam in correspondence of the pho-
todetector results from the contribution of all the displace-
ments and deflections sustained by the beam during its path 
within the area where the refractive index is altered. This 
total deviation, therefore, also depends on the length of the 
optical beam path within the area characterized by the pres-
sure gradient. Generally, therefore, the greater the length 
of the area affected by the pressure wave intersected by the 
laser beam the greater the response of the system. Such a 
feature of the system can also be advantageous for appli-
cations such as line inspections, where typically vast areas 
exist in which the refracted wave propagates in the fluid. In 
other applications this feature can be a disadvantage, e.g., 
if point detection on the component of a pressure wave or 
defect echo is sought, the detection must be restricted to a 
narrow region. In such a case, the laser beam traverses only 
a limited area in which the refractive index is altered and 
the GCLAD response is proportional to such an extension 

[17]. Another example is represented by conditions in which 
curved components should be interrogated. In this case, the 
pressure wave refracted in the fluid has non-flat wavefronts 
and the laser beam crosses multiple wavefronts, encounter-
ing pressure gradients with opposite sign. The curvature and 
displacement of the beam hence tend to compensate and, at 
the exit of the beam from the altered area, the total deviation 
is typically low although not zero [20]. Another eventual-
ity is represented by limited space to access the component 
which complicates the monitoring, such as on rotating shafts 
on which elements are located in mutually close points (e.g., 
brake discs and wheels mounted on a railway axle [21]).

The present work aims at overcoming these limitations 
of the GCLAD technique, to obtain a high response of the 
system even when sensing is performed on small regions 
of the component. In particular, the operating principle of 
the method and the possible experimental configurations  
are first briefly described that allow, on small observation 
areas, the response to be increased. An optimal configuration is  
then proposed, which enables obtaining high responses with 
a compact device. This device, once industrialized, would 
make it possible to employ a “probe” to be handled like a 
classic piezoelectric, air-coupled transducer.

The GCLAD Technique

The Gas-Coupled Laser Acoustic Detection (GCLAD) is 
based on the overall displacement that a laser beam sus-
tains when passing through a pressure field inside a fluid, 
typically generated by an ultrasonic wave refracted from a 
solid into the air [2, 20, 22]. The pressure field results in a 
variable refractive index of the air, consequently displac-
ing the beam as different pressure gradients are intercepted 
[23]. Considering the sinusoidal pressure field generated by 
the ultrasonic wave which propagates along the z direction 
(Fig. 1), the corresponding variable pressure value p(z, t) can 
be expressed as follows [24]:

In Equation (1), � is the angular frequency of the ultra-
sound in the fluid, �0 the density of the fluid, c the speed of 
sound in the fluid, K is the wave number so that K=�∕c and 
� is the surface displacement (which generates the ultrasound 
in the fluid). Referring once again to Fig. 1, the laser beam 
propagating along x accumulates deviation along z from its 
ideal optical path, as it travels through the fluid xs-long dis-
tance subjected to pressure variation. Indicating as n0 the 
refractive index of the unperturbed fluid and based on the 
Eikonal equation [25], such z displacement follows the trend 
of Equation (2) [17]:

(1)p(z, t) = K�0c
2� sin(kz − �t)
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From Equation (1), the maximum displacement Δz in cor-
respondence of the photodiode of a single optical beam is 
derived:

where l represents the acoustic wavelength in the fluid, while 
� =

d

dxs
(z(xs)) . The deviation of the laser beam is detected by 

a position-sensitive photodetector and converted into a dis-
placement-proportional voltage difference [22] as follows:

In Equation (3), G is the amplifier gain, S is the resist-
ance employed to convert the current from the photodiode to 
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voltage difference, P the average power of the laser beam at 
the photodetector, d is the diameter of the photodiode active 
area, w the beam spot, and � is the photodetector sensitivity 
given by:

where q is the electronic charge, � is the quantum efficiency, 
h is Planck’s constant, and � is the frequency of light.

Along its path in the air, the laser beam diverges and its 
diameter as a function of the travelled distance can be cal-
culated as follows:

In Equation (6), w0 is the original beam diameter and � is 
the wavelength of the light radiation.

Figure 2 highlights the trend of ΔV  as a function of the x1 
and xs distances (refer to Fig. 1), obtained by Equation (4) 
with Δz values given by Equation (3) and the values of the 
beam diameter provided by Equation (6). Calculation con-
siders G=100, S = 100 ohms, �=0,119 A/W, P=133 mW, d= 
6 mm, t = 0,25 mm, w0 = 0,5 mm, � = 6,8 mm, � = 1 nm, � = 
469 THz. The solid line curve indicates the signal obtained 
with x1 = 0, i.e., with the photodetector placed immediately 
at the end of the xs-long area of variable pressure where 
the acoustic wave propagates. Beyond the area where the 
pressure is variable, the signal to the photodetector varies 
solely due to the angle of deflection � . The other curves are 
obtained by setting xs = 0.1 m, 0.4 m and 0.8 m. To aug-
ment the system sensitivity (i.e., to increase the response 

(5)� =
q�

h�

(6)w = w0

√

1 +

(

�x

�w0n0

)2

Fig. 1  In the GCLAD, a laser beam is meant to travel in a fluid in 
which a variable pressure field (ultrasound) is present; the beam sus-
tains deviation from its ideal optical path as soon as it intersects the 
ultrasound in an x

s
-long path, moving unperturbedly (but with speci-

fied angle � ) along the x
1
 length. A photodetector ultimately acquires 

the total Δz deviation, transducing it in a proportional voltage differ-
ence

Fig. 2  Amplitude trend of the 
signal obtained by the photo-
detector as a function of the 
x
1
 distance for different values 

of x
s
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of the photodetector), it is possible to increase both xs and 
x1 . With higher values of xs , increasing deflection angles 
are obtained and the influence of x1 on the response of the 
system is greater.

To obtain high responses, a significant increase in the 
distance xs + x1 is required; therefore, the distance between 
the laser and the photodetector should also increase, with 
disadvantages in terms of size and ease of use. Beyond a 
certain distance, the signal tends to decrease after reach-
ing a maximum, because the diameter of the optical beam 
becomes too large compared to the diameter of the pho-
todetector [17].

From Fig. 2, it is derived that it is convenient to increase 
xs or even to have purely xs and x1 = 0, the distance xs + 
x1 being the same. However, while x1 can be varied at will 
by moving the photodetector away from the point where 
the pressure wave occurs, the xs measurement depends on 
the extension of the altered pressure zone or the extension 
of the acoustic wavefront. The latter is generally small 
and depends on the size and geometry of the structre in 
which the ultrasound propagates, the arrangement of the 
laser beam with respect to the piece and the type/mode of 
propagation of the ultrasonic wave in the solid. In Fig. 3 
some experimental configurations for the detection of the 
surface ultrasonic waves in the piece are evidenced (simi-
lar considerations apply to other types of waves, like bulk 
waves [16]). Depending on the configuration used and the 
geometry of the component, different xs lengths can be 
employed.

Configuration B generally allows obtaining a wavefront in 
the air which can extend even for the entire length of the struc-
ture. The surface wave propagates in the piece and is simul-
taneously refracted in the air as a longitudinal wave. When 
the surface wave reaches the end of the piece, the refracted 
wavefront intercepts the laser beam along the entire length 
of the solid. The optical beam is oriented to be parallel to 
the wavefront, a solution that maximizes the system response 

because the pressure gradient is the same over the entire length 
of the optical beam. Therefore, if the piece geometry permits 
it, a high xs length can be obtained in this configuration. The 
spatial resolution is however limited, that is, retrieval of the 
ultrasonic wave in the solid does not resemble a point detec-
tion and does not allow identification of the wave passage in a 
specific and restricted area.

It must equally be considered that in this configuration, as 
the length xs increases, the distance of the laser beam from the 
surface of the piece also increases, since the beam is inclined 
by the angle of refraction in the air of the acoustic waves. 
Therefore, because of the attenuation of the acoustic wave in 
the air, the amplitude of the signal does not raise as expected 
based solely on the characteristics of the laser beam, but also 
because the pressure gradient decreases the further it is moved 
away from the piece. Conversely, configuration A detects the 
passage of the ultrasonic wave at the point where the laser 
beam is positioned; in this case, the xs length is typically lim-
ited to the width of the wavefront transversely to its propaga-
tion direction.

Compact Probe

The proposed experimental configuration allows obtaining a 
high xs and simultaneously achieving a reasonable spatial reso-
lution, comparable with traditional air-coupled probes. The 
physical principle is the reflection of the laser beam on a pair 
of parallel and staggered flat mirrors, to achieve a greater opti-
cal path within the variable pressure field in a limited space. 
Figure 4 shows the scheme of the device.

In this way, the length xs is equal to the total path travelled 
by the optical beam in its reflections between the two mirrors:

where n is the number of reflections, � is the beam angle of 
incidence on the mirrors and d is the distance between the 
two mirrors. Detection of the ultrasonic signal is obtained 
on the length defined by the two mirrors, with length d and 
width h:

The additional term w in Equation (8) accounts also for 
the finite size and encumbrance of the beam diameter. The 
angle � should be chosen so as 2d tan(𝛽) > w , to limit the 
mutual influence between subsequent reflections. To obtain a 
limited detection area, both d and h should be low; to achieve 
an elevated xs value, n should be high and � as low as pos-
sible, i.e., tan(�) = w

2d
.

However, as the optical path and the number of reflections 
increase, various phenomena occur that reduce the response 
of the photodetector: 

(7)xs =
d(n + 1)

cos(�)

(8)h = d(n + 1) tan(�) + w

Fig. 3  Experimental configurations for the detection of surface acous-
tic waves on the component, refracted in the air

406 Experimental Mechanics (2022) 62:403–415



a) A loss of power of the optical beam occurs, caused by 
the reflection coefficient of the mirror different from the 
unit. This means that after n reflections the power reach-
ing the photodetector is reduced, consequently linearly 
decreasing the response. This fact can be easily rem-
edied by using a higher initial laser power, which takes 
into account the losses suffered from each reflection. 
Given the reflection coefficient for non-polarized waves, 
in the Schlick approximate form: 

 with n1 and n2 refractive indices in the air and the mir-
ror; a power P = P0R

n will be hence reached in cor-
respondence of the photodetector. Since the refractive 
indices depend on the wavelength of the employed laser 
beam, also R will be affected by this wavelength. The 
limit of the power of the laser beam is provided by the 
saturation of the photodetector.

b) There is a loss of power of the optical beam arriving at 
the photodetector caused by the absorption of light in the 
fluid crossed by the beam. The intensity of the optical 
radiation is reduced exponentially as a function of the 
optical path x, according to the absorption coefficient � : 

c) Diffraction phenomena occur on the mirror surface.
d) Because of the finite beam dimensions, a part of the 

reflected beam interferes with a part of the incident 
beam, producing a variable intensity field.

e) As the optical path increases, the beam spot wid-
ens because of the divergence and the photodetector 
response varies following Equation (4).

(9)

R =

(

n1 − n2

n1 + n2

)2

+

[

1 −

(

n1 − n2

n1 + n2

)2
]

(1 − cos(�))5

(10)I = I0e
−�x

Therefore, the choice of the number of reflections and the 
device geometry must be pursued considering all these fac-
tors. Moreover, the displacement Δz differs from the trend 
predicted by Equation (3), valid for a displacement of an 
optical ray of infinitesimal dimensions. In reality, the laser 
beam has a finite spot size and can be imagined as a set of 
optical rays distributed on the beam section, each of which 
intersects an area with a different pressure gradient [17]. 
The pressure waves in the air, for the most typical frequen-
cies employed in ultrasonic NDT of components, feature 
wavelengths of less than a millimetre, i.e., comparable with 
the usual laser beam diameters. Hence, some optical rays 
encounter pressure gradients with inverse sign compared to 
others within the beam; the global displacement Δz will be 
averaged over all displacements in each zone of the beam 
section and the original shape and Gaussian distribution 
will also change. The phenomenon is influenced by the ratio 
between the wavelength of the pressure wave and the beam 
diameter [26], which varies gradually along the optical path. 
The overall response of the photodetector will therefore be 
averaged based on the actual displacement and distortion of 
the beam section.

In light of the many factors that affect the response of the 
photodetector, it is advisable to perform experimental tests 
to optimize the number of reflections, the laser power and 
the distance between the mirrors, depending on the geom-
etries to be obtained in terms of the apparatus dimensions 
and inspection area.

Finally, to increase the response of the system, it is pos-
sible to use an arrangement as shown in Fig. 5, with the 
photodetector inclined at an angle � with respect to the laser 
beam. In this way, a displacement Δz of the laser beam cor-
responds to a displacement of Δz/cos(� ) on the photodetec-
tor. Experimental tests have been performed considering the 
absence of mirrors (direct path between the laser source and 
the photodetector) for � values up to 45°; an increase of 40% 
has been consequently observed, as analytically predicted. 
Once implemented in the layout together with the mirrors’ 
supports, the photodetector can however be rotated only if 
appropriately distanced from the supports, because of its 
case encumbering (Fig. 6). This entails an overall decrease 
in the signal amplitude and modifications to the conditions 
among the diverse tests, which could affect influence assess-
ments for the different parameters under investigation. For 
this reason and for the sake of simplicity, a � value of 0° has 
been chosen and employed in the subsequent analyses; nev-
ertheless, once the several parameters has been set after the 
layout optimization, such a solution provides an efficient way 
to increase the signal amplitude outputted by the GCLAD.

As regards the sensitivity of the system for the various 
geometries of the device (length d, width h and number of 
reflections), let us assume a planar acoustic wavefront. In 
this case, if the laser probe beam lies in a plane parallel 

Fig. 4  Scheme of the developed device
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to the wavefront, the displacement Δz of the optical beam 
depends on the displacement of the surface � and on the xs 
and x1 lengths, according to Equation (3). Fixing the sur-
face displacement � and considering a negligible and fixed 
distance x1 for the employed device, the displacement of the 
optical beam depends only on the length of the optical path 
xs within the acoustic pressure field achieved with the multi-
pass system. Using the proposed device, the optical path is 
both confined in the space among the mirrors and parallel to 
the acoustic wavefront (which is supposed to cross the entire 
device); hence, the response of the system is independent of 
the optical beam propagation direction and therefore by the 
configuration A or B employed. For more complex geom-
etries where the wavefront – and consequently the pressure 
gradient – is not planar, the best solution corresponds to con-
ditions for which the laser beam path intersects regions with 
a pressure gradient as constant as possible (see Section 5).

The voltage difference ΔV  at the photodetector results 
from Equation (4), represented by a linear function of xs 
considering Equation (6). The Signal-to-Noise Ratio (SNR) 
for a photoconductive photocell can be expressed as reported 
by [7]:

In Equation (11), P represents the optical signal power and 
b the ultrasonic frequency band. Considering Equations (3) 
and (6), this results in:

The former expression, having referred to Equation (3) 
that is valid for a single optical beam, is related to the case 
where the laser beam diameter is negligible compared to the 
acoustic wavelength l. In fact, if the laser beam intersect-
ing the acoustic field has finite dimensions, at each point 
in the beam section there are different pressure gradients 
and different displacements as a consequence: the global 
displacement of the beam is averaged, and the initial circular 
shape of the beam gets distorted. In this case, in [17] the 
variation of the average displacement Δz at the photodetec-
tor is highlighted as a function of the ratio w0∕l between the 
spot diameter and the-mono frequency acoustic wavelength.

Signal Enhancement

To test the proposed device, preliminary investigations were 
performed using:

– Two Thorlabs ME1S-PO1 mirrors with a reflection coef-
ficient of 0.955 for a wavelength of 640 nm, with dimen-
sions of 25.4 x 25.4  mm2;

– A TOPTICA iBeam Smart 640 laser diode with a wave-
length of 640 nm and adjustable power from 2 mW to 
100 mW, with an elliptical initial spot measuring 0.7 x 
0.2  mm2 (x and y dimensions).

– A Luna Optoelectronics SD 197-23-21-014 photodetec-
tor, a Brüel and Kjær 2638 amplifier and filter.

– A Panametrics piezoelectric probe with a central fre-
quency of 500 kHz (600 kHz bandwidth) mounted on a 
wedge for the excitation of surface acoustic waves (SAWs 
[27]) on a specimen;

– A steel bar with a rectangular section (500 x 80  mm2), 
employed as specimen for the propagation of SAWs.

Figure 6 shows the experimental setup. The photodetec-
tor has been positioned near a mirror, to minimize the 
distance x1 (about 1 cm). Based on the angle of the laser 
beam, several reflections have been obtained between the 
mirrors before reaching the photodetector. The x-y plane 
on which the reflections occur has been kept parallel to 
the acoustic wavefront in the air, inclined at an angle 

(11)SNR =
2P��

3�hcb

(

Δz

w

)2

(12)SNR =
2P��

3hcb

�4�2
(

n0 − 1
)2
x4
s

n0l
2
(

�w0n0 + �xs
)

Fig. 5  Photodetector inclined with respect to the laser beam, to 
increase the beam deviation detected by the sensor

Fig. 6  Experimental setup for the tests on a flat bar
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corresponding to 6.8° with respect to the specimen sur-
face. The optical beam passes at a distance of 60 mm from 
the surface of the piece.

Several tests have been carried out starting from n = 
0 (i.e., without the mirrors) up to n = 10, with a distance 
between the mirrors of d = 35 mm. The trend of the spot 
as the distance xs+x1 from the source varies is shown in 
Fig. 7, measured with a Gentec EO beam profiler. The figure 
shows the dx and dy dimensions of the beam obtained both 
with different reflections between the mirrors and without 
reflections, as a function of the distance of the laser source 
from the receiver. The trends are practically superimposed 
and therefore, even with multiple reflections, the presence 
of mirrors and diffraction phenomena do not significantly 
influence the spot diameter.

To maximize the response of the photodetector, the laser 
power has been varied in each test to compensate for the 
loss of power caused by reflections on the mirrors and the 
variation in the spot diameter. Figure 8 shows the trend of 
photodetector response as a function of the laser power, 

for diverse numbers of reflections. Optical path lengths are 
also reported for each tested configuration. By augmenting 
the number of reflections, an increase in the laser power is 
required to obtain the maximum response of the system, 
since a part of the power is absorbed and refracted at each 
reflection. As a specific value of power is attained, a satura-
tion of the photodiode occurs and response decreases.

As the number of reflections increases, the path within 
the xs-long altered pressure zone widens, also augmenting 
the system response. Figure 9 depicts such an increase as 
xs augments, compared with the response obtained by the 
system in the absence of mirrors. In the case of reflections 
on mirrors, laser power has been chosen to optimize the 
response. It can be noted that, with the same xs , the response 
of the system with or without mirrors is practically the same, 
but with the mirrors, the measurement area remains con-
fined to a small region with a length equal to 35 mm. Data 
have been obtained employing 64 averages on the signal; the 
background noise is particularly high for the used instrumen-
tation and is around 70 mV.

Fig. 7  Trend of the dx and dy 
diameters of the spot as the 
distance from the laser source 
is varied; the lines indicate the 
measurement carried out with-
out mirrors, while the points 
represent the measurements 
obtained with reflections on the 
mirrors

Fig. 8  Trend of the peak-to-
peak amplitude of the photodi-
ode signal as a function of laser 
power and number of reflections 
on the mirrors
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Applications and Discussion

The preliminary investigations highlighted in Section 4 have 
been followed by experiments to illustrate the applicability 
of the developed device. The proposed technique has been 
employed for the detection of SAWs on a 55 mm diameter 
aluminium bar. The choice of a round section bar is more 
critical than a plate as also the acoustic wavefront in the 
air is curved: the laser beam, with the use of the proposed 
experimental apparatus, is found to cross areas with a differ-
ent pressure gradient both in configuration A and B because 
of the acoustic front curvature; this entails lower sensitivity 
of the GCLAD technique, as better illustrated in the present 
Section. Therefore, the choice of a round bar represents a 
severe test to demonstrate the effectiveness of the proposed 
method.

The SAW has been generated by a piezoelectric probe at 
500 kHz, while the equipment is the same employed for tests 
on a flat bar. Referring to Fig. 3, the application has been 
performed in both configurations A and B.

Configuration A

The layout is illustrated in Fig. 10. As can be seen from 
the scheme in the side view of Fig. 11, the optical path 
associated with the various reflections of the laser beam is 
arranged parallel to the acoustic wavefront in the air. In this 
way, each section of the beam from one mirror to another 
is subjected to the same pressure gradient. Since the bar 
is circular, the wavefront is also circular as shown in the 
front view of Fig. 11 and is crossed by the optical beam. 
The overall displacement of the laser beam derives from 
the integral of all the displacements gradually accumulated 

along its path; by crossing multiple wavefronts, and there-
fore areas with opposite sign gradient, the final displacement 
can also be small [20]. In fact, in the considered case the 
application of the GCLAD technique without any mirror 
does not produce appreciable signals, barely visible above 
the background noise. Conversely, the presence of the mir-
rors means that the xs path traversed by the laser beam is 
confined to the area between the mirrors; depending on the 
distance between the mirrors, the beam may not even cross 
diverse acoustic wavefronts, which allows obtaining a well-
defined, visible signal.

Fig. 12(a) highlights the response trend of the GCLAD 
system as the length xs increases, resulting from a different 
number of reflections between the mirrors. The laser power 
has been adjusted, for each number of reflections, so that 
the ultrasonic signal is maximized. The curves obtained by 
testing three solutions with diverse geometry of the area 
between the mirrors are shown, i.e., 5 x 20  mm2, 15 x 20 
 mm2 and 35 x 20  mm2. To highlight the influence of the d 
variable while maintaining approximately the same value 
of xs , Fig. 12(b) depicts two different signals deriving from 
d values of 15 mm and 35 mm, and xs values of 28 mm and 
31 mm respectively.

The size of the active area of 35 x 20  mm2 allows reach-
ing a greater distance xs , but the beam intercepts some  
wavefronts as shown in Fig. 13; therefore, the response of 
the system is lower than the other tested solutions. By reduc-
ing the distance between the mirrors, the slope of the curves 
decreases and higher responses are obtained with the same 
length xs.

The distance d between the mirrors can be chosen so that 
the laser beam does not cross different wavefronts, to obtain 
a greater response. Obviously, the shorter the distance d 

Fig. 9  Response of the system 
as a function of length x

s
 , with 

and without reflections of the 
probe laser beam on the mirrors

410 Experimental Mechanics (2022) 62:403–415



between the mirrors, the shorter xs with the same width of 
the mirrors h; the optimal solution must be hence sought 
through a compromise between the various parameters also 
depending on the surface of the active area expected to be 
obtained, i.e., how much the measurement should be accu-
rate. In the tested cases, using 20 mm-wide mirrors and a 
distance of 5 mm between the mirrors, a maximum of 18 
reflections of the laser beam has been obtained entailing xs 
= 97 mm. In the case of a distance between the mirrors of 35 
mm, a maximum of 14 reflections has been obtained, with a 
distance xs = 525 mm.

Configuration B

Configuration B, whose setup is illustrated in Fig. 14, is 
schematically represented in Fig. 15.

For the tests, a fixed distance d between the mirrors has 
been employed, equal to 35 mm, while varying the h length. 
Figure 16 shows the trend of the system response as a func-
tion of the xs length, obtained by varying the number of 
reflections for different lengths h = 10 mm, 15 mm and 20 
mm. The measurement chain and the signal amplification 
values are the same as those used in configuration A. Com-
pared to the results obtained in configuration A, the photo-
detector response values are significantly higher as the laser 
beam trajectory between each reflection is parallel to the 
acoustic wavefront. By reducing the h length, with the same 
number of reflections or with the same xs , an improvement in 
the signal is obtained. This is caused by the fact that, as can 
be seen in the front view of Fig. 15, each portion of the opti-
cal path between the two mirrors intersects areas with dif-
ferent pressure gradients: if the h length is high, a risk exists 
that diverse portions of the optical beam will encounter gra-
dients with opposite sign, reducing the total displacement of 
the laser beam in correspondence of the photodetector. It is 
hence, in this case, advisable to reduce length h so as to con-
centrate the passage of all the optical reflections in an area 
with a pressure gradient as uniform as possible. Essentially, 
the problem is specular to configuration A.

For small values of h, the cylindrical shape of the acoustic 
wavefronts becomes negligible: with the same xs , system 
responses are obtained which practically equal those obtain-
able with a single optical beam without reflections on the 
mirrors. The values achieved with h = 10 mm are in fact 
comparable to those obtained on a metal flat bar in which 
the wavefronts are flat and considering no reflections on the 
mirrors, as indicated in Fig. 9.

Based on Equations (7)-(8), a maximum of 40 reflections 
could be obtained without involving beam overlapping on 
the same mirror from subsequent reflections, considering 

Fig. 10  Configuration A, with the laser beam perpendicular to the bar

Fig. 11  Scheme of configuration A: the single laser beam reflected between the mirrors intersects the cylindrical acoustic wavefront propagating 
in the air
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a length of the mirrors equal to 20 mm and a diameter of 
the laser beam around 1 mm; practically, this is complex  
to achieve. The number of reflections obtained without  
strict alignment and parallelism between the mirrors ranges 
from 16 to 18 reflections with a distance d = 5 mm, while it 

ranges from 12 to 14 reflections for d = 35 mm. This allows 
obtaining, by optimizing the response of the system, rec-
tangular active areas with a ratio between dimensions more 
accentuated for configuration B (large distance d and small 
length h). For configuration A, a short distance d between 
the mirrors would be appropriate, increasing the number 
of reflections through mirrors longer than 20 mm, even if a 
greater dimension of the active area would result.

To obtain measurements that are as similar as possible to 
a point detection, therefore ideally with square active areas, 
configuration B is the most effective. In this configuration, 
for tests on a plate, the expected results of the GCLAD 
system can be obtained from Fig. 9 as a function of the xs 
employed. For example, for an active area of 15 x 15  mm2, 
under the same experimental conditions used to obtain the 
results of Fig. 9 (test on a flat bar, distance between optical 
beam and bar 60 mm, acoustic wave generated by the same 
piezoelectric probe), with 12 reflections an xs = 196 mm an 
expected response of approximately 1500 mV is obtained, 
corresponding to a signal-to-noise ratio equal to 21.

Fig. 12  (a) GCLAD system 
response as a function of the 
x
s
 length, obtained by varying 

the number of reflections of the 
laser beam between the mirrors 
for three different geometries 
of the area between the mirrors 
– the rectangles at the top right 
represent the scaled relative 
dimensions between the three 
tested solutions, 5 x 20  mm2, 15 
x 20  mm2, and 35 x 20  mm2–; 
(b) visualization of two different 
signals acquired by the GCLAD 
compact probe for exemplarily 
highlighting the effect associ-
ated with d variations, x

s
 being 

approximately the same

Fig. 13  Representation of the wavefronts in the air crossed by the 
laser beam, with a wavelength equal to 0.68 mm (ultrasonic wave fre-
quency of 500 kHz). The vertical, coloured segments represent the 
position of the mirrors at a d distance of 5 mm, 15mm and 35 mm 
from each other. With a distance between the mirrors of 35 mm the 
laser beam intercepts some wavefronts, differently from the case of 
the remaining two distances
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Fig. 14  Experimental layout 
for configuration B, with laser 
beam parallel to the circular bar

Fig. 15  Scheme of configuration B. The paths between two laser beam reflections run parallel to the acoustic wavefront. Nevertheless, because 
of the cylindrical shape of the acoustic wavefronts, the single paths intersect areas with different pressure gradients

Fig. 16  Trend of the GCLAD 
response as a function of the 
x
s
 length, obtained varying the 

number of reflections of the 
laser beam between the mirrors 
for three diverse h lengths (10 
mm, 15 mm e 20 mm)
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Conclusions

The GCLAD system is based on the deviation of a laser 
beam as it travels a fluid with a variable pressure field, like 
the one generated by diffraction in the air of ultrasonic waves 
which propagate in a mechanical component. The system 
permits various experimental configurations for the detec-
tion of ultrasonic waves. The study specifically examined 
two configurations, A and B, both of which can be used to 
inspect components that mainly extend in two dimensions 
with flat or curved surfaces (flat bars or cylinders). Both 
configurations can be applied with an experimental arrange-
ment comprising two mirrors, to confine the active detec-
tion area inside the mirrors. This device, therefore, allows  
reducing the active detection area and making the non-contact  
measurement more accurate, like a traditional air-coupled 
probe or EMAT.

Depending on the distance between the mirrors and their 
length, rectangular active areas of different geometry and 
size can be obtained. While for flat surfaces, with flat wave-
fronts, a wider active area typically corresponds to a greater 
sensitivity of the method, for curved surfaces with cylin-
drical acoustic wavefronts the optimal choice is to employ 
high ratios between the sides of the rectangle defining the 
active area. Maximum sensitivity can be sought through an 
appropriate choice of the geometry of the active area and 
the number of reflections of the laser beam between the mir-
rors. In the present work, some examples of application to 
the detection of ultrasonic waves both on a flat bar and on a 
circular bar have been illustrated, highlighting the influence 
of the aforementioned parameters on the sensitivity of the 
method.

The GCLAD, with the application of the described meth-
odology, is suitable for the detection of ultrasonic waves and 
the non-destructive, non-contact inspection of components. 
At the state of the art, the technique requires further develop-
ments for what regards the design of appropriate processing 
and filtering circuits, to minimize the noise affecting the 
measurements.

This work expands the possibilities of using the technique 
in point-detection investigations on mechanical structures, 
essential for the accurate localization of defects and NDT 
application to components characterized by limited acces-
sibility of surfaces1.
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