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INTRODUCTION

Laser ultrasonics is a non-destructive testing method that uses laser to generate and detect ultrasonic waves in metallic and plastic materials [START_REF] Scruby | Laser Ultrasonics Techniques and Applications[END_REF]. Compared to conventional ultrasonic methods, laser ultrasonics provides many advantages such as higher spatial resolution, the ability to test structures with complex geometries and being contactless [START_REF] Perdijon | Le contrôle non destructif par ultrasons[END_REF]. This method has become extensively used in various applications, especially for detecting and characterizing defects in different materials. Over the past decades, lasers have been widely employed as a powerful instrument to generate and detect ultrasound. The Nd:YAG pulsed laser is frequently used to excite these waves either through thermoelastic or ablation mode [START_REF] Scruby | Laser Ultrasonics Techniques and Applications[END_REF][START_REF] Pei | Fully noncontact measurement of inner cracks in thick specimen with fiber-phased-array laser ultrasonic technique[END_REF].

In an isotropic, homogeneous, and semi-infinite solid, a surface acoustic wave, first described by Lord Rayleigh [START_REF] Rayleigh | On waves propagated along the plane surface of an elastic solid[END_REF], can propagate. This Rayleigh wave has an elliptical polarization and propagates with an exponentially decreasing amplitude from the surface to the depth of the solid. In most Laser ultrasounds applications, the Rayleigh wave is generated by a thermoelastic line source for material characterization and defect detection [START_REF] Royer | Experimental and theoretical waveforms of rayleigh waves generated by a thermoelastic laser line source[END_REF]. In this work, we are interested in the simultaneous generation of multiple Rayleigh waves for structures non-destructive testing. An experimental setup for obtaining multiple line sources is implemented. This article focuses on the analysis of the interaction between Rayleigh waves generated by laser ultrasonics and surface defects on an aluminum sample, through both numerical and experimental investigations. In the first part, the propagation velocity and directivity of the Rayleigh wave in aluminum for a line source are determined based on theoretical considerations. The second part describes the generation of Rayleigh waves on the surface of the sample by the Finite Element Method, ex-cited by a grating of thermoelastic line sources, and the resulting outcomes. In the third part, a defect with wellknown characteristics is created on the sample's surface and an experimental study is conducted to measure the Rayleigh wave propagation velocity in the case of both single and multiple line sources. Finally, the approximate position of the defect and certain dimensions of the sample are determined.

CHARACTERISTICS OF RAYLEIGH WAVE

Rayleigh waves are a type of guided waves that propagate along the surface of a material, and they are frequently used for non-destructive testing to detect surface flaws. When a Rayleigh wave interacts with a surface defect, such as a discontinuity or crack, the wave is scattered. This scattering phenomenon provides valuable information about the position and size of the defect, which makes Rayleigh waves an effective tool for detecting surface defects in materials.

Propagation velocity

The propagation velocity of a Rayleigh wave in a homogeneous and isotropic material can be theoretically approximated using the following relation [START_REF] Dieulesaint | Ondes élastiques dans les solides-tome 1: Propagation libre et guidée[END_REF]:

V R = (0, 87 + 1, 12v) (1 + v) .V T (1) 
Where: V R : Rayleigh wave velocity, V T : Transverse wave velocity, ν: Poisson's ratio of the material.

For an aluminum sample, the Poisson's ratio is 0.33 [START_REF] Rousseau | Etude d'ondes de type Rayleigh sur des milieux stratifiés[END_REF] and the propagation velocity of the transverse wave is equal to 3130 m/s [START_REF] Beaujard | Métallographie-essais non destructifs[END_REF]. Therefore, Eq. 1 gives a Rayleigh wave propagation velocity in an aluminum sample of approximately 2917 m/s. This theoretical value will be compared to the velocity analysis through the modeling and experimental study.

Directivity

The Rayleigh wave generated by a thermoelastic line source is characterized by its directional aspect. Indeed, this wave mainly propagates in the direction perpendicular to the center of the line [START_REF] Rayleigh | On waves propagated along the plane surface of an elastic solid[END_REF]. Furthermore, the length of the line source has a direct influence on the wave's directivity pattern [START_REF] Faëse | Ondes de rayleigh générées et détectées par laser-applications à la détection de défauts[END_REF]. This one can be graphically represented as a polar plot, which shows the relative amplitude of the waves as a function of the observation angle compared to the line source. The directivity diagram of the Rayleigh wave, assuming a 2 mm-long line source in a thermoelastic regime at a frequency of 6 MHz, is presented in Figure 1. 

FINITE ELEMENT METHOD

Many articles in the literature concentrate on modeling the generation of ultrasound by laser and the interaction of these waves with a defect, using the finite element method (FEM) [START_REF] Dai | Finite element modeling of the interaction of laser-generated ultrasound with a surface-breaking notch in an elastic plate[END_REF]. The present study aims to describe the generation of Rayleigh waves on the surface of an aluminum sample with multiple line sources. In order to conduct the analysis, a FEM model is developed. The first part of this section will introduce the modeling parameters used in the analysis. The second part will focus on the meshing technique employed, and the third part will present the results obtained.

Modeling Parameters

To enhance the accuracy of the results and reduce the simulation time, a two-dimensional geometry with a length of 2.5 cm and a thickness of 1 cm is applied in the plane strain structural mechanics model. To characterize the impact of the laser, we implemented the force dipole model, which involves the application of two tangential forces with opposite directions on the surface [START_REF] Achenbach | Laser excitation of surface wave motion[END_REF]. The temporal evolution of the force dipole is expressed by the following Eq. 2, which corresponds to the temporal evolution of the heat source at the surface of the sample [START_REF] Dai | Finite element modeling of the interaction of laser-generated ultrasound with a surface-breaking notch in an elastic plate[END_REF] :

F (t) = t τ 2 exp( -t τ ).H(t) (2) 
Where : H(t): Heaviside function, τ : Durée d'impulsion laser.

The two parameters that are involved in this model are the width of the thermoelastic source, and the characteristic laser pulse duration.

Meshing

In order to obtain improved numerical results within a shorter simulation time, specific conditions must be applied to the meshing of the model. Considering f max and λ min the maximum acoustic frequency and the minimum wavelength respectively, the time step ∆t and the size ∆x of a mesh element must satisfy the following two equations in order to ensure the validity of the results obtained [START_REF] Scruby | Laser Ultrasonics Techniques and Applications[END_REF][START_REF] Achenbach | Laser excitation of surface wave motion[END_REF].

Time step :

∆t < 1 20f max (3) 
Meshing element size :

∆x < λ min 20 (4) 
To satisfy Eq. 3 and Eq. 4, a fixed time step of 2 ns and a maximum element size of ∆x = 8 µm are chosen, assuming a maximum acoustic frequency of approximately 18 MHz. A Perfectly Matched Layer (PML) with a fine mesh is used to effectively absorb both bulk and surface elastic waves, as illustrated in Figure 2. 

Results

Experimentally, multiple line sources with different energies is generated on the surface of an aluminum sample using optical devices. To validate the accuracy of the experimental results, a corresponding model is developed. This model consists of three line sources, each with a width of 200 µm and separated by a distance of 3 mm, as shown in Figure 3. 

EXPERIMENT

This section begins with a description of the experimental setup used. A comparative study of the effectiveness of using a single source versus multiple sources to measure the propagation velocity is presented. Finally, the sizing of the sample and positioning of the defect are discussed.

Procedure

An aluminum sample with a length of 9.9 cm and a thickness of 4.5 cm having a circular defect of 2.3 mm diameter is studied. A frequency-doubled Nd:YAG laser is employed, which produces a wavelength of 532 nm and emits pulses of approximately 10 nanoseconds. The laser beam passes through a diffraction grating with 600 lines/mm. A cylindrical lens generates multiple thermoelastic line sources at the sample surface. Its normal displacement is detected using a Mach-Zehnder heterodyne interferometer. Figure 8 shows the experimental setup used. In this section, a comparative study between the results obtained using a single and multiple linear sources is presented. In order to obtain the velocity of the Rayleigh wave, the time of flight needs to be measured, for which the propagation distance must be known. To accomplish this, the mirror 2 fixed on a motorized stage is moved in a controlled manner. The signals obtained before and after moving the mirror by a distance of 3 mm are shown in Figure 9. According to the two signals in Figure 9, the time of flight difference is 1.014 µm. This corresponds to a Rayleigh wave velocity of 2958 m/s. This velocity is coherent with both the theoretical velocity calculated in paragraph (2.1) and the velocity obtained through modeling in paragraph (3.3). Having multiple equidistant line sources on the sample enables the generation of multiple Rayleigh waves, which allows the determination of the surface wave propagation velocity through two methods: -The first method consists of considering the distance between sources for calculating the propagation velocity of the Rayleigh wave. It is then no longer necessary to proceed with mirror displacement, which can simplify the experimental setup and improve the measurement accuracy. -The second method consists of performing a displacement to detect a second signal as in the case of a single source. Indeed, obtaining three sources through the diffraction grating allows us to calculate three velocities of Rayleigh wave propagation and improve the measurement reliability. For this purpose, the diffraction grating is placed at a distance of 5.4 cm from the sample. Three line sources spaced of 1.7 cm are obtained. Figure 10 From this signal, the propagation velocity of the Rayleigh wave is calculated using the first method. By knowing the distance between the sources and calculating the difference in time of flight between the obtained echoes, we deduce a propagation velocity of 2890 m/s. The second method of measuring the velocity requires a displacement of mirror 2, which causes a temporal shift in the obtained signal. For a displacement of 3 mm, the difference in time of flight between echoes from the same source is 1.04 µs. The propagation velocity of the Rayleigh wave deduced is equal to 2885 m/s. The propagation velocities obtained for the different configurations are consistent. The multi-sources configuration can therefore be applied to non-destructive testing using surface acoustic waves for various structures.

Sample dimensions

The line sources obtained by the diffraction grating are distributed along the length of the sample. Considering the directivity of the Rayleigh wave associated to each source, it is possible to obtain the sample length and also to detect the defect. To determine the sample length, the sample and optical system are separated by 8.5 cm. The optical system enables the generation of three equidistant sources at the sample surface. Figure 12 shows the respective positions between the sources and the edges of the sample. In order to associate the signal echoes with the line sources, each source is masked. In Table 1, the time of flight and the distance between each source and the detection are provided. The propagation velocity of the considered Rayleigh wave is 2890 m/s, which corresponds to the one previously deduced from multiple sources without miror displacement. 1 shows a good agreement between the calculated inter-source distance and the one measured experimentally, which is approximately 2.7 cm. We notice that the acquired signal contains several echoes associated to the reflections of Rayleigh waves by the edges of the sample. In order to identify the echoes associated to these reflections, masking sources S 1 and S 3 is performed. The masking of source S 1 allows us to deduce the distance between the detection and the left edge of the sample. Figure 14 shows the detected signals with and without source S 1 . We observe that when source S 1 is masked, two echoes are no longer present: -The echo detected at 4.64 µs is related to the path S1detection, -The echo detected at 10.72 µs is related to the reflection This allows us to deduce that the distance between source S 3 and the right edge of the sample is approximately 2.27 cm, and the distance between the detection and the left edge is approximately 0.9 cm. Based on these results, the total length deduce of the sample is approximately 9.9 cm. Note that masking source S 2 also confirms these results. The use of multiple line sources, each generating a Rayleigh wave on both sides of the source, allowed us to determine the length of the sample using the reflections of the different waves on the two edges of the sample. The distribution of several sources on the surface of the sample makes it possible to obtain signals of sufficient amplitude regardless of the chosen detection position.

Defect location

The sample is vertically moved by 1 cm to place sources and the detection at level 0 as shown in Figure 16. By comparing the two signals, it can be observed that:

-For source S 1 , considering the temporal signal up to 12 µs, there is no modification on the series of echoes of signal (a) compared to signal (b). There is therefore no defect on the associated paths.

-For source S 2 , between 12 µs and 21 µs, there is a significant attenuation of the echo located at 14.16 µs and corresponding to the direct path S 2 -detection. The echo corresponding to the wave's reflection on the edge of the sample is almost entirely attenuated. This attenuation is characteristic of the interaction of the Rayleigh wave with the defect on the acoustic propagation path.

-For source S 3 , around 22 µs, we also observe the attenuation of the echo corresponding to the S 3 -detection propagation path. This confirms the presence of the defect in this area of the sample. In addition, a new echo (part circled in signal (a)) is observed. This echo is also clearly representative of the interaction of the Rayleigh wave with the defect. This shows that the waves emitted by each source and traveling through different paths make it possible to obtain significant information of each probed zone of the sample for NDT purpose.

Finally, the experimental results confirm the presence of an echo characterizing the defect as shown in the previously presented modeling in paragraph (3.3), which is clearly visible in Figures 17 and7. However, determining the sample size precisely through modeling is not possible due to the PML layer, which prevents the visualization of reflection echoes on the sample's edges, such as those observed in the experimental results.

CONCLUSION

This study implements an optical device based on a diffraction grating to obtain multiple thermoelastic line sources. These sources allow the simultaneous excitation of Rayleigh waves traveling different paths. The spacing between the sources is determined by precisely positioning the sample surface at a certain distance from the optical system, which enables to obtain the Rayleigh wave velocity. By analyzing the different times of flight obtained for the excited waves, the length of the sample can be determined and a flaw easily detected without moving the sources. Furthermore, finite element modeling is used to predict waves-flaw interaction. The next objective of this study is to characterize the defect, dimensions and shape.
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 1 Figure 1. Directivity diagram of a Rayleigh wave generated by a line source with a length of 2 mm in aluminum.

Figure 2 .

 2 Figure 2. Meshing of an aluminum structure.

Figure 3 .

 3 Figure 3. Diagram showing the positions of the three sources and the detection point.

Figure 4 (

 4 Figure 4 (a) represents the propagation of multiple types of acoustic waves, such as longitudinal and shear waves, as well as head and Rayleigh waves, generated by linefocused laser pulse on a semi-infinite aluminum sample. The 2-D plot presented in Figure 4 (b) illustrates the results achieved by creating three dipolar sources, similar to those employed in the experimental study.Each of the line sources generates a Rayleigh wave on the surface of the sample with a propagation velocity that depends on the material being considered. The normal displacement at the sample surface is detected and shown in Figure5. From the signal, the propagation velocity of the Rayleigh wave can be calculated.

Figure 4 .

 4 Figure 4. Results of 2-D finite element method for line-source (a) and multiple line sources (b) configurations.

Figure 5 .

 5 Figure 5. Signal representing the normal displacement associated to the Rayleigh waves generated by the three line sources.As part of our modeling study, we incorporated a semi-circular form defect into the sample. The three sources, S 1 , S 2 and S 3 , are positioned on either side of the defect as illustrated in Figure6. The signals in figure7enable a comparison between the cases with and without the presence of a defect on the surface of the sample.

Figure 6 .

 6 Figure 6. Sources, detection and defect configuration.

Figure 7 .

 7 Figure 7. Signals obtained with (a) and without (b) a defect on the surface of the aluminum sample.

Figure 8 .

 8 Figure 8. Experimental setup for generating and detecting surface acoustic waves by laser ultrasonics.
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 2 Measurement of Rayleigh wave velocity.

Figure 9 .

 9 Figure 9. Signals obtained using a line source for two propagation distances separated by 3 mm.

  represents the signal associated to the Rayleigh waves generated by these three sources.

Figure 10 .

 10 Figure 10. Signal associated to the Rayleigh waves generated by the three line sources.
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 11 represents the signals before and after a displacement of 3 mm.

Figure 11 .

 11 Figure 11. Signals obtained with three line sources for two propagation distances separated by 3 mm.

Figure 12 .

 12 Figure 12. Diagram showing the positions of the three sources and the detection point at level 1. The distances on the diagram are in centimeter.

Figure 13 .

 13 Figure13. Signal detected at level 1 without defect.

Figure 14 .

 14 Figure 14. Signals detected with (a) and without (b) S 1 source.

Figure 15 .

 15 Figure 15. Signals detected with (a) and without (b) S 3 source. When source S 3 is masked, three echoes are no longer present: -The echo detected at 23.28 µs corresponds to the S 3detection path, -The echo detected at 29.24 µs corresponds to the reflection of the Rayleigh wave emitted by source S 3 on the left edge of the sample, -The echo detected at 38.96 µs corresponds to the reflection of the Rayleigh wave emitted by source S 3 on the right edge of the sample. This allows us to deduce that the distance between source

Figure 16 .

 16 Figure 16. Diagram showing the positions of the three sources and the detection point at level 0. The distances on the diagram are in centimeter.

Figure 17 .

 17 Figure 17. Signals detected at level 0 (a) and level 1 (b).

Table 1 .

 1 Time of flight and propagation distance associated to the different sources.

	Source Duration (µs) Distance (µm)
	S 1	4.64	1.37
	S 2	14.16	4.09
	S 3	23.28	6.73
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