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Experimental and theoretical study of acoustic waves generated by a laser line pulse in an optically absorptive isotropic cylinder D. Ségur, A. L. Shuvalov, and B. Audoin Laboratoire de Mécanique Physique, UMR CNRS 5469, Université Bordeaux 1, 33405 Talence, France



Y. D. Pan Institute of Acoustics, Tongji University, Shanghai, China



共Received 8 April 2009; revised 14 October 2009; accepted 14 October 2009兲 The generation of acoustic waves by a line-focused laser pulse in an optically absorptive cylinder is studied experimentally and theoretically. Experiments are performed on a 5 mm diameter NG5 colored glass rod using Nd:yttrium aluminum garnet laser, which delivers 5 ns pulses. The numerical simulation is based on the semi-analytical model of a radially distributed thermoelastic source, which takes into account penetration of laser energy into the bulk of the sample. Good agreement between the experimental and calculated wave forms is observed. Comparison of these wave forms with an auxiliary simulation, which assumes the model of a dipole source located at the cylinder surface, reveals the effect of optical penetration on the shape of the wave form and also on the relative amplitude of bulk and surface waves. © 2010 Acoustical Society of America. 关DOI: 10.1121/1.3263612兴 PACS number共s兲: 43.35.Cg, 43.35.Sx, 43.35.Ud 关YHB兴



I. INTRODUCTION



Having emerged in the 1980s, the laser ultrasonics technique with its non-contact generation and detection process allows performing experiments for any curved geometry. Royer et al.1 were the first to report laser generation and detection of surface acoustic waves on metallic spheres. Similar method has then been applied to cylinder targets with the aim to study surface acoustic waves and to employ them for defect detection and non-destructive evaluation.2–4 Pan and co-workers5,6 analyzed both theoretically and experimentally laser-generated acoustic response of a transversely isotropic cylinder and also solved the inverse problem for finding elastic constants of the cylinder material. These and other studies have assumed that the cylinder material was opaque at a given laser wavelength, and hence the source was located at the surface. In such a case, two different energetic regimes of laser ultrasonics generation are described by the corresponding theoretical models of a surface source, which have earlier been developed for a plate. The ablation regime implies that the deposited energy is locally high enough to vaporize a small area of the cylinder surface, thus creating in reaction a normal loading of the sample 共the ablation model兲.7,8 The thermoelastic regime corresponds to relatively low incoming energy, when the dilatation of an infinitely small volume adjacent to the surface produces a source equivalent to a dipole of forces 共the dipole model of Scruby兲.8,9 Using different descriptions of this small excited volume 共termed surface center of expansion10兲, Royer11 and Arias and Achenbach12 derived an expression for the dipole strength. Thermoelastic regime of laser ultrasonics generation in optically absorptive materials, where the optical penetration rules out the model of a surface source, has been studied for J. Acoust. Soc. Am. 127 共1兲, January 2010
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the case of a planar target 共plate兲.13 It has not, however, been explored for another basic case, which is when the target has a cylindrical shape. This is important, for instance, for studying fibers that are broadly used in composite materials. In the context of applications, the particular interest is in microfibers studied by a picosecond ultrasonic technique,14 where taking into account the optical penetration becomes essential.15 The present paper reports first experimental results for the case of laser acoustic-wave generation in an optically absorptive millimetric sized cylindrical target excited by nanosecond laser pulses. The outline of this work is as follows. Normally incident line-focused pulse of a Nd:yttrium aluminum garnet 共Nd:YAG兲 laser penetrates into the bulk of the isotropic NG5 colored glass rod, where it falls off exponentially along the radial direction. Absorption of this radiation causes heating, the heated region undergoes thermal expansion, and the thermoelastic stresses generate elastic waves such that propagate into the cylinder and along its surface. Theoretical calculation is based on the two-dimensional 共2D兲 semi-analytical model, which provides closed-form solution to the ordinary differential problem with a distributed thermoelastic source in the Fourier domain and uses two inverse transforms to obtain the acoustic response in the time-space domain. The observed agreement between the calculated and experimental wave forms confirms the consistency of modeling. The effect of optical penetration is visualized through comparison with the simulation based on the model of a surface dipole source. It is seen that the impact of optical penetration visibly broadens the shape of wave arrivals. In particular, the first longitudinal-wave arrival has nearly exponential profile that is directly imposed by the exponential law of optical penetration into the bulk of the cylinder. Another important effect concerns the relative magnitudes of the amplitudes of surface
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exponential law governed by the extinction coefficient ␣. Hence, the heat input pulse is written as follows: detection beam
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FIG. 1. The cylindrical problem geometry.



and bulk waves. While the former is notably greater than the latter in the case of a surface generation, both amplitudes are evidently comparable in the present case of an optically absorptive cylinder. II. GOVERNING THERMOELASTIC EQUATIONS



Consider an infinite homogenous isotropic cylinder of radius R irradiated by laser. A line-focused laser pulse is assumed to hit the cylinder surface at the generation point G, and the probe is located at the diametrically opposite detection point D 共see Fig. 1兲. A simplified model of thermoelastic generation is adopted, which disregards the thermal conduction in view of its negligible effect for the glass material under study. We also discard the contribution of deformation to the entropy change 共this latter, standard assumption is mainly for brevity of exposition兲. Acoustic absorption, which is small in the given material, can be neglected as well. In consequence, the system of thermoelasticity equations16 reduces to the following form: ⵜ ·  = u¨ ,



共1a兲



 =  tr共兲I + 2 − ␤TI,



共1b兲



c pT˙ = q,



共1c兲



where = 共m兲 + 共T兲I 共共T兲 = −␤T兲 is the stress tensor including mechanical and thermal stresses,  is the strain tensor, u is the displacement,  is the density,  and  are the Lamé coefficients, ␤ = 共3 + 2兲␣T is the thermal modulus 共␣T is the dilatation coefficient兲, T is the temperature rise, c p is the specific heat, q is the power density of the line laser source, I is the identity matrix, and tr denotes the trace. The line-focused heat input q共r ,  , t兲 creates a volume distribution of thermal sources in the cylinder due to the optical absorption. Normal incidence of the laser beam implies that the absorption occurs essentially in the radial direction. At the same time, the laser beam has a Gaussian profile,17 with a certain width at the surface. A normalized Gauss function is introduced to represent the angular extent of the laser beam in the orthoradial direction, g共兲 =
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where ␥ is the so-called full width at half maximum. It is defined as the angle ␥ = 2 arctan共b / 2R兲 determined through the beamwidth b and the cylinder radius R 共see Fig. 1兲. The energy absorption in the radial direction is described by the 182
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where the intensity per unit length E = E0共1 − R兲 takes into account reflection of the incident laser energy E0 from the cylinder surface, which is described by the reflection coefficient R = 共共1 − n兲 / 共1 + n兲兲2 共n is the refractive index兲. Angular dependence of the reflection coefficient is neglected owing to the small ratio b / R = 0.02 of the beamwidth b to the cylinder radius R. From Eqs. 共1c兲 and 共3兲, the temperature field T共r ,  , t兲 is obtained in the form T共r, ,t兲 =



␣E g共兲H共t兲e−␣共R−r兲 , c p



共4兲



where H is the Heaviside function. Inserting Eq. 共4兲 into Eq. 共1b兲 specifies the thermal stress. The problem now amounts to solving the equation of motion 共1a兲 in u共r ,  , t兲 under the traction-free boundary condition 共BC兲 at the cylinder surface r = R. Thanks to the line-focused source, this is a 2D plane strain problem in the cylinder cross-section 共er , e兲.



III. 2D SEMI-ANALYTICAL MODEL A. Solution in the Fourier domain



Consider the Fourier domain 兵r ,  , 其, where  is the circumferential wave number and  is the angular frequency. For brevity, the factor e j共−t兲 will be omitted and dependence on  ,  kept tacit. The equation of motion, written with respect to the longitudinal and shear elastic potentials 共r兲 and 共r兲, reduces in the Fourier domain to the uncoupled ordinary differential equations ⵜ2共r兲 + kL2 共r兲 =



␤T0 −␣共R−r兲 e ,  + 2



ⵜ2共r兲 + kT2 共r兲 = 0,



共5兲



where kL2 = 2 / 共 + 2兲, kT2 = 2 / , and T0 involves double transform of Eq. 共4兲 in  and t. The potentials 共r兲 and 共r兲 are coupled through the traction-free BC,
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共m兲 in which the mechanical-traction components rr 共R兲 and 共m兲 r 共R兲 are linearly expressed through 共R兲 and 共R兲. The solution to Eq. 共5兲 can be obtained in two steps. First, the Green’s function satisfying the homogeneous BC on the mechanical traction is found.18 Then its convolution with the radially distributed source term is taken such that satisfies BC 共6兲. Applying Helmholtz-decomposition formula to the obtained potential solutions 共r兲 and 共r兲 yields the displacement u共r兲. The laser ultrasonics technique implicates the surface displacement u共R兲. It is found in the following closed form:19
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IV. EXPERIMENTAL RESULTS AND ANALYSIS
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and the auxiliary notations are KL,T ⬅ kL,TR,
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The integral I takes into account the radial penetration of the laser input into the bulk of the cylinder, and D = 0 is the dispersion equation for the eigenmodes of the traction-free cylinder. B. Acoustic response in the time-space domain



The radial component of surface response, which is a quantity measured in the later described experiment, has been calculated by means of taking 2D Fourier transform of ur共R兲 ⬅ uˆr共R ,  , 兲 given by Eq. 共7兲 共a hat is added to distinguish functions in different domains兲. Fourier transform in  has been computed by means of the inverse fast Fourier transform algorithm. The poles associated with the dispersion equation D = 0 were avoided by providing frequency with a small negative imaginary part, so that ⴱ =  − j␦, with ␦ = 0.035 used in the present calculation. Fourier transform in  is simplified due to uˆr共R ,  , 兲 being an even function of  关see Eq. 共7兲兴. Thus, ur共R, ,t兲 =
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where  is the Neumann factor equal to 1 if  = 0 and to 2 otherwise. Note that expressing Eq. 共7兲 in terms of BT,L is helpful for eliminating the impact of exponential growth of the Bessel functions of the order  Ⰷ KL,T 共see Ref. 20兲. The series in Eq. 共10兲 has been truncated basing on the criterion 兩uˆr共R, m, 兲兩
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where  is the error bound and m is the truncation order, which, strictly speaking, depends on . It was, however, verified that taking a fixed truncation order m, which keeps about 200 terms of the series, ensures the error bound  ⱗ 10−5. J. Acoust. Soc. Am., Vol. 127, No. 1, January 2010



A Nd:YAG laser has been used for the acoustic-wave generation. The pulse duration is about 5 ns. The blue light wavelength g = 355 nm was used for the generation. The collimated laser beam was line focused by means of the cylindrical lens with a focal length of 100 mm. The line was about 4 cm in length and 0.15 mm in width. With this arrangement, an optical heterodyne interferometer measures the normal displacement ur共t兲 at the detection point on the cylinder surface 共see Fig. 1兲. It uses a doubled Nd:YAG laser to generate a probe beam at the wavelength d = 532 nm. The output power was about 150 mW, and the sensitivity was 2.10−7 nm共W / Hz兲1/2 for a bandwidth between 30 kHz and 120 MHz. The experimental signal was averaged by 4000 shots. A NG5 colored glass rod with diameter of 5 mm has been taken as the optically absorptive sample. Its physical parameters are  = 2.31 g cm−3,  = 17.4 GPa,  = 22.9 GPa, ␣T = 6.5⫻ 10−6 K−1, and c p = 700 J kg−1 K−1 共see the notations in Sec. II兲. The reflection coefficient at g = 355 nm is R = 0.06. The optical penetration length ␣−1 is 0.8 mm at the generation wavelength g = 355 nm and 1.8 mm for d = 532 nm. The choice of the generation wavelength providing a relatively lower value of ␣−1 was made to avoid overloading the detector. A thin metallic film was deposited on the cylinder surface at the detection point in order to prevent the probe-laser radiation from entering the sample. Experimental and numerical results are presented in Fig. 2. Identification of wave arrivals, marked by dashed lines, is based on the ray trajectory analysis.21 Each arrival implies a certain complex wave path from the generation to the detection point. It may involve the same or different modes. This is indicated through the following nomenclature proposed in Ref. 21. The notations nL and nT correspond to the arrivals of longitudinal and transverse bulk modes, traveling along the straight diameter path and undergoing n normal reflections from the cylinder surface at the edge points. The notations nP and nS also correspond to, respectively, the longitudinal and transverse bulk modes, but these ones arrive at the detection point after a broken path resulting from n oblique reflections without modal conversion. The wave arrivals, involving modal conversion at oblique reflections, are denoted by mPnSr, where the subscript r is the number of round trips about the center made within the given path. The Rayleigh-wave arrival denoted by Rr is helpful for finding the epicentrial position for the detection point. This experimental fitting is achieved by superposing the asymmetric arrivals of the two Rayleigh waves traveling from the generation point and making the clockwise and anti-clockwise round trips around the center of the cylinder. The notation Hr indicates the wave arrival due to the head wave, i.e., due to the transverse mode radiated by the skimming longitudinal wave in the direction of the critical angle c = arcsin冑2 / 共 + 2兲. Bold characters are used in the cases when overlapping of different waves with the same arriving time causes ambiguity in their identification. The top curve in Fig. 2 shows the experimentally observed acoustic-response signal. The middle curve displays Ségur et al.: Laser ultrasonics in absorptive cylinders



183



L



3P H 2P 4P T PS



3S 2S 4S



R 3L



4P1



7P1 9P1 nP1 2P2S1 5P2S1 3P3S1 4SP1 5P1 6P1 8P1 10P1 5PS1 5L 4P2S 1 3SP1 6P2 4S1 H1 5PS2 5S1



4P2S2 9S1 11S1 7L 7S1 8S1 10S1 8P3



9P3 R 1



100 pm 0



100 pm



displacement



0



(u.a.)



0



3PS



nS



1



2



3



4PS1 6PS1 3P2S1



4



6PS2 6S1



3S2P1



5



6



7



5P2S 2 nS1 12S1 8



t/tL FIG. 2. Acoustic response ur共t兲 at the surface of the NG5 glass rod: the experimentally recorded signal 共top curve兲, the calculation taking into account the effect of optical penetration of laser energy 共middle curve兲, and the calculation based on the surface-source model 共bottom curve兲. The wave-arrival notations are explained in the text.



the result of numerical simulation, which is based on the model of a radially distributed thermoelastic source outlined in Sec. III 关see Eqs. 共7兲–共10兲兴. The overall amplitude scale of the numerical curve has been adjusted to the experimental scale by taking the intensity factor E0 in Eq. 共3兲 equal to 57 J mm−1, which corresponds to the emission energy range of the laser. It is seen that the arrival times, shapes, and relative amplitudes of the experimental and theoretical wave forms are in reasonable agreement. This confirms consistency of the modeling. However, there yet exist some noticeable differences between the predicted and measured wave forms. The frequency content of the measured data is lower than predicted, and the narrowest arrivals are not observed. The reasons for these discrepancies could be due to using the simplified model that disregards acoustic attenuation and does not precisely account for certain subtle details of the experimental procedure such as controlling the linewidth of the laser source and its incidence angle, as well as adjusting the epicentrial position for the detection. For highlighting the effect of laser-energy penetration into the irradiated optically absorptive cylinder, the bottom curve in Fig. 2 presents the result of calculation performed, with the same parameters, on the basis of the surface dipole source model, which assumes vanishingly small optical penetration. While the arrival times are obviously in good accordance with the upper curves, there is an evident discrepancy in the shape and amplitude of main wave arrivals. For instance, there is no prominent difference between the amplitudes of bulk-wave and surfacewave arrivals on the upper curves, whereas the first Rayleigh-wave arrivals R and R1 are clearly predominant on the bottom curve. Another significant dissimilarity is related 184
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to the first longitudinal-wave arrival L. This peak on the upper curves has a bipolar shape and an exponential decay corresponding to the laser-energy absorption in the bulk of 90 120
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FIG. 3. Directivity patterns of radiation of longitudinal wave by 共a兲 the volume-distributed source and 共b兲 the surface dipole source into the halfspace consisting of NG5 glass material. Ségur et al.: Laser ultrasonics in absorptive cylinders



the optically absorptive cylinder. By contrast, the same peak on the bottom curve has a unipolar shape, which is typical of the surface-source model.22 A relatively larger amplitude of the longitudinal-wave arrival L due to the optical penetration can be explained through the approximate directivity patterns 共Fig. 3兲, which assume radiation into a half-space in view of the small beamwidth-to-radius ratio b / R = 0.15/ 2.5 in hand. The patterns are calculated for the wavelength L = 2␣−1, which is characteristic of a distributed source with the penetration length ␣−1.15 It is seen that the actual, volumedistributed, source radiates the longitudinal wave essentially in the normal direction 关Fig. 3共a兲兴, whereas the surface dipole source radiates this wave into a pair of symmetric lobes with maxima close to the surface 关Fig. 3共b兲兴. That is why the surface-source model substantially underestimates the amplitude of the longitudinal-wave arrival L. V. CONCLUSIONS



Laser ultrasonics experiment has been performed on an optically absorptive NG5 colored glass rod. Experimentally recorded acoustic-response signal has been compared with the calculation, which relies on the model of radially distributed thermoelastic source owing to laser-energy penetration into the irradiated cylinder. This calculation is in good agreement with the experiment. Comparison with another simulation, based on the model of surface dipole source appropriate for opaque materials, reveals a marked effect of optical penetration on the shape and amplitude of main wave arrivals. This work has dealt with a line-focused laser pulse. The future outlooks are related to a point laser source, which would open up interesting perspectives for picosecond ultrasonics generation in optically absorptive micrometric fibers and spheres. 1
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